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Abstract 

Planar optical waveguides made by purely thermal and electric field-assisted 

K+ - N a+ ion-exchange in soda-lime glass substrates are investigated. 

Buried waveguides fabricated by a purely thermal backdiffusion process have 

been demonstrated, for the first time, on soda-hme glass. The diffusion propertie<;. 

such as the potassIUm-ion concentratIOn, are determined experimentally using a 

scanning electron microscope (SEM) and electron probe microanalyzer (EPMA) 

These properties are then compared to the numencal modeling of the non-hnear 

ion-exchange process and correlated to the wavegUlde propagation characteristics, 

such as the refractive index profile. The single-mode dispersion curves are computed 

by a simple Runga-Kutta procedure and compared to th(' measured effective mode 

indices 

An experimental characterization of surface waveguides made by an electric 

field-assisted process with respect to a wide range of fabrication conditions are stud

ied, including measurements of polarization-dependent propagation characteristics. 

Parallel t0 thls, the diffusion propertlCs are numencally simulated and correlated 

to the SEM data, providing an accurate description of the refractive mdex profile. 



Resumé 

La fabrication de guides optiques planaires par un échange thermal et assisti' 

d'un champ électrique d'ions potassium-sodium dans un substrat de verr(' sodci

calcique est étudiée. 

La fabrication par échange-arrière thermal de guides optiques ensevelis d:l.ns un 

verre soda-calcique a été demontrée pour la première fois. Les propriétés diffusiv(':-,. 

comme la concentration d'ions potassiUm, sont déterminées expénmentalement ('Il 

utilIsant un microscope électronique balayant (SEM) et un micro-analyseur à ~ond(' 

électronique (EPMA) Ces propriétés sont comparées aw(' le modelag(' numèriqu!' 

des équations non-linéaires de diffusIvD décrJ\ ant J'échange d'ions et sont mIses ('Il 

corrélation avec les caractéristiques de propagatIOn, comme le profil d'indIce Le" 

courbes de dispersion de guides monomodes ont été analysés à l'aide d'un modi'!!' 

simple Runga-Kutta et sont comparés avec les mdIces mesurés. 

On a effectué une caractérisation expérIment.ale des gUIdes fabriqué'3 par un 

échange as~isté d'un champ électrique dans une gamme de conditIOns de fabricatioll. 

incluant des mesures de caractéristiques de propa~ation dépendants de la pol,Hi

sation. Parallèlement, les propriétés diffusives ont été résolues numériquement ('t 

comparées avec les données du SEM pour fournir une déscriptIon préCISf' du profil 

d'indice. 
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Chapter 1 

Introduction 

1.1 Historical overview and motivation 

The rapid development of advanced optical fiber communication systems has estab

hshed a need for guided wave optical circuits. These circuits are designed to control 

the various parameters of the hghtwave propagating in the fi ber. The functional 

performance of these devices in high speed photonic switching, filtering, modula

tion and wavelength divisIOn (de-)multiplexing would add great benefits to optical 

communications, signal processing and optical computer applications. 

Integrated optics promIses to provide such compact active and passive devices 

integrated on a su bstrate [1]. ln active devices. such as modulators [2] and switches 

[3], an externally controlled parameter is used to modify the desired function. ln 

passive devices, such as power splitters and directional couplers [4], the function can 

not be controlled extcr.lally. Therefore, the fabrication process control and char

acterization of passive waveguide devices with good reproducibilty within specifie 

tolerances i" a must [5]. 

In order to apply integrated optical circuits to fiber communication systems. 

one of the most important challenges involves the coupling of waveguide channels 

to glass fibers [6'. This alignment and attachment, known as fiber 'pig-taihng', has 

recelv('d considerable attention for the development of a viable packaging technol

og\'. This is crucial for the fu Lure commercialization of integrated optical devices 

1 



in real world instruments and systems [7]. 

ln this thesis, we will foeus our attention on the characterization of optical 

waveguides made by a planar technology in glass. This is necessary in the design 

and fabrication of passive devices optimized for efficient coupling with optical fi bers. 

1.2 Ion-exchange technology 

Glass is an excellent material as a planar substrate in which to fabricate passive 

waveguides. Due to its compatibility with optical fibers in material propertie~, 

Fresnel los ses cal1 be minimized, leading eventually to lower insertion 1055 [8,9;. It 

is also an inexpensive, physically stable material under a wide range of proceSSlTlg 

and operating conditions More importantly, it is an ideal medIUm for a simple 

diffusion process knO\\'n as ion-exchangc. 

The ion-exchange technique, which has been used for more th an a cent ury 

to produce tinted and chemically strengthened glass, has received attention as it 

ereates a higher refractive index waveguiding region. The diffusion process is sim· 

pIe and easily amenable to economical batch fabricatIOn on a large scale. Pure-I) 

thermal and electric field-assisted exchange from a molten ionic batl. and a mctalll< 

film have led to the fabrication of multimode and sirlgle-mode waveguide devlcec; ;.5: 

However, due to the limitatIOn in their information carrying capaclty (bandwidth). 

multirnode optlcal fibers and waveguide devices have becn gradually repla('cd b~ 

thier single-mode eqUivalents Hencc, an ion-exchange tcchnology has beell df'v(>I· 

oped for this purpose 

The K+ - N ai- ion-exchange process has by far bpen the most used for SInglp· 

mode device fabrication [5]. This preference is attribut('d to four main factor~ 

1. The small refractIve mdex change b.n~ with a pure K N03 melt IS lllghly 

compatible with single-mode fibers 

2. Owing to ItS small diffUSIOn coefficient. It i5 a slower process, making it mm!' 

2 
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controllable. This is important for good reproducibility of devices. 

3. It has proven to provide low propagation losses [10] because K+ ions do not 

reduce to a metallic form in the glass which are the major cause of scattering 

and absorption centers [5]. This has occurred for pure AgN03 melts, requiring 

concentration control (dilution) of Ag+ ions in the melt. 

4. Unlike Ag+ - N a+ exchange, no concentration control of the melt is necessary 

thus simplifying the fabrication procedure. 

~Iip and Albert [11 ,12,13] have reported an exhaustive study of purely thermal 

K+ - N a+ exchange in soda-lime glass It includes the determination of the re

fractive index profile, measurement of the potassium diffusion coefficient and its 

temperature dependence, the surface index change, and birefringence. Since then, 

this charactenzation procedure was repeated by another group to study ];+ - NaT 

exchange in BK7 glass [14~. 

Although surface waveguides have been characterized using potassium, there 

has been recent interest in fabricating graded-index planar buried wa' ~guides [5]. 

There are two main reasons for this. the first is that burying a surface waveguide 

considerably lmproves the mdex profile symmetry so as ta match that 'f an optical 

fiber. The other is that lower propagatIOn lasses are attainable because the guided 

wave Goes not interact .\'ith the surface irregularities which II1variably contribute 

to lasses via scattering The charactenzation of su ch devices is necessary in the 

desir;n and fabrication of passive devices for efficient coupling with optical fibers ta 

minimize the insertIOn loss [8] 

The electric field-asslsted ion-exchange process is a valuable technology for in

tegrated optics. It has been shown to have advantages over the purely thermal 

exchang{' for man)' reasons Firstl), the application of an electric field across the 

substrate during IOn-exchange considerably speeds up the diffusion time needed ta 

fabricate SlI1gle and multimode waveguides !15,16~ This is valuable for the rather 
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slow process of purely thermal K+ - N a+ exchange. In addition, the shape of the in

dex profile can be made more step-like for both planar and chan!l~1 wavegu ides [1(\ ~. 

This is advantageous in transforming the elliptical two-dimenslOnal index profilc' of 

pmely thermal chanml waveguides to a more desirable rectangular shape Such 

a profile improves the confinement of the optical fields in waveguidc dt'vices aTlo 

hence, reduces device cross-talk. Finally, this process can be appl)('d !Il the fabflld

tion of deep, buried waveguides with the electric field enhancing the backdiffu'llon 

process [9]. 

When this work was undertaken, the KT -ion buried wavcgulde fabTlcatlOn re

mained to be demonstrated. Since then, buried waveguides USITl!!, electnc lield

assisted K-+ -ion exchange have led to low loss buried channel waveguloes [9] lIo\\'

ever, a detailed characterization of this pr0<..e::,s was stllllackmg In additIOn, bUT!eo 

waveguides withou t an applied field were not demonstrated A ttempts to bury the 

waveguides by purely thermal exchange were not successful ! 17;. Thest' two chal

lenges provided motivation for the underta~ing of thls work 

1.3 Methodclogy of the characterization 

The objective of a planar wav€.guide characterization is to establlsh rt. correlatlOJl 

between the propagatIOn characteristics and the ion-exchange proceS5. A systemat JC 

study entails these following ideas whlCh are descTlbed Jn detai! III the subsequent 

chapters: 

1. Analysis of the ion-exchange equation with appropnate iI1ltlal and bounc1.tr:

conditions to predict the diffusion propertles. such a'l th<, dopant conc<,ntrii

tion profile, for givcn fabrication conditions (see Chapter 2). 

2 DetermmatlOn of a simple analytical functlOn f(r) to express the COIlC('T!

tration (refractive index) profile accuratel) Thl:, will slmpllf} It,> Uf,(' III t h( 

design stages of integrated optlcal devices whlch usp bUfH'd and surface WdVC'g-

4 



uides as basic structures (see Chapters 5 and 6). 

3. Calculating the waveguide propagation characteristics such as the effective 

index, the modal field profile, and subsequent dispersion curves for the given 

index profile expressed conveniently as f (x). In addition, the desired single 

or multimode design parameters can be chosen (see Chapter 3). 

4. Fabrication of the surface and buried waveguides by electric field-assisted and 

purely thermal backdiffusion, respectively, with given fabrication conditions 

(see Chapter 4). 

5. Measurement of the concentration profile using a scanning electron microscope 

(SEM) and the effective mode indices using prism coupling with appropriate 

comparison to theoretical modeling (see Chapters 4,5,6). 

1.4 Original contributions 

The oTiginal contributions of this work to the advancement of planar glass waveguide 

tee hnology are summarized as follows: 

• the demonstration of buried planar optical waveguides by a purely thermal 

backdiffusion ](+ - IVa+ process and the measurement of the K+ -ion profile 

using SEM and EPMA i18,19~ 

• the correlation of the diffusion propcrties of the backdiffusion process to 

the single-mode waveguide propagation characteristics (dispersion curves and 

modal field profiles) by theoretical modeling and experimentation [20; 

• the detailed characterization of planar electTlc field-asslsted K+ -ion exc hange 

waveguides in glass including an improved model for the refractive index pro

file and the diffusion characteristics [21,22: 

5 
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Chapter 2 

Ion-exchange Theory an,d 
Modeling 

2.1 Introduction 

In this chapter, the theoretical foundations of the ion-exchange proces~ for th(' 

purpose of modeling optical waveguide con< entration profiles are presented The 

analysis is quite specifie for the K+ - Na""" ion-exehange, however, th(' und('rlJ ing 

methodolog) is general and can be used for otl er cation pairs and substrate glds'-, 

The analytical and nurnerical solutIOns are presented for important lon-exchangc 

simulations used in the design of channel-based integrated opticai device~ 

2.1.1 Glass structure 

A typical soda-lime sl!Jcate glass substrate is composei of 71 - 75 % silicon dloxid(· 

(S202), 12 - 16 o/c sodIUm oxide, also known as soda (Aa20), 5 - 15 ('( CalcltlIIl m,-

ide, or lime (C aO), and mmor amounts of vanous other oxides :2;),24 such a~ l\.J), 

A120 3 , and At gO In this characterization, commereiall) avadabk Fzsherbrdlld rni-

croscope slides are used as subs~rates Their exact chemlcal ('omposltio:l I~ Ilq('d III 

Table 2.1 and the instrument used to determine thls composlt 'on will be mtroeluced 

in Chapter 4. It will be shown, iD Chapters 5 and 6, that ccrtaiD fabrIcatIon (OIl-

ditions affect this composltlOn quite drastically and lead to Important wav('g\lldlTlg 

properties 
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Sodium (Na+) ions (supplied by Na20) have been found to be easily displaced 

by other monovalent ions. Figure 2.1 shows a typical chemical structure of a soda

lime glass substrate. The sodIUm ions fit into the relatively large voids in the silica 

network and 2.re found close to the negatively charged nonbridging oxygen atoms. 

They arc attraded to these oxygen atoms rather weakly by ionic bonds which are 

mueh weaker than the St - 0 bonds within the glass matnx [25]. Consequentl)', 

these N a+ ior.s are relatively mobile compared to the rigid sihca network, and at 

sufficiently high tempe rature, can be readily displaced When new ions, such as 

potassium, are mtroduced into the glass from a molten potassium nitrate K N03 

source, they can occupy the same site~ as the sodium ions sinee the ion-exchange 

occurs on a one-to-one basis [23]. The qualitative details of thiS mechanism IS 

presentcd below 

2.1.2 Ion-exchange kinetics 

When a glass su bstrate is placed into a molten salt bath (melt) containing another 

monovalent Ion. such as K+, Ag+, Tl+ or Cs+, ion-exchange takes place. The 

process occurs as follows At the g!ass-melt interface, the abundant dopant KT 

ions In the melt 'sec' the glass as a potassium-free medIUm and hence, are driven 

into it by a chemical potential diffUSIOn gradIent. Simultaneously, the more mobile 

N Q+ ions are released into the melt with the K+ ions replacing them by a one

to-one exchangr Actually, there is another force besicles the chemlcal potential at 

work here The differencc in the mobIlities of the two iODlC speeies creates a local 

charge imbalance that creates an internaI electric field which speeds up the slower 

K+ ions [23: Thi') point will be described quantitatlvely in the next section, 

Gradually, the potassium ions diffuse away from the interface and slowly In

habIt a very th in layer near the surface The resulting K+ -ion concentration profile 

has a maXImum at the surface and decreascs monotoI1lcally inside the su bstrate. 

In thI5 thm regioll, the lncreased dopant concentration leads to a local increase in 
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the refractive index. This optically dense th in film can be used as a wavegUidIng 

medium where the light can travel longitudmally by total internaI reflection The 

exact relation between the ion concentration and the index change is quite comph-

tated. However, it is generally beheved that they are directly proportion al [51 and 

in this thesis, this assumption IS a key point. In Chapters 5 and 6, the propagation 

characteristics of these waveguides will be dlscussed in more detail and correlat<,d 

to the diffusion properties of the ion-exchange process. 

2.2 Derivation of the ion-exchange equations 

As mentioned, It is assumed that the refractive index profiles of these waveguide~ 

are directly proportional to the concentration of potassium ions in the glas~ Tins 

concentration can be simulated by solvmg the diffusIOn equation whlch ln generaL 

l.an include the Influence of an apphed electnc field [26: Conslder the schemati< of 

Fig. 2.2 with only two mobile specles. l\~ and .". a+ , both of whlch are monovaknt 

cations. In the one-dimenslOnal ion-exchange process, there exists two forces that 

act on the exchangmg species The first 15 due to the gradient ln chemlcal potentléll 

The other is due to the presenc(' of gradlent~ !Tl electncal potentlllL onr arblllg 

intrinsically and the other belng apphed externall") This statement is based upon 

the assumption that no other thermodynamlc forces, such as gradients ln pH'SSUT(> 

or temperature, are present in the S) stem :2i 

The change in the concentration, c, defined as the number of ions per unit 

volume, of a glven cation is related to the flux of Ions J by the equation of contmulty 

ac - aJ 
- = -~ J = at or (2 1) 

with both x and i dlrected honzontall) When the spec ies are diffusing isotropi-

cally, the flux obeys Fick's first law of diffusion 

- - ac-
J=-D\c~-D-l ar (2 2) 
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where D, the self diffusion coefficient, is dependent upon c and the fabrication 

conditions. Substituting (2.2) into (2.1), we get Fick's second law: 

Be = V. (D'ic) = ~ (Dac)' 
Bt ax ax 

which can be solved for c, given appropriate initial and boundary conditions [28;. 

Intrins:c electric field, E, : Since potassium and sodiUm ions diffuse at different 

rates, there is a tendency for N a+ ions to move faster than K+ ions, leading to 

a buildup of electrical charge There is, however, a gradient in electrical potential 

along with this charge which acts to slow down the faster Na .... ions and speed 

up the slower Ki IOns. Desplte the difference in the ion mobilities, the gradient 

in eleürical potentlal forces the fluxes of the two ions to be equal and opposite 

(see Fig. 2.2(a)), thus preserving charge neutrality [23]. In this purely thermal 

exchange, the ennched K+ -ion waveguiding layer is formed on both sldes of the 

substrate. 

Externally applied field, Ea : \-\'hen a positive dc electric field is applied along 

the x-axis, a positive flux of the ions is created. This field IS equal to the quotient of 

the applied voltage and the substrate thlckness. As shown in FIg 2.2(b). these ions 

are forced to move in the same direction as the electnc field creatmg a wave~uiding 

layer only on the substrate side fdcing the positive electl'ode. To avoicl space-

charge buddup, the sum of the IOnIe fluxes produces a net positive ion;c flux with 

rndgnitude J n which must be a constant function of position [26'. 

The contributIon of the total electnc field, Et = E, + Ea, to the flux is deter-

rnined as follows Conslder the ratio of the speed of the ions to the magnitude of 

Et glYCJI by the mobility J.l, 

(2.3) 

and, accordmg to the Nernst-Einstein definition, the mobility is related to D by. 

