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Résumé 

D(ls guid(ls d'oncles optiques plan ont été fabriqués dans un suhstrat de tiTa03 coupé 

M·lon l'axp z par l'pchilnge' protonique' dans J'acide pyrophosphoriq11e (lt par la recuisson. 

Leurs profils de l'illrlicp ont 616 me'snrés, e't J(lS paramètr(ls du profil de' l'indice ont été 

1 pJips a lIX coJlclitionR cil' fa brÎral ion. Cps données seront très 11tiles p011r la conception et 

rabrication des guidps optiq 'H'S. 

Une fonction "stpp" est lItilisé(l pour modeler le profil de l'indice après l'échange 

protonique avec: 1>r6rision. La profondeur d"r et l'augmentation de l'indice Âne ont été 

l'di6s à la temppraturp et ail t.emJl~ d'f-'rhange au moyen d'équations empiriques. Les 

pertes d(l propagation ont aussi 61<' I11<'Sllrp(·s. (lt des instabilités de l'indice peuvent être 

()bservées. 

Une fonct.ion "Gallssienn(l g6n f.ra Iis6p" a été utilisée pour modplN Ip profil de l'indice 

1,0111, ail long de' Ja r(lcuisson avec prf.ci:-.ion. La profor.deur cl et l'augnH'ntation de l'indice 

d(· surface 611,. sont rplié(ls illI tc'mp" d(l la r(lcuis:-.on par dQS équations pmpiriques. Les 

IHII'alllf.lres dp ces 6qlla t ions d6p(,IIc/('J1 1 a tlX conditions d'échang(' et il la t(llll p6rature de la 

('('cuisson, et les pqllalions qui dprriv(lnt ('('It(ll'l'lalion sont établies. {Tu rril<-re pour obtenir 

d(ls guid('s stahl('s ('st 6tahli. ~jll modN(' mathématique ct une simulation numérique de 

la ('('cuisson sont pl'Opo:-.és pour éllldd('r l(l phénomène de l'augm(,Jltation de l'indice de 

surface. 

L'échang(l pwtoniqlU' av('(' l'add(l dilué(' ofrr(l\{' possibilité de faire )('s guides d'ondes 

(\n'(' d('s profils de l'indir(' qui 11(' sont pas possible en utilisant J'acide pUJ'. 
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Abstract 

Planar z-cut LiTa03 wa\'(,~lIidf'S \\'('Ir<, fahl'iratf'd hy p('()ton-l'x('hall~(, in PYl'Op!to.;· 

phorie acid and post-exchang<, annf'alin~. Th<,ir rl'fract iV(' illdpx profilps WNP llll'a~" l'l'd. 

and the index profile paramptl'fs w('r(' rp)at<,cl to fahl'Ïratioll fOlldil ion~. This dal il will IH' 

useful for the design and îabl'iration of sinv,1e and llllllt.i-moded wa\'pp;uidl's and (k"in'h. 

A step Cunction \Vas COlllld to accllratl'ly 11\011(,1 tl\(> indpx profil!' aftpl' l'mloll

~xchange. Empirical pquations rplatillp; t h(' wav<'p,uicl<, d<'pth dllf and t h(' pxt.l'é1ol'dill:tl'y 

Îlldex increase Âne to the exchang(' 1 ('Ill pel'al 111'(' and linl(' W('I'(, fOllnd. Pl'Opap;alillnlnhM'h 

were measured, and index insl a hilit if's WNI' dpI ('rI pd. 

The generaliz<,d Gaussian fUllclion can IH' u~('(1 tn ar('ul'att'ly Illodt'I 1 ht' illdpx profile' 

throughout annealing. Empirical pqual ions 1'('lat inp, t.hp d!'pl h d and 1 II(' slIrfae!' ind", 

illcrease ~ns to th(' allnpal Lime WNP fOl1nd. Additional Plllpil'iral l'l'Ialiolls. Pht.ahlishillJ.!, 

the dependence of t hp para\llpl('J's of thp <,qllalions on tilt, élllllf'ai t.l'lllpl'l'al 111'1' éllld prolo .. 

exchange wndilions. W('\'p abo found. A crill'i'ion fol' f'lilllillalillp; illdf'x illslahilili('h ill 

the waveguid(' waf> establblH'd, and propap;alion los:-'('f> W('f'P IIll'af>ul'pd. Mat hPlllalÎl'al 

Illodelling and nu III Nir a 1 simulation of anll('alinp; \VaH at,t,(llllplpd ill onlfl)' 10 gaill ill~i/!,hl 

iuta the phena\TI<>uon of the slIrfacf' illc\('x in('fp<lf>p. 

Proton-cxchange \Vith butTN('(1 Ilwll som,!' 1 h(' pOh.,ihilit.y of fa hlÎC'lI li III!; WH VP/!,IJ iclf'h 

with index profiles that are nol posfoihlf' if IIsinp; ('ollfPnl.ral.p<l 1I1f,11 h. 
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Chapter 1 

Introd uction 

1.1 Integrated Optics 

The field of int{'grated ortie" dl'als with the control, manipulation. and interac

tion of Iight ph(,Tlo/lwIW 011 plana r opt icil! Sl! b"t rateil. Informat ion is ('ncoded in light 

signaIs instead of <,Ipct rkal signaIs 01' \'éHlio wav('s, and the light is concltlcted by opti

cal wav('guides instpad of l1lC't al wil'ps. SOIlH' ac1vant,ilgcs of an int C'gl'atpd optical circuit 

(IOC) include hip,h bandwidt h. low "us('ppl ihi1ity to electromagn('t ie int('rference, and 

small si7.(,. OftPIl an IOC is an opto-C'l{'('tronic c1{'vk(' r('siding on an ortical substrate, 

w her(' e1cctro-ort ir intNartion" ar(' IIspd t () rom billP electrical siglléll procpssing wit h 1ight 

t.ransmission. Typical IOC's illdud{' phas('/amplitudc modulators, filtN8. 8witches, power 

dividNs, c1e/lllllltiplpxprs, collplC'l's. <Incl )'f f-Iwct 1'11111 analysers, etc. 

Integrated opt ics (,1lH'rg<'c1 in 1 h(' latp 1 %0'8 [1]. Interest in t 1l(> fipld accelerated in 

t.he 1970's, spllrrpd on hy the dC'v('\oplllC'nt ofoptical fibprs, advances in las!'r diode !"chnol

op,y, and th(' n'ali7.ation of photolithop,raplric t('('hnÎqu<,s capabI(' of suhmÎrron Iinewidths. 

Many fabrication t('ChlliCjIlC's fol' roc',. aIl' .~illJi1al' to lhe on(.s found in spmicondllctor le 

t('chnology. The fh'ld has gro\\'11 trc'III<'IIClolli'>ly in th(' la st tw('nty y('al'S. and integrated 

optic d('vic('s ar(' now us<,c! in military syst(,IllS, avionir systems, remot{' sl.'nsing and fauIt 

clet.ection applications, and pel'haps most prorninently, the telecommllnirations industry. 



The field of intel!;rated optics ("an h(l orl!;anil.<,d Hrcording 10 1 IH' ~lIh~1 raIt' malt'rial. 

because the form and function of an optil'al circuit dl.'l)('IHI~ VPl'y l11u('h on a suhstratt'\ 

properties. Below is a tahl<, comparinl!; diffpJ('nt suh~lrat{' mat<'l"ials and thpir prnpNtÎt's: 

material glass inorgiHlic 111- V organk 
category oxidl.' rrystals f-I.'m irOIHlllct or~ polYIlH'l's 
examples SF-6 lithium tantalate GaAs P~I~IA 

01\:-7 lit lIiulII ninh~lt(, AIC:als pol\'\II't't ha lit' . --
light source on 

substrate No No Y('~ No --elect ro-opt ie 
interaction No y('~ Y('~ No 
applications passiw' (')('('1 rn-opl k alld lIIonoli t Il ica Il.\' lIon-lint'.I r 

d('\' Îc('s ,,("01ls1 o-opt il' intpgl'al('d opt ir:-. 
(jp"in':-, dl.'VirPh 

Tahlp 1.1: Diff<'l'I.'nt ootiral slIh~tl'élt('s 

1.2 Proton-Exchange and Lithium Tantalate 

In the 1970'8 and (lady RO's, litlliulll la!llalal!' lang\JislH'd ill l'plalivc' OhSflll'ity wltil" 

lithium niobate. a r10sply r<,lat('d mat <'I"ial. ha~k(,d ill t 11(' a1te,·t.ion of IlIfllly 1'1'f1l'iln III'rf1. A 

successful waveguide fahricatioll IHOC('SS (LI'. tll(' titallilllll in-difi.ISioll IHO("('Sf1) was fOIlIl11 

fol' LiNb03 , but t.he samp prOf('~~ rl'!jllil'I'd (,olllplicat('d lIIodificatiollf1 for LiT"O:\. III 

1982, proton-exchangp waf1 f111l'l'('s~,.r1l1l~' c1l'lIlonf1trat<,d fol' LiNhO:\ [21. fllllnwl'c1 "y LiTaO:\ 

in 1983 [3]. Proton-E'Xl'hal1gp is rapiclly p,aillilll!, pl'OlIIillPlll'l' ai'> a \Va\l'~llidp fabricatioll 

technique due to its simplicity. low cost. and f1olt)(, illllll'ovpd IU·l'forlllalt(·,. dlill;H·tI'I'ÎI>t,k~ 

[4,5] (sce Section 3.3). Wilh tlte discow'I'Y of é\ slIitahll' fabricat.ion tt·dllli!fllP, lithiullI 

tantalate began to receivc closcr snlltiny. Lithilllll lant.alatc ha~ a vl'r~' Iti~h 1!'!!if1ti1IH'1' 1.0 

optical damage, which r('nders it POlilll'lItl~r slIitahll' fol' high pOWl'r altd f1hort WilVl'I!'IIJ!;th 

applications, Research into protol1-pxchall/!,l'd LiTaO~ d(lVÎrCf1 if> ~aillill~ HI (11)('11 t Il III, alld 

sorne advauced devÎres have alread~' IH'PII l'f'illil.,,d 011 LiTaO:I. 



