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Abstract 

Planar optical waveguides fabricated by proton-exchange and annealed proton­

exchange in LiNbOs are investigated. 

The use of a Fermi function was found to accurately model the proton­

exchange refractive index profile resulting in a better agreement between the mea­

sured effective mode indices and the computed dispersion curves compared to the 

conventional step-index profile. Numerical simulations of the nonlinear diffusion 

equation have shown that the proton-exchange process can not be adequately de­

scribed by the well established ion-exchange equations. 

A generalized Gaussian function was used to accurately model the refractiv~ 

index profile in annealed proton-exchanged waveguides resulting in considerable 

improvements over previous work. Annealing was found to allow for flexibility in 

the tailoring of the waveguide parameters. In addition to establishing single mode 

propagation criteria, changes in these parameters were correlated with the fabrica­

tion conditions using a general power law thus showing that the anneal process is 

not characterized by simple diffusion mechanisms. 



Résumé 

Les guides optiques planaires fabriqués par l'échange p'rotoni4.ue et la recuis son 

dans LiNbOs sont étudiés. 

L'utilisation d'une fonction Fermi, plutôt que la fonction à saut convention-

nelle, a permis de modeler plus précisement le profil d'indke de l'échange pro-

toniqu(~. Cette vérification s'est établie en comparant les courbes de dispersions 

pour chacun des profils mentionnés ci-haut avec les indices de mode mesurés. Les 

simuiations numériques de l'équation de diffusion non linéaire ont démontré que le 

processus d'échange protonique ne peut pas être décrit de façon adéquate par les 

équations bien établies de l'échange ionique. 

Une fonction de Gauss généralisée a été utilisée pour mieux représenter le profil 

d'indice des guides fabriqués par la recuisson. Il a été démontré que la recuisson 

offre beaucoup de flexibilité pour ajuster les paramètres caractérisant les guides . 

En plus d'établissant la critères de la propagation monomode, les changements de 

paramètres ont été mis en relation avec les conditions de fabrication utilisant une 

loi de puissance générale ainsi démontrant que le processus de recuisson n'est pas 

caractérisé par des mécanismes de diffusion simples. 
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Chapter 1 

Irltroduction 

1.1 General overview 

Originally coined in 1969 by S.E. Miller of Bell Laboratories, the term Integrated 

Optics (la) has come to be associated with a growing field of scientific endeavor 

whose aim is to provide means for the controlling and processing of the various 

characteristics of light (eg. phase, polarization, amplitude, frequency, direction of 

propagation, etc.) using thin film and microfabrication technology. Examples of 

such integrated optical circuits (IOC) include modulators, filters, switches, power 

dividers, mode splitters, wavelength demultiplexers, frequency shifters, and direc­

tional couplers. Certainly, the beginnings of this area of research were inextricably 

linked to the rapid development of fiber-optic communication systems in the 1970's. 

ln order to take full advantage of the large bandwldth that such systems provided, 

a supporting optical technology interfaced to the fiber and electronics was needed. 

At least initially then, 10 was geared toward satisfying this need and, as in inte­

grated electronics, providing increased reliability and performance. The field has 

since grown tremendously promising, in addition, widespread applications for signal 

processing, optical sensing, and nonlinear op tics [1,2,31. 

The fabrication of integrated optical circuits has been achieved in various ma­

terials employing a variety of techniques. These materials can be grouped [4,51 m 

1 



( 

( 

the following distinct categories: gla.ss, inorganic oxide crystals (eg. lithium niobate 

and tantalate), Ill-V semiconductors, and organic polymers. Due to its excellent 

electro-optic, acousto-optÏc, and waveguiding properties a.s weB as its relative matu-

rity in terms of device performance, fabrication technology, and packaging, lithium 

niobate (LiNbOs) has been and will continue to be a prime candidate for many in­

tegrated optics applications [1,6,7,81. Since sources and emitters can not be realized 

in LiNbOs, this technology is characterized as hybrid. Although the use of III-V 

materials not only overcomes this latter drawback but, also, allows for integration 

with high speed electronics, material limitations and fabrication difficulties have, 

as of yet, prevented this monolithic approach to IOC design from outperforming its 

hybrid counterpart [9]. 

The material incompatibility problem associated with LiNbOs has been re­

cently addressed by Yi-Yan et al. [101 who reported integration of a III-V semÏcon­

ductor detector with a LiNbOs waveguide using an epitaxial lift-off technique. In 

addition, there has been growing interest [n] in polymerie materials which, aside 

from allowing integration with electronics, have demonstrated tremendous fabrica­

tion fiexibility resulting in the ability to tailor the electro-optic and waveguiding 

properties. These advances made in the material and fabrication aspects of IOC 

technology have been paralleled by similar progress in novel device modeling and 

computer-aided optimization techniques which have allowed designers to better un­

derstand the properties of more complicated integrated optical circuits [6,12,13]. 

These exciting developments should lead to the design and fabrication of high per-

formance, cost effective, as well as novel optical devices. 

It must be emphasized, however, that the future success of the commercial-

ization of IOC technology will be dependent on advances made in both the optical 

and electrical aspects of package integration. In particular, the precise alignment 

and rugged attachment of optical fibers (i.e. 'pig-tailing') to the IOC continue to 
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be challenging problems for optical device packagers [6,7,141. 

1.2 LiNb03 technology 

AB mentioned above, LiNbOs is an attractive material for the near term com­

mercialization of integrated optical circuits. Commercially available product lines 

of LiNbOs based Ioe devices include [6,15,161 phase and intensity modulators, 

directional coupler switches, cross bar switch arrays, and modulator circuits for 

fiber-optic gyroscopes. 

The basic component in a1l these IOe devices is the optical waveguide. The 

fabrication of such structures in LiNbOs has been achieved using a variety of tech­

niques including [1,5,7,171 outdiffsion, Metal (eg. Ti, V, Ni) indiffusion, proton­

exchange, and ion-implantation. Of these, only Ti indiffusion and, more recently, 

proton-exchange (PE), have reached an advanced stage of development. The salient 

features of these fabrication technologies are: 

• Ti indiffusion: A rather involved fabrication procedure consisting of vacuum­

depositing a thin la.yer of Ti followed by an elevated temperature diffusion 

(T > 950°C) results in high quality (Le. low loss, good electro-optic be­

haviour) waveguides. Both ~he extraordinary and ordinary indices of re­

fraction are increased thus allowing the pr~pagation of TE and TM modes. 

The resulting index profiles are weIl approximated by a Gaussian function 

with surface index increases of about 0.01. Recent work [lSI has shown that 

these index increases are nonlinearly related to Ti concentration and, in ad­

dition, exhibit some wavelength dependence. Optical damage (Le. inability 

to support high power densities) is a serious problem at shorter wavelengths 

« 1.0JLm) [71 . 

• proton-exchange: A convenient and relatively simple fabt'II-<~tion technique 
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involving a low tempe rature (T < 300°C) exchange of LiNbOs immersed 

in a proton source (typically benzoic acid). The resulting waveguide index 

profile is approximately a step with changes in the extraordinary and ordinary 

indices of 0.12 and -0.04, respectively, with slightly smaller values reported for 

longer wavelenghts [19]. A nonlinear dependence of these index changes on 

hydrogen concentration has also been observed [20]. The negative change in 

the ordinary index allows for the propagation of a single polarization. By using 

buffered melts and/or annealing, many of the problems associated with PE 

in pure melts (eg. degradation of electro-optic and acousto-optic coefficients, 

index instabilities, large scattering loss) can be avoided. In addition, these 

techniques provide for considerable flexibility in the tailoring of the waveguide 

properties [191. Of particular note is the greater power handling capability of 

PE waveguides compared to their Ti indiffused counterparts. 

Recently, a combination of PE and Ti indiffusion has been used to improve bire-

fringence control which is needed, for eXii.mple, in second harmonie generation ap­

plications [7]. Hence, it is clear that the proton-exchange technique has helped to 

complement as well as improve the more established Ti : LiNbOs technology. 

1.3 Research goal 

Generally, the goal of this thesis research is to characterize planar optical waveguides 

made by proton-exchange in LiNbOs. Such characterization studies constitute the 

necessary first step toward the eventual fabrication and design of integrated optical 

devices. Indeed, it has been recentIy shown that the use of more sophisticated 

computer-aided design (CAD) toois such éiS the Beam Propagation Method (BPM) 

for the design and optimization of IOC's becomt~s effective only when accurate and 

reproducible characterization data is available [13,14]. 
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When this work began, the majority of previous studies had focused on the 

use of benzoic acid (C6H5COOH) as the proton source [19,21,22,231. Recently, the 

use of pyrophosphoric acid (H .. P207) as an alternative proton source was found to 

result in higher index and lower loss waveguides [24,25,261. Parallel to this, the 

accuracy of the conventional PE waveguide step-index model was being questioned 

[271. In addition, an in depth study of the diffusion modeling of the PE process 

was still lacking. Hence, the aim of the first stage of the research consists of the 

following: 

• To accurately model the refractive index profile in PE waveguides in order to 

assess the validity of the conventional step-index assumption and simultane­

ously address the controversy surrounding the observed higher index increases 

associated with pyrophosphoric acid compared to benzoic acid. 

• To investigate the etfectiveness of the proposed proton-exchange diffusion 

models as design tools. 

It was realized from the outset that the fabrication of high quality waveguidf'.8 ne­

cessitated the use of buffered melts or annealing [19]. Although several extensive 

studies had been performed on the use of buffered melts [28,29], a corresponding 

effort to better understand the anneal process has concentrated for the most part 

on reducing waveguide loss and improving electro-optic behaviour [30,31,32,331. A 

thorough investigation of the modeling of the diffusion process and the refractive 

index profiles in annealed proton-exchanged (APE) waveguides was not available. 

Moreover, it has recently [321 been shown that the APE technique holds certain 

advantages over the use of buffered melts (eg. reduced fabrica.tion time and com­

plexity). Hence, it is desirable to be able to accurately characterize it. The purpose 

of the second stage of this research then is also twofold: 

• To gain a better understanding of the anneal process by accurately correlating 
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measured index profiles with a more extensive range of fabrication conditions. 

• To investigate the effectiveness of the proposed APE diffusion models as design 

tools. 

It is important to note that sinee this work began several studies have been pub­

lished which have contributed to improving the understanding of the proton-exchange 

and annealing processes (see Chapter 5 for references). 

The various topics discussed in this thesis are organized as follows: 

• Qualitative and quantitative description of the physical meehanisms underly-

ing the proton-exchange and annealing processes (Chapter 2). 

• Investigation of the propagation characteristics of PE and APE waveguides 

including a rigorous treatment of the often neglected uni axial anisotropy in 

such structures and an introduction to the WKB method (Chapter 3). 

• Description of the proton-exchange surface coating and annealing fabrication 

procedures as weil as the waveguide measurement techniques based on the 

prism coupler (Chapter 4). 

• Characterization of planar PE and APE waveguides. DetaHed discussion of 

data reduction te(.hniques including the modeling of the waveguide refractive 

index profile, generation of dispersion curves, and correlation of waveguide 

properties with fabrication conditions (Chapter 5). 

• Brief summary and discussion of work as weil as comments on future directions 

in proton-exchange technology (Chapter 6). 

6 



1.4 Outline of original contributions 

This thesis research has resulted in sever al original contributions to the field of 

planar PE LiNbOs technology. These include: 

• A detailed characterization of proton-exchanged waveguides using an im­

proved Fermi index model [34,35]. 

• A detailed characterization of annealed proton-exchanged waveguides using 

an improved generalized Gaussian index model [35,36]. 
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Chapter 2 

The Proton-Exchange (PE) 
Process 

2.1 Introduction 

In this chapter, the physical mechanisms underlying the proton-exdlange process 

are described. After briefly discussing the development of PE, details of waveguide 

formation as weil as the use of the annealed proton-exchange and buffered melt 

techniques (which, as will be seen shortly, are necessary for the fabrication of high 

quality waveguides) are introduced from a qualitative point of view. The remaining 

part of the chapter concentrates on the various diffusion models which have been 

used to describe sorne of the quantitative aspects of this process. The effectiveness 

of these models as design tools is rigorously investigated. 

2.1.1 The LiNb03 substrate 

As mentioned in Chapter 1, due to its excellent physical properties (see Table 2-1) 

including a large electro-optic and acousto-optic figure of merit, a high birefringence 

as weIl as its transparency in the near infrared and visible region of the optical 

spectrum, LiNbOs has been and will continue to be a prime candidate for integrated 

optics applications. Of course, the widespread use of this crystal has only been 
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possible due to recent advances in the material development which have allowed 

the crystal to be available in both acoustic and optical grades 117]. Although the 

former suffices for surface acoustic wave (SAW) devices, the optical grade with its 

higher degree of structural integrity and stoichiometric uniformity is necessary for 

10 applications. Several extensive reviews describing the various material properties 

of LiNbOs can be found in the literature [1]. 

It has been established that lithium niobate has a rhombohedral crystalline 

structure and, as a result, is a uniaxial crystal with a symmetry axis defined as 

the z-axis and usually referred to as the optic axis. This uniaxial nature allows the 

crystal to be commercially available in various cuts where the optic axis direction 

is specified with respect to the polished surface. For example, a crystal substrate 

with a plane eut normal to the crystallographic z-axis (Le. optic axis) is called 

z-cut LiNbOs [5]. As it is a birefringent crystal, light propagating along the optic 

axis with polarization in the x - y plane is J an ordinar" wave; propagation 

perpendicular to the optic axis is characterized by an extraordinary wave. For z-cut 

LiNbOs (see Fig. 2.1 at the end of this chapter), the corresponding index tensor 

becomes, 

[
no 0 0 1 

[nI = 0 no 0 
o 0 ne 

(2.1) 

where no and ni are the pr:ncipal 1 ordinary and extraordinary refractive indices of 

refraction for LiNbOs. Room temperature measurements of these bulk indices has 

revealed the following wavelength dependencies Il], 

ne (À) 

no(À) 

0.031 
2.122+~ 

0.037 
2.195 + Tz-

(2.2) 

(2.3) 

where À is in microns. For example, at À = O.6328J,Lm (helium-neon laser light), 

ne = 2.200 and no = 2.287 giving a birefringence of ne - no = -0.09. Note that 

lThe index tensor is diagonal because the principal dielectric axes coordinate system is assumed 
(see Cbapter 3). 
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since ne < no, the crystal is described as negative uniaxial. 

In addition ta the various cuts and grades which are available, the crystal can 

be grown over a range of compositions (Li20)z(Nb20 6h-z' For device applications, 

however, the so-called congruent composition (x = 0.486) is preferred because of the 

high degree of compositional uniformity that can be achieved. As a final comment, 

the high melting point and Curie temperature of congruent LiNbOs result in stable 

room temperature characteristics, yet another attractive feature of this material [11. 

Table 2.1: Physical properties of LiNbOs 

Curie temperature 1150°C 
Melting point (congruent) 1243°C 

Refractive index ne = 2.200 
(À = 0.6328J.1.m) no = 2.287 

Birefringence -0.1 
Attenuation <0.5~ 

Transparent window 0.4 - 5p.m 
Electro-optic coefficient rss = 30 X 10-1.: V 

2.1.2 Ion-Exchange in LiNb03 

As far as the development of integrated optical circuits is concerned, the various 

attractive properties of lithium niobate discussed ab ove can only be taken advan-

tage of if one is able to confine light power in a weIl defined regionj in other words, 

it is necessary to have a waveguide. Furthermore, this waveguide should not only 

possess stahle (i.e. time-invariant) optical parameters such as its refractive index 

profile but, also, be made without significantly degrading the attractive features of 

the bulk crystal, for example, the electro-optic coefficient [31. In Chapter 1, the nu­

merous techniques for waveguide formation in LiNbOs were introduced. Of these, 

it was pointed out that the Ti : LiNbOs technology had reached the highest level of 

maturity. However, the rather involved fabrication procedure as weIl as the prob-
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lems [7,17] of optical damage, relatively small Ti indiffusion rates, and unacceptably 

wide variation in device performance from different batches have spurred interest 

in new fabrication techniques to complement as weil as improve the Ti : LiNbOs 

technology. One such technique is the proton-exchange method. 

Interestingly, the beginnings of proton-exchange are inextricably linked with 

the ion-exchange technique well known from glass technology in connection with 

the improvement of the surface mechanical properties (Le. strengthening) of glass 

and, recently (as weil as more relevant to the discussion at hand), its ability to 

produce thin or shallow waveguiding layers on glass surfaces [37]. In this process 

which is quite different from diffusion, cations from an external source such as a 

molten salt bath are exchanged (sometimes in the presence of an electric field) with 

cations in the glass substrate (eg. K - Na, Ag - Na). Due to the differences 

in size and chemical properties of the exchanged ions, the physical parameters of 

the exchanged layer including specific volume, ionic polarizability, stress state, and 

index of refraction will generally be different from those of the substrate [38]. 

The first reports of ion .exchange of LiNbOs in silver nitrate (AgNOs) [39] and 

thallium nitrate (TIN Os) [40] melts revealed step-like refractive index profiles with 

an extraordinary refractive index change 6.ne ~ 0.12. Moreover, no measurable 

change in the ordinary index of refraction (no) was observed. These initial reports 

attributed the refractive index change to a Tl- ~i / Ag - Li exchange. Further study 

[41] with TINOs melts Dot only revealed little Tl accumulation in the waveguide 

layer but, rather, a loss of Li/ Li20 as the main result of this exchange process. In 

addition, these index changes were found to lack reproducibility and, as a result, 

it soon became apparent that the introduction of the heavy ions Ag and Tl was 

unconnected with these observed large index changes. By studying the strength 

of the 0 - H infrared absorption in the waveguide layer (which is proportional to 

the hydrogen content present), Jackel and Riee [421 came to the conclusion that 
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an impurity in the thallium and silver nitrate melts, specifically, hydrogen, was 

responsible for the observed index changes. This H - Li exchange has henceforth 

been referred to as proton-exchange (which is essentially an ion-exchange involving 

protons). 

2.2 The Proton-Exchange (PE) technique 

2.2.1 Brief overview 

Originally used as a method for preparing new cubic perovskites from LiNbOs and 

LiTaOs [43], the proton-exchange process [21] was found to be a simple and fast 

technique for optical waveguide formation in LiNbOs. In addition to their relative 

ease of fabrication, proton-exchanged optical waveguides possess other advantages 

as compared to their titanium indiffused counterparts. These include higher index 

increases, l greater power handling capability, polarization control, and the ability 

to temperatune tune the refractive index profile [44]. Another attractive feature of 

this technique is the relatively low temperature (140-300°C) required for waveguide 

fabrication. The resulting waveguides have been found to have a high extraordinary 

refractive index change (~ne = 0.12) [22,23] and a small but significant decrease 

[45] in the ordinary index of refraction (~no = -0.04). This anisotropie index 

change allows for only tra,-sverse electric (TE) modes to be guided in PE x and 

y-cut LiNbOs and transverse-magnetic (TM) modes in PE z-cut substrates (This 

property thus opens up interesting possibilities for polarization control optical de-

vices). Various researchers have also reported a general overall improvement in 

the optical properties for PE waveguides which have been subsequently annealed 

[32,46] and/or waveguides fabricated from buffered (Le. diluted) melts [29]. Exten-

sive optical waveguide studies carried out in the different cuts of both LiNbOs and 

lThe higher index increases provided by PE as compared to Ti indift'usion is useful in terms of 
light confinement, available index mismatch for wavelength filters, and fabrication of bent waveguides 
with small radii of curvature 15,61. 
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LiTaOs using (for the most part) benzoic acid melts as the proton source can be 

found. See, for example, the excellent review by Wong [191. 