(2.4 ) 
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where e is the elementary charge (1.6 x 10-19 Coul), k is the Boltzmann con~tant 

(1.38 x 1O-23J/oK), and T is the temperature in oK. ln most glasses, however, the 

purely thermal migration process is slightly different from the electric field induced 

transport and (2.4) is not obeyed [5]. Instead, the relation between D and Ji IS 

written as 

eD 
J1. = fkT (2 .. 1) 

where f is the correlation factor whose value depends only on the glass composition 

and varies fron 0.2 to 1.0 [29]. Renee, the same f can be used for both Je and 

N a+ ions. Then, 

eD 
JE = CVE = c--Et 

fkT 
(2 C) 

Using (2.2) and (2.6), the magnitude of total fluxes of the potassium and sodium 

ions becomes 

(2 i) 

(2 8) 

respectlvel)'. As mentioned, the net flux, Jo, must be constant acro,><; the sub~trat(· 

to maintain the neutrality of the glass Hence, 

(2 9) 

where 1 is the measured ion current density (mA ,'mm2
) and F 15 Faraday's constant 

or 96500 Coul/mole. Also, 

CK + CNa = Co = constant 

The constant Co is the concentration of N a+ IOns present in the glass prlor to dl(' 

exchange. Sinee K+ ions replace N a+ Ions on a one-to-one basl~, the total IOll 

concentration remains equal ta Co Defining êh = CK / CO, ê]l.(l = CNa/Co = 1 cr.. 

then 

aêK aél\a 

ax -ex' 
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Substituting (2.7) and (2.8) into (2.9), we get 

{ 
eDK A aêK aêNa eDNa A } 

Jo = Co fkTCKEt - DK ax - DNaax + fkT CNaEt (2.10) 

After a few manipulations, 

_J_o __ _ eE_t [1 _ (1 __ D_K ) êK] + (1 __ D_K ) _aê_K 

CoDNa fkT D Na DNa ax 
and upon letting a = 1 - DK / D Na = 1 - IlK / IlNa, one obtains the expression for 

the total electric field 

E - E 'E _ fkT { Jo _ a BêK } 
t- aT ,-

e CoDNa(1 - aê K ) 1 - oêK ax (2.11) 

The externally applied field Ea is 

E _ Jo 
a - CoJ1Na(1- aê K ) 

(2.12) 

using the mobility equation (2.5) for sodium ions. Note that the total field (2 11) 

depends 0.1 the total flux density Jo, the concentration Co and the gradient in 

chemical potential. This expressIOn exphcitly shows that when there is no externally 

applied field (1 e. the net flux Jo = 0), only the mtrlnsie field is still present. As 

mentioned earller, thls field anses naturall:; due to the unequal diffusIOn rates of 

the IonIe speCles (Q i- 0) and, ln partieular for the K-'- - NaT exchange, E, depends 

on Q 

Using the equation of continuity (2.1) and substituting (2.7) yields 

(2.13) 

Taking the divergence of the electrie field (2 11), 

aEt fkT -Q aêK 

{ 

2 ' ) 2 

ax = -e- (1 - QêK )2 ( ax 

11 
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Now, Binee 

(2.11) 

then the nonlinear partial differential equation describing the general ion-exchangC' 

process is 

BêK B ( DK Bê K ) {l - 0.)10 M K 

iii- = ax 1- o:2 K 7ix- - co(l - o:êKP -ax (2.15) 

An alternative expression for this equation can be deduceà by incorporating 

(2.12), 50 that it becomes independent of the current density Jo' 

(2 1G) 

For constant electnc field-assisted IOn-exchange, this differential equation b('cOIJlP" 

more practical than (2 15) becausC' It makes use of the given fabncatlOn cond!tilJn'i 

and diffusion coefficIents (e.g. Ea, DK • and IlK) directl) In contrast, (2 15) nppd'i 

the values of .70 which can be used directly for the case of constant current ficld-

assisted exchange :30: If one were to use (2.15) to model the constant C'lectnc 

field-assisted exchange, then ln situ measurements of Jo would be needed durlllg 

the process 

The ion-exchange equation for purely thermal K+ -ion exchangr can be deducrd 

from (2.15) when the total net flux Jo = 0, (or (2.16) wlth Ea = 0) so that 

(2.17) 

2.3 Solutions of the purely thermal ion-exchangc 
equation 

2.3.1 Initial and boundary conditions 

The nonlinear partial dlfferentlal equatlon of (2 17) IS second order in the spatial 

variable x and first order !Il the tlme varIable t Hence, it requires two bounddrY 

conditions in l and an mitial con:iltIOTl ln t to be solv<>d unlquely. At time 1 - 0 

12 



there are no dopant K+ ions in the glass and hence, the concentration vanishes: 

(2.18) 

For the boundary conditions, a zero concentration at infinity (i.e. far into the 

substrate to the right) is expected, while at the surface a constant value of concen

tration represents the effect of the K N 0 3 melt providing K+ ions for ion-exchange. 

It was observed that for K+ - N a+ exchange, the maximum concentration of the ex-

changed ions is about 90% of the total concentration of available N a+ sites [31,32], 

so that 

êK(O, t) CK(O, t)/co = Cl = 0.9 

êK(oo, t) Cr = O. (2.19) 

Note that with Co = CNa(G,O), one boundary condition becomes 

(2.20) 

Sincc there are negligible amounts of K+ ions in the substrate prior to exchange, 

thCIl CK(O,O) = O. Bence, (2.20) is valid only for t > 0 and it takes a negligi

bic amount of time (in comparison to the total diffusion time) to reach its final 

equilibrium value. 

With these conditions, it is convenient to renormalize êK so that c = êK/CI and 

the boundary conditions become 

C(O,t) = 1 , c(oo,t) = o. 

Bence, (2.1 ï) becomes 

ae a ( D K ac) 
at = ax ,1- licax (2.21) 

with ô: =- OCt. 
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2.3.2 Numerical solutions 

In the past, thif're have been several attempts to obtain the solution of (2.21) by 

analytical and numerical methods. Crank obtained a parametric solution after 

reducing it to an ordinary differential equation [33]. Wood used the result of this 

solution in a convenient power series expression [34] For the numerical solutiom, 

Walker et al. [35] used an explicit finite difference scheme (FDS) to solve a two 

dimensional version of (2.21). More recently, Albert and Vip used an implicit FD~ 

with unconditional stability for the particular case of planar 1("t - N a-t exchangt' 

[12]. This solution involved a Boltzmann transformation 

x 
y = 2y'D

K
t 

which brings (2.21) to the form: 

de d ( 1 de) 
- 2y dy = dy 1 - ô:e dy . 

This transformation can be effective only when the initial condition e(x,O) = 0 and 

one boundary condition e( 00, t) = 0 are equal This is because the value of y -+ oc 

for t = 0 and x --; 00, 50 that c(y --; 00) = 0 consolidates the sam~ initial and 

boundary condItions [36]. This consolidation of the conditions severly restricts it<; 

use, especially [or the simulations with non-zero inItiaI concentration profiles, such 

as in bac.kdiffusion. Hence, this tram,;orrnation was not pursued here and inst('aJ, 

the numerical FDS was examined more carefully 

The numencal solution of (2.21) is based on replacing the partial derivatives in 

x and t by fiTIlte dlfferences. The region to be analyzed is spanned by a rectillncar 

grid with sides parallel to the x and t axes. The grid spacings h and k are in the T 

and t directions, respectIvely. The grid pomts (X, T) are gl'ven by X = mh, T = nk. 

with m and n being integers and with m = n = 0 being the origin, as sho\\ JI in 

Fig. 2.3. The concentratIOn values satisfying the finit(' dlfference equatlOn at th(' 

grid pomts are denoted by U;:' It IS important to note that the grl(l spaCIng IllIL,,1 

be chosen to yield sufficiently high resolution In th(' dom am of interes1 
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The parabolic ion-exchange equation can be solved numerically by using an im-

plicit three time-Ievel FDS [37]. It was chosen because of its numerical stability for 

a wide range of operating parameters. Note that stability means that errors made 

at one stage of the calculations do not cause increasingly large errors as the COIIl-

putations are continued. This implicit method promises to provide unconditional 

stability. Defining 
DK a(u) = ~ 

1 - au 
the partial differential equation that must be solved becomes: 

au = ~ (a(u)au) , at ax ax a(u) > o. (2.22) 

The finite differences corresponding to the partial derivatives are presented 

below: 
au (U:::+- 1 - U~-l) 

at 2k 

:x (a(u):~) ~ ~28z(a(U~)8zU~) 
with 

The term, {Yr, is the common central difference operator [37] and can be used to 

eXlJress the second order partial derivatives of (2.22). Thus, 

~2 8x!a(U~+1/2 - U~-1/2) 1 

~2 [a(U~+1/2)(U~Tl - U;:J - a(U~_1/2)(U~ - U,~-l)l 

The elements U~-1/2 = U~ - U~_l and U~T1/2 = U~+l - Uy~ are defined such 50 

that they can be evaluated at the appropriate grid points of Fig. 2.3. Defining the 

mesh ratio r = k/h 2
, the FDS becomes 

(2.23) 
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Upon replacing the following elements, expressed in three time level form, 

= 1 (U"+1 + U" + 1 1"-1) '3 m+l m+l V m +l 

! (U"+1 + Un + Un- 1) 3 m m m 

U~_l 
1 _(Un+1 + un + Un - 1 ) 3 m-l m-} m-l 

into (2.23), it leads to the f')fmula 

un+1 _ 
on Un- 1 = 2r [a+ {(U n+1 _ U"+I) + (U" _ un) + (U"-1 _ U"-I)} 

on 3 m+l m m+l m m+ 1 m 

a- { (U,::+I - U,::~~) + (U~ - U~_I) + (U,::-1 - U;l~;) } ] (2.2·1) 

where 

+ (U;:'+1 + u;:.) a = a 
2 

(') 2') _. \.) 

and 

" (U;:' + U;:'_I) DK (2 26) 
a = a 2 = 1 - â:(U;:.. + U;;"_I)/2 

The resultant three time-level system of (2.24)-(2.26) can be expressed ill il 

convenient tridiagonal matrix form as: 

o 
o 

o 
o 

o 

o 
o 

an 
Ml-2,MI-2 

a" MI-l,MI-2 

o 
o 
o 

an 
Ml-2,Ml-l 

a Afl - 1,Ml-1 

U"+1 
1 

U"+1 
2 

U"+1 
3 

U"+1 Ml-2 un + 1 
MI-l 

RHS1 

RHSz 
RHS3 

RH S1\11-2 

RH S/l11-1 

where the lower-diagonal, diagonal and super-dIagonal elements of the matrix rail 

be determined from (2.24) as: 

2r 
--a 

3 
2r + 

--a 
3 

2r (-+- ) 1+- a +0-
3 

The RH Sm elements are determined from (2.24) as. 

U n-1 + ~ [0+ {un - un + Un- 1 - [;mn . l } - 0- {r;m" .- ['.'n' 
m 3 m-I m m~1 

](j 

~ l jn ) - un 1) fi . 
1 rrl rrt_ 



fi 

The calculation proceeds as follows: first the column matrix U~ is initialized 

with zeroes, except at the boundary x = 0 where the values are fixed at V~ = 

V:-1 = U:+1 = 1.0. Note that because of the negligible amounts of K+ ions in 

the substrate prior to exchange, V~ = O. Then, the tridiagonal matrix is inverted 

[38] at the first time step to determine U~+l. This solution replaces V;:' and the 

process is repeated for another time step until the desired time has been reached. 

A complete ftowchart of the process is shown in Appendb. 2A 

Due to the nature of this three time-Ievel scheme, the value of the concentration 

at t = k(n = 1), V;" is needed to solve for the concentration at t = 2k(n = 2), U!. 

Since only V~ is known, then a scheme to determine V! is needed. A simple 

solution to thi~ problem is to use finite dlfferences expressed for two time-Ievel 

explicit problems so that 

and 

au 
at 

au 
, ax 

(V~+l - 2C~ + U~_l) 
h2 

(2.27) 

(2.28) 

Using the expanded form of (2.22) and the above finite differences, U! is determined 

as 

[ri = Vo + rD {(V~"'l - 2U~ + U~_l) + ~ (V~"'l - U~_1)2} 
m m K 1 _ âVo 4 1 - âVo 

,m m 
(2.29) 

It seems that the three time-level implicit FDS has an advantage over exphcit 

two tlme-Ievel schemes in the solution of non-linear parabolic problerns mainly be-

cause of unconditional stability. However, as mentioned by Mitchell, the introduc-

tion of a third time level to a nonlinear diffusion problem may cause sorne trouble 

[3ï). In this work, it was found that the implicit scheme displayed instabllities for 

hlgh ô and D K values. This may be due to the fact that the term D K /(1 - â) 

becornes large as ô -; land DK increases. To standardize the stabdity criterion 

50mehow. the probram was run for various values of ô and D K and the best r val-

li 



ues giving numerical stability are shown in Table 2.2. For all other ranges, r = 1/2 

resulted in stable concentration profiles. 

An example of the concentration profile obtained for an exchange time t 1 = 2 

hours and at temperature Tl = 360°C is shown in Fig. 2.4. Note the Gaussian 

shape [12] with the diffusion depth d defined at the 1/ e point of the profile [11]. As 

seen from Table 2.2, the mesh ratio r :S 1/2 gives a numerically stable and accurat(' 

profile for these given fabrication conditions. The order of accuracy has been studlCd 

extensively by Lees [39] who proved the convergence result to be proportion al to 

(h 2 + k2
). The diffUSIOn parameters, &. and DK' were obtained from a previolls 

characterization of planar Ki- - N a+ ion-exchange on soda-lime glas5 [Il!. A~ 

reported, Il = 0.898 and the self-diffusion coefficient DK = De(TE)/4(1.17)2 =-

O.323jl m 2 /hr. [4] 

Finally, since each nonlinear problem has its own particular diffulties, the ap

parent choice between a two level and a three level method is a difficult one In thih 

thesis, the impliclt scheme promlsed unconditional stability and was thU5 chosrn 

to deal with the wide range of operating parameters encountered in purel} t}wrrnal 

exchange. Other numerical schemes, such as the two level exphcit schemé, were 

not pursued in this sectIOn, however these were explored more carefully for the 

field-assisted ion-exchange problem (sec 2.4 .2). 

2.3.3 The backdiffusion pro cess 

As mentlOned in Chapter l, backdiffusion has become an important fabricatioIl 

process used lI1 the manufacturing of passive waveguide devices. In thls techTllqu('. 

the first exchange surface K" -ion concentratJOII profile is II1troduced lIlto ci pUTe 

melt of NaN 0 3 for a diffusion time t'2 and backdiffusion temperaturc 12 Th(, 

advantage of thls process is that a buricd layer can be created below the su bstratf' 

surface thereby allowmg for more effiCient couplmg with optical fiber'- ',) 

To mathematlcally model thls process. It is necessaTy to modlf:. thf' lTJitltll 
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and boundary conditions of (2.18) and (2.19), respectively. The first exchange 

concentration at time t l and temperature Tl is now used as the initial condition for 

backdiffusion. In addition, since it is assumed that there are no potassium ions in 

the NaN 0 3 melt, the boundary condition is zero at x = O. Hence, 

un- l = un = U"+1 = 0.0 
000 

and U::,. is determined from the numerical solution of the first exchange. 

Since single-mode waveguides were of main interest, the first exchange waveg-

uides were fabflcated su ch that they propagated the lightwave only in the funda-

mental mode. Hence. TI was kept fixed at 360°C and the diffusion times were 

chosen as il = 2.0 and 4.0 hours. The time t 2 was vafled from 2 to 60 minutes and, 

for reasont> described in Chapter 5, T2 was kept fixed at 440°C [18 J wlth Ô: = 0.898 

At thit> temperature, the coefficient DK = De (TE) /4(1.17)2 = 4.391 J.lm 2 /hr. 

For numerical stabilIty, It was found that for the first exchange time t l , the mesh 

ratIO T = 1/2, but, because of the high value of DK encountered In backdiffuslOn, 

r was chosen as 0.06. The modeling was implemented on an IBM AT personal 

computer usmg Microsoft Fortran 4.0. The typical computing time for the first-

exchange sImulation with a 200 point spatial grid is about 20-40 minutes, depending 

on the exchange time. For backdiffusion, the computing time was longer, about 45-

60 minutes, mamly becah3e of the sm aller mesh ratIO which resulted in a greater 

Bumber of LlTne IteratlOIlt> An example of a burierl concentration profile IS shown 

in Fig 25 Note' the concentration characteristics, such as the location Xpwk and 

thf' ma'\.irnnm npe<lk which can be determined accurately as functions of t l and t 2 
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2.4 Solutions of the field-assisted ion-exchangc 
equation 

2.4.1 Approximate analytical solutions 

The field-assisted ion-exchange concentration profiles can be determineJ anal) tl-

cally without the need of a finite difference scheme. To find a solution, it is convc'-

nient to define the following normalized variables 

• J1KEa x 
x =--

DK 

with the appropriate derivatives being 

aêK 
ax 

and hence, (2.16) becomes 

J1KEa aêK 
DK ax' ' = 

(J1K Ea)2 8êK 
DK al' 

aêK a ( 1 JéK ) 1 aéK 
at' - ax" 1 - a:êK ax' - 1=- o:êK ax' . (2.30) 

Spiegler and Coryell were the first researchers to consider the influence of an 

externally applied electric field on the concentration profiles for the migration of 

t.vo ionic species in a cation exchange column [40 They showed that for the 

exchange of species A wlth speCles B, Cj = 1, Cr = 0, and AI = IiA/llD < .. 1,0)(' 

concentration can be represented by a step function between Cj = 1 and Cr =- O. 

This profile IS stationary relative to a reference frame movmg at velocity V o = J,,/ Cc', 

for constant current exchange. For the case of more general boundary condltlon~ 

where 0 < Cr < Cl < 1, a similar step-hke profile , .... ill develop wlth the refercIlu' 

velocity v i Va' In the subsequent analysls, the existen<..( of a statlOnary-state 

profile relative to a moving reference frame 1!:> assurned 

For constant electric field exchange, an approÀimate anal} tical solutIon can })(' 

deduced following the methodology of A bou-el-Llel for the case of constant Cur[(~T1t 

exchange [26;. The existence of such a statlOnary-state suggests that th(' spac{' and 

time variables combme mto one varIable a!:> 

17 = x" - 1/1" (2 :~ 1 ) 
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where v' is a dimensionless constant to be determined from the boundary condi-

tians. Using (2.31), one determines 

8êK dêJ( 
--=--
ôx' dT} 

and substituting into (2.30) gives 

• dé K d { 1 dé K } 1 dé K 

-li dT] = dT] 1 - aêK dT] - (1 - aêK ) dry 

Integratin~~ once with respect ta ry yields 

• ~ 1 dê KIl ( ~) 
- li CK = ~ - + - n 1 - aCK + K 

l - aCK dry Q: 
(2.32) 

where K is an integration constant. Equation (,.l .32) has two unknowns, K and v' 

which can be determined as follows. Assuming a step-like profile, we expect that, 

at both êK = Cl and êK = Cn the gradient of t}1e concentration vanishes, so that 

Substituting the above conditions into (2.32) and solving simultaneously gives 

(2.33) 

and 

K = O. (2.34) 

Using the normalizations of (2.21) and &. = Q:CI, then the differential equation (2.32) 

becomes: 
1 de 1 

-v'c= -+-ln(l-oc). 
1 - oc dry 0 

(2.35) 

To simplify the procedure, the following transformation is made [41] 

9 = ln(l - oc) (2.36) 

sa that 
de exp(g) dg 

dry 0 dry 
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and we obtain a first order separable differential equation: 

~~ = 9 + v·(l - exp(g}}. (2.37) 

An approximate analytical solution to (2.37) is detailed in Appendix 2B with the 

nomalized steady-state concentration cS expressed as: 

s exp[(l - v·)r,] 
c = ----~----~ 

1 + exp [( 1 - v·) '7] 

and upon re-instating the normalized variables, we obtain: 

(2.38) 

where the superscript S refers to the steady-state case and cI> = (1 - 1/·)J1. K Ea/Dj\, 

for convenience. This Fermi-shaped profile is shown in Fig. 2 6 for 0. = 0.991. The 

diffusion depth d is defined as the x value at the half-point of the concentration 

profile. This corresponds to '7 :..:: 0 50 that 

which is linearly proportion al to the diffusion time, t. In comparison to the resulb 

of Ag+ -ion exchange where 0. = 0 [42;, the depth d ~ J1 Ag E at Here, 1/' =- 1, which 

is a limiting case (0. -+ 0) of (2.33), as expected. 