Protoll-('xchangein LiNhO;J has h('('n WE'11 charactcrized and invC'sligatcd, but similar 

work in LiTaOa has hepn much less <,xt(lJl~iv<,. The characterization studies for LiTa03 

arc few and often sk('tchy, and f,ome of the constant!> aud parameters found arc not in full 

agreement with each otl\l.>r [6, i, R, 9] (S(l(' also Table i.5). Post-exchan,~e annealing, one 

of two mf'thods (tlw otlwr Iwing bu ff<'f('c( proton-exchange) for eli minitt ing insta bilities 

and J'l'storillg l'lectro-optie p(,J'formanc(' aft,er protoll-('xchallge, has S('i:~ ,'ly received auy 

attention. Clearly, profon-exchangNI (PE) and al1lH '"('(\ proton-cxchan~ed (.APE) LiTa03 

wavcguides rncrit mon' cxt<,usivc inv<,sti~ation. Th(' w('alth of potential applications for 

lithium tantalat (' and 1 h(' U tilit~, of 1 !If' Jlrol on-exrha n/l,<' terhniquc pro\'Ïd<, the impetus fol' 

condllcting rl'spa)'ch in this a ['(',1. 

1.3 RJesearch Objective 

The basic goal of titis reseal'ch i~ 10 chaJ'arterizE' planaI' opti(al wavcguides fabl'i

cat('d hy protoll-<,xchall~e in lit hiu III t a nt alat f' Sil h~tra tes. Accurate fa hrica tion data and 

chararterization r('slIlts arp the fou1Idation for f1ll,ther work, Dy l'('lating tl1<' fahrication 

conditions to the wclvep;uide's J'efl'aC'tivf' indl'x pJ'ofil<" this study will pro\'Ïcl<, valuahle in

format.ion Jl(\('cf<'d fol' tll(' design. optilll izat iOll, and fa hricatioll of mor(' rom plirated devices 

on IithiullI t.ant.alat<" Specifically. thi~, th('f,i. .. attempts to address th(' fol1ov"'jng issues: 

• the lack of detailed charaderization data for proton-ex change with py

l'ophosphoric aeid in LiTaO·\ 

• the lack of characterization aat.a for post-exchange annealing 

• whethcr pyrophosphorÏ\ acid produrC's wavegllides \Vith better properties than ben

zoie acid, as is tll{' cas!.' for Lil'\hO:-\ 

• whet.her a FNmi or gen<'l'aIiz('d Ga Ils~ia Il În<l(lx profile model is mor(' aceurate than 

the convent ional stl'p-iIHj('x apPl'OxÎJllat ion 



e 

• proton-exchange with hl1ff€'recl pyrophosphol'Ï<' arid. which hHS nol hN'1l J'('pol'l('d in 

the literaturE' h('forE' 

1.4 Original Contributions 

• A careful and detailed characI(,rlza t iOIl of pla lia \' ';-("11 1 LiTaO,1 WH\'('~lIid('s pro! 011-

exchanged in pyrophosphorÏ<' arid a IId blllT('I'('d 1)~'I'ophosphol'if <leid. 1'('1 a 1 inp; illd('x 

profile parameters to exchang(' rondil iOIlS, 

• A careful and dE'tailed cha \'art (,l'iza t iOIl of th(' ('fr('ct <; of annpa Jing on l'rot OIH'xcha n~l'd 

and buffer('(} protoll-pxchanp;pd wav('gllidp~. 1'('lat.ing ("hangps in 1 III' l'pfractivl' illdl'x 

profile to thE' protOlH>xrhan/!,<, and <lnIIP<llinp; (,olldit.ion~, 

• The development of a math(,lIlatÎfal lIIod('1 of ilnnl'aJin).!; in LiT.IO:\, alon).!; with li 

compu ter-program l11ed nUI1lNica 1 si IlIl1lal ion. 

1.5 Thesis Organization 

This thesis presents and dpvptop~ t.hp hllhj('ct in a ('oh(,),(,111 and or!!;alliz('d IHa Il Il!'\'. 

Chapter 2 introcluccs the \'cade\' to optÏ<'al wavpp;lIidill/!,. Chapt.PI's:l and ,1 I>II1'V!'y ami 

summarize the exp<,rilllental )'<,sll1ls. f tH'OI ipi'l. ('xplanatiolll>, a 11(1 ('II l'l'l'lit d(lwlopllll'nl.h ill 

proton-exchange <lnd alllH'aling. ('hHpll'l'!) dC~('J'ihe~ tlJ(' ~'xr)('l'illlC'lItal pJ'On·dllrl'fl alld 

mcasurement techniqu<,s uscd. and (,haptpl' (j (lJ'('SPl1ts tju' varions anal,Vsis Ilnd "('dudioll 

methods pcrform<,d on the raw data. Chaptt'r 7 is th<, IlPart of th(· th('~b, ("()lIta.illillg 

experimental data. graph~, tahl<'fi. plu~ ail allal,vhis and di~('llssion of t IJ(' r('"ult~. IIoVl 

the empirically derivN\ formu\ap and tahh'i'l Célll 1)(' 1J~('(1 1,0 h(>lp dl'!-lip;n alld fahrkatl' 

waveguides is shown. Fillally. Chaptpl' ~ ("(}1I('lud('~ hy "ll1l1ll1arizing t lu' n'""lt" alld ill"igh"" 

gained from this r<'hf>arrh. (III addition. Appf'udix A 1)J'(,~(,lIts a rnatlll'lIIali(;..\ /luHI!'1 of 

annealing in LiTa01, and the !'('sults from il lIulllNkal hillJ1llation hahNI 011 IIH' mo().'!.) 



Chapter 2 

Optical Planar Waveguides 

2.1 Introduction 

This chapter pl'es('n1.s th(' tlJ(1or:v and mat hematical formulation of Iight propagation 

ill planar wavcguid<,s. W<, hegin 0111' cll'l'iva1Ïon \Vith Maxwell's equalions, and then make 

t.he pertinent ass1Im pt iOlls in OI'd('1' t 0 flim plify t llf' <'«lia t ions. In this \Vay, w(' arrive at the 

I)(,illal' wave <,«uat.ion. Exact analytiral sollltions exist only for a smal1l11\mh<,r of profiles. 

As an cxample. wc ('xamine t1H' solllt ion fol' the st<,p profile. For tll(' more general case, 

approximate l1I<,thods for solving th(' Wil\,(' l'filiation '11'(' discussed. 

2.2 Derivation of the Wave Equation 

We begin with Maxwell'fi ('quationh: 

ry ~(_) __ ôiÎ(f. t) 
\' x I~ r. t - Vi 

- _ - _ aD(f, i) 
V' x /1 ( r. 1) = .J ( 1'. i) + at 

v . I)(?, f) = p 

\'. lï(F',1) = 0 

v . .i( r./) + Op( r. t) = 0 
DI 

(2.1) 

(2.2) 

(2.3) 

(2.4 ) 

(2 .. 5) 



where Ë is tht> elE'ctrÏr fil'ld. lï Ihl' llIaglll'lÏr fi('ld. {j Ill<' t'1l'clrÎc displan'Illt·nl. /1 

the magnetic displact>tnent • .ï 1 ht> Clll'1'l'lll SOli l't't'. fl 1 h(' fJ'{'l' ('ll'cI l'if cha l'g('. rI IH' posil iOIl 

vector in space, and t the tillH' dt>!H'lld(ll\cP. W(l ran 1't't1I1('(l thpi-p p<Jllalions hy lIlakill)!, 

severai assumptions rel('vanl to light propagalion ill planaI' wavpgllidf's. Firsl \Vl'aSi-lIll1t' 

that the fields :tre tinw-harmollic. sillllsoidally oS<"Îllating al. a fl'('ljIH'I\CY of W (l'adiansli'i). 