Before moving on with the details of waveguide formation in LiNbOs, some 

brief comments will be made concerning the use of PE in LiTaOs. Compared with 

LiNbOs, LiTaOs has similar electro-optic coefficients, a lower birefringence, higher 

stability, and a lower susceptibility to optical damage. Unfortunately, due to the 

low Curie temperature of LiTa Os (Tc ~ 650°C), the crystal must be repoled after 

a relatively high temperature titanium indiffusion (T > 1000°C) in order to restore 

domain alignment and maximize the electro-optic effect for active devices [1,191. 

This obviously adds to the fabrication complexity and, consequently, has so far 

reduced interest in LiTaOs as far as IOC applications are concerned. However, the 

use of the relatively low temperature PE process avoids this problem and thus allows 

the possibility of taking advantage of some of its superior properties. Indeed, there 

have been recent reports of the fabrication of high quality LiTa Os PE waveguides 

and devices [471. 

2.2.2 Waveguide formation using PE 

The proton-exchange process in LiNbOs is performed (see Fig 2.2) by immersing 

a LiNbOs single crystal in a proton source (eg. benzoic, palmitic, pyrophosphoric 

acid) kept at a ftxed temperature (100 - 300°C) for a desired amount of time 

(5 minutes to several hours). The end result is a depletion of lithium and the 

replacement with hydrogen in the crystal. Although (as will be discussed shortly) 

the exact mechanism of the exchange and the structure of the resulting waveguiding 

layer are quite complex and not fully understood, this process has nonetheless been 

described [19,281 by the following chemical equilibrium reaction, 
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where benzoic acid is assumed as the proton source. The strength of the acid 

used will de termine whether complete or partial exchange has taken place. The 

former has only been observed in LiNbOs powder using strong acids such as H NOs 

or H2S0~. The result is the formation of the cu bic perovskite phase H NbOs• 

This structural transformation (i.e. hexagonal to cubic) does not allow for totally 

exehanged layers to be obtained on LiNbOs single crystal because the resulting 

stress prevents any epitaxial adhesion of the new H NbOs phase on the substrate 

[3,19]. Hence, for optical waveguide fabrication, only partial exchange is necessary. 

By using (undiluted) benzoic acid (which is a relatively weak acid) waveguides can 

be formed in x and z-cut substrates; except for very short exchange times [481, 

y-eut substrates are destroyed (i.e. etched). In fact, this etching or surface damage 

has also been observed [491 in :r; and z-cut samples but only after much longer 

exehange times (eg. 4hr on x-cut at 220°C, 15hr in Zucut at 210°C, compared to a 

few minutes in y-cut at 220°C). This surface damage is believed [50] to be caused 

by lattice &tress within the waveguide layer which increases with the exchange time 

and is only relaxed through the formation of cracks on the crystal surface (Le. 

etching). However, by prediffusing the y-eut substrates with Ti, this etching of the 

crystal surface can be avoided. Several characterization studies can be found on 

these titanium indiffused proton-exchanged (TiPE) waveguides [45,51,52]. Due to 

the anisotropie PE index change mentioned earlier, the TiPE process allows for the 

fabrication of waveguide structures (eg. buried waveguides [53]) which can not be 

made using the Ti indiffusion or PE techniques alone. 

The use of the prism-coupler technique (see Chapter 4) has allowed researchers 

[22,23] to assess some of the waveguide properties of the PE waveguides. The results 

can be summa.rized as follows: 

• The extraordinary refractive index profile is approximately a step with Âne = 

0.12 - 0.13 (.x = O.6328JLm) for the most part independent of diffusion time, 
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temperature, and particular cut of the crystal. For longer wavelengths, slightly 

smaller values have been observed. 

• Contrary ta initial reports, the ordinary index decreases with ~no = -0.04. 

• Propagation losses varied between (1 - 6) =! with the x-eut values being 

consistently the lowest. 

• As in ion-exchanged glass waveguides, the extent of PE is determined by the 

time and temperature of the process. Diffusion is fastest in x-cut substrates. 

Optical depth values are found to be linearly related to the square root of time 

while diffusion coefficients are found to obey the Arrhenius Law as follows, 

d -- VDe t (2.5) 

De (-C2
) C1exp T (2.6) 

where, 

d - optical depth 

De effective diffusion coefficient 

t - diffusion time 

T diffusion temperature 

Cl! C2 - constant~ for the PE process 

The above results are for waveguides fabricated in neat (Le. pure) benzoic acid 

which has been the foc us of the majority of studies to date. This is because benzoic 

acid not only possesses a high boiling point (Tb = 249°C) which allows for the use 

of high processing temperatures and, hence, large diffusion coefficients but, also, 

stability throughout its liquid range which results in excellent reproducibility [211. 

In addition, the acid is cheap and has low toxicity. Other acids have been used, 

for example, palmitic acid. The resulting waveguides, however, have been found to 
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have properties very similar to those obtained using benzoic acid [45]. Recently, 

there has been sorne controversy in the literature about the supposedly higher index 

increases and lower waveguide losses obtained using pyrophosphoric acid (H"P207) 

as a proton source [24,54,55,771. In addition, the accuracy of the conventional 

PE step-index model has been questioned [271. In order to address these topics, an 

extensive waveguide characterization using pure pyrophosphoric acid was performed 

and is presented in considerable detail in Chapter 5. This investigation constituted 

a starting point of this thesis. 

In addition to the above studies, numerous researchers have used a variety of 

microanalytical techniques including Rutherford backscattering spectroscopy (RBS) 

[49], secondary ion mass spectroscopy (8IMS) [56], X-ray diffraction (XRD) [50,621, 

elastic recoil detection analysis (ERDA) [3], nuclear reaction analysis (NRA) [29,49] 

and infrared spectroscopy (IS, [46,57,58], to analyze the structural properties of the 

PE waveguiding layer. The results from these studies can be summarized as follows: 

• Optical waveguide thicknesses measured using RBS, ERDA, NRA, and SIMS 

are consistent with prism-coupling results. 

• These techniques generally reveal step-like hydrogen concentration profiles. 

Corresponding lithium depletion profiles are not as step-like suggesting that 

PE is not strictly a one for one ion-exchange. 

• ERDA and NRA estimates for the value of x in Li1-zHzNbOs (the ratio of 

H to Li within the waveguide layer) range from x = 0.65 - 0.80. 

• XRD analysis reveals the existence of positive lattice strains in the waveguide 

layer. These strains are different for directions parallel and perpendicular to 

the optic axis and are greatest for y-cut crystals. 

• X-ray studies [66] on LiNb03 powders show that multiple phases (i.e. a phase 

is characterized by a particular value of x) with lattice constants very different 
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from virgin LiNbOs can exist for large values of x. Other research groups, 

however, have not detected such phases in single crystal proton-exchange 

waveguides [49,591. These inconsistencies suggest that results for powders 

can Ilot necessarily be extended to include single crystal LiNbOs. 

• Double crystal XRD studies have revealed the existence of some Li deficient 

phases (eg. LiNbsOs and Nb20 S) at the diffusion boundary whose formation 

is dependent on the Li / H ratio and temperature. 

• 18 studies have shown that hydrogen is incorporated within the crystal in the 

form offree (lima:!: = 3505cm-1 ) and hydrogen-bonded (lima:!: = 3250cm- 1
) hy­

droxyl (OH) groups. Interestingly, the latter group is absent in z-cut waveg­

uides. Although the area of the infrared absorption bands associated with 

these hydroxyl groups is found generally to be proportional to .fi, sorne con­

troversy exists in the literature as to whether a melt-dilution effect occurs 

(to be elaborated upon later). Furthermore, the linear relationship between 

band area and. temperature suggests tha.t there is a minimum temperature 

associated with PE (141°C for z-cut, 132°C for x-eut). 

• Recent 8IMS results show a pile up of Li at the Li / H boundary and, hence, 

Li and H profiles which are not compliments of each other. In addition, 

the double-alkali effect (to be discussed later) is proposed as the mechanism 

underlying the PE process. 

These findings support the contention that, although its kinetics are described by 

square root time dependencies, the PE process is not a simple diffusion nor a one 

for one ion-exchange. 

Despite their many attractive features, it was soon realized that PE waveg­

uides fabricated in pure benzoic acid possessed serious problems including [191: 
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• short and long term index instabilities 

• degradation of electro-optic coefficient and reduced acousto-optic interaction 

efficieney 

• large scattering and, hence, propagation loss 

• high insertion 1088 (large rnismateh in numerical aperture) 

• increased DC drift 

• etching of y-eut 8ubstrates 

• interaction with ambient water vapour at room tempe rature (Le. instability) 

Based on their observations of LiNbOs powders,2 Jackel and Riee [611 came 

ta the conclusion that these problems are due to the high concentration of hydrogen 

within the waveguide layer (i.e. a large value of x in Li1-zHzNbOs). This large 

H - Li exchange results in the formation of multiple crystal phases (several rhom­

bohedral as well as cubic H NbOs) which, except for the single a phase existing for 

x < 0.12, possess lattice constants considerably different from the virgin LiNbOs. 

Keeping this model in mind, sorne of the above problems can be readily explained. 

For example, the strain produced by the lattice constant change explain the degra­

dation of the electrojacousto-optic coefficients as well as the etching of the y-cut 

substrates. Moreover, the existence of sever al phases in equilihrium results in Jarge 

scattering at their boundaries and the fact that these phases are easily converted 

suggest possible problems with index instabilities. In short, by reducing the fra.c­

tional concentration of hydrogen to x < 0.12, the resulting waveguide layer will he 

cornposed of the single rhombohedral Q phase (with lattice constants similar to the 

:lThe reaaODS for using powders instead of single crystal material have tu do with economics as 
well as convenience. Powders are not only much cheaper but, aiso, more readily available in large 
quantities than their single crystal material counterparts. In addition, certain experiments may be 
more conveniently performed ((rom a technical point of view) by using powdens 1601. 
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virgin LiNb03 ) and, hence, will be structurally well matched to the substrate. The 

waveguides thus formed will retain the attractive properties offered by the bulk 

material (eg. low loss, good electro-optic behaviour, etc.) [32,661. 

It must be emphasized, however, that this discussion concerns Li N bOs pow­

ders and, as pointed out earlier, there is considerable controversy in the literaturc 

about extending results from powders to single crystal material (from which optical 

waveguides are fabricated). Even though this multiple crystal phase model has not 

(as of yet) been confirmed for the single crystal material situation, the contention 

that the fraction al concentration, x, of hydrogen must be reduced in order to ob­

tain good quality waveguides is strongly supported by the fact that the use of the 

annealing as well as buffered melt techniques (which, as will be seen shortly, both 

result in the reduction of x) have yielded greatly improved overall performance 

[29,32,46]. 

2.2.3 Use of buffered melts 

The use of so-called buffered melts to reduce the hydrogen ion concentration consists 

[28] of adding compounds such as potassium nitrate/benzoate (KNOsI C6 HsCOOK) 

or various lithium salts (LiN03 , Li2COS , C6 HsCOOLi) to pure benzoic acid. Since 

the goal of this procedure is to push the equilibrium described by Eq. 2.4 to the 

left, one expects greater effects to occur for the case of lithium salts. This is seen 

as follows. Using LiNOs and Li2COs as examples, one has: 

LiNOs ~ Li+ + NO; 

Li2C Os ~ 2Li+ + CO; 

(2.7) 

(2.8) 

The above chemical equilibrium reactions show that additional Li ions are intro­

duced with the result that the equilibrium is pushed to the left as required. More-
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over, the NO; and CO; ions react with the benzoic acid according to, 

NO; + C6H 6COOH +--+ H NOs + C6 H6COO­

CO; + 2(C6H 6COOH) +--+ H 2COS + 2C6 H"COO-

(2.9) 

(2.10) 

with the nitric and carbonie acids boiling away. This further reduees the hydrogen 

concentration in the benzoic acid melt. Notice that the first effect is missing when, 

for example, K NOs is used since K ions do not affect the equilibrium. Exten­

sive characterizations have been performed for the various cuts of LiNbOs• These 

studies reveal: 

• Buffering (sometimes referred to as dilution) slows the PE process by as much 

as ten times depending on the particular cut of the substrate. The resulting 

index profiles are step-like (as in the case of PE in pure benzoic acid) but 

with an extraordinary refractive-index change, ~n.n which depends on Li % 

aecording to a Fermi-type function. This dependency allows for considerable 

flexibility in terms of birefringenee control [29,32]. 

• Sorne controversy exists in the literature as to the particular Li % at which 

stable guides result (Le. index instabilities disappear). Quoted values range 

from 2.4 - 3.4 % with a corresponding range in ~ne of 0.11 - 0.01 [46]. 

• Strong buffering diminates the etching of y-eut substrates indicating a con-

siderable reduction in the lattice strain within the waveguide layer [28]. 

• IS studies show that hydrogen bonded 0 H groups are present to a lesser 

extent (x-eut) with increase in Li % while free OH groups are unaffected. 

Interaction with ambient water vapour occurs only for elevated temperatures 

(T > 300°C) [461. 

• Waveguides gencrally exhibit low propagation loss, restored electro-optic ef­

fect and room temperature stability [29,32,461. 
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2.2.4 Use of annealing 

An alternative method to decrease the hydrogen concentration within the waveguide 

layer is to use the annealed PE technique (APE) or, as is sometimes referred to in 

the literature, the two-step proton-exchange process (TSPE) [61]. This technique 

consists of performing an initial exchange in pure benzoic acid and then annealing 

(i.e. heating outside a source of ions) the resulting waveguide. This heating is, in 

addition, performed in the presence of flowing oxygen to prevent deoxidization of 

the waveguide surface. The possibility that annealing may be associated with the 

improvement of the optical properties of PE waveguides was first suggested from 

observations [61] that these waveguides were found to be more stable when 

• they were cooled slowly after the exchange 

• a higher initial exchange temperature was used 

In addition to reducing the hydrogen concentration and, hence, the refractive index, 

the annealing process results in an increase in the depth of the waveguides and, if 

the temperature is high enough, a change in the shape of the index profile from a 

step to a graded-index one. The majority of annealing studies to date have con-

centrated on improving waveguide 10ss and restoring the electro-optic coefficients 

[30,31,32,33]. Recently, various groups have atteœpted to model the annealing pro­

cess by numerical as weIl as analytical methods [54,56]. As of yet, however, very 

little work has been done to accurately correlate a wide range of fabrication condi-

tions with measured refractive index profiles. This need to better understand the 

anneal process resulted in the second phase of this thesis research. In particular, an 

extensive characterization of annealed PE waveguides in z-cut LiNbOs is presented 

in Chapter 5. Conclusions from the various published reports c.an be summarized 

as follows: 
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• In addition to the annealing temperature and time, the modification of the 

index profile is slightly dependent on the annealing environment [19]. 

• Goto and Yip [54] have shown that the anneal process is also dependent on 

the initial PE depth of the waveguide. In particular, measurements with thin 

and thick waveguides have revealed discrepancies in the sha.pe of the index 

profile. 

• Low temperature ( Ta = 200 - 250°C) annealing results in more stable struc­

tures. Profiles retain step nature with small changes in 8ne and d [3]. 

• Using double XRD, Gan'shin et. al. [62] have shown that annealing at higher 

temperatures (Ta> 300°C) results in the Li deficient phases mentioned earlier 

moving towards the waveguiding region as weIl as increasing in their volume 

thus forming interpenetrating lattices of Li1-zHzNbOs and LiNbsOs/Nb20 5• 

These new phases may contribute to some scattering within the waveguide 

layer. 

• Recent SIMS results reveal that the mechanisms associated with the anneal 

process are considerably different from those that drive the initial exchange 

process. Especially at higher temperatures, the anneal process, as evidenced 

by the resulting graded-index profiles, seems to be governed by standard dif­

fusion theory [56]. 

• High temperature (Ta ~ SOO°C) annealing results in the clouding of the waveg­

uide surface indicating that substantial surface damage has occurred [62,63]. 

• Using IS techniques, Loni et. al. [46] have found that annealing results in 

a reduction of the infrared band at 3250cm-1 with no change in the band 

at 3505cm-1• These observations suggest a removal of hydrogen bonded OH 

groups (possibly through a surface reaction producing water), diffusion of free 

OH groups deeper into the substrate, and the possible migration of lithium 
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ions from adjacent regions of the substrate into the waveguide layer. AIso, as 

in the case of buffered melts, waveguides which have been annealed interact 

with ambient water vapour only at elevated temperatures (TQ > 300°C). 

• The fa.ct that the hydrogen bonded OH groups diminish with annealing sug­

gest [46] that they may be associated with sorne of the problems with PE 

waveguides (eg. degradation of the electro-optic coefficient). However, as 

mentk '.ed earlier, these groups have only been found in x-cut LiN bOs. Con­

sequently, this argument can not be used for z-cut waveguides (This has not 

been clarified in the literature). 

• Although propagation loss studies have been carried out, a correlation be­

tween fabrication conditions and 108s have not been conclusively established. 

This is further complicated by the fact that x and z-cut waveguides behaved 

differently under similar fabrication conditions [33]. 

• Generally, the APE technique results in stable, low loss waveguides with re­

stored electro-optic coefficient suggesting that the physical and chemical prop­

erties of the annealed PE layer is more similar to the virgin LiNbOs than the 

initial PE waveguide region [32,46]. 

Recently, it was shown that both the APE and the buffered melt techniques have 

resulted in high quality waveguides [32]. The APE method, however, offers certain 

distinct advantages including: 

• The fabrication time required is only a few hours compared to several hundred 

hours using the buffered melt technique [32]. 

• Although both techniques provide for birefringence control, APE allows for 

tailoring the mode profile by altering the shape of the index profile [44]. 
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• Since the diffusion coefficient is strongly concentration dependent, the use 

of buffered melts requires very accurately defined melt composition if re­

producibility is to be achieved. This means that the melt must be sealed 

otherwise melt composition would change during exchange due to differential 

evaporation of l'1.elt constituents. Hence, fabrication complexity is increased 

[611· 

Nevertheless, it is clear that a combination of the APE and buffered melt techniques 

allows for considerable fiexibility in the optimization of waveguide characteristics 

for a variety of 10 applications. 

2.2.5 Origin of the index change 

Although a great deal has been said about the characteristics of both the concentra­

tion and refractive index profiles in PE waveguides, the exact relationship between 

these two important parameters has not as of yet been addressed. Annealing studies 

[21] on PE refractive index profiles have revealed one interesting common feature: 

the area under the index versus depth curves for APE wavegides is greater than 

that for the initial PE waveguides. This phenomenon of the area not being con­

served has been attributed to a nonlinear dependence of the extraordinary index of 

refraction on the hydrogen concentration. Initial work [64] with deuterium revealed 

a concentration dependence which is approximately linear for x < 0.20 but shows 

saturation for x > 0.30. Later work [65] confirmed this saturation phenomenon. 

RecentIy, Howerton et al. [20] have found discrepancies between deuterium and hy­

drogen studies. Based on thE"ir ERDA observations, the following simple empirical 

relationship between the refractive index and concentration profiles is proposed, 

(2.11) 
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where 

x = normalized (Le. fractional) concentration (0 < x < 1) 

6.ne(x) = extraordinary refractive index change 

al , a2 , as = fitting parameters 

Note that x (as in Lil_=H=NbOs) is not to be confused with the transverse or depth 

coordinate to he discussed later. Using a least squares procedure, one finds that 

(alla2,aS) = (0.1317,3.4576,1.75). Although an empirical relationship has been 

previously reported for the deuterium data, this is the first time that any such 

relationship has been proposed for the hydrogen data. The ab ove equation with 

the latter parameters is sketched in Fig. 2.3. The deuterium curve along with the 

a phase region (Le. x < 0.12) are also shown for reference. Comparison of these 

curves shows significant differences in the predicted index increases in the a phase 

region as weIl as the saturation regions. It is important to realize that published 

studies have so far exc1usively focused on the extraordinary refractive index. Similar 

work to understand the relationship hetween the reported negative ordinary index 

change and hydrogen concentration has not as of yet been undertaken. 