Due to the assumptions on the boundar) conditions discussed car ber . the abovc 

solution (2.38) is approximate. In fact, thls Fermi-Dirac distnbutlOn does not sati"f) 

the initial condition as in (2.18). It only describes the state whlch the system 

asymptotically approaches for ail initial concentration profiles ]\;everthele~~\ It 

provides a first order model for the Fermi-like index profile of a surfate waveguide 

In addition, it shows that a Fermi-like function is a more exact representatlon of 

the concentration profile of field-assisted wavegulde~ compared to the step-index 

profiles quoted in the literature [5]-

Before leaving this section, it is worth mentioning that a similar analytlcdl 

model was derived by Abou-el-Llel for constant current field-as'>lsted 10Tl-exchanw' 
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[26]. The steady-state distribution êk is: 

AS (Cl - Cr) 
CK - Cr = 1 1 + exp[avo(cl - cr)(x· .- vOto) 

with 

l-a 
Vo= 

(1 - acr )(1 - aCI) 

and upon substituting the normalized variables, we obtain 

AS ( [aJo ( oJot)])-l 
cK = 1 + exp CoDK x - V ~ (2.39) 

As with solution (2.38), a Fermi profile is obtained and the diffusion depth varies 

linearly with time. 

2.4.2 Accurate numerical solutions 

In this section, we present a more ace urate numerieal solution to the field-assisted 

equation whieh uses the initial and boundary conditions of the original problem. 

The proeess was numerically modeled by solving (2.16). 

ae a ( DK ae) IlKEa oc 
ai = OX 1 - âc a x - (1 - âc) 7i; (2.40) 

where the normalizations (2.21), li = ael and the transformation (2.36) has been 

used again. Renee, 

og -li oc • 8g 
ax - 1- âc8x = -aexp(-g)-ox 

and with similar expresions for ag / at, one arrives at the equation: 

(2.41) 

The spatial domain of integration is identical to that of the pure!y thermal 

exchange simulations. The initial and boundary conditions are the same as those 

in (2.18) and (2.19), except that, in ter ms of g, they become. 

g(x,O) In(1 - âe(x,O)) = ° 
g(O,t) In(l- âe(O,t)) = In(1- â) 

g(oc,t) - In(l-âc(oo,t))=O 

23 



The numerical solution of (2.41) is based upon replacing the derivatives by 

finite differences, similar to those expressed in (2.27) and (2.28). Using T = kjh 2 , 

g~+l is determined as: 

The calculation proceeds a.s follows: first the matrix g;;' is initialized with Z('roe~, 

except at the boundary x = 0 where the values are fixed at In(1 - ô). Note agalll 

that g~ = o. Then, the finite differpnce equation is calculated for the values of g1" 

using (2.42). This solution replaces g;;' and the process IS repeated for another tirn(> 

step until the desired time has been reached 

As mentioned earlier, the apparent choice between a two level and a thn'(' 

level method is a dlfficult one for non-linear problems Bere, the two tlIne-le\'(·1 

explicit scheme was compared to the three time-Ievel implicit scheme outlmcd HI 

2.3.2, and it was found that numerical stability was achieved wh en r ~ 0.4 TIl(' 

typical computing time for the simulations with a 200 point spatial gnd is about 

60-90 minutes depending on the exchange time. However, for the Impliclt sch(,In(', 

numerical stability was achieved for a mueh smaller mesh ratio, resulting ln excessiv(' 

computation times of over 10 hours for typlcal simulations Hence, tfw, schcm{' Wd<' 

not pursued and the conditlOnally stable explieit scheme was choscH 

An example of a field-assisted lOn-exchangf' concentration profile 15 sho\', TI lfl 

Fig. 2.7 for Ea = 21.1 V Imm, t = 20 mmutes and T = 385°C t-;'ote the Ferml-lIk(' 

nature of the profile wIth the dIffusion depth d located at the half-pomt of the 

profile. The mobi!Jty j1K = 8.549 j1m 2 IV min. and D K = 001 UIG 11m2! mm Il 

values correspond mg to the TE modes we"e used ThiS value of the mobility wac 

obtained from our own characterization which is based on the measurempnl <, of 

coefficient F, and constant AI to be dlscussed in Chapter 6 

In summary, the theoretlcal tools needed to estabhsh the concentrat Ion profilf'" 

of ion-exchange waveguldes have been prescnted Thesc rcfractlv(, Inde). profl h" 
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will be used in the analysis of the waveguide propagation characteristics presented 

in Chapters 3 and 6. 

2.5 Appendix 2A 

Following is the fiowchart of the computer program DIF1 used to ca1culate the ion 

concentration profile generated by solving the diffusion equation (2.21): 

Enter the target data file 

Read X maz , Tma:r:, Ml, NI, Ô. and DK 

Read initial concentration profile 

Calculatf' U;'" by explicit scheme 1 

Read the left boundary condltio~ 

Initialize tridiagonal and column matrices 

Solve tndiagonal system 

Replace U~ by U~+l and take a time step 

25 

1 



2.6 Appendix 2B 

Following 15 the detailed derivation of the analytical solution: 

Starting with equation (2.37), we sepa1ate the variables and integrate: 

f _--,,-dg __ = ! dT] 
9 - v' exp(g) + v' . 

(2.43) 

However, the integral on the left hand side cannot be integrated easily and hencc, 

a series solution for the exponential term is used to simphfy integration. Sincc, 

g2 g1 
exp(g) = 1 + g + - + - + ... 

2 6 

then by taking the first three terms, (2.43) becomes 

f dg - ! dry 
g(A - Bg) -

where A = 1 - Il" and B = Il" /2. Using partial fractions, we get 

J dg 1 f dg B! dg 
g(A - Bg} = A g- + A A - Bg 

and upon integrating, 

~ ln [A! Bg 1 = T] + InAK 

with K being an arbitrary constant of integration. Hencc, 

g 

( ) 
= exp(Ary) 

K A - Bg 

and adding unit y 1,0 both sides, 

KA-KBg+g 

( B) 
=l+exp(AT]). 

K A - 9 

Now, setting K = 1/ B, the expression for 9 becomes 

Bg _ ( lA ')-1 1 - A - 1 + exp, T] J • 

(2.44) 

Re-instating g = In(l- &c) and knowmg that 1 - 0. ::; 1 - oc ::; 1, (since 0 ::; c ~~ 1). 

then the first term of a series for the loganthm can be used' 

9 = ln (1 -- o.c) ~ - ne 
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yielding 
âBc 

1 + A = (1 + exp[A17])-l 

so that finally, we obtain 

c = 2(1/· - 1) { exp[(I- 1/·)71] } 
âv· 1 + exp[(l-v·)71] 

(2.45) 

It must b noted that the above solution is not very aeeurate beeause we only con-

sidered the first few term of the series expressions. However, this greatly simplifies 

the :ntegration and allows for a closed form solution. 

In addition, for the exponential series to be accurate, we should have 0 < g < 1. 

Sinee 0 :::; c :::;: 1, then the series argument, In(1 - â) < 9 < 0, with In(1 - â) = 

-2.22G. Strictly speaking this is not appropriate for the two term expansion of 

(2.44). This inaccuracy is displayed in the term multiplying the Fermî-like profile 

of (2.45) which has a value greater than 1. Bence, the approximate analytical 

solution cS is normalized with respect to this term. Further investigation of a more 

accurate analytical solution is needed. 
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Silicon 
Oxygen 

Sodium 

Figure 2.1: Structure of a typical soda-lime glas~ (sec ~24:) 

Oxide Substrate glass i 
(weight %) 

Si02 72.31 

1 
Na20 14.33 
K 20 1.21 

1 CaO 6.44 
Al20 3 1.22 

1 
MgO 

1 
4.31 

Table 2.1: Chernical composition of a soda-lime substratc 
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A = K + 

8 = Na+ 

+ 

Positive 

Half-cel! 

Glass Substrate 

(0) 

(b) 

Negative 

Half-cel! 

Figure 2 2 Dlagram showmg the iOl1-exchange process for (a) purely thermal ex
change (b) field-assisted exchange 
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T " 

n 
( X,T ) 

t 
l 

1 

o -h-

o 1 m x 

Figure 2.3: Computation al grid for the numerical solutIOn 

&. DK(Jlm2/hr.) T 

0.898 0.7 0.500 i 
0.898 2.0 1 0.250 ; 
0.898 3.0 0.167 : 
0.898 4.0 0.125 
0.898 5.0 0.100 
0.970 0.7 0.250 
0.980 07 0.167 
0.990 0.7 0.100 

1 

0.999 0.1 
1 

0.050 1 
1 

0.999 0.4 0.014 1 

0.999 0.5 
1

0014 i 

Table 2.2: Typical values of diffusIOn parameters yielding numerical stdbdlt~, 
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A SURFACE WAVEGUIDE PROFILE 
1.0~----------------------------------~ 

W 
-l 
G: o 0.8 
0::: 
a.. 
x 
w 0.6 
Cl z 
o 
W 
N 
-l 
< 
:::?E 
0::: 
o 
Z 

0.4 

0.2 

t1 = 2.0 hours 

O.O+-----r---~r_--~~~~-----+----~ 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 

XCum) 

Figure 2.4: Numerical solution for a purely thermal surface waveguide 

A BURIED WAVEGUIDE INDEX PROFILE 
0.15 -

~ ~=pea~ 
LL o 0.12 
(Y

LL 

[J 0.09 -
o 
z 
o 
w 0.06 
N 
-.l « 
~ 0.03 
o 
z x-peak 

t1 = 2.0 hours 

T1 = 360°C 

t2 = 0.5 hours 

O. 00 -t---+---tl--L--+--I-I -t--I--t----.:.:J= ....... --I--_-J 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 
X (tLrn) 

Figure 2.5: Numerical solution for a purely thermal buried waveguide 
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Approximate analytical solution 
1. fJ ,-----=:=::=----------------1 

c: 
o 

:;::; 
o 0.8 
L 

4-' 
c: 
Cl) 

g 0.6 
o 
u 

] 0.4 
N 

o 
E 0.2 

LX = 0.892 

c
t
= 0.9 

~ 0.0 +.1 ---+---lII----+----+-1 _d~_-+ __ -=::p::==-'"1"-~ 
-5.0 -3.0 -1.0 1.0 3.0 5.0 

'" '" t'" 1J=X-li 

Figure 2.6: AnalyticaI solution for a constant electric field-assisted surface guide 

c 
o 

+-' 1.00 +--------
o 
L 

+-' 
C 
Q) 

U 
C 
o 

U 

0.80 

0.60 
~----------------

"'0 
Cl) 0.40 1 

N 1 

J.1- K = 8.549 J..Lm~V min 

Ea= 21.1 V/mm 

t = 20 min. 

T = 385 Oc 

~ 0.20 d 1\ 
z 0.0 0 +--t---t---t--+-,-t---_+--l~_+____1f__~~__I 

0.0 4.0 8.0 12.0 16.0 
X (J1m) 

Figure 2.7: Numerical solution for a constant electric field-ai>~lsted ~urfdC.(: guidf' 
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Chapter 3 

Waveguide modeling and design 

3.1 Introduction 

In the following sections, the theoretical aspects of the waveguide propagation char

acteristics are presented. The modes of propagation of optical waveguides fabricated 

by the methods to be presented in Chapter 4 are derived using Maxwell's equations 

and solved by numencal and analytical methods. The normalized propagation 

constants (also known as the effectIve mode indices) are related to the waveguide 

depth by the dIspersion relatIOns These are used to design single and multimode 

waveg,uides. 

3.2 Basic principles 

3.2.1 Planar structure 

The planar waveguide structure of Fig. 3.1, which has a higher refractive index n (x) 

th an its wrroundings, can be used to confine and propagate a lightwave along its 

propagatIOn axis ln the z direction The geometry is asymmetric since the substrate 

index nb is not the same as the air-cover region, no = 1 O. The inhomogeneous 

refractive mdex distnbution n(x) can be written as 

n(x) = rlb T t::.n~J(x) (3.] ) 

where ~71 .• = n(a) - nb is the maxImum mdex change and J(x) is a simple analytl( 

function describing the shape of the index profile For the waveguides consldered 
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here, the index change fabricated by K+ -ion exchange !1n~ « 1 [11], 50 that 

2( ) = { nt + 2nb~naf(x) x ~ 0 
n x 1.0 x < 0 

3.2.2 Scalar Vv'ave equations 

(3 2) 

Assuming that the waveguides are isotropie, free of impurities and non-magndic 

sources, Maxwell's equations are: 

\7 x if - J'wâf 

V x E+iwpJi 

o 

o 

o 

(:{.3) 

PA) 

(3 [)) 

(3.G) 

with the fields having an exponential tirne dependenee exp(Jwt) Takmg thc eurl 

of (3.4) and replacing (3.5) in the result, the veetor Helmholtz equatlon for i} cali 

be derived as: 

(3 7) 

and similarly for H: 

(3 H) 

l'\ote that the ln(f) term does not vanish sinee the inhomogeneous dlelcctflc t('fIIl 

f(X) = fon2(x) is a funetion of x only. 

A planar waveguide mode deseribes a set of electromagnetie field~ whieh Sdtl<;f} 

Maxwell's equations and the appropflate boundary conditIOns Thesc field~ malTl-

tam their spatia! distribution while propagating along the z dlrc('tlOIl. assurnlIlg 
~ ~ 

waveguide uniformity in z. Thus, the magnitude of the E and lJ fieids tahf' the 

form: 

{ 
E(x,y,z,t)} {E(X,Y)} (t (3) = exp) w - z 
H(x,y,z,t) ll(x,y) 

where (3 defines the propagation constant of thf' mode Smce the Index along tlH 

y àireetion does not vary, th en ail the deflvatives wlth respect to 'IJ vanis!J 1 (. 
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a / ay = 0, These planar waveguides support. transverse electric (TE) modes with 

El/l = 0, and transverse magnetic (TM) modes with Hz = O. For TE modes, the non

trivial field components are (Eu, Hz, Hz), while for TM modes, the components are 

(HII , Ex, Ez)' The governing partial differerntial equations satisfying these planar 

waveguide conditions now become: 

o (3.9) 

= 0 (3.10) 

The solution of the above equations can become fairly complex owing to the 

fact that the In(€) tenn becomes complicated for general index distributions n(x). 

Fortunately, however, this term becomes negligible if [43] 

v(ln() = 'Ç( = dn'2(x)/dx = ;nbb.n.df/dx ~ 1 2.6.n.df/dx 1 «1 
( n2(x) n b + 2nbb.n.!(x) nb 

(3.11) 

For the optical waveguides considered here, df / dx is bounded, D. n./ nb « l, and 

hence, (3.11) is welljustified. Due to this weak guidance condition, the 'scalar wave 

approximation' [44; is applied to the followmg Helmholtz equatlOns. 

(3.12) 

where k~n2(x) = W
2I1o€(X), ko(= 271 / >-0) 15 the free space wavenumber, and 

rf, _ { E!J TE mode 
. - Ex = HII/n(x) TM mode 

The above eigenvalue equations can be sohed ta obtain the modes of the waveg-

uide with the appropnate boundary conditions The eigenvalues or propagation 

constants, p, are soIved numerically for graded-index waveguides in the next sec-

tlon. 

3.2.3 Exact solutions for step-index profiles 

For the speCial case of surface waveguides fabricated by field-asslsted exchange, the 

inde:\. profile has been shown to be step-like [15,45' wlth film index. ni, as shown 
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in Fig. 3.2. The well-established relations for such slab waveguides can be solved 

by applying the continuity of the relevant field components to ob tain [46]: 

~l + 4>2 + m7r 
d = V ' m = 0, 1,2, ... 

ko n} - N; 
(3.13) 

where 

4>1 = tan-
1 (X'J(N; - nD/(n} - Nn) ;4>2 = tan-1 (XJ(N; -1.0)/(n} - Nl)) 

(3.14) 

and 

TE modes 
TM mo,-es { 

1 TE modes 
X = n} TM modes 

ne effective index, Nt) of the mode is defined as the normalized propagation 

constant, Ne = f3 / ko. These step-index dIspersion curves will be cornparrd t 0 

those generated by a more accurate Fermi distribution ID Chapter 6. 

3.2.4 Approximate solutions for graded-index profiles 

The WKB method can be used to obtain approximate solutions of the HclmllOlt:l 

equation for the modes of profiles with slowly varying graded-IDdex n(x) Thi" 

method is well-knowTl, especlall) in the quantum mechamcs hterature. and lts ap-

plications to planar waveguides has been dJscused by man)' researchers [5,. MOT<' 

recently. Vip and Albert used the WKB dispersion relation to characteriz(· 1\" -ion 

exchange surface waveguides ~ 11 J' 

For planar surface guides, the WKB mtegral relation 

1- d r x, 1 2 ( A ) N 2 d A _ ( ,1 ) + A. ""U V n x - e X - m T - 71 '+'~, 
Jo 4 

m = 0,1,2 ... (3 15) 

with 4>s = <P2 of (3.14) (wlth nf replaced by n~), x = x/d, and Xt IS the turrllng 

point defined by n(xd = N, 

For planar buned waveguidet>. the effectIve indlce~ can be found for the buriul 

refractlve index profile J(x). characterized by the locatIon xpeak and th€' rnaXlIflllTJ 1 
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index npealc' The WKB dispersion relation for a two-turning point buried profile is 

[49], 

(3.16) 

and it will be used in Section 3.4 for the design of single-mode guides. The dispersion 

curves for the buried guides are not generated by this rnethod They will be 

analyzed by a more exact numerical method in the next section. 

