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ADSTRACT 

Planar op-tlcal waveguides fab"ricated by K+-Na+ lon­

exchange ln soda-lime glass substrates are Investigated. 

Experimental characterlzations of planar waveguide 

wlth respect tO' a wide range of fabrication conditions have been 
t 

carrled out, including detailed measurements of the refractive 
'~ 

Index aniscztropy' resulting from the large induced surface 
• 

stresses. 

Parai lei to this, the non-linear '-diffusion process of ion­

exchange was simulated numerlcally to provide, along wtth the 

results of \J'1e characterizations. a complete description of the 

re'fractive index profile from any set of fabrication conditions. 

The magnitude of the maximum surface index change observed 

'was shown theoretically to be almost entlrely due to the induced 

stress at the surface of the substrate, arising from the 

pr.senc e of the larger potassi um ions. 

Finally, a novel class of single-mode channel waveguides, 

made by a "tw.o'-step·· ion-exchanse was analyzed~ A simple model 

for these wBvesuides~. was developed and used in the design of two 

directional coupler structures which were fabrlcated and. 

measured. 
f 

l'he two-step process was conceived because It relaxes 

waveguldes' dimensional conuol, yielding ~ingle-mode gUides of 
~? / 

" laraer slze. better suited for low-loss ,cionnecttons tj optical 
-

flbers. It also pro vides a nad d i tt 0 n 8;1 des r e e 0 f f r e e dom t 0 

adjust device properttes. 

o f p 



o ., 

RESUME 

La fabrication de guides optiques planaires par échange 

d'ions potassium-sodium dans un substrat de verre soda-calcique 

j!st étudiée . 

..J'l'). On a effectué une caractérisation expérimentale des guides 

planaires dans une gamme de conditions da fabrication. Incluant 

des mesures détaillées de la par les 
~ 

cau s,e e b Irafrl ngenc e 

tensions surfaciques induites par ce procédé. 

Parallèlement, les equatlons non-linéaires de diffusion 

décrivant l'échange d'ions ont été résolues numériquement pour 

fournir une description complète du profile d'Indice en fonction 

des variables expérimentales, 

Il a été démontré que l'augmentation maximale d'Indice 

• 
observée est dûe presque 'exclusivement aux tensions induites en 

surface par les différences de taille entre les Ions échangés, 

Finalement, une nouvelle classe de guides monomodes, 

". , ...... JI ~ 

fabriques par un echange a "deux-etapes", a ete analysee. Un 

m 0 d è 1 e sim pie pou r ces gui des a été dé v e ,1 0 P ~ é et u 11 li S é pou rIe 

design de deux structures de couplage directionnel qui ont ~té 

fabriquées et mesurées. 

"" , 1 \ '" Les guides monomodes fabriques par ce procede "deux-etapes", 

con 5 u pou r rel a x e rie s toi é r a n c e !5 d 1 men s Ion n e Ile ,s d e 

fa b r j c a t j 0 n, p 4U ven t a'v 0 i r de' lN u 9 8',r and es d j m è n 5lon!l, 

facilitant ainsi le couplage avec d'autres guides ou' fibre'!I. 
, , 

Cela permet aussi l'ajustement des propriétés des élémente 

.. ~ ." 

con s t ru ft s !Ir ra c eau de !Ir r e de li ber t e ad d tt Ion n e 1 i n t r 0 d u 1 t. 
0, 
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PRELIMINARY NOTES 

References are cHed by the last name of the flrst author 

anly, alang wlth the year of publication (e.g. [Beaulieu 1991]) . 

, 

1 
1 

Vector quantities are identlfied by bold type 

characters, and BO are matrices. 
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CHAPTER 1. INTRODUCTION 

1.1 BRIEF ~ISTORICAL OVERVIEW 

With the arrivai of low-Io" optlcal flbers ln the early 

!5eventies [Kapron 1970), a need ha!5 developed for optical .. 

waveguldlng circuits to perform several functlons [Tien 1977, 

Koge 1 ni k 1983]. The,e f unctlon, can b e se parated 'nto t wo broad 

classes. 

Flrst, the active devlces, ln wh'ch an externally ~rolled 

parame ter can modlfy the functlon. These Include malnly 

modul a tors and s wl tc hes [Hamme r 1979, Sc hml dt 1983], and to !!Io me 
~ . 

extent, Integrated sources and detectors [Garmlre 1979). The'n, 
J ' 

the passive devlces, whose functlon Is fixed and cannot be 

controlled. Power splitters, wavegu'de couplers, tapers, and 

WB ~ el e n g th d'I v i 51 0 n (d e - ) mu 1 t 1 pie xe r!l belon i t 0 th a t c la s s 

[Auracher 1983, Tangonan 1983, Schmidt 1983). 

1 n both of th'ese ~ la!l ~e!l, a f ~rther dl!l ti nc tlon mU!I t be made 

between multlmod~ and· Sinaie-mo'e sy,tems. Early optlcal flbers 

had core areas much larger than the wavelenilh of Ilaht used 

(typlcally 50-100 .. m core dlameters vs 0.5-1'.5 .. m wavelenith). 
, . 

Such waveiuides can !lupport many sulded modes, .,c h with Us own 

transverse modal field profile and propsiation constant. 

However, due to the Iimitatlohs ln thelr Infof'lWetion-carryina 

capaclty, these are aradually replaced by slnale-mode libers, in 

which only one mode can propaaate. Thi" property i" achieved 

, 

-1 
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. 
throulh much smaller core dimension (typically 5-10 I1m 

diameter). 

In tht, work, we wtll concentrate on sin,le-mode pe,stve 

wave,uidinl circuits made by e plenar technolo,y ln glass. 

For rec.ent overvtews on the se topics, see the references , 

Ilsted at the bel'nnins of the References Sectton. 

1.2 GENERAL GOAL 

Glass prov'des an ideal substrate for waveguid'ng 

components to if used 'n conjunctton wlth opt'cal fibers because 

of the !Similarity 'n material properttes (the high transparency 

of Ilass and fts physical stabilfty being the primary reeson for 

tts use in the first place). 

Fresnel losses cen be min'mized between the two types of 

w8veiuides and match!ni _of the)r respective refractive index 

profiles will eventually lead to very small inpur/output 

coupltn, losses. This. 'S a cr'Ucel problem bec8use of the ,mali 

s , z es' n vol ve dan d' bec au s e f , ber s are c i r c}J 1 a ri y !S Y m met r t c wh il e 
"'-

planar luidinl structures are more or less rectangular. 
\, 

In fact, !Some of the most !Successful single-mode devices in 

recent yean haye been realized with all-fiber systems, without 

couplin, the liaht in and out of a separate waveauiding circuit 

[Berlt/1980, Kawa,eki 1977J. However, the,e approaches are not 

easy to tmplement economtcally for large scale fabrication and 

th. .~o.t of Indl ~U.I dovlc •• remaln hlgh (20-200$ a. of thl. 

wrtUna). 
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On the other hand, the patternln, of a) circuit on _ flet 

substrate by deposition. photolttholraphy. and diffusion 15 

eastly amenable to economlcal batch production on a larle scale. 

ail processes havinlJ been weil developed for the mlcro-

electronies industry. One of the most successful methodl of 
t 

waveguide fabrication on Ilass has been lon-exehen"e. whleh wal 

Initially explored for that purp05e by Izawa and Nakalome ln 

f 1972 and Glallorenzl et al. ln 1973. and recently revlewed ln 

Flndakly 1985. A full description Is provlded ln Chapter 2. 

1 

1.3 ION-EXCHANGE IN GLASS 

The process of lon-exehanle lends IlIeU reedlly to both 

multimode and single-mode waveluide fabrication althoulh the 

speciflc methods dlffer sllahtly ln each case. For multlmode 

applications, larger slzes (tens of microns) and larle Index 

change ( >51. ) are preferred to Increase the numerlcal aperture 

of the waveguldes [Adams 1981]. \ The Ionie specles that eatlsfy 

those eriterion Bre sllver-sodlum (AIJ+-Na+) and thaillum-

sodium (Tl+-Na+) (Flndakly 1985], althouah they both suffer 

from sorne disadvantalJes related to permanence (for sllver) or 

toxleity (for t'halllum). To aehleve Ireater thlcknesses. an 

electrlc field can be used to aceelerate the lon-exchanae (Izawa 

1972. Chartier 1978. Forrest 1986]. 

On the other hand. for slnlJle-mq,de waveauldes. ft ta 

preferable to have a slower proeess. which Is more controllable 
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for layera of the order of a few microns at the most, and a 

smiller Index chanse. The exchanse of potassium for sodium 

(K+-Na+) 15 a better proeess ln thls case although sorne 

efforts have been made to adapt the Aa"'-Na+ process. In one 1 

o f the 5 e , a d 1 1 u t e d m e 1 t 0 f A Il N 0 3 1 n NaN 0 3 w a sus e d t 0 

reduce the amount of avallabla stlver Ions [stewart 19781. whlle 

ln another, the sllver Ions were released sradual1y in the melt 

by ele'ctrolysis [Leau 1984). Both of these methods succeeded ln 

reduclna the Index change and the speed of the process, but they 

~ Introduce addltlonal complextty ln the fabrication, and the 

question of Increased losses wlth tlme (due to the formation of 

atem!c silver), has not been completely resolved (Firtdakly 

1985). 

In spite of its fsirly wldespreed use for experlmental work 

[Flndakly 1982, Honda 1984, Haruna 1984, Vip 1984, Jackel 1985, 

Okamura 1985, Garmtre 1986], very Ifttle data has been 

publlshed on the exact waveguiding propertles of waveguides made 

with the K+-Na+ proces! [Aksenov 1982, Finak 1982, Chartier 
, 

1983, Flndakly 1985). This is fn contrast with the case of 

- AII+-Na'" exchanre whlch has been the subject of at least two 

ver y d e ta i 1 e d cha r a ete riz a t Ion s 0 fit 15 pla ,n B r w.a vell u 1 d i n g 

properties [Stewart 1977, Griffith! 19811. 

When this work was undertaken, such an exhaustive 

characterizatlon was needed for the It+-Na+ exchanse. 

It constituted the !ltarUnll point of thls thesis. 

Î 

\ 
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1.4 PRESENTATION OF THE WORK 

The g 0 a lof api a n a r w a v e gui d e cha r a c ter 1 (a t Ion 1 s t 0 

determine how waveguidlng propertles are related to fabrication 

conditions. The first step is to fabrlcate a series of planer 
..~ 

waveguldes ln diHerent conditl'ons of duratlon and temperature, 

and to measure them (as explained in Chapter 3), uslng a 

commonly available type of a substrate glass with a hlgh sodium 

~ 

content. This makes it possible to determine, with the greetest 

accuracy possible, the magnitude and depth of the refrective 

, 

index change as a function Jf the process parameters, 

1 

ln the 

farm of practteel d1!sign formulas (Chapter 4). 

Parai lei with this, a theoretical investigation was needed 

to determlne the shape of the tnduced Index change. Thle le 

because It Is very dlfflcu.lt to measure thls profile wlth the 

requlred sUb-mlcro,n resolutlon or to Infer It from mode Index 

"'-
measu~ements, for these, very shallow waveguides supportJng at 

m 0 s t "'0 n 1 y a - f e w m 0 des. 0 ne 0 f the s tan d a r d met h 0 d sor pro file 

reconstruction from mode Index measurements le only eccurete 

when many modes are measurable [White 1976), and physicel 

measurement by Jnterferometry [Martin 1974) or with ionic 

concentration probes [GJallorenzi 1973, Ramaswamy 1986), l.ack 

the necessary resolutlon. 

A study, base d' on the theory of the lon-ex change proceee. 

has been made for the Ag·-Na+ case [Wood 1976" Stewart 

19771. an d dem onstrated that a sec and - arder pol y nomial f une tian 
~ ,f; 
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provtde. a 'aood empiricaJ fit to the profile. However, these 

rasults wera teken by other authors (Ok.mura 1985] as 

representative of tfle potassium case al 50, while preliminary 

results of our charaeterizatton indieated that a Gaussian 

funetlon provtded an excellent fit of the profile. In order to 

6lear thl s pot nt, we set 0 ut to sol ve numerlcall y the ex aet non-

IInear diffusion equatlon of lon-exehanae and establlshed how 

the shape of the index ehanae depends on the substrate alass and 

the tonte specles involved (Chapter 2), 

In addition to these results, ~noth:r toplc needed 

clarification with respect to the m~anttude of the ~ex chanae 

resulttna From, the K+-Na+ exehange. A very accurate model 

for the refracttve index determinBtion from ilass composition 

yielded an Index change thBt WBS two orders of magnitud~ lower 

than mea!lured values (Gortych 1986a,b]. To explain the 

dtscrepancy, 'the effect of induced stress (Kistler 1962J, 

already known to be responstble for the birefrinaence observed 

ln thlse waveiuides (Zlenko 1979, Bradenbura 1986]. was 

cal c_u 1 a te d ( Cha pte r 5 ) . Wlth the addition of the stress 

contribution. the experlmental values of Index ch'anae allree very 

weil with the model predictions. In fact, the Index chanle Is 

shown to be almost entlrely due to the presence of strèss. This 

'S -a var y s ti nif te an t new deve 10 pmen tin the understa ndl ni of 

the mechanieal and thermal prop.r~tes of thes! wav.suides. 

\ 
.. 
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With the problem 01 pl.nar waveluidel tatln car. of. thl 
-

next ~tep is Il !ttudy'ol the sin81e-mode channel wave,uide."i-n 
\' 

whieh Hght is eonlined laterally as weil as in the dlpth. 5uch 

ion-exchanied cha.nnels have been us.d often lor device work 

[Findakly 1982. Walker 1983a. Cullen 1984, Honda 1984, Haruna 
. 

1985], but very lew analyses 01 their exact shape and 

propagation propertles haye been publlshed (Walker 1983b. Cullen 

1 9 8 6 ] . A Il olt he 5 eus e d the sim pie s t rue tu r e ' con 51 s tI n a 0 fan 

-olsolated channel. dellned by lon-exchanae throUlh a narrow 

aperture. 
1 

( 
In this work. Il WBS decided that a more 'novel structure 

'""\ 
would be used, fabricated by ,.rtwo-step ton-exehan,e method [Ylp 

1984. and Hinkov 1982 or Chartier 1986 for variants]. Wtth thls 

method, the channel waveaulde Is surrounded by a sllahtly 

shallower p{anar gul~e resulUn, Irom a second exchanae oyer the 

whole substrate with the mask removed. 
r ~ 1 It has two dl~ttnct advantaaes over sln,Je-~tep autdes 

beeause the làte"al index aradient can be dirninished at wtJJ. , 

Flrstly, _this allows the fabrtcat10n of sln,le-R)ode ,'ui'des of 

m~eh wider d,imensions. thereby' relaxin8 la~r~u.on toleranc.. ./ 
~ 

and fllcilitllti~g input-output couplini to other w.v.,uidel or 

libers without the n~ed for tapered matchtn, secUons. SeCondJ~, ' 
\ 

the propaàaUon constant and mode profile can be lIdJusted by 
, 

chanalna the dep·th"of .. " the surroundin, pianar luide. Thil alJowl 
~ . 

for the fine tunin, of the performance of wayeauidin8 dlvicel to 
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comp.n~ate for desi,n or fabricaUon inaccuracies. The main' 

.dv.nta.e of this method of lateral 
, ~ \ . 

waveluidin, control over the 

'alternative approach of deposftln, a planer claddlnl on to.p ,of 

t-ht/substr .. te h that ft doès not require any addltional hlgh 
• 

vecuuD\, 'proces5inl and ~s extremely precise. 
, 

In order to be able to understand the w~ve8'uldlng properties 

of the 5 e 8' u ide s. the fi' e x a c t i-n de x pro fi 1 e wa s cal cul a te d 

riumerlcaJJy from the two-dimenslonal ion-exchange diffusion 

equatton (Chapter 2). Then, the problem of electroma8'netlc wav~ . .... 
/' 

propalation inside these structures c9uld be solved. ... This is a 
.. 

FWl1'rer (f1fftc-ul"t -t~è1t which has 110 allalytical--s-o-l-utions due to-----l 
\ 

the compltcated shape of the Index profile. However, various 

appJbOximate numerical or se~i -analytical methods are avaUable. 
\ " ' , ~ 

In Chapter 6? a semi-analytical, me d is developed to sHow 
\ 

a full characteriration. of channel IJdes from data derl,ve~ 

"/ .xclust vely from planer lulde measurements. A comparison with a 
.. \ ~l î 

matrlx varlational numerlcal method.- whose preçlslon can be' 

11\~reas ed b y usl nI 1 arle r dim erislons~ co nf Irms the le c uracy of 

the model developed .. 

. 
fl But channel luides by the m sel v-e !I serve only limite!i 

purp"cses. The loal of thls whole 'endeavour la the realizatioA of 
1 

o p Uc ale 1 r c u ft ~ u sin 1 the cha n ne.' 1 u I.d es. 0 ne par ti cu. a r J y 

u •• ful basic struco~ure Is the directional\ coupler·' [Marcatil1 
\ • ~ f 4J l 

1969,1 and for itl Usela Cochrane' 1986). Besldes Us basic power 

.. 
" ..... :~--~~---~------- ---~---------
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s P Il t tin g pro p e r t je! , j t c a n b eus. d' 'li S a w a v el. nit h 

mu lt i 1 de mu 1 t, i pie x e r , 0 t' a! a ver y na r r 0 w ban d pas s r Il ter 

[Kogelnik 19831. f'urthermore, it has the potentlal to be used as 

a s witch whe n the su bstrate Ilàs sis doped with semi conduc tor 

lmpurlties (eu11en 1986]. Prevlous work ln this area Inelude 

(Walker 1983c, Yip 1984, Schlaak 1986). 

It was' therefo re dee lded that a direcUo nal coupler would be 

designed and fabrlcated. The purpose in doin, 50 15 two-Ioldt 
. 

.ç irst, to vertfy the accuracy anci usefulne!l!l of the model 
~ • 1 

Ql." iY 

developed in chapter 6 for t-he desiln of more complet 

abo'ut the advantsles of the t~_step method for "devlce 

" fabrication. 

Chspter 7 presents the analysls of leneral dtreC'tlonal 
c , 

coupler structures as , 
\ 

waveg uide c às-'. 

practical input and 

element. 

~ ) 

xtensions ta the .1nllti-mode and Ilnllle/' 
. , -~ 

di!l cu sse d'; -t-rfcr udl n. 

seetions to the basic coupUn. 

f'tnally, the actuaJ dest.n 01 two dlrectional couplers Is 

presented in Chapter 8, a10nl w!th ex peri mental meal! urementa 01 

the labricated devices. 

A brief review of the whole work and prospects for future, 

developme'!ts are presented in the conclusion. 

, i 
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1.5 OUTLINE OF ORIGINAL CONTRIBUTIONS 

The original contributions of this work to the advancement 

v of knowledge ln this fast moving field are. summarlzed below: 

the detailed characterization of planar K+-ion 

exchange in glass, Including rneasurements of the refractlve 

index anifotropy [Vip 1985, 19861 

- the quantitative dernonstratlon of the relation between 

the profile of Index change and the indivldual ion specles and 

substrate glass [Albert 1985] 
fi) 

- the qua n t 1 ta t 1 v e e x"p 1 a n a t Ion 0 f the ma g nIt u d e 0 f the 

Index change resultlng from the substitution of potassium for 

sodium ln glass, hlghlightlng the slgnlflcBnt contribution of 

surface Induced stress [Albert 1987b] 

- the analysis of wlde single-mode channel waveguldes made 

by two-step ion-exchange ln glass [Albert 1987c] 

the analysls (dispersion curves and modal fIelds), 

design and fabrication of a worklng dlrectional coupler, wlth 

adJustable power transfe~ charactenstlcs [Albert 1987a, 1986]. 

'0 
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CHAPTER 2. THE ION EXCHANGE PROCESS, 
,"': , . 

2.1 BASI C PRINC IPLES 

2.1.1 Glass composition 
t"') 

A typlcal soda-lime "lass Is composed of 71-751. silicon 

di 0 x ide ( S 1 O2 ) , 1 2 - 1 6 1. s 0 dl u m 0 x 1 d e (N a2 0 ) , 5 - 1 5 1. cal c 1 u m 

oXlde (CaO), and smaller amounh of various other oxldes 

de pen d 1 n g 0 n the e x a c t t Y P e 0 f ,,1 a s s ( K2 0 , A. 12 03 , MilO, 

etc .. )[Pfaender 1983, Doremus 1973,\ Shand 1955). It wa! found Il 

long tlme ago [Schulze 1913), that, under certâln conditions, il 

1 5 po S 5 l b 1 e t 0 r e pla ces 0 m e 0 f t.h e Ion s pre 5 e n tin the i 1 a s 5 b Y 

other Ions of equal valence. Sodium ln pllrticular hlls been found 

to be easlly -dlsplaeed by other monovalent Ions (A,,+, K+, 

{} The new Ions thus Introduced in the ila~s occupy the 

seme sites a5 the Ions thel they replaced slnee the exchanie Is 

on a one-to-one basis. Of course, the propertles of ilas! chanie 

ln the regions where such e xc hange has taken place. 
~, 

Mor e spectflcally, dlfferent Ion 5 have dlfferent 
u 

,pth'è ~' ' 
" ' 

polarizabllities fi nd si ze s. This leads, among effects, to 
~>/ 

a local change ln the refractlve index whlch can be used to 

guide II~ht by total InternaI reflectlon If the exchanlled layer 

h~s the sultable dimensions and shape. 

K+-Na+ exchanges have been u!led to make U5eful optlcal 

waveguldes ln glass by an Increase in the refractlve index 

relative to the substrate Index. The exact relation between the 

o Index change and the concentration of new ions in the 111155 is 
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fairly complex but ft is ,enerally believed that the two are 

prop ortlonal [Wa 1 ter 1983b). This assumptlon wHI be used here 

for the time belnl. but the derlvatlon of an exact relattonshtp 

will b e dis c u s s e d 1 n Cha p t'e r 5. a f ter the r e 5 U 1 t 5 0 fou r 

eharachrlzstlon of the K+-Na+ proces5 have been presented. 

2.1.2 Explanatlon of the ion-exchenle process 

Qua Il t a t 1 ve 1 y. Ion - e x cha n g e pro cee d 5 as f 0 Il 0 W s'. A li 1 as 5 

substrate contalnlnl Na+ Ions 15 Immer5ed ln a molten salt 

contelnlng chemlcally slmtlar Ions, whlch will be K+ here, 

for example. At the glass-melt Interface, both Ion 

concentrations tnltlally drop suddenly from flnlte values to 

zero. This Is clearly a non-equlllbrium sttuation slnee K· and 

( Na+ Ions are almost perfl!ctly Interchangeable ln both the melt 

and the i'iass. Therefore, thermal ailtatlon at the Interface 

produces random collisions ln whteh one K+- Ion replaces one 

Na+ Ion, and thls proees! gradually diffuses away from the 

Interface. Of course, ln the melt, the Na· Ions move much more 

/ 

rapldly away from the surface (and afe -105t .. ln what can be 

consldered an tnflntte reservotr 

/ 

~f K+ Ion 5) than the K+ 

la ns tn the glass, whtch slowly 1 nvade a very thln layer near 

the surfac e of the substrate. The process aeeelerates at tlilher 

1 
temperatutes beeause of stronler ,thermal slitatton and also 

beeause the IIas5 matrix, throulh which thesf! ionie motions teke 

( place, Is les5 rilld. 
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When the rlass is Hfted out of the melt, but kept at a hirh 

temperature. the exchanae continues wlthout a supply of new K+ 

Ions. The result Is that the Ions, whlch Ire Ilready ln the 

alass, will tend to redlstribute themselves ln order to reach 

equiti brium (Le. uniform concentration of bath K+ and Na· 

throughout the substrate) by movln', ln deeper but wtth 

decreasing surface concentrations. The proce!!!1 only stops (or 

rather becornes Inflnltely slow) when the source of heat Is 

removed and the 9ubstrate allowed to cool towards room 

temperature. Typical exchange temperatures range from 200°C to 

550° C 8 n d g e ne rail Y don 0 t 1 t e t 0 0 mue hab 0 ve the me 1 t t na 

point of the salts used as !lource!! of exchanaina Ion!! becauae 

excessive heat may lead to damage of the surface of the 

substrate due to nitrate decomposltlon and exce!lslve thermal 
o 

motions [Bartholomew 1980]. The resultlna concentration profile 

has a maximum at the surface and decrea!le!l monotonlcally In!lide 

the substrate because of the configuration and nature of the 

process., 

for the specifie case of lon-exchange ln soda-lime alasses 

from nitrate melts, t has been establlshed (Dorernus 1973] that 

the preferred ion-e changers are !!llver (Ar+) and pota!lslum 

(K+) ln that order. In fact, Aa+-Na+ exchanae occurs 

slgnlflcantly faster (Chartier 1983] and ylelds a larger Index 

change then K+-Na+, and is, therefore, more .uttable for 

o deep and, hl8hly multimoded waveauides (Stewart 1977J. On th. 
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other hand. for sinaJe-mode. waveauides, the sJower exchange rate 

and Jower index chanse provided by workins with potassium aHows 

for easier control and areater repeatability (typlcal exchange 

duraUons for sin8'le-mode planar gUides: 5-15 minutes for Ag+ 

. 
[Zlenko 1979), 30 minutes to a few hours for K+ [see Chapter 

4 ] . 

Finafly, the refractlve index is not the only parameter of 

the alass that is modtfled by the exchange of ions. Very large 

stresses are induced near the surface due to the size difference 

in the ions [Kistler 1962). These stresses have been known and 

studie d for s 0 me ti me by the s_1 ass ind ustry spe ci a fis ts for the 

purpose of strenghtening sheet glass. Their effect on the 

waveauidini properties of exchanged layers will be described in 

Chapter S. 

2.2 MATHEMATICAL MODEL FOR THE ION-EXCHANGE PROCESS 

The chana8 in the concentration c (number of ions per unit 

volume) of a siven iontc species can be related to the flux of 

ions J byl 

2s. _ -V.J 
at (2 -1) 

For the esses of mixed non-Interacttng substances dlffusln" 

fr"eely and isotropically, the flux obeys Fick's flrst law [Crank 

1956. 1915)1 

J • -OVc (2 -2) 

• where D. the diffusion coefficient, t!I a parameter reJ.ted 
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to the substances involved and the conditions under which the 

o diffusion i9 takina place. It can actually depend on c. 

Substituting (2-2) Into (2 .. 1), we aet Fick's second lawl 

if! - V·(DVc) (2 - 3) 

which can be solved for c, aiven suitable. initial and 

boundsry conditions if D is known. 

In ~he lon-exchsnae process. dlffuston te no lonaer free 

but re9trlcted by the condition thet esch incomlna Ion replaces 

an outgoina ion in a one-to-one fashion to preserve the alobal 

neutrality of the glass [Helfferlch 1958]. Locslly, however, 

since the two types of Ions have dlfferent mobilitles within the 

glass, one may tend to outrun the other. An electrie field 

o results which has the effect of restorina neutrality by 

equalizing the fluxes of the two ions. The contribution of this 

electrlc field to the flux can be evaluated as follows 

[Frederikse 1981]: 

The ratio of the speed of the Ions to the maanltude of the 

drlvlng eleetric field Is aiven by the moblllty Il. 

vE - ~ rn/sec (2 -4) 

and the mobility is related to the diffusion coefficient D by, 

(2 - 5) 

where e is the elementary charae (1.6KIO-Ui Coul). 

k 1 5 Bol t z mil n n con 5 t Il n t ( 1 . 3 8 )( 1 0-23 J /0 K ) • 

o T is ,the tempereture in oK. 

--------- ~ ---- -~~~~---
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Then, 

JE • CVE • ceDE 
kT 

(mzesec)-I (2-6) 

The total fluxes of ions become (wUh the subscripts a and b 

denotlng K+ and N 8+ ions respectlvelyl: 

J • • -O.CVc. - fT c. E) (2 -7) 

J b • -Db(VCb - ~ cb E) (2-8) 

Neutrallty. requiresi 

J a • -Jb (2-9) 

and 

Ca + cb • Co • constant /Tl(2-10) 

The con st B nt Co i!5 the con c e nt r B t ion 0 f Na + ion 5 pre 5 en tin 

the glass prlor ta the exchange. Since K+ ions replace Na+ 

Ions on 8 one-to-one basls the total concentration of Na+ + 

K/ rem a t n s co. 

\ 
Substltutlng (2-10) Into (2-8) and uslng (2-9) w~ get: 

~ .. 

Fro m (2 -1 f), we 

D' b Y 1 

wlth 

,. 
c. 

and 

for the flux of 

J • a 
-0 (CaDb+ CbDb) Vc 

~ c.D. +CJlb a 

can define an effective 

0' • 1 - aê a 

C ,. Cb -~, cb • ë:+ë.:' • 1 -a b a b 

CI •. 1 O. - r;; • 1 -~ 
,+ ions hom Il KN03 

A 

C. 

meJt 

(2-11) 

diffusion coefficient 

(2-12) 

(2-13) 

(2-14) 

into Il .11155 where 

\ 
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th~y replace Na+ ions. This leads ta 1 

(2 - 15) 

as our partial differential equatton (POE) describini ion-

exchanre. 

. 
2.3 SOLUTION OF THE ION-EXCHANGE DIFFUSION EQUATIONS 

2.3.1 Planar ion-exchange: analytical sotutions. 

For the case of ~anar, or s'Iab, wave"uid~s, the exchani!! 

is performed without maskini' the substrats 61.0 define channels or 

.' destred structures. Sinee the diffusion reaches only a few 

mi c r 0 n s' d e p t h i n a 9 u b ! t rat e a fat 1 e a !J t a l\ f e w 's q U ES r e 

milltmeters. the process is essentially one-dimensiona! along 

the depth direction, labeled x. Settlng the d~rlvative! with 

respect to y and z to zero in (2-15), we 8'etl 

(2-16) 

This ls a non-llnear POE of second order in x and first order in 

t. Therefore, we ne~d two boundary condition! in x and an 

Initial condition in Ume. Th~ spatial domain of Intearatlon 19 

the substrate. At tlme zero, the concentration of new Ions i9 

zero. (2 -17) 

For the boundary conditions [Frlschat 1975], w~ us~d a zero 

concentraUon at Inflnlly and a flxed vo7concentrauon at .~ 
the surface slnce the moblltty of the Ions ln the melt 19 

sufflcient to malntaln a homoseneous and constant supply of new 
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ions, in sptte of the tempor-ary presence of the outdiffusing 

ions. rt was obser:ved [Doremus 1969, Frlschat 1975, Cullen 

19861 that for the K+-Na+ exchange, the maximum 

conçentration of exchanged ions (occurring at the surface) is 

only a fraction h (around 0.9) of the total concentration of 

a ya i 1 a b 1 e N a+ 1 

êa(O,t) - h - constant 

êa(oo,t) - ° 
(2 -18) 

(2-1i9) 

The constant "h" appearing in (2-18) represents the 

f ra c t Ion 0 f a c cep t 0 r si tes (N a+) t h a t are e f f e c t ive 1 y 

participating in the exchange because of: 

ca(O,t) 
ê;a(O,t).. Co • h (2-20) 

and 

(2-21) 

50 that 
~ 

caCO,t) • hcbCO,O) 

Note that the 1ast equàtion is d-my vaUd for t > 0, sinçe 

1 t ta k es a s ho l' t t i me for ca (O. t) 1.,0 r e a chi t s 

equilibri.um value, but it is negligible compared to the 

diffu,sion 1imes us..e-d. 

This completes the formulation of the problem. In order to 

begin Us solution, we Use a transformation, odue to Boltzm,ann, 

to reduce (2-16) to an "ordinary differential equation- [Crank 

1956, p. 148)a 

(2 - 2 2) , 

th en 
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(2 - 23) 

(2-24) 

and (2-16) becomes: 

(2-25) 

with 

(2-26) 

and 

(2 -27) 

Fur the r m 0 r e, 1 et U!5 r e no r mal i z e êa ta h a v e ft ma r e 

convenient boundary condition at "1 • o. 
Putting 

êa c '" 11 : c('Y=O) • 1 c("Ism). 0 

and (2 -25) becomes: 

(2-28) 

(2 - 29) 

where we see that (2-28) is equivalent ta scaling a by h. In 

'the following, â < ... crh. 
, 

A parametric siQlution of equatlon (2-29) 19 pre9ènted ln 

[Crank 1956, Ch.91 and- d~êtailed in Appendix A of this thesi!!. 

The result of the solution ls shown below 50' that lt cen be uged 

8S a startiiig point for a more convenlent power sertes 

expression for c(')'), originally proposed by [Wood 1976). In 

thls solution, bOUl c and y are expre5sed 8S functlons of 1) 

comman parame ter e: 

(\ .!" e -1 
y(e) • -=!..(e-(e2_~lne2):l) exp( la .(/f)2 - ~ln-t12) T ,d/f)) 

~ 
(2 -30) 
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(2 - 31) 

where JJ is found by solvini' 

(2 -32) 

Now slnee we are interested in a solution for e(y) tn a 

very shellow layer below the surface of the substrate, we will 

seek for il tn the form of a Taylor'! !lertes expan!lion near y -

0, 

:2 3 
c(y) • c(o) + .sK.

d 
1 y + ~ ')'2 + ~ 

YyaO ~ ~ 
3 Y + ••• (2 -33) 

... 
where the derJvatives are evaluated wtth the- help of (2-30) and 

(2-31), 

where 

and 

~ ~!Il ~dy)-l 
di • as dy • aeld8 

'\ 

(2-34) 

(2 -35) 

(2 - 36) 
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o yleldina flnally: 

(2 -37) 

A simllar calculation lIiv8S: 

and 

-1 

... '* exp( 5 Ioe(IIJ2-~lnllJ2)2 dllJ) (2 - 39) ~ 1 

" o .,,\ 

o 

1 
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1 -
'''J. T he expressions (2 - 3 7) to (2 ... 39) must be e val uated at ,,-0. 