Although this nonlinear dependence of index on concentration has also been 

observed [18] in Ti: LiNbOs waveguides, it is absent by contrast in ion-exchanged 

glass waveguides. This fact suggests that the mechanisms of index change in PE 

and ion-exchanged waveguides are different. Generally, the net index of refraction 

will depend on the following contributions [8,47]: 

1. a difference in the polarizability of the two exchanging ions 

2. changes in the stress state caused by ionic size difference 

3. a change in molar volume or density 
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4. changes in the polarizatioll of the crystal due to differential site preference of 

the exchanging ions in the lattice 

5. a change in the lattice parameters due to a phase change 

In PE waveguides, IS studies [66] have shown that the differences in site preference of 

H and Li may result in polarizability changes of the neighbouring oxygen atoms. In 

addition, as mentioned earlier, XRn analysis [50] has revealed considerable straining 

of the lattice resulting in lattice constant changes. ~ fence, the last three effects seem 

to be predominant in PE [8]. Although much work has been done to model aIl of 

the above effects in ion-exchanged glass waveguides, a corresponding effort in PE 

in lithium niobate is still lacking. 

2.3 Modeling the PE process 

2.3.1 The nonlinear diffusion equation 

Although the PE process is quite complex and not characterized by a simple one 

for one ion-exchange, the various mathematical models that have been proposed 

to describe this process are based on the ion-exchange equations. These equations 

reflect the fact that, in the ion-exchange process, the driving force behind the ionic 

flux consists of the concefltration gradient of the ionic species and the gradient of 

the local electric potential which arises due to the generally unequal mobilities of 

the indiffusing and outdiffusing ions. This intrinsic electric field has the effect of 

equalizing the fluxes of the two ions and, hence, maintaining charge neutrality. This 

phenomenon results in the diffusion equation being nonlinear [67], 

(2.12) 

where, 

c, 
(2.13) ê 
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and 

CH = 

DH = 

D Li -

Co = 

a _ 1- DH 
DLi 

concentration of indiffusing H ions in the LiNbOs crystal 

self-diffusion coefficient of H 

self-diffusion coefficient of out-diffusing Li 

total concentration of diffusing ions 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

Note that in the derivation of the ab ove equation, the electroneutrality requirement 

has been invoked, namely, 

(2.19' 

As will be seen in Chapter 4, the LiNbOs substrates used have approximate di­

mensions of 5 mm by 25 mm by 1 mm and, hence, a corresponding surface area of 

about 1 cm2• In addition, the PE process results in a diffusion layer which extends 

not more than a few microns into the substrate. Consequently, one can make the 

reasonable assumption that this process is one-dimensional. Taking x as the depth 

direction (as is usually done in the literature), the above equation reduces to, 

aê 8 ( DH 8ê) 
at = 8x 1- aê8x 

(2.20) 

This nonlinear partial differential equation which has been applied successfully to 

describe ion-exchange in glass waveguides [68,69,701 is used to model the PE process 

for slab (i.e. planar) waveguides. 

2.3.2 Case 1: Infinite melt volume assumption 

As this is a parabolic equation, a well-posed problem consists of specifying one 

Cauchy (i.e. initial) and two boundary conditions. Since the concentration of H 

ions in the slab is initially zero, the Cauchy condition becomes, 

ê(x,O) = 0 (2.21) 
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As for the boundary conditions, since d <t: dt where dis the diffusion depth and dt 

is the thickness of the LiNbOs slab, this yields the following boundary condition, 

Hm ê(x, t) = 0 
z-oo 

(2.22) 

Moreover, if one assumes that the melt volume is large enough (i.e. effectively 

infinite) so that the effect of the ontdiffusing Li ions is negligible, then a constant 

supply of H ions will exist at the surface of the crystal resulting in the following 

boundary condition [691, 

ê(O, t) = c"a (2.23) 

The value of c"e above represents the fraction of H ions which are effectively ex­

changing with the Li ions at the surface. As mentioned earlier, for PE in benzoic 

acid, various microanalytical measurements have revealed that ê, = 0.65 - 0.80. 

With the formulation of the problem now complete, one proceeds to solve the diffu-

sion equation by noting that the solution of a nonlinear partial.differential equation 

is usually simplified if it can be transformed into an ordinary differential equa­

tion. To this end, the following similarity variable (also known as the Boltzmann 

transformation) is introduced [711, 

x 
(2.24) 

1 = 2JDHt 

50 that, 
a a a"Y 1 ô 
ax = ô"Yax = 2"; DHt [)t'Y 

(2.25) 

a 8 ôry x 8 --at 8,,/ at 4VDHt381 
(2.26) 

In applying the chain rule above, the hydrogen self-diffusion coefficient is assumed 

constant. Eq. 2.20 reduces to the following nonlinear ordinary differential equation, 

(2.27) 

This transformation will work only when two of the auxiliary conditions (i.e. one 

boundary and one initial condition) can be consolidated into one. Consequently, 
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sinee both t = 0 and x ~ 00 correspond to ï ~ 00, this requires, 

ê(x,O) = Hm ê(x, t) 
z-oo 

(2.28) 

Fartunately, this consolidation condition is fulfilled in the PE case. This transfor-

mation, however, can nat be used far a nonzera initial concentration distribution, 

for example, in analyzing the annealing or backdiffusion processes. For the trans­

formed equation, the appropriate boundary conditions become, 

Hm êh) 
.., ..... 00 

o 

(2.29) 

(2.30) 

Keeping the above boundary conditions in mind, one proceeds to solve Eq. 2.27. 

First, the following convenient normalization is introduced, 

so that Eq. 2.27 becomes, 

Analytic solutions 

ê 
e= -

ê, 

de d ( 1 de) 
- 2ï dï = dï 1 - âe dï 

ch = 0) = 1 

lim ch) = 0 
.., ..... 00 

â = ae~ 

(2.31 ) 

(2.32) 

(2.33) 

(2.34) 

(2.35) 

Analytic solutions to the above problem come in one of two fOrIDS. The first of 

these is a parametric solution derived in Crank [721 and given below, 

ï(O) = - ~#L (0 - (02 - fdn(2)l) exp (fo6 (cP2 - J-dncP2tidcP) 

c(O) = ~ (1 -exp (-2 fo6 (cP2 - J.l.ln~2r~dcP)) 

2S 

(2.36) 

(2.37) 
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w here 11- is found by solving, 

(2.38) 

The other analytic form of the solution consists of using a Taylor series expansion 

near ï = 0 of the above parametric solution, 

00 e{k) (0) 
eb) = 2: ,ï

k 

k=O k. 
(2.39) 

Note that the chain ru le is invoked to evaluate the derivatives (Le. the Taylor 

coefficients), 

de de (d'Y)-l 
dï = dO dO 

(2.40) 

This yields the following result [68,73], 

( -2V2 A 3) (-4 ,,2) 2 ( 2V2 A 2 ) 3 eb) = 1+,. (l-a)2 7+ -" (l-a) ï +" (1-a):l(JL-4) ï + ... 
ay'P. aJL 3aJLy'P. 

(2.41) 

As pointed out elsewhere [74], the convergence properties of this series as weIl as 

the effect of the higher order terms (which become increasingly tedious to evaluate) 

are difficult to assess and, hence, restrict its usefulness. Nevertheless, mImerous 

investigators [68,69] have used the first three terms of this series (Le. 2ad order 

polynomial) as an analytic model for the concentration profile. For PE, however, 

the profile (as mentioned previously) is approximately a step function and, conse-

quently, this truncated series approximation is not a valid one. 

The rather inconvenient form of the parametric solution as weIl as the prob-

lems inherent in the series solution compel one to look for an alternative, in particu­

lar, an efficient numerical technique employing a fourth order Runge-Kutta scheme 

with shooting. 
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Numerical solution 

In order to solve the diffusion equation numerically, some preliminary analytic ma­

nipulations are required. First, upon expanding Eq. 2.32, one obtains, 

de 1 d2c â ( de ) 2 

- 2"'Y d"'Y = 1 - âe d,2 + (1 - &e)2 d, (2.42) 

To use the proposed fourth order Runge-Kutta scheme, one must express the above 

equation as a system of first order equations as follows, 

9 (2.43) 

(2.44) 

To facilitate computation purposes, the following transformation is introduced [73], 

"'Y P 
P = -- <==> "'Y = --

1 + "'Y I-p 
(2.45) 

d d dp 2 d 
d"'Y = dp d"'Y = (1 - p) dp (2.46) 

This brings the domain to a more practical form, 

, E (0,00) <==> p E (0,1) (2.47) 

With this transformation, the first order system becomes, 

de 
F(p, g) 9 (2.48) - - = 

dp (1 - p)2 
dg 

G(p,g,c) -2g(1 - &c) ( P )3 
&g2 

(2.49) - = 
dp 1-p (1 - &c)(1 - p)2 

c(p = 0) - 1 (2.50) 

c(p = 1) ° (2.51) 

To solve the above system, the following fourth-order Runge-Kutta scheme is used, 

1 
Cl Co + 6(k1 + 2k2 + 2ks + k.) 

1 
gl = go + 6(11 + 212 + 213 + l.) 
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l 

kl - hF(Po,go} (2.54) 

Il - hG(po, go, Co} (2.55) 

k2 
h h 

(2.56) - hF(po + 2,go +"2) 

12 
h 'l kl 

hG(po + 2,go + 2'co + 2") (2.57) 

ks h ' 2 (2.58) - hF(po + 2,go + 2) 
h ' 2 k2 

(2.59) ls - hG(po + 2' go + 2' Co + "2) 

k4 - kF(po + h, go + 'g} (2.60) 

14 - hG(po + h, go + 19, Co + ks} (2.61) 

where (C.,gl) are the values of (c,g) after a step size of h has been taken. This 

scheme is popular because each k and 1 is only explicitly dependent on the previous 

k and l. Furthermore, the associated truncation error is "" h5 [751 and, as a result, 

for h = 0.01, one expects around 8 significant figures for the result which is adequate 

for the task at hand. Note also that at the first step, 

Co - c(Po} -

go - g(po} 

Similarly, at the last step, 

c/ c(P/ ) -

g/ - g(P/) -

c(p =O} -

g(p = 0) 

c(p= 1) -

g(p = 1) -

1 

?? 

0 

?? 

(2.62) 

(2.63) 

(2.64) 

(2.65) 

Since Eq. 2.62 and Eq. 2.64 constitute a 2-point boundary condition, the so-called 

shooting technique will have to be used in conjunction with Eq. 2.52 and Eq. 2.53. 

In essence, this technique involves adjusting the starting value of 9 or go so that 

the boundary condition at the other end is satisfied (Le. shooting for c(P!) = 0) as 

illustrated in Fig. 2.4. Note that from Eq. 2.48, 

dcl - -g 
dp p=O - 0 

(2.66) 
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Table 2.2: Guesses to be used for go for various values of Ô. = Ci,ê,. 

&. go 
-100.0 -16.670 
-10.0 -5.011 
-1.0 -1.787 
0.0 -1.128 
0.33 -0.855 
0.75 -0.416 
0.95 -0.115 
0.99 -0.029 
0.999 -0.36 x 10-2 

0.9999 -0.42 x 10-3 

1-10-6 -0.52 X 10-5 

1- 10-9 -0.64 X 10-8 

Furthermore, since Co > c" this suggests that go < O. This shooting technique will 

result in a root search of the form, 

R(go) = (value obtained for Cf after guessing for go) - c,(= 0) = 0 (2.67) 

To perform this root search, the familiar Secant method was employed. Table 2.2 

summarizes the appropriate guesses to be used for go for various values of ô.. Note 

that these guesses were arrived at strictly by trial and error. In addition, it was 

found that for êt values close to 1 as weIl as for large negative values, the selection 

of the initial gues ses was critical in ter ms of the ronvergence of the root searching 

technique. The value of p = 0.8 was found to suffice since for aIl practical purposes, 

the normalized concentration, c, decays rapidly to 0 for p > 0.8 (Le. ï > 4). One 

important question to be asked concerns the validity and accuracy of the above 

numerical scheme. In Fig. 2.5, a comparison between the numerical solutions 

obtained using the Runge-Kutta shooting technique and a 3-1evel implicit finite 

difference method (to be discussed later) shows excellent agreement. Although this 

latter technique is more flexible in that it can handle annealing or backd.iffusion 

problems, a tradeoff exists because the computing time necessary for comparable 
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accuracy is relatively large. A typical simulation run on an IBM AT compatible 

requires 1 - 10 hrs of computing time (depending on the value of &) compared to 

less than 30 seconds for the Runge-Kutta shooting technique. 

The only free parameter in the above diffusion model is &. Note that in 

the special case of & = 0, the self-diffusion coefficients of Li and H are equal 

and the diffusion equation becomes linear which results in an analytic solution in 

the form of a complimentary error function. The effect of â on the normalized 

concentration profile is shown in Fig. 2.6. The profile is graded for small values of 

& and approaches a step for &. ~ 1. One could also try negative values of â arguing 

that H is smaller than Li and, hence, should have a correspondingly larger self-

diffusion coefficient. From Fig. 2.7, one sees that negative values of & do not lead to 

step profiles which suggests more complex mechanisms at work. Although â = 0.999 

has been used by Clark et. al. [22] and recentIy by Goto and Yip [54] to model the 

PE process, the associated profile (see Fig. 2.6) is characterized by a very distinct 

tai!. This phenomenon has not been observed in the measured concentration profiles 

[56]. This suggests that one might try &. values in the range 0.999 < &. < 1. This 

situation is illustrated in Fig. 2.8. Although the shape of the concentration profile 

becomes increasingly sharp (Le. step-like) as & approaches 1, the resulting ratio of 

the self-diffusion coefficients is relatively large with DL, ~ 1000. From a physical 
DH 

point of view, it is difficult to explain why there should '!)e such a large disparity 

between these coefficients. Note also that the electroneutralif.y requirement predicts 

that the Li profile is an exact compliment of the H profile. The measured H and Li 

profiles, however, have not heen found to he complimentary. These results clearly 

reveal some difficiencies in this model [56]. 

In the above discussion, one must not forget that the single free parameter, 

&, is really a product of two quantities, specifically, a and ê6 • In the past [22,54], 

studies have focused on the determination of & while implicitly assuming ê, = 1. 
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RecentIy, Nikolopoulos and Yip [34] studied the effect of ê, on the profile keeping 

a = 0.999. Since &. = o:ê" the curves in Fig. 2.6 can also describe this effect if 0: is 

assumed constant. For a profile as close to a step as possible, one needs &. ~ 1 which 

requires that both a and ê, ~ 1. However, for PE in benzoic acid, the values of c", 

quoted have been in the range 0.65 < ê, < 0.80 which result in graded concentration 

profiles. In addition, as mentioned previously, studies involving buffered melts have 

shown that ê, can be reduced while allowing the profiles to retain their step nature. 

This contradicts with theory which again predicts graded profiles. These points 

have never been clarified in the literature. These results condusively show that the 

ion-exchange model (with the assumption of constant self-diffusion coefficients) is 

inadequate as far as describing the PE process is concerned. This does not imply, 

however, that one must reject this model altogether. In fact, by keeping the basic 

structure of the model intact and only changing sorne assumptions that have been 

made, in particular, infinite source and constant self-diffusion coefficients, Vohra 

and Mickelson [58,56] have recentIy shown that better insight can thus be gained 

about the PE process. 

2.3.3 Case II: Finite melt volume assumption 

Previously, while discussing the details of waveguide formation, it was mentioned 

that infrared spectroscopy (IS) studies suggest~d the possibility of a melt-dilution 

effect occuring in PE waveguides. These studies consisted of observing the infrared 

absorption frequencies associated with the formation of free and hydrogen bonded 

hydroxyl groups within the PE waveguide layer. By recording the time evolution of 

the free OH peak in z-cut waveguides, Vohra and Mickelson [58] concluded that a 

saturation effect was taking place. Later, by considering both absorption bands as 

weIl as the area of the latter as opposed to the peak height in determining the overall 

rate of PE, Loni et al. [46] found no evidence for such saturation. Sorne controversy, 
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however, still remains. For z-cut LiNbOs, the hydrogen bonded band is absent and, 

moreover, if a correction is made for band area, the resulting curves continue to show 

[76] some saturation (for volumes of about 50 ml). Furthermore, recent experiments 

with spin and surface coated pyrophosphoric acid samples (where the amount of 

acid used is typically O.lml) have resulted in diffusion coefficients smaller than 

expected thus suggesting melt-dilution effects [77]. Finally, it was also observed 

that the etehing of y-eut LiTaOs crystal took mueh longer in a 'used' melt thus 

again supporting the contention that the outdiffusing Li is diluting the melt [58]. 

As a first attempt, this saturation phenomenon has been modeled using the 

standard diffusion equation (Le. ex = 0) and a boundary condition whieh takes 

into account the time-independent nature of the total amount of hydrogen in the 

melt and crystal. Following Vohra and Mickelson [581, one assumes a LiNbOs slab 

occupying the space 0 ~ x < 00 with the melt occupying x < O. The concentration 

of H in the slab is described by 

The amount of free protons between x and 00 is defined by 

y(x, t) = loo c( e, t)dç 

With this transformation, the PDE becomes, 

ay _ D a2y 
at - H ax2 

The corresponding boundary and initial conditions are: 

y(x,O) - 0 

1 [dY 1 y(O, t) + k dx z=o - Yo 

Hm y(x,t) - 0 
z-oo 

where 

y(O, t) - total amount of protons in the slab 
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1 - size of the bath 

Ya - total amount of protons in the system (melt + slab) 

k - partition factor 

The partition factor, k, refiects the fact that the concentration of hydrogen at the 

surface of the crystal is k times that in the melt [58]. Note that Eq. 2.72 constitutes 

a boundary condition of the third kind (also known as a Robin condition). The 

solution of the above PDE with these new BCs is obtained by using the Laplace 

Transform (LT) technique yielding [78], 

y(z,t) =Ya{erfe(2~) -exp (-~Jn;)exP(~2)erfe( -~+ 2~)} 
(2.74) 

where 

erlex 2 100 
-uld = - e u .,foz (2.75) 

l 
~ = k"';DH 

(2.76) 

Now, the total amount of hydrogen in the LiNb03 slab is found by evaluating 

the above expression at z = O. Taking y(t) == y(O,t) and noting that erle(O) = 

1 - er 1(0) = 1, one obtains the result [58], 

(2.77) 

Note that the application of l'Hôpital's Rule leads to lime_oo y(t) = Ya (Le. satu­

ration) as expected. The degree of saturation increases as the volume of the melt 

decreases. Although this model is successful in taking account the finite nature of 

the melt, the resulting concentration profiles are not step [72]. This, however, is not 

surprising considering the simplicity of the mathematical model (Le. linear diffu­

sion). Of course, the reason for using such a simple modellies with the convenient 

analytical solution which can be easily obtained thus allowing one to readily assess 

the effect of altering the boundary condition at x = O. The information thllS gained 
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allows one to better understand one aspect of the PE process, specifically, diffusion 

from a melt of finite volume. The implication here is that once an adequate model 

is found, its generalization to include the effects of fimte melts may be accomplished 

by a simple alteration of the appropriate boundary condition. 

2.3.4 Case III: Concentration dependent self-diffusion co­
efficient 

In the nonlinear diffusion model considered earlier, one important assumption was 

made: the self-diffusion coefficients are independent of concentration (i.e. constant). 

In other words, no interaction between the two counter diffusing ions is assumed 

to occur. This results in complimentary H and Li concentration profiles with 

characteristic tails. The experimentally observed step-index profiles led Rice et. al. 

[64] to propose concentration dependent self-diffusion coefficients. This interesting 

idea was further investigated very recently by Vohra and Mickelson [56]. 