3.3 Numerical solutions of the scalar Helmholtz 
equation 

3.3.1 Background 

The propagation constant and the transverse modal field distribution can in general 

be obtained from the solution of the scalar Helmholtz equation. However, except 

for a few refractlve index profiles such as exponential, analytical solutions do not 

exist. Hence, one uses either approximate methods such as the variational method 

and the WKB method or uses numerical methods to obtain the solution [4i ,48;. 

It has becI\ shown that the WKB method docs not give accurate results for lower 

ordC'r mod('~ and for cutoff ~. numbers [49). This fiaw can cause inaccuracJes III 

single-mode design wherc the T Eo and l'El mode cutoffs are crucial. Hence. one 

must try another method to obtain more accurate cutoffs and dispersIOn cun e~, 

esp('çiall) for single-mode waveguides The numerical method that seemed to sug-

gest pron1lSmg results 15 outlined in a paper by Kaul [50;. They used a simple 

Runge-Kutta technique after transforming the Helmholtz equatlon into a first or-

der linear (Ricdttl) differential equation. These authors found more accurate cutoff 

and effcct Î'V A index values than by using WKB. 

3ï 
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3.3.2 Computation of the effective mode indices 

Using the definition of the effective index, the Helmholtz equation (3.12) hecomes 

(3.1 ï) 

with € = x/do The solution of Nt for the fundamental mode can he determined as 

follows. By making the transformation 

G = ! d<jJ 
<jJ dE 

(3.17) reduces to a first order Ricatti equation: 

(3.18) 

which can be solved with appropriate houndary conditions. In order to obtain th<' 

boundary conditions on G, we observe that for TE modes, both 4> and d4>/df. are 

continuous everywhere. Thus, G is continuous everywhere. In air (f. < 0), (3.1 ï) 

becomes: 

with general solution 

Since the modal field must vanish away from th r surface, then <jJ - 0 as ç -, -- oc, 

50 that the second solutIOn must he rejected. leaying us with 

Bence, the boundary condition on G is 

(3 19 J 
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However, for TM modes, H" and n 2(E)dH,,/df. are continuous everywhere, sinee 

4> = lI,,/n(f.), and thus 

H,,(f. = 0+) _ H,,(f. = 0+) 

n(f. = 0+) Jnl + 2nbD..n,/(0+) 

HII(f.=O-) <I>(f.=O-) 

Similarly, 

and thus, 

Sinee the refractive index saturates to nb far into the substrate (i.e. f. -+ f.a, Ça -+ 

00), the field is expeeted to tend as eXP(-kadJN; - n~ç) and thus, 

(3.21) 

Renee, for a planar surface or buried waveguide with given values of ka, d (or 

Xpeak), n" D..n~, and 1(0, the yloblem of computing Ne for a particular mode 

reduces to solving the differential equation (3.18) with boundary conditions given 

by (3.19) or (3.20) and (~.21) 

3.3.3 T Eo and l'Mo modal fields 

The numerical model is also useful for deducing the transverse modal fields EII 

and H~ as functions of ç. These field distributions are needed in overlap integral 

calculatlons of coupling efficiency so as to determine the insertion loss between 

optlcal fibers and buried waveguides. Such plots are quite helpful for eomputmg 

th<, field wldth. H'. defined as the width at which the field amplitude reduces to 

1,' e of ItS peak value. 
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Since 4> satisfies a linear differential equation, the solution is unique apart from 

a constant multiplier. Renee, without 10ss of gellerality, we may assume the field 

to be unit y at the air-guide interface (i.e. <jJ(0) = 1.0). Since, 

d4> 
df. = Gfj>, 

then the separable differential equation can be solved at any arbitrary value of ~ 

as: 

(3.22) 

Once Ne is determined, the integral is computed flumerically using Simpson's rul(> 

[38] with the integrand G(Ç') obtained from the solution of (3.18). Thus, the modal 

field EI/ or Hli can be plotted as a functlOn of ç. 

3.3.4 Numerical methodology 

EquatIOn (3.18) can be solved numerically by using a fourth order Runge-Kutta 

method [38; as follows: 

(3 23) 

with 

k1 hr(ço, Co) 

k 2 ( h kl) hr Ço + 2' Co + 2 

k3 ( h kO) hr Ço + 2' Co + ; 

k4 hr(ço+h,Co+k3) 

(3 24) 

where Cl is the value of Cafter a step of size h has been taken Go is the boundary 

condition expressed in (3.19) or (3.20). The functlOn r(ç, C) represent'-. thC' r1r,ht 

hand side of (3.18) The associated truncatlOn error lS '"" h 5 and, for ft - 000,) OJJ(' 

expects accuracy of seven or elght declmal place~ 
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The differentîal equation for G must be solved simultaneously while 'shooting' 

[381 for the boundary condition at infinity (3.21). This transcendental equation can 

be tackled using the Secant root search method [38]. The accuracy of the solution 

depends on the value of éo which can be chosen arbitrarily. Thus, before solving 

(:t20), one has to choose a value of éo and h' (' lIlltial guesses for Ne. These two 

values are related in the sense that ," ,- not sufficiently close to the true value 

of Ne (which must be detern" solution ma)' blow up even before ç reaches 

éo' Henct!, the corr('( 1 of the initial values of Ne and Ço is quite important 

in the analys\' :" l he following steps have been taken to solve the problem: 

iii \ 'bouse a low enough value of Ço, say 1.0 :; Ço S; 1.5, and two initial guesses 

for Ne (nb < Ne < nb + 6n~). The step size value h in the Runge-Kutta 

scheme is 0.005 and the new value of Ne is determined by the Secant method . 

• Increase the value of Ço by 0.1, using the Ne obtained above as the initial 

guess to solve l\'e with better accuracy . 

• The process is repeated until the desired accurac) of Ne (about 1 x lO-G) 15 

reached. 

These stcps can be easily prograrruned to determine the effective index of the mode 

and its field profile. Typical computing times for these simulations, which depend 

on the chosen value of h, ranged from 20-30 minutes. The fiowchart IS presented in 

Appendix 3A 

3.4 Design of single and multi-mode waveguides 

3.4.1 Introduction 

ln gen('ral, the number of guided modes in optical waveguides can be derived using 

(3.15) and (3.16) The resultmg analytical formulas are simple and can be readily 

used for the single-mode design of planar and channel K"t" -ion exchange wavegulde 

devlces 
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3.4.2 Step-index profiles 

For the step-index guides, a convenient expression can he derived using (3.13) at 

the cutoff condition, Ne = nb [52], hecoming: 

(3.25 ) 

Since 6.nf <t: 1, then n} - n~ = 2nb6.nJ, resulting in the simple relation for thr 

numher of TE or TM modes 

(3.26) 

where 1 NT represents the next largest integer. 

3.4.3 Graded-index profiles 

For graded-index surface wa\eguides, a similar design formula can be derivcd In 

this case, the cutoff condition, n(xd = Ne = nb forces the turning point to infini!} 

(Xt -+ oc) [53; sinee the substrate index, nb, is loeated far from the locatIOn of th(' 

index peak. Renee, using b..n~ <t: land n; - n& = 2nbD.n~j(x), one obtains an 

expression for the number of guided modes from (3.15) as: 

m = INT {~~ V2n bb..n, 10
00 

\/j(i)dx -.; tan- 1 (x/(n; -l.O)j(n; - n;)) 4- ~}. 
(3.2ï) 

The function j(x) ean be used to cvaluate the intpgral analytieally as will be shown 

in Chapter 6. This allows for a convenient formula which 15 useful for designing 

single-mode waveguides. 

The number of guided modes in a buried waveguide can be detcrmined, glven 

the refractive index profile J(x), the location Xptak and the maximum index chang(> 

L\n~. Using (3.2) and (316). with the turning points, XII == 0 and XI, = oc, and 

knowing that b..n~ « l, wc get 
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Once f(x) is estahlished more exactly, (3.28) can be used to determ:rJe an analyt

ical relation for the design of single-mode planar waveguides, as will he shown in 

Chapters 5 and 6. 
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3.5 Appendix 3A 

Following is the flowchart of the computer program NEBUR used to calculate the 

effective fundamental mode index for a buried waveguide: 

j 
1 Enter nb, ~n" Xpeak and other profile parameters 1 

IChoose 1.0 ~ ~o ::; 1.5 and two guesses for N.I 
-4 

1 

1 Root search for 'new' Ne while 'shooting' for G(oo) 1 

1 Increment ~o = ~o + 0.025] 

Ils IG(~o - G(oo)1 < 1O-6 ?j No 

YE..S 

1 Print Ne and Çmax 1 

! Stop 1 
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Chapter 4 

Fabrication and Measurement 

4.1 Introduction 

The fabrication and measurement techniques of planar optical wavcguldes ar(' dt,· 

scribed in this chapter. The experimental apparatus used in the processcs of purely 

thermal and electric field-assisted ion-exchange are presented together wlth HH' 

microanalytical measurement techniques of the K-4- -IOn concentratIOn. Fmally, op

tical measurement methods to determine important waveguiding charact('ristics are 

described. 

4.2 Purely thermal waveguide fabrication 

4.2.1 Preliminary considerations 

In addition to the general properties mentioned in Chapter l, the host gla,>" su 11-

strate must meet sorne desirable compositional : 2quirement5. These include 

• high transmittivity over a wide wavelength region (060 to 1.60 1l1n) W Il<'r<' 

the lo\\' loss and low dispersion windows of optlcal fiber are avadablt' 

• 10w lasses which can be achieved by the removal of forelgn impuritles, surfa( (' 

defects and by makmg the glass homogeneoU'o 

These reqUlrements should be targeted for the Ideal host glas~, yet no "tan dard 

glass compositIOn has been agreed upon yet b) mternatlOnal re~('arch('r' ') Irl 
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fact, most commercial manufacturers of 10 glass components such as Corning Inc., 

fabricate their own 'in house' substrate. 

The substrate used in this work is a commercially available Fisherbrand mi

croscope slide composed of soda-lime silicate glass (see Chapter 2). Manufactured 

by the Fisher Scientific Co., the slide dimensions measure 75 mm x 25 mm x 1 mm 

and it has a good surface quality. The main advantage in using thls su bstratc is 

that it 1S very cheap (approximately $0.30 peT substrate as of May 1990) compared 

with specially manufactured optical quality glass such as BGG21 [54] However, it 

is not of high enough optical quality to be used as a substrate for the demanding 

low-Ioss performance of commercial 10 devices. Nevertheless, the soda-lime glass 

sI ides used here provides sorne of the desirable qualitles mentlOned earlier and are 

ideal for research applicatIOns. 

4.2.2 Substrate cleaning 

The microscope slides are packed 'pre-cleaned' in sealed boxes but they must be 

cleaned thoroughly if they are to be used as substrates. This step is compulsJry so as 

to a\'oid contamination of the melt and subsequent diffusion of forelgn impuritics 

into the waveguide layer. In addItion, the surface must be defect-free becau~e 

imperfections as srnall as a fraction of a wavelength of the light source can cau~e 

scattering losses. 

The cleaning procedures are perforrned in a suitable clean-room environment. 

The slides are rmsed in Rowing deionized (D.l.) water and then blown dry with ni

trogen. Using soft cotton swabs, they are cleaned in a dilute non-abrasive ~parkleen 

detergent solution and nnsed again with D.l water Then, they are placed in an 

aluminurn holder for furtheT cleaning steps that include. 

1 a 3 minute wash ln an ultrasonic bath contammg a fe\\' grains of detergent in 

300 ml of D.1. water, 

2 d rinse III ft 0\\ mg D.I \\ ater. 

47 



3. a 3 minute ultrasonic wash in D.1. water, 

4. an organic cleaning which consists of placing the holder in an empty beaker 

containing 20 ml of 2-propanol and then capping it with a Pyrex dish. The 

setup is then placed on a heating plate so that the vaporizing alcohol condense~ 

on the substrate resulting in a cleansing action that is effective for orgdIlI< 

decontamination, 

5. a final rinse in D.l. water 

Note that one must choose a cleaning procedure that is not too agressive since it 

may damage the surface polish. 

To assess the substrate cleanliness, a simple Inspection technique known as the 

water break method is used [4G, If the silde is free of orgamc residue, the D 1 

water wets the slide evenly and e\aporates slowly, showmg mterference colours a'> 

the layer thins out. \Vhen judged clean, It I~ blown dr) aT1d placed III a drying 

oven kept at 80"C for about 10 minutes to ensure that it IS completely dry befort' 

ion-exchange. 

4.2.3 The ion-exchange environment 

In this study, pure potassium nitrate (KX0 3 ) and sodIUm nitrate (lVa]\'O:l) ~alt 

crystals were used as the iomc sources for the 1\- and A a- Ions, re'3peet l\'(~I:. 

Sinee the melting points a~e qUit!:' hlgh (334'(' for K"';O" and 30ï"C for À'aNO.l) 

[55], a fumace if:, needed TIl{' Lmdberg cruclble fumace hafl a vertlcéil core and 

a thermocouple controlling the ternperc1ture 1Il the 200 - 1200"(' rang(' to \\'Ithlll 

laC. The K N03 crystals arc placed 1Il cl stalT1le~~ steel crllClblc mSlde the fUrrld(t' 

which is closed at the top by an asbesto~ co\er \\l!en melted, the KN03 OCCUPIt"

about 200 ml. Two substrate'3 arc held III a st('('1 chp whlch 1" attached to the elld 

of a brass rod that emerges frorn a small hole lTl tht" co\'er Thus. the ~1!(Jc." CdT! bt 

lowered mto the melt wlthout opemng the ,o\('r 
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------------------------------------------------------------------------

4.2.4 Fabrication procedures 

The purely thermal first exchange surface waveguides are fabricated as follows. The 

substrates are taken from the drying aven using plastic gloves and placed in the steel 

clip which holds them in the furnace. The setup remains suspended over the melt for 

a warm-up tIme of 10 minutes so as to bring the slides in thermal equilibrium with 

the melt avolding any thermal shock. They are then lowered slowly into the K N03 

melt for an exchange time t l' Once the time has elapsed, they are raised from the 

melt, the setup is removed from the furnace, and the substrates are coaxed out of 

the clip using steel calipers They fall into a soft bed of tissue paper where they 

are allowed to cool for about 20 minutes. Since sorne residual K N 0 3 recrystallizes 

on the glass surface during coolmg, the slides must be washed clean of the salt in 

running D 1. water before they can be measured. 

To fabricate buried guides by backdiffusion, the surface guides (fabricated at 

Tl = 360°C for tIme td are subjected to a similar process in NaN03 at T 2 = 440°C 

except that the \varm-up tlme IS reduced to 2 minutes. This was done to prevent the 

index profile of the surface gUide from being modified br annealing Furthermore, 

thls short tnrle IS enough to bring the sample in thermal equilibnum \\ lth the mclt. 

4.3 Electric field-assisted waveguide fabrication 

Thi5 IOn-exchangf' proces~ IS much more complicated than the purel}' thermal and 

desrrves ItS own sectIon ln thls thesls. This technIque is new to the McGill Guided 

Wav(\ Optles laboratory but has been used in other research institutions worldwide 

[ 15,5G; 

4.3.1 Experimental setup 

The configuratIOn used for the fabrication of optical waveguides by the field-assisted 

IOn-eXthange process ie; bae;lcally comprised of three structures 
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• the electrodes and their support 

• the molten salt support 

• the external electrical equipment 

The electrode configuration (see Fig. 4.1(a)) is comprised of two 'e' shapcd 

stainless steel (S.S.) blocks which have been milled to form half-cells for holding the 

K N03 melt [56]. Note that most of the steel which cornes in contact wlth the salt 

is stainless so as to avoid contamination. They are placed facing each other with 

the glass substrate and Teflon isolation sheets sandwiched between th cm The two 

holes in the corners of the electrodes are used for attachmg Tefton-protected wires 

to form positive and negative potential. The electrodes are held together by two 

S.S. plates which are connected with seven S.S. screws and bolts (see Fig 4.2) 

At the top of the electrode configuration, a fiat alum;num plate IS uscd to 

support two S.S. cones which are used to funnel the salt mto cach half-cell. Thl'> 

plate is fastened to the two S.S. plates b) brdchcts The melt IS held in two S S 

cylindrical containers which he just above the cones and arc supported b:, a T

section with wire levers (sec Fig 4.3) 

The electrode setup, up to the aluminum plate, is put into a tm can and filled 

with sand for thermal isolation. This is important to avoid thermal shoc k and 

subsequent crackmg of the substrate during the cooling prOlesC; ThiS can and the 

whole apparatus is placed ln an alurrlinum cylmdcr \VlllCh IS thcn put !Tl the vcrtl( al 

furnace. An asbestos hd with a ho le in ItS center (for the emergmg \\ IfC") 1" uscd to 

cover the furnace top The wires are connected to the cxtC'rnal electnc,d equlpnH'llt 

whlCh include a voltage controlled D C. power suppl) and a current meter a.', showli 

in Fig. 4.4 The current meter has a variable DC (mA) current range alld th(, 

voltage source is mternally protected agamst short Clrcult5 A full li"t of th(' IdIJ 

materials needed IS shown m the Bdl of Matenah ln Table 4 
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4.4 Fabrication procedures 

The fabrication procedures are described below in list form as follows: 

1. Preparing Teflon sheets : These sheets are needed to electrically isolate the 

electrode and substrate. Two lU' shaped pieces and one rectangular piece are 

cut, as shown in Flg 4.1(b). 

2. Electrode sandwich' The rectangular sheet is placed on one S.S. plate. Then 

one electrode is put on top of it, followed by a lU' sheet, the glass substrate, 

another lU' sheet, the other electrode and the other S.S. plate in a sandwich

like process. Ensure that the smooth part of the glass substrate is faring the 

positive electrode. Also, the S.S. plates should always be fiat and smooth; 

polishing paper should be used when needed. The seven S.S. screws and bolts 

are inserted in the plates and tightened gently. Tightening too hard will cause 

the substrate to crack during cooling however, if the setup is too loose, the 

molten salt will leak into the sand. PracticE' is needed to develop the correct 

tightness. 

3. One Teflon-coated wire is fastened by screw onto the electrode which has been 

isolated by the Teflon sheets. 

4. Then the fiat aluminum plate is fastened to the S.S. plate by four small screws. 

The other wlre is now screwed to the small ho le on the S.S. plate which is in 

contact with the other electrode. 