T h 1 r .... , 0 r e • th 1 v al u e 0' This is found,by 
. 9-

usina formulae and (A-40) in Appendlx A, 

yuJ also by (2-32), 

.:.l 
10

8: 1 ("",~ 2 2 -1 .... .., -. ~Inct» dct>· '2 In(l _. a) 

Uslng these results, we getl 
If 

, 
wh t ch, Bion g w·t th the de f t n 1t ion 0 f ')' 1 

J 

/ 

(2 -40) 

(2-42) 

r 

(2 -43) 

'Ixes c ( x , t , D, ' â ) , the no r mal i z e d ,c 0 n ce nt r I!!I U 0 n 

1 t i s no t nec es 5 a r y t 0 k no W co' wh i c h w qui d de ter min eth e. 

m a g nit u d e 0' Ca ( 0 , t), bec BUS e A.n<" x • 0 ) i'JS m ejl sur e<d 

independentty. This means that ân(x) can be obtained as 
• 

6n(0) ... c(x)' ;ince cCx) is norrnalized to 1. 

"---"" ) we compare~ This result will be used in section 2.3.2 when 

the profiles obtained for K"'-Na'" ion-exchange wlth tho!e 

r • !I U 1 tin 1 , r om A Il''' - Na'" - w i t h the h e 1 p 0 f e li: a c t 9 ume rie a J 

solutions. 
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2.3~2 ~lanar lon-exchanael numerical solutions. 

Starttng agatn from (2-29) wlth cond~ttons (2 ... 28) (repeated 

heu fo r. con venie nce), 

-2Y~ • L ( 1 ~c) 
dy 1 - &c Y (2-44) 

• 1 è: - & (f-)a 
1 - âc dy (1 -aC)2 y 

c(O) - 1 & c(co) • 0 (2 -4 5) 

One way of salvins (2-44j numericslly t!l to tran!Jform lt 

1 nto 8 system of fi rst arder equattons (Con te 1980) 1 

~ - a d'Y 

d~ âs2 
.;::L • -2&'11(1 - ~c) - -
d'Y • l "" (1 - âc) 

1 c(œ) - a 

(2 -46) 

(2- 47) 

(2 -4 8) 

_ This system I!J fully determlned (althouah non-linear) and 

can be solved. One problem remain!, that of the boundary 

at infinHy. It ts handled by a map'pini which transforms the 'Y 
\.. 

• [O ... ) domal n I"to • bounded r."Ion ,p • [0.1/. Th. m.ppl"" 

1 9 : 

(2 -4 9) 

and the derivatlve wtth respect to "y" bec"Omesl 

~ • (1 - p)2 ~ 
... 

90 thst (2-46)-(2-48) become, 

~. 1: (j 

ct _ p)2 
(2 -50) 

3.. -2;(1 - âc) e - al2 

_ p)2 

'~ 
dp '<;J (1 _ pla (1 - Cie)(1 

('2" 51) 

":::' 
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wlth c(O) - 1 c(1) - 0 (2 - 52) 

The system (2-50)-(2-52) 15 solved uslng a comme1-tlally 

avatla15le<"~~-rouune caJled DVCPR from the IMSL pac~age on a 

grld of 60 points in the interval p • (0,0.991 (corresponding 

to y - 0 ,to 99). The p rog ram uses an impli cft fini te ditf er e nce 

~lgOrtthm whlc-h Is uncondltlonally stable '(regardless of the 

grld spaelng Ap). 

The only parameter of the system ts â. 

lon-exehange ln soda-lime glass, the ratio of the mobtllties of 

the two Ions and the fraction of sodium particlpatlng in the 

exchan~e are respectlvely [Doremus 19691: 

~a+ S 500 . h SiS 09 
~+ ' • 

whlch "Ives â - 0.898. On the other hand, for Ag+-

Na+ exchange"the value of â • 0.56 wa! found [Stewart 

1977]. 

Tt1'e effect of ... ' 
a on 1 s the solution for c(y) vii r y 1 Il,g 

rather important, as can be seen in Figure 2-1. This sheds sorne 

llght on the controversy which surrounds the cholce of an 

approximate funetion to model the refractive-Index profile 

. 
resultlng from lon-exchange. ~In the case of Ag+-Na+, an 

~ 

extensive study showed thBt the bsst fit is provided by B 

second-order polynomial [Stewart 1977], promptlng sorne people to 

use the sarne functton when dealtng wtth potassium exchange 

[Okamura 19851. Others [Chartier 1980, Giallorenzi 1973, Gortych 

1986a,b) have proposed and used Gaussian funcUons and "erfc" 
J 
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lunctlons (I.e. one minus the error luntlon, or "complementary 

error lunctton-). lor vartou!! types of exehange, u!!ually bastng 

thetr arguments on classtcal diffusion theory, for whtch these 

two lunettons represent standard solutions. It ts no\ eleer, 

from Figure 2-1, that the exact shape depends CrItIC,lI Y on 

" l a, whlch in turn vartes wtdely wlth the exchanglng spec!es 

and !lubstrate glass [Doremus 1969]. 

In order to elerify the question between the sllver 
~ 

and potassium cases, Flgur~s 2-2 and 2-3 show the numerical 

solutions for the two prevlou!lly cited values of â, along 

w 1 i'h the b est G a u s s i fil f It toi tan d ais 0 w 1 t h the a n a 1 y tic al 
~ 

r 
power series solution derlved ln the prevlous section (taklng 

tt! flrst three terms, up to second, order). On Figure 2-2 

(K+). the Gaussien fit follows qutte weil the exect result 

over Ils whole range whlle the power series does l'lot remain 
r 

sccurate far away from the origln. 

On the other hand, in Figure 2-3 (Ag+), while the Gaussian 

fit Is relatlvely poor over the whole range, the power series Is 

very acc ura te ove r a do mal n that e xtend s almo!l t to the nominal 

depth (oy - 1) of the profile. This explains the good fit 

obtalned by (Stewart 1977J stnee waveguldes made from Ag+-

.... 
Na+ are much more strongly guidlna \(thetr Index change Is ten 

t 1 m e !I 1 a ra e r) t han th 0 sem a de w il h pot fI!5 si u m, and m.o 5 t 0 f the 

optical power propallates ln a very !Shallo,~ layer near the 

surface ('1-0). In the K+-Na+ case however, the optlcal 
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depth for K+-Na+ exchange. Compartson of the 
numerical result with the approximate solutions. 
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numetlc al resul t wlth the app toxi mate solutl ons. 
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o power i9 less conflned and good agreement of th_e model function 

is necessary over the whole profile for it to be eucceeefui in 

predicting waveguldlng propertles. As fer as the erfc function 

is conceroed, its behaVlour ne sr the orlgtn (a large negaUve 

" slope), IS totally Inconslstent wlth the numerical solutions 

obtalned for â values larger than 0.5, which are much more 

rounded at ')'-0 (see Figure 2-1). 

These conclusions ~re confirmed by our own characterizBtion 

of the K ... -Na ... ·process in soda-hme glass (presénted -in 
/ 

chapter 4 ), where we use a Gaussian function of the form: 

o 
~ :r2 :r2 

6n(x) . 6ns e - d2• 6ns e 
- Det 

(2-53) 

t( m 0 dei the 1 n d e x profile with very good accuracy, with "D.", 

an effectfve diffusion coefficient, end "t", the dur~tlon of the 

exchange. In Figure 2-2, the best Gaussien fit Is obtalned for 

)12 x2 

- .. 2 - "ID l82 
cCx) = e U = e 8 wlth 6 = 1.17 (2 - 5 4) 

which allows for the determination of Da (needed in the next 

s.ectlon) fro~m a measurement of De. 

2.3.3 Numerlcal solutions for channel wavegutdes. 
( 

) 

It ls possible to obtaln very aecurate solutions to (partial 

differential equatlons by using numerleal method! on a computer. 

o These solutions can be used to check the 8ecuraey and the ranae 

of valJdlty of approxlmate methods (as wa! do ne in the prevlous 
\; 

section) and are applicable' to the more senaral' calSa of two-
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dlmenslonsl diffusion through an aperture. It ts from these 

results that the wllveauldes obtained by lon-ex'change will be 

analyzed in later chapters. 

The 2-D Implementation of the numerical solution Is 

descrlbed beJow, ln more detalls than in the prevlous section 

because no commercial subroutlnes were used. 

Sterling lIiain from (2-15), ln two dimensions: 

!t · lx (1 ~àc ~) + Ml ~âc ~) 
l ' 

(2-55) 

where the normaltzBtions (2 -28) and & • ha have been used 

aiatn. To "standardlze" somewhat the numerical procedure, the 

followlni transformation 15 made (Helfferlch 1958]: 

f • In(1 - âc) (2-56) 

(2 -57) 

Il n d sim 1 1 a r 1 y for :~ and ft t 0 arr 1 v e a t : 

(1-&C)~t - et .aI • D (S + n) oR' ax ay2 
(2-58) 

Î Mt - e-t D (na~) 
!f • ax2 + iY2 ' (2-59) 

Th~ spatial domaln of Inte,ration fs shown on Figure 2-4 for 

the case of lon-exchanae throuih an openlna of wldth D. This 

allows for an expliclt formulation of the other boundary 

conditions: 

c(O,lyl<~) • 1 

~(Otlyl~~) - 0 

(2-60) 

(2-61) 
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c(oo,y) - 0 (2-62) 

c(x,:t(X») - 0 (2-63) 

Note that conditton (2-61) i9 d,ependent on the experlmentaJ 

procedure [WilkInson 

lateral diffusion to 

1978]. In prtnciple, 

occur along x-O, just 

noth!ng prevent!s 
, . 

under the mask.-

However, in the case of metal (aluminium) masks (as will be the 

case here), the exchange along y is prevented because no 

electric field can exist in that direction at the interface wlth 

the conductor. Mathematically, this corresponds to settlng 

Ey - 0 in (2-7) and (2-8). Then, when we impose conditions 

(2-9) and (2-10), the result Is that ac/ay must be equal 

to zero. Furthermore, no flux is possible in the x direction at 

x - 0 because of the mask, which means that ac/àx - O. 

Since the net total fluxes are zero at K = D, then the 

concentration of new Ions remalns at Us Initiai value there, 

Le. remains zero. When the mask is non-conductlng, the flrst 

r e 5 tri c t ion ( Ey - 0) do es n 0 t a p ply and the a p pro p r 1 B t e b 0 und a r y 

cond1tIon IS one of zero resultant normal flux (outward or 

Inward)*: 

~~(O,IYI>~) .. 0 -\ 

In terms of f the boundary conditions become: 

f(O,IYI<~l - In(1 - âl 

f(O,lyl~~) .. 0 

f(oo,y) • 0 

f(x,:too) - 0 

(2-64) 

(2 - 65) 

(2-66) 

(2 -67) 

(2 -69) 

Thè' numerlcal solution of (2-59) Is based on replacing 

the derlvatives by finite differences on a dlscrete space-tlme 

* The above considerations are only approximative near the 

mask edge because the electric fleld8 and ~radlent8 are not 

uniform there 
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8'rld. The spae~na of the 8'rld points must be sueh that we have a 

r •• ,sonably hiah resoluti'on in the main re8'ion of interest. At 

the same time, the arld must extend far enoulh ln the spatial 

domaln to .110w the use of boundary conditions thet should be at 

Inflnity. Ail of thls contrlbutes to maklni computtni Ume 

extremely larie If steps ate not taken to reduce the problem. In 

some way. 

Flrst, we can halve the computlng Ume by solvlng only one 

half of the problem. As can be seen from Figure 2-4, and the 

fact that lon-exchange in alass Is isotropie, il is obvious that 

the concentration profile will be symmetrtc about y-O. 

Therefore, a new boundary can be used at y - 0 and calculations 

'limited to the positive . The boundary condition 19: 

(2-6<J) 

whlch follows from c with respect to yI 

c(x,-y) (2 -10) 

Another tlme measure consiste of uslng 8 

variable arid on o calculate the .finite differences. in 

the same manner that was done in the preylous section. This new 

a rld ts obtai ned by mapp 1 ni the seml -1 nfl nUe x and y axes onto 

finite intervels by the fOllôwing chanae of varie bles: 

1 
a~ e -i% x • (2 -11) A' ~ 

.'..,L bl1 (2 -12) 1"1 y+b Y • 1-11 
> 

8y tbis transformatton. an evenly speeed 8'rld ln the e-l'l 

coordinate system correspo nds to an x -y al'id whie h be a ins very 

. . 
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\ 

flne near (0,0) and gradual1y. become~ coar~er away from the 

" o ri gin, y i e 1 d i n g the de 9 ire d .. i Il h r e !S 0 1 u ti ,0 n i n the r e c ta n 111 e 
~ 

~ 
defined by x • (OJa) and y • (O,b). and also coverage of the 

-. l r----. 
regions outside of it extending ta infinity. Note thatl 

'2 -73) 
/ 

(2 - 74) 

"" .... 
The central part of the x-'1 gifilt t~ shown on Ft~)2-4. 

,-,,~f 
The outermost points are left out beczsuse ft would not be 

possible to distingut~h the central portion on the ~ame scala. 

T h a t 0 t a 1 g r ide 0 n !!I 1 !S ts 0 f 1 1 a q u B 1 1 Y spa c a d p 0 i nt! i n ~ 

( 1 0 c a t-~d a t _ 0 . 0 , 0 . 1, O. 2 , ... , 1 • 0) and 1 6 P 0 i nt!!! 1 n TI ( 0 . 0 • 
~ -, 

"--~ -
0.067, 0.133. 0.200 , ...• 1.0). The corresponding value! of x zsnd 

y are ltsted on the sample outputs From progrBm DDFUS (Table!!! 2-

1 to 2-3), and they are shown grephically oh Figure 2-4. '}tth 

the new variables, equatlon (2-59) ts transformed ln the 

followlng mannerl 

and similarly for "y", to yield fioallyi 

~ 

, 

i\ (2 -75) 
\\ 

J 
/ (2-76) 

if · Da e-I [0 ~lf:)3 (-21 + (1 - ~)~) + (1 ~2Yl)3 (-2* + (1 - 11)$)] (2-77) 

To !Solve the probl.m numerlcally. an .xplic,it linit.­
Çip 

'J 



-------::-------------~----~--

c 

( 

c 

34 

-:> 
dUje~nce scheme was chosen because of Us convenience and 

stmplfclty (Gerald ,,1910). Aiso the 8ccuracy of ,that method can 

. be controlled relatively 8a511y by changina the resolution of 
ri' --

the time and spatial steps used in the itnite dUferences, as 

loni as the time 5tep is smaU enough., to ensure the stabiHty of 

the computation (Gerald 1910). Stabtlity means that errors do 

not irow exponentially ~wtth sucéesstve Iterations ln tlme Ct.e. 

do not start- to 05Cillate\~t1dlY)' A criterion for stabtlity ts 

derlved below. J 
The fll1ite dlfferé..rtf which co,","respond to the partial 

dertvatives are llsted below. foCI,J) Is the value of f at 

irtd point (I,J! (1; and" coordlnate respectively), and time 

to ' wh fie fI CI ,J) 1 s the val u e a t t i me to + â t. 

(M) fo(l+l,J) - foU-l,J) 
laf 1.1 • 2â~ 

(2 -78) 

(M) f 0(l,.J + 1) - f gO,J -1) 

la1i 1.1 • 26" 
(2 -19) 

(a
2f) f 0(1 + l,J) + f g(l -l,J) - 2f g(I,J) 

~ 1.1 • (AI;)2 
(2 -80) 

f.a2~) 1 gO,J + 1) + , 0(1..1 -1) -2100,1) 

la" 1.1 • (A,,) 2 (2 - 81) 

(H) ,10 ..1) - ' 00,1) 
H 1.1 • At 

(2 -82) 

The set of equattons (2-18)-(2-82), when replaced in (2-17), 

de ter min e sun J que 1 -y the y al u e s 0 fIl i n ter ms olt h 0 seo f 

The calculatton proceeds aOs followsl tirst the matrix 

'o(l,J) Is tnltialized with zeros, except at the unmasked sur-
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face (I-l,J depends on the mask aperture) where the values are 

flxed at In(.l - â). Then, the flnlte-dtfference equatlon Is 
o 

calculated fO'r the values of f) at ail the "Intartor" arld 

points (remember that on the boundarles 1-11 and J-16 the values 

remaln constant, equal to zero). On the boundsry y-D, J-l and 

formulae (2-79) and (2-81) contaln terms for whlch J·O, whtch 

are outside the calculatlon domaln. Fortunately, we know thet 

" the value of f (I,O) must be equal to the val ue of f (1,2) because 

of the symmetry of the problem about y • O. Therefore we use: 

(2-83) 

ln (2-79) and (2-81). Once fi is known everywhere, it replaces 

f 0 a nid the pro ces sis r e p e a te d for B no the r li mes tep. 

Before proceedlng wtth the results of these cal~ulatlons, 

the par a met ers a, b, Da' â, and il t mus t bec ho s.e n. The 

5 pat i ais cal e 0 f the pro b 1 e mis f i. x e d b Y a and b sin ce, b Y 

equations (2-71) and (2-72), x-a and y-b correspond ta ~,Tl· 

0.5 and. separate the regton where the grtd Is' flnest from the 

outstde, where il ts coarser. In thts work, masks wilh apertures 

of la ~m were used, 50 that .j was fixed at 5 ~m to correspond 

to the edge of the mask. The depth of the waveguldes would Yary 

From a to 2 ~m a"nd the. value of a W8S fixed at 1 ~m. 

The diffUSion parameters, â and D. were calculated IS 

mentioned in the last section. For K+-Na+ exchanee in soda-

lime glass, they ere: 

â .. 0.898 

.> 
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The value of D .. for T-3850C was used (gee Chapter 4). 

Flnally. the tlme st~p At must be smaJ1 enough ta ensure 

stablilty. For parabolic differentlal equations in two 

dimensions. slmtlar to (2-59) without the exponential factor, 

the crlterlon Is [Gerald 1970): 

(AX)Z+(âyfZ 
At S 

8Da 
(2 -84) 

As an hypothesls. we assume that the presence of the 

ex,ponent'a! factor can be accounted for by considerlng ft 

-locally constant N around each grid point and Inc1uding ft in 

(2-84) as such. , 

(2-85) 

r\ 

T 0 f , n d a 1 0 w e r b 0 tl n d for A taau . w e t li k eth e 1 a r " e '13 t 

value of c (i.e. c-l). whlch occurs where the "r'd 1,13 flnest 

(i.e. S'mallest Ax and 6y" equa1 tD 0.1 pm and 0.35' IJm), and 

the n.umerlcal values of Da and li for K+, glvln" flnalÎys 

\ At ~ Cl )( 10-14+1 )( 10-l3m2)(l )( 10-1) &. 6 
8(2 )( lO-16m2/sec) sec. 

The final cholce for At le 4.2 seconds. but other 

b •• n tried to verity th, stabiltty of the result. 
1 

An exam.ple of ç the concentration profile 0 btalne 

.xch.ne_ of 1 hour at 385°C t1iroulh a 1.0 IJm wlde opening ris 
--""J " , 

0ho.,n on Figure 2-5 (.,Ith the cJrrespOndlng data ln Table 2-1). 

r 

\A 1 S 0 • T, ab 1 e s 2 - 2 and- 2 - 3 s ho w the r e s u 1t s 0 f the sam e ~ 
calcul.Uon but executed wlth Ume stepa 0" 2.1 ,and 8.4 seconds. 

.. 

-~-- .?, 
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Figure 2 -5. Constant concentration conto ure resuUina trom e 

single exchange of one. hOUT et 385°C. 0-10 ~m . 
.... 

• 



c 

'38 

't, - 3 6 0 a . 0 At- 4. 2 a D.. O. 1 9 5 0 - 1 5 and â· O. 8 9 8 

y~ ~ 1:1'0.000 0.111 0.250 0.429 0.667 1.000 1.500 2.333 4.000 9.000 

0.000 
0.357 
0.769 
1. 250 
1. 818 
2.500 
3.333 
4 375 
5.711 
7 500 

10.000 
13.750 
20.000 
32 500 
70.000 

1.000 0.986 0.965 
0.965 
0.965 
0.965 
0.965 
0.964 
0.961 
0.942 
0.101 

0.934 
0.934 
0.933 
0.933 
0.933 
0.931 
0.926 
0.893 
0.138 

0.882 0.787 0.590 0.199 0.010 0.000 
0.882 0.787 0.590 0.199 0.010 0.000 
0.882 q/787 0.590 0.199 0.010 0.000 
0.881 0.786 Q.589 0.199 0.010 0.000 
0.881 0.785 0.587 0.198 0.010 0.000 
a 878 0.780 0.580 0.194 0.010 0.000 
0.868 0.764 0.558 0.183 0.009 0.000 
a 817 0.692 0475 0.145 0.007 0.000 
0.158 0.152 0.107 0.031 0.002 0.000 

1. 000 
1.000 
1. 000 
1.000 
1. 0 00 
1.000 
1.0pO 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0.986 
0.986 
0:986 
0.985 
D.985 
0.981 
0.976 
0.0'51 
0.002 ... 0.004 a 007 0.009 0.009 
0.000 0.000 0.000 0.000, 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
a 000 0.000 a 000 
0.000 0.060 0.000 

0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
a 00 0 
0.000 

0.007 
0.000 
0.000 
0.000 

o 002 
0.000 
0.000 
0.000 

0.000 0.000 
0.000 0.000 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

O. 000 
0.000 
0.000 
0.000 
0.000 
0.000 

Table 2-1 Output of proll'ram to calculate the concentration 
profilé of exchanled Ions T-385D C • D-I0Ilm 

t l - 3 6 0 0 a I:J. t - 2 1 0 D. - 0 1 9 5 0 - 1 5 and â·" O. 8 9 8 

y t/ ... 0 600 0.111 0.250 0.429 0.667 1.000 1.500 2.333 4.000 9.000 

o 000 1. 0 a 0 0.986 0.965 0.934 0.882 if. 7,8 7 ,0.590 0.199 0.010 0.0 a a 
o 357 1.000 0.986 0.965 0.934 0.882 ~.787 0 !J~O 0.199 0.010 0.000 
0.769 1.000 0.986 0.965 0.933 0.882 0.787 \).56~ 0.199 0.010 0.000 
1 250 1.000 0.986 0.965 0.933 0.881 0 786 058Y 0.199 0.010 0.000 
1.8181.000 0.985 0.9650.933 0.8810.7850.58',0.1980.010 0.000 
2.500 1.000 0.985 0.964 a 931 0 878 0.780 0.580 0.194 0.010 0.000 
3.333 1.000 0.984 0.961 0.926 0.868 0.764 0.558 0.183 0.009 0.000 
4.375 1.000 0 976 0.942 0.893 0.817 0.692 0.475 0.145 0.007 0.000 
5.714 1.000 0.127 0.101 0.138 0.158 0.152 0.107 0.031 0.002 0.000 
7.500 1.000 0.075 0.004 0.007 0.009 0.009 0.007 0.002 0.000 0.000 

10.000 1.000 0.073 0.000 0.000 0.000 0.000 0 000 0.000 0.000 0.000 
13.750 1.000 0.073 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20.000 1.000 0.073 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
3~.500 1.000 0.073 0.000 0.000 0.000 '0.000 0.000 0.000 0.000 0.000 
70.000 1.000 0.073 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -

Table 2-2. Sam. conditions as Table 2-1. a.cept '6t-2.1 sec. 
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t. - 3 6 0 a . 0 6 t • 8. 4 a D. - O. 1 9 5 D - 1 5 and &. o. 8 9 8 

Y.l,1 x. o. 0 a a 

0.000 1.000 
0.357 1.000 
0.769 1.000 
1.250 1.000 
1.818 1.000 
2.500 1.000 
3.333 1.000 
4.375 1.000 
5.714 0.000 
7.500 0.000 

10.000 0.000 
13.750 0.000 
20.000 0.000 
32.500 0.000 
70.000 0.000 

0.111 0.250 0.429 0.667 1.000 1.500 2.333 4.000 9.000 

0.887 0.937 0.874 0.827 0.733 0.545 0.186 0.010 0.000 
0.991 0.890 0.887 0.829 0.734 0.546 0.186 0.010 0.000 
0.910 0.944 0.884 0.834 0.738 0.548 0.187 0.010 0.000 
0.994 0.907 0.898 0.839 0.143 0.552 0.188 0.010 0.000 
0.925 0.952 0.896 0.845 0.747 0.555 0.189 0.010 0.000 
0.996 0.918 0.906 0.847 0.749 0.554 0.187 0.009 0.000 
0.935 0.955 0.899 0.844 0.140 0.539 0.178 0.009 0.000 
o . 987 0.92 3 0 . 8 84 0 . 8 0 5 0.68 a ~," ~6 0 . 1 4 3 a .007 0 . 000 
0.053 0.099 0.136 0.156 0.150 0.105 0.031 0.002 0.000 
0.002 0.004 0.007 0.009 0.009 0.007 0.002 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0 000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Teble 2-3 Output of proaram to calculate the concentration 
profile of exchanaed loms. 

1 

Sama conditions .s T.ble 2-1, .xcapt 6t-84 •• c 

Numerlcal Insteblilty Is seen as ollcilletlonll ln'" 
the results, ellpeclelly ln columnll x-0.l11 and 
x-O 250. 
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showing no change ln the flrst case and Instabilfty ln the 

second (evidenced by oscillations ln the results, particularly 

at x-O,25~m). 

2.3.4 Two-step lon-exchange 

Another posslblilty, which is studied more specHlcally, ln 

thls work, is to perform a double exchange by rernovin$' the mask 

at sorne point and allowlng the exchange to resume over the whole 

" 
plane of the substrate. Mathernatically, 1t rneans changlng the 

boundary condition (2-61) to; 

c(O,y ~ ~) (2-87) 

a f ter agi ven t 1 met) 

. 
The purpose of dolng thls Is to control the lateral 

~ 

wavegulding propertles of the channels deflned by the first 

ex change, As we will see ln later chapters, a wlde range of 

posslbillties is offered by adjusting the relative duratlons of 

t h,e mas k e d ( t l ) B n d un mas k e d (to ) ex cha n g es, 

To have a point of reference in the study, the total time 

) 

t) + ta w a s k e p t con s tan t B t 1 hou r , the t e m peT a t ure w a s 

slways 38so e, and the mask openlng elwBys 10 J..Im, 
\ 

This wey, 

ail the channels have the same depth (1.97J..1m) ln 'the central 

P B r t ( w hic h w B 5 U n mas k e d dur i n g bot h t l and to ) and i t 1 5 

the depth variation outslde of the channel (in Us lateral 

"claddi1t,g") that provides control over the optical modes and 

thelr propagatloh- constants. The 10 ~m wldth was chosen to 

demonstrate the posslbility of maklnll wide single-mode channel 
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waveguldes by this method 50 thet fabrication tollran~ •• would 
- ! 

be reduced and that dimensionsl compstibiltty wtth sin.le-mode 

fibers would be increased (at least in one dimension). For 

c 0 m par i son, sin II' 1 e - m 0 d e cha n n e 1 W Il v e • u 1 des i n LiN b 03 Il r e 

Hmfted to lateral dimensions on the order of 2-3 ~m and many 

single-mode flbers have diameter! between 5 and 10 ~m. Finally, 

by fine-tunini t l (and ta), it 15 possible to compansate 

design or fabrication inaccuracies with a Il.en m •• k IOYOU\ 

without having to re-design ft. 

Some results of two-step ion-exchan.e are Illustrated in 

Figures 2-6 and 2-7. The fa.bricatlon of such structures will be 

discussed ln chapter 3, and thelr wavelil'uldlnll' properttee 

analyzed in chapter 6 and 7. 

As a final note for thls chapter, the computer prolram 

described 15 f~lrly general and can be adapted easlly to other 

types of boundary conditions, parameter values, etc... Its 

use r u 1 n e s, § h B sye t t 0 b e exp loft e d full y t 0 exp 1 0 r e ne w t y P e s o.' 
waveguide fabrication by ion-exchana •. 
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ex cha n g e a t 38 5° C . t l .. 17 min.. D;" 1 0 ~ m. 
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CHAPTER 3. FABRICATION AND MEASUREMENT TECHNrQUES. 
p 

3.1 INTRODUCTION 

In this chapter, the fabrication and measurement of opttcal 

~ waveguides made by ion-exchanlle in glass au d.scribed. The 

procedures Bre adapted Irom those used in other laboratorles, 

with minor adJustments made to satisfy the parttcular ne.ds of 

this study. 

3.2 FABRICATION 

3.2.1 General considerations 

The substrate used in the experlments is an ordinary 

mi cr 0 seo p e s l ide (F i !I he r Sc 1 e n t 1 1 1 c Co.) ma de 0 1--s 0 d a - Il me 

III ~s S . It ha s a h l g h s 0 d 1 u m con te n tan d a g 0 0 d sur f ace qua lit y . 
'resulting rrom B (lame polish [Zernike 19791. Of course, the 

main advantage ln uSlng 5uch I!l substri!lte IS the fact thl!lt it can 

be bought in large quantities at very low cost (compared wlth 

specially prepared optical IrIBSSeS such I!!lS BK-7, or with slnale 

crystals !luch a5 LtNb03 ). This 15 ideal for use ln exploratory 

research where many wavegutdes need to be fabrlcated and 

evaluated, such as i5 the CBse here. 

The microscope slldes are shlpped "pre-cleaned" tn 

hermetically sealed boxes. Careful handltna with sloves helps ln 
-

preventing additional contl!!lmination (espeei.Uy ofaanie) but a 

very thorou~h cleantna 15 necessary for thetr use as opttcal 

waveauides. This is because the substrate must be free from 
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deteetl even as small as a fraction of the wavelenath of the 

( Haht used (tenths of microns) over the whole propaaation path 

(tens of mtlltmeters). 

The cleanina steps are as follow!5J' 

Firlt of ail, the !5lide il inspected for any visible 

dama .. e, rinsed in flowina deionized water, blown dry with 

nltro .. en, and Inlpected aaain. Imperfect slldes are elimlnBted 

at thll point. The aood ones are then placed in B substrate 

holde r made 0 f al uml ni um !l0 that the y will not be toue hed ag aln 

untll the end of the whole process. The re mal nde r of the 

cleanln .. steps are: 

a- A 5 minutes' w8sh ln an ultrasonie bath where a few grains of 
, 

Sparkleen (Fisher Sel. Co.) detergent have been dlssolved (too 
( • 

much detergent will scratch the surface) . . , 
b- Rlnse ln flowlna delonlzed (0.1.) water. 

~ 

c- 5 minutes ultrasonlc rlnslng ln D.1. water. 

~L Repeat steps band c. 

e- 30 minutes ln a Mdeareaser M. This 15 a closed vessel 

contaln!n .. a small quantity of Isopropyl alcohol, placed on a 

heaUna plate 50 thst much of the slcohol is vsporized. When the 

cool substrate is inserted in the vessel, rapid condensation 

o c c urs 0 nit !I 1 U r f ace !5, r e !5 U 1 tin gin a ver y a e t ive Î, Tin !5 i n g 

effect and removal of eny oraanjc contamination. 

f- Rinse in flowina D.l. weter. blOW-dry wfth nitroaen. 

c- To eveluate the cleanllness of the sUde, a smell amount of 
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D.1. water is spread over it. The wllter spr.ads IVlnly on Il 

clean !!Jurface and -evaporates IIwlly aradually, showtnl 

Interference frlnaes (and htlhlllhtlni defects) as il lIts 

thinner and thinner. 

As a final step, the slides~e blown dry and placed ln an 

ove n k e p t B t ab 0 ut 8 00 C tom a k e !I ure th a t ail the w. te r t. 

gone before elther ton-exchange (for planar luides) or hllh-

vacuum Aluminium 

guides). 

Other eleanlng 

ultraso nie cie anl ng 

deposition and photolitholraphy (for channel 

.tepo J,ove b.eJ trled (.uch o. rln ••• ond 

wlth methanol a'nd/or acids) but they dld not 

lead to better results and were abandoned. In fact, a cleaninl 

pro ces s th a t 1 S t 0 0 a g g r e s si ve m a y dom o' r e h a r m th a n 100 d b Y 

damaging the surface pohsh on a scale too small to be observed. 

3.2.2 Description of the ion-exchanae envlronment 

The furnace (Llndberg Crucible Furnace) has • vertical core 

and can be used in the 20 to 12000 C ranae. The temperature te 

fixed by 8 temperature controller to withtn 1°C. The 

. 
pot a 5 5 1 u m nit rat e ( K N 03 ) crY!l t al!J are pla c e d 1 n a 5 tee 1 

cru ci b.1 e 1 n s ide the fur n ace wh 1 chi s cio se d a t the top w il h • n 

IIsbestQ.s coyer. A small hole in the cover allows the Inlertion 

of a brass rod- terminatinl in a Iteel clip, which 'S used to 

hold two substrates and to lower them into the melt without 

openina the cover. 
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The fact that the process takes place ln a Ilquld 

(approxlmately 150 ml of il) smoothes out any temperature 

Iradlent alonl the lenlth of the substrate (because of 

convectton currente artslna from sltlhtly non-uniform heatlnl) 

and also any temporal temperature fluctuatton~. (Note: there ts· 

a certatn debate tn the lon-exchanle lttterature over the use of 

stlrred melts to ensure a constant concentration of exchanaina 

ton~ at the surface of the substrate by remo'~81 of the outgolnl 

Ions from that area. This sUrrtnl may occur naturally because 

of convection ln the mett and compartsons between the two 

methods become dtfficult to establlsh wilh certalnty). 