The concept of concentration dependent self-diffusion coefficients is not new. 

It is well known [79,801 that ion-exchange in glass involving alkali ions results in 

an interaction between the indiffusing and outdiffusing ions. This phenomenon 

is usually referred to as the double-alkali effect. This effect which increases as 

the size difference between the exchanging ions increases results in changes in the 

shape of the index profile. For example, in K - Na exchange, the ions are of 

similar size yielding negligible interaction and thus smooth graded-index profiles. 

In Cs - Na exchange, however, the ionic size difference is appreciable resulting in 

strong interaction and, hence, step-index profiles. 

Based on these observations, Vohra and Mickelson [56] proposed the following 

model for PE. Initially, due to the high Li concentration, the hydrogen self-diffusion 

coefficient is small compared to that of lithium (Le. DH «: DL.). Due to the large 

concentration gradient between the melt and LiN b03 crystal, hydrogen begins to 
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slowly accumulate in the surface layer (The latter may be enhanced through a 

surface chemical reaction). The hydrogen concentration increases until a certain 

critical concentration is attained at w hich time D Li (Ct) = D H (Ct), thus allowing the 

actual ion-exchange to occur. This results in a sharp (i.e. step-like) diffusion front 

which propagates into the substrate according to a square root time behaviour. 

The mathematical model describing the above mechanism is given by the following 

equation, 

(2.78) 

where 
DH(CL,) 

ct = 1 - ---=----'-
DL. (CH ) 

(2.79) 

AlI the parameters in the above model have been defined before. Notice the ex-

plicit dependence of the self-diffusion coefficients on concentration. Using a suit-

able choice of the above parameters, this model can readily yield step concentration 

profiles. In addition, by assuming different concentration dependencies of the self­

diffusion coefficients, one finds that the resulting II and Li profiles are not compli­

ments of each other. Based on SIMS data, Vohra and Miekelson [56] have sketched 

these dependencies and have obtained good agreement between theory and experi-

ment. However, much work remains in order to independently confirm these results 

as weIl as analyzing the effects of diffusion temperature and time. Due to the very 

recent nature of these developments (Jan '90), ~hese topies were not explored. 

2.4 Modeling the annealing process 

As emphasized earlier, the annealing process is a neceFôary step in the fabrication of 

high quality waveguides. Hence, it is desirablp LO be able to mathematically model 

such a process. Two distinct diffusion models have been recently reported in the 

literature [54,561. 
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2.4.1 Analytic model 

Recent SIMS data has shown [56] that the mechanisms driving the anneal process 

are significantly different from those associated with the initial PE. The former, 

as evidenced by the graded profiles especially at higher anneal temperatures, seem 

to be governed by standard diffusion theory. As such, the anneal pro cess is mod­

eled by considering the diffusion of an initial impurity (Le. hydrogen) distribution 

occupying the space 0 ~ x ~ d in a semi-infinite slab, 

CH(X,O) 

8CH 
8x z=o 

Hm CH(X, t) 
z-+oo 

= J(x) 

0 

0 

(2.80) 

(2.81) 

(2.82) 

(2.83) 

The Neumann boudary condition at x = 0 expresses the fact that there is no ionic 

flux across the surface of the waveguide which is what one expects in the case 

of heating outside a source of ions. Using the standard Fourier cosine transform 

technique [81], one can readily derive the analytic solution to the ab ove problem, 

{7r {CO [ {(ç+x)2} {(e- x )2lJ" 
CH(X,t) = '/4~ Jo J(e) exp - 4D t + exp - 4D t J de 

! Ho. 0 Ho. Ha. 
(2.84) 

If one assumes (as a first approximation) that the initial PE results in a step 

concentration profile, then 

and 

where 

I(x) = { ~3 

CH(>;,t) ~ c. fer! {;~} + or! {;~~;:t}] 

2 {U 2 
erJu = .Ji Jo e-

a 
ds 
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The effect of the anneal time, ta, on the concentration profile for a given initial 

depth, d, and anneal diffusion coefficient, DH,., is shown in Fig. 2.9. As expected, 

the surface concentration decreases as ta increases and the profile shape changes 

from step to Gaussiau. In Fig. 2.10, the change in the surface concentration 

versus anneal time is plotted for various initial depth values. .chis plot reveals that 

thinner waveguides behave differently than their thicker counterparts for a given 

anneal time and diffusion coefficient. The recent results of Goto and Yip [541 are 

consistent with this theoretical prediction. Note that if one models the initial Li 

depletion profile as a step, then 

[(x) = { 0 
CL,. 

and one obtains [56], 

O~xSd 
x>d 

[ { 
(d - x) } { (d + x) }] CLi = cLio er[c ~ + erfc ~ 
2~~L,,.t 2~~L, .. t 

(2.87) 

where er f cu = 1 - er f 'U. Vohra and Mickelson [561 fitted their SIMS data to the 

above two equations and found D H .. = 0.77 and DL,,. = 0.451';:;] for Ta = 360°C. 

2.4.2 N umerical solution 

Although the above model is attractive in that it is simple (Le. DH .. is the only 

free parameter) and an analytic solution is available, it does neglect the fact that 

the mobilities of the indiffusing and outdiffusing ions are unequal. The fact that 

DH. > DLi. suggests that one might try solving the nonlinear diffusion equation 

for â < 0, 

ac a ( D H .. ac) 
at = ax 1 - âc ax 

(2.88) 

c(x,O) [(x) (2.89) 

acl 0 (2.90) 
ax z=o 

-

lim c(x, t) 0 (2.91) 
z-oo 
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Unfortunately, due to the nonzero initial concentration distribution, the consolida­

tion condition given by Eq. 2.28 is not satisfied and, hence, one can not use the 

Runge-Kutta shooting technique described earlier. To solve this diffusion equation 

numerically, a three-Ievel implicit finite difference method [821 is used, in particular, 

C"+1 e"-l = 2r { A + [(en+ 1 _ e n+ 1) + (en _ e" ) + (en- I _ en- I ) ] 
'" m 3 m+l m m+l m m+l m 

-A- 1 (en+1 - e"+I) + (en - en ) + (en- 1 - en- 1 ) ] } m m-l m m-l m m-l (2.92) 

where 

A+ DH .. 
(2.93) 

1 - i(e~+l + e~) 
A- D H .. (2.94) 

1 - i(e~ + e~_I) 

T - :2 (mesh ratio) (2.95) 

(xm, tn) - (mh,nk) (2.96) 

en - e(mh,nk) (2.97) m 

The details of the matrix formulation of this difference equation incIuding the treat­

ment of the boundary and initial conditions are given elsewhere [83]. Note that the 

implicit nature of this numerical scheme requires the inversion of a tridiagonal sys­

tem at every time step and, hence, is very computationally intensive. Although 

such a scheme generally results in unconditionally stable solutions in cases of linear 

parabolic problems (and, hence, motivates its use here), the nonlinear nature of 

this particular diffusion problem resulted in conditional stability. It was found that 

the value of the mesh ratio, T, had to be decreased as â or DH• increased [831. It is 

possible that less computation intensive explicit schemes may result in comparable 

stability characteristicsj this, however, was not investigated. 

The effect of â on the concentration profile is shown in Fig. 2.11. The value 

of â = 0.999 has been previously used by Goto and Vip [541 to model the anneal 

process. In addition, â. = -0.711 comes from the diffusion coefficients quoted above 
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while & = 0 corresponds to the analytic solution discussed earlier. This graph shows 

that as & incre~'ses (positively), the profile becomes increasingly fiat. Note that in 

this model, there exists two free parameters (Le. D H., â) and, consequently, an 

optimizing routine will have to be used in the data fitting. 

One final comment concerns the nature of the data used in the modeling of 

PE and APE waveguides. Two approaches can be distinguished. In the first case, 

a direct measurement of the concentration profile is feasible and, consequently, one 

can directly compare this set of data with the appropriate diffusion mode}. In the 

second case, a direct measurement of the concentration is not feasible due to, for 

example, the need for very elaborate and expensive equipment (eg. SIMS). Instead, 

the refractive index profile is measured using a standard and relatively inexpensive 

prism coupler setup (see Chapter 4). Now, in order to compare these measured 

index profiles with theoretical simulations based on the above models, one must be 

able to convert the theoretical concentration profile to its corresponding refractive 

index profile. Fortunately, this is readily accomplished by using Eq. 2.11. The 

presentation of sorne preliminary diffusion modeling results in Chapter 5 will follow 

this latter approach. 

In concluding, it is clear that although a variety of mathematical models have 

been proposed to describe the PE (in pure and diluted melts) and APE processes, 

much work remains in order to conclusively estabdsh their validity as effective design 

tools. 
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Chapter 3 

Wave Propagation in PE and 
APE Planar Waveguides 

3.1 Introduction 

This chapter discusses wave propagation in both homogeneous and inhomogeneous 

dielectrie media. As was mentioned previously, the PE process results in approx­

imately step-index waveguides. In the past [21,22,23], the anisotropie nature of 

the LiNbOs substrate as weIl as the waveguide layer have been neglected. The 

validity of this assumption is investigated rigorously by eonsidering the asymmetric 

anisotropie step-index waveguide. Although the step profile provides a reason-

able first-order approximation for PE waveguides, the eharaeterization presented 

in Chapter 5 will show that a Fermi index model results in a better agreement 

between theory and experiment. II' addition, a generalized Gaussian profile will be 

used to model APE waveguides. Hence, in order to understand propagation in such 

graded-index media, the weil established WKB method is introdueed. 

3.2 Propagation in anisotropie waveguides 

Waveguide mode propagation in uniaxial anisotropie media sueh as LiNbOs has 

been studiea by several authors 184,85,86,87,881. Generally, it is found that the 
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modes in uni axial planar waveguides differ considerably from those in isotropic 

waveguides. In particular, this uni axial anisotropy results in so-called hybrid guided 

modes in addition to the standard TE and TM modes. The nature of the guided 

mode (i.e. hybrid, TE/TM) is sensitive to the direction of the optic axis in each 

of the uniaxial layers (sef' Fig. 3.1 at the end of this chaptar). Here, z is taken as 

the direction \lf propagation and the spherical angles (0, <1» are used to describe the 

optic L'\Xis direction vector (ë). As will be seen in the waveguide characterization 

presented in Chapter 5, the depth and index of the step profile are determined from 

the measured normal (i.e. pure TE/TM) modes of propagation. Rence, in order to 

simplify the mathematical treatment below, it is desirable to know the op tic axis 

orientations which result in only pure TE and TM modes. It is weIl established 

[84,871 that such decoupled orientations occur for the optic axis lying: 

1. in the xz plane (<1> = 0, 0 ~ 0 S 11') 

2. along the y-axis (0 = <1> = i) 

For z-cut LiNbOs, the first case is relevant because the optic axis in the waveguide 

layer and substrate both lie in the direction (8, <1» = (~, 0). In the analysis which 

follows, the discussion is restricted to this special case. 

3.2.1 Wave approach to biaxial anisotropie geometry 

In this section, a three-Iayer biaxially anisotropie geometry in the principal dielec­

tric axes coordinate system [861 is considered. In this coordinate system, one of the 

principal dielectric axes in each of the layers is oriented in the direction of propaga­

tion (z-axis here) and the other two perpendicular to this direction (See Fig. 3.2). 

The refractive indices given in Fig. 3.2 are defined along the principal directions. 

Since the principal dielectric axes coordinate system is used, the permittivity tensor 
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characterizing each of the layers will be diagonal [89,901, 

[ K., o 0 1 
[fI = fa [K] = fa ~ KVII 0 

a Ku 
(3.1) 

[ , 0 

nU 
nzz 

= fa ~ 
2 

nVV 

0 
(3.2) 

where {Kit, n", i = x, y, z} are the principal relative dielectric constant and refrac-

tive index, respectively. Note aiso that the tensor nature of the dielectric constant 

will result in the following constitutive relation holding, 

(3.3) 

As with any guided wave problem, the derivation of the dispersion relation begins 

with Maxwell 's Equations, 

- - aii 
'V x E = - JJa at 

- - - an 'VxH=J+-at 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

Since a planar waveguide geometry is assumed, one takes :y = 0 and expresses 

the fields as follows, 

[ ; 1 = [ ~~:~ 1 exp(j(wt - {Jz)) (3.8) 

Keeping the above in mind (and noting that J = 0 here), one expands Eq. 3.4 and 

Eq.3.5, 

(3.9) 

(3.10) 

(3.11) 
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(3.12) 

'(JH aH. . E 
JfJ z + az = -fo KlIlIJw Il (3.13) 

aHIi K' E 8x = fa uJW z (3.14) 

Ô 
where aZ = - j f3 has already been substituted. As will soon be shown, the lack 

of y dependence along with the diagonal nature of the dielectrie tensor result in 

the uncoupling of the y component of the fields from the x and z components. 

Consequently, the modal properties of this anisotropie waveguide can be classified 

into TE and TM modes as in the isotropie case [86,88]. Note that by taking the 

divergence of Eq. 3.4 and Eq. 3.5 and using the vector identity V . (\7 x A) = 0, 

it follows that Eq. 3.6 and Eq. 3.7 are satisfied. Consequently, in the subsequent 

analysis, it buffices to consider Eq. 3.4 and Eq. 3.5 only. 

3.2.2 TM modes (Hz = 0) 

From Eq. 3.11 and Eq. 3.9, 

(3.15) 

From Eq. 3.14 and Eq. 3.12, 

(3.16) 

(3.17) 

Substituting Eq. 3.16 and Eq. 3.17 in Eq. 3.10, one obtains, 

(3.18) 

where k; = w2faJ.l.!). The above equation is the so-called Reduced Wave Equation 

for the anisotropie case. By defining the following quantities, 

2 = K.n a2 _ e· K (i = c, s) 
Cl:, K fJ 0 'zz 

sz::z: 
(3.19) 
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(3.20) 

where c, s, and f denote the cover, substrate, and film, respectively, one can write 

the solution to Eq. 3.18 in each of the three regions as follows, 

{

A exp(a .. x) (substrate) 
HI! = B cosb/x + ljJ) (film) 

C exp( ac( d -- x)) (cover) 
(3.21) 

Note that the phase shift, ljJ, is introduced to indicate that the solutions are generally 

neither even or odd. Applying continuity of the tangential field (H,I ) at x = 0 and 

x = d yields, 

x = 0: A = B cos <p 

x = d: B cos("Y/d + 4» = c 

Substituting Eq. 3.22 and Eq. 3.23 in Eq. 3.21 , 

{ 

B cosljJ exp(a,x) (substrate) 
HI! = B cosb/x + <p) (film) 

B cos ç exp(ae(d - x)) (cover) 

where e = "Y/d + <p. From Eq. 3.24, 

il, B cos ljJ 
K . exp(a"x) (substrate) 

to IZZ)W 

Bï/ . ( A.) - K . sm ï/X+IfI 
to /u)W 

(film) 

ile B cos e 
- K . exp(ac(x - dl) (cover) 

to eu)W 

Applying continuity of Ez at x = 0 and x = d, 
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f.oK/uJw 

(3.22) 

(3.23) 

(3.24) 

(3.26) 

(3.27) 



or 

A.. _ t -1 {K1UO:.} 'II - - an ---
Ku Il Il 

(3.28) 

x = d: 

(3.29) 

Using the trigonometric identity, 

tanx = tan(x ± m11") (3.30) 

and substitut.ing Eq. 3.28 in Eq. 3.29, one obtains, 

t -1 {KIZil etc } + t -1 {Klu 0:, } + d ( 0 1 2 ) an --- an --- m7r = "YI m = , , , ... 
Kcu 'YI KUIIII (3.31 ) 

Eq. 3.31 is the TM dispersion relation for the three-Iayer anisotropie geometry 1881. 

3.2.3 TE modes (Ez = 0) 

From Eq. 3.14 and Eq. 3.12, 

(3.32) 

From Eq. 3.9 and Eq. 3.11, 

{3 
Hz=--E 

WJ.Lo \1 
(3.33) 

H - LaEIi 

Il - WJJ.o ax (3.34) 

Substituting in Eq. 3.13, 

(3.35) 

Following a procedure similar to that in the TM case, one defines, 

(3.36) 

(3.37) 
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and one can readily write down the field solutions and apply the continuity condi­

tions to yield the following TE dispersion relation [88], 

-1 {a,} -1 {o:c } d ( ) tan "YI +tan 'YI +m7r=r! m=0,1,2, ... (3.38) 

Note that the derivation of these dispersion relations using the wave approach is 

consistent with the results obtaineù by using the geometric optic8 approach [86J. 

3.2.4 Dispersion relation for proton-exchanged waveguides 

As will be seen in Chapter 5, the characterization of proton-exchanged (PE) waveg­

uides is performed using z-cut (x-propagating) LiNbOs substrates. For this type 

of substrate, the associated permittivity tensor is given as follows (see Chapter 2), 

(3.39) 

where n.o and n.e are the principal ordinary and extraordinary indices of refra.ction, 

respectively, Note that the diagonal elements above are defined along the crystal-

lographic x, Y, and z axes (eg. x-axis in Fig. 3.1 coincides with the optic z axis). 

In the PE layer, the permittivity tensor takes the foUowing form, 

(3.40) 

where n,e> n.e and n,o < n,o. In other words, the extraordinary index is increased 

while the ordinary index has decreased. Consequently, only TM waves can be guided 

in these structures [4]. Furthermore, since 

nfll = nlo (i = y, z ) 
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nckk = no (k = x, y, z ) 

Eq. 3.31 reduces to the following, 

(3.41) 

where 

cP. lan-1 { (n/on/.) N' - n' } = e le 

2 _ N2 n,on,e n,e e 
(3.42) 

lan-
1 

{ (n/~;,') N' - n' } cPe = e 0 

2 N2 nIe - e 
(3.43) 

This is the TM ùispersion relation for the uniaxially anisotropie PE waveguide. 

Notice that with 

Eq. 3.41 becomes, 

cP, + cPe + m7r = kodJn} - N; (m = 0,1,2, ... ) (3.44) 

where 

rP. tan-
1 {CJ N; - ni} - n 2 - N2 1 Il 

(3.45) 

lan-
1 {CJ N' - n'} rPc = 

Il 0 

n: - N2 1 Il 

(3.46) 

which, as expected, is the TM dispersion relation for the isotropie case [4J. Note 

that in both Eq. 3.41 and Eq. 3.44, 

ko 
211" 

-
Ào 

(3.47) 

Ne 
/3 
ko 

(3.48) 

where Ne is the effective index of refraction for mode order m. Using n,e = 2.200 

and n,t' = 2.287 (Le. the principal refractive indices for LiN/,O.., dt À = O.6328J.Lm), 
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one can generate the theoretical step-index dispersion curves for various values of 

~ne = nIe - n,e and 6no = nlo - n,o al.. shown in Fig. 3.3. These curves reveal 

that the isotropie model, although being a good approximation in the single mode 

region, begins to break down as: 

1. mode order increases 

2. 6ne increases 

3. 6no increases (negatively) 

In short, for a particular value of ~ne, the sensitivity of the anisotropie TM disper-

sion relation to the value of 6.no increases as the mode order increases. This leads 

to the rather interesting possibility of determining the change in the ordinary index 

by optimizing Eq. 3.41 for nlo and nIe 50 that the best fit between the measured 

mode indices and theoretieal curves is obtained. Similar optimization techniques 

have been reported previously [91,921 (although in these studies both TE and TM 

modes were involved). The practicality of this technique as far as z-cut PE LiNbOs 

waveguides is concerned will be assessed in more detaH in Chapter 5. Using the 

value 6no ~ -0.04 quoted by De Micheli [441, Nutt [1041 found in his stu..jy of 

leaky modes in PE waveguides that this decrease in no is significant and should not 

be neglected as was 50 often done in the pasto 

3.2.5 Design considerations 

As a final comment, it is frequently necessary in waveguide design to know the num­

ber of modes that can be supported by such structures. For a particular waveguide 

mode, cutoff occurs when Ne = n,e' Substituting this conditioIl. in Eq. 3.41, one 

finds that the total number of modes is M = m + 1 or 

M = 1 + ! [nlo kodJn2 _ n2 _ tan-1 { (nIOn fe ) 
7r n fe,e n2 fe 0 
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where int refers to integer truncation (An alternative expression for the above cutoff 

condition will be discussed in the next section). The above equation shows that 

for a given depth and film index, the number of modes decreases as the wavelength 

increases. 