5. At this point, a short circuIt check is needed. This is done by connecting the 

two Teflon-coated wires to the positive and negative terminais on the power 

supply A low arnrneter readmg of about 0.01 mA signifies good electrical 

isolation. 
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6. The two cones are placed in each half-cell and the whole setup is placed in a 

tin can which is subsequently filled with sand using a plastic funnel. 

7. The melt containers are then filled with K N Os crystals using a teaspoon to 

about three-quarters capacity. 

8. This whole configuration is th en fitted into the special aluminum cylIndcr and 

then placed carefully in the fumace using a U-shaped wire. The furn3cc is 

covered with the lido 

9. The electric circuit is completed as shown in Fig. 4.4. 

ID. The furnace is turned on and a waiting period of about 2.5 hours is n("eocd 

for the temperature to reach 385°C. 

11. After this time, the lid is removed and the containers holding the molten salt 

are tilted by using the wire levers and a steel caliper 50 that the salt is poun·d 

into the cones. Cotton gloves should be used to avoid any burns 

12. After p0_ring the melt, the cones are removed immedlately The volta~.(' 

source is turned on and the ammeter begins recording the ionic current III 

desired intervals of time If a short occurs, the voltage will be low and tht· 

current high. Turn off the furnace and voltage source and return to stpp 1 

after the furnace has cooled clown 

13. When the exchange time IS reached, the power supply and furnace arc turned 

off and the asbestos !id is removed by placing it near the side of the furnau' 

opening A steel caliper is helpful for removmg the bd 

14. Wait for ten minutes. ThiS step aVOlds thermal shock and subsequent crach-

ing of the substrate However, it means that the v.aveguides are stIll belllg 

mfluenced bl' ion-exchange ThiS step must be mcluded in the cO!l((>nl rd-

tion profile modeling (sec Chapter 6) and the' ternperature Wcl.' rnca..<':uf(·d l() 

mœ 



be T = 379°C. Future improvement of this step is needed to simplify the 

process and the index profile modeling. 

15. Finally, the whole setup is removed from the furnace using the U-shaped wire. 

The cooling time is about one hour. A graph describing the total diffusion 

process is shown in Fig. 4.5. 

4.5 Ion concentration measurement 

4.5.1 Introduction 

The direct measurement of the dopant concentration profile is an important step 

in the fundamental characterization of optical waveguides. Analytic tools such as 

electron or ion probe microanalysis (EPMA), scanning electron microscopy (SEM), 

or atomic absorption spectrometry have been used for ion-exchang,e waveguides [51. 

In this thesis, two such techniques (SEM and EPMA) have been used to study the 

chemical constituents and concentration profiles of the glass waveguides Another 

technique is to use optical measurements (described ln Section 4.6) ta determine 

indirectly the best fitting refractive index profile. Bere, the index profile is assumed 

to be a rephca of the concentration profile. 

4.5.2 Wavegl1ide preparation 

Before the waveguldes Cdn be analyzed for the SEM analysis, they must be prepared 

in a speCial way. The samples were first mounted edge-on in a mold cup which was 

then filled with a resm-based compound. This compound was then cold-cured in a 

pressure vessel for about 30 minutes. Then, the samples were ground and pohshed 

on a vanable speed polishmg machme in the following manner: 

• a 400 grit bronze dlsk for 2 minutes at 15 psi 

• a 600 grit bronze cllsk for 45 seconds at 15 pSI 

• a 9 micron compound on an aluminum (Al) disk for 2 minutes at 40 psi 
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• a 1 micron compound on an Al disk for 1 minute at 40 psi 

• a colloidal silica liquid on an Al disk for 30 seconds at 40 psi 

The polisher was set at 100 rpm speed. This pohshing procedure provided a smooth 

surface and a strong edge retention which 15 important since most of the waveguidC' 

region is within 10 microns of the edge. Fmally, the samples wC'rf' carbon coated 

with a 50 Athin film to prevent chargmg of the sample during the analysis 

For the ~PMA, only the wavegUlde side of the glass surface wa.c; analyzed and 

hence, the preparation was much simpler. The samples only had to be cut into 

3 X 5 cm pieces so as to fit into the special EPMA hoider and then carbon coated, 

as before. 

4.5.3 Scanning electrol1 microscopy (SE1\tI) 

The SEM can be used for determinmg the concentration profile in two ways. One 

approach is to analyze X-rays (known as energy dispersive spectroscopy, EDS) char

acteristic of the desired ion or, alternatively to study the back-scattered electrons 

(BSE's) originatmg from the sample [Si). Both have been successfully used to 

measure Ag+ concentration in soda-hme gla~s waveguides. 

Here, the SEM-BSE approach was studled, for the first time, for K"'" concen

tration profill?'i [18j. The JEOL TSM-300 was used for the experiments and its 

operating procedure is descnbed ~ follows An electron bearn was focused onto a 

small area of the sample close to the edge. A solid-state BSE detector was used a.':> 

shown in Fig 4.6. By lme scannmg within 10 J.1m near the edge of the poll~l)pt: 

end-face of the sample, a good innication of the concemratlOn I~ ObtdlT1Pd by th(· 

BSE intensity profile. The yleld of these electrons, w1llch depends on the back':>cat

tering coefficient, is generally found to mcrease with ITIcreasing atomic numbpr EiK 

In a homogeneous mixture of several element~. hke glass. the composite coefTj( lent 

depends on each pure element's coefficIent and Its welght fractIon In th(>~(' <;,unple'-. 

the waveguide region lE' composed of a rn'xture of Ions such a5 K-, 1\' (J' 's'l4. ,1.lld 
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Ca2+ found in oxides. Since the atomic number of potassium is higher than the rest 

of the ions, except for calcIUm, and its weight fraction is considerable in the guiding 

region, the contribution of K+ ions to the yield of BSE is dominant. To obtain a 

good BSE-SEM image with a solid-statê detector, it is important to have samples 

with minimal surface roughness and fine edge definition. The surface of the sample 

should be perpendicular to the scanning electron beam and parallel to the detector 

[59]. These conditions are achieved using the polishing methods described in 4.5.2. 

4.5.4 Electron probe microanalysis (EPMA) 

The electron microprobe has been used successfully to measure the Ag+ concentra

tion and Inore recently, the K+ profile [5]. In this method, X-ray photons emitted 

from the sample are analyzed for their chemical composition. 

In this thesis, a quantitative electron microprobe analysis [60; in 'line mode' 

wa.c; conducted to study the glass substrate and waveguide compositions just at the 

samples' surface The CAI\fECA electron microprobe was used for the experiments 

and Its operation IS explamed as follows Similar to the SEM, C.n electron beam IS 

focuscd onto a small (~ 111Tn) area of the sample from which X-rays charac l,eristic of 

the cherlllcal compositIOn are emitted The emitted X-rays containmg the necessar) 

information are dlspersed in their wavelength spectrum and the intensity of thesc 

spcctrdl linC's aH measured quantitatlvely These photon intensities depend on 

the concC'nt rat IOn of the element in the sample and hence, the EPMA needs to 

be calibrated for the constituents to be analyzed. The intensitles are detected by 

an argon 1 methdne gas detector, amplified. and then the oxide concentratIOns, in 

weight fraction, are prmted on an output device. For a more detailed description 

of the mICfoprolH'. the rcader is referred to '6}' 

The detailed results of thcsC' expenmental findings In comparison to the theo

retlcal mod('llllg of thC' IOn-exchangE' process, usmg both the SEM and the EPMA, 

arE' dlscussed III Chapter 5 
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4.6 Measurement of propagation characteristics 

4.6.1 Preliminary considerations 

After fabricating these waveguides, their propagation characteristics need to be 

measured. These include the refractive index parameters, such as the waveguide 

depth and index change, and the propagation losses In thi!:> thesis, two established 

tec.:miques based on two-prism coupling were used. The first method involve~ mea

suring the propagation constants of ail the modes that can be excited in a wavegUldr 

to determine its index profile. This method offers an indIrect way of detcrmining 

the profile, whereas the SEM tedmique offers a direct way to obtain the profile 

The second method involves measuring the propagation losses of optlcal waveg

uides. These are very important because they can influence the performance of 

passive optical integrated circuits. 

4.6.2 Modal spectroscopy 

Modal spectroscopy lnvolves using a two-prism coupler configuration to selectlvel:; 

excite the guided modes of a waveguide ~46:. The theoretlcal aspects of the prisTIl

coupler have been described often [62: and are not presented here However. tlll' 

measurement setup is described below in detail 

To measure the propagation constants. {3, with great accuracy. the coupling 

'synchronous' angles, 81 , must be kno\l:n precisely The measuremf'nt of the<;(' anglru , 

was performed using the setllp ln Fig 4 ï Laser I!ght from a 5 mU H('-;\e somu' 

operating at 0.6328 Jlm, passes through a polamcr to selert TE apd T\1 nJodr" 

Then, the incident beam is 'e\'anescentl~ , COU pied mto the wavcguldr uSlng a LaI- (JO 

glass prism An identlcal output prisrn located a short distance away couplc", tlt" 

beam out of the guide The resultmg far-field pattern show" sharp vertlcal 1111(,~_ 

known as m-Imes, whlch can be exclted mdn Iduall) ("el' Fig 4 R) The pmTII

waveguide holder, shown ln Fig 4 q, reste: on a 8-axI~ rrllcropO~ltlOTlf'r V.hHh i' 
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itself mounted on a precise rotation al stage with 5 arc-second accuracy. The angular 

measurement at which the m-line appears brightest is recorded. The reference 

marker is used to measure the zero reference angle by adjusting the rotational 

stage until the incoming beam is refiected back onto itself. 

The normalized propagation constants, No are obtained {rom the angle of 

incidence using the following formula [46] derived from geometrical optics: 

N {J • { • -1 (sinO,)} 
e = ko = np sm O:p + Sln -;;; (4.1 ) 

where np is the refractive index of the prism, op is the prism's base angle, and 

8, is the couphng angle of the beam relative to the zero reference. The value of 

O:p = 58.37 0 and np = 1.780 for the wavelength 0.6328 Il m. 

This experimental scheme yields an accuracy of ± 1 arc-minutes in the mea-

surements of 0, corresponding ta an accuracy of =2 y 10-4 m the measured values 

of ]\'(' The eHOTS in the values of O:p and np lead to an addition al uncertainty of 

±3 )<, 10-·. The refractive index of the soda-lime glass substrates nb = 1.5125. 

4.6.3 Propagation 10ss 

1'0 unprove the performance of optlcal devices ln 10 applicatIOns, it is desirable 

to fabricate waveguides with low propagation loss. These Jasses are dommated by 

absorption (owing to the presence of foreign Impurities) and scattering contributions 

cau&ed by glass inhomogenelty and surface defects In the literature, a vanety of 

techniques have been developed to measure the propagation loss :63.64
J

• Here, the 

two--pmnl ..,hdmg method [65, v-.as used 

The l':..pcnmental setup IS presented m Fig 4.10 wlth the identical pnsm-

coupler configuratIOn of Fig 4.9. One must ensure that the sample and bath 

pnsms are very clean. the accuracy of the measurements may be affected by dust 

partlcles \\'hen a mode IS eXCIted. the m-line on the white screen is imaged bJ a 

Hamamabu \ ,den camera The camer(ù; output signal IS t11en dlsplayed OIl a Video 

momto[ v-.ho~(' alldlllg output 15 fecl lI1to d channel mput of dIl o:;,cdloscope Th(' 

cl i 



. 

m-line is observed on the scope by scanning the time base in a Horizontal Modt.' 

A. This allows for one frame of the video signal to be displayed by sharp vertIcal 

lines. The voltage level, V, of the li ne with the largest magnitude is recorded when 

the mode is excited. The output prism positions, Lp,,' = 1, .. , N, are mea.'illf('d 

accurately using a Vernier caliper. At each Lp1' the voltage peak on the sropI.' IS 

measured and then the output pflsm is moved a few millimeters towards th(> mput 

prism. This is done repeatedly to get at least 5 data points. The last pnSIll pOt>lt 101l. 

LpN , closest ta the input prism (roughly 1 mm ) is used as the r('f('ren((' to IIlea .. " ,)fI' 

the propagation dIstance t:.L, = LpN - Lw The experimental condItIOns (1 e. the 

prism holders) are such that this small dIstance is unavoidablc yieldmg a 5 III ail error 

in 6L,. 

An important reqUlrement is that nearl)' IOOs:( efficlenc) from th(> output pri~1l1 

coupler must be achleved during the rneasuremenb Ifl order ta mamtain con'itanl 

coupling efficiency :53~ ThIS IS quite ddficult to achieve consldermg that pOlllt 

pressure on the prism is fluctuating for ever)' measurcmcnt. H(>nce, reproduclbIllt~ 

is affected and the measurement errors ai" estlmated to be 02 ,- 0 3 dlJ/ Cl1/ To 

imprO\ e the situatIOn, the use of matching fiuids ,65 ha~ shown to wahe the coupillig 

st ronger \\'Ith nearl) perfee t efficlency 

The propagation los ses are ca;,:ulated as fa 110\\ 5. B) plottmg the valu(>~ of \' 

versus ~L(mm) on seml-Iog paper, a best Imear regresslOn fit IS obtalTl<,d througl. 

th('se pomts The lasses are e\aluated from tll(> slope of the hne \\(' a!->,>urrH' thctl 

the ou t put PO\\ er P follows 

p = Po exp( -QL::,.L) 

where Po IS the input power and Q is a measure of the propagation los!:> TdhlTll!, 

loglo of both sides, we get 



For convenience, let A = a 10glO e, BO that 

10gP = log Po - AÂL 

Now, in the decibel scale, IdE = 10Iog(P/Po) 50 that 

10 log( P / Po) = -10Ab.L 

Hence, we multiply our regression fit slope by 10 to get the actual value of 105S in 

dB/cm. 

This completes the descriptiOn of the experimental apparatus and techfllques 

used in thls thesis. The reduction and analysis of the results are presented in the 

following chapter. 



cjJ 3 mm (0) 

T 5 
25 

~ L..-. ___ ..J..L.-..L...I--___ .......J0 Top vi e w 

r-

h 

75 

"1 
1 

l' , 
".J ~ ... 

1 1 
1 1 
1 1 
1 

1 1 

1 1 

1 

, 
1 1 

1 1 
1 1 
1 1 L _____ 1-___ ...J 

Front view 
T 
l 

'--

f--13~ + " 
1 l '''~ 

Glass Substrate Teflon Seol 

5 (b) 
-l 1-
~ r0-

T 
75 mm 60 - 70 

~ l 1 
10 --i -20 r-t-r 1 25 

1 

Figure 4.1: Diagram showing (a) half-cell configuration and (b) Teflon ~cdl,-

60 

• 



Cenes 

Teflon Secl 

FJat aluminum 
plate 

Steel Plate 
Support 

Screws 

Figure 4.2. Complete electrode configuration 

61 

• 



Top view 

Screws 

'------) 000 000 0 ( ...... ___ ) 

(a) 

Front vlew 

VJÎ re levers 

(b) 
1 L _____ _ 

Salt containers 

Figure 4.3 Schematic of (a) T-sectlon and (b) wire levelc., 

62 

• 



Voltage Controlled 
t--------l 

D.C. Power Supply 

Tin con 

\ 

Stainless steel 
Half-cell ~~~H-. 

Sand~..;;;..",..... 

1 

Teflon-coated 
Wires 

/ 
+ 

1 
1 

KN0
3

1 

1 

1 

L ____ _ 
1 
f _ __ _ • .1 

Current 
Meter 

Steel Plate 
Support 

/ 

Fostening 
Screws 

Teflon Seol Glass Substrate 

FIgure 4 4 Schematic of the electric field-assisted apparatus 

63 

1 



Item Quantity Description 
1 1 0.030 inch thick Teflon sheet 
2 2 Stainless steel plates 
3 2 Stainless steel(S.S.) electrodes 
4 1 Teflon 'spaghetti' tubmg 
5 7 0.25 inch S.S. screws and bolts 
6 14 0.25 inch lock washers 
7 4 S.S. canes 
8 1 Tin can 
9 - Sand (playground) 
10 1 Plastic funnel 
11 2 S.S salt containers 
12 6 Cotton glove pairs 

1 

13 1 Steel caliper 1 

14 - K N 0 3 salt crystals 
1 

Thermally protected wire 
1 15 -
i 16 1 Special aluminum cylinder 

Tar.le 4.1' Bill of materials 

TOTAL DIFFUSION PROCESS 
500 
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Chapter 5 

Purely thermal buried waveguide 
characteriza tion 

5.1 Introduction 

In this chapter, the theoretical modeling and experimental characterizatlOn of tb(' 

purely thermal waveguides are presented The diffusion characteristics, such as the 

K+-ion concentration profile, are correlated to the expenmental SEîv1 and EPMA 

data. These parameters are then used to determine th(' propagation charactC'ristic:", 

su(h as the dispersion curves, whlCh are compared to the effective mod() ITlde ..... 

measurements 

Buried waveguides have been demonstrated and characteriz('d using a two-!:Jt{'j> 

electric field-as:;isted ion-exchange In glass for silver Ions [66 and mOT(' r('centl), 

for potassIUm ions [9; Purel) thermal silver 16i and thallium &~ lon-c)"challge 

has been used to fabricate buried waveguides However, the df'nlOIl'otratIOIl of such 

buried guides using purel) thermal rmgrdtlOn of K- 101l!:> lTl glél,<'!:> I!:J !:Jtlll ld.chmg 

In thls sectIOn, we report a procedure for fabncatmg shallow buried Wd\'egu 1<1< • ., III 

soda-lime glass using a purely thermal backddfuslOn process 18' To our knO\\'ledg( 

this is the first tlme such wavegUldes has been dernonstrated 
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5.2 SEM and EPMA results 

Using the Illlcroanalytiral methods described in Chapter 4, the potassium ion con

centration profiles are shown in Fig. 5.1(a) and (b). The resin compound (the 

left-hand slde) shows negligible BSE contribution, the K+ -ion profile (the right

hand side) glves an mdication of the refractive index change in the glass. Note 

that at the interface of Fig. S.l(a), the signal is slightly shifted to the right of the 

resm-glass Interface. This is possibly caused by the slow response tirne of the signal 

due to the abrupt change in the yicld of BSr: in going frorn the resin to the glas') 

For the buned waveguide !TI Fig 5.1 (b), the kink in the signal near the interface 

represents the potassium concentratlC'n which is at the sarne level as that in the 

bulk. 