This is true for the laser light. SO\lf('t>S IIsC'c1 in 1 his work. W(' USl' a phasor rPJlI'<'sl'lll al itlll 

and the time derivatives ô/ôt may h(l r(lplacpd hy j...J. W(, al8u aS81111\1' Ihal tht' lighl 

propagates in a source free (p = 0). lossl(,s8 and isol J'opie Ilwdia. Thollgh LiTé\(h is illi 

anisotropie mat.erial, nit' eITect of anil'ooll'op,\' Illay h(' 11t'l.!.lp('I(ld if Iht' hil't'fl'in!!:PIlt't' ii'i i-lIlé1l1 

[10]. The first two('qllations thpn l'<'dllc!' ln 

v X RU,) = - jWlllï u') 

v X li (;:) == jW( R( Il 

( :>. .Ij ) 

(1.7) 

where IL is the maglletk pNll\('ahilily, and ( 1 lit' ('11'rI rit' 1H'J'lllittivit.y. III fl'I'(, i-Jlél(,l', l' = 

Ilo = 411" X 10-7 Hlm and ( = (0 = X.X!) '< IO-1l 10'/111. '1'0 billlplify fllrthf'l'. WI' t,lk(' thl' 

curl of the first equation and slIhslillltp Ihir-. into 1 hl' M't'ond 1,0 t'liminélt!' IÏ(;;'): 

(V-I) 

To simplify this equation, wc lise t.1l<' V('I'IOI' id"nlily 

(:>.,!) ) 

Since p = 0, then v . Ë( i0 = O. th('('<'fol'(, 

(:l.1 0) 

Substituting this into th(' pr('violls ('(l'Iôt iOIl. \VI' oht "in 1.h(' wav!' equat iOIl 

(:l.11 ) 

(j 



which wll(,(1 {'xpanded gives mi 

Ü2 n2 ~I'l 
OU'" 2'" 

(0 2 + D 2 + ')~l )E(i;; + w wE(r) = 0 :v ,Ij ( _ 
(2.12) 

Now let Ils assumt' plane WaVf' propa/!;ation in the z direct.ion. Th<> fi('ld is periodic 

in t.he z and indepf'IHlf'llt of y. 1'1H'rpfol'l.', 

Ë( f, t) = Ë( ,r,,Ij, ::,/) = Ë( .1' )fJ(wt- f3 z) (2.13) 

(2.14 ) 

wlH're /3 is the propagat.ion constant of t hl' plane wave (radians/m). Lpt 118 define k as the 

wavp lIum ber (111 -1 ), s\lch tha t 

211" 
~. == w Viïfj(ü = -:\ (2.1.5) 

and À ih t.hl.' wavelength (m). Th(l inclf'x ofJ'l'frartÎon 1/ i:, defined as ri = Jf/fO and it may 

val'y wit.h ,'l'. Tlllls A·21/2(:r) = W211C ;lIld \\'p aniV<' al. Ill(' one-dimension al wave eqllation: 

(2.16) 

This wave e(jllatioll may he df'C'OIllI)()hf'c1 iuto t.hr('e separa te scalnr f'C)lJntions for En 

2.3 Modes of Propagation 

If we writ<> 011" each {'ompOllf'lIt of t hb wavf' eqllatioll, noting t hat ail derivative8 

with l'{'spert t 0 Y al'(' ('(Iual 1.0 7,NO. t IH'II W{' H('(l t lH'y nl'{, l'elated in t hp following way: 

E., = .!!.-. Il 
w( 1/ 

(2.17) 

, - j aIL 
F. y = -(-pJllJ' - -,-) 

wc iJx 
(2.18) 

E.=-jDlly 

'- w( 0,1' (2.19) 



-:-1 
Il, = -l';v 

...lI/ 

J " (H';. 
lly = -( -Jd/"J - -:--) . ) 

...: 1/ ( ,,' 

, ') l' 
Il. = L~ 

- ...lI/ O.,, 

l:!,:!O) 

l~ ~ 1) 

\Vave propagation may he d(l('olllpos('(\ inln Iwo ~('pal'all' 1lI1l(\I'~, OtH' is (',dlt'lI 1 lH' 

TE (transverse electric) mode and th(' olhN il" callNI tlH' Tt\l (ll'an~\'!'I'~(l \lIilf,!;nplir) ttllllli-. 

The field components of each 111<)(1(' do 1l(,1 dPJH'nd 011 1 hosp of 1 h(' 01 hl'I' llu)(II', s() 1 hl' 1 \\'0 

are uncoupled, Ol't hogonal \lIodps, 

2.3.1 The TE mode 

To derive t he TE Illodp ('<ptal i()I\~. \VI' ... pl Il,, = O. FIOIII 1 hl' a hm'(' l'l'la 1 ÎOII:-'. W(' li IId 

that also Ez = 0 and Er = O. Thns. olll~' 1 III' lipld C'Oltt)lOIl<'III:-. 1':". Il,. alld Il. ail' pl'(,~1'1I1 

and are given by 

2.3.2 The TM mode 

ü2 F 
__ "1 + (/,.2//2 _ d 2 )/" = 0 
iJ.,·2 '" 

Il, = -~/';" 
wi/() 

Il. = __ I_U/~'I 
- /wl/o n./' 

(2.2,1 ) 

To derive the '1'i\[ modp ('<Jllali()II~. \\'P ~Pt. Ev = O. From 1111' ahm'C' Il'lallllll!->, \VI' 

find that also Hz = 0 and lIJ' = 0, Thil)',. ollly thl' ril'Ici 1'01111'0111'111" "", E,. <llIcI 1':. aIl' 

present and are given by 



2.4 The Step-Index Waveguide 

After proton-<,xchang<'. optical LiNhOa and LiTa03 waveguid<,s are g<,nerally con-

sicl(>rt~c1 to have a st<,p-indf'x profilf'. TIl(' ~f'OIll('t l'y of the step-index (i.e. slah) waveguide 

b f>hown in Figurf' 2.1. Th<, wavf' and modal ('«Hations \\,('re developf'd with :: as the direc-

tioll of propagation and x as 1 h(' dept h. followin,l!; 1 h(' convention. Thl:' planar :-cut LiTa03 

wav('guidps of this st udy. howl:'v(>f. a 1'(' ori('lIt(1<1 wil h :; as the dept Il d ir(1(·t ion and y as the 

dirf'ctioll of propagat ion (accordinJ!; to t Il(' cryst al's coordinate systl:'tn). To transpose the 

pr<'viOllh and tlJ(> followinp; ('qualiolli'l to 111(1 ori(1ntation of tll(' LiTaO'3 waveguides, one 

simply intE'rchangf's J' with ::. li \Vil Il ,l'. alld : wit li li. 

coyer region: n c x 

z 

Sllb$~~! nb 
, ' 

y 

Fip,lIl'e 1,1: TIH' ht<,p-i!l<lf'x. 01' slab, waveguide 

Th<.> guiding lay('r has an index of Il. and thickness d. Above this lay<'>T is the cover 

r(1gioll (Ilsally air) with illdex Ile and Iwlo\\' Ihis layer is the suhstratf' with index Tlb. To 

('J'{\at<, Ihis glliding layf'r. usually a dopant ih addC'c\ to the substrate in ord('f to increase its 

r('fractiv(' indpx. Silice tll('l'e art' thr('(' 1'<'p,iOllh. <,arh with a different ),f'fractÏ\'C' index, three 

~rala!' Wi\ve equations <'Xiht. No!\(' of Ill(' pqllatiol1s de pend on :/:. so ail anal~,tic solution is 

poFtsihlf', 1'h(\ p;(\IlNal fif'ltI FtOllllioll 10 thi~ for111 of the wave eCjuatioll is \\'(111 known [11) 

and takf's the forlll of a romp!ex (lXpo!wlIti.1!. Fol' J!;\1irled modes. thf' pxponentia! has a 



real power (i.e. field amplitude is expollentially d<,ra~'illg) in the (lir and suhst l'ah' l'('giom •• 

and a complex power (i.e. field amplitud(' is sinusoidal) in th<, wa\'('guiding layC'l'. For thl' 

TE propagation mode, the solution will h<, in t Il<' forlll: 

{ 

Ecp:l'p-"lcJ:' .,. > 0 in ail' 

Ey = Escos(kJ .. 1· + 1Jc) -il < .1' < 0 in thC' \\'a"(,~llid<, 

E/JCJ'p"lb(J'+d) .1' < -il in th<, ~uhst ral<, 

(1.1!l) 

If we then define the effective index 1/( J J = li/k, and suhstit ul<' th('sC' solutions hark 

into the wave equation we get 

i,- = I .. J"~ JI - ,,~ (1.:W) 

1.. = I.·V"l - ,,'l J • ri! (1.:11 ) 

(1.a:n 

Matching the tangential field compon('nls a!'l'ORS thC' houndal'ÎNi «lI .,'=0 alld .1' =d) yil'hb 

Eê 1~'.,r(J,'~( (,\ ) ( 1.a:1) 

((Ill ( (.'Je) 1'cI J.:J (1.:1·' ) 

I~I) E.rO!~( I.·J.d - 1Jc) (1.:1fl ) 

ta n( kJ.tI - (,?,-) "'(1,/1.-,. (2.:W) 

By combining tll('se equatiolls. W(' ohlaill tlt" dispersion relation. which l',,I;,I('!'! tlJ(' 

propagation constant t3 to physical wav<,gllid(' parallH'tprs. The T~I II\Ocll' ran 1)(' tl'l'atl'd 

in a similar way by starting from Il,,. Dy 1 a ki ng t 11(' inVNII(' tallg<'lIt of ('(l"a t iO/l1l 2.:1·\ il /Id 

2.36 and rearranging, the disp('fsion l'el;, 1 ion fOI' IIlah wavegllid(>f> for hol h TE allcl TM 

modes can be expre!'>sed as: 
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TE mode 
(2.38) 

TM mode 

This transrendent.al equ(llion can he solved for (3, and hence the ('ffertive index neJJ, 

using a numerical root-search techniquE'. 