3.2.3 Planar wavelulde fabrication 

Usina aloves, or smalt metallic tweezers, the substrate is 

taken from the drylnl oven and placed ln .the steel cHp that ts 

to hold tt tn the' furnace. The whole Bssembly Is suspended over 

the melt for a heattnl period of 10 minutes to brinl the enttre 

sub.strate to the exchange temperature end then lowered ln the 

KN0 3 melt. The heattnl ensures thet the exchenae beltns 

Immedtately at the rtaht temperature. After the destred period 

of tlme, the substrate ts removed from the melt, and also From 

the furnace, the whole process lastina about 15 seconds unhl 

the r es' d ua 1 ft N 03 r e cry s t a 1 JI z e son the Il a s ~ , , n d , c a tin 1 t h a t 

the elchanle ha! "practlcally" ended (the elchanle diffusion 

coe' fic len t 15 an ex ponentl a,11 y de c aylna func li on of the Inyerse 

of th. t.mporat~d drops rapldly to ne.II.lble values once 

J 

\ 
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the heating stops). Care must be taken in handHna the slide at 

thlS point because it is still extremely hot and susceptible to 

breakage when in contact with a cool abject. It i! b.tter ta 

lesve it in the cllp unUI well cooled. 

Flnally, the 9lide is washed clean of the crystal1ized salt 

ln runnlng D.1. water and the wavegulde Is ready to be messured. 

3.2.4 Fabrication of channel waveguides (and other 

patterned circuits). 

The procedure used ln thls work Involves a two-step lon-

exchange ln which the channels are deflned first by maskina 

selected areas of the substrate, followed by an exchange over 

( the whole area I,()f the substrate, after removal of the mask, ta 

mo.dify the waveguidlng propertles of the channels ln a 
L 

controlled fashion. The fabrication steps are l11ustrated ln 

Figure 3-1. 

The aluminium (AI) depositlon Is performed ln a vacuum 

s t a t Ion a t a pre s s u r( e 0 f 2 )( 1 0-6 Tor r b y h e a tin i a 

tungsten wire on which four one centfmeter long Al hooks (tormed 

from a hlgh purity (Marz srade) wire furnlshed by MRC Corp.) 

have baen suspended. Upon heating the tungsten wire (by panlna 

a hlgh current through ft). the Al evaporates ln the vacuum 

enclosure. A part of ft condem,es on the glass sUde as a very 

unlform film of lOO-ISO nanometers (the exact thlcknes!I le not 

crltleal as Ions as it Is larger than about 100 nm [Tsuhuml 
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FABRICATI~N STEPS 
/ 

-Cleaning 
-Al deposition 
-Photoresist coating ~aSk 
-Exposure . to UV light 

~;;;;~.j,~;;;;~~hot~r~s ist 
1= . lumlnlum 

lass 
-Development of photoresist 

,-Ciquid etching of Al ~hot~r~sist 
W ~ lumlnlum 

lass 

-Ion-exchange 
. *' f 

~luminium 
~laSS 

~------------~ 
-Al removal 
-Ion-exchange 

lass 

Figure 3-1. Dlagram of tabrication procedure for two-step 
ion -axchang ad c hannels. 

{' 
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To remoye the AI film from the areas where the exchanle ta . 
to take place, photoHth08raphy Is used. Finit, a_ lai mixture of 

photoresist (Shipleyt 1450J) and thinner (Shlpley AZ) Il 

deposited on the AI surface by spinnlnl the lubstrlte It 4000 

RPM for 20 seconds and bakiOIr the resulUnlr film for 30 minutes 

at 80°C. Then, a ma5ter mask 15 broulht ln contact wlth the 

photoreslst layer and Il U.V. lamp ls used to expose the restst 

thr.ough the mask openinas for 5 -la seconds. Devèlopment of the 

resist is done in a 1:1 mixture of M'croposit developer 

(Shipley) and D.1. water for 30-45 seconds and results in 

remoya! of· the resist from the exposed areas. 

After that, the substrate' is bll.ked for 1 hour at 120°C to 

harden the reslst pattern. Flnally, th'~ AI l~ etched away from 

the areas where the reslst has been removed by Immersion ln a 

5 0 1 u t Ion 0 f 3 2 : 2 : 6 'P art 5 0 f P h 0 S P h 0 ri cac 1 d , n , tri e e cid:' and 

D.1. water for 1-3 minutes. The exact Urnes of development ,a nd-

etchlna are dete~lned by Inspeetlna the proces.s untll the 

channel! beeome vlsually clear of reslst or Al. . . Then, the 

sub~pped ln a D.l. water b~lth and blown dry aently. 

The patterns are obseryed under a microscope to make sure that 

they are free 'of resldual partielel and ~ell. defined. Altar th.' 

completlon of the etehlna and before proeeedln8 to the lon­

exehanae, the .photoreslst whlch was used as a maak for the ... 

etehant is remoyed by dissolution ln le.tone. 

ü, .. 
... 
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" 
The Unt step 0,' ton-exchanle. to define the wavegutdtng 

channels. ta carrted oUtt tD the same manner as was descrlbed in 

3.2.3, except that the Ilass substrate Is now partlally masked. 

After the ftrst atep, the Al mask ls removed wtth the etchln. 

lolution and the substrate cleaned ln D,1. wllter. 

The second step of exchanle ls also done as ln 3.2.3 

• xc ept 'f 0 r 0 ne thinc: the he aU ns U me of the s ubs t rate p rior to 

the insertion ln the melt 15 reduced to 5 minutes. T hi 5 

represents 8 compromise between the need to brlng the substrate 

ln thermal equilibrium with the melt and that to prevent the 

Index profile obt81ned ln the lirst exchange from be1ng moditied' 

by thls hestlng tn the absence of a source of tons (thereby 

j n crea 5 j' na the d i ff i c u 1t y 0 f m 0 de Iii n a t he pro file the 0 r e li c ail y 
f 

10 r de sil n pur ~\ ). 

/\ 
IJ 

3.3 MEtSUREMENT PROCEDURES / 
3.3.1 Introduction 

The method chosen to charllclerize the planar waveguide 

properties ts called modal spectroscopy. In thts method. the 

measured propalstlon constants of ail the modes that can be "Z. 

excited ln a liven .uide are used to determine its refractive-

Index profile. 

Th, way to me •• ure the propa •• Uon constant of •• ch mode is 

c- to Slle/lvel Y .xclle them .. lIh • priam-coupler. The theory of 
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oper,tton of ~is coupler hu boen descrlb.d ~olt.n 1 ... (Tlnilr 

'A 7 9 Jan d (Z e r n ik e 1979 J. for in s tan ce), • n don 1 y ,t. ma' n 

features are presented here (in section 3.3.2) for brevity. The 

actu,al measurement set-up is described in 3.3.3 alonl with the 

methods used to enhl!lnce the ,a.ç:curacy of fthe measured ~op •• atlon 
\ c ' 

constants. 

A prlsm-coupler ts I!llso used to launchl llaht tnto channel 

wavegulde 9. "In th.t ca.e, t0e thodol ol.f (duc rI bed ln 3.3.4 ) 

'S dUferent because the goal Is no lonler I!l htlh senslttvity ln 

mode selection but rather to aet lU much power I!lS po'sslble ln 

the slnale-mode lulde I!lnd as little I!lS possible ln the pll!lnl!lr 

guide whlch su~rounds It. 

Output coupllng is I!llso drl!lsticl!llly dUferent for the two 

cases, alain becBuse of their diHerent purposes. 

3. 3.2 0 pê J a t ion 0 f the,-- p ris m - cou pie r 

A right-I!lngle prism of refractive index hi~b>er then thet of 

the waveguide is brought in close contaét with il as shown ln 

Figure 3-2. A beam of lt@ enters the prism I!lnd Is totl!llly 

reflected at the prtsm-I!llr Interface. The eVl!lnescent field 
. \ 

• q 

cl!lused by the reflection propsll!ltés I!llonl the bl!lse of the prtsm 

wlth the same wl!lvevector component kz (parallel to bot'h the 

pll!lne of incidence I!lnd the pll!lne of, the substrl!lte) I!llS that of 

the incoming lightwave for continutty of the "elds at th. 

interface. ~Also, ln the plane of incidence, but perp.ndicullr 

to the lulde surface (l.e. dl r e c t Ion ,i), the ft el dl de c. y 
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exponentially . When the wav8gulde is sufficlently close to the 

prls~, the evanescenl field acts as a source of electromagnetic 

radlollon ln the II/dlnll layer (I.e. (POlariZOtiOn .ource torm 

1 n the w a v e e qua t Ion) . And w h e n the kz c 0 m p 0 n e n t 0 r the 

Incident beam matches the propagation constant"p (whlch 15 also 

a kz c 0 m p 0 n e nt) 0 f a m 0 de, t h 1 5 m 0 dei 5 e xci te d e f fiC 1 e n t 1 Y . 

T here fo re, by "rad ua JI y chang 1 ng the ani le--'o"( incidence 
\ 

beam at the" entrance face of the prlsm, the values of 

of ~e 

kzr,-sle 

scanned contlnuously, allowlng the launchlng of each mode 

se paratel y. 

operation. 

consldered. 
\ 

This concludes the explanatlon of the princlple of 

'9 
In practice however, several factors have to be .' 

A r 1 g h t - 8 n g 1 e p ris m .1 sus e d t 0' pre ven t the cou P Il n g 0 f 

eneriY back from the waveiulde to the prism by brlnglng the 

input beam as close as possible to the edge of the prlsm. 

Therefore, just after the excitation point, the evanescent wave 
1 

of the wave~,~ide mode "sees" nothtng but an Infinite clBdding of 

J alf, instead of a high index layer separated from the gUide by a 

thln low Index loyer throullh whlch it could 1001 enerS'y.J ln 

fact, we can use a prlsm as a very efficient output coupler at 

the other end of the wavegulde. 

The refractlve index of (he prism should be at lesst as 

hlih. preferably hlaher than the maximum Index. of the gUide 
~ 

This 15 because in the prism, kz 
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< ~ko whlle ln the aulde kz I!S smaller ttn but almost 

e qua 1 t a n8 ko cr art h e fun dam enta 1 m ode) . Th. r • for e , t a h a v • 

ap r e a !S 0 n a b 1 Y s malle r t han 9 0 d e are e s (a r e z 1 n« 1 ne 1 den c e ~ e t 

the p ris m b a !5 e , w e n e e d "p :> n •. 

3.3.3 Me8surement set-up for planer luldes 

To meBsure ~ with the areatest accuracy, the couplin. anale 

aj must be very preclsely known. A few precautions must be 

taken ta thBt effect. first, the pressure holdlna the prism and 

WBvelulde together must be llaht !so thet the propeaatlon 

,constants of the auide are not sianificantly ehanaed by the 

/ 

pre sen c e 0 f t hl S 8 d dit Ion 81 S u p ers t r a t~è 0 f hl a h 1 n d ex. Second, 

85 JiUle focuslng 85 possible must be used on the entrance 

beam. This is because a focused beam has sianitleant eneray 

entering the prism at Il large spread of anales, makina it 

d 1 f fic u 1 t t 0 d ete r min eth e a n g 1 e for -w h t c h the cou pli n ais 

maximum. 

To determine thls anrle for a rlven mo-de, Urht exlted at 

the end of the wBveguide is ob!lerved on a viewina . sereen. To aet 

Il bette r radiation PB~waveauldes are c ut near the 

t 0 • exp 0 set h e ire ra s s - sec t Ion. Th 1 s I!I bec a use a t the end 0 f 

end 

the 

une ut sUbstrate,~on-exchenre has also taken place on the slde! 

of the alass sltde, thereby endlna the planar lulde in an, abrupt 

horn as the exchanged layer -tu,rns" around the inside fae.s'of 

the substrate as shown OR Fiaure 3-3. 
( 

The far -J 1 el d radiation pattern of a mode 1 1 wea.iv' 
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Figure 3-2. Geometry of prism coupler. 

leut plane 

E:xchanged area 
1 () 

1 

-------------------------- ---------------., 

____________________________ l _______________ _ 

1 
1 
1 
1 
1 
1 
1 

"') . 

Air 

Waveguide 

Figure 3-3. Location of the cut plane to expose the waveguJde 
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Identifiable (see Fllure 3-4) and, once such an identification 

has been made, the output of the lulde 15 refocused and Imesed 

onto a dehctor (an avalanche photodiode) to help ln accurately 

flndlnl the anale of entry yleldlnl the maximum Input power ln 

the mode. 

To facilltate Input coupllng, the prism-wave8ulde holder 15 

mounted on a 3-axls mlcroposltioner. whlch 15 Uself mounted on 

a precise gonlometer (accuracy of 5 arc-seconds). A polarlzer Is 

used to select TE end TM modes and the output of the 

photodetector is connected to an an810g voltmeter to facllitate 

the visuel' Identification of the point of maximum power. The 

lens system used to Image the waveguide end onto the detector il 

to de-magnlfy 90 that when the anale is scanned, and the end of 

the gUide moves laterally, ils smaller Imale stays withln the 

Bree of the detectorl The llght source uged Is a 5 mW He-Ne 

laser (Spectra-Physlcs) operatln8 at 632.8 nm. The whole system 

Is shown on Filure 3-5. 

To let the propalation constants from the enll. of 

Incidence of the Incomlne- beam, the followlnl formula (derlved 

uslng geometrlcal optlcs) Is used [Zernike 1979h 

where n, - refrective index of the prl.m 

<lp - base anlle of priam 

(3 -1) 
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n~-o 

TM-1 ' 

TM-2 

TM-3 

c' 

Figure 3-4. Photographs of the far field of the radtBted power 
from the output of a planar guide. 
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8. - aOllle of the incominl beam relaUve 

to the normal to the face of the priam. 

In practlce, the reference anrle ( 81 - 0), is me •• und 

by ro tati nI' the prism un tll the in comi hl be am Il ref "ctad bac k 
-

on itself. Series of mel!lsuremel\ts are made for each indlvidual 

mode of one waveguide, untll the value found for 81 becomes 

certain to wlthln 1 arc-minute (Le. 
) 

30 arc -seconds 8ach for 

81 ttself and the reference angle whlch is remeasured for 
! 

e 8 c h 5 e t 0 f m 0 des) . The p r 1 9 man ri e ~P' W a. me as ure don the 

goniometer by successlvely reflectlnr a beam off two of Ih 

faces. The r e sul t 1 s a p - 5 0° 0 0 . 2 0" t 1 .. Flnally, the 

---...J.odex of the prism, made of SFll alas. has been Interpolatad 

from the Schott catalollue (p.82) as "p - 1.7786 for the 

wavelenrth of the lirht that Is used (632.8 nm). 

The uncertalnty in 81 leads to a measurement error of 

:* 2 )( 1 0 -"'1 0 n . the 1 1 d tic t a t . norma ze propalla on ons n 

(also called N., tàJe "effective Index" of the mode). The 

errors in the values of a p and "I! have the lame effect on 

ail the measurements and lead to an addltlonat uncertalnty of 

Another variable that needs to be determined il "t" the 

index of the rla9s substrat. prior to the exchanlle. Since the 
v 

J slldes that we used were not made spectftcaJly to optical 

standards, thelr refractive Index h not catalolued and has to 
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be me.sured In-house. The Slm~t method ta do thlS, 15 ta use 

the !Set-up descrlbed ab-ove andfo find the angle of Incidence at 

which the waveg~-e-G-Q~ éut-off by observtng the end of the 
~ .. "'" . 

6ubstrate. It Is easy to see the point where the Ilght Is no 

longer conflned and starts leaklng Into the substrate. At thls 

pol nt, Ne • nb • the eut - 0 f f con dit ion. The result of many 

9uch measurements on different slides yielded a value of nb -

1 . 5 1 3 w i t h a 9 tan d a r ct d e v 1 a t ion 0 f :t 2 x 1 0-4
. , 

Results of the effective Index measurements are presented 

ln the next chapter. 

3.3.4 Measurement s et- up for c hanne 1 gui de s and ci rc ui ts 

Here, the main problem Is to get as much power as possible 

into th.e Input channel and as llttle as possible ln the planar 

guide whlch 5urrounds H. This Is not àn easy task becBuse the 

channels are at the same time smal) (2 by la microns) and very 
1 

weakly defined (the lateral index-change gradient is very small 

ln the !S1J;lgle mode reglme, as will be seen ln chapter 6t. 
A P ris m - cou pie ris use d a gal n a, tin put. but th 1 s tt me ft 1 s 

./ 
strongly pressed agains't the guide and the Input beam Is focused 

(with a lens of la cm focal~length). The lens is placed on a 3-

axis microposlttoning stage to adjust the position of the Input 
'J • 

beam relative to the 10 micron wide channel. Furtt)ermore, the 

prlsm-gulde assembly Is mounted on the same goniometer as before 

but wtth an additional rotatlonal axis perpendicular to the 

plane of the guide so that the axes of the entrance beam and of 

.. No te 1 It is not possible ta measure the indlvldual 

propaaation constants of the modes of channel guides Vltth an 

output prism because the small val u e 0 f Il ns (i n th i 5 cas e) 
"'" 

leads ta very small angular differences between the "rn-lines". , 
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o the cha nne 1 can be allgned ln that plane. 
') 

At the output. what te needed te a meaeure of the amount of 

IIg ht power tn the output channels and aleo to see If the re 15 

any power that has radlated out ln the planar guide. A prl&m 15 

used to coupl e out the Iight. but. tnshad of observlng the far 

field pattern. a microscope 19 used to Image the base of the 

prlsm. where the lIght Is coupled out of the channels. onto a 

screen. The Image thus formed Is ehown ln Figure 3-6 for the 

case of output from two adjacent channels. The abrupt edge of 

the lIght traces corresponds to the position of the right angle 

corner of the prlsm, where the coupllng out beglns. Evanescent 

coupling is graduaI and takes place over a finlte length a_s the 

o light wave moves rightward ln the picture. The vertical axis of 

the picture represents a direction parallel to the plane of the 

substrate but perpendicular to the channels, allowlng the 

observation of the lateral distribution of power in the whole 

waveg uide. 

Quantltatlvely. we are not concerned wlth absolute values, 

but with the relative distribution of power ln the output 

channels and wlth the power 5cattered (Jost) Jahrally in th. 

planar surrounding guide. Most of the unwanted scatterina 

induced by the bends and irregularlttes ln the devices will 

oc\ur laterally because the confinement Is much weaker ln that 

o dl r e c t ion ( â Ne ~ 5 )( 1 0-4 W hi 1 e Il n. - 1 )( 1 0-2 
) 

In pracHce, the quantitative measurements were obtalned 
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by- réptaclna the vlewlna screen (or photoaraphlc camera) by a 

power meter (United Delector Technolosy model UDT-21A) wlth 8 

tarae aperture but masked by a fine sltt altsned parallel to the 

horizontal axis of Flaure 3-6. By scannln, the detector 

vertlcal1y whlle dlrectlna Us analo, output to a araphlc 

plott!na devlce, a lateral output profile W8S~ obtalned wher-e the 

total power escaplnl (rom the prtsm at any position was 

Antearated by the speclally confi,ured detector. A typical sçan 
• 

As shown ln Flaure 3-6. and more will be presented ln Chapter 8. 

As a final note on this mea!iurement procedure, we must 

conslder how meanlnlful numbers can be obtBlned fr,om these scan 

traces. The channels are presumably Identlcal and they are 

slnsle-moded or very nearly so. Therefore, we can assume that 
~ 

thelr lateral powfr profile Is Identical, except for an 

srbltrary amplitude, factor: 

,P .(y) • A.;Z pey) (3-2) 

Furthermore. the sltt throu, h whleh the measurement Is done 

has a flnlte ,wldth. This means tHat the seannlns of the silt 

across a channel (Ua .. 1 

for instance) yields the convolution of 

the mode profile w.ith the sltt funetlon SCy) (a square "pulse" 
! 

1 n y) 1 

(3-3) 

A sim il s'r r e suit ho 1 d s for the 0 the r we see 

thet the maximum hetaht of the traces i s a 
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Figure 3-5. Experimental set-up to me89ure the effective ,ind-t(:es 
of planar guides. 
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LATERAL MODE POWER MEASUREMENT 
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Figure 3-6. DlagrBm of measurement procedure for the Jateral 
dlstr. button 01 power Jn a mut tfchann~1 devjce made 
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by two-step jon-exchange. The camera and photodetector 
can be used Interchanaeably. 
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( 
output power, except for a constant factor, which ts the same 

for both channels and cancels out of any relative measurements. 

Thts is true reflardless of the actual shape of the mode profile 

funetion or the sltt wtdthl 

This completes the description of the exphimental 

facilittes and methods used in thts work. Results, along with 

their reduction and anelysis. é"te presented in the folhywing 

chapters. 

c 
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CHAPTER 4. CHARACTE~IZATION OF ,PL~ WAVEGUIDES .. ~ 

,{ 

4.1 INTRODUCTION 

This extensive characterization was undertaken in order to 

establtsh the proees'! perameter5 ,that correspond to Ilven 

weveguide properttes. StmUar studies have been earried out for 

the case of Ag+-Na+ lon-exchenle (both thermel and .Iectrie 
il 

field asslsted) in glass, but, for K+-Na+, only very .pare. 

and fragmented data were availabl. befor. our publication of 

the s e r e su lt s . Sin cet h en, 0 u r w 0 r k j.! b e e n e x t • n d. d t 0 0 the r 

J types of glass by another aroup [Gort ch 1986e,b). 

The perameters thet ean be varted for thermal ion-exchanae 

are the temperature of the proee59 and Us duratt on. Additional 

r e f r e c t 1 ve - i n de x' pro fil e m 0 d i fic a t Ion s, suc' h as he a tin 1 an 

already exchaoged layer outslde a source of Ions, have not been 

eonsidered. 

The m e 1 tin g pol n t 0 f K N .03 b e i n 1 3 3 1° C [ Bar t h 0 1 0 m e w 

1980], the lowest exchange temperature should be. 51.nUlclntly· 

higher to have a rea,sonably stronl thermal a,itatlon in th. melt 

to avoid sta,naUon of the out,olnl Ions near the interface. 

This stagnation effect restricts ion-etchanae by ltmtttni the 

supply of n,ew Ions at the boundary. The other end of the 

temper8~ure range Is chosen to be hilh enoulh to have 1 

, 
silnfficantl y faster rate of exchenle but not' 50 hiah as to l~ad 

to surf,ace damaae by exce'SSi",e thermal alitattonc7of the tons 

near the interfece. the, fol1owina temperatures were us.dl 370, 

.. t 

< 
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385, 400, 425°C, for vartous Ume dur.Uons. Addtttonally, one 

W&Velutde was made at both 360 and 44'OoC to extend the range 

of the characterization. 

4.2 RESUL TS AND DATA REDUCTION 
~ 

.1 

The no r mal i z e d pro pal a t ion con st a n t s Ne ( a J s ,0 c ail e d 

::'effectlve indices") whleh have been measured are presented ln 

Tables 4 -la and 4 -1 b. 

F,rom these, the refractive-tndex profile giving, rise to the 

waveluldtng can be obtatned. T<.here are two approaches to do 

thls. In the so-called Inverse WKB method [White 1976], the 

" pro fil e 1 s r e con st ru c't e d b Y u 9 in g st rai g hi li n e se g men t s t 0 

conneet diserete values of Index calculated at varlou9 depths 

from the modal m ea s uremen ts. The use f u lne 9 sand acc uracy of 

thls method dlmlnhh rapidly with the number of modes supported 

by the auide. The other approach Is statistlcal and involves 

Undlnl a refractive Index' profile for which a solution to the 

dispérSlon equation ylelds effective indices that fit as closely 

as poestble the measured ones. The dis8dvantage of this method 

i s th a t the .S h a p e 0 f the pro flle mu, s t bec ho sen a p rio rit 0 

re.duce the number of variables in the best fit search (for il to 

become a tractable problem wtth reasonable effort). The cholce 

can be based 0 n ph ys le al a.;{ume nts, and the n jù stif ied 'by the 

.pUtude of rhe c·ho~.n profile shape in .ucces.fully reproducinl 

/ 

o 
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the measured data. In thts work. a Gausstan funetlon ta used to 
\,. ~ 

model th.e Index profile of planar wave,uldes for the reaaons 

which have b1!en developed in ch.pt~r 2. The depth coordinat. "x" 
.. 

Ineteases from 0 at the surface towards th. Int'flor of th. 

substrate: 

\ where n -s 

-~ 
n(x) • "--- + An e d , --0 • 

the index at the surface 

nb - the Index of the 'substrate 
J 

d • a nef f e c t t v e <1 e p t h ( d e p th a t w hic h n ( x ) • Il n. e -1 

For thi 5 gr aded - index' 1-D wa veiuidi ni pro bl em, the eff ee tl ve 
. .' P 

- "l' 

1 n die es, N. are cal c u lB' t e d f rom the weil - k n 0, W ~ W K B d 'f 1 P e r !I Ion 

r.elation [Hocker 1975]: 

,) 

_ tan ~1(n.)p(N/ - n/')! 
fi> • ne n.2 _ N 2 

• • 
.; p • 2 (TM) 

o (TÈ) 

m • 0,1,2,3, ... the mode order 

~ • free-space wavelenlrth of the Hlht 

i • xl d 

(4 -3) 

(4-4) 

Xl • the Il tu r nt na pot nt.. de ft ne d b Y n ( Xl) • N. 

1 • e . 

Assumin, that l''t, ls known. n(x) cC?ntains two unknowns_ 

",_ (.An. and dl. Therefor,e. puttlnl two valu •• 0'- N. with th.ir 
1 ____ ____. ....... ___ 

" 

c 
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mode order m for 8 alven aulde ln equatlon (4-3). ytelds a Hîlly 

determlned problem ûf t'NO equattj and two unknowns. These 

equations are transcendental and do not form a linear system. To 

!Solve them, one of ttJ~ Uiiknowns 15 ellminated by u5ing the 

normalized coordlnate x and taking the ratio of a pair of 

e qua t ion 5 ( 4 - 3) cor r e !I p 0 n(i n " t 0 li a 1 ven p air ,of m 0 des. The 

r e !5 U 1 t 1 na e q u 8 t Ion c a n ber 0 0 t - 9 e arc h e d n U me rie a Il y for ( â ns' 
, 

A f ter t h 1 5 1 9 C 0 m pie t e d, d i!5 fou n d b Y r e pla C i n g â ns 1 n 

one equation from the pair. When a waveguide supports more than 

t W 0 Pl 0 d e 5 0 r agi ven pol Br 1 z Il t ion, t h,e pro b 1 e mis 0 ver -

1 

de ter min e dan d the val u e s ° f dan d â ns th a t are r e t 8 1 ne d 8 r e 

the average of the values obtalned from ail tHe possible 

pal r i n g !S 0 r m 0 de 5. For !SI n g 1 e - m 0 de gui des, th e f a ct th a t â ns 

\ 

does not depend on the duratlon of ex change is used and d is 

cal cul. a t e d f rom ( 4 - 3 ) b Y t a k 1 n g the â ns fou n d for the 0 the r 

waveauldes fabrlcated at the same temperature. The values 'found 

fbr each waveauide are also listed on Tables 4-1a, 4-1b and the 

ko r r e !5 po n d.I nad 1 s p e r !5 Ion c ur v es plo tt e don Fig ure 9 4 - 1 t 0 4 - 4 

alona with the measured' Ne' 

4 . 3 FIN D 1 N G M 0 DEL S FOR (â n.. d) V s ( T, t) 

The results of the previou!l ~ectlon show that the Indlvldual 

profiles feund for eath waveauide can model accurately the 

.ffective indices of their modes. Howeyer, a determinutic 

( --........... relation between, temperature and duraUon on one si de (T ,tl< and 

) 
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TABLE 4 -la 

() Mode index measurements with calculated proftle parameters. 
TE MODES 

T .# t .Ji TEO TEl 1 TE2 TE3 TE4 TE5 d n. 
(oC) (min) (..Jmln) f (~m) 
360 37 1440 38.0 1.5200 1.5171 1.5150 6.5 1.5223 

" 370 ~~ t\\\ !J~ ff~li UIU I:m~ 1.5144 U Uiii 

3851t t\\\ '1\1111111 tIttt tlill UI~â ,!ll~llfi 

û T .# tif, TEO TEl TE2 TE3 TE4 TE5 d n. 
(OC) (min) (..Jmin) (J,lm) 

400 60 7 .. ~:. • . ~ '. : 

. 1 it\\ il:I' ~. t~lJi 111111 t§!~g HI~B 1.5137 1 t : . 

425 il t\\ H1l!i~It/i~II! !:Illi UIU 1.:146 . JJi tlj~~ 
440 13 281 16.8 1.5198 1.5183 1.5167 1.5152 10.6 1.521S 

o 
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TABLE 4-lb 

Mode index measurements wfth caJculated profile parameters. 'lM MODES 

T .tI t .Jt TMO TMl TM2 TM3 TM4 TM5 d n. 
('IC) (min) (4min) ~m) 
360 37 1440 38.0 1.5211 1.5183 1.5158 ~.3 1.5244 

. T .# t 4t TMO TM! TM2 TM3 TM4 TMS d n. 
, (OC) (min) (~min) ij,tm) 

400 60? ~ ~: : i~ ~ 4 

1 It\\, ~!~I ~ f 1il11 f~lfll t:~t~a HI~~ 1.5145 u:, ~ i 
(., 425 j~ i\\ Hl f!j~i r~if Ijllfi Hill UI~~ .11 tijJI 
, 440 13 281 16.8 1.5214 1.5194 1.5179 1.5164 1.5149 10.8 1.5231 

, . 

• 
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T.38 SoC. a) TE modes. b) TM modes. 
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) 

calculated with best fit value of An., alons wlth 
measu red val ues of el fec tt ve indic es. 
T-400oC. a) TE modes. b) TM modes. 
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( IJ. n., d) 0 n the '0 the r !I 1 dei sne e d e d t 0 en. b 1. th. 

specification of waveauide parameters trom arbltrary fat1rlceUon 

conditions. In Chapter 2 , we did find that the dep)h of the 

index profile (as deflned in eqn.(4-2» is proportion.1 (see 2-

54» to the square root of the duration (at e Ilven 

te~perature): 

d • -JD.i (4 - 6) 

We introduce here the concept of an Neffectlve diffusion 

coefficient" De that Ineludes ail the proportlonality factors 

and depends on the profile and the actuel deflnltion of d that 

is used. 

It 19 essy to verlfy the valldlty of (4-6) by pl~ttlna d 

against ~ for aIl the guides meBsured. This if done on 

Figure 4-5. Ont h e 9 e plo t S,s t r aï a h t li ne 5 Cf 0 r e e d th r 0 u a h the 

origln) are fltted to the data points by a least-squares 

procedure to yield the coefficients O.(T). Finally, to model 

the relation between De and T, th. simllerlty of ion-exehana' 

wlth ef8sslcal diffusion Is elploited by looklnl for an 

Arrhenius [Chartier 19831 type of equaUon l 

D • ° e;NI • 0 (4 -1) 

wh e r e Do - con stan t t 0 b e de ter min e d 
" 

âH' - an activation enerlY (also to be determlned) 

R - molar sas constant (8.31 Joules.mole-I.IIK-1) 

- ~trallhi· The vaLu e!S of Do and AH/R are found by fittlna 

lin es to plots of 1 n (O.) vs (lIT). Thi s , s illustrated t n 

l, 
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F'.lure 4 -5. G.Ufde depth d versus - the .square root of the exchange 
Ume. for various temperatures Clabeled in oC) . 
• ) TE modes. b) TM modes. 

, . , 



75 

e 
Figure 4-6 where the valldtty of equation (4-7) Is cleatly 

,0 demonstrated. 

Table 4-2 summarizes all the results ol this characterlza-

tlo n. The in for mat ion con t~a in e d the r e i n al10 w s for the 

calculatton of the tndex proftle of K+-Na+ lon-exchanged 

wavesuides fabricated in soda-lime alass for any temperature or 

" d u,r 8 t Ion. 

4.4 DISCUSSION OF ERRORS 

In this sort of work, it is not so much the ablolute 

ace ur a c yin t. n. and d t ha t cou n ts b- u t rat h e r ho W a ecu ra te the 

effective Indices calculated from them are. In order to anlwer 

that' question, the average difference between the measured 

N •• s (167 da ta po in t !I ) an d the vell u es Cel 1 cula te d f rom the 

results of section 4.3 has been found to be equal to 1.6 )( 

10-~ (s 1.2 )( 10-4 ), smaller than the measurement uncertainty on N •. 

The single largest dlfference is 

The problem of esttmating the correctness of the cholce of 

the pro fil e Il n d 0 f the val u e S 0 f li n. and d b yan 0 the r 

independent measurement is far from trivial and is Iddr.sled in 

the next section. 

Another question of interest, which relltes _,more to the 

quallty of the fabrication procedure. fs about the 

reproductbtlfty of the results. To evaluete thet property. two 
. 

wavelruldes wen made, more than 5 monthl apart, 1: l"~' 
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TABLE 4-2 

Summary of results for the characterizatlon of planar waveguidee 
made by K+-Ion 'exchange ln soda-lime alass. 
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conditions (time and tempersturel. Theh measured effective 

indices, alonl wtth the resultinl profile parameters, are 

pr.sented ln Table 4-1a as numbers 18 and 38 for T • 385°C. 