Buned waveguldes were successfully fabncated at Tl = 360°C and Tz = 440°C 

for various t l and tz Other fabncation conditions were atternpted at (Tl = 385°C: 

Tz = 385°C) and (Tl = 385 L'C : 72 = 425°C). However, buried profiles were not 

obtained, their SE~1 signatures resembled thOC:;2 of surface wa\'eguides, as shown 

in Fig S.I(a). Thc demonstratlOn of these buned guides 15 contrar)' to sorne 

researchers'Ieport that the K~ ions do not diffuse out because the potassium is held 

rigldly to the glass matrix [17
j 

\\'e beilcve tlnt the originally compressed surface 

waveguide approéiches lb annealmg pomt 124 J close ta the hlgher temperature of 

440°C durll1g backdiffusion, so that the internaI stre:::,ses are rela,'xed, permltting K

to be replaced by l\' ai more reaJd) Fwther Investigation of thls point IS needed 

Furthermore, a quantitati\e electroll IDlcroprobe analysls [GO! \\ as conducted 

to d~terrI1lne the 1\20 and 1\' a20 concentration" Just at the samples' surface Table 

5.1 shows th(' chemlcal composItions of a Fisher substrate glass slide, a surface 

gUldt'. and à bUfl('à sampk For th! surface gUide, the weight percent of K?O is 

lllgher than that of S a20, \\ hde for the bUflcd wa\egulàe, the weight percent of 

J" a~O is lugh('r He;lce, thl~ anal) Sl~ confirms the BSE-SE~1 dal'1- near the buned 
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waveguide surface, where low K 20 and high N Q20 values are obtained Contrary 

to the results of Gortych and Hall [14], a significant outdiffusion of Caz
! and 1\1 g~' 

was not observed. Our analysis shows that the KT - N a-' exchange dominates 1lI 

soda-lime glass (see Table 5.1). 

For compari~on, the numerical solution of the diffusIon equatlOn wlth ~cal('d 

SEM data for a buried guide is shown in Fig 5.2. The agreement IS exc(,llcIIt ,11 

Xpeak and beyond but not ~o accurate within 2 Ji m of the edge 'l'lllS dl~crepallc:-

may be due to the roundmg of the sample edge during polishmg 

5.3 Diffusion characteristics 

Buried wavegulde profiles caL be determmed accurately by the numerIcal proct·duft· 

outlined in 2 3 3 In thls modelmg, the first exchange concentratIOn profil(' 1'0 \l~(·d 

as the initial condItion for backdlffusioll In tll(, first dIffUSIOn at Tl = :~GOvC. tll\' 

data for & -= 0.898 at 3ï4"C eH'n though our workmg temperature I~ a littl(' 100\('r 

In the backdlffusion process 1t Tz = 440 C, the value of D K (T E) = 4.39] jlTfI~: lIr , 

howeH'T. there ""as sorne dClubt about using the availabl(' value of ô = 0 Rq~ dt 

this temperat ure Hence, a four-mode wavegulde was fabTlcated at 4,10"(; for 2~ 1 

minutes and its TE effectiH mode indices (Se) were measured TheIl. hy uc,mg tl)l' 

well-hllo\ .... n \\'KB disper~lon relation for a c,aussJan profile, the turfllng {10mb, Ir. 

were determiIH'd for eacl! rneasured ";e by Il 

(5 1) 

where ~n~ = n .• - nh. n .• and 116 being th{' surface and bulk indices, resppctl\'('l:-

The value of d(TE) = \/Det is 10 Gl1rrl while ~11.(TE) IS 00084 Now, SlTl('(' the 

normahzed concentratIOn profile i5 assumeà to be equal to tI\(' normalJZ('d f(·frartl\ ( 

index profile thm, 

c(x) 
c(O) 

6n(I) 

~Tl. 

in 
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where bon (x) = n(x) - nb. At the measured effective indices Ne = n(xt), the turning 

points can he plotted against c{Xt) / c(O) = (Ne - nb) / bona. In Fig 5.3, these points 

are shown in comparison with the numerical simulations using â = 0.898. The 

agreement is excellent and hence, â = 0.898 is used in the backdiffusion simulation 

at 440°C. 

The buried waveguide index profile characteristics can be (letermined accurately 

as functions of first exchange time t l and backdiffusion time t2 • By solving the 

diffusion equation, we find a linear relationship between Xpeak and y1; as given by 

(5.3) 

whcre t2 is in hours, Be is the effective backdiffusioll coefficient, and KI is a constant. 

Figures 5.4 and 5.5 show the calculated TE results of the dependence of Xpeak and 

npeak on t 2 , respectlvely, for il = 2 hr and il = 4 lu., when t2 varies from 2 to 60 

minutes Wc find that for fi = 2 hr., Be = ï.22I1m2/hr. and KI = 058 whde for 

t l :=. 4 hr., Be = C.69I1m2/hr. and KI = 0 8ï. This plot c1early estabhshes a lincar 

relatIOn hetween Xpwk and y1; For the TM mode~. the same values of Be can be 

us('d This i~ because the TM diffusIOn coefficients ln the first exchange at 360°C 

(DK = 0.29811771 2 /hr.) and in backdiffusion at 440°C (DK = 4.52411771 2 Ihr) :l1J 

arc only sllghtl:, dlfferent from the correspondmg TE coefficlCnts and hence, :, ield 

similar concentratIOn profiles as for the TE case. 

5.4 Curve fitting 

In ord('r to design buried waveguide devlces (using dIsperSIOn curves) or to st ud) 

the efficicncy of couplll1g these guides to an optical fiber. it is conveni~nt if the 

index profilf' can be expressed as a simple analytical function By trying ta fit a 

s!mpl!.' fUIlCtloll f(x) to the K' -ion concentration profile, \\e can express the index 

variatlOll <1" 

n(x) = t1t -j. ûn.f(x) (5 4) 
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where, f(x) must satisfy the requilements of a buried profile i.e. f(x) = 0 at x = 0 

and at x = 00. Knowing that the surface planar waveguide profile is CaUSSlall [11]. 

we helieve that the huried profile should be slmilar In shape while satlsfymg the 

condition at x = O. One profile which satlsfie~ these conditions 15 the Rayleigh 

distribution 

with the fitting parameters A and 1 dependcnt on il and t2 An example of tl\!' 

profile fitted to the numerical solution is shO\\ n ln Fig 5.6, with th(' SEM data al<;() 

superimposed The fit is excellent and hence. the Ha) leigh profi\P lS u~ed to ù(,'lcrilll' 

the refractive index profil,=, of the burird gUIde \\c note that Wltl! ç = x/Xrr,'k' the 

Rayleigh function can hE: expressed a.'i 

(5 (,) 

where C 2 = AXpeak and 62 = lX;eak' Table 5.2 '3how~ sorne valur'l of A and ~1 

calculated wlth a least square fit 138; for gi\cn fabrIcation condition:, fi and /2, 

while Figs 5.ï(a) and (b). shO\\ the detailed dcpendence of these pararneter~ 011 

i 2• We find that for the TM mode~. A anù ; were very close to tho<.,(' for tilt' TL 

case and hence, Figs. 5 4. 5.5 and 5 Î are dlsa goad for the T\l ca.,,>(' 

5.5 Dispersion cur'ves and modal fields 

The exact method dlSCU5~ed \Tl Chaptcf 3 Wii5 first used to generale dlq){'r<loll 

curves of single-mode surfa( e planar wa\ eguld('~ faOrlcdted at 3GO C for VéiflOIl< 

difru~;ûn tilDes ranglng from 1-4 hour~ Thes(' Cllf\'e~ were thPll (OIlIP<lf('d to tlll' 

WKB dlsper~ion plots ln the single-mode reglOTI USlIlg 6.n.(T E) = 0 009~ alld 

D.n,(TAf) = 0.0113. as shown in Flg~ 5.~(a) alld (h) 'l'hl compaflson i,,> qllll1 

good except clo~c ta the TEo and TA{, cutoff values Furthcrrnore, thref "1lI~l(·-

mode surface gUides werc fabncatecI at 1] -::. 1,:2, and 4 hr. and tllf':r efff'f!I\( 

indICes compared \\ell WIll! the tltcardlcctl \dltH'''> 



The effective mdlce5 of the single-mode buried waveguides were calculated and 

plotted against t 2 , for bath TE and TM modes, and the theoretical dispersion 

curves were compared with the measured data, as shawn in Flgs. 5.9(a) and (b). 

The agreement seems quite good. The measured mode indices are presented in 

Table 5 3. The dlscrepancles between theory and experiment were calculated for 

each of the 14 measured mdices and the average of these was found to be 

1 J\'e(rneas.) - Ne(theo.) 1 = (lA ± l 3) X 10- 4 

with the largest deviatioIl being 5'> 10-4 Hence, the SlrrIf.,Je Runge-Kutta technique 

with the Rayleigh index profile, characterized for t l and t2, provides a good mode! 

for predlcting tlle propdgatioll characterîstlcs of buried planar waveguldes 

From OUT meaburements and numerical modelmg, we observed two Important 

cffects of thl purd~ thermal backàJfluslon process: 

1. A de<'reas(> of the effective index \\'lth an increasîng tirne t 2 

2 A decreas(' of the blf(::fnngeIlce (1\',(T/l.1) - l\T,(TE)) with an increasing t2 

The first effeC't can be explained on physical grounds StcJ.rting with a surface waveg

uide (.6.71. = 0 (092), th,.. value of the surfacc index changc f).n s decreases rapJdl~ 

with inrr(>a~lng t: TIll'- was shown prevlOusly in Fig, 5.5, where the npeak cleCl eas(' cl 

WJth ascendmg t 2 I\'Q\\, since 1\"e is directly proportlOnal to ~n,., we can sec that 

as t 2 mcreas(>s, !\'< wdl d"crC'as(' The effect of decrea.~ing birefringence ma~ be 

explalIl('d a$ foIlO\\" It J<; kno\\ Il thilt the ongm of the bJrefrmgence in K' - 1\' a ~ 

wavegUlJes IS due to stress-induced surface effects [13;. We belJeve that the lllgher 

tenq)crat un' ln backdJffu"lOn lead- to stress relaxatIOn lI1 the wavegUlde, thus de

creasmg the bJrefringenc(' as backdlffu':>JOn progresses Bence, the TE and TM mode 

propagatIOn constant" begin to equalize as the backdlffuslOn time increases TIlJS 

findmg ma\ hl' useful to fabncdte smg]('· mt/le polarintlOn msensitlve waveguJde 

deYlCeS \\ 11Ich ha\ (' attracted recent mterest for lmprovmg the characteristJcs of 

1 '\ .'\' branchlllg c011plt'r':> !Il gla:os 'G9 
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The numerical model is also useful for deducing the modal fields EII and HII as 

functions of ç. These field distributions are needed In overlap integral calculatlOn~ 

of coupling efficiency so as to determine the insertion loss between optical fibers and 

buried waveguides. Such plots are qUite useful lJ1 computIng the field width, Hf. 

defined as the width at which the field amplItude reduces ta 1/ e of Its peak vahl(' 

Figures 5.1O(a) and (b) show the Index and modal field plots for bOl ~1 a surfac(' 

and buned waveguide We find that field depths of th(' buned gUlde~ arC' greatcr 

than those of the surface gUlde~, as expccted Furtherwore, wc calculated W f wltll 

varyIng tlmc t2 and a square root dependcncc IS found, as shown ln Fig 5 l , 

indICatmg a broader field distribution wlth Increaslr:.g backdlffuslOn tlTfH' Hf'(f'ntl). 

Ramaswamy et al estabhshee a snudar bquar(' root eiatlOn for the md{·)o.. profil(' 

width H' (v. hich is proportional ta Hf) in th(' case of electric field-as<.,]stpd Ag' -lOI! 

exchanged buncd waveguldes [CG,. 

5.6 Single-mode design 

As dlscussed in Chapter 3, a convenlent formula can be establishéd ta deterrnllH' 

the number of gUlded modes in a planar waveguide glven the refractive IIldp).. profil< 

f(x), the depth d and the maximum index change b.n~. Using (328). at the cutofl 

conditIOn (n(xr) = ]\;( = nb), yields. for a buned RayleIgh profile. 

50 that the turning points, XII = 0 and :rio = œ. tismg the index profile of (5 fI). 

and knowIng that .6.n~ « l, we get 

(.') 7) 

For buned planar wavee,uides wlth RayleIgh profile f(I). the mtegral rpléilloT! 

for the number of guided modes !Il the gUide can he expressf'd ana" tlrallv LISllIg 

ï4 
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the definite integral [701 

1.0304 
yi. 

the eypression for the number of guided modes becomes 

INT 
{ 
2J2nbD.n~A 1.0304 1 -1 [ 1 n~ - 1 11} m = - - tan X 1 - -

À ",3/4 'TI \; n 2 - n2 4 
o 1 ~ ~ b 

(5.8) 

This formula is quite useful for designing buried single-mode waveguides given the 

fitting parameters A, 1 and thé index parameters nb, D.n,. Note that D.n,(T E) = 

0.0092 and D.n~(TM) = 0.0113. Th1s design formula is verified for ail the fabricated 

TE and TM mode buned waveguides in Table 5 4 with excellent agreement 

5.7 Propagation losses 

A main attraction of buried optical waveguides is their promise of lower scattering 

losses Thl r IS due t0 the mlnlmal mteractlOn of the propagating field with surface 

irregularitH's that mvanably contribute to losses via scattering [5~. These losses were 

measured for one surface gUIde and three buned gUides and the results are presented 

m Tabl(' ;) 5 \.\'(' observE'd that the backdlffusion process iD~reases the losses ThiS 

phE'nomenon can be explained by consideriIlg surface stresses It seem.s that during 

backdiffusion. the out-diffusIOn of K- ions mduces tLl1sile stresses WhlCh may be 

promotmg crack forrnatlOIL m the onglTlall} compressE'd surface guide :71, Our 

mea.<;urements oÎ the bUTled guides mdlcate that these stresses may be causing the 

innease III scat t('ring losses Furt hermorc. thesc crack formatIOns were observed 

in SEM mlcrograph!" of dH' ion-exchanged glas<; surfacp. as shown ln Fig. 5.12 

Clearly, deformatlOIIs 1Il the llllcrostructure are apparent ln the buned gUIde (Fig 

5 l:.?(b)), whilE' the surface gUide (Fig S 12(a)) showed no damage Thus. these 

re~l1lts confi fil 1 the propagation loss measurements and we beiIeve these findmgs 

arc Important to conslder ID the fabncatlon of SIngle-mode f{-r buned wavegUide 

dl'\'lcc'" If t~ I~ ',00 long. the waveguide may be too loss) for practlcal applIcatioll 

• 



The present analysis suggests that a low-loss buried waveguid(' can be achievcd by 

backdi ffusing for a short period of time (less than 20 minu tes). 
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Figure 5 1 SE~1 photographs of (a) surface waveguide (lO,OOOx), t l = 2.0 hr .. 
Tl = 360°C and (b) buried waveguide (5000 x), t l = 2.0 hr., Tl = 300°C, t 2 = 0.5 
hr., Tz = 440"C 

77 



7 

0.15 COMPARISON OF NUMERICAL PROFILE TO SEM DATA 

w 
-.J 
lJ.... 0.12 0 Numerical Il::: 
il.. 
X 

0.09 • SEM data w 
0 

(scaled) z 
0 0.06 w 
N 
~ • 
<{ 
:2 0.03 Il::: 
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Z 

0.00 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 

X(~m) 

Figure 5.2: Comparison of the numencal solution to the scaled SEl\1 data of the 
buried guide in Fig 5.1(b) 

Oxide 1 Substrate glass 1 Surface guide Buried guide 
i (weight %) 1 (weight o/c) (weight %) 1 

1 S.O,! 72.31 69.93 72 00 
AT a2 0 1 14.33 4.35 13.24 
K 20 1 1 21 13.60 1.31 
CaO 1 6.44 6.14 6.25 
Al20 3 1.22 1.36 1.46 
MgO 4.31 4.09 4.17 

Table 5.1: Quantitative electron microprobe analysis of a soda-lime glass substrat('. 
a surface waveguide, and a buried waveguide 
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Figure 5.3' Comparison of the numerical simulatIOn of the diffusion equation to the 
measured mode mdices using â = 0.898 at T = 440°C 
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Figure 5.4: Square root dependence of Xp~ak with t~ for fi == 2 and 4 hr. 
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Figure 5.5: Variation of npeak vs t 2 for t 1 = 2 and 4 hr. 
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t2(min.) t l = 2hrs. t l = 4hrs. 
A "Y A Î 

6 0.430 0.237 0.486 0.163 
15 0.196 0.140 0.260 0.106 
30 0.090 0.083 0.136 0.069 
45 0.055 0.060 0.090 0.053 

Table 5.2: Fitting parameters A and Î related to t 2 

LLJ 0.15 
-1 
LL Diff. Eqn. 
0 0.12 et: 
0... Rayleigh 
x 
w 0.09 • SEM data 0 
z (scaled) 
0 0.06 w 
l'J 
-1 
<t: 0.03 :2 
et: 
0 
Z 0.00 

0.0 2.0 4.0 6.0 8.0 10.0 
X(um) 

Figure 5.6: Rayleigh profile fitted to the numerical simulation of diffusion equation 
with superimposed SEM data for (t l =- 2 hr.: t 2 = 30 min.) 
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Figure 5.7: Plot of (a) A and (b) ') vs. t2 for q = 2 and -1 hr. 
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DISPERSION CURVES AT T=360C 
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Figure 5.8: Theoretical dispersion curves (WKB and exact) of the guided modes 
compared with measured indices for samples prepared at T = 360°C for a Gaussian 
profile (times in hrs.) (a) T Eo (b) T Mo 
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Figure 5.9: Theoretical dispersion curves (Rayleigh profile) of the guided T Eo and 
TMo modes compared with measured indices for: (a) t 1 = 2 hr. (h) t 1 = 4 hr. 
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Figure 5.11: Square root dependence of modal field width W, with t2 

Wvg. t l t2 Ne Ne 
# (hr. ) (min.) (TE) (TM) 
57 2.0 15.0 1.5131 1.5137 

70A 2.0 30.0 1.5130 1.5131 
61 2.0 45.0 1.5130 1.5134 
66 4.0 6.0 1.5152 1.5156 
62 't.0 15.0 1.5145 1.5148 
63 4.0 30.0 1.5137 1.5140 
64 4.0 45.0 1.5133 1.5136 

Table 5.3: Measured TE and TM single mode effective indices 
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Wvg. Xl'eak C 6 arg. arg. m= 

# (#Lm) (TE) (TM) INT(argJ 
57 1.875 0.606 0.701 0.35 0.44 1 

70A 2.475 0.471 0.715 0.34 0.43 1 
61 2.925 0.420 0.686 0.47 0.57 1 
66 1.725 0.915 0.696 0.77 0.91 1 
62 2.175 0.751 0.709 0.78 0.92 1 
63 2.700 0.605 0.709 0.78 0.92 1 
64 3.075 0.526 0.705 0.78 0.92 1 

Table 5.4: Single-mode design parameters 

t 2(min.) Loss (dB/cm) Type 
0 1.0 Surface 
15 0.7 Buried 
30 2.4 Buried 
45 4.0 Buried 

Table 5.5: T Eo propagation loss measurernents (t 1 = 4 hr.) 
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(0) 

(b) 

Figure 5.12: SEM photos of microdeformations in K+ -ion exchanged glass surfaces 
after backdiffusion in NaN03 (t l = 4 hr.) : (a) t 2 = 0 min. (h) t'l = 45 min. 
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Chapter 6 

Field-assisted surface waveguide 
characteriza tion 

6.1 Introduction 

In this chapter, the theoretical modeling and experimental characterization of thf' 

electric field-assisted surface waveguides are presented. The piOpagation charac-

teristics, such as the refractive index profile and dispersion CUfves, are determined 

and compared to the effective mode index measurements. Parallel to this, the dif-

fusion characteristics, such as the KT -ion mobility and concentration profile, are 

correlated to the experimental SEM data. 