2.5 Dispersion Curves 

lu our waveguid(> rhararl(>rizal iOll 1111/(1.\,. t h<, modal effective ilH)jC(>S (Le. the modal 

propagation constants) (IrE' Ine1!lIur('cI hy 1 lu' pl'isllI roupling lllpthod. Lip,ht is roupled iuto 

the waveguide with the aid of high-illcl(lx pl'Ïsms. For gllided modes, tlH' incident angle of 

tlw light can he f(·lat.ed to t 1](' eff('cl Î\'(\ illd Îc('s, From this data, the w<l\'('guide depth cl 

and &Ilrface indE'x Il" must be cakulal('d, Thi:- ill dOIl(, with the aid of disp<,rsion curves, 

which plot the f'ffectivf' index 11,,/ J ag,lin!>1 1 !Il' wav('gllicl(' depth, for s('\'('fal modes, as in 

Figure 2.2. More commonly, 1 he :r-axb Î;l a dillJl('fl'lion Clll've is the \\'avel('ngth of light, 

ilOt. thE' wawgllic!l, depth. In s\lch a CallE', 1 h(' wavpguide g('omctry is fix('(l. In our case, 

thC' reverse is true: the wav(')rngth is fixpd. [0,0 Ihe waveguide depth. which is variable, 

oc('upies the x-axis. TIl(> general b(lhaviollr of effertÏ\'(' indices is summar;":('c! as follows: 

1. Modal indic('s inrrease with t he wa\'C'~u iclC' drpt h. 

2. For the sa me 11 8 , deepe\' wav('gllid(lll su pporl more modes than shallow guides. 

3. For the sanl<' d, wav('guides wil h a /!,J'('ate\' Ils support more mocles. 

Figure 2.2 shows aTM modp dis(l(lr~ion (,111'\'e calculated with parameters typical 

for proton-exchangpd wav('guides in LiTaO:I. To ca\culate cl and 118 of the fahricated 

waveguides, a root-s('arrh method il' us('d 10 fi nel t!1(> values of the two variahles which give 

t he minimum t'rror he!\\'e(,ll t he ca Irula trd eff('ctivC' indices and the llH'aSUfed oues. This 

technique will bC' d('scrib<>d in Will<' dptail in (,hapter 6. 
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Â = O.6328J.lffi 
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0.5 1 1.5 2 2.5 3 3.5 4 

depth (J!m) 

Figure 2.2: Typiral step-ind('x c1i~I)('I'f-,ion ('III'\'(, fol' pl'ot on-('x('hangpt! LiTa<h 

Scaling rul('s [12] may be applipd in ordN 10 PI'O<lII<'(' IIniv('I'Hal dispNHion ('III'VI'H 

with normaliz{'d paramelers. Wilb th<, prnlifNalioll of lH'r!.ollal mlll lIIirro-('oIlIPlltNf-" 

however, dispersion (,UI'\,('H specifie 10 Ih<, Jll'ohl(,1Il al halld lIlay now l)(l ('rlsily alld IJlIiddy 

produced, without the npcd for nOl'll1alb~alioll ,lIld IIl1iv(,I'Hal plol1'>. 

One param('ter whieh if> of inlN('st if-, 1 h(' (,1I1-orr: the Iight. fl'('qllf'II('y 01' wav('J.!;lIidl' 

depth below which a mode no long<'l' J1I'OIHI)!;a\('1'>. Ali <'<!lIat.ioll for dl'lNlllilling 1.11<' (,1It.-off 

in a sI ab waveguide is easily rOllnel by 1'><,tting Ill(' ('rr('(,tivp Înc!px 1I,JI ln 111(' HlIlu,l.ral,l' 

index nb. Dy doing so, we ohtain 

[ V"~ - 71~1 ( 1 ) ('l = 111+- 'Ir 

J"'J. - 11 2 2 I, r 

TE 1110<1(' 

(2AO) 
TM IIInd<, 
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2.6 The Ray Optics Approximation 

It was possible to analytically solw t1w wavC' equation for the sI <'1 h waveguide because 

t.he refractive index was constant in carl! rC'p,ion. In otlwr specifie eas('s. Sil ch as waveguides 

with a !incar or a parabolic index profi!<" allalytic solutions are still possihle. However, for 

an arbitrary index profilC' 1I(X), analytic solutions are of t, (1 Il not possihl". ln this section, we 

examine the ray opties approximation. whkh will allow liS to develop a dispersion relat.ion 

applicable to wavC'J?;uid('s witl! any in<!('x l'rofilp [1:1]. Consider Figure 2.:J, which depicts a 

Iight ray of a gllicl(ld mod(l travC'I'sillJ?; t IH' wa\'P/!,lIidC'. 

x 

n(x) 

index 
profile 

phase shift <1> c 

~~--------· .... ------------------------~~z 

depth(x) 

path of 
light ray 

phase shift <Pb 

Figure' 2.:1: TIl<' ray optirs approximation 

As the light. ray penetra tC's d(lC'pN i nt n t 11(' wa\'f'gllide, the r<'ly pat h rurves due to 

refraction becalls(' th(' refl'arti\,(l i/ldpx l!C',I'('{)I.PI. with del'th. At th(l !lIrning point, the 

Iight approarlws J?;razing incidenc(l and il. in!('f'lIally l'eflected haek, It télkes a symmetrieal 

pa th baek up to t Il<' wav('guid(' '8 slIrfarC'. wh(lJ'(l hy total internai J'dlrct ion it once again 

bE'gins ta d('sc('nd. If thC' light ~trik(ls thC' :-lIl'1ar(' at l('ss thal1 the critirill anglC' or if it <loes 

Ilot CltrV(' ellollgh 10 r('ach a turnÎlIp, poillt. il will radial<, out of the gniding layer. Sueh 

rays become radia 1 ion mod(ls. G IJjdf'd lIIeHl"" ~a ti~f~' t Il(' t l'aIlS\'(,I'S(, n'SOIl<'l TH'(' condit.ion -

t Ill' phase delay of Olle l'oulld tri» fl'olll t hl' Sil rfar(' to the t urning point <'I1HI hack again 



must he a multiplE' of 211'. If t his condit ion is not nwt. t Iw Iight intNf<'r(ls d('st 1'\1 ('tiwly, 

attenuates. and does Ilot pl'opagate. The r(lSOllél 1\('(' ('ondit ion is st at(ld as 

(2..\ 1 ) 

where the integral is t he phase d<'1a~' of t.hl' 1 l'a\,('1Ii ng wa\,(', ~~c t hl' phasp sh in il t t hl' 

cover-waveguide houndary, and cPb t lH' phas(' fohift at t IH' ttlming point .l't. 

The phase shifts cPe and cP/J 'HP tilt' phast' t('rms in F,'('slH'l\ l'pf1('ctioll mdlidl'lIts, 

These phase shifts ar(' p,iv<'>11 hy 

fOI' hot h T Jo: ,l1ul T 1\·1 lIIod(' 

{ 

./2 ~} • _1 yll"JJ-lI,. 
cP(' = - '21 (/ Il ('2 ~====,= 

_ / 'J. 'l y "., - lI,.J/ 

where C2 = 1 for TE mode, and C2 = (!li) ~ rOI' '1'1\1 lllo!lP. 
11, 

Thus, the complete ray optic~ apploxilllatioll if, fotat .. d as 

CL,I·I) 

JI 



Chapter 3 

Proton Exchange in LiTa03 

3.1 Introduction 

This chapter intl'odllces IithiullI talll alate as a substl'ate materia1 and presents a 

comprehensiv<, l'cview of th<, slille of {'IlI'l'('J11 knowledgc on proton-exchange techllology. 

Th(' lllateriai properlies of LiTilO~ éHe c!<'!'>('I'il,,'d, and 1.11<' values of sOllle important physi

('al alld opUcal constants are dlNI. A MI"\'('~' of LiTaO~ waveguide fahrication processes is 

(,ollductcd, and prololl-pxchallp;l' is shown to havp III1111Prous advantagns OV('f other meth

ods. The teehnicl'1<'s of fahririltioll aJ'P dp~CI'il)('d. and the intrieat(' diffusion mechetnisms 

«Ilel dl<'llliral dynamÎcs of !>rolon-<,xchangc' <lrp considered in detail. Proton-pxchange \Vith 

hllffered arid nwlls is also examiueô. 

3.2 Properties of Lithium Tantalate 

Lithium tanfalaf,<, is a dielpctric allcl fpl'ro<,l('ctJ'Îc crystal Il s(1fll 1 in many diverse 

illt<,grat<,d optirs applications. lts utilily ~t(1111S from thc optical p!tl'nom<'lla that are 

possibl<, beeallse of ifs large lirH'é\I' alld 1I01l-li1lNlr C'lc'etro-optic copffiriC'nts. high a..:ousto

opt.ir fig\ll'e of IlIc'rit. and lal'~(, 1>)'1'01'1('('t ri<'. pie7.0C'!<,('t ric, and photoplast ie coefficients. 

Lithium tantalate is closely l'r]atrc! tn lithiulII lIiohatr. a more commolll .. lIsrd (and more 

widC'ly researrll<'d) ("f~'sta] in integratt'd optks. 

}.) 



In the ferroelectl'Îc phas(' (h('low t h(' Curie t<'mperat ure of () 10°C). t h<' allisnt l'OJlhir 

lithium tantalat(' cryst al consist s of pla nar sll<'('t s of oxyp.('n at oms in a di.;t ort ('II IH'xa~llnal 

close-packed configuration (s('(' Figure' :l.I). 1'11<' Iithiu\II atollls li(' s!ip,htly aÎlm'(' tlU' plant' 

while the tantalulll at0111:-' !i(' hplow the pl.1Il(,. Th(' fPsllitillg rhargl' sl'paration ('ausl'~ 

spontaneous polaflzation. giving risp to tht' tlIultit ud(' of optkald\'l'cts prl'sf'nt in LiTaO.I . 

+ z (pr c) 
aXIS 

+ 

.+ dlpole 
moment 

1 

..................... 0.......... oxygen pl,lnC 

......................... \lithium atom 

...... _ .................. .1. oxygen planCN 

o tantalum atom 

................................ oxygcn plane 

et lithium atom 
••••••••••••••••••••••••••••• ). oxygen plancN 

............................... 

o tantalum atom 

...•...................•.......• oxygen plane 

Figur(' :U: Atomic :-.tl'urtuJ'P of IithiulII t<tlltalat,. [11] 

Table 3.11ists the valups of sonl(' ma t Priai (,olJ!>t.a Ill!> allcl ('ol'fIi ci l'II t fol for LiTaO:I, li IId 

Tables 3.2-3.5 rite values for the optical (,olJ:-.tants and ('OpffidPllt" of LiTaO'j [1!)J. 
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crystal r1ass rhom bolH'd rai 
spar:p group R3c or cgv 

point group 3m or C:\l! 