The air e e men t i s b e t ter t han 5 1. for tJ. n. ,,' 1 0 1. for d , and 

\vithln experimental error for N., whieh is not bad considering 

the absolute size of the qusntities involved (difficulties 

prevented the measurement of hl,h order TM modes. 

4.5 INTERPRETATION OF THE RESUL TS 

Althoulh a certain number of sssumptions were made ln the 

p roc e s s 0 f m 0 d'a lit ni th e d if fer e n t p a ra me ter sin vol v e d i n th i 5 

cha r a c t e.r 1 z a t Ion, the exp e r i men t air e sul t s d 1 d f 0 Il 0 w the 

( varlo u s re laU ons hl ps the t we re t ntroduc e d some wha t srb t tr arH y. 
'-

Ais 0 , the m 0 del!5 i n t r 0 duc e d for (tJ. n. ' d ) v s (T , t ) h a v e b e e n 

shown to suceeed in reproducinl the experimentllly determined 

val u e s 0 f e ff e c t ive i n die es, w i t h 1 n m e a!S ure men tac c u.r a c y . 
• 

However, the avidence for. among other thlngs, the Gaussisn • 

shape ot the profile, is indirect and probably inconclusive. In 

an extension of our work on K+-Na+ exchanle. to other types 
il 

of substrate ,Iass. another aroup IGortych 1986a,b] has used 

\ 
successfully a dUfererit profile (an error lunctton complement) 

in' the fi tUn, procedure of section 4.2. Althoulh thelr 

fabricaUon methods are different from ours and also that the ., 

exact profUe doea vary wlth the type of Ilass (see Chapter 2), 

" 

1 
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> 

such a, fundamental chanlle of shape m.y seam surpris'n •. 

An _ e J[ pla n a li 0 n 0 f th a t 0 b! e r va t,Ion . 1 s th à t the r, '5 a 

c e r t a i n ~ e Il r , e 0 f . i n sen s it i v it y t 0 the ex. ct' s h .' P e 0 f f'h. 

, . pro ft 1 e i n the sol u li 0 n 0 f (4 - 3 ) ( e s JI e c , a Il y n e art h e 0 r', lin la <) 

and that other means of measurement are ~eded to conC!tlusively 

de1ermine the shape of the profile. However, these methodl would 

o need a depth resolution of the order of a tenth of a micron 

(beeause the dlfferenees between the erfe and Gausslln functions 

occur on such a scale) Ilona - wlth a hillh sensttlvtty to very 

!Small quantities of K+ ions (a few percent) in the IIlal5. Thil 

is clearly not an essy experimental problem, and for the purpole 

of desianing opttcal waveauide structures, the model th~t we 

have used is more than sufflclently aecurate to be useful, and-' 

weil justlfied physically (Chapter 2). 

AIso, ft seems that the types of alass used in those studies 

" may have a much lower value of â thsn !Soda-lime Ilass, whlch . f 
has the highest value of the "lasses compihl!d in (Doremus 1969). 

In thet e8se the better ftt wtth the erfc function Is not 
, 

surprising, es can be seen in Fiaure 2-1. 

• Il- -

) 
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S. THE ORI,6 rN OF TH!: ItfDÊX CHANOE Î 

é 
o R K +. - N a + E X CHA N GE. 

5.1 INTRODUCTI 

process for optlcal waveluldes by lon-
, 

exchange usually Involves a silicate Ilass substrate contalnlna 

5 0 d a (N a2 0 ) B n d var 1 0 u. s, 0 the r 0 x 1 d e !!I ( CaO, K;z 0 , A l;z 0 3 • 

etc.,,). This proces5 has been known for a lonl tlme [Schulze 

1913], for purposes dUferent from wavegulde fabrication, and 

ha5 been used successfully to strengthen Ilass by Inducinl l!I 

hlgh .compression layer at the surface to prevent crack formatlop 
(. 

and propagation [Ba.rtholomew 19801. 

The 'e x pla n a t J 0 n for the J n d e x cha n g e r e sul tin 1 f rom Ion -

exchange is based on the fact that the iOM partlclpatlnl ln the 

exchange have dlfferer'lt electronlc polarizabliities and that 

they occupy a different volume ln the alass. An 1 ndex i ne rease 

results from Ions of hlgher polarizabillty and/or of smaller 

vol ume. The relevant parameters are presented in Table 5-1 

[Findakly 1985]. 

TABLE 5-1 

Exp. 6n PolarizabHity cA 3) Ionie Radius cA> 
~:~b y:~g -

"'101. 
1.33 1.33 ""'11. 

Qualitatively,' ft appears that in both cases the incr.l.e 

\ 
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in the polarlzability is the, dominant ~..ffect and that it is 
• .. 

l!IomeWh~ correlated to the resultant 6n. However, an attempt 

toc a 1 cul a t eth e i n d e x cha n g e sim ply - f rom the c 0 m P OlS it ion a r 

change, based on a model due to [Huggins 1940] and refineci by 

[Fantone 1983), ylelds the correct value for the Ag+-Na+ 

case (see below), but fails completely in the case of K+-Na+ 

[Fant one 1983, Gortych 1986a"bl. underestimating An by 2 

.orders of magnitude. It would appear that in the latter case the 

increase due to the polarlzability is almost exactly cancelled 

by the decrease due to the volume change: and yet. wldo get a 

~n of 11. experimentally. , 

We present htMe a quantitative explanation of this 

dlscrepancy based on the effect of the large induced stresses at 

the surface through the photoelastic effect.· Apart from 'Ils 

in1erest as a basic phenomenon, the theory behind the stress-

induced Index change may lead to a better understanding of how 

the fabrication procedures affect the properties of the optic4l1 

waveg uides. 

In the followlna section, the Hugàins-Fantone (H-F) model is' 

described and ils predictions compared with lhe experimental 

results. Then, in the ttiird section, we will diBcuss how 

stresses develop in the exchanged layer and how they influence 

.... 
the index chanle calculated from the H-F model. Final1y the 

l 

, 
implications and applications of our calculations will be 

discussed. 

" 

\ 
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5.2 THE HUGGIN~-FANTONE MODEL 

The derivatlon pnsented hen follows that of (Fantonl 

1983). The refracttve index n of a silicate Ilass can be 

expressed ln t.erms of Ih comp.osillofl bYI 

R 
n - 1 + ~ 

J Vo 
. 
J 5-1) 

, . 
where Ra is the refraction per mole of oXYlen ions and 

Va Is the volume of glass per: mole of oXYlen ,Ion~. 

( HUll gin 5 1 9 4 0] !I h 0 w e d t h a t bot h Va and Ro c a n b e 

calculated dlrectly Hom the composition of the Ilass thr'oUlh a 

set of emptrl~ally determlned coefficients in the followlna 

l1near relationshlps: 

(5 - 2) 

(5 - 3) 

wh e r e NM 15 the n U m ber 0 f mol e s 0 f Ion 1 con tri but e d b Y 

the mol ecu 1 arc 0 m p 0 n eln t M 

instance) per mOI,e of oXYlen. tons contrlbuted by ail the 

component5 of the ala55. It is calculat~d from the compositlonal 

data 1 n weill ht frac tlons by the followinl 'f ormula: 

(5 -4) 

where WN i9 the molecular welltfl (wellht of one mole) of 

the component M, f N Us wellht fraction in the Ila~u, !"N the 

number of ions 1 and nw the number of oXYlen (0) ions in the 

molecular formula. Relevant coefficients are Hsted ln Table 5-2 

(from (Fantone 1983]. Table II for b and Table V for a). 
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TABLE 5-'2 

. I0IJ. a* -b 
Na 6.02 8.7 
Ag+ 15.97 12.7l! 
K+ r • 

- 9.54 15.5 ' ~ 

AU units in cma'mole of ion " 

r- • The value" of a ia wavelength-dependent. !t,a value fo"r 

656 nanometera ié used here al though our working wavelength i5 

633 nanometers (differences in "a" are fSlrly insensitive to 
, 

wavelength in that reglon). 

~ Let use x ami n e w h a t h a p pen 9 toRD and Y D ' and 

consequently ta n, when we' exchange a fraction X of Na+ ion9 , 
wlth K+ (or Ag+) ton9: 

( Y• o • (l-X)bN.NNa + Xb,NNa (5 - 5) 
... ~ 

(5 - 6), 

where l' indlcates summation over all components except 1 

r~ 
1 

sodium and pot a 9 a i u m .( r e c a Il th a t ~a r e fer 9 t o/' 'h e 
, (~~~." 

initial concentration of sodium ions). 

Thenl 

(5 -7) 

ls -8) 

yteldtna l 

ân • n· - (5 -9) 
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and, neslecUns terms' of order 2 in A, 

An ,. ~AR - ~V) 
Vo" 0 

(5 -10) 

, 
Equation (5-'10) constitutes a demonstration that tha i ndax 

. 

proportio"nal to 
0 

chanse resulUns from ion-excJlanae ts tn fact 
\ 

the' amount 'Ô.f exchange X. and therefore to the concentration of 

This i! a resutt olten 

use ct but rarely pro ved. 

In order to calculate An from (5-10) we need to know the 
ù • 

NHa 0 f the '9 u b !I t rat e • U sin a a t y pic ale 0 m p 0 s i t,1 0 n a 1 d a t a 
1 

for ordinary soda-lime glass (siven ln Table 5 -3) [Shand 1958, 

Gor t y c h 1 9 8 6 a ], w e g e t NHa • O. 1 5 5 . 

'axe hange. thi~ values ai veSa 

AV '" 1. 0 5 -4 c m3 1 mol e 0- ton s 

AR· 0 . 5 4 6 C m3 1 mol e 0- Ion. 

An .. 3)(10-~ 

TABLE 5-3 
" 

f(1.f ,. " n ,m 

SIOa 2 1 ",72 t. 
,'. 

Na~ 1 2 14 

t!i; f t 4 
AJ20 3 3 2 1 

A, n(".633 nm) '" 1.513 

Va ,. 15. cm3/mole of 0- ions [Fantone 1983], 

" o ' 

For K+ - N a+ 

Wwr/mole) 
' 60.1 
62.0 . 

~~=~ 10 .0 

-, Since X lies between 0 and 1, the last tesuf,t fa two ordera 01 
, 0 

/' 
h 

magnttu~e too smalt (see Chapter .. ). A stmUsr eonclusion holdl? 

lor 81:-1 alass '[Gortych 1986a,b and Fantone 19831. Usin, th. 
,/ 

same a x c h,a l'l, a , ,at An ",. D8 X. 

, , .. 

, 

\ 

, 
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I,n ,ood altee'ment with 'the mea,sur-,ed 'yalue of' 0,.09 (Stewart, 

:' 
197.7). 

What 15 
• , , l ~ 

modejl fan? 
/ :... 

" .1 1 
',We will show tn the next sec,iicn that thls- procese', 

, 
known as ' l,on st!.!, f inr' f 9;r s u.r·face s treng hten!n g in the' alass 

, , 

, f ndU\~ tr y (Ba rth 0,10 m ew J 980), ,doés -not 'al1o w, free ex pa nsi 0 n of 

the ,las! to accommOd,ate ... the laritH Je: Ion!!. The te f 0 r·e • the 

value of AV to be used ln (5-,10) 15 ~m8l1er tha-n the, calculated .. .. 
one and r.esults ln a Jarger val ue of An. The same dfec't occurs , , 

for Ar·-Na+ exchanae, but ln that case Hs magnitude 15 :10 

,1 .., ~ 

tlmes smBller thsn the index chan,e caleula.ted without. ff. H, 15 

the almos~ exact c~ncel1atlon, of th~ two t"errns of 1 (5-10) 1ÎIhich 

m~ke s ft si,nH Ic.snt for the p otass 1 um case. ,-
. ; 

, . 
5.3 CORRECTIONS DUE TO SURFACE-INDUCED STRESS 

The bUtld-Up of stress by ion-exchanae Is ~ we'u-'k'nown faat 
/ 

111 the Ilass "industry. [Kistler 1962] observed measur'à'ble' 
" 

bendlnr of thin JI mm) rlass plates by eX,ehtilnaing vBrious - types 
1 

, r.1 

-of lon-s on one slde only of' the pl~tes. ' When the ratJo of 

exchanred depth (d) t,o 'substrate thie'klle" (b) Js very ,~all, as 
, • 1 'S .enerally the cllse wit~ optieal W,lIveluides, the a,mount of 

-' ,1 1 

,.tre., relaxation due to 'bendinl and stretching Of ,the whole 

" 'sitbstr'atti, betom •• , ri.,lIalbl_, (01, ,the order '01 {~jl away Irom 
~ 1 

" , the e~.es to be p,re,~ise .. 'see (TimQshenko 19St'J, ~ith (Richmond 

, 
10 

/ 

H l' 

1 
1 

, 1 

/ 
/ 

j 

. " 
., . 

/1 
1 
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• 
1964) for the analoay between thermal stress and chemlcal 

-
exchange stress). In that case', tt is. as if the newly exchlnlld 

, "'" 

ah!s!, wUh Us Jarrer volume, had been compressed back by the 

resistance of the substrate to expand latetally. The only 

direction of free expansion to accommodate the 1araer slze Is ln 

the direction perpendicular ta the plane of the 

J he _, a 1 Il S a - air 1 n te r fa ce 0 pp 0 s e a no r esta tf n ce .. 
. 

" substrate, wh.t. 

This Is. clearly 

shown in, [BJadenburli 19861 and also in Section 5.4. 

Translated Into elastlc analysls, these statements are 

equivalent to saying that the followinl ionlltudtn,1 str~sae~ 

al have been applied ta the exchanled I~ass [Richmond 1964], 

; 

.. (,5-11) 

The change -In volume resultlnl from these stresses Is alven 

, by (Tlmoshenko 1951]: 

, (5-12) 
'r 

~ 

where the strains El are related to the strelses by Hook.'s 

law [Ti moshenko 1951] r 

, 
• 

(5 -13) 

This ,IVe:!- for the volume chanae (I.e. the arflount of volume 
, 

chan,e that could not occur due to the reslstarlce of the 
1 

.. sUbstrate): 

~ • 2;Q(1-2V) (5-14) 

whel'e E ia Youna', moduJus and v l, Poisson.'s ratio. For loda-
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\1 

lime ,lasses we have (S,h~nd 1958]: ;, 

. E - 7.2 )( 10" N/~2 
v • 0.21 ' 

'. ('. 

. ' 
87 

1 n' 0 r der t 0, e vaL u a t e (5 - 1 4 ) ~\ a ne,' t t mat e 0 f a a' the 
1 
l' 

ma.x~mum stress at the surface of th~\ substrate, ts needed. From 

[K 1 s tJ e r 1 962 and Br a d ~ n bu r g 1986), we c an e fi t 1 mat e ao t 0 

Ile between -700 and' -1000 N/m m2 (comp re ssi ve s tre sses are 

negatlve). 
, 

Of course the exact value depends on a lot of 

factors, like the l'Iass composition and the tempe rature <?jlf the 

pro ces s , but we c 8-!', use t h i s ra n g e as f air 1 y r e pre 5 e n ta ti ve 

sinee their experimental conditions were reasonably similar to 

o ur~. 

The hlahest value of the stress range (l.e. -1000N/mm2 ) 

, 
,ives the best a,raemant wi th our An. values and will be used 

here. This can be explained by the fact that the temperatures' 

that we haVI chosen are much lower than the strain poinf of 

.' ,r.'. s ( 5 1 5° C ( S han d 1 95 8 L bel 0 W w hic h ver y li t tl a st r e s s 

( relaxation occurs). 
J 

Flr!t,' we~compute the relative volume change in terms of the 

molar volume (choosin, V-Va - ISe m3 1 mol e 0 -. i n (5 - 1 4 )) : 

~ , 
v;: • -0.017 

o " 
6V" • -0.25 

" 

Then. the net v~Jume chanae (from l'onic change Iilinus 6the 

compression) 15. 

6Vn" - AV + 6V" • 1.054 - 0.25 • 0.804 

Substituted ln (S-lO)l the na,., value for AV yialds. 
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âllœu - 8.9 x'lO-3 

This res ul t doe.s not take {nto account the exi~tence of I!l 
J 

-
birefri'ngence,' induced by the anisotropie stress throuah the 

prlotoelastic effect [Morey 1938]. Light polarized along the 

pla n e ,0 f" the a li ~ st rat ~ (i. e. parallel to :the stress) and 

perpandicular to it· will travel at dUferant v,elocities (the 
t~dI' 

for~er corresponds to TE waves, the latter to :rM waves). A1so, 

the' maximum value of index chang'e should occur a,t the minimum 

exchange tempOerature. This ls because at higher temperatu~es the, " 

viscosity of the glass decreases .and relaxaUon (dtminutio~), of 
,_ J 

stress occurs. T he~, 6 V' i s . smaller, lar~er, 

o 

and An smaller by (5-10). 
/ 

Bath of these effects have been' 
o 

observed experimentally as can be seen in TablEl 4-2. 
, , , 

<;) The birefrtngence can also be calculated frorn B -stress point, 

of view. From photoelasUc theory, we hâ've in our case (Shand': 
, ~J 

1958]: . \ 

(5-16) 
. ' -

wh.e r'! B 15 the biref ringence factor of the materla,h "For S oda-

lime gl ass [Shand 19-58]. 

T h j 5 g j ve 5 a ~ 0 f 2 • 8 )( 1 0-3
• som e w h a t hi" h e r but 

.; 

still' pretty close to the maximum measured value of (2.1.0.61' 

)( 10 -3 (5e8 Table 4-2f~ 

A com.parison of the maln results of thls analysls- wt'th the 
, 

experiment'al values te presented in Table 5-4. 

It shouJd be noted at this point that many stress 

~ 
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. 
'~.sur.m.nt. in l'Iass are ca!rted out in the opposite way as 'lias . .,.. 

~on., he,r~.:' .. "'the birefri nae!,ce is measured tnterfe rometrl èall y or 

'by s'ome' oth~r op'ileal, means and t~e 'stres,s is calculated with 

the .~elp of photoelas·t~c coefficieÏl'ts or of the birefringenee 

. "Iictor. 

In the case of 10ri·-exchan,e, thls approach 15 to b,e teken 
~ f'\. 

wlth. caution.. First of ail,' most of these methods leck the sub-

micron re~olution n~èded to pinpoint the actual maximum of the 
l ' 

str,ess . proftte -(which is onJy o,ne o-r two microns deep 85 8 

o 

whole) and yield a value that is somewhat lower due to 

avera~i~,·. Secondly. and perha'ps more importan,t, the material 
f,' , 

par a met ers use d (p, he t 0 e. 1 asti c c d e ff ici e nt 5 ) are l' e, ne rail Y t ho 5 e 

,of the su'bstr.ate ,Iass~ This t urns out to be ine orree t be cause 

-the photoelasttc èonstants are faitly sensitive to glass 

co-mposttto.n [Shand 1958 and Schaefer 19531 and thst the 

exchan,ed ,lass has a very dUferent composition ,than that of 

. the . subs tratel 5 o~a -U-me glass can hardi y be sU 11 desi, nate d as 

• u cha f ter a II the 5 0 d i u mis r e pla c 'e d b Y pot Il 5 5 i u m . T h 1 s 

inac .. curacy As reflected ln our tesults as a larger errOr ln 6n 

because 'Ile had to use the stress factor B of soda-lime glass. By 

. con t ras t, . the e 1 a 5 tt c pro p e rU.e 1 are rel a li v e 1 y 1 e 5 5 5 e n 5 it ive 

to .. C o,mpos i Uo n (S hand 1958) and therefore l'ive a be tter res ult 
iO' 

for .6n •. 

Re.ard!n« the Jact that K+-Na· exchanl. in BK-7 l'lass 

y te. d. W. V., uA d,ai VI ft h hi l' h. r Il n. th. n th 0 sem a dei n '.0 da -

Î 
\'-' . \ 

1 
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'\ 
o 

-0 lime glass (Gortyé~ 1986a,b1. everi thou~h it contalns _less 

sodium, ,the explanatlon lies prpbably ln the blocktna e.ffect of 
. 

calcium. BK-7, contrary to sOda-lfme. doea not conJaln thls 

-
e 1 e men t 1 wh f c h ha s b e ,e n k no w n t 0 r e 8 t r fc t the e x cha n 1.4L 0 f 

potl!lssium for .sodium [Bartholomew 1980) and th.refora the .Ize 
, 

of the final Index change. 

f'inally, the Ag+-Na+ proc.s •• 150 live.' rila to lurf.cI 

.. induced stresses because of the even lower lemperatu,res used 

( 2 1 5 - 2 5 00 C ) B n d 0 f the s i z e m 1 sm a t c h ( T a b 1 e 5 -1) . Us 1 n Ir 00 

• - 2 0 0 N 1 m m2 ( f rom ,[ B rad e n b ur" 1 9 8 6 ] ). w e r e t Il S t r e s s -

cor r e c t e d â ns i n ste Il do' 'è. 1 6 )( o f 
\. 

8.33 )( 

-t. 

o 10-2 (see T~le 5-4) •. and a st,re!5s-jndu'é"'ed birefrlnrence 

of 5 )( 10-". Both of the se corrections lire very ~Jn~)1 

(0.5 and .11. of the measured',)tan, respec,tively) and unUkely- to 
• 

h a v e b e en 0 b 9 e r v e dot he r th Il n b y a a pee if 'C a 11 y de ait 1 ne d 

measurement. 

r '. TABLE 5-4 

Ions AV AR An AV' An(+str.l An(expl &n &n(exp) 

K+-Na+ o 1.054, .546 .0003 -.2§ , .0089 ~ .008-
9
°09 :88~~ .0014-.0021 

Ag+-Na+ .62 1.542 .082 -.0 ,.083 .0 

Ali AV and AR in the table are in cm3/mole if. 

! ' 

\ 

o • 

" 
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5.4 OBSERV~TION OF SURFACE COMPRESSION J 
<) • .. 

The expanst'On of the alass resulttna from ion-elcha,nae can 
'\ 

be observed by measul"fn~ heiaht ~Uferences between exchanged ~ ! 

sked areas on a 'fiat subs trate. 

this, a,' waveauide Jas fa bric,. ted a t a te~perature ,\ 
, $, 

-
a -=t 1 fil e 0 f 0 ne ft 0 ur 'II 1 th Il n al u min 1 u m _-m Il s k - , . ,.,-of for 

cover.na part of the subs,trate. After remoYing the m''!ek. a 

surface profiler wa.s' used to scan the h~tgh;, of the surface 

across the boundery of the exchancecr~·areB. the result ts shown 

in Filure 5-1 and the measured heig,ht ts 22 l'!anometers. for 8 

wavelutde which is 1300 nanpmeters deep. Measurlp1ents at higher .. 
, A 

t • m p 1 rat u ra s y 1 e 1 d e d 1 0 we r !S t rai n s, a g a' n con' sis te on t w tt h the ,,1 
~ 

", 

theory of Slctlon 5.3. 

. , 
S.S CON€LUSIONS 

WI, haye shown that the refractive tndex .Inereese and 

bi r. hi na Ince resul tina f ro m'pot assium -sodi um j.on ~ Ixcha nie in' 

soda-lime Ilass 15 almos.t exelusiyely due to a stress-induced 

s'u r f a cie ff 1 ct. T hi s ts 1 n t 0 t a 1 le 0 nt ra s i w ft h the cas e 0 f 
t> 

sllver"sodium elehanae where most of the Index Increese, t8 due , . 
, 

t 0 a y 01 u m 8 e ff 8 C tan d t 0 th 1 d if fer e ne e i n pol a r'iz ab i li t y. 0 f 
~. . 

. 
the Ions. and whlrl no blrefrinaence hes ~een reported. 

o ) 

Some of the implications of these results are as follows. 
\ 

" 

) , 
F i r • t • the pro p 0 r t i 0 il a 1 i t Y b e t w e e n 1 n 'd 1 x cha n sr e ,a n d 

concentration of 8xchanaed ions, whlch can 'be explained as in' 

- 1" 

.; , 
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Section 5-2, may not hold when stresses are taken Into aecou~t. 

Ne art h e 5 u r fa cet h ~ rel a li 0 n shi P is s li Il v ait d bec a use th e 

vol ume cor r e c t Ion ( 5 - 1 4) 1 5 pro p 0 r t t' 0 n ait 0 aD' w hic h l' 5 

Uself proportlonal to the exchanged concentration [Richmond 

1964]. For deeper wavelruides however, the normal ,stress 

co-mpc)'nent 0. may no lonll'er be neglected away from the free 

surface and the variation of AV' with depth becomes mpre 

compllcated. ~econd, ln the heat treatment of a wavell'uide to 

Increase Its cross-section and lower Its maximum index Change by 
~ 

allowlng t<te diffusion to proceed without B source of exchanglng 

Ions, the effect of stress relaxation must be considered as much 

as the redistribution of exchanged Ions. This 19 true of ail the 

fabrication procedures, whenever a prediction of refractive 

index shape 15 attempted based on experlmental parameters, the 

Influence of the!e on the state of stress should be included ln 

the analysls. As a final example, on thls tople, an attempt to 

bury the waveguldlng layer below' the surface of the substrate by 

" baek-dlffuslon wtth the orill'inei Ion present ln the alass 

(Na·'). may Increase scatterinll' los! instead of decreasing it 

'" because this process Induces tensile s,tresses on the 

orlstnally eomptnsed II'lass. whlch could promote crack formation 

and p-ro p'tlg a t Ion [K 1 s t 1 e r 1962 J • In vlew of what has been· 

pre.entad ln this ehap~lr. a more efficient way of burying a 

wavell' ut de ~Iaye r wou Id be to su bject an ordinart ion -exe hanged , 

• D 
(\ 
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o substrate to a very htah temper,ture (above the softentn, point 

of soda-lime ,Ias9, 735°C [Shand-.-r9-SlJ;-âable 2-1)) for a short 

period of time. This would lead to total stress relaxation ai .. 

the surface by allowina ,Ia!ls flow (thereby locally reductn. the 

index chanae to zero) white deeper layer!l would remaln 

unaffected becau!le of the relatively poor thermal conductlvlty 

of glass. 

o 

o 
u 
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CHAPTER 6. CHANNEL WAVEGUIDE MODELLING AND DESIGN 

6.1 STATEMENT OF THE PROBLEM 

A strflcture whlch 15 relatlvely unHorm in one direction 

(say, the z direction to be consistent wlth the prevlous 
.............. 

ch.pters), and has a Iimlted region of refractive index hlgher 

than that of Its surroundings (in the '" "'''' x-y 
1 

plane) hss the 

property that It ca,n be used to confine an electromagnetlc wave, 

under the right circumstances (see for example [Marcuse 1982]). 

The prevlous chapters have demonstrated a method to fabrlcate 

such structures in glass. Here, the modes of propagation of 

these waveguldes are derlved, starttng from Maxwell's equatlons. 

Us 1 n g 'p h a sor no t a t Ion, a t 1 m e d e pen den c e ° f eJwt 1 s 

a!l!lumed throughout since the fields aTe monochromatic (the 

dispersive effect 01 modulation of the optlcal wave5 15 

o 
neilected because the propagation lengths arre too small for 

frequency variations of the or.der of .OOU: (GHz vs optical 

trequencles) to have any effect). 

In tho!e conditions, and assumlng non-masnetlc materlals, 

the source-Iree M.axwell's equatlons are wrttten: 

v )( H - j",eE • 0 

... 
V • (eE) • 0 

V,· H. 0 

(6 -1) 

(6 -2) 

(6 -3) 

(6-4) 

The vector wave equaUon for E 19 derived in the usual manner 
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1 

i 

.. 
by taking the curl of (6-2) and replacing (6-3) ln the result. 

Because of the dependence of e on (x,y,z), the' wave equetion 

has one more term than ts usually the casel 

,V(Vln(e) • E) + V2E + w~ eE • 0 o 

The wave equation for H i5 derived slmilarlYI 

(6 - 5) 

(6 - 6) 

Now, we assume thet the wavegulde 151 unlform ln 2 and 

that we ha ve ~)op agating fi el ds 1 n tha t di rectlo n (Le. "modes" 

of the waveguide). In that case, the z dependence of the fields 

We also replace 

k 1s the wavenumber ln free-space (w ~eollo)' and the wave equatiol1s become: 

V(V t1n(e) • E) + V t ~ + (k2n2 (x,y) - fj2)E - 0 (6 -7) 

V t1n(e) )( (V )( Hl + V t~, + (k2n2(x,y) - ~2)H • 0 (6 - 8) 

Bec au seo f t'h e pre sen c e 0 f the f i r 5 t ter m j n (6 - 7 ) "a n d ( 6 - 8 ) • 

the i r 5 0 1 u t ion i 5 qui tee 0 m pIe x "f 0 r g e n e rai cas e 5 0 f n2 ( x • y ) .' 

However, ft lB possible to neglect ,that term wh en the followtna 

condition 15 met [Marcuse 1982" p.lOt: 

R âe;x lm 1 
• 271'e - 7fi'i cc (6 -9) 

In our case, R = .002 and the tnequality fs weil !st1-sfted. 

Equations (6-7) and (6-8) are written below ln thetr new 

form for future reference (this Is cslled the "!leslar wave 

~ 

-Note: This is les9 true for TM modes because of the Jar8'e 

dtscontinutty in e at the alass-atr Interface. For TE modes 

this does not pose a problem .becau,e EY 19 p'erpendfcular to 
( 

the large gradient and t11e first term of (6-7) 1s zero. 
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approximation"), 

(6 -1 0) 

(6-1I) 

The modes of the waveguldes ere obtalned by solvlng these 

elgenvalue problems.· wlth the approprlate boundary conditions, 

for a glven field compone nt. Once that solution le found, the 

other field components ete celculated from Maxwell's equatlons. 

In the case of planar waveguides, for whlch ail derlvatives 

wlth respect to y vanish (propagatIon along z and depth along 
6. 

xl. the modes can be separeted in two Independant orthogonal 

groups because Maxwell's equatlons become partlally uncoupled 

[Born 1980 or Landau 1969]. 

for each of these groups 

The on1y non-vani shi ng compQne-~ts 
1 

are: TE m 0 des ( E~ ,Hz ,Hz) and T M 

For the more general case of channel 

waveguldes, such separation 15 not strlctly possible beceuse 

a/ay ~ D, and the modes are "hybrid", meaning nelther 

TE nor TM. 
f 

However, ln the case of lon-exchanged waveguides fabricated 

by the two-step method, the Index gradients ln x are much larger 

then those in y (especially for small values of t l ), as can be 

seen From Figures 2-6 and 2-7. In this, elmost planer situation, 

è-. 
,there will be ageln two groups of solutions. the quaSi-TE modes. 

where Ey. 1\. and Hz are much lerger than the other three 

~;~ 
c 0 m po n e n t s, and the qua s i - TM m 0 des, w he r e Iiy • Ez • Il n d E. 

domln.te. These 'TE' modes will be obtalned by solving (6-10) 



o 
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for Ey and the 'TM' modes by sol vi nr (6-11) for Hy. The two 

- equat10ns ere exactly slmUer, but the boundery condition to be 

\ 
satisfied at the glass-air lnterface is not the lame (Marcule 

1982], and the index anisotropy must be laken inlo account. 

It is the solution of thls set of equaUonl for the waveaul-

ding structures fabricated by two-step ion-exchenge thet will be 

the subject of the remaiMer of this chapter. AI wa. mentioned 
. 

previously. the refractive index profile n(x.y) is obteined 'rom 

the normalized concentration calculated in Chapter,2 by, 

n(x.y) - âns )( c(x,y) (6-12) 

wlth âne for the TE and TM cases taken 'hom Chapter 4, at our 

working temperature of 385°C. 

There will' be three Interre--Iate-d methods Qf sQlutlon 

presented ln thls Chapter. ,To avoid confusion between them, here 

is 8 'flow chart' to guide thè reeder in what followsl 

(find E(x.y) or H(x,y) and 13) 

6.2 Full 2-D solution by 
Rayle 1 Sh-Ri t~ method. 

6.3.1 Se para Uo n of the pro blem 
E(x,y) - F(x)O(y) 

SQlutton of I-D problem 
by Raylellh-Rltz. 

E(x,y) and p 

6.3.2~ Solution of the 
laterel problem by 
the WKB method. 

G(y), 13 

F (x) . and N(y), the 
laterel "effecUve- Index" 

6.3.3 Solution of the 
lateral problem by 
the variationa' m. 

GCy), P 

The three sets of resuJts are cUscussed ln Section 6.4. 

/ 
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6.2 FULL SCALE NUMÈRICAL SOLUTION OF THE WAVE EQUATION 

6.2.1 Varlational formulation of the eigenvalue problem 

The rather complicated shape of n(.x,y) prevents the use of 

anaJytlcal methods of solution to the waye equations. On the 

other hand, the differential eigenvalue problem defined by 

(6-10) and its boundary conditions can be shown [Mathews 1970 or 

Marcuse 1982), to_ be equivBlent to a variational pro~~-am. 

---~" d 
Firet, let us rewrite the wave equatlon in truly scalar 

form, for the eigenfunction '" and Us associated eigenvalue 

1'2, to svo Id co nstan t refe rence to TE and TM modes Ct n the 

former case'" • Ey and in "the latter case ,p • Hy; and the 

.ppropriate Ans must be used in each case). 

V21/J + k2n2(x,y)1/I - p2", (6-13) 

with . 1/1 (a> ,0» - 0 and ::(0),(0) - 0 (6 "'14) 

where fi Is an outward normal to the boundary of the domain ln 

th~ x -y plane. Condi tion (6 -14) ensures that the re 15 no power 

flow in direction n. for modes propagstlng along the z 
a x i s. ," 

The variational problem to whlch (6-13) and (6--14) is 
, ~ 

equivalent can be stat94 liS follows 
! ~ 

V Oefinin, the funcUona.l 8[",] by. 