3.3 Propagation in inhomogeneous media 

The extension of the above discussion to propagation in inhomogeneous anisotropie 

waveguides is quite complicated [93,94,95] and, therefore. will not be presented 

here. In what follows, the assumption of isotropie inhomogeneous media is made. 

This is a reasonable assumption because: 

1. The previous discussion showed that anisotropy results in sorne discrepancies 

for only very multimoded waveguides. 

2. Annealing reduces the birefringence in the waveguide film (see Chapter 5) 

and, hence, the effects of anisotropy will be correspondingly smaller. 

3.3.1 Scalar wave equation 

By manipulating Maxwell's Equations in graded-index media, one can derive the 

(3.50) 

(3.51) 

where n(r') is the refractive index at the position r = xi + YÎ' + zk. For the case of 

a planar waveguide, one takes d~ = 0 and n(r) = n(x). These assumptions result 

in the following uncoupled scalar wave equations, 

(3.52) 
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As a further simplification, one usually introduceb the transformation Ë z = :~) 
50 that the first derivative term is eliminated, 

For TE modes, one has 

E" = Ez = H" - 0 

E" = _ WI-'o H 
{3 :r: 

Hz 
1 dB:r: 

= ---
j{3 dx 

where Hz is found by solving Eq. 3.52. Similarly, for TM modes, 

HIl E" = Hz = 0 

Ez - jfJ~(X) ddx(n
2
(x)Ez) 

wn2(x)fo E 
(J z 

and Ez is given by Eq. 3.M. 

(3.54) 

(3.55) 

(3.56) 

(3.57) 

(3.58) 

(3.59) 

(3.60) 

Note that the solution for the TE and TM modes involves the solution of a 

second-order ordinary dim~rential equation with varying coefficient, namely, 

(3.61) 

where 

q'(x) = { 
TE modes 

TM modes 

(3.62) 
TE modes 

(3.63) 
TM modes 
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Furthermore, the refractive index is usua.lly expressed as, 

n(x) = { :: + D-n,J(x) 
x<O 

(3.64) x>O 

~n, - 71., - nb 

ne - refractive index of coyer (= 1 for air) 

n, - surface refractive index 

nb - substrate or bulk refractive index 

J(x) - normalized profile function (0 ~ f ~ 1) 

Exact l analytical solutions to the above problem exist for only a few refractive 

index profiles (eg. exponential, parabolic, secant-hyperbolic, etc.). In practice, 

however, ion-exchange and APE waveguides are frequently modeled by Gaussian 

and complimentary error function profiles which are not amenable to an analytic 

solution. Consequently, various numerical and approximate techniques [96,97J have 

been used to determine the waveguide modal characteristics. The discussion which 

follows will concentrate on one such approximate technique, in particular, the WKB 

method. 

3.3.2 The WKB method 

Also referred ta as the phase-integral method, the WKB (Wentzel, Kramers, Bril-

louin) approximation which first arase in the context of quantum mechanics has 

found widespread use in optical waveguide problems. Although the resulting dis­

persion relation can also be derived from geometric optics, the WKB method yields, 

in addition, approximate field expressions. If the variation of the refractive index 

1 Although they are termed 'exact', these analytic solutions are approxunate ln the TM case 8lDce 
the firat and second derivative terms are neglected yielding a scalar wave equation identical in form 
to the TE case. 
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is small, then the weil known WKB approximation [981 

:' [;q~~ 4:' (~:) l.: 1 
is valid resulting in the solution, 

x<o 

w= 
f!.u cos ( (ZI q(x) dx -~) 0 < x < Xt 

Vq(x)}z 4 

../;:w exp(- f "(.(x) dx) x> x, 
2 1,(X) 2:1 

where A and B are constants and 

q(Xt) = 0 

(3.65) 

(3.66) 

(3.67) 

(3.68) 

(3.69) 

In practice, one usually neglects the first and second derivative terms in q(x) for 

the TM case. Numerical solution of the scalar wave equation has shown that the 

resulting errors are weIl within the approximation given by Eq. 3.65 [961. In the 

above solution, the turning point, Xt, represents the equivalent boundary for the 

graded-index waveguide. At this point, it is instructive to analyze this phenomenon 

in terms of geometric optics. The ray associated with J. discrete waveguide mode 

traverses a curved path as it penetrates into the inhomOlteneous region eventually 

reaching a point at which 6(xt) = i (Le. n(xt) = Ne) where the angle 6(x) is 

defined with respect to the x axis (see Fig. 3.4). The ray subsequently returns to the 

surface where it is totally internally reflected. This contrasts with the homogeneous 

waveguide case where straight ray trajectories result in total internaI reflection at 

both the substrate and coyer interfaces. Note that the phase shift of 1[" in the 
4 

oscillatory region (Le. 0 < x < x,) reflects the fact that a linear approximation in 

q(x) has been used in the vicinity of the turning point to avoid the singularity (i.e. 
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[q(xe)l-l ~ 00). By matching solutions in the oscillatory and evanescent regions, 

one can readily derive the following WKB dispersion relation [981, 

ko IaZI 

Jn2(x) - N; dx = m7l' + <Pc + <Pt (m = 0,1,2, ... ) (3.70) 

where <Pc and <Pt are one half the phase change at the coyer surface and turning 

point, respectively, 

tan-1 {v N' - n'} <Pc 
Cl e = n 2 - N2 • e 

(3.71) 

<Pt 
71" 

= 4 
(3.72) 

v={ 
1 TE 
n2 

3 TM 
n2 

e 

(3.73) 

3.3.3 Design considerations 

In waveguide characterization studies, it is usually convenient to express the above 

dispersion relation in terms of the normalized parameters, specifically, 

V kodJn; - n~ 
N 2 _ n2 

b e b 

n~ - n~ 

e x 
-
d 

In addition, the refractive index in the film is approximated as, 

n2(x) = [nb + Lln,J (~) r 
~ n: + 2nb6.n,J (~) (6.n" ~ nb) 

(3.74) 

(3.75) 

(3.76) 

(3.77) 

(3.78) 

(3.79) 

Upon substitution of the ab ove expressions, the dispersion relation becomes [991, 

(3.80) 
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Comparison with rigorous numerical results [100,1011 has shown that the WKB 

dispersion relation gives excellent results far from cutoir and for multimode waveg­

uides with E = INewKB - NeEXAO'1' 1/ An, ,... 1% which is usually within experimental 

error (see Chapter 4). The inaccuracy of this technique in the eutoir and single 

mode region (where E "'" 5%) has been attributed to an erroneous assumption of a 

constant phase shift of ~ at the turning point. Reeently, by substituting the exact 

b vs V values in the WKB dispersion relation, it has been found [102,1031 that the 

effective phase shift at the turning point can be expressed as, 

ePt - ePt(b,m,!(€)) 

limePt ~ 0 
b-O 

7r 
limePt ~ 
b-l 4 

(3.81) 

(3.82) 

(3.83) 

The exact functional dependence of 4>h however, has not been conclusively est ab­

lished. Keeping the above in mind, one can investigate the eutoir behaviour of 

graded-index waveguides to determine the number of guided modes. Since at cutoff 

b = 0 (or Ne = nb) and et ~ 00, one has 

(3.84) 

Alternatively, one ean express the cutoff condition as follows [991, 

d m7r + tan- 1 {v ~} + 4>tlb=O 

>: = 2J n~ - nf 1000 v'1ID de 
(3.85) 

This useful design equation allows one to generate theoretieal normalized eutoff 

depth eurves for various mode orders, index increases, and profile shapes. As an 

example, for a Gaussian profile, 

= exp(-e) 

10
00 

exp ( _ ;2) de _ 
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The resulting normalized cutoff depth curves are shown in Fig. 3.5. From th~s 

graph, one can easily determine the number of modes that a waveguide with arbi­

trary parameters (i.e. ~n .. , d) can support. Note that the value tPt = 0 represents a 

lower bound on the cutoff. In any case, it is important to realize that the relevant 

parameter as far as the number of modes is concerned is the value of the above 

integral which depends on the particular profile. By taking 4>, = 0 and noting 

that the above integral equals one for a step-index profile, the above cutoff expres­

sions reduce to those correspondin~ to the homogeneous slab case discussed in the 

previous section. 

As will be seen in the waveguide characterization in Chapter 5, a numerical op­

timization routine of the simple and convenient analytic homogeneous and inhomo­

geneous waveguide dispersion relations discussed above will be used in conjunction 

with the measured effective mode indices to determine the important waveguide 

design parameters, in particular, n(x). 
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Chapter 4 

Fabrication and Measurement 
Techniques 

4.1 Introduction 

In this chapter, a detailed discussion of the fabrication and measurement of proton­

exchanged optical waveguides in LiN bOs is presented. In particular, the fabrica­

tion is treated as a four stage process involving the preparation of the substrates, 

cleaning of the LiNbOs crystal, creation of the dielectric waveguiding layer (i.e. 

initial PEl, and subsequent annealing of the waveguide. As for the measurement of 

these waveguides, standard prism-coupling techniques to determine the important 

waveguide parameters including modal propagation constant and propagation 1055 

are introduced. 

4.2 Fabrication 

4.2.1 Substrate preparation 

The substrate material used in the fabrication of PE waveguides is z-cut LiNbOs, 

as mentioned previously, a uniaxial crystal with electro-optic, acousto-optic, and 

waveguiding properties which are of considerable interest in OIC's. Manufactured 
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by Crystal Technology, the substrate (50 mm by 25 mm by 1 mm) is an optical 

grade, weIl polished ;-nd defect free crystal. Unfortunately, in direct contrast to soda 

lime glass (which is used extensively in ion-exchange research), the cost involved is 

relatively high ($300 U.E. per L1Nb03 substrate as compared to < $0.50 per soda 

lime substrate as of Sept. '89). Consequently, to reduce this cost, the single crystal 

of LiNbOs must first be eut into smaller substrates. Due to the crystalline nature 

of the LiNbOs substrate, great care must be taken in the cutting procedure to avoid 

any damage. This procedure involves the following steps: 

• Coat a 5 cm square piece of polyethelene (plastic) with paraffin wax. 

• Place the LiNbOs single crystal on the wax before it has dried. 

• Coat the top of the LiNb03 crystal with a second layer of paraffin wax. 

The function of these two layers of wax is two-fold. In addition to ensuring 

that the crystal is kept fixed on the plastic base, they absorb sorne of the 

vibrations caused by the friction between the cutting blade and crystal and, 

hence, reduce the chances of any damage (see Fig. 4.1 at the end of this 

chapter). 

• Once the wax has completely dried, fix this setup on the cutter's x-y trans­

lational stage. Make sure that the speed at which the cutter advances across 

the crystal is smaii. Too large a speed resuhs in greater vibrations and, hence, 

increases the chances of cracking the crystal. In addition, constant water flow 

over the setup reduces any heating of the blade. 

Using this procedure, 10 substrates with approximate dimensions of 5 mm by 25 mm 

by 1 mm are produced from this single crystal (the cast of each substrate has, as a 

result, been reduced ta about $30 a piece). With the substrates prepared as such, 

one proceeds with the next step in the fabrication, specifically, the cleaning of the 

substrate. 
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4.2.2 Cleaning procedure 

Before the planar waveguide can be fabricated by PE, the sub,strates must he made 

as immaculately clean as possible. This is necessary hecaus1E! the diffusion of or­

ganic and inorganic impurities on the surface of the substrates can contaminate 

the waveguiding layer. One must keep in mind, however, that a cleaning procedure 

that is too aggressive may actually degrade the surface quality of the substrate [2]. 

The cleaning procedure begins with rinsing the substrate in deionized (D.I.) 

water followed by a spraying of N 2 gas. Using a cotton swab (Le. Q-tip), the 

substrate is then cleaned with a solution of mild, non-abrasive dtltergent (Sparkleen) 

and rinsed again in D.l. water. The remaining steps are similar to those used in 

the cleaning of Si and GaAs wafers. These include: 

• Clean the substrate in trichloroethylene (TC E) for about 10 minutes using a 

(Bransonic) sonie cleaner. Rinse thoroughly in D.l. water. 

• Repeat the above procedure with acetone. 

• Repeat the above procedure with methanol. 

• Dry with N 2 gas. 

Note that one must be particularly careful when using the sonie cleaner. The level of 

the liquid (Le. organic/inorganic cleaning agent) within the beaker containing the 

crystal substrate as weil as the surrounding water level must be high enough (about 

3/4) so as to reduce the intensity of the sonie vibrations which cou Id otherwise 

lead to the cracking of the crystal (see Fig. 4.2). To assess the quality of the 

c1eaning, a simple inspection technique known as the water break method [2\ is used. 

This involves spraying the substrate with D.l. water and observing the interference 

pattern as the water slowly evaporates. If the substrate is judged clean, it is placed 
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in an oven (set at 80 OC) for a few minutes to ensure that it is comp1ete1y dry beforc 

the PEe 

4.2.3 Planar waveguide fabrication 

Preliminary considerations 

In this study, the proton source chosen for the PE fabrication is pure (Le. undiluted) 

pyrophosphoric acid crystal (purchased from Fluka Chemica1 Co.). As mentioned 

earlier, the use of this acid has been shown to lead to low 10ss and high index 

waveguides. Some of its physical properties are listed below (Table 4.1). At room 

temperature, the acid is a solide As a result, slight heating (50 - 60 OC) is needed to 

convert the crystal into its more practical viscous liquid forme Note that care must 

be exercised in the handling of the acid which can cause severe burns on contact. 

Table 4.1: Physical properties of pyrophosphoric acid (H"P207) 

Melting point (OC) 61 
Boiling point (OC) 300 

Dissociation constant (Ka) 2.0 X 10 2 

A tomic weight 177.98 
Purity (%) 97 i 

Fabrication of PE waveguide 

The fabrication of the PE waveguide using pyrophosphoric acid was performed 

using the surface coating technique [24,54] which consists of the following steps: 

• Using a glass rod, coat a clcaned LiNb03 substrate with pyrophosphoric acid . 

• Put the coated substrate on a glass plate at the bottom of a pyrex bottle 

making sure that the plate is placed in horizontally. ":his ensures that the 
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substrate rests on a fiat surface so that an approximately uniform coat exists 

throughout the duration of the proton-exchange process (see Fig. 4.3). 

• Insert the pyrex botl.le in a (Lindberg) vertical furnace preheated at the de­

sired diffusion temperature. 

• With the proton-exchange complete, remoye the bottle from the furnace and 

allow it to cool down without removing the coyer. 

• After 10 - 15 minutes, take the waveguide out of the bottle and clean it in 

D.1. water to remove any excess acid. 

Notice that in using this ttlchnique, the substrate and acid are not preheated to 

the desired diffusion temper,a.ture. This of course results in a very simple and quick 

fabrication procedure. Any problem with therma.l shock is overcome by the fact 

that the coated substrat,e i.s placed in a pyrex bottle which takes a finite time 

to heat up and, consequ,ently, smoothes out any large temperature gradient that 

the substrate may otherwise experience. The cosl, of simplifying the fabrication 

procedure, however, is the ifurther complication of the analytic modeling of the 

diffusion process. This is due to two reasoOns: 

1. Since the diffusion temperatures us,ed in the characterization (see Cha,pter 5) 

are higher than the ';Uinimum tempE!rature associated with PE, sorne diffusion 

has already taken place before the desired diffusion temperature is reached. 

2. Since the exact starting and ending points of the diffusion process are not 

known. the PE diffusion time is conveniently defined as the time during which 

the pyrex bottle containing the coal;ed LiNb03 substrate is inserted and sub­

sequen tly removed from the furnacE!. 

These points will be elaborated upon in the next chapter where the analytic mod­

eHng is discussed in detail. 
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4.2.4 Annealing of planar waveguides 

As mentioned in Chapter 2, many of the problems inherent in PE waveguides can 

be overcome with an annealing process. Hence, this is a necessary step in the 

fabrication of high quality waveguides. The annealing of the PE waveguides was 

performed as follows [54]: 

• Preheat a horizontal furnace at the desired annealing temperature. 

• Allow dry oxygen to fiow through the furnace tube (about 1l00~). This min 

helps to prevent deoxidization of the surface of the PE waveguide. 

• Place the (cleaned) PE waveguide in a small quartz tube which has been 

washed in acetone and D.l. water. 

• Insert this small tube in the large furnace tube. To avoid the prohlem of 

thermal shock on both entry and removal of the waveguide, move the small 

tube to and from the furnace hot spot over a time period of about 1 minute 

(see Fig. 4.4). 

• With the annealing completed, remove the small quartz tube from the fur-

nace and allow it to cool on a ceramic plate (while keeping the annealed PE 

waveguide in it). 

• After 10 - 15 minutes, remove the waveguide from the small quartz tube and 

check that the surface of the waveguide is transparent. If deoxidization has 

occurred, the surface shows a slightly yellow or even brown color. In such a 

case, the annealing must he repeated with a new waveguide. 

The annealing time is defined as the time during which the sample reaches the 

furnace hot spot and its subsequent removal. The dry O2 fiow was maintained 

during the entire annealing process. It is worth noting that recently (see Chapter 
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2) it was pointed out that the use of different annealing environments can result in 

sorne discrepancies in the waveguide parameters. For this work, it was found that 

the dry O 2 atmosphere yielded good quality waveguides and, consequently, other 

annealing conditions were not used. 

4.3 Measurement techniques 

4.3.1 Introduction 

Once the PEI APE waveguide is fabricated, its waveguiding properties need to be 

measured. These include the refractive index profile (eg. thickness and index of 

the film) as weIl as the waveguide propagation 1055. In this study, these parameters 

were determined through the use of two standard techniques both based on the 

prism coupler: modal spectroscopy and the two-plrism sliding method. Due to 

the lack of availability of facilities on campus, other characterization techniques 

(eg. NRA, SIMS, ERDA) mentioned in Chapter 2 were not explored. Recently, a 

fellow researcher in the Guided Wave Optics group at McGill initiated the use of 

sorne microanalytical techniques [1061 including SEM and EPMA to analyze the 

concentration profile in ion-exchanged glass waveguides. Unfortunately, due to a 

phenomenon known as the berylium window [107] .. these techniques could not be 

used to measure concentrations of the lighter elements such as lithium and hydrogen 

which are of particular interest in PE waveguides. Although information obtained 

from such techniques would be helpful in understanding the PE process at a more 

fundamental level, one must keep in mind that the end goal of such work is the 

determination of the waveguide parameters relevant in the design of optical devices. 

To this end, the prism-coupling techniques mentioned above have been found to 

suffice and, indeed, have been successfully used in this laboratory in design work 

involving both proton and ion-exchange devices [54,105,1081. 
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4.3.2 Modal spectroscopy 

Qualitative discussion 

The essence of this technique involves using a prism coupler to excite the individ-

ual modes propagating in the planar waveguide. By measuring the so-called slIn­

chronou8 angles associated with each mode, one can then ob tain the corresponding 

effective index values (Le. modal propagation constants) which, as will be seen in 

Chapter 5, can be used to construct the refractive index profile in the waveguide 

film. 