6.2 Propagation characteristics 

6.2.1 Background 

The electric field-assisted ion-exchange has been shown to have advantages over 

the thermal exchange owing to the drastic reduction in the diffusion time. It b 

also possible to obtain various refractive index profiles [16), including the step pro

file [15,30], in planar waveguides. Furthermore, this exchange ha5 been useù in a 

two-step process for the fabrication of deep, buried waveguides made by Ag~ -ion 

exchange [72,73] which are attractIve in the design of passive devices optlmized for 

efficient coupling with optical fibers. The field-assisted KT -ion exchange wa!> pre-

viously studied for chemical strengthening in commercial glas,> 56 Thl'> prO{ (''>~ 
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has led to low-loss planar and channel buried waveguides in soda-lime and BK7 

glass [9] and reproducible directional couplers [74]. Recently, this technique has 

also shown promise in the demonstration of integrated optic lasers on neodymium 

doped soda-lime glass [75]. 

However, a detailed characterization of the planar waveguide properties such as 

the effective field-dependent diffusion coefficient, guide depth and index change in 

soda-lime glass is lacking. Here, we report our experimental result~ of these char

acteristics for TE and TM modes and establish simple formulas for this coefficient 

and waveguide depth [21 J' These relations would be useful in the design of passive 

devices which use field-assisted K+ -ion exchange waveguides as basic structures. 

The characterizations of the purely thermal migration of Ag+ ions [60] and K+ 

ions [11] in glass yielded a square root dependence between the waveguide depth d 

and the diffusion time t, as given bJ 

(6.1 ) 

where De is the effective diffusion coefficient dependent on temperature T. For ex

ample at T = 385°C, De(T E) = 0.0649 J-Lm 2 fmin. and De(T M) = 0.0637 J-Lm 2 fmin. 

for K-f ions in soda-lime glass :11;. However, for the electromigration ofsilver [42,45; 

and potassium ions [9,30], several researchers have founà a linear relationship be

tween d and t In particular, for low values of the total applied electric field E~, 

the diffusion term can not L ~ ignored For Ag+ Ions, Ramaswamy et al. found that 

a linear combination of the diffuslve and electromigrative terms [Eq. (12) of [42]; 

was more sUltable for expressing the guide depth Here, a similar approach is taken 

for the case of constant electric field-assisted K+ -IOn exchange. Therefore, 

d = [ii:t + Fei + Ko, (6.2) 

where Fe is defined as the effective field-dependent coefficient and Ko is a constant 

depth value. This coefficient is linearly proportion al to applied field E~ 80 that 

(6.3) 
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and Al is a constant which is related to the mobility of K+ ions in the glass. The 

importance of establishing relations (6.2) and (6.3) is that, given the fabrication 

conditions (E~, t, T) for a waveguide, one can easily determine the guide depth 

without the need for further measurements. 

6.2.2 Experimental observations 

To fabricate the waveguides, the glass substrates were placed between symrnctrÎcdl 

stainless steel half-cells isolated by Teflon seals in a container, as shown in Fig. 4.'1. 

Potassium nitrate crystals were placed in srnall steel containers suspended Just o"cr 

the half-cells. Once the furnace reached equilibrium at T = 385°C, the rnelt wa~ 

then poured into the anode and cathode cells and a constant voltage was appli('d 

across the sample Electric fields Ea and diffusion tirnes ranged from 5.3 to 52 1 

V /mm and 2 to 20 minutes, respectivel)'. To overcome the prelirninary difficultics 

of substrate cracking. the samples remained in the fumace for an addltional 10 

minutes before cool mg in aIL We observed that the ionic current decreas('d sharply 

to about one-half Its initIai value in the first minute of diffusion and then decay<,d 

exponentiall) wlth diffUSIOn time, as reported by Urnes and more recently by Mllioll 

et al. Furthermore, when the appiJed voltage was rernoved and the two half-celb 

short-circuited through a voltage rneter. an average value of 1.3~' was measuf(·d 

for all the samples This batter)' effect wo..s also observed by prevlOUS research('r~ 

[76; suggesting that space charge effects are present in the glass. This potentlal 

drop across the sample was included in the analysis as a local field E" which should 

be considered in the total applied field E~ = Ea - Eo, especially for waveguide~ 

fabricated with low field strengths 

6.2.3 Data reduction and dispersion curves 

From the measured effective mode indices, presented in Tables 6.1 (a) and (1)), 

the refractive index profile can be deduced. We have chosen a dIrect, statistlcal 
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approach that involves a priori knowledge of this profile [U]. The crux of the 

ruethod lies in finding a Imitable refractive index profile for which a solution to the 

disperSion relations (3.16) yields effettive indices that fit as closely as possible to 

the measured ones. The choice of the profile is based on ion-exchange theory and 

is justified by the successful J'eproduction of the measured data in comparison to 

the theoretical curves. Another popular approach is an inverse method, known as 

the Inverse WKB method [77], which involves reconstruction of the index profile 

from the modal measurements. This method is only ace urate wh en many modes 

are measurable. 

The refractive index (concentration) profile of constant applied current [30] and 

constant d.pplied electric [9,56] field-assisted K+ -ion exchange planar waveguides 

was found to be step-like and in the former case, this step-index model was used to 

generate dispersion curves Although this may be sUitable for waveguides fabricated 

by either high current or electric field exchange, It may not yield accurate results for 

the lowcr field strengths used in our experiments For reasons discussed in Chapter 

2, wc used a mdified Fermi mdex distributIOn [78: which was previously used to 

model glass wavegUides made by Tl 2S0 4 ion-exchange The profile IS modified to 

accommodate the fact that 1(0) = 1 for surface waveguides The index profile 

n(x) = n, + ll.n, [ 1 - exp ( - n + exp (x: d) r ' (6.4) 

where ~n. = n. - nb, n. IS the surface index and a is a l-:'tting parameter associated 

with the shape of the profile. This shape is illustrated in Fig. 6.1 for typical values of 

a. The effective guide depth d is such that n(d) = nb + .6.n~j[2 - exp( -dl a)]. In our 

experiments, it was found that dia ranged from about 4 to 23 and exp(-dja) « 1, 

50 that the guide depth occurs close to the half-pomt of the profiie. 

The WKB dispersion relatIOn for graded-index profiles (3.16) was used with 

the characteristic equation for the mth mode being 

m = 0,1,2, ... (6.5) 
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Letting € = exp ( -dia), 80 that a = -d/ln(E:), in (6.4), the profile becomes 

n(x) = nb + An,! 1 - E: + E:exp (-S In(E:)) rI, 

which, upon defining the normalized variable ç = x/d, it becomes 

n(ç) = nb + An,! 1 - E: + E: exp( -ç In(ê)) rI. (6.6) 

At the normalized turning point, n( et) = Ne and after sorne manipulations, we 

obtain 

{ 
n, - }';e} ( et = -ln 1 + E:(N

e 
_ nb) /ln ê). 

Also, the depth d can now be expressed with the help of (6.5) as 

d = (m + 1/4);rr + <Po 

ko M'Jn 2(f,) -N?df, 
(6.7) 

To find the unknowns n., d, and a, we started with multirnode (m > 2) waveg-

uides. This is necessary because this three parameter system needs at least 3 modes 

to be solved deterrninisticall} Equation (67) involves the unknowns n~ and E:. 

Thus, given an)' pair of measured mode indices for a waveguidc, one can ehminate 

d using (6.7) and, for a given value of é. n~ can be determmed b) a root-scarching 

technique in the resulting equation. After this, n, and é can be substituted into 

(6.7) to obtain d. Applying this procedure repeatedly to ail the possible pairs of 

the mode indices for a particular wavegUldf' samy,le, one can determme the aver-

age values of n, and d of thù.t sample. The best value of é which minimized the 

deviations of n, and d from their average values was chosen for each waveguide 

The profile parameter a is then deterrnined from a = -dlln(E). For single and 

two mode waveguides, wc used the average values of n, and a from the rnultimodr 

samples to determine the depth d using (6.7). 

We have observed that the value of the surface index, n" IS atfected on)y by the 

t~mperature and applied field but is independent of the diffUSIOn time. In addltlOTl. 

n, was found to be hlgher in comparison to that of the purely thermal K+ exchang(> 
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[111. This index increase may be due to the fact that the electric field induces an 

increase in the concentration at the surface, as observed for field-assisted Ag+ -ion 

exchange [42]. Further investigatIOn of this point is required, but is beyond the 

8cope of thlS thesis. 

For each chosen field, waveguides were prepared with various diffusion times 

and the average values of n~ and a for ail the samples was then used to compute 

the theoretlcal dispersion curves from the WKB dispersion lelation. In Fig. 6.2, 

these curves are presented together with the experimentally measured data for both 

polarization~ in the samples prepared at Ea = 21.1 \' Jmm, respectively The values 

of n$' d and a for each waveguide are hsted in Tables 6 3 and 6.4. Furthermore, 

these dispersion curves were modeled using a step profile for comparison. Using 

the exact dispersion relation (3.14), the unknowns n f and d were determined in a 

simtlar fashion as (n~, d, a). Table 6.5 and 6.6 lists these values for every applied 

field. 

6.2.4 Modeling (E!,t) vs. (Ôns,d,a) 

From the previous section, we found that the relation between n~, d, and a can 

be modeled accurately using the disperslOn curves However, a deterministic rela

tion hetween the applied field and time duration (Er, t) and the refractive index 

change, guide depth and profile parame ter (~n8' d, a) needs to he established so 

that necessary wavegUlde parameters can he specified from arbitrary fabrication 

conditions 

As descrihed earher, the effective depth d can be expressed hy (6.7) for each 

chosen applied field The validity of this relation can be verified hy plotting d against 

t for ail the measured guides (TE and TM), as shown in FlgS 6.3 (a) and (h). The 

constant depth values Ko and the coeffiCient Ft are obtained by using a least square 

fit [31' for every E~ We note that the value Ko arises from the extra ten minutes of 

cooling ln our process In Fig 6.4 (a) and (h). these coeffiCIents are plotted against 
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Er with the help of linear regression yielding the constant Al (T E) = 21.33 IJ.m2 jV 

min. and Al(TM) = 20.52 IJ.m2 jV min. 

Thus, to characterize a planar waveguide accurately, given fabrication condi-

tions (Ea , t), its guide depth can be determined using (6.2) with the coefficient Ft 

as obtained from (6.3). These coefficients and the refractive index change for every 

applied field are summarized m Tables 6.7 and 6.8. The effective indices Nt can be 

obtained by using the dIspersion curves generated by the WKB relation involving 

the parameters (n~, d, a). 

6.2.5 Number of guided modes 

The number of guided modes in a planar waveguide with a modified Fermi profile 

f(x) can be predlcted accurately by using (6.4). Letting ç = xjd and the dummy 

variable u = ç - 1, then the integral term of (6.5) red uces to 

j oo du 

-1 JI - exp( -dja) -t- exp(du;'a)' 

This integral can be evaluated from a convenient table of integrals [70] 

a {JI - exp(-dja) + exp(duja) - JI - exp(-dja) }!OO 
= ln 1 

dJ1 - exp( -dj a) JI - exp( -dj a) + exp(duj a) -t JI - exp( -dl a) 1_1 

and upon using l'Hopital's rule, we obtain 

1°c a {1 + Ji-- exp(-d;'a) } 
f(x)dx = ln . 

o JI - exp ( - d! a) 1 - JI - ex p ( - d j a ) 
(6.8) 

Renee, using (6.5) and (6.8), the number of guided modes can be determmed by 

taking the next largest integer of the following expressIOn 

2aJ2nbt.n~ [1 + JI - exp(-d/a)l 1 -1 r r nt - 1] 1 
ln - -- tan 1 Xl" - -. 

>'0\/1 - exp(-dja) 1 - \{1- exp(-d/a)J li ,\ n; - nt 4 

This analytical expression is qUJte useful for the design of smgle and multimode 

waveguide devlces. To evaluate its accuracy, the number of guided modes predictcd 

by the above expression is compared to the actual nurnber of rneasured modes 1Il 

the planar field-assisted waveguides. The comparisons are tabulated in Tablp" 6 q 

and 6.10 and the agreement is excellent 
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6.2.6 Discussion of errors 

From the dispersion curves of Fig. 6.2, the agreement between the experimentally 

measured mode indices and the theoretical curves seems quite good. The discrep

ancies between theory and experiment was calculated for each of the 153 measured 

indices and the average of these was found to be: 

1 Ne{meas.) - Nt(theo.) 1 = (1.1 ± 1.2) x 10-4 

with the largest single deviatioll being 6 x 10-4
• In our initial analysis using a step

index profile, these average discrepancies were (3.4 ± 2.9) x 10-4 with the largest 

deviations being of the order of 1 x lO-3. These large errors suggested that the step 

model was not suitable for these waveguides. For comparison, a set of TE mode 

dispersion curves with a modified Fermi function show significant improvement over 

the step model for Ea = 21.1 \' /mm (see Fig. 6.5). 

Another key factor in this characterization involves the reproducibility of such 

waveguides under given fabncatlOn conditions. To evaluate this property, two 

waveguides werc fabricated one week apart under identical fabrication conditions. 

It was found that the differences in the me2..5ured mode indices were within mea

surement error (see Table 6.11). Although short diffusion times were used, we were 

able to control the fabrication process quite accurately with the estimated error in 

the time measurements being 10 to 15 seconds. 

6.3 Diffusion characteristics 

6.3.1 Introduction 

The diffusion charactenstlcs of field-assisted ion-excha."1ge waveguides can be the

oretically modeled by numencal and analytical methods, as discussed in Chapter 

2. Experimentally, these characteristics can be determmed using electron probe 

microanalysis 160,6ÎJ and scannlTIg electron illlC!'OSCOP) ;57J Both have been used 

successfully to measure .4g- -ion concentration m soda-lime glass waveguides. For 
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the case of K+ ions, the electron microprobe was used to determine the dopant 

profile of surface and buried channel waveguides in soda-lime and BK7 glass [9]. In 

addition, ionic current measurements were performed to calculate the ion mobility. 

Here, we 11sed a SEM-BSE technique to measure the K+ -ion profile and studied 

the ionic current data 1,0 determine the value of Cl: = 1 - J.tK / JlNa which is needt:'d 

for modeling. 

6.3.2 Determination of Q: 

The mobility ratio of the potassium and sodium ions is an important parameter 

in the numerical modelmg of the concentration (refractive index) profile. For the 

case of purely thermal K* - N a+ in soda-lime glass at a temperature of 374°C, it 

has been established that the much smaller N a+ ions have a higher rnobihty than 

the K+ ions yielding a ratio (AI = J.tK / JlNa = DK / DNa ) of 1/500, corrcsponding 

to Q = 0.998 [31]. We were interested to see whether this was also truc for field-

assisted waveguides. To determine this ratio experimentally, the equation relating 

the applied field to the flux denr,ity (2.12) 

(6.9) 

was modified to include the total applied field. At time t = 0, êK(x,O) = 0 and 

hence, 

50 that 

V'mm 

with the factor of 60 used to convert frorn seconds to mmutes. Since the initial cur-

rent flux Jo(mole/Jlm 2 jsec) and apphed field Ea(V/J.Lm) are known, the only un

known constant is the initial concentratIOn of N a-t ions in the glass, co(molej J.Lm 3
) 

This value can be calculated directl) from the chemical composition of the glass. 

The number of molt's of the N a4- ion contributed bl' the molecular C0mponent 
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where mNa is the number of Na+ ions contributed by Na20, WINa~O is its weight 

fraction in the glass and W NOlO is its rnolar molecular weight. For soda-lime glass, 

mNa = 2, wINa20 == 0.1433 (see Table 5.1), W Na20 = 62.ag/mole, and the density 

is 2.4667 g 1 cms. Defining the concentration Co as the nurnbcr of moles per J.Lm3
, 

then 

2 x 0.1433 x 2.4667 x 10- 12 
-14 ,mole) 

Co == = 1.139 x 10 ~--3 
62.0 #-Lm 

with the 10-12 factor used tu convert from cm3 to 11m3. The mobility J.LNa was 

calculatcd for 14 good samples with the results shown in Tab1e 6.12. The average 

value of ail the samples yields: I1Na == 119.1 ± 14.3 J.Lm 2 IV min. 

To calculate M, one must also know the correlation factor f (see (2.5)) for soda

lime glass Doremus reported that f == 1 for soda-lime glass [31], even though there 

are conflicting results from other researchers [29] As examples, Ohta [32] reported 

1 =: 0.3 for K+ -ion exchange in soda-lime glass using applied fields and tempera-

tures rang mg from 5.3 to 16.7 V/mm and from 400 to 500oe, respecilvely. Recently, 

Miliou [9] reportcd f = 0.1 for 90% K+ -ion exchange using Ea = 100 V/mm and 

T == 330°C. In this thesis, we used f == 0.2, halfwar between these results. Renee, 

using J.lNa = eDNa/ fkT, then the sodium self-diffusion coefficient becomes: 

j kT" /Jm2 
DIVa -= ,...Na = 0.6708 (_t"'_) 

e mln. 

and with D K = 0.01186J.lm2/ min., at T = 385°C, M = 0.0177, finally resulting in 

a -"- 0.991. This is in excellent agreement with li: == 0.998 discussed earlier. Also, 

we assumed Cl = 0.9, as before, resulting in ô = 0.892. 