Lat tire constants: rhom bO/H'dral aRh = .r5Ai 10 A 
ORh = ,~6° 10.5' 

La tf Îce const allts: hpxagoll a 1 ('(I" i valpnt ail = .5.1.')·12R Â 
Cf{ = 13.ï8:J!)1 À 

Dpnsit.y 7.4,5 gjclllJ 

Mo/pclllar wpight 235.R~ 

Melting point 16,~Oo(' 

C \1 rip poi Il t 6100 e 
Moh lIardlH'ss 5.5-6,0 

Thermal pxpansion ~oemci(,llt (0-1 10°C) Oa = 16.1 X 10-1i °C-I 
nc = 4.1 X 10-6 °C-1 

Pyro!,J(·rtric c(}(·mei(·lIt al '2ïo(' O.019/,C/(clll"J. OC) 

Ac01lst ic vploeit y p = 6.19 X 10" em/s 
A COllst ir wavp j>rojJ;lgil1 ion Jos ... r = 0.1 dD/( clll CHz2) 

Acoll:-llooptie fig;III'P of Ill('rit A/2 = 1.:37 X 10-188 3 /9 
Elprtrical J'(\si~1 ivity 1013 n-rm 

Transmission window (['rel1l. > 0.5 [l7lcldellt ) OA-SI/Ill 
Propagation lo~s (al 0.632XI/Il1) ~ 0.1dn/rm 

Table 3.1: Ph.vsiral properties of LiTaû3 

(Î1 O.:Jïï 
Diel('et rie PNlllittivit,v (.ç 

33 0.379 
(10-9 farads/ill) t (11 0.474 

t 
(l3 0.3~-1 

NonliJ}('ar optiral ropffiei(,llts <1 22 2.08 
(10- 12 m/V al O.():W~ /1111) d31 1.28 

d33 19.39 

Tahle 3.2: Dip}ectrÎr p(,),lJ1ittiviti('~ élnd nonlineal' opticéll co('md<,nts 

Wave/(,lIgth (JlIn) 
T('1ll pN'a t Il re 1.06 O.(j:J2~ 0 . .1 H5 0.4880 0.1!)'9 

2' oC 50 ID\' 2SII\' 219iV 1920V 1 ï:J.} \' 
1 !)!)OC 4:113V 2-IO!iV 1805V 16·1OV l!iO,V ~ 

Tabl<.' 3.:1: IIHIf-wa\'<' voltages (E*I)A/2 
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ordinary (lX t mord i Il li l'y 
wav(ll<,ugth ind(·x index 

(,/m) no ne 
0.15 2.2·120 2.2·168 
0.0 2.2160 2.2205 
0.6 2.183·1 2.IR7S 

0.6328 2.1700 2.1820 
0.7 2.1652 2.1(i9G 
0.8 2.1.53R 2. \.'57R 
o.n 2.141)·1 2.1·193 
1.0 2.1:J91 2.1·1:12 
1.2 2.1a05 2.13,11 
1..t 2.1230 2.1273 
\.H 2.11 T·I 2.121:1 
l.~ 2.1120 2.117n 
2.0 2.IO(j(j 2.11 Ui 
2.2 2.100!) 2.10.1:J 
2.1 2.0n.r:.1 2.0!}!>:J 
2,(i 2.0x91 2.0!>:W 
2.8 2.0X2!) 2.0H71 
3.0 2.0T!)!) 2.02!>!> 
3.2 2.0fiXO 2.0727 
:3 ... 2.0fiO 1 2.0G,1f) 
3.6 2.0!) 1:1 2.0r,G 1 
3.~ 2.0121 2.0·ln 
·1.0 2'()33!) 2.0:Ji7 

Tahl<' :1..1: H('fractivp Indicps 

constant strllin r' 11 7.0 
on crystal l'il 0 
( cl li m !l(lc! ) ,,,' 

1'1 an.:J 
r,h 2n 

( l. na r )~ Il, 1.3'1 - " 13 2'la 
constant strpf,f, 1'1 n H.·' 

on cryst 1I1 1'1 
'l2 ·0.2 

(unclampcd) 1 r:n :J(J.!j 
'J 'i t 

(II" f'n - no 1'1:-1) 22a 

Table 3.5: Lillear elf.'ctro-oplir ropHici(llltr-. (10- 12 III/V al O.(j:J2~ 11111 ) 
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Crystal Coordinate System 

Eithcr a hf'xagonal or a rhomhohpdral coordinate system is IlSPc! to describe the 

crystalline structllrf' of Li1'a03. The Cart('!>ian J', y, z axe!> are mapppd to the hexagonal 

axes in the following wanliN; t.he z axis coinridl's with tlw c axis; t hp .r axis cOÎncides 

with any of t.he ail axps (perpendicular ta a mirror plane); the y axis, paral1el ta a mirror 

plane, is ehasen to make the syl>tpm right handpcl (see Figure 3.2). Lithium tantalate 

('J'ystals are commonly sold in the form of platl's, desigllated x-rut, y-cut, and z-rut. Z

eut crystals h<lve the z flxis normal to l1H' surfflce of the wafet" and similarly the x and y 

MWS are perp('nclicnlar 10 the :/'-('ul and y-cut wafer f,lIrfaces, respl'ctiv(1ly, According to 

the mE stflndard, a sp('ond Il'ttel' is alta('h('(1 10 the designation which indicates the axis 

of the Jong('st dimension of !hl' waf('f' f,lIrf<l('(', For example, an zy-cllt wafer has its surface 

parallel to the :ry plane. and th(' wafpr if, lonp;('f' <llonp; y axis than thl' ,l'axis. If one has 

fi, waf('r and <lo('s not. know t h(' <lilWI ion of t h(' axes, a set of simpll' t('sts given by Weiss 

and Gaylord [l'IJ C<ln 1)(' IIsed to d('INllliIl(, 1 h(' lTystal ori('utation, 

l'Ill' crystal is symnlPtric ahont thr<'l' minaI' planes, and tll(' ('-axis is parallel to 

t.hese mirror pl<lnes and pefJ>l'ndiclllar 10 1 h(' plan<lI' shepts of oxygeI1. l'Il(' l'-axis is defined 

as the axis <lhout whkh the crystal <,,,hihitf> thr('(~-fold rotational symm('try, and is also 

known as the optiral axis, Light propagatinp; parallel ta this axis is calkd or(linaI'Y, and 

Iight propagatillg (l<,rp<'lldicnlar to the optic axis if, f'.7'traordi/1f/rll. O(lcallse LiTa03 is 

il birefriugPIlt (,l'y~t<ll. il has Iwo indicl'<' of refraction: the ordinary index no and the 

('xtraordinary index nf' dependinp; on tll(' direction of light propag<ltion. LiTa03 is a 

!>(lsit.ive uniaxial rrystal. which 111('a1l8 that 11, > Ilo. 
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Figlll'e :J.:!: Cl'ysl al mordinat,(' syst.<'1lI 

3.3 Survey of Waveguide Fabrication Processes 

In genel'al, aIl waveguid<, fa hl'Îra 1 iOIl 1 l'ch niCI'I('fi hav<, 111<' followill/.'; t wo st l'pH i Il (11111-

mon: a mask defining the wilVl'guiC\(' pattl'rn is d<'Jlo~it('c\ 011 t!tc' suh~lrat('. aile! il dO/léllit 

is then added to inc)'Péls(' the )'('fl'a<'l i\'(' ind!'x in t hl' dc'si)'~d J·l'gion . .,. 'l'hi . ., !.pl,,('tiw' illC'l'l'ilM> 

in the refractive ind<,x pprmits wavpgllidinJ,!;. A!. th!' fipld of illl,('/!,rah·d oplirs dl'vl'loJll'c\ in 

the 19ïO'~, different waveguid<, fahrication IpchlliC(lIps for LiTaO'1 W('fl' att p ll1(1tf'(J. 'l'Ir l'hl' 

include hlgh temp<'l'ature in-diffll~ioll of 1lH'lal:-.; out.-diffusion of iiI Ilium: ('1('('1 ro-c1iffIlHioll; 
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iorH'xchallg(>j and prolon-f'xrlwIIgt> .. \ h/'ll'f (!t>.,:>rri pt ion of ('aeh 111<'t horl follow8. 