Generally then, the prism coupling technique involves placing a high refractive 

index prism close to a planar waveguide. When an optical beam is incident upon the 

prism's base at an angle exceeding its critical angle, a standing wave distribution 

within the prism and an exponentially decaying (Le. evanescent) field in the gap 

region are created which propagate parallel to the base of the prism with a phase 

velocity, 

Co 
V =---

p np sin () 
(4.1) 

where Co is the speed of light in vacuum, np is the prism index, and 8 is the incident 

angle at the base of the prism. If the waveguide is sufficiently close to the prism, 

the evanescent field underneath the prism base penetrates the waveguide. If the 

horizontal phase velocity of the incident beam matches the phase velocity of a 

particular mode (see Fig. 4.5), 

Vpm = . 8 
nI sin m 

(4.2) 

then that waveguide mode will be excited (Here, nI and Dm are the film index and 

mode angle, respectively). By reciprocity, if a second prism is placed a distance 

away in the direction of propagation, the propagating mode will be coupled out of 

the waveguide at an angle that is characteristic of that modE' (f.ee Fig. 4.6). This 
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phenomenon of time-average power being transmitted through the air gap is usually 

referred to as optical tunneling [41. Mathematically, this phase-matching condition 

is expressed as follows, 

npsinO = n,sinOm (4.3) 

where the subscript m refers to the mode order. Under this condition, the guided 

waves are said to be synchronous. In short, to couple to a particular waveg-

uide mode, one must use an incident beam phase-matched to that mode. Taking 

Ne = n,sinOm, one can derive from geometric optiC8 the following useful result [21, 

.{ ._l(sinO,)} Ne = npsm ap -r sm ~ (4.4) 

where a p is the base angle of the prism and 0, is the external incident angle. Note 

that since the effective index satisfies nb < Ne :::; n" then np > n / is required to 

ensure that the incident angles at the prism base are considerably less than 90° 

and, hence, more practical to de al with. In measuring PE LiNbOs waveguides, the 

prism used is uniaxially anisotropie in nature (see below) and, consequently, one 

must be careful to distinguish between the ordinary and extraordinary indices of 

refraction of the prism and film (see Appendix A). 

~easurer.nent setup 

The measurement of the synchronous mode angles was performed using the config-

uration in Fig. 4.7. Laser light from a heIium-neon source (À = 0.6328ILm) passes 

through a polarizer and is coupled into the waveguide using a rutile (Ti02) prism 

(The relevant prism paramters are ap = 45° and npo = 2.5837 at >. = 0.6328J,tm). 

An output prism located a short distance away then couples the light out of the 

waveguide and the resulting far field radiation pattern is observed on a white screen. 

The prism waveguide holder rests on a goniometer with 5 degrees of freedom (Le. 

x, Y, z, 1), 4» thus allowing for easy adjustment of the incident angle and, hence, 
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the ability to selectively excite each waveguide mode. The detaUed procedure to 

measure these synchronous angles consists of the following steps: 

• Make sure that both prisms as well as the waveguide are thoroughly cleaned 

in acetone and D.1. water. This is necessary because any contamination in 

the interface between the prism and waveguide can result in a significant 

reduction in the coupHng efficiency. 

• Using a pair of tweezers, mount the prisms and waveguide in the specially 

designed holder (Fig. 4.8). Adjust the pins on the holder so that a light pres­

sure is applied to the prism. Note that applying too much pressure not only 

increases the loading of the prism (thus reducing the measurement accuracy 

[2]) but, also, can result in the cracking of the substrate and/or prism. 

• Carefully place the waveguide-prism holder on the micropositioner. 

• Measure first the zero reference angle by adjusting the rotational stage until 

the incoming beam is reflected back onto itself. 

• Rotate the stage until the phase-matching criterion is satisfied, i.e. a mode is 

excited. A bright line also known as an rn-Hne which is the far field radiation 

pattern of the guided mode then appears on the white screen. Record the 

angular measurement at which the rn-line appears brightest. 

• Compute the synchronous angle of the particular waveguide mode by sub­

tracting the above 2 quantities from each other. The use of Eq. 4.4 then 

leads to the corresponding effective mode index. 

Examples of sorne rn-lines are shown in Fig. 4.9. Only TM modes were observed to 

propagate along the waveguide thus supporting the contention (see Chapter 2) that 

oniy the extraordinary refractive index (ne) increases. One final note concerns the 

measurement error. By repeating the measurement for ea.ch waveguide mode several 
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t times, an error of about 2-3 minutes of arc results. This produces a corresponding 

error in Ne of about ±3 x 10-4• Moreover, errars in t.he prism parameters (i.e. Ckp 

and np) lead to an additional uncertainty of about ±3 x 10-4 • 

4.3.3 Propagation lOBS 

Overview 

Optical propagation 10ss in dielectric waveguides is an essential characterization 

parameter because it can often limit the performance of optical integrated circuits. 

Two categories of losses can be distinguished: absorptive and scattering. 

Since bulk LiNbOs is transparent in the visible and near infrared region (0.5 

to 4#Lm) of the optical spectrum, the little absorption loss that exists is mostly 

due to impurities (eg. Fe2+ and OH-). As for scattering loss, it cornes in one of 

two forms. Volume scattering occurs because of local fluctuations in the index of 

refraction. In crystals such as LiNb03 , these fluctuations May be due to a number 

of factors including random dislocations, fauits, impurities, or compositional varia­

tions within the volume of the waveguide. Moreover, stresses in the waveguide layer 

can also result in increased scattering . Surface scattering due to surface roughness 

or dimensional fluctuations (eg. in the height and/or width) of the waveguide con­

stitutes the second form of scattering 10ss. It is generally accepted that scattering 

1055 is more important than absorption 10ss in LiNl.Qs waveguides [1]. 

Measurement setup 

A variety of techniques have been developed ta measure the propagation loss. 

These include the cut-back method [109], the two and three-prism sliding methods 

[110,111], and, recently, scattering detection methods [112]. In this characteriza­

tion, the two-prism sliding technique was used to measure propagation 10ss in PE 
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waveguides. 

The measurement configuration is shown in Fig. 4.10. The same prism­

coupler arrangement described in the previous section is used to excite a waveguide 

mode. A (Hamamatsu) video camera is then used to image the m-line on the white 

screen. The camera's output video signal is then displayed on a video monitor 

whose analog output is subsequently fed into an oscilloscope. The measurement 

procedure involves the following steps: 

• Make sure that both prisms as weIl as the waveguide have been thoroughly 

cleaned (since dust particles on the surface of the waveguide and/or prism 

tan contribute to additional scattering and, hence, affect the accuracy of the 

measurement) 

• After exciting the waveguide mode on the white screen, locate the correspond­

ing m-line pattern on the oscilloscope. This is done by scanning in Horizontal 

Mode A which allows for one frame of the video signal to be displayed as a 

set of sharp vertical linf:s. Record the voltage level corresponding to the m­

line (Note that an attenuator may be needed so as not to saturate the video 

camera). 

• Move (Le. slide) the output prism towards the input prism in steps of 

1 - 2 mm recording each time the voltage level of the m-line. Make sure that 

the input prism is kept fixed 50 that the input coupling coefficient remains 

approximately constant (Unfortunately, since the output prism is moved, its 

coupling coefficient changes resulting in sorne measurement error). 
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Calculating propagation 1088 

When light propagates along a waveguide it becomes attenuated according to [113], 

where 

p. input power 

Q - attenuation coefficient 

L = propagation length 

P output power (ex: (voltage)2) 

Sb_ce losses are usually expressed in dB, 
cm 

or 

(4.5) 

(4.6) 

(4.7) 

Hence, by plotting the data points (V 2 , L) according to Eq. 4.6, an estimate on the 

propagation 105S, QdB, can be obtained from a simple linear regression fit. 

Results of these fabrication and measurement procedures will be presented in 

the next chapter which deals with analytic modeling and subsequent data reduction. 
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Chapter 5 

Characterization of PE and APE 
Planar Waveguides in LiNb03 

5.1 Introduction 

In this chapter, an extensive characterization of proton-exchanged planar waveg­

uides in LiNbOs is presented. The general goal of this characterization is to accu­

rately model the waveguide properties and correlate them with the corresponding 

fabrication conditions. The characterization itself consists of two stages, in partic­

ular, the in ital PE followed by the APE. The latter is especially important since, 

as was emphasized in Chapter 2, annealing is a necessary step in thE' fabrication of 

high quality waveguides. As will be seen below, f.lomE: of the data reduction tech­

niques which are used to analyze PE and APE waveguides have similar features. 

Consequently, the chapter begins by first introducing these techniques and then 

moves on to discuss the details of the two stages of the characterization. 
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1 5.2 Data reduction techniques 

5.2.1 General conside.rations 

As will become increasingly clear, an essential aspect of the characterization of both 

PE and APE waveguides involves finding the appropriate refractive index profile 

from the measured effective mode indices. To perform this task, two distinct ap­

proaches can be taken. The inverse WKB (IWKB) methods [114,115] consist of 

approximating the refractive index profile using piecewise tinear segments. The ac­

curacy of these techniques hecomes acceptable for only very multimoded waveguides 

(m ~ 5) anc! for smooth index profiles. The alternative approarh involves edecting 

a refractive index profile which, upon substitution in the appropriate waveguide dis­

persion relation, results in theoretical effective mode indices which agree as dosely 

as possible with their measured counterparts. Although an obvious shortcoming of 

this method is that the profile must be selected in advance, its inherent statisti­

cal nature allows for it to he easily adapted to handle both single and multimode 

waveguides. For reasons to be elahorated upon in the subsequent section, very 

multimoded waveguides were not fabricated. Consequently, the latter more flexible 

approach to profile reconstruction must be used. 

In the waveguide characterÏzation which follows, three types of index pro­

files will be considered: step, Fermi, and generalized Gaussian (this choice will be 

justified later). These profiles are expressed in mathematical form as follow8, 

n(x) = nb + ~n,f(x) (5.1) 

where .6.n, = n, - nb, n 6 and nb are the surface and bulk refractive indices, respec-
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tively, and the profile shape functivll :b given by, 

step 

f(x) = [l-exP (-~) + exp (Z:d) r Fermi (5.2) 

exp ( - (~) G) generalized Gaussian 

Note that the condition 1(0) = 1 is satisfied by aIl three profiles so that An(O) = 

Ana. Here, d is the depth and a is a parameter associated with the steepness of 

the profile. As can be seen from the above expressions, the step profile is a two 

parameter model (i.e. ~n .. , d) whereas both the Fermi and generalized Gaussian 

profiles are three parameter models (Le. An" d, a). Although this extra parameter 

in the latter case increases the amount of data reduction, the greater flexihility that 

it offers results (as will be seen shortly) in more accurate data fitting. 

5.2.2 Graded-ind,(!x waveguides 

The data reduction procedure hegins with the manipulation or the appropriate 

dispersion relation diseussed in Chapter 3. For a graded-index waveguide, one has 

(after substituting ç = ~ and f/>t = ~ into Eq. 3.70), 

(5.3) 

Since this equation involves the use of the normalized coordinate, € = ~, one must 

express the Fermi and generalized Gaussian profile shapes accordingly, 

_ { (1 - é + 6 exp ( -€ ln 6))-1 Fermi 
f(ç) - exp(-ea ) generalized Gaussian (5.4) 

where {) = exp (-~) ~ a = -1: {) has been substituted for the Fermi funet.ion. 

These normalized profile shape functions are sketched in Fig. 5.1-5.2 (see the end 

of this chapter) for various values of ô and a, respeetively. The corresponding 
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.. normalized turning points are defined by n(E,) = Ne yielding 

( 
na - Ne ) 1 

-ln 8(N
e 

_ nb) + 1 ln 8 Fermi 

(5.5) 

generalized Gaussian 

Now, in Eq. 5.3, there are three unknowns, specifically, d, n., and a or 8 (note 

that m and Ne are determined from experiment). Since the waveguide depth, d, is 

independent of the mode order, m, one can eliminate this variable using a mode 

pair to obtain, 

(mi + Ü 'Ir + 4>.:. (mi + ~) 7r + 4>':1 

IoEI. Jn2(ç) - N!,dç - JO
EI

1 Jn2(€) - N;,d€ 
(5.6) 

where i i=- i and 0 ::; m" m, ::; !v! - 1. Since M is the total number of modes 

that the waveguide supports, the numher oi independent equations that can he 

generated is 

M M! 
C2 = 2!(M _ 2)! (.Al ~ 2) (5.7) 

Note that each of these generated equations (Le. Eq. 5.6) still contains two un­

knowns (n., a or 6). The approach used to determine them involves inputting a 

range of a or 8 values in aIl these equations and then solving for the various na 

values (This has the effect of reducing the dimension of the root search to one). 

The corresponding d values are then computed from Eq. 5.3 (For the Fermi profile, 

ais then found from a = - d .c)' The value of a resulting in the smaIlest standard 
ln" 

deviation in n, and d is deemed the best or optimized value and is denoted by aopt. 

Of course, in order for this optimization procedure to he effective, a waveguide 

which supports at least three modes is needed. For two mode waveguides, a and 

n, are chœen which agree as closely as possible with the optimized values obtained 

from waveguides with M ~ 3. The assumption here is that the surface index (n.) 

and the profile shape (a) are independent of the waveguide depth (The validity of 

this assumption will he examined later). For single mode waveguides, the average 1 

IThe average values are computed as follows: a"vQ,n .... 9 = {E~=l(C~)/c(aopc,n ... ,)Ic} IN. 
Here k refers to a particular waveguide sample and N is the total number olrf'1l1tlmode waveguldes 
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l value of a and n, determined from the multimode samples is used to compute the 

corresponding depth from Eq. 5.3. 

5.2.3 Step-index waveguides 

For the step-index profile, the corresponding dispersion relation is givell by (see 

Chapter 3), 

d = m1r + <Pc + </>, 
k Jn2 -N2 o / e 

which upon eliminating d becomes, 

m1r + <Pc, + 4>" _ m1l" + 4>c, + 4>., 
koJn} - N;, - koVn} - Ni, 

(5.8) 

(5.9) 

Since the step profile is a two parameter model, the only unknown in Eq. 5.9 is 

the film index, nt, which can he obtained hy a simple root search. The depth is 

then found from Eq. 5.8. As hefore, the average value of nt obtained from aU the 

mode pairs of the multimode samples is used to compute the depth for single mode 

waveguides. Note that the simple step profile does not require any optimization 

procedure as was the case with the three parameter graded-index models. 

With the index profile parameters determined, one can readily replace n(x) 

in the appropriate dispersion relation (i.e. Eq. 5.3 or Eq. 5.8) and generate the 

important theoretical dispersion curves and compare them to the measured data. 

5.3 Characterization of PE planar waveguides 

5.3.1 Introduction 

When this work began, published studies on the use of pyrophosphoric acirl. (H"P207) 

as an alternative proton source in the PE process were prelimmary and incomplete 

[25,261. Odginally proposed by Yamamoto et al. [241, this acid was found to result 

in higher index increases and lower losses compared to benzoi: ii.cid (CsHsCOOH) 
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1 
which had been the focus of previous PE studies [19,21,22,231. Parallel to this, the 

a.ccuracy of the conventional step-index PE waveguide mode} was being questioned 

[27]. Hence, the aim of the first stage of the characterization (i.e. initial PEl is 

twofold: 

1. To accurately model the refractive index profile in PE wa.vegui(les and thus 

assess the validity of the conventional step-index assumption. 

2. To address the controversy about the supposedly higher index increases as­

sociated with pyrophosphoric acid as compared to benzoic acid (Although a 

thorough investigation of propagation loss was not part of the aim of this 

study, sorne preliminary results will be presented in the section dealing with 

annealing). 

In addition to parts of this characterization [34,351 which have been reported else­

where, more recent studies [20,54,55,56,77,116) have been performed resulting in 

improving the understanding of the PE process. 

The fabrication parameters that can be varied in the PE process include: 

• type and strength of proton source (eg. pure or diluted benzoic and pyrophos­

phoric acids) 

• particular cut substrate (eg. x, y, or z) 

• process technique (eg. spin coating, surface coating, or immersion) 

• exchange temperature (T) 

• exchange time (t) 

• exchange environment (eg. sealed beaker or flowing wet 02) 
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A total of fifteen z-cut LiNbOs waveguides were fabricated using the su·rfaee eoating 

technique deseribed in det1l.il in the previous ehapter. Pure pyrophosphoric acid was 

uRed as the proton source. Sinee annealing was subsequently studied in detail, an 

investigation into dilute melts was not performed. The exchange temperatures and 

times ranged from 200°C to 260°C and 15 minutes to 4 hours, respectively. Note 

that the temperature range used is weIl abov~ the quoted minimum temperature 

[46J associated with PE for this particular eut crystal (Tm," ~ 140°C) and below 

the boiling point of pyrophosphorie acid (Tb = 300°C) [24]. Very long exehange 

times (which are needed to produce very multimoded waveguides) were avoided for 

a number of reasons including: 

• The pyrophosphoric acid was found to degrade as evidenced by its discol­

oration resulting in a black residue on the surface of the sample. This degrada­

tion which is believed [1171 to be caused by impurities in the form of polyphos­

phoric acids is an important factor that needs to be considered as far as the 

reproducibility and, hence, quality of the fabrication process is concerned. 

• Due to the small volumes of acid used in the surface coating technique (typ­

ically ~ 0.1 ml), sorne annealing and/or melt dilution effects may occur re­

sulting in changes in the refractive index profile [77]. 

• Larger stresses in the waveguide layer (associated with the larger exchange 

depths) may also result in changes in the refractive index profile [63,118]. 

The last two reêlSons point to the need for being careful about extending very 

multimoded (m » 5) waveguide results to the important single mode region within 

which the majority of optical waveguide devices operate. In the characterization 

which follows, m ~ 5 and, consequently, the assumption that the surface index 

increase (An,,) and the profile shape (J(x)) are independent of the exchange depth 

(i.e. time) but not necessarily of temperature is made [108]. This assumption allows 
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one to generate the important dispersion curves discussed in the previous section. 

5.3.2 Calculation of dispersion curves 

The prism coupler technique described in the previous chapter was used to measure 

the effective mode indices. Only TM modes were observed to propagate supporting 

the contention that only the extraordinary index of refraction increases. The results 

for each exchange temperature are given in Table 5.1 (see the end of this chapter). 

Dispersion curves were calculated for both a Fermi and step-index profile and 

are shown in Fig. 5.3-5.5. Note that the use of the three parameter Fermi model 

here was motivated by earlier work [27] which found improvement in the data fit­

ting of PE waveguides using a more complicated four parameter modified Fermi 

function. The Fermi index profile parameters (Le. d, n" a) for each sample are 

given in Table 5.2. Maximum computing time required on an IBM AT compat­

ible is 2 and 20 minutes for the step and Fermi profiles, respectively. The extra 

computing associated with the Fermi profile, however, results in an improved fit to 

the measured effective mode indices. In particular, the average difference between 

the measured (39 data points) and calculated theoretical effective mode indices was 

found to be (27.7 ± 22.4) x 10-4 and (17.5 ± 15.9) x 10-4 for the step and Fermi 

profiles, respectively. 

Besides being less accurate, the step profile was found to slightly underesti­

mate the surface index increase for higher exchange temperatures. For example at 

T = 230°C, ~na = 0.129 (step) and 0.132 (Fermi). Although Goto and Yip [54] 

(who used a similar surface coating technique) reported Lln, = 0.131 (step) for 

T = 200°C which is consistent with the above, these results are considerably dif­

ferent from the values an, = 0.145 (IWKB) initially reported by Yamamoto et al. 