[Adams 1SSU. 

(BII/IJ • (6-15) 

Then, the et,~nmOdes."'n and assocfated el.envaJues P 2 
n 

are such thet. 

, . 

. ' 
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(6-16) 

meantng that th,e extrema of the funeUonal occur when '" Is 

equal to an eigenmode. and thet the values of the funcUonal at 

those points correspond to the elgenvalues. In the parUcular 

case of equatton (6 -13). the extrema to be found are the maxima 
\ 

" 

of B. This can be seen by rewriting ft aSI 

œ 
(in a Il o f the following, Il dxdy i s replaced 

_co 

by IdA, to simplify the notaU on) 

1 dAcB - k2
il2)1/J2 - - J dA(V1/I) 2 .. (6 -17) 

l dACB - k2n2J.p2 < 0 (6 -18) 

IdA k~2~2 
IdA .p2 

B oc: (6-19) 

Since B Is bounded from above, ft has a maximum value, 

P~ , w hic h cor r e 5 po n d s t 0 the m 0 de 0 f the W Il vell' u ide w 1 th 

the 1 a r g est pro p a 8 a tJ 0 n con s tan t. Le. the fun d 8 men t al m 0 de 

tlJo• 

(6 -20) 
, 

The other modes (correspondin,,' to smaller local maxima 01 B). ~. 

are found by uslng the property thst the solutions' tPn of the, 

problem lorm an orthQgonal set ln the followlng sensel 

IdA "'r'il, - 0 for r ~ e 

-Then, the maximum value of 8[1111. restricted to the .pac. 

funettons orthogonal to "'O' will yield the next mode 

waveguidel 

PI2 • ma 8[111] • B["'1J .. 

and so on for the rast of the modesl 

(6 - 21) 

01 th. 
, 

of the, . 

(6-22) 

, 

.1 

, j 
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2' mj!lX [ 
Pp • tIIJ.(tIIO''''I''''tPp_1) B[",] • B "'p] (6 - 2 3) 

\' , " 

siné'e ~p must 'be' ortholonal to ail the, modes with hilher 

" 

IV al u e, S' 0 f p2 • 

. ~t .. is worth nottnl aJ this point thet t.he problems (6-20). 
, " 

y JI' 

(6-22).: (6-23) are exactty equivalent ~P (6-13), 'provided thet 

(6-14) ls satisfied in aIl cases. H e'ri',c ê. fin d in g the 
, 

atrsoJute m,8xime of the functional B 19 Just 89 difficult as sol-

ving (6-13). However, the variationsl form'ulatiort ot the pr,oblem 

allow9 approx imate sol utton! to be .found far more e'8S il y than 

t.he dlfferent1al equatton formuletton. A'Jso, the' vaJue of _ p2 

, 8 ft 8 ta (i Q n 8 r y " 1 ... m'e a n i'n g th a t U i 9 r e la t 1 ve 1 yin se Tl sU t ve t ° 
srn all c ~'nge ~ t n' ~ '8ri~ that e ven an ap pro x i ma'U on of. -,p qm 

yjeld a p'retty iood res ult ,for p2 [Mathew! 19·70). Such an 

,. ap.proximate s'o'tution i!S described next. 

6.2.2 The Rayleigh-Ritz meth:od 

'S,ince the exact elgenfunctlon 11:'0, ylelds th,e. âbsolu·te 
" 

maximû,lI! of 8, 8~Y, approximate' funetton for.: ,po will result in 

." ., " 1 

~ smalli!r value. 'The,refC?re, '.8 ~tr'ately. for f'inding ,po 
, 

" . 
consists of tryinfl a succession ot functtôns in (6-20) in a 

l '; -~ , r 
~, 

.' menner such t~at the v~lue ,of 8, in_cr~ases, meaninl that the 

f trial, futl'~tton! al?prpxlmate ~D' better and better. This 
, . . ' 

st rat e a y 1 s a t" ,t- ~ ~ he El r t 0 f the , R a y I.e t , ~ :. R It Zq P ~ 0 c e dur e 

,""~/ 
1 • l , , , 

"l, ' .' 

(Mat$uhara ,197,3. Taylor 1976'. ,Adams 1981). -
• l ' , • r • 

'.. ' 
The B'olut~'ons 'of (6-15)-(6-16) belon. to a space of 

" ' . ' 
l' . , 

" 
-t 
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They are 

" continuous, a·nd 50 are their deri vaUves (at lealt up to .econd 

order). over the whole x-y plane', They are tntearable, mesn!na 

" that for any pair of funeUons belongina to that spaee. 

1 dA 4>(x.y)6(x,y) ~ '"M • a non-Infinite num~er (6-24) 

We can Und a complete set of basle funett~ns for the funetton 
\ 
,\ . 

space in the sense that any of its fun~ttons 'Iean be wrttten as a 

eombination of basis functionsl 

'(6-25) 

The basis funeUons ehosen should be orthonorma" 

o 
(6 - 2 6) 

The last property facilitates calculatlons enormously. 

Note that the bas's funetlons must form an infinite' set to 

be able to sattsfy (6-25) for any luneUon of the spsce th st we 

have defined. This Is of course not very practtca1. By 

truncating the series (6-25) to a finite number ( . say, N) 'of _. 

te rme. the lunetto n III le 0 nly app ra xf mated. As N 8.ets larl er, 

the ap p rox i ma tt 0 n i mp ro ve s, 'Thi s is the idea be hi nd t.he 

Raylétrlh-Rftz proeese. The triaI lunetton tII' used to 

approximate '" 19 obtained by truncattng (6-25) to N term •• 

. (6 -27) 

Then, fa., eaeh value of N, the '"best'" trial lunetton la round by 

calcuJatina the set of coefficients a. whlch mex,tmizes B. Tbis 

le done by solvlng the fol1owlns set of equattons. 
'Q 

aB • 0 t • O,1.2 ... ,N .. 1 (6 -28) !ii , 



o 

, ,"" 

103 

lor the a.', and B (152 ). A, soon as B ~a!S converied to an 

~cceptable preci,ion, the proces5 ls stopped. 

If the basls' 15 weil chosen among the many that can be used 
1 

10 r the fun c t'lon 5 p ace w hie h h a s b e end e fi n e d • the 5 u e e es si ve 
\ 

trial lunettons r\e,ulttng from an lncrea,ing N will yield a 

value of B converging npidly to Us maximum [Meunier 1983). 

The only problem that rem~ins is the method by which (6-28) 

is solved. Firs'!, rel'lacing (6-27) in ,(6-20) leads tOI 

atsf 6,IJ B • 

.. 
-(V(al~I)·V(aJ,~J» + k

2n2 ..at~laJ~JL: 

-
where the repeated indiceS', imply summation on thes'e, ,il1d1ces, 

u ! 

and wh é r e 0 r t'h 0 n 0 r m ali t y ( 6 - 2'6 ) ha s b e e nu, e d ' i n the " 

deno,mlnator. Now, using (6 ... 29) in (6-28),; 

or 1 

0-0,1 ... )1-1) 

, , 

, , 
, " 

l, , , , 

, , 

, , 

. (6-31)', 

which i, 8 matrix eiaenv81ue 'pro-bJem ';'i'th 'e'~,e~'Y_IU,e, "B:", 132 
1 > 1.. 1 

'r • 

and ei.ttnvectors a • { 110 , al ' 82 ' .• , Itf-l ) • 'f 0 y 

mat'rix M, of wll'Ch' the (l,j)th' ieleme'nt' Is' èi~'f'ined ,by the 
, "', 1 .... • L . " . , ~ 

fir. t two t.rm. in t.he' parenthesi s of (6-31). "Wlth' tne he~p 'oJ 
~ , , ... . 

the idenU-ty matrix 1. (6-31,)' ca'n" be' '~ritt~e'h ~'c 

" 
, (6-32) 

" , 
" \, 

In order to introduce 8 ~otaUo,n us-e,d Jat,e~, t'ri t.hê I,C'hapter, 
, , , 

, ' 

, , 
., 
~1$ '" 4, . "l. • 

", 

,\ , 

l' Il 
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where t,,~ x and y dependenee of .1 (1 • y) 'la •• p II cl t 1 Y 

~ spee ifi ed b.y separa-te Il ubse ripts p and q. (6-25) ls wrttteni 

(6-33) 

and (6-31) ~ecomesl 

(6 -34), 

. 
w t t h ( t - 0 • l , .. , Nx - 1 1 j • 0 , 1 •.. , Ny - 1 ) , . '~ 

1 t 1 sim p 0 r t Il nt t 0 rem e m ber th Il tas 1 ven pal r 0 fin d I,e e es 

(i,j) or (ktl) refers to a slnSle basls functlon of x and y. 

The r e for e. the set 0 f c 0 e f f j cie n t 'S lit. "p, c t fie s 

unamblsùously the solution of the problem. 

The eigenvector of M correspond!ns to the larlest 
, 

elgenvalue approximates the fundamental mode. 
1 Sine. the 

" eigenv,ecto'rs of a matrix are or'fhogonal to eaeh other, th. 

second eige~vector corresponds to the second "'mode, and 50 ori for 

- alf the' eigenvectors. However, the aecuraey of the approltmaUon • 
decreases . with tht!" Increas!ng mode order for a Ilven N becauae 

the size of the avallable basis deereases. , This phenomenon la 

due to" the fact that the aearch for the second mode occurs in 

.' ,... the functio n 

"'y./ ' 
!lpaee tha\t la 

e~ senfunct\ on. 
1 

~ 
apanned by the basts but orthosonal 

Therefore. there is one less delree /~.' .. ,', 'to !~e fi rst 
, ' \ r -1 

.. " of n freedom 

. 

"0' ,; " ',' , ' , 
1 .J..r ~ 

,l 

" 

to adjust t,Q",,,max,lmlze the trtal funetton, whleh 
~ ~ . 

, limHs its eventulIJ a~eUracy [GouJd 1966]. Hlaher-ordeL mode • 

.have to be orthosonal to ail the prevlous'y found elsenvecton, 
j .. ~ r 1 1 1 

and slnee 

" 
s 

tbe total base Is ltmlted to N dimenit-ons, the 
.» 
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'~~ . 
avalla bl e dearees of freedom avatlabJe to 'them become severely 

~ 

Umtted. For thls reason. thls method will on'ly be "used for the \ 
, ." 

fint two modes of the 'Mavesuides in thls work. 

It turns out that because the index profile is symme\ric 
", 

.. 
with respect to y, the eigenmodes ~W/ll be either even or odd in ~ 

y (Varlv 1975). Therefore the problem can be split in two by 
, " 

cOfl,elderlng se'parate,Jy superpositions of even basis functions or 

odd oasis funcHons. This is because a superposition of both odd 
, 

and even funcHons has no definite parity, (Le. is neither odd 

nor aven) and can not be a solution. Usina even functions will 

\ . 
yield the fundamental mod~ (mode 0)· with the larges,t eigenvalue, 

odd t\un'C~ons Wi~J superpoAe to" g'lve' the lowest order odd 
() \ ' . 

o 

while 

mode (i.e." ~ode l, wlt'h th~ second largest eigenvaJue). 

'6.2.3 Implementation 01 the Rayleigh-JUtz method' 
, ~ 

The 1 i r s t ste p 19 t h e~--de ter min a t ion olt he set 01 bas is 

luncUons. Since the waveguides made by twof-step ~on"'exchange 

. 
have a hilh a,s.pect ratio (width/depth), lt is more convenient to 

." 

have basls funcUons made up of products of functlons in x and 

in y. Aiso. th,e bas's fU,ncttons have to be scaled to fit the 
L/ 

dimensions of the problem and centered somewhere in the core of 

the waveluides. Therefore we will us-= basi, functions of the 

forml 

o '(6-35) . 

Note that the orisln of y axis is ~t th~enter of the channel,"'} 
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therefore no offset in y is "\n,eded. Furthermora. tha' functlona 

Irq must be even or odd. \ 

, 
Anothe-r desirable feature of a basl', 18 that Ua lunetton. 

s hou 1 d b eth e e x a c t s.o 1 u tl 0 n s ( m 0 d a 8 ) 0 1 a pro b J a m t h a t 
1 

resembJes the one at fand [Meunier 1983). 1 Althou,lh these 

co nditi ons are ,not nec 1. s s ary in pr i ne 1 pla, the y eontr 1 bute to 

accelerate the converlence 01 the Rayleilh -Rltz proclss.' 

II 
characterlstics, is composed of products of Hermtte.-OauIsian 

A particularlly u~eful bas i S wl th a Il of the abo ve 

functions (Marcuse 1982]. also called par.bolle cyllnder 
~ 

functlons [Jahnke 1945). They are sotuUons of the lollowlnl 

equatton: 

(6 -36)' 

, 

" \ 
" , 

.-; . 

whlch can be translormed to become a one-dlmenslonal ecalar wave ~- -" ... 

èquation for a parabollc jnde~ proftle (Me-.fcuse 19821, a 

reasonably clos e pro bl em' to ours. Thése f uncU ons are deft ned 

b y: 
( 

, 

-~ 
h (x). a loi (x) 
'''1\ ~nl '.ai . "1\ 

(6-37) 

where t\t(x) Is the Hermite polyno~lal of order nI 

(6-38) 

and they --obey, 

(6-39) 

This basis has been used ln many instances for tbe a~ly.is 
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o of vertou! typeF of 1-D and- 2-D wavegutding proalems by the 

". 
RayJetgh-RUz method in the past (Matsuhara 1973, TayJor 1976, 

Meunier 19831. Fin~lJy, the basis funcHons are: 

(6 -4 0) 

where the denominator has been added to preserve (6-39) with the 

scaled variables. Note also that two indices are kept· to 

Identlfy 8 single basls functlon in order to highllght Its 

features ln both x and y Cp and q are the number' of nodes ln 

each dlrectloftl). 

Before we begin the calculat.ion of the matrix elements, we 
11 

h a ve t 0 s p e c J f Y ho w the ad dit ion al par B' met ers ( Xo ' Wz and 
q 

wyl are chosen. We cannot slmply add equatlons of the typel 

(6-41) 

to the set deflned by (6-31) because they would not be Ilneer in 

the 8,'S and would not fit in the matrlx eigenv,alue problem. 

1 On the other hand, il 15 not necessary that equallons such as 

('6-41) be satlsfied exactly because of the stationaraty of B 

near the exact value of .p. Therefore, fo1Jowing ,(Matsuhara 

1973) and [T a y 10 r 19761. the va 1 u e s 0 f x o ' wz ' and wy are 

determtned separately by maximizlng Maooo, the ftrst 

diagonal element of the matri.x M. The reason for dotng 50 is 
\ 

that in the simplest form of the Rayletgh-Rttz method, only one 

, bas I!I fun c t ion 1 5 U!l e d ( Cfloo ) t ose tan fi st 1 mat e 0 f 132 
: 

.9 
and sine. the es Uma te i mproves b y ma ximi zi ng B (equa f to Moooo 

o 
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for N • l , 5 e e ( 6 - 3 2 ) ) , the., v il ) u e s 0 f .0' wz ' '. and V/y W h t c h 

do 50 are the best ones for that one-dlmenslona) problem. 

Strlctly speeklng, enlarslng the basl' requlree recalculâttn. 

t h ose par a met ers, H 0 W e ver, 1 f ~ 00 I,!J ~'~ t 0 0 f Il r f rom the 

fundamental mode field 1110 , the parameters found are close to 

thear exact values and the linear cornbinatlon (6-27) lives .n ,., 
excellent a p pro x 1 mat 1 0 n/.JI t 0 spi t e of the small 

Inaccuracy ln lPo ' Figure 6-1 Illustrates !JChematlcally how 
! 

the best V B 1 u e of 13 2 1 s o a-pproached, 

The m&trlx elements are calculated as followa, The IIrat 

term of (6-34) 15 expanded: 
, 

I!W 

(6-42) 

(6-43) 

The 5 e con d ter m 0 f the RH S 0 f ( 6 - 4 3 ) 1 S 0 b t a 1 n e d fT 0 m the 

dlvergettfce theorem (noUns thst the lntegrand ha! no z 

component), and Is equsl to zero slnce the Inte,ratton path ·ls 

1 0 c a t e d a tin fin i t y, w 11 e r e ~ IJ and V 4l
k 

1 are z e r 0 , 

Also, expandina 

y 
and Y·wl: 

y 

the Laplacian (with the definitionl x;,xo u-
a 

(6-44) 
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Figure 6-1. Effeet of optlrnl;zing Moooo, by seaJlng and 
reeentering the basJs funettons, on the convergence of 
the Raylelgh-Rltz process (simulated). 

'> 
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(6-45) 

where (6-39) has been used to get the delta functlons(6nm ). 

Both terms on the RHS of (6-45) eontaln the s,me type of 

integrah 

J du hxn(U)::2~(U) • J du 11m(U)(~3 - n - t)~(U) (6-46) 

wtth the help of (6-36). ConUnuing. we getl 

(6-46) • (-n - ~)6mn ... ! l du 11m(u)u2t1nCu) (6-47) 

.. + ~n(n-U~_2(u) + ()(2n+1)~(u» (6 -48) 

w i th the he 1 p 0 f r ecu r 9 Ion rel a t ion s for the He rtn.i te - G 8 U e 9 t 8 n 

funetions [JBhnke 1945). Uslng orthonormality. 

(6-48) • !( ..JCn+1)(n+2)6m(n+2) ... '..JnCn-U&mCn_2) -C2n"'1l6nm) (6-49) 

So that 

(6-50) 

and the problem h reduced to salvlng the last Integral. 
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( 
Note thet • 1 n (6-50) whlch 15 ea5y 

to see ln' the last term, but also ln the flrst two in the cases 

where they are not Identtcally zero becau5e of the delta 

lunctlons. Therefore the matrlx Is symmetrlc and we do not need 

to calculate ail Us elements. A further simplification arises 

e ~ a 1 n bec a use 0 f the s y m met r y 0 f n2 ( x , y ) w t t h yin the 

Integfal. Since even and odd basls functlons are trf!ated 

leparetely, their products in (6-50) are always even and we can 

replace: 

by 
co 21 dy o 

agaln feduclng the numerlcal computation Ume ln hall. 

c The final simplification of the problem comes from the fact 

that ln a lafge part of the Integration domaln the functlon 
, 

n2 ( x , y ) 1 s e qua 1 toI (f 0 r e 11 the reg Ion x < 0 ) . The n, W e c e n 

replace: 

(6 - 51) 

"f 

(6 -52) 

(6-53) 

wh e r eth e x 1 nt e ~ ra 1 dom a 1 n t 5 r e du c e d 1 h h al f 5 i n ce n2 - 1 • 0 

• 
when x < o. 

The lnte~ration 15 done numerlcally wlth a Slmpson's Rule 

àl80rtthm [Conte 1980]. To calculete the "functlon-
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n2 ( x • y ) a t p a i n t !5 n a t lac Il t e don the • r 1 don w hic h 1 t t !5 

deflned. llnear interpolation t5 used because of the smoothnesa 

of the profile (except at ail points lytng batween tha Irid 

points x(8) and x(9) where a cubic spline interpol'atton te 

needed, see Figure 6-2). The 2-D Integral Is separated tnto a 

.;\ 

succession of 1-D problems as followe. First, the integral alona 

y is solved at ail 10 grld points in x, and stored in arrlly 

YINT. Then, the Integral along x is perf9rmed, 

·w2
" rIO dx h1~ YINT(x) 

:II: y 0 
(6 -54) 

The integration domain extends over the first 10 grid points 

in x and the first 1S points in y, correspondlna ta x • 0 ta 

9~m and y a 0 ta 35t.1m. The Slmpson'a Rule algorlthm divides 

these 1nto 40 sublntervals for Integration (the number, of 

sublntervals was chosen after trials wlth various numbers showed 

that converae!,ce was attalned ta one part fn 105 • 

After ail its elements have been calculllted, the matrlx 

C' 

eigenvalue problem must be solved. Since we are principally 

(oncerned 

propagation 

with single-mode channel waveluldes, only two 

constants are neededl that a f the fundamental mode 

and thst of the second mode, ln arder ta determtn&- Us eut-off 

~olnt, Le. 
., 

the IImlt of the single-mode ranae. Mode 0 
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. Ftr ure 6 -2. Ju stU. ~atfon for U~8'. a. lfneaf • nte rpo Jetton between 
the discrete values of n(x). except between eJements 
(8) and (9). where Il cubic spline lntérpolant te used. 
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o corresponds to tbe laraest eilenvalue in the even mode pl'oblem 

while mode 1 is obtained from the fundamental odd mode problem 
J 

(which is treated separately). Since only the laTlest ellenvalue 

le needed ln each case, this Is a simpler problem then the one 

of flnding ail the eigenvalues of a Ilven matrix and ft la 

solved efficiently by the method of inverse ilenUon Ca variant 

of the power method), whieh yields o"nly the lar, •• t ,I,envllue 

and Us assoclated elgenvec tor (the FORTRAN aource pro,ram for 

that method was taken from [Conte 1980) wlthout modification) . . 
Before presentlna the results of these numerical 

caleuJations, the number of basts functlons to be used must be 

o determlned. In order to do thet, a test run is made wlth a aiven 

pro b 1 e m ( h e r e s pee i fie d b Y t 1 - 6', to • 5 4 " T • 3 8 SO C , D 

• lOjJm, TE ""mode) fOf dUferent numbers of basls functlons ln x 

and y. The scallngs and offset for thet case IIrel Wz • 0.518, 

Wy = 3 . 9. and Xo = 1 . 5 5 • 8 Il 1 n ~ m . They are found by 

trial and error usina the program to calculate Moooo 

interBctively until its maximum value ia tound. 

At tlfSt, a single lunetion WIIS used in y (ho), and the 
" 

nu m ber 0 f fun c t Ion sin x (Nz ) wa s var 1 e d. FIl' ure 6 - 3 ! h 0 W! the 

value of the propagation constant ~/k that results. From this 

2 10-5 sraph, ft ilS estlmllted that an eccufacy better then )( 

o te achieved wtth N* • 21. It takes that Many functton! because 

r 0 

the depth profile of refractlve index as ~tahJy asymmetrtcal 
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. \Vith a lerae dts~onUnulty at x • O. Returntn8 to 

direction (alonl' y, and remembering to use only even basis 

fun c t Ion s ), n 0 cha n 8 e f n p ( w i t h i n 1 par tin 1 OS) w a s 

found for Ny as high as 5 (with Nz • 14) or Ny • 3 (with 

Therefore, only one "basls function is suffieient to 

descrAbe the fundamental mode laterally, and J that funetton As ~a 

GlU s si a n ( the 1 0 w est 0 rd e r H e r mit e - ,0 a U s 5 i an)., It i 5 bec ,a use 0 f 
'\ 

the smoothness. symmehy, and weak guidance of the lateral index 

profile that the Gaussien functlon ap'proxlmate 90 well the 

fundamental mode, as in other cases of weakly guiding sl"ngle-

mode waveguldes [Marcuse 1982]. Not eth Il t the Nz • 14, Ny • 

5 case involves the calculatioD of 2485 matrix elements and the 

solut.ion of B symmetric 70)(70 matrlx eigenvalue problem. 

To end thls section, B I1st or the scalins! and offset! Is 

presented in Table 6-1. Ali the wavesuides have a mask width 
d 

o f 1 0 ~ m Il n d ,t h e t 0 t ale x e han g e t i m e ( t1 of- to ) i 5 k e p t a t 1 

hour, at a temperature of 38 SoC (reler to chapters 2 and 3 lor 

other details of geometry or fabrication). 

The pro ce dur e jus t 6 u tl 1 ne dis rat h eT 1 e n g t h yan d in vol v e d, 

o 

and i t 1 s pre fer Il b 1 e t 0. ft a ve sim pie r w a ys t 0- c h Il r Il ete riz e 
l!-

channel opttclIl waveguides ln optical circuit design situations. 

Such methods are descrlbed in the folJowtna sections. 

resul ts will be presen ted along with those of the Rayleis l'l-Rttz 

method àt the end of the ehepter for comparison purposes. . . 
'. 
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... 
TABLE 6-1 

SCALINGS AND OFF SETS FOR THE 2 .. D RAYLEIGH-RITZ METHOD 
... 

TE MODES , 

t 1 tu Wz ~ wy 
planaI' 8uidee 

ii · ilj \~~f f' Il 
t: ' 

tWlfteP 8uides even/odd even/odd even/odd 

1 !1!1~~~li l:i~t}1 nl~ · / '! · / . O' · / . 
channel guides even/odd even/odd even/odd 

'60' 00' .529/.533 1.59/1.60 '\ 2.0/U~ 

---------------------------------------------------------------
TM MODES 

two-step guides even/odd even/odd even/odd 

fI; ni !1~1~~~li 1:~tJI t.~J~ O' 

-Ail quenOties are, in pm (exeept the times, in minutes). 
, "-

-The values of Wz end Xo for the TM modes were taken to be 

thè same as those for the TE modes sjnce the fact thet we are 

using 21 funcHons in x corrects for small chanaes in these 

pa.rameters. 

• -"even" and "Ç)dd" refer to the partty of the modes in the y • 

direction. 

-"c.o·' refe~ to a mode below cut-off. 

-Scaling ~ and of fseh are alve n f or th~ second mode at t, • 9' 

even thouah ft ls below cut-off becausi this wes not known 

beforehand 

' ,@ 
'" 

" 

Î 
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6.3 SEMI .. ANAL YTICAL METHOPS, (, ' ;d '. 
" , 

, '. ", , , 

6.3.1 'Se para tio n of t.he }?rQ ble,JIl 

, 
, " 

~ , _1 {"" 

'. 
, , 

'. 

.. 1 

l" 
1 • 

, " 
, , , l' 

t ' p , 
.. il, \.. 4. , 

• 1 

t ' J l 

A areat slmpliflcatio'ri ~n ~be sol~tio,ri' of th~ wavegulding. 
'. 

< 

pro ble m (eqn. (6 -13» wo uld l''esult if th~ meth~.)(i "of sep a~1I tion 
,"i'; 

" of variables coùld be used. lHlfor~u~ate.ly, thb l~ 'no~ ttte case' 
, 

bec a u ~ eth e 1 n d exp r 0 fil e n2 ( x ,y) cart n 0 f b e put 1 n the f 6 r,m 
, ~ .. ' 

L cl < 

" , 
"x2 (x) + ny2(y) [Danko 1985]. H o·w e ve t, we h Il V e !I e e n 

1 n the pre v 1-0 us sec li 0 n t ha t a ver y g 00 d a, P pro ~ i m' a li q nit 0 "t h e 
1 

eigenmodes 15 obtalned by a superposition of basls functions ln 

whlch 8 single function ln y Is used. In that case, and only in 

thet case, the solution can be separated lnto Us x and y 

dependences: 

(6-55) 

• G(y)F(x) (6-56) 

The fact. that this approximate form gives useful results 

comes from the fact thet the guidance 15 much stronger in the 
, 

depth dïrectlon than in the lateral direction; this also 

suggests that it Is worth trying a 'method of partial separation 

of variables, called "effective index method" [Knox 1970] to 

sol ve the pro b lem. Its res ul ts will b e compared with those of 

the previous section to check on their aceuracy. The method la 

descrtbed below., 

. 
First, equeUon (6-131 is rewritten 'here for convenience: 

(' 

.' 
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(6-57) 

Then, we rewrite '" aSI 

",(x,y) • F(x,y)G(y) (6-58) 

which t-ran5f~rms (6-57) into: 

2- Q 2- 2 ." ( 
oal'- + Gu. + F~ + i.aE ao + (k2n2(x,y) "- Ji2)FG _ 0 

ax2 ay2) ay ay ay 

A new function, ~~y), is introduced and defint<l byl 

(6 - 59) 

and 

~ ~ + (k'N
2
(yJ 

sttbstituted i~ (6-59): 

(6-60) 

Ga~ + Ga2F + 2aF ao + (k2n2(x,y) - N2(y»FG • 0 
ax2 ay2 ay ay (6-61) 

Note that until now no approximations have been made, _ (6-61) 

. 
15 exactly equlvalent to (6-57), just written differently. The 

approximation consists of neglecting the derlvativ,s of F wlth .., 

respect to y in (6-61), mea~ing thet we assume that most of th. 
'J 

y dependence of 1IJ ls taken up by G with whatever that is left 

in cl u de d i n F sot h a t (6. - 5 8) ca n st li J b-e s a Us fi e d. The 

appropriateness of that_assumption will be verified Jater, after 

F(x,y) has been calculated. Using that approximation, (6-61) 

reduces to: 

(6-62) 

whlch is 8 one-dimensionaJ problem in x. wtth y as a parameterJ 

meaning
1 

that this problem can be solved at a riven position y .. 
because n(x~':YI' is known ther~, and yteldin. a local valu. 0" 

/ 

J 
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, N(y) and F(x,y). Aft~ the .ocal .. elrectlve Index N(Y)~S,.foÙîtd~ 
. " 

for ail the values 01 y, ft Is substltuted ln (6-60) to yleld 

O.(y) and p. It must' b~thàt' the waveguldes analyzed he,re 
1 

are parttcularly weil euited for the effective index method 
~ 

since N(y) Is unambiluously defined at ail lateral points 
... . 

because of the shallower pl anar g'ulde 'that surrounds the, cl;lannel 
1 1 

(lot "ordlnary" channel waveguides, there is no guidance away 
, . , . 

hom ,the channel and N(y) ts taken .to, be e~':lal tf· the substrate 
~ 

Index there, a somewhat unrealistic essumption}. 

~ince' n(x,y) represents a graded-index profile, N(y) is " 

c C? n li n U 0 U s fun c t Ion of yan d w e. s hou 1 d ~ 0 1 ve ( 6 - 6 2 ) a ,t a n 

Inllnll. number 01 points to descrlbe Il CO~PI.teVor u.~ ln 

(6-60). This Is of course Impossible anë:1 instead we will derive 

1n- analytical mOde~ for N(y) (as in [Kirby 1976], ~n, a d:fferent 

con tex t) • v' aIt d for a pra c tic aIr a n g é 0 f val u e sol t1 • T h i s 

~ 

• j mode 1 •. allow5 f or the 501 ution' 0 f wa veg uidi!,8 struct ures def ined-
~ 

by any combination of aperlure widths ln y and for any set of 

I"sbrtcation conditions (times, temperature, ton' specles, 

substrate) thet can be used in two-step lon-exchange, as lonl as 

the second exchans'l Ume is such that a depth mode can be 

supported outstde of the main channels. 

The depth characteristics (F(x,y) and N(y» of the model 

need to be derlved only once so it is wort'hwhil, to use an exact 

numeri cal method, even if f ai rly length y. to sol ve (6 -62). The 

.T ..... __________________ --:. ___ ~ _____ ~~_~ ___ _ 
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same- Rayletgh-Rttz me.tho..d that was descrlbed previously WBS 

used, but modified to wo.,rk in one dimension only (i. •. repJacinl .. 

hoCy) by 1 and not Integratlng ln y). The value of N(y) il 

-
calculated in that manner (a.ain with Nz - 21) for ail tho 

values of y on whleh n(x,y)., h deflned. Then, the Ind4vldual 

results· are fitted (by a least-squares proce~ure (Conte 1980)) 

wtth the, followlng funetton: 

(6-63) 

where: -H 19 the fUtina parameter, 

-N(:O) the effective index of a plansr luide exchan,ed for 

one hou r (tl + ta ) , ,. e . N ( Y • 0 ) , 

-N(CD) the effective index -of a planar ,uide exchan,ad 
c 

for Ume ta, I.e. N(Y)jWa y 

a'petture ln the mask, 

from the edae of the 

-D' the wldth of. the aperture in the mask, , . 
.. !"'-J..__ _ -... 

-erf la the error funetion [Jahnke 1945) 

This procesa has been' repeated for _ six dtfferent values of 

tl' .k e e pin g t l ... to = 1 hou r , and for bot h T E and T M rh 0 des. 

A few examples of the reS'ults of the fit are shown on Fllure 

6-4. The- choice of that particular fittlng funetton, and the 
~ ~ 

excellent agreement that it provides wU'h the data, C'ome~om 
'l 

the fact thet It represent~ the exact solution of a very close 

pro,hlem. This problem 15 the cfassical (FlcUsn,) dU'us~n (wtth 

constant diffusion ~oefficiénts) in one dimension (y) wUh ._ 
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.. 
finite source of diffusan.t. initially limlted in space (to a 

!!I1ze equal to the mBsk aperture) [Crank 1975). By .nalolY with 

thet problem. the fltUns parameter H (determlned here 

statlstically by minlmizing the dUference between (6-63) and . 
th e 1 n dl V 1 d u al p 0 i nt s ) s ho u 1 d b e ne a r 1 y e q ua 1 t o· th. f 011 0 w i ni 

formula, whlch 15 related to the lateral diffusion lenlthl 

H· ~Dyt (6 -64) 

w h e r e Dy i san e f f e c t 1 v e 1 a ter e 1 d 1 f fus Ion c 0 e f fic i e n tan d t 

the time of diffusion. In the case discussed here, !Since 11u~ 
, \J 

u i san 1 sot r 0 pic 5 u b s t 8 n ce. Dy mus t b e e q U fi 1 t 0 the d e p t h 

~ 

/ 

diffusion coefficient De found in chapter 4. As for t, il ia 

t a ken t 0 b e e qua 1 toto \ 'b e c fi use dur 1 n S t l the 1 a ter I!ll 

diffusion 15. Inhlbited near x=Q by the presence of the metalilc 

mask (see Chapter 2). 
l. 

val, u e s 0 f t l bec a use 

This becomes B poorer estlmat. for l.rge 

. /J, 
then the new Ions have reached Ireater 

depths where slde diffusion can occur. A compl!lrlson of the 

values of H obtained by fltting the Individuel results of (6-62) 

and by equation (6-64) Is presented in Table 6-2. The a,reement 

1 s ver y g 0 0 dan d the s 0) u t Ion 0 f (6 - 6 0 ) 0 b t a 1 n e d b Y the 

value of H ,ives the same substitution of (6-63) with etther 

res~or P/k.,~hln 1 )( 10-". 