High temperature in-diffusion of metals 

lIigh tcmp('ralur(' ill-difflll>Îon Învolvps the deposition of a J1l!'tal surh as niobium 

[10, 17], t.italli1lJn [18, 19], or r.inc [20] Ollto the suhstrate surfac(', followC'd by high tem

perat1lr(' (> 1000°(') diffusion of the metal into the crystal. Both th(' extraordinary and 

ordinary illdex inrr('ase, so hot h TE and TM polarÎl.atioIls are support('d. The in-diffusion 

pron'lis occurli ahove Ih(' lithium tantalatp's ('urie lemperature of 610°C, so in ordN to 

J'('('()V<'f t.he Cfyst al's ('I('ct ro-optiral IHoPNt i('~. the' dipo1e moment of t h(' rrystal must be 

J'('-aliglH'd. This IHoc('sS is known as rl'poling tll(' crystal. This was il rC'latively involved 

a.nd romplicatNI t ask, and al> a r(,~lIlt, fp\\" alt.f'mpt(ld to fabrÎrate wilvf'guicles on LiTa03 

\Vith this lI1ethod. By rOlltra:-,t. Iithiulll niohatc':-, Curie temperaturf' (1200°C) is ahove 

t hal, of th(' ill-diffusion 1)/·o("(·sl"o. hO r(lIJOIiIl~ i:-. Ilot 1l(,(,(·SSHry. This tf'chnÎquC' is, tlH>reforc. 

slIit.ahl(! for LiNhO~h and ill fact tilaniulll in-diffusion has become a standard method for 

fabricat.ing de'vif(ls in LiNhO,l' 

Out-diffusion of lithium 

This is agélin a high t(lIll\)(,l'iltlll"{l JlI'O('(l~S, in excess of 1000° oncl ahove the Curie 

1(lIllIH'ratlll'(-, [21,22]. AI slIch il high t(llJ1pf'rature.1ithium dioxide (Li0 2 ) diffuses out. of 

tlH' nyst.al r('sultinJ!; in a smfo('(' wo\'(,~lIidin~ lilY(,I". Lithium out-diffuflion is <l pl'ocess that 

acrolll(lilniC's ill-diffusioll of lII(ltals illle! Îs I/folléllly perc('Îved as a prohll'm which needs to 

1)(' sUPIH·{lsscd. OIlC<, ogain. lH'ca1ls(l of 111<' Il(l('d for repoling the cr~·stal. little illterest WHf> 

f'Xlu'(lssed in this t('dllliqIH.l. 
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Electro-difFusion of copper 

Diffusion of roppN ions [2:1J in t h(' PI'('S('IlC(' of ail ('\('('II'i<' fipld llléHI(' it Jl(l~~ihlp III 

make waveguid('s l)('\ow th(' Curi(' l('lllPNflllIJ'{'. Th(' anloll!> lask nI' l'l'polinp; IIH' n)'ht.II 

was avoided, but propagation \oss('!. W('I'(' V(,l'y hip,h and l'('IIII('\'I'd 1 h(' \\'an').!;lIidl' IIhl'lt·:-. .... 

It strongly absorh('C\ visible and 1\('(11' infral'('d Iip,hl dlll' 10 IIH' Pl'l'hl'l\('1' of mppl'l. Thb 

technique was not pursued. 

Ion-exchange 

Ion-exchange is a relativl'1y silllpl(' and illPXIH'llsivp prO('('hh, ",hic h ill\'ol\'P:-' illlll\('l~ 

ing the substrate in a mo\tell halh or ail appropriaI!' :-,all. Il 01"'l'all'h 1H'low IIIf' ('lIl'il' 

temperature, and produced wav('l!;lIid<'H wil h Inw IOflh alld nI ht'I'wihf' J.!.()()d ('hal'artf'1 ihl in. 

Initial experiments with "i!ver [2,\J alld 1 halli1l1ll [1r;j :-'PPIIH'd q1lilf' pl'l1l11ihill~, bill ,dll'I 

repeated attempts it was fO\lIId t hal t 11<' !,p~1I11 h W('I'(\ 1l0!. cOllsh,t PIII Iy l'PIII·(Hlllcibl.'. Th.· 

authors were at a loss 10 explain t1H'f,(' findillp,:-.. hO 1 h<' IISl'fllllll'''f, (Jf iOIl-pxrhilll/.'.,1' wah 

doubtful. Later, it was disrov('J'pc! Ihal II J O (wal<'l') iIllJlmili('h ill 1111' 1111,11, WI'I'(' IIIf' 

source of the index incr('asc. Proton-l'xrhallJ.',(\. 1 at hN 1 hall iOIl-l'x .. hall~p. wa:-. 1'f'~IHIII.,ihlf' 

for the initial results. Thereaft('l'. (\xlpllf,ivp l'I'f,p<!l'rh illln plololl-pxrh,III/!,1' lu·gall. 

Proton-exchange 

Proton-exchange wa& first clf'1I101lf,Irall'd for lithiullI lIioh'lIl' ill I('X~ [1] illlrI f/JI 

lithium tantalatc in 1 gR:} [3J. Sinc(\ t hi!'. tiIlH'. t IH' tl'rlllliqlHI haf, ).!;ailll'd widl' an "pt a III l'. 

I1undreds of articles app<,ar ('arh yl'al' l'eporlillJ!; 011 prololl-pxrhallJ!;f'(1 d"\'i( Ph. 'l'III' dl .... f/\'

ery of this techlliqu(' has stimlllatl'cI a J!;1'f'at illtf'IP.,t ill tiTaOl dl·vill' .... 'l'III' fahrilarif/Il 

pro cess is similar to that of iOIl-pxr!lallJ!,p: IllI' f,lIhf,tri:ltl~ b hilJlpl.\' illlrlll'I':-'I'd ill ail rlrid 

melt. Proton-exchange opNatf·f, l)(llo\\' t hp ('lIl'ip tf'lIlpl'l'i:It lIr(' f,0 rPJlolillJ!; b Ilot 1I1'1·(·hf,al.V. 



'1'11(' main advantagC's of protoll-exchange arE': 

l, low cast and ('as(' of fahrÎ<'ation 

~, stahilit,v and r('p('atibilit~, 

:1, resistan('(' to optiral damagl' (ran han<1Ie high intensities): sllitahle for short wave

)f'ngt.h applicat iOllil 

4, ouly onC' polarization mode slIpported 

!), allows qmlili-phaM' matchinl!; which Pllhanrps 8P(,0I1d hârmonir l!;(,lH'l'ation (SHG) 

III rl'cellt y(>ar!" lIlIml'rOIlS hiJ!,h pNformallc(, optical devices hfl\'C" h(,(,11 fahricated on 

LiTa03 by proton-f'xrhanl!;(', Th('sp illrlllc!P low-Im;s optical wavegllirks [fi. ï. 3, 26], i"lacll

Zehnder interf(1J'OIlH'tNF. [n, 2R. 20J. a filwl'-optic gyro device [30], a phas(> modulatol' [28J, 

dilwtional rOllplpl'iI [2H. 2GJ, ail acoustir W(lW tl'ilIlSdu("('f [31J, a wav('l!;lIid<, laser [32], and 

a M'COli cl harrnon ic I!;en<'l'a t 01' [,Jal, 

Summary 

Il('fore protOll-(>x('han~e. high t(,IlIIH'l'atlll'(, in-diffusion of titallium was the most 

popular way of making Wa' '. id('s on LiTa01' ](OW(>\'('J'. there W('f(' \'l'ry few attempts 

Iwrall!.(l devin'!. W('f(' far <'ë\!.i<'f to fahl'icatC' 011 LiNh03 , who&e optiral properties are V('I'Y 

silllilar to thosp of tiTaO.\. Li~hO 1 do(''i Ilot Il('pd 10 he repoled aft('l' in-diffusion. This 

diff<'fel\cP contrihtllpd 10 popularit.\' of LiXhO j and Ihe relati\'e Il(lgJ(1(·t of LiTa03 in the 

la!.t t\\'o d('cad('s. Thanks ta protOlH1 XrhallJ!,<', 1I10re and 1I10re d(1vir('s af(1 h('ing fabricated 

011 LiTaO,j, Th('s(1 TlPW d('\'ir<'s oflpll tak(' ad\'antag<, of lithium tantalat(''!, high resistance 

t.o optkal damag(>. whirh is 1.\\0 01 <I(')'s of lIIagnitud(' higl]('1' than lithium niobate's. This 

lI1ak('s protoll-('xchangp ('speria1J~' :-.uitabl(' !lPcaus(' proton-exchan~(' inrreas('s the mate

rial's f('sislilll("(1 to opliral dalllag<,. Prolon-<,xchanp;<, in LiTa03 is still a young field, and 



one can exp<,ct to !'\('(' many more protoll-('xrhal\~('(t LiTa03 de"k('s in the fut\ll'I', 

3.4 Proton-exchange: Fabrication Techniques 

Proton-exchange ie; a simple t('rhniqlle: ail that is lIee(\ .. ([ i .. nn 0\'('11 or r"rnart' 

capable ofheating the add up to 200°C-:IOO°C. ()l'pellding on th(' dpvi!' .. 's toIPrall'ps. ('\'PII 

a hot plate could b(' 1181'd. TI\(' acid il, inexpl'llhi\'P. TIlt' snrfan' indl'x. iud"x pl'ofih·, and 

wavegllide depth ar(' all rontrollahlp hy post-exehallg(' aillwalin!!., or by IIhing hum'I'pd aritl 

melts. Index profi!('s may 1)(' ta ilorC'c\ t Cl p,i VI' a .... p .. cÎ fi pd "I('('t l'OlIIagllPI ir fi .. ltI d ih 1 ri bll 1 iOIl. 

IIydrogen ions frolll tll(' arid h, 11w dopallt whirh rallh('S thp illdpx iIH"!"I'asl', alld 1111' 

index profile aftN exehange is stpp-Iikp. Bol h IXl'aO'j alld LiNhO:\ al'P anÏ:-.ot l'Opie Illall'

rials, and the oT<ll:iary ancl extl'aonlinal'y illdÏ<'PS ar(' ilff('ctpcl diff(,I'C'IIt1~· h~' t h(' PI'I'h('PII('1' 

of hydrogen. TI.p '.: xtl'aordina l'y indl'x Il, ill('l'Pili'll'i'l nol il hly, and 1 h ii'l i IIn('ah(' ii'l 11'1'1111·<1 

~ne (~ne = n 3 - llb). In LiNhOa th(' ol'c1illar~' illd('x Il,, d('('r('a~('~. III LiTaO:" Il,, l'ilhl'I 

decreascs, or changes so Httll' as to \)('1101 dl'll'('la1>I('. Sin\'(' Ih(' illdl'x 1II11~1 ÎIIl'I'I'iIM' flll 

waveguiding ta oecul'. !ll'otoll-pxrhanp,pc\ wa\'('gllidl'~ ~lIppnrl ollly 0111' liv;ht polal'izalioll, 

In z-cut substratps only the T~f Illodp proIHlJ,!;atl'f>: in ,1'- Hnd ,Ij-rut ~lIh,,1 rall's nnly 1 hl' TE 

mode propagates. 