[251 and an" = 0.124 (step) and 0.145 (IWKB & polynomial) recently reported by 

Pun et al. [1161. Although the immersion process technique was used in the latter 
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study, the work of Loni et al. [77] has shown that the index increase is independent 

of the process technique used with magnitude 0.131-134 (step) which agrees with 

the values in Table 5.2. As for the controversy about the discrepancies observed 

between benzoic and pyrophosphoric acids, the index increases reported here for 

pyrophosphoric acid (~n. = 0.131 - 132) are greater than those reported for ben­

zoic acid [21,22,231 (An. = 0.126 - 127). This moderate increase associated with 

pyrophosphoric acid is believed ta be due to higher proton concentrations in the 

waveguide layer resulting from the larger dissociation constant of pyrophosphoric 

acid [25,77J. 

The disct:ssion has so far eoncentrated on modeling the extraordinary in­

dex profile (ne{x)). In Chapter 3, a technique based on the optimization of the 

anisotropie PE step-index TM dispersion relation was proposed as a method to 

determine to a fir5t approximation the decrease (if any) in the ordinary index (no), 

an increasingly important characterization parameter especially in light of a recent 

proposaI to fabricate TiPE buried waveguides. A similar approach has been used 

suecessfully by Y:p and Colombini [91] (In their study, however, the optimization 

was simpler since both TE and TM modes were involved). As emphasized earlier, 

the success of the technique is dependent on using a very multimoded waveguide 

sinee discrepaneies between the isotropie and anisotropie step-index models only 

become significant for m ~ 4. Unfortunately, the use of samples # 14 (m = 4) and 

# 15 (m = 5) resulted in discrepancies in the waveguide parameters which were 

within the experimental error. Consequently, conclusive estimates on the value of 

Llno could not be obtained. These results, however, further support the contention 

made in Chapter 3 that the neglect of the uniaxial anisotropy in PE waveguides is 

justified as long as the waveguide is not very multimoded (Le. m ~ 4). Although 

they were not investigated, the use of the immersion process t.echnique (which can 

result in waveguides with m ~ 4 sinee acid degradation is not as rapid [117)) as 
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1 weIl as more accurate index measurement techniques such as Maker fringes inter­

ferometry [17] could le ad to more conclusive data. The simple statistical nature of 

this technique contrasts with the rather involved experimental procedure used by 

De Micheli et al. [45] who found 6no ~ -- 0.04 for benzoic acid. 

5.3.3 Correlating (~ns, d, a) with (T, t) 

In this section, various empirical relationships are introduced which allow one to 

specify waveguide parameters (~na, d, a) from arbitrary fabrication conditions (T, 

t). In Chapter 2, it was mentioned that PE waveguide depths have been found 

[21,22,26] to be proportional to..fi. ln order to verify this, plots of d versus Vi 

were made for each temperature and are shown in Fig. 5.6. Although the linear 

relationship is confirmed, the least squares fits do not go through the origin. This is 

due [54] to the fact that the substrate and acid were not preheated to the required 

exchange temperature (see Chapter 4). To take into account this factor, a warm­

up time parameter, t w , which depends on the particular fabrication setup used is 

introduced so that, 

(5.10) 

Table 5.3 lists the computed effective diffusion coefficients (De) for each tempera­

ture with the corresponding waveguide parameters. The average warm-up time was 

found to be tw ~ 0.15hr (or about 9 minutes). Note that the results for T = 200°C 

are in excellent agreement with those reported by Goto and Yip [54]. The tem­

perature dependence of De is determined by expressing [22,68,108] it in Arrhenius 

form (see Chapter 2), 

(5.11) 

A plot ofln De versus T-l is shown in Fig. 5.7. Using linear regression, one finds Cl 

and C2 to be 2.62716 x 107 e;:;.'l and 8.276 x 1030 K, respectively (where K stands for 

Kelvin). By substituting Eq. 5.11 into Eq. 5.10, one ob tains the following useful 
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design equation, 

(5.12) 

The use of this expression along with the results given in Table 5.3 allows one to 

de termine the refractive index profile for any exchange temperature and time within 

the characterized ranges. 

In the literature, the constant C 2 is sometimes alternatively expressed [22,26,71] 

as the ratio ~ where Q is the so-called activation energy for the PE process 

and R = 8.31 mol;. oK is the universal gas constant. Hence, for the ab ove data, 

Q = C'J,R ~ 69;;t;,e' Using a spin coating process technique, Yamamoto et al. [26] 

found that Cl = 1.02 X 10l0~ and Q = 95 ':;'C which is in excellent agreement 

with the values Cl = 7.36 x 10g e;;;2 and Q = (88 - 94)':~e reported fol' benzoic 

acid (immersion process technique). This, however, contradicts the recent results 

of Loni et al. [26] who found that the diffusion coefficients for surface and spin 

coated samples were smaller th ... n those obtained by immersion. Moreover, they 

also found that immersion in pyrophosphoric and benzoic acids yielded similar dif­

fusion coefficients. This suggests that Cl (surface or spin coating)< Cl (immersion 

in pyrophol:phoric or benzoic acids). The value of Cl reported above for this char-

acterization is consistent with this. Since, in addition, differences between the add 

and furnace temperatures (the latter was used in this work) may result [46] in some 

discrepancies in Q as weIl as the fact that the diffusion coefficients (and, hence, 

Q) are affected by the specifie exchange environment and the process technique 

used [77], the approximately 25 % smaller value reported here is not unreasonable. 

Indeed, large discrepancies (60 %) in the Q values have been recently reported for 

pyrophosphoric and benzoic acid PE in LiTa03 [121,1221. 

As a final comment, th~ reproducibility of the above results was investigated 

by fabricating 2 single mode wav(>guides (# 19 and # 22 in Table 5.4-5.6 in the 

next section) under similar conditions (i.e. same exchange tempe rature and time). 
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Although the resulting discrepancies in the rneasured effective mode indices was 

±3 x 10-3 which is greater than the experimental error (- 5 x 10-·), the corre­

sponding differences in the calculated depth was less than 5 % which is quite good. 

Factors which rnay contribute to some of these discrepancies include: 

• Sinee pyrophosphoric acid is sensitive to humidity, the proton source (whieh 

is exposed to air during the fabrication process) will also contain varying 

quantities of orthophosphoric acid which has a slightly smaller dissociation 

constant. As a result, the exact composition of the proton source is unknown 

[551· 

• As the acid warms up to the set exehange temperature, it bec ornes less viscous 

resulting in sorne of it fiowing off the surface of the substrate. This May lead 

to a nonuniform coat and, hence, a nonuniform diffusion as evidenced by the 

recently reported slight variation of Ive along the waveguide path [77]. 

• The warming and subsequent cooling of the substrate and acid result in sorne 

inaccuracies in the determination of the precise exchange temperature and 

time [123]. 

The reproducibility question is an important one since the design of sorne optical 

devices May be sensitive to small changes in the waveguide parameters caused by 

slight variations in the fabrication conditions [119,124]. In any case, this character­

ization has shown that the PE process is a simple and convenient technique for the 

fabrication of optical waveguides whose properties are (for the most part) repro­

ducible and can be accurately modeled and correlated with arbitrary fabrication 

conditions. 
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-1 5.4 Characterization of APE waveguides 

5.4.1 Introduction 

In Chapter 2, it was pointed out that the APE technique holds certain distinct 

advantages (eg. reduced fabrication time and complexity, greater flexibility in tai­

loring of index profile) over the use of buffered melts in the fabrication of high 

quality waveguides. Hence, it is desirable to accurately characterize it. In the past, 

the focus of the majority of studies [30,31,32,331 has been on improving waveg­

uide loss and restoring the electro-optic coefficients. Although sorne attempts 

[19,21,44,46,54,62,125,127,1281 have been made to correlate sorne fabrication f'a-

rameters with measured index profiles, the studies are again incomplete. Moreovflr, 

these index profiles have generally been modeled by either inverse WKB methods 

[21,46,1281 (which as was discussed earlier become accurate for only very multi­

moded waveguides) or simple analytic functions [19,44,54] (eg. step, Gaussian, ex­

ponential, etc.). Modeling techniques to accurately quant if y, for example, the step 

to Gaussian and Gaussian to exponential transition regions are stilliacking. The 

purpose of the second stage of this characterization then consists of the following: 

1. To gain a better understanding of the anneal process by considering a more 

extensive range of fabrication conditions. 

2. To develop more accurate and flexible APE refractive index profile modeling 

techniques. 

Note that sorne of the work presented below has been reported elsewhere [35,36]. 

As in the PE process, several fabrication parameters can be varied in the APE 

process. These include: 

• initial PE fabrication conditions (t, T) 
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• particular eut substrate (eg. x, y, or z) 

• anneal temperature (Ta) 

• anneal time (ta) 

• anneal environment (eg. wet or dry fiowing O2) 

Using the fabrication procedure discussed in Chapter 4, initially single and multi­

mode z-cut PE waveguides were made and subsequently annealed for times and at 

t.~mperatures ranging from 15 minutes to 16 hours and 200°C to 400°C, respectively. 

For convenienee, the initial exchange temperature was fixed at T = 200°C. The 

ehosen anneal temperature range refiects the fact that litt le change in the waveguide 

properties has been observed [21,44] to occur for Ta < 200°C while, for Ta ~ SOO°C, 

the surfaces of the waveguide samples have been found [62,631 to cloud over indi­

cating that suhstantial surface damage has occurred. This damage is believed 

to he associated with the formation of Li deficient phases (eg. LiNba0 8 ) in the 

waveguide layer. Interestingly, in this study, the use of pyrophosphoric acid as the 

proton source was found to result in such surface damage for all samples annealed 

at Ta = 400°C for ta > 2 hours. Although previous work involving benzoic acid has 

demonstrated annealing at Ta = 400°C for as much as ta = 16 hours !19], the initial 

thicknesses (do) of the PE waveguides used was much greater (do ~ 2.6J.Lm) than 

those used here (do ~ 1.3JLm). A similar phenomenon (i.e. discrepancies in the 

progressive surface damage in thin and thick waveguides) has heen reported 162] 

for annealing at TI' = SOO°C.2 In addition, it has been recently found [20,54\ that 

the properties of annealed waveguides are dependent on the initial PE exchange 

depth. These results again underscore the importance of exercising caution when 

modeling the waveguide properties of thin and thick waveguides. 

2Since the properties of APE waveguides have been observed [19] to be affected by the particular 
anneal environment, it is possible that the f10w rate as well as the water content of the O2 used 
was not sufficient enough to prevent deoxidization. Such optimal anneal environ ment conditions, 
however, have Dot been reported. 
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5.4.2 Dispersion curves and single mode design considera­
tions 

As before, the prism coupler technique was used to measure the TM effective mode 

indicea (see Table 5.4-5.6). Note that the table ,::ntry under ta = 0 corresponds 

to the initial PE (Le. before annealing). The dispersion curves, in particular, the 

evolution of the effective mode indices with anneal time for the various samples are 

illustrated in Fig. 5.8-5.14. Sorne of the salient features of the multimode plots 

include: 

• The fundamental (i.e. m = 0) effective mode index decreases with an ne al 

time indicating that the surface index is decreasing. After a sufficient anneal 

time, aU the effective mode indices begin to decrease. 

• The number of modes increases after a sufficient annealing period indicating 

that the depth of the waveguide is increasing faster than the surface index is 

decreasing (Recall from Chapter 3 that the number cf modes supported by a 

waveguide is proportional to d and ~n6)' 

• Most of the changes in the effective mode indices (and, hence, the refractive 

index profile) occur Nithin the first two hours of annealing with the largest 

changes occurring for Ta = 400°C. 

These observations are consistent with those previously reported [46,54,125]. As for 

the (initially) single mode plots given in Fig. 5.12-5.14, they reveal that, although 

the annealing process generally results in an increase in the number of modes, one 

can extend the region of single mode behaviour by appropriately chosing the ini­

tial PE depth (do). It was found that do had to be decreased as Ta increased (see 

Table 5.7). A similar study carried out by Goto and Vip [54,105] for Ta = 300°C 

shows good agreement with what has been reported here for the same tempera­

ture. Interestingly, for Ta = 400°C, the value of do = 0.20~m was just below the 
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eutoff of the fundamental mode (Le. a mode was not supported initially). Even at 

Ta = 200°C, considerable fiexibility in the tailoring of the effective index is possible 

(see Fig. 5.12). Note that in addition to tailoring the effective mode inde", the 

use of annealing d.llows for the relaxation of the tight fabrication tolerances that 

would otherwise be required in the fabrication of single mode channel waveguides 

[56,126,124J-

,'5.4.3 Modeling the refractive index profile 

The previous section discussed sorne of the qualitative features associated with the 

<..nnealing process, in particular, a general increase in the waveguide depth with a 

correspondin~ decrease in the surface index. In order to quantify these cha.nges, the 

evolvir.g refractive index profile with anneal tint s to be modeled accurately. 

To do this, the generalized Gaussian function and "ed in detail in section 5.2 is 

used. As can be seen from Fig. 5.2, the advantages of using this function include: 

• a relatively simple allalytic form (contrast this with the more complicated 

error function model proposed previously [20,120]) 

• tremendous fiexibility in its ability to represent a wide range of functions (for 

example, the values a = l, 2, ~ 10 refer to the exponential, Gaussian, and 

step profiles, respectively) 

• optimization procedure allows one to aecurately qu ant if y the important tran­

sition regions (eg. step to Gaussian, Gaussian to exponential, etc.) 

The computed optimized waveguide parameters for the various fabrication 

conditions are given in Table 5.8 (Maximum computing time was 20 minutes as 

before). The effect of anneal temperature and time on the value of aopt (which 

is associated with the shape of the profile) is shown in Fig. ~.15 These plots 
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show that while the profile remains step-like (i.e. aopt ~ 10) for Ta = 200°C 

throughout the entire annealing period, the corresponding profile for Ta = 400°C 

becomes Gaussian after only one half hour of annealing and then progressively 

approaches an exponential. As for the intermediate anneal temperature of Ta = 
3000 e, although the profile retains its step nature initially, it increasingly hecomes 

graded upproaching a Gaussian only after long periods of annealing (Note that even 

after ta = 12hrs, the optimized profile with ao", ::::::: 3 has still not become completely 

Gaussicm). 

The evolution of the index profiles with anneal temperature and time are 

shown in Fig. 5.16-5.19. These plots reveal excellent agreement between the opti-

mized profiles (solid curves) and the experimental data (solid symbols). The dotted 

curves represent the step and Gaussian approximations that have been used in the 

past [44,54]. Note in particular the large discrepancies (which can he as much as 

20%) between these approximations and the optimized profiles for Ta = 300°C and 

(to a lesser degree) Ta = 400°C. The changes in the corresponding waveguide depth 

and surface index are shown in Fig. 5.20-5.21. The kink in the Ta = 300°C (dot­

ted) curves at ta = 8hrs is due [54] to the fact that the approximation used has 

changed from step to Gaussian (A similar although smaller kink can he ohserved 

in the data recently reported by Wong [lIS] who used an IWKB method). By 

contrast, this phenomenon is absent in the optimized curves which is consistent 

with the physical observation that the annealing process generally results in the 

smoothing [62,1281 of the hydrogen concentration (and, hence, the refractive in­

dex) profile. As can be seen from Table 5.6, the computed index and depth changes 

were 0.018j0.49#Lm, 0.041jO.95#Lm, and 0.079j2.53#Lm for Ta = 200°C (ta = 16hrs), 

Ta = 300°C (ta = 12hrs), Ta = 400°C (ta = 2hrs), respectively, showing that con­

siderable fiexihility E"xists (especially at higher anneal temperatures) in the tailoring 

of the waveguide parameters. A tradeoff exists, however, because the larger changes 
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in the waveguide parameters associated with higher tempe rature annealing may be 

more difficult to control accurately. Note that, although the optimal fabrication 

parameters (Ta, ta) have not been conclusively established, there have been recent 

reports [32,471 of the fabrication of high quality (Le low 10ss, good electro-optic 

behaviour, etc.) APE waveguides for 300°C ~ Ta ~ 360°C and Ihr ~ ta ~ 3hrs. It 

is in this intermediate Ta range where the significant improvement in the flexibility 

and accuracy provided by the ab ove model can be taken full advantage of. 

5.4.4 Nonlinear dependence of index on concentration 

Another interesting point that has not as of yet been addressed is the common 

feature that the are a under the evolving refractive index profile curves do es not 

remain constant. As mentioned in Chapter 2, this phenomenon has been attributed 

[56,641 to a nonlinear dependence of the extraordinary refractive index and the 

hydrogen concentration. To investigate this more closely, consider the mathematical 

expression for the area, 

area - 10
00 

~n(x} dx 

- ~n, 10
00 

J(x) dx (5.13) 

_ ~n, 10
00 

exp ( _ (~) a) dx 

By substituting u = (~) a, one can express the above integral in terrns of the well 

known Gamma function, r, as follows, 

area 

r(p) 

~n6~r (~) 
10

00 

u.8- 1 exp(-u) du 

(5.14) 

(5.15) 

Note that since from Table 5.8 1,4 $ a :5 40, the corresponding values of a- 1 « 1. 

To bring the argument of r to a more practical range (say 1 ~ P $ 2), one can use 

the familiar [129] recurrence relation r(,B+ 1) = {3r(,B) 50 that r (!) = af (! + 1) . 
• ll a 

108 



.~ 
~ 

{ 

Using the results from Table 5.8, the evolution of the area with anneal tempera­

ture and time was computed and is plotted in Fig. 5.22. The plot shows that the 

area increases after the first anneal period (i.e ta = O.5hr) and steadily decreases 

afterward (For T = 200°C t the decrease occurs only after ta = 8hrs). In addition 

to the nonlinear dependence of index on concentration, this decrea.se has recently 

been attributed to a concurrent process of hydrogen outdiffusion [123]. Note that 

the simple analytic form of the generalized Gaussian profile has led to a correspond­

ingly simple expression for the area which readily allow6 for the verification of this 

nonlinear behaviour. This result again underscores the tremendous flexibility that 

the generalized Gaussian model offers. 

5.4.5 Correlating (Llnn d, a) with (TeH ta) 

As in the PE cbaracterization, empirical relationships are introduced here which 

allow one to correlate the changes in the waveguide parameters (6.n" d, a) with the 

corresponding fabrication conditions (T(u ta). Although it was shown earlier that 

PE waveguide depths are proportional to Vi, it is not clear that such a relationship 

should hold here. Bence, the following more general power law is used, 

d b te - -1 -
do <l (5.16) 

~n, 
pt: 1--- -

~n,o 
(5.17) 

where 

do = initial PE depth 

6.n,o initial surface index increase 

b, c, p, q - fitting parameters 

The above equations were fittedS to the data obtained for Ta = 300°C and 400°C 

(see Table 5.9) and are plotted in Fig. 5.23-5.24 (For Ta = 200°C, the changes in 

3The 6tting procedure involved performing a least squares nonlinear regreuion on the given data 
[751· 
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the waveguide parameters were relatively small). These results reveal that sinee 

c, q (Ta = 3000 e) « c, q (Ta = 4000 e), the waveguide mechanisms associated with 

each temperature are different. lt has been proposed (see Chapter 2) that the 

graded-index profiles arising irom high temperature annealing (Le. Ta ~ 200°C) 

suggest that simple diffusion mechanisms are at work. To verify this, the technique 

described at the end of Chapter 2 was used ta convert the theoretical concentration 

profile (a = 0 for simple diffusion) to its correspon,iing index profile which was th en 

campared to the measured profiles. The results are illustrated in Fig. 5.25-5.26. For 

Ta = 4000 e, the simple diffusion model predicts the changes in the surface index 

quite accurately. Discrepancies, hawever, exist in the shapes of the profiles. For 

Ta = 3000 e, there is very little agreement between theory and experiment. These 

results not only support the contention that the diffusion mechanisms are different 

for the different temperatures but, also, show that more complicated mechanisms 

are at work even at Ta = 4000 e. It may be possible to ob tain better agreement 

between theory and experiment by using the nonlinear diffusioil madel (i.e. a =1= 0) 

since the latter possesses an extra fitting parameter (a). This, however, was still 

being investigated at the time of writing of this thesis. 