~ heref ore, the comb! nat! 0 n 0 f (6 -63) and (6 -64) repusents a 

model for the lateral effective Index profile of two-step lon-

eX'chanled wavel'uldes thl!lt depends exclu!Slvely on data dertved 

frolm planer wavesuide measurements (Le. N(O). N(CD), and O.). 
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TABLE 6-2 

C LATERAL DIffUS10N PARAMETER 'H'-

c 

t l 

ffj 
H(TE) 

Fit Eqn.(6-60) 

m Ul ' 

D.(TE) ; 10.8 )( 10-16 m:,}/5 

D.(TM) • (10.6 )( 10-16 m2/s 

Ali values of H ln ~m. 

J 

l 

( 
----------------------~----------------~.--~ 

H(TM, , 

iii Eq tir 

.~. 
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This means that lt can be applied to ail the types of lon-

exchange for whlch such charecterlzatlons are 
"y 

Bvailable (see 

[Flndakly 1985) or [Chartier 1983) for revlews on plener lon-

1 
exchange papers, and [Gortych 1986) Br [Lagu 1986) for more 

recent work). After the description of met"hods of solution of 
\ 

(6-60) ln the followlng sections, the full desll'n of optlcel 

circuits 
1 

Also, 

dependen 

channel 

channel waveKuldes will prove to be 

ow the time to examine our nealect of the y 

F(lI,y) ln (6-62). Far from the edies of the 

the waveguides are essentielly planar and t~e steps 

leading ta equatlon (6-62) should become "Iocally" exact. 

Assuming further thet the variation of F(x.y) across the reiion 

" where n(x,y) changes with y (Le. between the two planer 

regJons) is graduai and smooth, a qualitl!ltive estiml!lte of the 

size of aF/ay can be obtained by comparins F(x,O) wlth 

F ( x , 7 0 ) 1 n the f 8 1 r 1 y e x t rem e C B seo f t l • to • 3 0 .. This Is 

shown on Figure 6-5. W e s e eth 8 t a Fla y ," 1 n d e e d y e r y 

sm a II • 8 n d 5 hou 1 d b e e ven 1 e s s for 5 mil Il e r va J u e s 0 f t l . T h ts 

can be explaine,d by the fact thet ln the channeJ, the depth mode 

Is wett-conflned in a reJattveJy deep Jayer white ln the 

"claddlng" the gUide ts shal10wer but the mode ts extendtnl more 

tnto the substrate because ft ts closer to cut-off. T he net 

-----/ r es u lt '5 th a t F (x, y) ts ra' ri yin d e p • n den t 0 f yan d th a t. th.' 
\ 

\. 
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effective index method becomes almost approximation-freet 

6.3.2 The WKB method 

Ha vi n g an analytical proHle fun c t ion for N ( Y ) t ci pou t 

into:f't~ 1-D boundary problem (6-60) helps ln usina the varioul 

methods of solution available for luch problems. In the previoui 

section, we could afford to use a rather long and complicated 

rnethod to solve (6-62) because this had to be do ne only a hw 

times, enough to characterlze the model for N(y) from 

• f 

fabrication parameters. On the other hand, (6-60) has to be 

solved eech tlme a new wavegulde 19 planned or designed. 

Therefore, a qulck solution method l!l deslrable ln thls cas •. 

One such method Is provlded by the 90-called_WKB (or qu~sl-
\ 

classical) method approximation (see (Landau 1965], (Mathew. 

1970], [SChlff 19681 for Instance). For the ca!le of a .ymmetrlc 

continuous profile N(y), the dispersion relation becornes , 
(Kogelnlk 1979J: 

(m-0,1,2, ... ) 

which is root-searched for ~ , the propa,ation 
m 

(6 - 6 5) 

>.;" 
constant of 

The tu rni ne pof Yt 01 • mode is deli ned 

"\ 

the mth mode. 

by: 

N(y) - ~ lit ~"-) 
t Dl 

(6-66) 

The WKB method relies on asymptottc representetton! of the .. 
-

!lolutions of the wave equaUon to e.tebUsh formule (6-65). N.er 

the turning, poi nts, these asymptottc exp resslons "bIOW up" ~) 
~ 
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<0 

requ're another form of ap'proxtmaUon ta the sol utlo ns (Landau 

1965). Wh e n the zeVof k2 N2 _ p2 at Yt 
1 s of fi r s t 

orde r, an approxlmate solution valt d aeross the turntns point 

can be derlved [Rapp 1971 or SchUf 1968]. The solutions of 

(6-60) ln the varlous reslons of interest are s'ven by the 

followlns formulas (wher-e the numerlcal factors ln front of each 

expression ensure the contlnulty of the functton for the whole y 

axis). The definltions are glven for y T 0, since we know that 

the 'modes are either symmetric or anU-symmetric relative to y 

(see (Schtff 19681. eq,ns. 

dlscus sion): 

~y). 
! l ! 

2333~6 
AI( _(3;b)~ b 

1 
(k~2 _ ~2ii 

li! 

2133~: 1 At((=?)~ Oey) • 
(p2 _ k~2)''' 

oey) • . .J2eos(7r/6) 

~n~~2 - k2N2 

1 
Not e that I:b - - ~. ' 

(28-16), (28-14) and the assoclated 

('Y cc y) 
t 

wlth ~. • J:I~kl-P2dY 

• 
with 1: • l' ~ 1k~2 - p21 dy • Yt 

exp( -1; ) • (y:>:> y) 
t 

when y S Yt ' 

(6 -67) 

(YSYt) (6-68) 

(y2:y t) (6 - 69) 

(6-70) 

The equations (6-68) and (6-.:69) are obtalned from a local, 

linearized N(Y)'I)- ani:! are 8s!mptOtiCallY equivalent to (6 -67) and 

(6-70). The funetion AHz) 15 the Airy funetion (Abromovitz 

1965J. a Itnear eomblnatlon of Bessel funeUons of order 

.. 
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j: 1 1 3 

, 

In spite of the complexity of these expressions, they 

represent a particularly simple wly to solve (6-60). and they 

are exact solutions both near and far From Y
t
' The only relion 

where they may be Ieee accurate le in the Intermedlste ranae 

where the Airy -functlone transform Into thetr ssymptottc 

representations, if that region is too far away from the turnlng '\ 

po j nt for t he 1 i ne a r a p pro x 1 mat ion t 0 'N ( y) t 0 b e !I t i II y ail d. 0 n 

the other hand, the propagation constants obtetned from the 

dispersion relation (6-65) ere known to be Inaccurate for low 

ordep' modes [Landau 1965). 

This situation ts Intereetlng ln the sense th st the other 

semi-analytic method used ln this work (as deserlbed ln the nex~ 

section) has the complementary characterlstlc, Le·, a very 

accurate propagation constant with a relatlvely approxlmate mode 

function for G(y). 

6.3.3 The single funeUon vB'tlattonal method' (SFV) 

The other seml-analytical method of solution lor (6-60) 15 a 

variatlonal method (Sharma 1980), simUBr to the one presented 

ln section 6.2. Here, we meke use of the fact thet the Reylellh-

Rltz procedure has Indicated that the Gaussian ,functlon 

a p pro x 1 m a te s ver y weil t he la te rai va r t a t Ion 0 1 th e fun da m'e n ta 1 

mode (and also that the Hermlte-Gausslan of order 1 approxlmatee 

well the second model. Therefore, we use a.ain the variaUons. 
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(- formula for p2 l'iven by (6-15). transformed slflhtly to. apply 

in y only: 

(6-71) 

But this Ume. instead of a series of funcHons, we use a slng.le 

functton for the two first modes. a Gaussian for the 

fundamentall 

(6-72) 

and the Hermite -Gaussian of order 1 for the second mode: 

(6-73) 

ion of the functional (6-71) is 

~ ( of al 0-0.1) which satlsfies: 

c 

a~2 
- - 0 (6-74) aO I 

One e 0, i s· i!il r e p 1 Bee d i n ( 6 - 7 1) t 0 yi e 1 ~ P, • 

the pro p a li{ a t ion con s tan t 0 f the i th m 0 de. ) A li{ 8 t' n • w e " 
... ~-"'\. ) 

emphastze thst wfth a variational approach. the propagation 

constant can be very accurate even for an approximate mode 

lunetton. Defining: 

P • J ~oo dy",G
2 and 

equation (6 -74) can be' .writtenl 

G' • aG ra (6-15) 

The solution of (6-76) for a ls very easy to, find with a 

computer. In fact, if N (y) was • li tUe bit si mple'r (the e rror 
\ 
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J 
functions 8re difficult to integrate). (6-76) could probably bt 

solved analytlcally. 

This completes the description of the seml-analytlcal 

methods that were used to ftnd the waveguidinl characteristlcs 
,/ 

of two-step lon-exchansed channels. 

6.4 DISPERSION CURVES AND MODES OF TWO-STEP CHA~ WAVEGUIDES 

The dispersion curves usual1y show the propaiation constant 

of' the modes ln terms of the physlcal parameters of a guide, 

regrouped into what 15 called a normaltzed frequency (Koaelnlk 

1979]. The usefulnes5 of, that representatlon Ues ln the fact 
J 

that the curves can be read direcUy for any value of wavelenath 

or size of the waveguides. In this study of two-step waveguides, 

the depth of the channel Is kept flxed. correspondlnl to a 

constant' value of the local effective index N(O) and of the 

depth dependance of the modes , F(x,O). The depth of the 

surroundlng planar 1~lde 15 varied. correspondlns to chan,es ln 

o its effective index, N(œ), which can be considered as the 
1 

"cladding" t ndex of the equlvalent 1-D wavelulde 'In y. This also 

results in a variation of the lateral depen~ence of the mode, 

Le. G(y). 

The re fore. the, res ul ts' 0 f the anal y si s 'li ill be pre sen ted 

" uslng the followtnl conventions. whtch al'I'-.--.relate to the 

, t 
lateral wave,uldtn, properUes. The normaUzed propa,atlon 

constant b tas 



( 

and the normaUzed frequencyl 

/ 
v • kD .JN2C(;) fcex» 

j 

-
13i 

(6-77) 

(6 j7 8) 
) 

We see tha{ b varies from 0 Ko/ 1 for gUided modes since p must 

lie between kN(ex» and kN(O). 

In order to compare the resul ts of the three aforementioned 

methods, a common set of base data must be used. This poses no 

problem for the two semi -analyttcal methods sine e li suffiees to 

u!le the same funetion N(~) in both (Le. the same N(O), N(m), 

H, and 0). However, a further eomparison with the, 2-D Rayleigh-

Ritz method reveals a probJem of 'eon'sistency in the treatment of 

the depth mode solution. In the Raylelgh-Ritz method. the exact 

pro fil e r e !S u Jt 1 n g f rom g 1 ven par am ete r 5 il ns and De 1 sus e d 

and the propagation constant determined very aecurately.' 

However, these parameters were found by using the ,Gaussian 

approximation for n(x) and sOlving the WKB dispersion relation 

(also an approximation) of section 4.2 to reproduce as clo.sely 

as possible the measured effective ,l{'diees. This model is based 
~ 

on two approximations, but they balance each other out in the 

sense that the pair of parameters Ans and D. that it yields 

for glven fabrication co~dittons lead dlrectly to the measured 

effective indices of the resultina waveguide. Usi g the same 

pair of par'ameters in a dUferent method f 

prqfiJe (even if in principle more accurate, case of 
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the Rayleigh-Rttz method applted to the results of tb4! lon
o
-

ex~hange diffusion equation) and extractinll the effective 
, -

indices from ft • has to YielVdifferent answers. In facto the 

effective indices obtalned from the 1-D Raylellh-Ritz of secUon 

6 . 3 . 1 are 5 y ste m B t j C B J 1 Y 1 )( -1 0-4 h 1 a h e r t han the 

r e s u J t 5 0 f cha pte r 4 • f 0 ~ the !I a -m e W Il vell u 1 de. and t h 1 IS ami 

eff ec t occ urs 1 mp Il c 1 tl Y ln/he 2 -D R~Yle 1 B h -Rit. col c ulotl 0 no 

of section 6.2. ,'\ ~ ,'1' 

Therefore. in order to be able to comparl the results of 

this last method with those of the seml-anelytical approaches 

(Table 6-3)), we must use i'n them the same values of effective 

indices thet ft uses. I.e. those thet can be celculated from the 

I-D Raylelgh-Ritz method (they are 1is,ted in the Table). Of 

course. ft can be argued thet the exact numerlcal solution for 

n(x) and the I-D Raylelgh-Ritz procedure should have be~n used 

ln the characterlzatl0I'!' but that would have made Il an almost 

1 n t r a c t a b 1 e pro b 1 e m ( bec a use 1 t wou J d h a v e ,r e qui r e d 50 1 vin 1 

the I-D diffusion equatlon of lon-exchanae numerically and 

the full I-D RayJei-gh-Rttz problem at each step of a 2-D root 

!J e arc h for Il ns and D.), W i t h ver y J H tJ e pro fit. In fact, 

the Gausslan-WKB approach continues to be heJpf.ul here throuah 

the ease wlth which we can let almost exa.ct effective Indlçes 

Irom labrl,catton parameters to input in tbe channel wevellu'de 

model. 

~ 
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TABLE 6-3 

SUMMARY OF RE SUL TS FQR PROPAGATION CONSTANTS OF CHANNEL WAVEGUIOES 

TE MODES ~ 

TM MODES 
~ 

00' 1.51676 
,06' 1.51648 1~51664 1.5166-4 1.51665 
09' 1.51633 1.51662 1.51662 1.51662 
12' 1.51616 l:~lgra 

~ 

i:~ig~r l:~lg~~ 
17' / 1.51585 l:gl~g~ 1:~lgSB 1~~lgS~ 
30' 1.51485 

t~llil l:~l~i~ l:~l~ig 

l'~· 
r --

The velues of H that we-1!e used er. thOS4! hom (6-64). 
~J " 

Wh en t W 0, 0 r rn 0 r e val ~ es are 'li ste d for agi ven t l the y 
1 

corr:e-spond to su'ccesslve modes of increasin, order. 

f ' 

( 
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F ro~ 1 the resul ts of Table 6 -3. tt ts ob.vioua· that the stnale 

lunctton variational method is sufficient to describe the 

wavegutding cha'ractertsttcs of the two-~t(~ ton-exchanae 

channels. Using that method. and, th'ts Ume~ the measured set of 
il 

effective inpces. if ta possi~le to find the full dispersion 

\ curves of the waveguides, presented graphically as b-V dialrams 

(Figures 6-6 and ~ -7). The single-mode range extends Irom V - 0 

to 3.8 (corresponding to t l " 0 to 10 • , a t T. 385° C. 
~ 

t l + to - 1 hourJand 0-10 ~m) . For other t e m p e rat ufr e s and 

times. the propagation C ons tan t9 are .obtalned directly from the 

graphs by finding the appropriate normaltzed frequency V. 
. 

As far as the mode solutions ~y) are~:,concerned, we. can 
, 

exami ne separa tel y the b ehavi our 0 f F (x,O) and G (y). The depth 
J 

dependence of the ,modes, F(x.y). which we have shown to be 
o 

almost 'ndependent of y waS presented on Figure 6-5 and ,remains 

the sam e r 0 r a n y val u e 0 f t l ( s u b mit t e d t 0 the sam e 

restrictions of constant total time and temp.erature) .• The 

lateral de pevnde ne e of the modés (G (y)). i!!l show n on'" Fi 1 ure 6-8 
IÎ , 

for the t h r e e me th 0 d san d for t w 0 weil sep a rat e d v a J u e sol tl 
" 

( a c tua 1 1 Y , the r e sul t S 0 f t h è t VI a var t a ,t ton a 1 met ho d s·a r e 

1 
e.ivalent ~nd thelr curves overl.ap, sinee a sinale lunetton in 

y w a 5 ev en tua 11 y use d i n t h ~~ R a y J el g h - Rit z e ••• ) . 
.ca 

. Here; ft ts the '. WKB solution that sets the standard Slsinst, 

tieh the oth~rs a~e to Ib'e judle~. We 
, 

see that (ndeed ,the 

Gausstan functton approxlmates the !~teraJ behavtour of' the mode 

l, J ÎIIIIIII ________ .. _ .... _______________ -"--___ ~ __ ·_ 
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Figure 6-8. Field plots for channel guides. Lateral dependence. 
Comparison of the WKB and variatlonal results. 
a) Fundamental TE mode, ts-6' 
b) Fun d 8 men ta 1 TE mode. tl- 3 0 • 

\ 
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Figure 6-8. Field plots for a11annel gutrdes. Lateral d~pendence. 
'Comparlson of the WKB and varlaj.ional results. 
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~ very weil and thet ln view of Us extreme slmpltclty of ) 
J j 

calculatlon, co~pared with the complex formulas for the ~ 

solutions, il should be use,- to, represent Oey) whenever hllh 

accuracy ls not requlred. 

The parameters that define the shape of Oey) for both semi-

analytlcal methods are presented ln Table 6-'4 for reference. 

These were calculated with the measured effec tt ve 1 ndlces. 

6.5 FINAL REMARKS 

To conclude thts rather long chapter It may be useful to 

recall what we lntended to do at the. start and what ha! been 

accompllshed. Startlng from the 2-D refractive Index profile 

that was deflned from the results of chapters 2 and 4, the 

waveguidlng characterlstics of channel wavesuldes fabrlcated b~ 

two-step ion-exchange were sought after. In particular, throu~h 

th~ reduction of the dimenslonality of the problem by the use of ' 
•• r...'.A 

the effective index method (which we showed to be especilllly 
o 

a p pro p r 1 a't e 1 n 0 ure Il 5 e) , a 5 1 m pIe m 0 deI 0 f the e qui val e n t 

lateral guide was derlved and shown to be very accurate by 

comparing lt with an eXllct numerical method (which Will .Iso 

described fairly extensavely). 

In summary. the method of characterlzatlon la as followas 

-From the results of a planar wavegulde c:herac1erlzatlon. 

obtaln the value. of De. and of the effectlve IndS •• ~ .. 8 

'. 

function of t::he temperature and duration of the lon-exchenle. 
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TABLE 6-4 

SUMMA~ OF RESULTS FOR LATERAL MODE PROFILE CHARACTERISTICS 

t l N(a» T/Jk~ Yt 
0 NCco) Td1k~ Yt 

0 

04' 1.51531 1.51538 5.30 .0114' 1.51625 1.51634 5.17 .0125 

,OS' 1.51527 1.51537 5.06 .0136 1.51620 1.51633 4.92 .0152 

06' 1.51523 1.51536 4.87 .0158 1.51614 1.51632 4.70 .0181 

09' 1.51509 "1.51535 4.48 .0218 1.51598 1.51630 4.35 .0242 

12' 1.51495 1.51533 4.25 ·.SiS3 1.51582 l:~lg~~ ~:~~ :8fe~ 
17' 1.51468 f:gf~~B ~:~; :8~~1 1.51:;;47 l:~l~~b ~:BB :8~~~ 
30' 1.51384 1:51~g~ ~·.I8 :8~~§ 1.51442 

tili~~ 
3.67 '85~4 
4'j2 .44 
6. 2 

NTE ( 0) - 1, 5 1 5 4 8 

The effective indices and propagation con-stants f r the WKB 

eolutions are included because they are needed expltcit,ly in ( 

the field profiles. The values of H can be found in Table 6-2 

under the column (eq, (6-64)). 

W h e n (w 0 0 r m 0 r e val u e s I!!l rel i ste d for agi ven' t l the y 
,> , 1-

corres pond\... to successi ve modes of i ncreastn~ ord~r. 

For e x a m pie. I!!l t t l • 1 7 '. the f i r s t val u e 0 foc 0 r r e s p 0 n d s t 0 

0 0 I!!l n d the 5 e con don e t 0 o{-

g , 

------------_--.:...._---------~~ ~~-~ ~. 
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profile functlon N(y) .nd substltute U ln 

variational formula of section 6.3:3 to let~ 
the propagation constant and lateral profile shape of the model 

by a simple root-search procedure. 

As the followlng chapters demonstrate. the method Just 

outlined can be used in the design of more comptex structures 

made up of many two-s'tep channels patterned on a substrate to 

perform sorne optical signal processing runction. 
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, CHAPTER 7. DIRECTIONAL COUPLER DESIGN 

INTRODUCTION TO THE PROBLEM 

The goal of the fabrication of optical waveguldes on planar 

eubstrates Is to achleve some sort of signal processlng 

functlon, or field transformation. For passive devlces, such as 

those that can be made ln slass. typlcal examples Include power 

splltters [Flndakly 1982]. [Cullen 1984). dlrecltlonal couplers 

(Walker 1983 ), [Vip 1984}, ring resonators [Walker 1983a), 

(Honda 1984], tapered junctions [Campbell 197911, etc ... All of 

( these can be fabrlcated advantageously by uslng the two-step 

lon-exchange method, which provldes a better control of 
,-J 

perf ormanc e than sing le -ste p me thods throug h the f,l ne tuni ng of 
~0 
J . the propagation constants and mode fields that it prov1des. 

The method of solution of w8veguide problems presented"tn 

the prevlous chapter can be extended to such structures provided 

that sorne conditions are met. The Indlvidual channels composing 

t~e circuits should be' wlde enough and separated enough to avoid 

overlap. of the error functioms thst descrlbe the effective Index 

transitions on each side of the channels. 

To test both the accurscy of the model developed ln Chapter 

(. and the control of de vi ce performance provlded by the two-step 

method, it was decided that we would 'design. fabrlcate. and 

meas ure a si nsle - mode direc tionsl coupler . 
. 

An optlcsJ directionsl coupl-:r (abbrevlated as OC in the 
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Ç\ 

fOllowing) consists of two wBveguides brought into sufficiently 
\. 

cl,ose proximity to allow the transfer of 1i8ht power between the 

two by tunneling (l.e. coupling throu8h the evanescent' fields 

that propagate outside the cores of the wave8uides). A 

particularly convenlent form of OC to dest8n and fabrlcate 

consists of two parallel tdenttcal wave8uides. The analysis of 

thls type of DC ts stmpllfled conslderably tn compartson wtth .... 

more complex structures an allows detalled quantitative 

-.. 
predictions to be made. as the coupling between the 

branc hes re mal ns we1-k, a tota 1 tr ns fer of powe r f rom one branch 

to the other is possible [Suematsu 1977]. Of course, ln a 

practlcal desIgn, the parallel section must be preceded and 

followed by transition sections to facllitete Input and output 

cou pli n g t 0 the de vic e (b e cau set he w 1 d th 0 f the 5 r n g 1 e - m 0 de 

channels and thelr spaclng are of the order of 10 ~m). 

The analysAs of the DC Is split up Into two parts. Ftret, 

the pareil el section, and then the Input/output transitions . 
... :" 

7.2 OVERVIEW OF THE METHODS OF SOLUTION 

Using as before the effective index method to reduce the 

problem to one dimension, a typtcal lateral effective Index 

profile for a parallel DC ts (Figure 7-1): 

wh e r e Ne (y ) i s the 5 i n g 1 e cha n n e 1 i n d exp r 0 file (6 - 6 3 ). 
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Figure 7-1. Directional coupler effective index profile for 
W • 2 0 ~ m 1 and var i 0 il 5 val u e 5 0 f t l · 
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The channels, deflned by two-step lon-exchanae throuah 10 

~m wlde masks have a center-to -center specAnl W and effective 

Index difference âN. Havlng ftxed the width D at 10 ~m, the 

amount of coupHng between the guides is determlned soleJy by W 

and AN, becoming smaller as either or both increase. 

The step-Index equlvalent of thls one-dlmenslonal problem 

has been the subject of Many etudies [Marcuse 1982), [Yarlv 

197,3), [Kogelmk 1979) based on 1-he e~rller problem of coupled 

transmission llnes [Miller 1954]. In these 50-c.lled "coupled-

mode" aP1Hoaches, the field of the DC Is taken to be e 

superposition of the modes of the individuel suides, calculated 

as if t he y were Is 01 a ted from eac h 0 ther. T he pres enc e of the 

other guide then acts as a perturbation whose effect is to "tap" 

part of the propagatlng mode power. This is most eeslly seen for 

Identieel guides. The evanescent field that extends outslde the 

core of one guide Into the core of the other one becomes e 

source terpl (Le. variable electric and magnetic field) of just 

ttle rlght temporal and spatial frequency to excite a mode of 

that waveguide (Figure 7-2). The Inverse transfer Is ex.ctly 

equlvalent and the exchenge of power is described by a "éouplina 

coefflcletft .. calculated from en overlap 'ntelral between the two 

modes Involved. Recent Changes have been made to the theory to 

(mprove the treatment of radiation modes and power conservation 

[sttelfer 1987], [Haus 1987), (MercaUIi 1986). (Chuanl 1987). 
, 

However; thls method la sUll Hmited to cases of weak coupltna 
? 

, . 
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COUPLED MODES 
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' ... ,-----

NORMAL MODES 

î 
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~:- .. / 

Figure 7-?-. Schematic vlew of power transfer between paralleJ 
chann'els. On the 'Jeft, the arrows tndtcate 'he induced 

. polarfzatlon from the evanescent field of the adjacent 
channel. On the rtaht, the Inte'rference between the 
odd (dashed line) and even (cont. line) modes is seen 
to correspond 'to power redistribution be~ween the 

~ 

c hanne 1 s. 
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because of the use of the modes of the Isolated wavelulcles ln 
. o \ 

the ,SJ.l1 cul a t ion. 1 n the 1 1 m ft 0 fla r g e se" par a t ion. the met h 0 d 

be/comes ' exact but useless. slnce the gUides are then c;lecoupled. 

Partly because of t'his limitation, end partly because ft is 

difficult to keep track of th~ approximations th!t are involved, 

another approach was taken here, the "normal modes" method 

([Suematsu 19771. [Suhara 19791. [Donnely 1983), [Ctyroky 1984b) 

and many others). 

In this case, we make use of the fact thet the structure is 

confined ln the y and uniform ln the axial direction z. 

The r e for e , ft ca n su pp 0 r t m 0 des -c ha r a ct e riz e d b Y a con s tan t 

fun c t Ion ais h a p e G ( y) and a z cl e pen den c e o. f the f 0 -r m . e - J~z 

( for t 1 m e ha r mon i c fie 1 d"5 "W f th eJwl 
). -Other than the 

-
appro·ximation made to arrive at the scalBr W8ve equatlon, and 

those of ~e effective index method (whlch were both allo 
• • 

present in the coupled-mode approBches), thls ts an exect 

~ 

mathematical problem. The ex~ct modes of the DC can be obtalned 
o 

tn principle, numerjc~lly if necessary. Agatn, stnce N(y) Is 

symmetric. the modes are/,.,étther symmetri c or anU -sy'mmetrt c, To 
1 

)/ ~ 

have a devl ce wlth 'un equl vocal tra nsfe r c harac ter'ts tic!, th e two 
J 

channels must be tndtvldually sfngl~-moded; this mean! thet the 
1 -. 

DC" supports only two modes. the fundemental symmetrtc mode 

(which lookS' somewhat like a superposition of t'NO chennel mOd'esj\ .. 
and the rirst anti-symmetric'" mode (thet resembl ••• 

" 
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supe rposttlo n of a c h~nnel mode wtth the nega ti ve of the other \ 

channel mode). 

From that potnt of vi~w. the transfer of power from one 

8uide to the other results from the Interference between the two 
, ~ 

DC modes (heretofore referred to as the "even" and the "odd" 

mo des). SpeclfJcally, the transfer charactertstlcs can be 
, 

-calcula'ted from a knowledge of the dlfference in their 

propagation constants b.~ and of tne i'nitlal condition (i.e." 

the' r el a·tlve a mp II tudes 0 f the t wo mode s at the' start . of the . 
/ ~ \ 

parallel section), S e e Fig ure 7 - 2 ro r 5 che mat 1 c vie w 0 f po w e r 

. -t ra n 9 fer due tom 0 cf e 1 nt e r fer e n ce. Ade t a il e d dt sc us s ton 0 f the 0 , 
1} 

and normal modes approac hes ,. relation 4fen ,~he~UPled-modes 

csn be fou~in [Ma";.~ 1984J. , 
Vartous methods of solution for the normal Iodes of graded-

index DC's have been'· used I.tl the past. Sorne approximate results 

were obt.siried by using an approximate lateral profile N(y) for 

whlch analytical solutions of the wave equatlon were possible 

""-
(M.uel1er 1985). However. spart from the fàct thaï their pr~filer 

• 1 • 

would not fit .the special case ôf two-step io"h-exchange, the 

a. r e e men t w i the x p e ri men ta 1 r e 5 u lt s ( • 00 d for.,. cha ra n e 1 gui, des) 
" 

WB! relatlvely poor for the transfer characteristtcs of 

direct'i ona1 co uplers. Exact numerl cal methods ca n be us ed (Feit' 
" . 

1983), (Y~h 1979), .lCtyroky 1984b), but the Icomputational cost 

i 5 hi' a h for the r e 50) ut ion n e e d e d ( a par t-. f rom the d if fic u lt 

r 
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1 
Implementation of the methods if the nume~.cal prolrams are not 

u 

already available). The WKB method ,ts applicable to the parallel 

f , 
waveguides case [Sutl~Jra 1979) but requlres Ift.Qre computations 

rJ " 
than the single channel case becau,e asymptotlc solutions' 

decayl.ng ex p onenttallt to y • zoo must be "connected." ,across 

.4 turning points. Th~makes the derlvatton of the dhperelon 

relation falrly dlfflcult but once ft is do ne, the propalatlon 
a 

con s ta nt s are still 0 b t a i n e d b Y a sim pie r 0 0 t - s e arc h p r,o c e dur e 

(see section,,7.3.1). It also yields accurate field solutions. 

1 t s mai n .d r a w b'a c k i s th a t 1 t sac c u r a c y de cre a s e e for st r 0 n 1 

coupllng (as the coupled-modes method~) bec8use the turnlna 

p 0 i n.t s bec 0 met 0 0 cio set 0' g eth e r for the Il 5 Y ~ P t 0 t t c 
J 

r e"p r e sen ta ti 0 n sus e d i n the, con nec tt 0 n 'f el m u 1 a!l t 0 b e va li d. -..... -, 
The slmplest method, as ln the prevlous chapter, is to use 

the single fu';'.ctlon rYlBtional method (StJarma 1980). As we will . , 
s e e 1 n sec t Lo n 7. 3 . 2, , i. t w 0 r k s e ven for s m a Il , w a v e 1 u ide . 
sep1arations (i.e. strong coupling) even though the trial 

functlons begin to be less accurate. This is due Blain to the 

stationarity of the 'varlatlo,nat' formula, which toleretes sllaht 

devlations in the mode function and yet yields the rJ8~t 

prop'aga110n constants. 

The last two melhods are described ln more d,tMla in the 

next sections, and thetr results" compared. . " In order to 

illustrate the limitations 0', the coupled-mod' approachés, the. ' 

of ~one of these methods will also be pres,nted. ~t ta 

1 



" 

c 

,C 

," 

149 

descrlbed ln '(Landau 1965) as a worked out problem. 

1 
... 

7.3 NORMAL, MODE SOLUTIOt<.JS 

7.3.1 The WJœ method 1 
Followlng [Suhara 1979), we can write down the field 

solutions ln ail the reglons of interest of the coupler 

(refer to Figure 7-3), concentratlng on y ! 0 because of 

symmetry. For 1 a r g e val u e s 0 f y, t h'e f tel d mus t de c a y 

exp,o n e n t i a Il yin the folio win g man n e r t 0 .5 a t 1 s f y the 1 a ter a 1 

wave equa~o n\. (6 -60): 

A ... r3 
G(y) • Ifll/""J'2n 

-~ e a (y» Y
l 

) 
o 

The outer turnlng pOint is deflned by kN(Yt) 
o 

(7 - 2) 

(7 - 3) 

(7 - 4) 

~, for 

y greater than W/2. Near that türnlng point, a solution can be 

Job t ai n e d b Y u sin g a li ne a r a p pro x i mat Ion for N ( Y ) and r e qui r fn g 

that .,the solution behaves asymptotically like (7-2). 