6.3.3 Ionie current-time variation 

The solutions of the concentration profile, discussed in Chapter 2, refer to a constant 

icnic flux for a constant electrir field applied across the sample. However, since 0: i= 
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0, a constant applied electric field will not result in a constant ionic flux. This can 

be deduced from (6.9). Since the concentration of K+ ions is increasing with time 

and E; is fixed, th en the term (1- aêK ), which is proportion al to the ionic current, 

is decreasing with time. We have observed this in our experiments with a typical 

example shown in Fig. 6.6. As stated correctly by Abou-el-Liel [26], a steady-

state solution does not exist for this case However, since the exchange thickness 

(typically 3 -15/-Lm) is very small compared to the total thickness ( ....... Imm), the 

numerical model may be i1.ccurate enough. The accuracy of this model compared 

to the experimental SEM results is presented in the next section. 

6.3.4 Concentration profiles 

As discussed in Chapter 2, the diffusion depth d is defined as the x value at the 

half-point of the concentration profile, 50 that 

is linearly proportional to the diffusion time, t. From the propagation characteristics 

in the previous section, we also found that the depth varied linearly with time, as 

d"", Fet = AIE~ t. Hence, we deduce that 

so that for TE modes, Al = 21.33/-Lm2/V min., /1' = 2.495, and thus, J.LK = 

8.549 J.Lm2/V min. This mobility value was used to model a field-assisted ion

exchange profile. We have included the effect of the additional ten minutes of 

cooling at T = 379°C (DK = 0.01018 11m2 /min.) [l1i in the rnodeling This was 

accomplished by using the first exchange concentration as the initial condition with 

E~ = Eo = 1.3 V Imm. The normalized boundary conditions remained unchanged. 

A surface waveguide was fabncated at (Ea = 21.1 V/mm: t = 20mm.) with its 

BSE-SEM signature shown in Fig. 6.7. For comparison, the numerical solutioïl of 

the ion-exchange equation with scaled SEM data is shown in Fig. 6.8. 
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Before concluding this chapter, it is worth mentioning that the diffusion depth 

d is slightly different for TE and TM modes due to the polarization dependence 

of Fe. This was observed by other researchers for the corresponding value of De, 

in the case of purely thermal K+-ion exchange [9,11]. Ideally, these depth values 

should be equal because the K+ -ion concentration is assumed to be the same as 

the index profile. At this point, it is not known if this assumption is fully correct 

for the K+ concentration. Further investigation of this polarization-dependence of 

De and Fe is needed. 
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Wvg.# 
17 39 41 37 14 38 29 22 

TEo 1.5196 1.5215 1.5217 1.5206 1.5223 1.5230 1.5204 1.5221 
TEl 1.5140 1.5169 1.5178 1.5156 1.5192 1.5210 1.5154 1.5190 
TE2 1.5125 1.5136 1.5155 1.5181 1.5153 
TE3 1.5148 

Wvg.# 
15 21 8 32 33 2 30 5 

TEo 1.5232 1.5235 1.5236 1.5222 1.5232 1.5235 1.5227 1.5235 

TEl 1.5219 1.5227 1.5229 1.5180 1.5214 1.5225 1.5204 1.5230 
TE2 1.5199 1.5213 1.5218 1.5137 1.5189 1.5212 1.5174 1.5224 
TE3 1.5176 1.5197 1.5207 1.5163 1.5194 1.5141 1.5214 
TE4 1.5149 1.5178 1.5190 1.5131 1.5175 1.5204 

TEs 1.5125 1.5156 1.5172 1.5145 1.5191 1 

TEe 1.5133 1.5154 1.5129 1.5176 
TE7 1.5133 1.5161 1 

TEs 1.5145 1 

TEg 1.5129 1 

Table 6.1: Measured effective TE mode indices 

101 



Wvg.# 
17 39 41 37 14 38 29 22 

™o 1.5214 1.5241 1.5243 1.5228 1.5247 1.5253 1.5224 1.5255 
TM} 1.5151 1.5191 1.5200 1.5173 1.5213 1.5229 1.5171 1.5224 
TM2 1.5137 1.5155 1.5173 1.5200 1.5183 
TM3 1.5132 1.5164 1.5141 
TM .. 1.5128 

Wvg.# 
15 21 8 32 33 2 30 5 

™o 1.5257 1.5257 1.5258 1.5242 1.5255 1.5260 1.5250 1.5260 
TM} 1.5243 1.5248 1.5252 1.5198 1.5240 1.5250 1.5226 1.5255 
TM2 1.5222 1.5235 1.5241 1.5150 1.5210 1.5236 1.5194 1.5249 
TM3 1.5197 1.5:18 1.5228 1.5180 1.5217 1.5159 1.5238 
TM4 15170 1.5197 1.5212 1.5148 1.5196 1.5125 1.5227 

™s 1.5139 1.5174 1.5195 1.5174 1.5213 
TM6 1.5149 1.5174 1.5148 1.5198 
TM7 1.5125 1.5152 1.5125 1.5182 
TAIs 1.5130 1.5164 
TM9 1.5144 
TMIO 1.5129 

Table 6.2: Measured effective TM mode indices 
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Figure 6.1: Dependence of the shape of the modified Fermi profile on a 
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in minutes) (a) TE modes (b) TM modes 
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Wvg.# E g t d n, a 
(V/mm) (min) (~m) (~m) 

17 10 3.03 1.5233 0.60 
39 5.3 15 4.16 1.5233 0.43 
41 20 4.72 1.5232 0.61 
37 5 3.72 1.5238 0.66 
14 10.6 10 5.56 1.5237 0.76 
38 15 7.06 1.5238 0.69 
29 2 3.55 1.5234 0.75 
22 5 5.54 1.5235 0.76 
15 21.1 10 9.15 1.5235 0.57 
21 15 11.56 1.5237 0.63 
8 20 13.31 1.5237 0.67 

32 2 4.54 11.5240 1 0.64 
33 32.1 5 8.00 1 1.5235 1 050 
2 10 11.08 11.523ï 1 0.66 

30 52.1 2 
1 674 1 1.523~ 

5 10 16.38 : 1.5236 0.79 

Table 6.3: Calculated TE mode rnodified Fermi profile parameters 

Ea t d!1 n3 a 
(V /mm) (mtn) (/lm) (~m) 

Wvg.# 

!~ 5.3 ~~ !:~~ ~:!~!: li ~:~~ 
41 20 4 74 1.5261 0.70 

37 5 3 72 1.5255 1 0.57 
14 10.6 10 5.61 1.5258 0.55 
38 15 7.05 1.5258 1 0.51 1 

29 2 3.62 1 1.5260; 0.75 
22 5 1 5.88 1.5263 1 0.48 
15 21.1 10 9.14 1.5260: 0.65 

21 15 111.51 1 1.5258 i 0.50 
8 20 1345, 1.5259 ~ 0.58 

32 2 1 4.60 Il.5261 1 0.66 
33 32.1 5 7.90 1 1.5264 0.80 
2 la 11.29; 1.5260! 0.53 

r-----+-----~----~ 

30 52.1 2 6.87 1.5255! 0.47 1 

5 10 16.17 1.5261 1 0.85 

Table 6.4: Calculated TM mode modified Fermi profile parameters 
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Wvg.# Ea t d n, I!l.n, 
(V/mm) (min) (~m) (x 10-3) 

17 10 3.3 1.5217 
39 5.3 15 4.4 1.5223 9.8 ± 0.8 
41 20 4.8 1.5224 
37 5 3.6 1.5223 
14 10.6 10 5.4 1.5229 10.6 ± 0.6 
38 15 6.9 1.5233 
29 2 3.7 1.5221 
22 5 5.4 1.5228 
15 21.1 10 9.2 1.5230 10.8 ± 0.6 
21 15 11.4 1.5234 
8 20 13.1 1.5236 

32 2 4.7 1.5229 
33 32.1 5 7.9 1.5231 10.8 ± 0.5 
2 10 10.9 1.5234 

30 52.1 2 6.7 1.5229 10.7 ± 0.5 
5 10 16.3 1.5232 

Table 6.5: Calcu\ated TE mode step profile parameters 

Wvg.# Ea t d nf I!l.nf 
(V/mm) (min) (~m) (x 10-3 ) 

17 10 3.2 1.5236 
39 5.3 15 4.3 1.5251 12.3 ± 1.0 
41 20 4.8 1 . .5250 
37 5 3.6 1.5248 
14 10.6 10 57 1.5249 12.5 ± 0.9 
38 15 7.1 1.5251 
29 2 3.6 1.5243 
22 5 5.8 1.5256 
15 21.1 10 9.0 1.5255 13.0 ± 0.6 
21 1 15 11.5 1.5254 
8 20 13.4 1.5255 

32 ~ 4.6 1.5250 
33 32.1 5 7.8 1.5256 13.0 ± 0.8 
2 10 10.9 1.5255 

30 52.1 2 7.0 1.5248 13.1 ± 0.7 
5 10 16.0 1.5257 

Table 6.6: Calculated TM mode step profile parameters 
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Figure 6.3: Effective guide depths vs. the diffusion time (applied field in V/mm) 
for (a) TE modes (b) TM modes 
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Ea b.n8 (T E) b.n8 (TM) a(TE) a(TM) 
(V /mm) (x 10-3 ) (x 10-3 ) (JL m) (JL m) 

5.3 10.8 ± 0.0 13.7 ± 0.3 0.53 0.64 
10.6 11.2 ± 0.2 , 133 ± 0.1 0.69 0.52 
21.1 11.1 ± 0.1 13.4 ± 0.2 0.65 0.57 
32.1 11.2 ± 0 1 13.6 ± 0.2 0.61 0.60 
52.1 11.1 ± 0.0 13.5 ± 0.2 0.78 0.79 

Té.ble 6.7: Measured ~n$ and profile parameters for various Eo 

Ea Fe (TE) Fe(TM) Ko(TE) Ko(TM) 
(V/mm) (JLm/min) (J-Lm/mm) (JLm) (JLm) 

5.3 0.136 0.144 0.96 0.81 
10.6 0.292 0.291 1.74 1.76 
21.1 0.509 0.503 2.56 2.72 
32.1 0.742 0.765 3.09 3.01 
52.1 1.149 1.107 4.08 4.30 

Table 6.8: Diffusion coefficients and depth parameters for various applied fields 
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( 
Wvg.# Ea t m arg. m= 

(V/mm) (min) (exp.) INT(arg.) 
17 10 2 1.45 2 
39 5.3 15 3 2.10 3 
41 20 3 2.42 3 
37 5 2 2.03 3 
14 10.6 10 3 3.09 4 
38 15 4 3.97 4 
29 2 2 1.88 2 
22 5 3 3.03 4 
15 21.1 10 6 5.12 6 
21 15 7 6.52 7 
8 20 8 7.53 8 
32 2 3 2.44 3 
33 32.1 5 5 4.45 5 
2 10 7 6.24 7 
30 52.1 2 4 3.83 4 
5 10 10 9.41 10 

Table 6.9: Comparison between the calculated and actual nurnber of TE modes 

( 

Wvg.# Ea t m arg. m= 
(V /mm) (mm) (exp.) INT(arg.) 

17 10 2 1.77 2 
39 5.3 15 3 2.49 3 
41 20 4 2.91.1 3 
37 5 2 2.09 3 
14 10.6 10 4 3.29 4 

38 15 5 4.20 5 
29 2 2 2.08 3 
22 5 4 3.52 4 
15 21.1 10 6 5.59 6 
21 15 8 7.10 8 
8 20 9 8.34 9 

32 2 3 2.76 3 
33 32.1 5 5 4.87 5 
2 10 8 7.05 8 
30 52.1 2 4 4.36 5 
5 1 10 11 10.30 1 11 

Table 6.10: Comparison between the calculated and actual number of TM modes 
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Wvg.#15 Wvg.#l1 ~ (XlO-") 
1.5231 1.5233 2 
1.5218 1.5219 1 
1.5199 1.5200 1 
1.5175 1.5177 2 
1.5149 1.5150 1 
1.5125 1.51Z5 0 

Table 6.11: Comparison of two waveguides fabrÏcated un der identical conditions 
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Figure 6.5: Comparison of the theoretical dispersion curves of a modified Fermi pro
file (solid curve) with the step profile (dashed curve) together with the experimental 
data of Fig. 6.1(a) 
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Wvg# Fabrication condition i(mA) Area (mm)Z IJ.Na 

5 52.1 V/mm : lOmin. 63.0 659.1 102.7 
30 52.1 V/mm: 2 min. 90.5 894.0 108.8 
2 32.1 V/mm: lOmin. 45.0 714.0 111.7 

33 32.1 V/mm: 5 min. 49.0 792.0 109.7 
32 32.1V/mm: 2mm. 53.0 832.0 112.9 
8 21.1 V/mm: 20 min. 31.0 800.0 106.8 

21 21.1 V /mtn : 15 min. 34.0 816.5 114.8 
15 21.1 V/mm : lOmm. 27.0 621.8 119.7 
22 21.1 V/mm: 5 mm. 32.0 833.5 105.8 
29 21.1 V/mm: 2 mm. 38.5 840.0 126.4 
38 10.6 V/mm: 15 mm. 14.7 683.5 126.2 
14 10.6 V/mm: 10 mm. 21.0 964.3 127.8 
41 5.3 V/mm: 20 min. 8.3 765.8 147.4 
39 5.3 V/mm: 15 min. 9.3 869.0 146.7 

Table 6.12: Mobility measurements and other process parameters 

15., 
~ « 
E 12 Ea= 10.6Vjmm 

t = 15 min. 
'-" 
-+-1 

c 
Q) 
\..... 
\..... 
:J 
u 
u 
c 
0 

9· 

6 

3-

0 
0 

e '. 
2 

..... ....... -e_ 
e-e-e_e_ 

.-e-e-.-e-e 

4 6 8 10 12 14 16 

Time (min) 

Figure 6.6: Typical example of ionic current-time variation 
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Figure 6.7: SEM photograph of a surface waveguide (3500 x) fabricated at 
Ea = 21.1 V /mml t == 20min. and T = 385°C 
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Figure 6.8: Comparison of the numerical solution to the scaled SEM data of the 
surface waveguide in Fig. 6.5 
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Chapter 7 

Discussion and conclusion 

The goal of this thesis was to study the K+ - N a+ ion-exchange procedure for 

the fabrication and design " r low loss planar glass waveguides. A quantitative 

correlation of the ion-exchange diffusion properties to the waveguide propagation 

characteristics was established by theoretical modeling and experimentation. This 

characterization would provide useful information for the design and fabrication of 

passive integrated optical devices optimized for efficient coupling with single-mode 

optical fibers. 

The modeling of the fabrication process was realized by numerically solving 

the non-linear ion-exchange equations, as described in Chapter 2. This modeling 

provided an accurate description of the dopant concentration profile, which is as-

sumed to be a replica of the refractive index distribution. This profile was then 

expressed as a simple analy+ ical function for easy implementation in further design 

stages. The propagation characteristics were determined theoretically, as discussed 

in Chapter 3. The analytical index profile and subsequent dispersion curves were 

used in simple formulas to determine the necessary single-mode design parame-

ters. The flowcharts of the characterization methodologies for the purely thermal 

buried and electric field-assisted surface waveguides are shown in Figs. 7.1 and 7.2, 

respectively. 

For purely thermal buried waveguides, we have demonstrated a novel fabrica

tion procedure. The dopant K+ -ion profile was numerically modeled and agrees 
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weIl with that determined by a BSE-SEM technique. The concentration profile was 

then fitted by a convenient Rayleigh function whose parameters are dependent on 

the fabrication conditions such as tempe rature and diffusion time. This function is 

then used as the refractive index profile in a simple Runge-Kutta method to solve 

the Helmholtz equation whose solution provides us with the dispersion charactcr

istics and field profiles of the single-mode waveguides. Measurements of the T Eo 

and T Mo effective mode indices, using a standard prism coupler method, agree weil 

with the calculated dispersion curves. These index measurements begin to equal

ize as the backdiffusion time increases, indicating a decrease in the birefringence 

of the waveguides. The modal field widths, W" were calculated for various fabri

cation conditions and found to increase with vr;, indicating a broadening of the 

guided field. Furthermore, the propagation IO::ises of the buned waveguides wcre 

measured and were found to increase with an increasing t2. Finally, measured prop

agation losses were found to increase with increasing backdiffusion time, but, they 

remained low « 1.0 dB/cm) for short diffusion times (less th an 20 minutes) at the 

wavelength Ào = 0.633/-Lm. lt is believed that these charactenzation results will pro

vide useful information to deSIgn passive single-mode buried K+ waveguide device~ 

in optical integrated cIrcuits with improved fiber-waveguide coupling performance 

and polarization insensltivity. 

For the electric field-assisteJ surface waveguides, we have established simple for

mulas for the depth and the effective diffusion coefficient of planar optical waveg

uides fabricated by an electric field-assisted K+ -ion exchange process. We have 

verified the !inear relation between the diffusion depth and tlme and between the 

field-dependent diffusion coefficient and applied electric field. These arc con~i~

tent with the existing theoretical treatment of electromigration The surface Index 

change for both polarizations was also determined Parallel to HlIS, the numerical 

and analytical modeling of the ion-exchange process led to the accurate predIctIOn 

of a modified Fermi profile, which shows significant Improvement over the step-
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index model quoted in the literature. The dopant K+ profile was correlated to the 

BSE-SEM data with good agreement. These results are valid for the ranges from 

about 5 to 50 V/mm and 2 to 20 minutes which, we believe, cover most of the 

practical conditions under which passive channel wavegllide based devices can be 

fabricated. 
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Obtain â and D K from De 

Solve ion-exchange equation for concentration profile 

Fabricate a few sample waveguides 

Analyze profile using SEM and/or EPMA 

Determine f(x) exactly by least square fitting 

Obtain ~n$ from surface waveguides 

Generate dispersion curves, compare to experiment 

Figure 7.1: A fiowchart of the characterization procedure for buried waveguide~ 
made by purely thermal migration 
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Obtain approximate shape of concentration profile 

Fabricate multimode and single-mode waveguides 

Analyze sample waveguide profile using SEM 

Measure effective mode indices 

Determine Fe. Al, ~n. using WKB 

Generate dispersion curves, compare to experiment 

Determine Q and J.lK from ionic current and Al 

Correlate ion-exchange profile, using accurate parameters, to the SEM data 

Istl 
Figure 7.2: A fiowchart of the characterization procedure for surface waveguides 
made by electromigration 
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