3.4.1 Different Acids and Substrate Cuts 

For proton-exchangp ta pro('I'(\<I. Ih .. hydl'Ogl'II mllst 1)(' in 1 hp f01'1II of plololl:-', ilJ 

a concentrated, dissociated ionir ~Iat('. III thb slal(\, th(' hydroW'" iOlls (p/'OIIJnh) il 1'(' 

highly mobile, abl(' to !)('netra1<' Ihp ~lIh~tl'al('. ~hllly f>lIitahll' pl'Otollil ~nllr('p~ havI' 111'1'11 

identified: 

1. Benzoic acid (Cr.lI"C02 /1) [2. :JI, a:;. :WJ. Il i~ tlte trios!, fOrnfllollly 1IS/'() prolOIlÎ<' 

source. It is non-taxie and dors not ftllark must IJI p talfl, J)I·rtIlittillg a widl' rhoi(l' of 
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maRk rnateria)R. T))(l opPrating h1mperature is lS0-2.,)O°C. The ariel evaporates and 

introducefj partÎculatps illto thp air. 

2. Pyrophofiphoric arid (1I.P20i) [3i, 3~, :J9, '10, 41, 42, 43,4.1]. This acid gives a 

higher An" slight Iy higlwr diffllflion rOf'fnri(lnt at the same t(lmpf'ratllr<" and lower 

propagation )ossps ill LiNh03 t han 1)(,Il7.ojc arid. Whet)wr the sam(' r(,8111ts hold for 

tiTaO:) is not c1par, and 0I}(1 ohj<,rtivp of thÎ!, work is to find ont. The operating 

tpmperaturp may hp as high as :JOO°C, PYl'ophosphoric aeid will attack alumillum, 

so met aIs surh as tant.alulTI mllst 1)(' u!o.pd insteéld for masking. The éldd degrades 

dllrillg (lxchang(l. 

:l. Stearic arid ['1.'), 46J, cillnamÎr arid [\i], tolllic acid [48J, salic~'lic [,I9J and palmitic 

add [50J; slIlfuric [51J and hydrochlorir arids [52J; water [.,)3J, anel hydrate melts [52]. 

Differpnt ariels prodllce slightly diff('.'pnt reslllts - there is 110 cI('aI' cOJ'l'platioll between 

t,lH' arid's dissoriation constant (a nH'élfllll'(, of tlw roncentration of ,\\'ailable, solvated 

protons) "lId t1l(' spe('() of protoll-('xchangp 01' t h(' )'esllltant index in(')'pase ~ne' 

Proton-(lxrhang(l pl'oc('('ds at diffel'put l'ateF>, d<.'pcnding on tlH' cut of the substrate. 

Long cxchallg(' tillH's and high t('lIllwl'aful'('fI will causp damage ta thE' rr~'stal surface, he

('ause tl)(' pJ'(lS(lIlC(, of hy<ll'Og('n indllc('F> hip,h 'itl'(,:-'~('S in the crystallattÎr('. These stresses 

will evelltually callS(l th<, F>lll'fac(' to)w ('1 ('h('<1 and flH' sllbstrate to crach. Y-cut suhstrates 

('tch V(lJ'y quirkly, sa only v(lJ'~' sh a 110\\' W(l\'('guid('s can h€' made ))('fol'(, surface damage 

1'('1111('1'1' t.he wav('gllid{l 11 fI(')eSS , Th(' lI-('lIt ol'i<'ntation is not often used in waveguide fab

l'icat.ioll. X-and Z-Cllt flubst.l'at(·s al'(, mOI(l l'<,siF>tallt ta slIrfaœ dalll<lgp, so they are the 

pr('fl'rI'pd ori('ntations. Pl'oton-l'xchallgp Î!-. f<lF>t('r in :l'-cut than in Z-C1lt suhstrates, and 

tlll' z-cut oril'utation is th(' Ipast slISr('ptihl(' ta l'tching and cracking. 

Tabll' a.6 rompar(lS t.h(' fahrication llill'aml't<'fs of different acic1s on varions orienta

tions of LiNb03 and LiTa03 Sil hst l'a I<'s , 



1 Substrat(' 1 Loss 

benzoic x-ru t 1.1)2:l x lOl' 0.9i) O.12H 
LiNh03 [:l:)] .. " lAd Il /rm 0.1:11) x 10'1 -

(U~(jj O.I:W 

- [:).Ill 
" y-rut 1. 2:t:J x 10\1 0.9:) O.I:W 

1 :J!)] _. 
" z-rnt O.R(jRx IOn 0.9:) O,I2H 

1 :J!)] 
" " 2.4dB/cm UHx IOn 0.9i O. 12n 

[:J,I] 
pyrophosphoric " ~ 1 dB/cm O.().(Jx IOu () )~!)(j (l.( I!) higl\('!\1 .:.\1I~-

[.12] 
sulfuric " 1 .,12x lOh n.!) 1 0,12 . Il (-SUlla 1(' or 

ripa Il rDO\ll 
stearic " 1.5 dB/rlll !) X IOh O.ili 0.1 I~ IIOIl-lox\(' 

toll1Îc " 1 <11l/rm ï'()2x 107 O. iX 0,111 11011- 1 (lX ir 

benzoic z-rut 1.:1 cl B / CIll :J.(jlx lOi. LX2 n.1I 1 ï 
LiTa03 [i] 

pYl'ophosphoric " 0.3 cl B/cm :UII x IOh O. i,1 n,n 1 
[x] -

Table 3.6: Compal'ison of diff(,\,(,111 adcls: lI1('asurnH'nt. al O,Ii:J2XI/\II 

3.4.2 Spin-coating, Surface-coating, and Immersion 

but other techniques like spin-malinp; alld hurfac(>-roating t!J(' ad" 01110 tl\(' hllhf>II'.1I1' 

surface have also b('('n u'led ""ith hllC·('Phh. Tlwh{' Iwo alt.l'rtHIt.p IHO('('hM'h 1'I'I(UllI' vl'l'y 

little acid (,,-,O.lml) and givp III(> saJIIP hlf'p-Iikl' inclpx profilph alld ~,i,"il"r /},,7I,. val" .. " 

for exchanged wav('guid('s. Howev('l'. MJIllI' JH'llaltips ar" ill<'url'pd for lJ"illJ!; tllI'SI' IJ/'I'hap" 

simpler techniqu('s [40]. Valu('s for 1 h(' pffpctl\'(' illdin's of sUl'f'H'(··matl'd \\'avP~lIid"h v<llÎ"d 

depcnding on the location of thp inplll (ll'Îhlll. Thih variation was pl'OhalJly a I"OIIM'q 111'11 ('l' 

of the nonuniform coating of the ~lIl'facl', and hellC'(>. 1I01l1llliform l'x('haIlJ':;t', AlhO, a 11I1'1t 



dilution/hufferinp; (lff<'ct may occur l)('calH.(l the acid volume h; so omal!. Lithium diffuses 

out into the aCÎd, and rNIIIC(lh t he proton in-diffusion rate. For bot h Sil rfacc- and spin

coat.ed waveguicl(>s, t IH' diffuhion cO(lffirient was lower than for immerspd waveguides [40]. 

ln the cas(' of pyrophosphorir a ri cl , tlJ(~ acid degrades during (lxehang(l and fOrlTIS 

polyphosphoric acids. This may 10WN the proton concentration and henee low(lf the diffu

sion rate. If pither surface-coating or spin-coating must he used. long (lxehange times and 

high tempNatur<'l', shollld bf' avoidpd in oroer to pn>vpnt melt-dilution and arid degrada

tioll effpcts. One must also mahp S\JfP that the suhstrate surface n'mains ewnly coated 

throughout t.he <,xchang<' proc(>ss in ordPT t n <,nsure uniformity in t IH' waw'guide depth. 

1'h(> immersion technique is rpcomm<'IHlp<! hince it produees more rpliahle and consistent 

wavcguidcs for a wirle range of pxchn ng(' t PIll)wrat ures and times. 1'0 PIlS1!fP consistency 

tI)(· acid bath shonlel be r<'plac(>d pach tinH'. 

3.5 Proton-Exchange: Chemistry 

The following dpscript.ioll of prolon-pxchang(l is bas(>d mailll~' on researeh with 

Iit.hinlll niobatp suhstrates. LiNbO:l \Vas and still is a much more popular matNial than 

LiTa03. Nonpthe1<'ss, clue 1.0 tlH' physiral. cJwmical, and optical ~ill1ilarities betweel1 

lithlllll tantalale and lithium niobate. on<> Illay cautiously assume that the results hold 

I.rllc for bath mat('rials. Thih ma.\' ilOt. !w strirtly true, but we shall take this as our 

working assumption and explidtly l'talc an~' pxccptiol1s. 

Whcn LiNhOa or Li1'aO;J suhstl'at('s al'(' ill1Jlwrsed in an acid. hydrogen ions (pro

tons) from th(' add diffll~e into the ~lIhhtrat('. and lithium aloms from th(' suhstrate diffuse 

out into the acid. 1'h(' pn'senet' or h~'drop;en into th<> crystal has a numhf'f of effects [55]: 

1. H('sistanc(' to optiral damage (optically induc('d change in l'('frarti\'(' index) increases. 

2. no decr(>ases (for Li NbO:ll. 
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3. ne increases. 