" sol u t i,o n i s : 

(y ~ Y
t

) 
o 

Th i s 

(7 - 5) 

(7 - 6) 

where the following relation between the D'essel functions of 
, 

order 1/3 and the ~Airy function has been used [Abramowitz 1965]: 

Ai(z) 1 
~ • 3" (I-v3(ë.) - IV3(~a)) cj-7) 

.. 
~' -
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Figure '-3. .. -Approximate regions of appltcabHity of the various 
1 

WKB expressions for the field of the OC. 
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On the other slde of the turning point. conttnuity requiresJ 

G(y) • A ~ 3Ai( -z) 
fV" 4Z (y s Y,) 

o 
(7 -8) 

z • (7 -9) 

w i t h ~b d e fin e d 8 sin (6 - 6 8 ), rel a t ive t 0 Yto • 

This solution, behaves asymptottcally as, 

{Yt cc y « Yt) 
1 0 

(7-10) 

For the solutions surrounding the other turning point, a 

complication arises from the fact thst the boundary condition Is 

not 8S stralghtforward due to the presence of the other channel. -
The boundary conditions to be satisfied come from symmetry 

arguments aSI ,( 

a~(Y)1 • 0 for syzitmetrtc modes 
y Y·O 

(7 -11) 

and G(y-O) • 0 for anti-symmetric modes (7-12) 

The m 0 a t a e n~ r 8 1 sol ut, 0 n for a Il n e a riz e d N ( Y ) n e a r Yt 
A 1 

ta [SchUf 1968]. 

e • G 
lI(f dy 

y 
~4 • 1 t, lflV2 dy 

y 

(y S Yt) 
1 

(7-13) 

(7-14) 

(7-15) 

(7-16) 
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Taking the ltmit of both (7-13) and (7-15) as y - .y 
, li 

( w i t h ec ' e
d 

- 0) we g et nec e s !S a r , 1 yI 

E - -C and 

whlch means thBt (7-15) becomes: 

Uslng (7-18), we get from (7-12): 

F - 0 

(y S Yt) 
1 

C LI/3(~d(O» 
fi' - II/3(ë

d
(O» fOT the anti -symmetrlc mode, 

4 

(7-17) 

(7-18) 

(7-19) 

and from (7-11). along wlth the faet that s!L - 0 at y • 01 dy 

D d~d dI_1/3(~d) 
... + 2 ~ëdI_1I3(ëd) dy + 0 ~ dy (7-20) 

where: 

(7 - 21) 

50 that f or the symmetri e mode: 

where we have used a recurrence relation to get rid or the 

derivBtives [Dwight 1961]1 .. 
(7 - 2 3) 

We still have to connect (7-J3) to (7-10) for .conUnuity 01 

G(y). Taking the Iimit of (7-13) for llfse ~c we .et (Dwi,ht 

1961]Z~ -- " 

, ) 
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( 

G(y) - j;.:(c~.t cos(te - ~2) 

'\ 
\ 
\ 

) 

/ 

... D~1l~C cos(l;c - 1~)) 
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(7 - 24) 

And we note that in the region between the turning points: 

Yt Yt 
~ • f 0 ~ dy • f 0 ~ dy - ~ 

b Y Y c l, 
(7-25) 

Therefore, the equaJity between (7-10) and (7 -24) becomes: 

(7 - 2 6) 

whlch must be valld for any value of ëc ' between 0 and 

Yt f 0 4T dy (I.e. y between Y, and Y
t 

). 
Y, 1 . 0 

1 

- ... 
We use thls property to flnd the dispersion relation and the 

value of C (or D, which is related to C by (7-19) or (7-22) in 

terme of the arbttrary amplitude A. First, we define: 

(7- 27) 

and we use ~c • 0, 

o 

43A cos(e) _ C ~ - 1 ... D .J3 ... 1 
2..J2 2.J2 ç 

(7 -2.8) 

N 0 w w t t h ~c • If 1 2 1 

43A !lln(e) - C .j3 + 1 ... D .j3 - 1 
2aJ2 2.J2 

(7 -29) 

and by takl ng the ratio of these two results: 

f! 

tan(8) • 
(~ ... nC ... (43 ,- 1)D 
(~ - UC ... (43 ... 1)D 

(7-30) 

. l' 
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from which we can get (by ls018Ung (C-D) and (C+D) and ustnl 

trigonometrlc identities): 

C - D (71) ~(C • + D) • tan a - 4" (1-31) 

or: 

y 

J lo .ft dy + tan-1( 1 - CID ). (n + 1).. ( 0123) 
y\ ~(l + CID) '2 " n· •••••.. 

1 

~ 

(7 -32) 

of 
whlch ls a transcendental equatton in only one unknown. ~. Le." 

the dispersion relation for the modes of the DC. 

Flnally. taking r: • c 71/41 

.J3A coste _ lt) • (C + D)~ 
4 2 (7 -33) 

A .. C + D secCa _'If) 
2 4 (7-34) 

(7 -35) 

in which we r.eplace (7 -31h 

A • :t ~C2 + D; + CD (7-36) 

To choose the sign of the radical in (7-36), wa note thet in 

replacing the secant in going Irom (7-34) to (7-35), the si.rn of 

the radical depends on the quadrant ln which the argument le 

10cated [Dwig-ht 1961]. Defining A ta be po;sitlve for the 

fundamental mode (n-O), Us sign will be negaUve lor 1111 the 

odd modes (n-l,3,S, ... ). 

Thts completes the derlvatlon of the WKB solution for the 

normal modes of the full De problem. The propasation constants 

are obtained from (7-32). and the fields trom (7-2), (7-5), 
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(7-8), (7-10), (7-13), and (7-18). Examples of normal modes are 

siven in Figure 7 -4. Before the discussion of power transfer in 

terms of t he no rmal modes re pre.se nta ti on, we WUI desc ri be the 

variational approach to find the normal modes. 

7.3.2 The variational method 

JThis method IS based on the work of [Sharma 1980), and is 

strlctly an extension of the single channel solution of section 

6.3.3. The method consists of using a single trial function with 

a shape that can reasonably be expected to look Ilke an 

elgenmode of the OC. 

The trial functlon to be used in this case is a 

superposition of c!aussian functlons centered ln the tniddle of 

each channel. The width of the Gaussians Is determined by the 

variatlonal pafameter used to maxlmize the functional (6-71). 

For the profile of Figure 7-1, the trial function ls: 

Ge/O(y) • 
-(Sel Cy - WI2Y. -(Sel (y 

e 0 +s"'e 0 

+ W/2)2 
(7-37) 

w h e r e 1 5 • +1 for the even m~e (subscript e) 
<l 

s • -1 for the odd mode (subscrlpt 0) 

It must be stressed that (7-37) is not a superposition of modes 

01 the Individuel channels. Tlie wldth 17,tor a 15 dUlerent, 

and depends on W, as well as on D and liN. To Und 0 and p, ~e 

proce ed ag ai n to sol vez, 

ap2 
ao - 0 

which is ex.cUy the same as (6-76), except that in this case, 
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ComparJson between the WKIJ:and varjatJonaJ resuJts. 
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the expressions for G(y) and Us vartous derivat'ves are 

sli g htly mo re com pli,cated. Exampl es of normal modes cale ul.bd 

by thls method are ~hown ln Figure 1-4. 

7.3.3 Results of the normal mode method~ 

(;> 

As we have seen ln section 7.2, the parameten of Importance 

are the d If fer e n cel n pro pa g a tl 0 n con ~ te nt 6 ~ end t t)~e 1 e tI ve 

amplitudes of the modes at the ~tart of the paralLel section. ~ 

The dis eus 5 Ion 0 f the la tt e r po I·n t mus t b e dei e y e d un t Il sec tI Q{' 

7.4, where dlfferent input-output condition. are con.ldered. For 

no w, we. ca n pre. e n t gril phi cal r es u 1 t 5 for 613 v. W end 6 N. 

These will be useful 85 design tools in later .ections and ln 

Chapter 8, for the fabrication of 8 worklng prototype. 

In addition to the results of the two prevlous sections, e 

few points obtained wlth the couple,d-mode analysls of [Landau 

1965) are plotted for ,çomparison. The method uses a 

S~ositlon 

approxlmati~n. 

of individual channel modes obtained by the WKB 

Three ~ets of results are presented ln Fllure 1-5 

( for tl - 9 . ), w h i 14e B d dit Ion a 1 d a t a are pl, 0 t t e d for the 

varlatlonal method only ln Ftlure 1-6. As can be seen ln the..:" 

r-- f i r s t fig ure, the 

methods begin to 

thel r r9,nge of valldit 

!I for both the coupled-mode and WKB 

en for strong coupllnl, Indlcatinl thet 

has been exc eede d. The .ast data pol nta, 
1 

, at W-24 ",m, are not very accurate because 6P/k becomes 01 the 
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seme order of magn.tu~e as the accuracy with which p/k Is 

cel cul ~ t e d ( 0 . 0 0 0 0.1 ) . Also, as W tends towards D, the 

propagation constants of the even and odd modes should tend 

towards those of the single channel of width 2D. Using the SFV 

of section 6.3.3, the two propagation constants were- calculated -( 

and yi e 1 d e d A P ( tJ - 9 • ) / k .' 1 . 5 x 1 0-4
. T h i s P 0 i nt i s 

w • 10 ~m in Figure 7-5 and is a direct 

extrapolation of the remairlïng SFV data. We may also note that 

for large separa.tion or AN, both Pe end Po tends towerds 

the propaga~ion constant of a single guide in isolation. For 

i n s t B n ce, for T M m 0 des B t tJ. 9 . B n d W • 2 4 ~ m P e and '13 0 

are e quai toI. 5162 9 2 and 1. 51'62 9 0 r-e s p e c ti ve 1 y, wh il e for an 

isolated chennel, P,=1.51629. 

Fo! the fteld solutions, Figure 7-4 lndicates very good 

agreement between th~ WKB ,--and variational methods. 

'. This conftrms the conclusion of Chapter 6 that the single 

functton variational method is a very useful and eccurate way of 

describing. the'\ we\egUlding properties of these channels. A 

summary of the results for directional co"uplers Is presented in 
él 

Table 7-1'. 
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7.4 INPUT -OUTPUT PROBLEM AND POWER TRANSFER CHARACTERISTICS' 

7.4.1 Intro'duction 
~ 

For single-mode individual channels, the De c.an support only 

two modes at l'he most, i.e. 

Figure 7-4. The o~d mode"'may 

the eYen end jd mode •• hown ln 

even be eut-off if W and/or AN a,re 

too small. Therefore, whatever incident field is input to the 

.... 
OC, ft can onJy Jaunch the se two modes, plus non-I'uided 

scattering in the form of radiation modes. Assumini that these , 

are minimlzed, the power transfer between the channele te 
. 1 

totaJJy deterïnined by the relative amplitudes of the two 
l',' 

propagating· modes at the star t, and by their relative phaae at 

the end. But bef\ore wé are able to quantUy" "power transfer", we 

must determine what that term means. 
-1- : 

For strong 1 y coup led guide s. ev en . if the y are Identical, ·the 

power i9 never totaJly in one guide or the other (or more 

preciseJy, there is no superposition of modes of the Dé that 
o 

yields zero power' in one of the branches), [Suamatau 1977). At 

any poin t_ along the" OC, 8' g ood measure of how muc h power 

actually propa8ates t none branch is given by the projection of 
, 

the field of the OC on the singJe-mode of that channel by ~eans 

of an overJap integral. 

The idea of input-output trs,nellion sections ts·~ t,o have 

totally uncoupJed gutd~s 'in 0 which to launch ànd recelve powêr. 
" 

Twoo distinct. cas~s are, possible. " rhst, an ab~upt tranattio,:, 
, , 

~ 0 

betwe~n a règion with only one wavea-utde e and a rel'ion, with two 
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waveguldes. This 19 preferred at the Input (to 'ensure lsunchlng 

from one' branch onJy). However, lt 15 not a .ood design for the 
6 

output becsuge any power left ln the termlnated branch would 

ecatter ln the same genereJ direction as the remalnlng branch 

" and induce noise in it. A second type of tranSis/.on is\a smooth 
\ J 

and 8raduaJ increase in the separation W, until the two guides 

become totally decoupLed (Figure 7-7). Such transition shouJd be 

adlabatlc, meanlng that the total power Is conserved as Jgulded 
T 

modes. In prlnclple, it can be used without problems as input or 

output. The two types of transition's are analyzed beJow. ~ 

7.4.2 Abrupt transition 

When used at input, the problem to be solved Is to determine 

how the Incident mode of the single waveguide excites the 'normal 

modes of the De (and how much ends up lost in radi sUon modes . , 

al !!Io). Negleeting the backward refJectlon due to the sllght 

ml sma te h of ~ave t mpedances, t hls i s si mpl y the pro blem of the 

projection of a glven" functlon onto s basis of functions (ln the 

same !I~nse as in section 6.2.2), using a scalar product defined 
;. 

byl 

(7-39) 

. 
The mode. of the DC (plus the radiation modès) farm an 

ortho80nal basls and we can express the field of an incident 

channel eSI' 
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Abrupt 
Trans 1 t ions 

.. 

~ 
1 

~ 
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: 

Tapered Trans i t lons 

Figure 7-7. Schematic view 01 the two types 01 transitions between. 
the paTallel DC and the individual channel luides. 
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Ge(y) - A.G.(y) + AoGo(Y) + Fr 

uslng norma1ized modes: 

J 
( 165 

(7-40) 

(7-41) 

w h e r e Fr' 5 the t 0 t air a dia t ion fie l' d e xci t e d bec a use Ô c 
, 

does no! necessarlly match exactJy a superpo:it,ion of Ô. 

and Go' the even and odd\modes of the OC, wfth amplitudes 

A. and Ao , the a m pli t u d e- t r ans fer functions, relative 
'" 

to 

unit input power). These are obtained by taking the scalar" 
f-

product of 6. 
A -

and Go w i t h ( 7 - 4 0) : 

A. - <GéJGc> 

Ao • <GoJGc> 

And the radiated power JF J2 by: .. ~ 

(7-42) 

(7 - 43) 

(7-44) 

Using the variationa! method, we use expression (6-72) (cen~ered 

. 
at W/2) for ~c:(Y) (and replace 0 by oc). and exp.resslon 

(7-37) for Ge and Gg and S'et> 

('~'" 
-cs cs w~ e c 

(0 a )V4 {l + e Oc + GCl 
A • 

• C 
e ~o.+oc 

~1 -(1 w2 
• r 2 + e 

(7-45) 

-(J,lJcW~ 

A- • 
(020C)V4 '1 - e Ge + GCl 

D 
~oo+ac \ ~l -0 w2 " 

52 
- e 2 ' 

Re sults for veri ou§ cases of i nte re s t are pres e nted in Ta bl,e 

'1- 2. We see thet both ". and _AD converge towards 1/ 42 
, 
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as W or liN Increases, meanlng that the Incomtnl normalized mode 

spHts equally Into the two modes of the DC wlth no scattered 
" 

The only entry of the table for whlch Pr Il 

me a sur a b 1 e ( • 4 1. ) 1 s a t t1 e qua 1 S' for the TM m 0 des. The f a ct • 
that P, :ncreBses for .trong coupllng meant that no 

superposition of DC modes can represent a mode of' a channel, 

I.e. the gulded power 15 never restrlcted 'to only one lutde, and 

of çourse, total transfer Is not PossJ',ble. , 

'The inverse problem (Le. ô'utput from the 2-sulde parallel 

section to a single guide by abrupt termlnatlon of one guide, 

< 

can also. be address'ed with equa"tions (7-45) and (7-46). In that 

C B S e ~ Ae B n d Ac B r e t 0 bel n ~ e r pre J e d B S t r a n !!I fer fun clio n e 

between the normalized modes of the DC and the channel remalnlng 

for output. The total output power Is calculaled by projectlng 

the field of the OC onto the field of the output channel. 

(7-47) 

wh e r e ae and aD a r.". the a ~ ~ it r Bry am p Ji tu des (m Il g nit u de" Il n d 

" phase) of' the normal modes at the junction plane (where one 

waveguide abruptly ends). Not eth a t - Ao 1 5 U • e d bec Il use 1 t 1. 

Bssumed that the output channel Is not the same as the Input 

chan n'el, and the sig n of AD depends on whlc h channel t s used 

for the 0 ver 1 a p f ~ t e g' ; ~ i . (r e ~ 1 na, Go ( y ) b Y - Go ( - y ) ) • 
1 

/ 
Also, we note that for anything but a 1001. transfer coupler 

this design Is not very. good because ~f, the forward scaUerlnl . ... 
1 

of the power remalnin~ in the Interrupted branch. 
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7.4.3 Graduai transition 

Inasmuch as the transition is smooth enough for scattering 

lasses ta be neglected, this is a much sJmpler problem. However, 

because the structure is not untform in the z direction, 

strictly speaking, there can be no modes as such (with a 

constant propagation p and modal shape G(y». We assume tnstead 

that the modes exist 10callY, with slowly varying ·properties. 

At input, we launch power in10 one branch, at a point where 

the spacing is so large that there is no coupltng with the other 

branch. Then, as we have seen in the previous sections, the 

single channel mode can be thought of as an exact superposition 

of the even and odd modes of the De (with equal amplitudes). The 

channels get closer together as they approach the paralle1 

section. but for a sufficiently smooth transition, we can as~ume 

\ 

th~t the power carried by each mode is constant (as for a C) 

uniform' waveguide). 

Thé change in spacing has one important eff~ct, however. B 

8radual \ variation of the propagation constant of the normal 

modes. Assumlng unit power in the incident channel. we get for 
~ 

ail 'the regions where coupltna OCCUfS.' 

. 
1.1 (y,z) _ ..L ... -Uz,...(I') clz' 1,. - J/"orz') dz' 
u ~'G.(y.z) e ri" , + ~ Go(y,z) e ri" (7-48) 

"here z ta measured fr'om' the start of the coupltna region. where 

the two m,odes are squal in amplitude' 'and phase. -The integrals 

'I 

" 
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\, 

represent the accumulated phase lncresse for each mode tn lotnl 
~ 

from 0 to z wi th a vary i ng p ropagB tion C onstent P(z). Va riants 

of this method for the treatment of non-paTallel wavelutdes hav~ 

been used by vanous authors in the pastl [MatBuhara 1975), 

[Flndakly 1978), [Anderson 1979). 

The validity of the approach cornes from the adiabllticity of 

the transition, Le. the fact that the power carrted by each, 

mode in conserved. Obvlously, thls 15 only correct for small 

a x i a 1 non - uni for mit 1 e s ( 5 m B Il a n g 1 e s b e t w e, e-n __ the Il xe! 0 f the 

cha n n e 1 s ) sot ha t m 0 des c B n 'b e 1 den li fie d Il t a 1 î. . - ll! t ':II t t v e 1 y 

therefore, we must have: 
) 

(7-49) 

When the coupled-mode approach le used for the same probJem 

of non-parallel waveguides, conceptual d'lfficultles arise from 

'" 
the non;-parallelism of the wave-fronts of the modes to be 

coupled (see [McHenry 19-84) and references thereln for a full 

discussion on thls toplc). 

Now, when an output section le made up of 5uch a graduai 

increase in spacJng, equation (7-48) still appl.les, but ln 

general, the amplitudes 6f the modes need not be equal, 

depending on ·the~ Input condition. Instead, we let (eslumlnl 

j n put a m pli t u des At and Ao): 

(7 -50) 
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When the spactna becomes SO, large that coupltna no longer 

occun. the normal modes can be expressed 8S a superposition of 
, ~ 

channel modes ln the followtng manner: 

(7-51a) 

(?-51b) 

or 1 

(7 -52) 

and the power ending up ln e8ch channel Is obtalned by the 

" ... p'rojectfon of G(y.z-end) onto ~ 1 the r GJ 0 r , Gb : 

2 

• ~.(1 + ~:t 
. 

+ 2~:) cosU: A~(z') dZ') (7-53) 

(7-.54) 

wi"th AR • A '" "'. ~ . o 

We see from (7 -53) 8 nd (7 -54) that only 1 n the s pecla! case of 

e qua 1 n 0 r mal m 0 d e a ~ pli tu des. Ao 1 A. • 1. is to tal 
1 

transfer 

possible (Le. Note thst when a graduai 

converslnl section is used 8S input. thte condition Is 

automaUcally. satlsfied (see (7-48». 

To conclude this analysis. we must establish how the . , ' 

dUference in propagation constants A~ depends on the spacing 

w. 
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If we can find a relatianship for AIHW). then, ln a liven 
\ 

DC design far whlch we specHy an input at output section wtth 

variable spacing Wez), we will be able ta solve the Integrais in 

(7-53) and (7-54), and predlct the power transfer 

characteristics. Fartunately, the functlanal relatlonshtp 

b e t w e e n A ~' and W 1 s e a s Il y a p par e nt ft 0 m F' g-u r e 7 - 5 . A" 

straight Hne provlde!:i ,a very good fit to the Hnear":loa graph 

of AP(W) and we get: 

Ap(W) A ~-mw 
-k- - (7-55) 

The relevant parameters; taken ham the reBults of section 

• , , 
7.3.2, are listed ln Table 7-3, and the stralgh,t line fits are 

s h 0 W n 1 n F 1 8' u J;,e 7 - 6 f () r var 1 a use a 5 e s of 1 n te r est. F Ô rat h e r 

exchange tlmes, A and m can be found easl1y from two approprlate 

Il P val u e s ( the m sel v e s cal cul a, t e d w 1 t h ( 7 - 1 ) • ( 7 - 3 7 ). and 

(7 -38)). 
6 

7.5 SUMMARY OF ,~ULL DIRECTI'ONAL COUPLER DESIGN CALCULATION 

For agi v, en, in put, co n,d il i " n, 8 e n e r a II y a sin" 1 e cha n ne 1 

excitation, the power endtng· up into each' of the outp'u\t branch,s 

ts given by '(7-~3) and (7-54). WlthlA these, the relative 

amplitudes 'Qf "the normal modes are elther equal (rOT th!! case of 

, <. 

inpu_t t'rom a g radu,al tapered section) pr cal c ul.ted fram (7-45)' 
\ 

and (7 -46) fa~, input from a sudden transition Irom one to, t'1o'o 

channels. And, ftnal}y, the total phase dtfference te obtatned 
, ' . 

d, 

.- by sp'efifyine the shap~ of 'the ,OC,' Wez), alOIiS lts full Jenlth, 
f' 

/ 

" 

.' , 
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( and replaclng ft ln (7-55), to get AIHz) whlch is integrated 

oveT the whole lenlth of the coupler. Note that ln the paTaliel 

section, Wez) - constant, so fs âP, and the phase fntegrals 
l, 

reduce to 4P(Wo )L, where L ls the lenlth of the paTallel 

section and Wo Us spectng. 

Two exemples of "rea)" designs are given in the next 

chapter, alonl \Yith experlmental Te!ul~s. 

c' 

f' 
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TABLE 7-18 0 

SUMMARY OF RE SUL TS FOR DlRECTIONAL COUPLERS ' 

TE MODES 

t1 W 0. 00 P/k P/k Ap/k)( 105 

min !lm (.Im-2 jJm-2 

o 

, .... .' 
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( 
TABLE 7-1b 

SUMMARY OF RE SUL TS FOR DIRECTIONAL COUPLERS 

TM MODES 

tJ W 0. 00 P/t p lt AP/t)( 105 

min Jlm Jlm-2 IJm-2 ~ 

y 

4 ~§ ~~tU ~~r~~ (J(fjf~ t~!I~~1 H , 

5 ~§ ~~IU i~I~~ Ufilf~ f~ff~~ Jt c \ 

6 ~§ ~~!!i ~~IU (;itff~~ t:i\i~U ~:~ :4 -~\ 

9 ~§ ~~~If ~JU' UII~i~ UII~~I H. 
/ 

'" ~ 

12 ~§ ~~~i~ ~~~~t' Uli~t~ UII~~~· 7.§ 

( 
~:3 

17 ~§ ~~iU ~"~~ UII~ii f~tf~~~ n 
. , 

,. , 

'" . ~, 
, ... 
" 

", 
f-.} / ' 
~. '11" 1'" ; _ .., ~ ~ ~ ~ ~ .. r '5 7' ! __ -"" __ •• • ' •• ~;.. 
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'0 TABLE 1-2 

AMPLITUDE RATIOS FOR SUDDEN TRANSITIONS BETWEEN A 

SINGLE WAVEGUIDE AND A PARALLEL DlRECTIONAL COUPLER 

q , 

1 

,. 