Referring back ta the empirical relationships used to model the experimen­

tal data, it is natural to wonder about the validity of extending these relation­

ships to the important single mode region sinee, as was pointed out earlier, dis­

crepancies in the annealing of thin and thick waveguides have been found [20,541. 

To investigate this, the two multimode waveguides (#23 and #24) annealed at 

Ta = 4000 e were eompared (see Table 5.6) yielding changes in the waveguide depth 

and surface index after ta = 2hrs of 2.531lm (221 % increase)jO.079 (59 % drop) and 

2.52~m (293 % increase)jO.085 (65 % drop) for do = l.14~m and O.86~m, respec­

tively. The greater changes occurring in the thinner waveguide is consistent with 

not anly what has been previously reported but, also, with aU the APE concentra-
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tion models discussed in Chapter 2. Consequently, one expects that thinner single 

mode waveguides would be characterized by even greater changes (which, unfortu­

nately, would be impossible to determine from simple mode index measurements). 

This observation then must be kept in mind when using the numbers given in Table 

5.7. 

One final comment concerns propagation loss which is another important 

waveguide parameter. Although, as was mentioned in the introduction, an inves­

tigation into waveguide 1055 was not part of the aim of this characterization, some 

preliminary data obtained using the 2 prism-sliding method (described in Chapter 

4) is given in Table 5.10. As pointed out in Chapter 2, a correlation of fabrication 

parameters with waveguide loss has not as of yet been conclusively established. 

Parallel to this, the controversy about lower losses associated with pyrophospho-

ric acid compared to benzoic acid has still not been settled. Clearly, more work 

needs to be done in this area. Such data would complement the above chara.cteri­

zation (which has concentrated on refractive index profile modeling) and thus help 

in better optimizing the waveguide properties of PE devices. 

To conclude, this characterization has shown that the annealing process allows 

for considerable fiexibility ;n the tailoring of the refractive index profile which can be 

accurately modeled and correlated with the corresponding fabrication conditions. 
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Table 5.1: TM effective mode index measurements. 

T Sample t TMO TM1 TM2 TM3 TM4 TM5 
(OC) # (min) 
200 1 30 2.2093 

2 60 2.2765 
3 90 2.2974 2.2154 
4 120 2.3085 2.2472 
5 210 2.3213 2.2855 2.2323 

230 6 30 2.2203 
7 60 2.3019 2.2298 
8 90 2.3146 2.2675 
9 140 2.3192 2.2806 2.2299 
10 180 2.3249 2.2944 2.2598 2.2109 

260 11 15 2.2087 
12 45 2.3166 2.2772 2.2225 
13 64 2.3212 2.2879 2.2466 
14 90 2.3282 2.3045 2.2817 2.2468 2.2037 
15 120 2.3346 2.3182 2.2919 2.2703 2.2447 2.2156 
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Table 5.2: Computed waveguide parameters for a Fermi index profile. 

T Sample t d n! aopt 

(OC) # (min) (J-Lm) (IJ.m) 
200 1 30 0.2620 2.3312 0.0745 

2 60 0.5495 2.3312 0.0745 
3 90 0.7303 2.3305 0.0737 
4 120 0.9283 2.3300 0.0806 
5 210 1.2899 2.3318 0.0728 

230 6 30 0.2916 2.3318 0.0998 
7 60 0.8071 2.3317 0.0917 
8 90 1.1089 2.3315 0.1046 
9 140 1.2696 2.3315 0.1056 
10 180 1.5443 2.3320 0.0974 

260 11 15 0.1870 2.3312 0.1355 
12 45 1.2197 2.3312 0.1050 
13 64 1.4336 2.3309 0.1265 
14 90 1.9046 2.3312 0.0842 
15 120 2.4347 2.3312 0.1776 
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Figure 5.4: Comparison between Fermi and step-index dispersion curves and ex­
periment (.) for T = 230°C. 
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Table 5.3: Temperature depenàence of effective diffusion coefficient and correspond­
ing waveguide parameters. 

T 1 De 1 ~n'nf 1 aaug ~n'''Df 
(OC) J~l (Fermi) (JLm) (step) 
200 0.7797 0.1312 0.0745 0.1307 
230 1.3248 0.1318 0.0998 0.1289 
260 5.7073 0.1312 0.1355 0.1288 

2.00 
De = C,exp(-C2 /T) 

• C 1 - 2.627 x 107 

....-.. 
1.00 l 

C2 = 8.276 x 103 
Q) 
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Figure 5.7: Relationship between D~ and inverse temperature (T-l). 
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Table 5.4: TM effective mode index measurements before and after annealing (Note 
that T = 200°C for aIl initial PE waveguides given in Table 5.4-5.6). 

Ta Sample t ta TMO TMl TM2 TM3 TM4 TM5 
(OC) # (min) (hr) 
200 16 31 0 2.2397 

0.5 2.2562 
1.0 2.2611 
2.0 2.2645 
4.0 2.2650 
8.0 2.2648 
12.0 2.2647 
16.0 2.2641 

200 17 220 0 2.3201 2.2821 2.2296 
0.5 2.3141 2.2846 2.2377 
1.0 2.3118 2.2849 2.2382 
2.0 2.3112 2.2849 2.2410 
4.0 2.3117 2.2896 2.2526 2.2052 
8.0 2.3114 2.2909 2.2582 2.2145 
12.0 2.3108 2.2912 2.2609 2.2187 
16.0 2.3096 2.2904 2.2594 2.2179 
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Table 5.5: TM effective mode index measurements before and after annealing. 

Ta Sample t ta TMO TM1 TM2 TM3 TM4 TM5 
(OC) # (min) (hr) 
300 18 21 0 2.2028 

0.5 2.2293 
1.0 2.2249 
2.0 2.2238 
4.0 2.2161 

1 

6.0 2.2121 
8.0 2.2104 
12.0 2.2086 
16.0 2.2082 

300 19 30 0 2.2311 
0.5 2.2488 
1.0 2.2454 
2.0 2.2334 
4.0 2.2264 2.2016 
6.0 2.2182 2.2026 
8.0 2.2169 2.2037 
12.0 2.2145 2.2039 
16.0 2.2123 2.2042 

300 20 205 0 2.3152 2.2643 
0.5 2.2963 2.2772 2.2455 2.2078 
1.0 2.2934 2.2745 2.2130 2.2083 
2.0 2.2911 2.2711 2.2397 2.2084 
4.0 2.2880 2.2659 2.2355 2.2095 
6.0 2.2847 2.2619 2.2351 2.2108 
8.0 2.2809 2.2576 2.2302 2.2100 

1 

12.0 2.2761 2.2540 2.2289 2.2108 
, 
j 

119 



t 

Table 5.6: TM effective rr.ode index measurements before and after annealing. 

Ta Sample t ta TMO TM1 TM2 TM3 TM4 TM5 
(OC) # (min) (kr) 
400 21 20 0 -

0.25 2.2092 
0.5 2.2098 
1.0 2.2065 
1.5 2.2062 
2.0 2.2039 

22 30 0 2.2344 
0.5 2.2145 2.2045 
1.0 2.2106 2.2047 
2.0 2.2064 2.2039 

400 23 120 0 2.3068 2.2422 
0.25 2.2776 2.2485 2.2214 2.2031 
0.5 2.2723 2.2452 2.2211 2.2051 
1.0 2.2630 2.2381 2.2188 2.2067 
1.5 2.2481 2.2312 2.2178 2.2083 2.2028 i 

1 

2.0 2.2352 2.2263 2.2161 2.2091 2.2045 
400 24 210 0 2.3176 2.27û9 2.2064 

0.5 2.2800 2.2575 2.2344 2.2174 2.2055 
1.0 2.2653 2.2465 2.2304 2.2168 2.2077 
2.0 2.2423 2.2319 2.2229 2.2151 2.2092 2.2050 

.-. 
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Table 5. i: Single mode propagation criteria for APE waveguides. 

1 Ta d'J: initial .v~ 1 ta range 1 

Lt._C~)~(tL~m~)~I ______ ~!~(h_TS~)~1 

1 

200 0.38 1 2.::!397 16 1 

300 0.23 i 2.2028 16 1 

! 400 ' 0.20 2 

124 



l 

Table 5.8: Computed anneal waveguide parameters for a generalized Gaussian index 
profile. 

Ta S amp le ta d ll.n, aop' 
(OC) # (hrs) (JLm) 
200 17 0 1.3195 0.1327 9.36 

0.5 1.4398 0.1221 20.00 
1.0 1.4535 0.1189 40.00 
2.0 1.4~67 0.1180 30.00 
4.0 1.6553 0.1180 22.10 
8.0 1. 7551 0.1170 21.10 
12.0 1.8054 0.1157 24.00 
16.0 1.8071 0.1146 23.00 

300 20 0 1.0860 0.1314 Il.00 
0.5 1.8260 0.1025 14.40 
1.0 1.8600 0.1005 10.64 
2.0 1.8743 0.0999 7.25 
4.0 1.9001 0.0982 5.00 
6.0 1.9592 0.0967 4.10 
8.0 1.9420 0.0955 3.14 
12.0 2.0319 0.0903 2.90 

400 23 CJ 0.8600 0.1314 10.21 
0.25 1.6673 0.0998 2.42 
0.5 1.7351 0.0952 2.07 
1.0 1.7634 0.0906 1.55 
1.5 1.2695 0.0688 1.42 
2.0 3.3790 0.0462 1.66 

400 24 0 1.1444 0.1325 11.09 
0.5 2.1322 0.1300 2.02 
1.0 2.4817 0.0833 1.74 
2.0 3.6779 0.0537 1.55 
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Table 5.9: Least squares fitting parameters of evolving depth and surface index 
changes. 

Til Sample 1 b c p 1 q 
1 (OC) # (hrs }-e (hrs}-q 1 
1 

300 20 0.7031 0.0754 0.2325 0.1033 1 

400 23 1.4704 0.7794 0.4081 0.5852 1 

400 24 1 1.2884 0.7577 0.3749 0.657-1 ., 

130 



1 

t , 
~ 

._---------
o 600 f--- .. p = 

o 0 5001 
Cf) q 

0.3749 
0.2325 

0.6574 
0.1033 

c 
<--1 0.400 

(f) 

c 
<l 

1 

• 
0300 • 

• 300 Oc 
• ~---. 

0200 

• 400 Oc 
0.100 

o 000 -----t---+--- --t --+--+-1 ---t---+-I --i----If----t---t-' 
o 2 4 6 8 10 12 

Anneal time (hrs) 

Figure 5.23: Least squares nonlinear regression fit to evolving surface index changes. 
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Figure 5.25: Comparison of simple diffusion theory with experiment. 
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Table 5.10: Propagation 1055 measurements. 

Sample Ta ta O:dB 

# (OC) (hrs) dB 
--'!m 

11 - - 6.3 
19 300 16 3.8 
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Chapter 6 

Discussion and Conclusion 

The goal of this thesis research was to fabricate and characterize plana.r proton­

exchanged (PE) and annealed proton~exchanged (APE) optical waveguièes in z­

cut LiNb03 • The objective of this characterization was to accurately model and 

correlate the waveguide refractive index profiles with the corresponding fabrication 

conditions. In addition, the effectiveness as design toois of the various diffusion 

models which have been proposed to describe the proton-exchange and annealing 

processes was investigated in detail. Such information will help in the design and 

optimization of PE LiNb03 devices for a variety of Integrated Optics applications. 

The PE waveguides were fabricated using a very simple and convenient sur­

face coating technique with pyrophosphoric acid as the proton source. The acid was 

observed to degrade for high exchange temperatures and long exchange times, cer­

tainly an important consideration as far as the quality of the fabrication procedure 

is concerned. A standard prism coupler was used to measure the effective mode 

indices. The use of a Fermi function was found to accurately model the refractive 

index profile resulting in a better agreement between these measured effective mode 

indices and the computed dispersion curves compared to the convention al step-indpx 

profile. Moreover, the e.<traordinary surface index increases of 0.131-0.132 which 

are consistent with what has been recentIy ohserved [54,55,771 (0.131-0.134) are sig-
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nificantly lower than the value of 0.145 reported elsewhere 124,116]. Nevertheless, 

these values are still slightly larger than the corresponding values reported [21,22] 

for PE in benzoic acid (0.126). An empirical correlation of the waveguide proper­

ties with the fabrication conditions was found to verify the Vi dependence of the 

optical depth (d) and the Arrhenius behaviour of the effective diff11f;ion coefficient 

(De). Although the calculated Arrhenius coefficients (Ch C2 ) differ considerably 

from those reported by Yamamoto et al. [26], they show good agreement with some 

recent observations [77,121,122]. 

A rigorous treatment of the effect of the uniaxial arlÎsotropy in PE waveg­

uides on the dispersion curves showed that differences between the isotropie and 

anisotropie step-index models become significant for only very multimoded (m » 4) 

waveguides. Experimental data were found to verify this showing that discrepan­

cies in th~ computed waveguide parameters were within experimental error. Con­

sequently, for single mode design purposes, this effect can be neglected. 

Parallel to the above waveguide characterization, a detailed investigation of 

the modeling ot the PE diffusion process was carried out revealing that the standard 

nonlinear diffusion model based on the weIl established ion-exchange equations with 

the assumption of a constant self-diffusion coefficient can not adequately explain the 

hydrogen step and noncompIimentary lithium depletion concentration profiles that 

have been reported in the literature. These findings suggest that the PE process is 

not characterized by simple diffusion mechanisms nor a one for one ion-exchange. 

Although it was not attempted, the use of concentration dependent self-diffusion 

coefficient~ has recently been shown [56] to give better agreement between theory 

and experiment. 

The annealing process which is a necessary step in the fabrication of high 

quality waveguides was studied in detail by considering a very wide range of fab­

rication conditions. Contrary to previous studies involving benzoic acid [19,125], 
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the surface of aB samples annealed at Ta = 400°C for ta > 2hrs became clouded 

indicating that substantial surface damage had occurred. This surface damage has 

been previously observed [62,63] to occur for Ta ~ 500°C only. The annealing of PE 

waveguides was found to result in an increase in the waveguide depth, a decrease 

in the surface index, and an increase in the number of propagating modes. By ap­

propriately chosing the initial PE depth (do), the region of single mode behaviour 

could be extended. It was found that do had to be decreased as the anneal temper­

ature increased. These results show that, in addition to tailoring the effective mode 

index, annealing can be used to relax the tight fabrication tolerances associated 

with PE single mode channel waveguides. 

A generalized Gaussian function was used to accurately model the APE waveg­

uide refractive index profile. Most of the changes in the waveguide parameters 

occurred approximately within the first 2 hours of annealing with greater changes 

occurring for higher anneal temperatures. The computed changes in the depth 

and surface index were O.018j0.49JLm, O.041jO.95JLm, and O.079j2.53JLm for Ta = 

200°C (ta = 16hrs), Ta = 300°C (ta = 12hrs), Ta = 400°C (ta = 2hrs), respec­

tively, showing that considerable fiexibility exists in the tailoring of the waveguide 

parameters. The shape of the annealed profile was also found to depend on the 

anneal time and temperature. Approximately Gaussian profiles could only be ob­

tained when higher anneal temperatures (Ta ~ 300°C) were used. The tremendous 

flexibility offered by the generalized Gaussian function was demonstrated by its ab il­

ity to not only accurately quantify the profile shape transition regions (eg. step to 

Gaussian) but, also, to overcome the restrictions associated with the use of IWKB 

methods. Moreover, the relatively simple analytic form of this function resulted 

in a correspondingly simple expression for the area under the index versus depth 

curves. This area was found to vary with anne~ ~ time and temperature thus verify­

ing the nonlinear dependence of the extraordinary refractive index on the hydrogen 
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concentration. 

An empirical correlation of the index and depth changes with the fabrication 

conditions using a general power law revealed that the physical mechanisms associ-

ated with intermediate (Ta = 300°C) and high temperature (Ta = 400°C) annealing 

are different and not governed by simple diffusion processes as has been previously 

assumed [56]. This result was further supported by the fact that the theoretical 

index profiles (calculated assuming simple diffusion) did not agree with their mea­

sured counterparts. It is possible that a better agreement may be obtained with a 

nonlinear diffusion model; this, however, was not investigated. 

It is clear from the above discussion that the focus of this charactcrization 

has been on the modeling of PEI APE refractive index profiles. The techniques 

and models presented here are very general and flexible in that they can be used to 

study a wide range of waveguide fabrication technologies. In particular, PE LiTaOs 

waveguides have been given increasing attention in the iast few years due to their 

better power handling capability compared to PE LiNbOs waveguides. 

Aside from the modeling of the PEI APE processes, a detailed study of waveg­

uide loss would complement this work and, hence, improve the optimization of PE 

devices. Othe!" topies that still need to be addressed include the fabrication and 

characterization of buried waveguides which are important for optimal fiber cou­

pling. Although previous work 153J has involved exploiting the negative PE ordinary 

index change and using an anneal TiPE process, the recent work of Gan'shin et al. 

[130] suggests that such structures can be fabrieated by PE followed by a backdif­

fusion in a LiN03 melt. Another recent development is the use of a CO2 laser to 

anneal localized regions of an integrated optical circuit thereby allowing for the fine 

tuning of the waveguide parameters. These different areas of PE characterization 

should provide for stimulating and interesting research for the future. 
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Appendix A 

Prism Coupling lnvolving 
Anisotropie Media 

To derive: 

N . { . 1 (Sin (J,) ) 
e = np Sln O:p + sm - ~ J 

where 

(JI - external incident angle 

np prism index 

O:p base angle of the prism 

(A.l) 

Due to the uniaxial nature of the rutile prism as weil as the LiNbOs substrate 

and waveguide film, one must be careful to distinguish between the ordinary antl 

extraordinary indices of refraction. For the coordinate system chosen (see Fig. A.l), 

the principal index tensors for the film, substrate, and prism are as follows: 

[T 
0 

n~,] nf = nfo (A.2) 
0 

n' 0 

n~" 1 
n, = n,o (A.3) 

0 

[ n~, 0 

n~,] np = npe (A.4) 
0 
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l where ' - , is used to denote a tensor quantity and the subscripts 0 and e refer to 

the ordinary and extraorùinary index, respectively. Notice that the optic axis is in 

the y direction for the prism and x direction for the film and substrate. For PE 

waveguides, only TM waves can propagate in z-cut LiNbOs (i.e. the extraordinary 

index increases while the ordinary index actually decreases). Hence, the derivation 

below will concentrate exclusively on TM modes. Now, taking na = 1 (air), one 

can readily apply Snell's Law (i.e. phase-matching) at the prism-air interface to 

obtain: 

(A.5) 

O . -1 (sino!) 
- t = SIn --

npo 
(A.6) 

Notice that in applying Snell's Law, the ordinary index of the prism must be used 

because the TM wave is polarized along the x direction. Now, from basic geometry, 

90 - Ot = 90 - 0 + exp (A.7) 

(A.8) 

If one now applies phase-matching at the prism-air-film interface, one obtains: 

n le sin Om = npo sin 0 (A.9) 

where m refers to the mode order. Since, by definition, Ne = nlesinOm , then by 

substituting Eq. A.6 and Eq. A.8 into Eq. A.9, the desired result is obtained, 

namely, 

!\T • { '_I(sinO,)} 
iVe = n po SIn exp + sm n

po 
(A.10) 

Hence, in the formula given in Chapter 4, one must keep in mind that np = npo. 

Note that a more general treatment of the above phase-matching which takes into 

account errors due to prism misalignment has been recentiy reported [1311. This 

conclu des the proof. 
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PE waveguide 
Cf 1 
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Figure A.l: Caupiing ta a PE LiNb03 waveguide using a rutile (TiO:!) prism. The 
vector, ë, refers ta the optic axis direction in each medium. 
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