tJ W Ae 'AE 
a R ' A. J.~ c R 

4 

~§ .~~ ~ <I~JJ ~J~ ~J~ : ~ 
.. 5 12 

~~~ :~I .' ~Ij ~U . ~Jâ ~II ~~ 0 , 
6 

~§ i~ ~~i ~II . ~~, ~~~ il (\ 

9 

~§ :~, ~t~ :§~ . Jî J~ :§J . 
1. 1. 

12 12 Ji ;~ï :B~ Jf ;~r !:g ~§ r i: 
17 

~~ Ji Jî i~~ ~~l·· . J~ · '3~ 1: 

The ratio R is defined 85 :Ao/A. 

o 

\ 
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TABLE 7-3 

FITTING PARAME~ FOR ~ VS W ' 

. " 
TE TM 

tl (min) AXIO" m u.un-1) AXIO" m ~m-I) 

1 .. 

). ? 

" . , 
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CHAPTER 8. EXPERIMENTAL VERIFICATION OF '!1Œ 

DIRECTIONAL COUPLER PROPERTIES 
Il 

8.1 INTRODUCTION 

176 

1 n t h i s cha pte, r • t w 0 "d 1 r e c t Ion ale 0 u p l-e r des 1. n s are 

presented., in order to 'verity !J"ome of the clalms made ln 

1 prevl C) u~ c hapter s. Th.e main pol n ts to cons 1 der a rel the ace; urac y 

o f the m 0 dei for N ( Y ) and 0 f the met h 0 d 0 f !I 0 1 u t Ion t 0 t'h e 

waveguidlng problem in predicttns devite p~rformancel and the 

adjustability of the device properties p,rov1ded by the tWQ.-,step -. 
/ 

ion-exchang~ fabrication process. , 

It 1s the basic phenomenon of dlrectiona! coup"n, in these 

novel structures that will be examined. not the functlonality of' 

the devlce from a system point of view. Therefor~. parameters of ' 

" 
technologleal Importarrcè. sueh a9 In.sertlon loss or throulhput 

loss. will l'Fot be considered here. 'Thls will be needed et a 

fur the r s ta g e t n the d e ve 1 0 pme n t 0 f pra c tic a 1 deY 1 ces' • a f ter 

.?ptimtzation of sorne of_ the w8.vesuidins .... pro',erlies (~s will be 
~ ,. ~ .. ;" 1 .. 

dis eus s e d in the con c J U 5 ion). :\ A'le cor d in g 1 Jy • j n th. ch 0 1~.. 0 f 

~ , 
these .0pHcel circuits. many design dec1sions wH' be made while-

keeptng ln ml nd the lac t that· tlte matn eoncern te· onl y to test 
. . \ . 
quan!titattvely the two. potnts mentloned tn the firet paralraph • 

. '. 
In particular. the ,circuits should be easy to· labritat. and 

mea~ure. 'with good reproducibtltty. in 'our labor.tory 
• 

f a c fi i if es.' , -

' . 
• 

-"-., 

'\ 
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8.2 ACTUAL DESIGNS .. . 
As was done for ail channel waveguides s tUdi,ed uÎ'ltil now, 

the wtdth D 19 flxed at 10 ~m. • This Is fairly large for ft 

single mOd@ guide at a wavelength of 0.6328 ~m, and It 

facilitate!! input/output coupling to the guides. It also relaxes 
\ 

the constraints in the fabrication of the aluminium m8sks by 

photo lithog raphy. Usually, single -mode waveguides made by 

conventlonal methods in glass or ot'her materlals have much 

" smaller dimensions (2-3 !lm). Compatlbility with single-mode 

... 

flbers Is also Improved slnce they have typlcal radll of fsroUfid t 
5 ~m. 

The t 0 ta 1 ex c)1 a n g e t i me ( t l + to ) i s k e p t B t ~I 
J 

hour, but 

t l is allowed to vary. 

1 ... ~ .... 

for the ,s p a ci n..8 0 f. i.t he' cha n n e 1 sin the par a Il è 1 sce ct ion, 

three thlngs. have to be con!!ide.r~d, 1) If total pow'8r transfer 

is desired (at 1 east as a possibil ity) at 8 val ue of t l where 

the guides are Single-mOd~~ then the cou pling must not be too 
, 

strong (W not too sm al 1)1 2) the li newidth!!J real1zabl e wlth our 

photolithog~aphic set-up are no '!maller than about 2-3 !lm, 3) 

the longest dimension that can be accommodated by the equtpment 
IJ 

is about 50 mm. Therefore, W cannot be too large eUher if we 

want the p.ossibiltty of total transfer occurring at leaet once 

fn 't ha t 1 en g th. ... 

A good compromise turns out to be W • 16 .,m. At that 
\" 

spaclns. tota'l t-ransfer le pos'sible for t1 • 6' and 9' ln a 
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; '. . " 

length of the order of 10 mm, and the minimum pattern size 
1-. 

appe I!Irl n g ln the ma sk 1 s 6 ~m (tHe sep aration be t ween the ty.'o 

open channel5 ln the ml!l!lk). 
. 1-

The final design 4ecistons concern the input/output 

sections. 

For one destgn, a fully aymmetrtcal 4-port device is chosen 

(and "referred to as the 4P device ln the follbwlng) with stepped 

sections of Iinearly Increasing (or decreasing) spaclng (Figure 

8 -1). 

Because the channels are very weakly guiding in the single-

, 
m 0 der e g i m e ( Il N e 2 )( 1 0- 41 ), suc h dis cre t e ben d s 

may contrtbute to in-plane scattering. To investtgate that 

problem, another devlce la included on the same mask, and will 

. . 
therefor,e be fabrtcated"slmultaneously on the same substrate. 

That device ts made up of one completely stratght wavegulde 

adjacent to another guide,' parallel to tt for a length L, and 

then branching out as in the first case (FIgure 8-1). Thi s , , 

1 
circuit is B three-port device (3P), a configuration which Is 

sufflcient for many applications of directional couplers (see 
, 

[Cochrl!lne !9861. fol6. instl!lnce)., Scattering 15, more or less -
elimlnated from the in~t brBnch, which ls a big improvement 

over the 4P device because, in the latter case, the scattered 
\ 

power aenerated in the input section could be recoupled into the 

auides at the bends of the output branches. ,On the other hand, 

. 
"" 

\ 
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Four Port 
not ta scale : 10}lm 

cranchr::::ia=~I::::::~ ~ t~ ~m ~ ----~ l 
~. ~300 )J=m .. 1 .. 

branch b .' ~ '''' 1 ~ =-_"! c=:::==~ ~ '""'-10-mm--.l.,. 
'-e .' 

4Ô mm 

40 î1ïm 
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Figure 8-1. Design of 'the two fabricated directionaLcoupler!!l . 
.. 

46 }lm 

, " 
Il .. h HI.,. l 

16 )lm l ~---- -~----------- l 
=::~~:~t~)J· 

FI gure 8 -2. Deslg n de taU s for the transltf on .sectto n5. 

.. 
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scatterins ,s'enerated near the end of the directionsl couplers 

stands less chance 01 being recoupled into the guides to spoil 

the c omp.ar i 50 n 'be twe e n the power trans f er measurements _and 

predicted vl!llues' (based on negligible scattering). 

8.3 CALCULATED TRANSFER CHARACTERISTICS 

For ~oth devices, the' parallel section length L is fixed at 

10 mm. AIso, for both cases, thé ffrst branchins s~ction is used " 

to separate the two waveguides beyond the point where there la 

no m.ore coupling. A spacing of 46 ~m 15 more than sufficient 

fO'r that purpose. Final1y, individual bends in the wavesuldes 

are kept ~~a1Ier than O. 5° t~ ~ i mi ze sc atte ri ng 1 osse s. 

The detait! of the initial transition sections are shown"in 
1 . 

Figure .8_-2. For the 4P device. the spaclng, varies from W = 16 to 

4 6 ~ min I!l' dis tan c e 11 \ sot bat ~ 81 CO. 5° . W e h a ve , 

(8 -1) 

'\.. 

or 11 >. 1.12 mm .. on both sides of the, parellel section. Let us 

'~ \ l 

b r a n chi n 8' a n 8' 1 e 0 '- 0 • 4 gO l-. 

\ 

numbe.r (this yields an actual 

For the' 3P ~evice, only one branch ts bent. Therefore, to 

reach 'the sa~e final separation, w,e need: 

061. 
tanez • '46 - 16) .. 111l~n 30 

12 
• taneïi& pm . 

C 
2 

(8 -2) 

() r Iain 
2 • 2 llIlln 

1 W e t Il k e : 

'12 - 211 • 3.5 mm (8-3)' 
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o The C,P mplete design of both devices is shown in Fi.ure 8 ... 1. 

Ali th"e indlviduel.bends are smaller than O.5~ and the channel 
, ' 

sep-arations at input and out'put are àt teast 200 tJm for eaae of 

launching power in the Individual channels and 'mealurina thelr 

outpu t~,. 

Fol' the 4 P de vic e , w e n e e d t 0- c 0 il s 1 ci ë r the cou p li n 8 f 0"1' 

th r e e reg ion s :. 
o • 

the parallel section, and the, l'Irat .. 
dive r g e n t sec t ion son e a c h' 9 ide 0 fit. ,1 n t h a t c a a e • Ao 1 A.. • 

)1 

1 and the only parameter needed is the total phase chan8e. 

For the parallel section. we' hayel 

0 .A~I - A~(W-16)*L (8 -4) 

and. in the input section, we havel 

Wez) • 46 - 2ztan(81) J1m (8-5) 

JII 
à 

A~ - kA e-m~(z) dz 0 0 
(8-6) 

~ 

" ~ e-lIa - AP(16) '1 
kAe-<t6m t l 2mztane. 

• e dz • • 2mtân91 0 mtan81 
- (8 .. 7) 

'" 
" 

"Simnarly, at output: 

Wez) - 16 ... 2ztlln81 J!~ 

" " 
AtIJ • 1 II kA e -mW(z) dz 

Z 0 
'(8-9) 

16m 1 Il -2mztane1 Ap(16) 

• 
kAe- 0 e dz·-, 2mtanS.' (S-10) 

o and the total phase chan8e ts, 

-
C8 -11) 
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·When the design vaJues (L,10 JIlm and tanSl • 30 ~JJ)~,211) .. ,lue. 
( ~~ 

replece'd ln (S-l1), we g~t: 

Il''' - .61\(16) -(10 + 2(1.'7.5») 
'fi 1'" _ "30m (8-12) 

. 
wlth m expressed in ~m-I, an,d, tsp taken f'rom' T-able 7-2 

and ;t:refls.ed ln' fad(mm. 
, . ,1 

F r the 3P ~. we have agaln ln the parallel ,section. 

, G~' - .6~.(16)L " (8 -13) 
·1 

and in the ou(put sec t'ion: , -

(8 -1 S) 

, (8-16) 
'. ' .... 

'. . 
\ (8-17) 

.B 
• A~q6) • .6~(16»)i • ~AII(l6)11 

mtane;z 30m 30m 
(é .. t 8) 

, 

, so that the total phase change iSI 

(8 -19) 

Le. exactly > the sarne as' for the 4P device. However. iJ'l this', 

cas e, AD 1 A. ~. 1 and d, e pen d son tl ( f 0 f 0 W • 1 6 Il m ) • 
o 

m mus t b e j n ~ m -l'a n d Il pin 'r a d 1 mm. 

U,ing equations (8-19) .!1nd (8-12)' in (7-53) ~rd (7-54) 
, , / 

81110 ws the c al cula li on 0 f the p'ower; t ra ns fe r characJeri sties of 

the direc~lonal couplers,' F~f. the 3P' device. th'e ,a~litud~, r,aUo-
\ 

m~s,t also' be caleulated From (7-45'), and (7~46). 

, .'. If we ·deftne the power transfer by: 

for input from branc h "a"," and the 

, / ,;;' 

1 
aml?1i tude/ faUo byl ' 

1 

(8-19} 

. ' 
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A 
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A~; 

vie get ·the followlng ·formula for Tf1 

Tl • À - ( R 2)COSt.~ 
<. -, 1 + "R 

(8-20) 

(8-21) 

As an example, Tl Is ,plotted on Flaure 8-3 allalnst the b 

. , 

léngth of the center section L. for two 'values of tl , ln the 

, slnglè-mod-e reglm.e. 

We see that for a given mask (Le. fixed L). a wide,· ran._ of 

t r ~ n"'s fer ,val u e s -p a n b e 0 b t a 1 n e d b Y ,Y a r yin li t l • T h4 s 

t n t ~ r e $ott n g p r ~ p e r t y a 110 VI! for· the Jin e tunina of the 

p e r for man c e 0 b ta 1 n e d w il h el rD as k, w 1 ~ hou t h,a Yin a t 0 r e pie c e At. 
t 

M'inor fabrication or design lnsccuractes can therefore be 
;~ 

compÈmsated easily with _ this tw'?-step -meUlod. 

ln Figure 8-4, another type of relation ie plJ)tted, namely , 

the t r ans fer Tl a gai n s t t l for the t w 0 des i i n s t h a t w e r e 

specified in this chapter. The two curves overlap over the whole 

range sh,own. Aetually, the dU f erenee becomes of the order of 11. 

a t t l - ,5 '. a t wh 1 e Il - y a 1 u eth e r a td 0 0 f a m p li t u d e e R i, s 0 • 8 6 

for TM and 0.83 for 'TE. 

The po.rU on of. the c urve thé t .e xte nds past t l • 10 ml nutes 

has a res~ricted meaning. 
., ~ \ , \ 

Ali the c'aleul.Uons w.re carrie,.d I;)ut 
" ( , 

. ' .a s s u min g sin g 1 e .. m 0 d e cha n n e 1 s 1 W hic h ts no J 0 nie r the cas e in , . 
, . 

that Ume range~ Therefore-; the transfer ie dependant on the 

amount of p'ower .carried by erach of t1'Je possible modes, and other 
1 • • 

values t~~,e 'ho;n are possible by chan,ln. th. Input 

1 
1 

1 
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Figure 8-3. TheoreUcal po~er transfer from the' input brllnch to 

the' output branch as a functlon of the c'enter 
(parll'Uel)' 'section lenl'th, for, tw,o value,s' of "li ',' 
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8.4 EXPERIMENTAL RESULTS 

The dlrectlonal couplers were fabrlcated and ~measured wtth 

,the methods out)'ined in Chapter 3, On each substrate and for 
, III 

" each p~larization .... thr.ee ~e~s of power measurements can bâ made 

, (e a c h ~ é t C ,0 n 5 i 5 li n gin a 5 C a n 0 f the po ,w e r a C r 0 !I !I the two 
(, 

~ ~ 

Qutput branches ,of a device)s one set for the 3P deylce. and two 

'sets for the 4P device because of the two poss.lble input 
~ 

b r a n che s", For e a c h pol a r (~'-;"t 1 0 n. the t h r e e t r ans fer ( " ) 

measlurem~nts are expected to -yield"ide(1ticBI resillts (as lonl al 

" . . 
t 1 ~ 5 ' ) . - . 

, 

W~~can make Bl10wBnces for scaUering ln the followtn, 
.,.. 1 

f aS"hion. Fo r tbe 4P dev t'çe. bo th i np ut b fanc hes have the .ame 

shap'.~ anH 9h~uld have the S8,m~. !r8Ctl0r of sc'attered power Hl' 

Thé'refore, for an {'nput pow'er p. the' power' reachlna the' coupllnl 
~' '. 

At the end 0 f the co u,p 1 in 1 

sec t ion; ~ if a c li '0 n " ha 5 11 e en' t r 8 rüs fer r e d t 0 b r a n ch" b Il , 

Pb (e n d) = 'Tl:Pa ('0 ? ~ " Tl (1 - Hs lI». an d (1 .. Tl ) ( 1 - Hs ) P \ 

remains in branch "a", 
. 

At" the output, the P9wer in the branches 

'beê.ome (accountlng for a fraction H" betng scattered), 

"(8-22) 

. Then 1'1 is obtat ned direcU y fro m ~ measurement ,dl the· fo1Jow.i nl 
l' 
ratio: ' 
. ' 

Pb Tl 
p;:;P; • Cl 1\) + 1) • 1) 

\ '" 

. The me as ure d v li 1 u e ts t n d e pen den t, 0' H. • n d Ho' 

, .. 

IJ. 
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.' 
For the 3P device. there 15 no 1059 in the input branch. and 

at the end of the coupling secttipn we have, 

A t the 'ou t put. Pa h a S n 0 t e han g e d but 

Pb h a s r e duc e d t 0 Pb ( 0 ut) - ( 1 - Ho ) TI P bec BUS e. 0 f the 

-
ben d 9 , The r e for e-I 

'\ Pb (1-Ho)TlP (l-Ho)TI 
p. + Pb - Cl ""'Ho)TlP + Cl -Tl)P • Cl -TlHo) ,< TI (8-24) 

and the measured transfer. efficiency should be somewhat lower 

th a n the cal cul a t e~d 0 ne 9. e 9 pee t a Il y a t ,9 Dl a Il e r va 1 u es 0 f t l 

( 1 a r g e r' Ho)' 

The scattering that oc;cur9' at the veriou9 discontinuities of 

the devices should be re9t{'icted mainly to the plane of the / 
\ 
1 

wBveguides. This ts' because the confinement ts mue h weaker in 

t h a t d f r e c t Ion ( â N !!!: 2 -_1 0 )( 1 0 -~ ) t han 1 n t Ji e d e p t h 

be observable on the o~tput profile t-races as peaks of, power 

outstde of the channel reglons. e.g, Figure 8-5. 

Signifleant results for 1'1 are shown in Table9 8-1 and 8-2 

and in Figures 8':'5 and 8-6. 

8.5 DISCUSSION OF THE RESUL TS 

( 

Severa! points must be. addressed regard'ng these results. 
, 

o F' 1 r s t 0 f a 11 • the t r ans fer val u e for the 4 P ,d e vic e_ i s. n 0 t 

~ 

symmetrical and doe9 not correlate well with predict'ed values. 

As we have just show n, this cannot 'be explained by scattering 

..... ~.,.. 1. 
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alone. although 4P devlces did show qulte a bit of At at the 

output (Figure 8;-5). Howe~er .. sorne of the waves scattered tn the 

" 
input. secUon stand Il good chance of beins re.coupled (or "re-

, . " , . 
,scattered") at, discor'ltinuities of the output branches (Fllure 8-, 

" . 
7). Thè slightest dUference in input beam altsnment or in the , 
~eometry of the branches of the DC would result ln 'dUrerent 

amounts of pow.er ~ndlng up ln the output \ branches. This effect 

1 
~ is belt~ved to be the main cause of the problem. Agaln. the fact 

th a t a p la n a r ,g u 1 d e con fin est h e s c a i te r e d li S h,t 1 n the d e p th . . 
dlrecHon 'facilltates this recoupllng~ effect. Other channel 

1 " 

w a v e 8 u t des don 0 t h a v"e t h 1 s pro b 1 e m 6' bec au Ii,e s ç a tt e r e d li 1 h t . 

leaks tnto the substrate. 
, ,-

Secondly. the transfer efficiency Tl for multimode devtcès 

( t l :> 1 0 • ) c a n b e adj!ls t e ~ b Y c h Il P gin g the 8. n g 1,., 0 f e n t r y • n d 
•• /;4-;" t' t 
If ' 

the spo~ size of the input bellm. 'This has the effect of varylns 
, (- ,,' ? 

the amount of power carried by each mode. Hi .. ner-~rder modes are 
;1.. "" ::~ ,!, j ,~ 

o 
less confined and coupl~ more strongly to the adjacent- channel, 

giving higher Tl values then the predictions' of the 
"\ 

calculations. This 19 shawn bl' the resulta of measurements on 
\ 

t 11 e de vic e f a b r ioc ete d w 1 th t l • J 3 •. \ 
\ 

As can be seen from F4gures 8-5 and 8-6,-:;the 3P devices 
q 

showed signtflcantly less scettertnl. and espectally 80 for the 

-; TM polartzatton. 
'J 

These resulte are more re1teble for a 

comparison with theory (Figure 8-8). We see th.t \th .••• r •• ment 

is excellenL for the TM modes (decr .... inlf sU.htly .t sm.ller 
\ 

L 
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Planar mode Aecoupling 

Figure 8-7. Disgram show'ng scatterlng points. planer modes end 
possible recoupling points at downstream bends in the 
channels. -
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o Fisure- 8-8. Experimental power transfer valu •• (x'.), and 
the 0 r e tI cal pre die tI (, n ( con t , nu 0 U s Il ne) , y ers u s t •. 
3R design. 
a) TE polarlzaUon. b) TM pol.rlz.Uon.: 
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-./ 
v Il 1 u e! 0 f t, Il !S pre die t e d b Y (8 - 2 4 ) , bec Il use 0 f the los 5 0 f 

conffnement). For TE modes on the other hand (Figure 8-8), the 

agreement is Jess ace urate, probably due to the already ·observed 

occvurren~e of m ore sc atterl nI' f OT that pol ari zation. The ca ~ 

of that phenomenon Is not understood at the present Ume because 

the lateral confinement of the TM ~odes is only plarginally J 
better (as evldenced by the larger 6N values). Ii' must haNe 

el ris e n f rom som e 1 n cre a s e d sen s 1 tt v. tt y t 0 s c a tt e r 1 n g for th a t 

polarizatton. 

To è-oncfude on these results, we can say that when the 

proper experlmentaJ conditions are met. the agreement between 

predtcted and meaeured values of power transfer le excellent. In 

-
short, these conditions are those for whlch the confinement Is 

maximal (Le. t, Il 5 1 a r g e a 5 p 0 5 S 1 b 1 e ) , w h i 1 e k e e pin l' the 

i ndi vi dual waveg uides in the sing 1 e -mode regime (~hi ch· pl aces an, 

u p p e r 1 i mit 0 n t1 ) t 0 g e tau n i que t r ans fer c 0 e f fic i e n t Tl . 

Als,o, the adJust,ablHty of -devlce performanc~ allowed by the 
\... 

two-step method wHh varylng relative times of 'exchange has been 

demonstrated, as. weIl as the feasfbUity of single-mode optical 

circuits wtth channel s of wide lateral dimensions. 

~ 

On the ot'her hand, lhese advantages com"e with a structure 

whic h ~very weakl y gut dt ng and t nhe rent 1 y sus cept t bl e to 

c r'o s s t ~ 1 k )-( U n w an te d • n d un con t roll e d cou pli n g) due toi a ter a 1 

f scat terl na· Thl s' lntroduces cons tral nts on the geometry of the 
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devlces that can be expected to perform accordinl to the .. 
theoretlcal predictions. 

TABLE 8-1 ' 

EXPERIMENT AL RESUL TS FOR TI. 4-PORT DEVIeES 

tJ TE TM 
Input a b TH a b TH 

g 
:~I :~~ :'i ~i! ll{ )1 795 
:3 :i~ :1~ l? : B .4 

"TH" stands for theoretical calculetion. 
"1 npùt a" means that li g ht ls launc hed in branc h "Il" and power 
transfer to branch lOb" is measured (opposite for "Input bM). 

J 

c 

TABLE 8-2 

, EXPERIMENTAL RESUL TS FOR TI. 3-PORT DEVIeES 

TE TH TM TH 

17 .23 

"TH." stands for theoretical calculetion.' For t l • 13' and 17', 
the meBsured efflclencfes are the maxfmum ones obtafned. 
* Other input con'dUlons chanae the transler result (see text) . . , 

.. 
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CHAPTER 9. CONCLUSION 

. 
The wart presented in thls thesls can be conveniently split 

up Into two main aspects. 

It t s po 551 b le to summa rt ze the ne't ace om plis hment of 
. 

chapters 2 to 5 as the _ aain of a better understandin8' of the 

proeess of potassium-sodium ion-exchan8'e in 8'lass for the 

purposes of makina opttcal wave8'uldes. The methods used to 

achieve this are fairly aeneral and cal'! be used in the study of 

other types of ion-exchanie. In fact. the characterlzation 

eroeedure of chepter 4., apart from yieldini essential desian 

parerneters, has been repeated by another group to study K+­

Na+ in· other types 'of glass [Gortych 1986a, 1986b]. 

Also, while we were not the flrst to solve n~mertcàlly the 

non-lineer di,ffusion equetlons of ion-exchange [Helfferich 

1958), [Wilkinson 19181. .. nor the last (Houde-Walter 1985], our 

main contribution ln this area wes the use of an analyUcal 

ap prox 1 meti 0 n f or the re s ulti na co ne e"(trati 0 n pro file, and i ts 

cor re 1 B li 0 n w ft 'h the sin i 1 e 1 n d e pen den f p 8 r a met e r 0 f the s e 

e qUltto ni (a). T hi s prôvides a c lerifi caU on 0 f the prob lem of 

decidtna which approxlmate profile provldes the best fit for 

dtfferJlnt types of exchanae. Furthe1'more. the approach 
, 

conlilUnl of pres.nUna anelytical approximations to numerical 

reluits Il believed to be more use fui to other workers, 

eSptctaUy .xperimentalists. in the field because they do not 

" 
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• have to reproduce the computer prolr.ms and enUr. calculaUons 
» 

to adapt the res ults to the ir sp ec Ut c 'pro bla ms. , 
\ 

F t n a Il y " the s t r e 5 san ~ 1 ys t 5' 0 f ch. P te r 5 h al p e d t 0 • 0 1 v. 

two important problems, Le. first, the Incons.,t.ney betw,en 

the Hug,ins-FBntone model e~nd the mea5unments of th. maximum .. 
1 ndex c hana e A n. and sec ond, the t'nf1 uenc e of the~ ex chan, e 

... 
temperature and alass composition on the ma,nitude 01 the Index 

change. 
, 

As in ail scientillc endeavours, il Is from 1 b.tter 

~ 1 
understandlng of sorne basJe phenomene that advencea and 

J 

breakthroughs become possible. In, the case of K+-Ion .xch~nle 
') 

i n glas s , the pro ç e s 5 ha d b e e nus e d q u ft e Ir e'q u a n tl yin the 

pa .... t 15 years or so for device worka mainly because of fts 

simplicjty and potential for low propBiation losses and iood 
i 

index match to sinille-mode o'ptical libers, but ilenerally with 

of v&veIUld. pllum.ter. (dtHullon verYe app~oximate knowf.ed-ae 

depth and index change). 

Th~ results presented here provide a much firmer basls for 

the development of wave8'ulde features that wlH brlnl this .. 
y 

technology towerd mare pracUeal and commercial applicationl. It 

~ 
was already noted thet the .nat potential of thtse wlveiulde. 

Iles proba~ly in passive waveiuide functton! where low Inl.rtion 

and throu8'hput losses an essenUa" M.a.ur.ment. have Ihown 

that propagation létsses as low as 0.2 dB/cm are pOllfbl. in 

~, l j.~ 
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• 
planer and mUltimOV channel waveguides [Findakly 1985, Findakly 

1980)-, AI,50, ft can be seen from Figure 8-6 t.ha~ very Httte 

additiona! losses are caused by bends in the guides when they 

are weil desfgned. Therefore, the main problem left to be solved 
~ . 

ht thet of the insertion losses at the fiber-wavegufde Junetton. 
t, , 

For multimode waveguides, great progress has occurred in this 

eree recently, ;-with propagation losses lower then .05 dB/cJg/ànd 
1 

coupling 109ses of .25 dB/facet [Cline 1986], For single-mode 

w8veguidea, the eoupling la mueh more difflcult in view of the 

emall sizee involved. A .. way to avoid thst difficulty i9 to 

incresse the size of the single-mode channel waveguides and to" 

"symmetrize" their index profile in the depth direction, to 

improve the refrsctive-index match with fibers [Chartier 1980, 

Findakly 1980, Parriaux 1982, Voges 1983, Tangonsn 19.ij3, Ct}'1roky 

19848]. As an example of how the results ofc- tJis work can be 

used in ·this context, studies of refractive index modifications 

for the purposes of lowering throughput losses and improving 

mode matching ta opttcal libers • can be undertaken .with the 

m~thods of Chapter 2 and 5. In particular, it is possible to run 
- \ 

the 2-D lon-exchange numerical model' wlth dUferent boundsry 

c o,n ~ t U 0 n s t 0 'g e t qui t-e i nt e r e s li n g ,P r e die te d pro file s ha p e s 

(Figures 9-1 to 9-3). :r second. part of the thests d'eals wtth the realtzatlon of 

sinsle-m04e passive optical circuits in glass. The basic element 
~ 

of these circuits la a channel waveguide fabrlcated by a two-

-~--~----- ~ 
-Notel it was not our goal in this work to determine the 

lasses of these particular waveguides. but rather to proye 
(].~ 

certain concepts and find methods of analysis.' Loss measurements 

are nec~saary at a later stage in device development. 
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Figure 9-1. RefracUve index contours for a narrow aperture and 
Ions exchange Ume. 
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'" .Firure 9-2. Reeult of anne~Hng the proftle of Figure 9-,1 for 
• . 3 houre-' outslde pf the. melr (at the 58me tempe rature). 

" 
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RELA TIVE 'INDEX: CHANGE CONTOURS 

, , . 
0.1. ,,----
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-1.50 -6.00 -<4/.50 -3.00 -1.50 0.00 1.50 3.00 4.50 6.00 7.50 

OIFF. TIME- 10 HR? 'Na, BACK-DIFF. lE 20 MIN. 

, TEMP.- 38S·C AlI dlst. in JJm 

", 

Fl,ure 9-3. Result 01 perlormfng a second lon-exèhanle in 
lodium ni'trate on the prO'file of' Figure 9-1 to 
bury il below the surface of the substrate. 

'~ 

/ 

-. 

, , 

" . 
J 

" 
. ~ ,; ,_.-.~~i~ 



/ 

o 

',-

199 
" 

" 

step ion-exch~nae method,' for whi'ch we have pre •• nt.d th. Urltl 

det.liled analy5is. The main U'e of thoulht, ber., ",a. tblt of 

h Il vil} 1 a- 15 e If - con t ai ne d des i 1 n 'p roc e dur e, 'a. le n e r Il a. 

possi ble, and simple to carry out without 10linl accurac;y. 
\) 

This was achieved wlth the help of the· -efflctive-Index 

method"', in itself a standard procedure by now, but with the 

mate novel approach of fiUinl local values of effective index 

(calculated on the exact refractive index profile wlth an 

accurate numerical method) with a simple analyttcal function. 

The parameters of ,this analytical model have been Ihown to be 
...... o 

derivable from planar waveruide data exclusively. Therelore, 

w!th the fabrication and measurement of a minimum of }t'lia planar 

'II a ve" u ide S , f rom wh i c h ~ n. and D. c an bec al cula t e d a t a 

ri ven temperature, a full model for a channel wlveauide made by 

two -step ion-~xchanl'e can be, writt.en down directly., 

., \--t ... 
IJ Furthermore, 'Ile have shown that Hermite -Oa ussian funcUonl 

provide excellent approximations to the laterll dependenc. of 

the two lowest modes of these channels, allowlna th. u.e 01 li 

particularly simple variational method to the lolution of th. 

dispersion equalion. 
/ 

,/ 
Finally, a destan esample for a simple circuit was 

presented, alona \Vith experimental verification of, the results. 

These showed that the two-Itep channel .utd •• provld. lood 

adjustability of performance because thelr ·claddin.- ind.x can 

.. 
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be controlled by. chanlln .. the relative times of exchange of the 

two Iteps. 
. 

This Is a lot simpler than the alternative appr-oaches 

IIvaiJable lor lateral mode control, such as us!ng a planar 

'claddinl [Haruna 1985] (which requires an additiona! step· of , 

hi .. h vacu um proc es s inl), or a rai sad 5 trip on to p of a pl anar ... 
lulde [Hocker 1976) (which 15 difflcult to labricate with 

precision and ylelds a non-planar' structure). 
1 

It 1 1 W ° r t eh n 0 tin 1 t ha t the met h 0 d !I 0 f Cha pte r 6 are 
. 

adaptable to other types of wavegulde fabrtèaUon {tltantum tn-
0' , 

diffusion or p~oton exchanle, in lithium niobate .'for instance 
e, 

[Warren 1983]). 
'".. " / 

Alatn for this part of the thes's, we can say' that ths' 

Iroundwork hal been established lor < further develop~ents. In 

, a ct, the a n a 1 y li cal m 0 d e' 1 for the r-'a ter al' e'f f e e Ü v e - i ri d e le 

profUe can _be used for other, ,eometrtes than~ stratght channels--
. . 

T h i sis bec a use t h i s III 0 d e 1 t 5 e s.s è 'n t i a II y aIt t 0 f ~ the 
l ' 

, 
transiUon between t'NO planar telio~~ of different dépths 

(ti,ure 6-4). Theref ore, ft ean' be us ed to m'odel struet ur-e s'of . . . 
a r b ft r a r y .e 0 met r yin the p fan e 0 f the su bIt r ~ te t suc 'h as: 

prlams. lanses, tap~rs. etc.~. [Htnkov 1982, Tamlr 1979:' p.133J. 

which ara needed for sl.nal procassln'. as wavelength-dt viston , 

(de-lmultlplexers. Fourier transf'orm .~emetfts. or mode 

transformerl respecU vely. .--. 

. , 
,< 

' . 

. . 
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\ . . 
Fi-nally.o-n It-'mor'e specutative note. some of the "ftlrticullr 

Jo, 'Cl t" . '-

prope~,ties of th'e ,two -step . ion-exchanaed channels in lia •• thlt 
. -

were hi1Jhlilhtec:t i':' this w'ork could be exploUed in .enlorD 

deviees. In partieular. the directional couplers of Chaptlr 8 

were 'S,een to- be very wea,kly guidlna with a AN as small as 2-5 )( 10-4• 

'Therefore ... an externally indufed Index perturbation .of the 

e... 
same magnttude (e.g. from a tempe rature chanae. or from an index 

- - . ehanlé in the claddina of the auidè) would have a atrona 

rnfluenc~ 0r:t measurable optieal properties. This is also true of 

e x ter n a Il y a p plie d ,5 t r e s ses s j n cet h e i n d e x e han Il 0 f the 1 e 

lui des i 5 almo s t ent i rel y due to a tres s al ready. 

,< 

• ? 

/ 

o 
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APPEND'IX A 

, In this aettion, equatio~~ (2-30) and (2-31) are derived 

explici-tly, following (and expandtng on) [Crank 1956). Note that 
t:., 

m 0 a t 0 f the s y m b 015 (J3, tt>, etc.:. ) use d he r e don 0 t h a v eth e 

same definitions a9' in the core of the thestsi they will be 
< 

deflned a!!l we go along and as needed. 

First, let's deftne: 

9 • 
In(1 - âc) 
ln(1 - â) 

, 

c -
1 .: e'lnU - û) 

.... 
CI 

de 1 an • - â 11l(1 

and (2 -29) beeomes: 
" 

, 

( 
1n(1 ") ,.vt_) In(l - CI"') 92 

-21"1 _ ... - CI es1n(l - a~ • _ - -
CI' d1'l., â dTt 

\ 

.--- ~ 

,<, v') 92 • d_ ").. el1nO - û) ~ 
. dTt -""1 dTt 

seO) • 1 

• 
• (notel c~O • âSl .. 1~S20.. e·~l - &)1 < co ln ~-3) 

(A -11 

(A-2) 

(A-3) 

(A-4J 

(A-S) 

(A-6) 

(A-1) 

1 

.1 
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Transformlng agsinz , 

.4> • - ~ !l 

p - -)n(1 - ô) 

Equation (A-6) becomesz 

and we Blso get: 

. dq -e -1!8st!. _ Aq~ 
dn • dn'" 

50 that: 

which transfo-rms (A-11) intol 

We differentiate wtth respect to ql 

::~ · -2:~ · P:tq 

Now, poslng: 
,/ 

we· get: 

which, replaced ln (A-15), livesi 

'. 

2 
q(q ~ + l) · f - tz 
q Iq{q ~) ~ t - tz 

fü(SS • f - fz 

i <, 
" '''' 
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(A-8' 

(A-9) 

(A-I0) 

CA - 11) 

(A "13) 

(A -14) 

CA -1 5) 

(A-16-) 

(A:"11) 

',' (A-18) 

(A .... J9) 

(A-20) 
" 

r " c 
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o Î ... 
-" 

,/ w'th u • In(q). (A-21) 

Equation (A-20) 15 integratable if we can find a function 

"SH whose dertvative wfth respect to nu" glv~s the rlght-hand 

slde. Such a functlon 15: 

., • (A + rt - ! In(z) ) 

slnce: 

~~ • (~ - fz)~~ 
Replacing (A-23) in (1\-20), 

rearrang'ng: 

~ntegr.tln8 once, 

"-

d (dZ) 1 dg 
du du - 2(.d!) du 

du. 

2~~ fu(~) • ~~ ~ 
J!.(dZ)2 = dg 
du du du 

.J 

and upon regrouplng constants and using (1\-22): 

dz • :t: ~a + ~2 - t1n(Z) du 

whlch la a separable ODE. We get: 

u + b =~ :t J Z 
dz' 

o ~a z·2 
;'ln(2') + - -4 

wtiere 8 and b are the con~tanta of Integration. 

'" we aet: 

In(q) + 

6-ln(ZO) 

(A -22) 

(A-2~) 

. (A-24) 

(1\-25) 

. 
(A-2~) 

(A - 27) 

(A -28) 

(A -29). 

Replaclng q and 

(A -30) 

and from (1\-7). (A-9). (A-10) ft - 0 as q - lilL Of 

course, 
5 -

o because tCTI ... 

50 that: 

b • -ln(!) 

00) = o as weil 85 
dc 
dl'} ; 

(A-31) 

o· 
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and (A-30)' becomes: 

..1.. 
ln(~q) • :t 1 .Jëf--;==~!:::::::~~ o 

Now from (A-l4.,), (A-7), (A-IO) we let thatr 

d<l» -+ 0 ~ Tl - 0 .. s '-+ 1 .. q _ L! 
dq P 

In order to use condition (A-33) t 0 fi x 
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(A -32) 

(A -33) 

" ... \ ... we must 

differentlate (A-32) with respect to "q", "But at ftrat we note 

t ha t: , 

ln(~q) - -ps c 0 (slnce s, p ~ 0), 

whtch means that we must teke the nelstive sign on the RHS of 

(A-32) (slnee the Integrand and the upper Itmlt are positive), 

S 0: o 

ddqOn(~q)) - ~ 
...!.. 

d J ..Jëj dz' 
dq 00 -_rla====~~·2r===~==== 

"J + 4 - ~ In(z') 

p' 
w he r e Fis a p r i 'm ft ive 0 f the 1 nt e 8 r 81, ~ h t chi m p 11 e a 

1 dF(~1 ~ 
q = - dq .. -

Applying condition (A-33) to (A-36). we geta 

1 /1>1(2 .JiV ~ 
Cf .. • ~==:::;;;:=±::::==== at q'" ~ 

/1> i fi> 
a + 4q - ~In( 4ël~ 

whlch imposes: 

-, 
evalua1ed at q • T 

(A - 34) 

(A-36) 

(A-37) 

(A -38) 

.. 
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With this - value of "a". (A-32) becomesl 

.L 

J ..JCi ' dz· 
ln(pq) • -, 0 .. r======-5:!!!-== 

4 ' - lfln(f) 

wh.re € • (~) ~ 
q .. p 
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(A -39) 

(A-40) 

To stmplify (A-39) even' further, we must in1roduce some more 

transformations: 

r • .(ciP (A-41) 

8 • 
...!L 
E..Jëf 

(A-42) 

81 
z' 

• E 
(A-43) 

8 
~ • ~E2 

(A-44) 

to arrive 

In(r2) - 2 1n(r) • -2 J ee dz' 
') 0 ~z·2 - 1j-lnCz' le) 

(A - 45) 

(A-46) 

(A-47) 

Now we must replace condition (A-40·) by a condition on ~. whtch 

t5 equlvalent ll"écording to (A-44). Putting (A-40) into (A-42), 
1 

W e ~ e eth a t w h e n q • (e -p 1 ~ ). e .. 1 • w hie h t r 8 n s for m s 

(,\-47). for this particul~r case tOI 

(A-48) 

whlch h a eompletely determinlstlc equatlon for ~ sinee 
, 

P la a known constant and 8., a dummy variable. We will now 
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return te the original variables to Und C(II). First from 

(A-14), lA-4~1 

where: 

glving: 

or: 

1) - - ! :: - - , fq(E8 .JCP 

dT • 
de 

. -

r 

and putting in (~-52)1 

~ 

We aJ 50 have, rro m CA -,,10), (A -4Î): 
( 

(A-49) 

" tA-50) 

(A-S1) 

(A -52) 

(A -53) 

(A-54) 

(A-55) 

(A -56) 

(A-51) 

l' 
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alvina, by (A-47): 

s • -21çcrl _ ~ 1 8 ,d81 ) 

P 0 J81
2 - 611n(81

2) 

(A -58) 

and !I is related ta c by (A-1), aiving: 

c • 
1 - e·JnU- û) • 1 - e -p. 

A ... 

t a ~ 
(A-59) 

sa thetl 

c • ! (1 - ;XP(-2 f • ~ dB) )) 
... 0 81'l. - ~ln(81'l.) 

(A-60) 

Equl!ltions (A-60) and (A-56) together form a parametric 
li 

solution for C(Tl) 85 cee) with n(e). 

c' 

. , 
• 

, .i... ... 
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APPENOIX B 

FLOW CHARTS( OF MAIN COMPUTER PR06RAMS WRITTEN FOR THIS WORK .., 
A. PROGRAM OBLOFS to celculet~ the concentration profile 

r resulting fro~ ion-exchange. 

IRead input var1ablesl 

In1t1al1zetion of profile 

J 
Tran~for~ation of veric!lblea 

~ (- x , (- y 
, (- c 

1 t-0 1 ~ 

- .. 
>lCalculetion of fini te di'ferences of f!x!y,t)1 

\ 
- t + dt 1 

[Calculatton of f(t + dt) 
1 

\ Il no 
(--- IIf ( t + dt) > tll 

i' ye8 

1 , 
\ 

Change boundary condition 
(re~ove ~c!I5k) 

, 

1 . 
1 

no 
(--- lIt (t + dt) > (t, + to >1 .r' 

of yee 
-

\ 
~ 

Tranafor~ back the variables 
, x\ (-, 

-
y (-'1 
c (- f 

t -
IOutPut the resulta 1 

'f' 



b 

( 

c 

. 1· .-- .._ .... _~ .. ~. ~ _ ... - :r
J 
.... _-

B. PR06RAH BETA2D to calculate the ~ode and propaQetion constant 0' a channel' gUide by the Raylelgh-Rltz ~ethod 

Read Input variablesi 

DeHn-e index profilel 
"'Cl ~ 

TransFor~ation of variables 
1<- x , 

r'J<- y 

\ yell 

... ' ... 
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LOpt1~.1%e N(I,I.l,t> 1J -----> Herate to findJ 
no V , xo. lIIx , Wy 

- 1 , 
For J - 1 ta JMAX 1., , 

For L - 1 ta J J .... 

\~ 

~ Perforl'l the nUl'lerlcal Integral along yi 
and store the results in array YINT 

~ 

\ 

1 For 1 - 1 ta ~MAXf ( .' For K - 1 ta 

Ü 

Integrale YINT Along x and celculate l'Iatrix e1el'lent N(I.J,K,U 
Oef1ne the l'Iatrlx elel'lents that are equal ta th!s one by sy~~e,try 

, 

, 
Cà 11 the Power Hethod package to 'Ind the largest e!genvelue 

end correspondin; elgenvector of the l'Iatrlx .. 
-

'Ij . 

LOutput the resulhl 
. -

\ 
Note: In the one-d1P1ena1onal equ1valent of thi! progra~. the Integration 

eIohg y Is. not pertorl'led end the errey XINT is def1ned by the 
values 0' the Inte;rand at the correspondlng x positions. 
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