4. Ionie conductivity of crystal ill(\'pasC's. 

5. Sound propagation charactNistirs (vl'iocity, attC'lIuation) ar(' "IINPt!. 

6. Phase matching tempC'rat lires arC' gr<,atly diminishC'<l. 

7. Optical holograms within a cry<;ial <11'(' fixpd. 

3.5.1 Hydrogen-Lithium Exchange and Hydrogen In-diffusion 

Hydrogen is incorporatpd inlo III<' lithilllll lIiohal<, rrys'éll dlll'ÎlIg )Irn'oll-pxchall/!,I' 

in two ways. Thl:. first is via a oll('-fol"-OI1(' iOlH'xrhall/!,<' pIOCPl'IS: 'hl' IiI hiullI in LiNhO,\ il'! 

replaced with hydrogell from the arid. ;\ 1 1 he Cl'ystal SlIl'f<l(,(', J,j+ iOlls l''H\'(' 1 Ill'il' l'0si 1 iU111'! 

within the crystal and dissolv<, in 11\(' arid 1Ill'11.. whih' 1 Ill' 11+ iOlls ,,"IN 1 lU' ('J'ys 1 al alld 

occupy positions in the rryst.allattir<,. Tlu' \1+ iOlls Ihm dBrlls(' fUl'lhl'f illln Ihl' ny:.tal, 

and Li+ ions from wit hin 1 h(' nyst al diffllM' lowal'df'> IIH' smfat·p. 

The exchange reaction Illay h<, IPPI'''f'>I'IlI"d hy t.!H' c"l'llIiral ('<!IIHlioIlS [:I:l] 

The concentrations of tlH' iiI hilllll aud hydroJ,!;pn ionf'> dmillg 1 hl' hydl'og(IIl-lil.hilllll 

exchallge reaction seem to he gov<'rtI P c! by 1 h" iOIH'xdlang<, diffllSioll 11(lual iOIl [!ifi]: 

Dell () ( J) 1/ U('II ) (:1.:1 ) 
Tt = a,1' 1 - 0('1/ il,,' 

nDu (')('/1 r J)II (IP('/I ) (a.,1 ) = (1 - 0'('/1 )2 n,,' + 1 - n('1/ l),I''l 

where Cil is the proton foncent l'atioll (/Im-a). D /1 1 h(' difrmivit y of 1 h(l l'roI Ollf'> Ul111 2 /" /' J. 

DL, the diffusivity of lil hium, and fi = 1 - 1)1/ /D/,., 



The second way in which hydrogen if> in('orporated into a lithium niobate crystal is 

hy diffusion of 011- io'1s. These are cr(latec! in a reaction between water, which is present 

in the melt as the arid degrad(ls, and oxygell at the crystal surface. This chemical reaction 

is represented by [5a, 57J 

(3.5) 

Oll- + 0 2- = O-H-O (3.6) 

Judging from the results of [,53J, this reaction ocellrs at a slower ratc:! th an the 

exchallge reaction. 

The Exchanged Layer 
~ . 

In th(' exchallged layer, a portion of t h(' lithium has been replac('d hy hydrogen, and 

il. small alllollnt of hydrogell has di{flls(ld inwaJ'(1. The compound Lit-;rllxNb03, where.'I: 

is the fraction of Iithiulll atoms l'epla('ed, d('not(ls the composition of th(' material in the 

exchanged lay('f. Th(' value ;r of rourse vari(ls wit h depth, being la rg('st at the surface 

and derreasing as th(' depth inrreas('s. Thi~ compound exists in diffN('nt (li~tinct phases, 

depellding on the proportion of hydl'ogen [!jX]: the 0: phase for x ~ 0.12; the ll' + ,'3 phabe 

for 0.12 ~ .r ~ O.M; t h(' (3 phas(' fol' O.!)G :S .r ~ 0.75; the mix('(1 /3 + ITNb03 phase 

for x ? 0.75. The pref>cenc(' of hyd J'ogell aIt (\('s the dif>tance betw(l('n atoms in the unit 

n'lI (i.e. lattk(l constants) and cons('q1\entl~' !ilrains tll(' crystallattic(l. so different phases 

havl' diff('f(ltlt. physical prop('rti(lf>. 11 i1' !illsp(lctl'd that the existellc(, of multiple phases 

augments Hl<' propap;ationloss. for lip;"1 wOllld hl' sralt('red at phasp transition boundaries. 

To meaS\lf(' t h(' phase t ra nsit iOlls and chanp;('~ in the crystal la t t irp const ants (lattice 

strains), x-ray diffraction lllethocls an' IIs('d. H('g<ll'dlpss of thE> orientation. only the lattice 

const.ants in th(' dir('rtioll perpl'lldirl\lal' to th(' surfac(' chang(' [35, 49J: 1hey do not OCClU in 

any otller direction. TIl(' oppo~it(' ('ff('ct. was found in LiNb03 powd('f!i [:JR, 59]. For z-cut 
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Substrate Ariel Strain 

x-cut LiNh03 IH'nzoic ~a/a ~O,R% [:I;')J 
y-cut " .. 

~a/a < l.n% [:J;')J 
z-cut " .. 

~c/c <0, IG% [Ci01 
Z-CII t " slIlfllric ~c/c ~O,a% [rI 1] 
z-cut LiTa03 h('nzoir ~clc = O,fl'2% [iJ 
z-cu t " pyropho~phoric ~c/c = O,flG% [,~} 

Ta bl<· 3,7: St !'aill 

substrates, the strain is e1enot('d by J.r/r, and fol' ,/'-Cllt suhstrat('H, Ily ~(//(/, wlwJ'(' rand 

a are the lattice constant.s along th(' z- and ,r- axis J'(·sppct.iv(·ly (sP(' Fi~, :1,2), Th(· Hlrains 

are always positive, and itf> vahl(, app('ars 10 hr indp)lt'nd('nt of fahriralioll condit.iollll [GOJ, 

The intensity of the diffracI('(1 x-rays inrrpa~r lilH'arly \Vil h 1 II(' t hirkul'ss of 1 II(' px('hall~('d 

layer, Table 3,7 preseuts the strain valll(,s in LiNhO:1 and LiTa 0:1 ~lIh!-.lraII'H of di Il'('J'I' Il 1 

orientations, 

Ganshin et al, [61, 62] hav(' ohs('f\'('d di~t.illct pha~(,H in pl'Ololl-pxchanl!;l'd ,/'·('111 

LiTa03 waveguides, Illitially, the ('xchall~(·d laypr i~ in only th(' (l pha~(', Th(' hydl'O).!,I'II 

concentration at the surface ilH'rpa!o.p!o. dlll' 10 ('xchan~(', and 011('(' 1 III' 1 hrf'!o.hold iH 11'i\( IlI'd 

the next phase forllls al the HIll fan', 'l'hl' fi pha~p IllOV('S <1P(')(·(' illln Il,,· Hllhl·,frat.I', 'l'lib 

process continues as prolon-eXl'han~(' pl'o~r(' .. "I'S, l'Ill' ('(Jlu'('nl l'al iOIl profill' 1 hll~ l'I'hf'lIlhll'h 

a stairrase functioll, \Vit h the higlll'!o.t 1'011('('111 ral ion Jlha~1' al thp ~llrfa('(', dI'H(·Pllllin).!, III 

the Ct phase at the excha nged lay(·r-!o.lI h~1 ra t l' hOllnda l'y, Th rpl' di~1 inct pIHISC'!o. havI' IU'f'1I 

observed, These reslllts, how('\'('r, hav(' IlIlI I)('PII vl'rifil'd hy 01.11('1' wnl'k('!'H, 

3.5.2 Low to Medium Hydrogen Concentration 

Infra-red (IR) spectroscopy [:l!), /1-1. ,\(i, 49, !)1. !)'1, H:J, (jlj, O!)] ('ail Il''!.(\flllillp 1.1", 

amount and nature of oxygl'n-hydrog('n (011) hOlldillg in tlH' ('fy~lal Il)' IJII'ahuring 1.1", 

amount of infra-red light ahsorh('(1. A flharp ah~orption balld al, :lr,OOrlll- l , polari~(>(1 
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p(>fpPllclicular to t.he z axis, illdicat('s t h<, pr('sence of on ions. 1'lll's<, ions have their 

t.rallsitional mom('nl um p<'rJ)('ndirular to 1 hl' optiral (' axis and tl11ls vihrate solely in the 

plan(' pl'rpendicular to the z axi~. This illdiratp~ Illat th<, protollS occupy sites within the 

oxyg('11 plan('s (s('c Fig. 3.1) inst('ad of tll<' lithium sites between tll<' oxygen planes. 

3.5.3 High Hydrogen Concentration 

Fur a total exchange (values of x dOlle to 1), the origillal LiNh03 crystal changes 

from il, Il<'xagonal struct me to t lu' ell hic ppTOvskit,<, structure of TI X1103 • This phas<, 

transformation illdllrl's ('normo\Js sln'ss: 1111' change in volum<, and the accompanying 

strain ou the crystallaltice will raUM.' th<' slIrfar<, to crack and eteh. Il is not possible to 

fully <,xchall!!;<' nyst alliu<, LiNbO:1 into HNIlO'1 and still maintain a wa\'('gl1iding layer. 

m sp('rtrOf->fOpy llH'af->l1 rpll\('nl s d('1 (lcl a f->('cond type of 011 honds wh kh prod uce a 

"road, unpolari;wd élh.'>Ol'ptioll hand cp"lp/'l'l! éll'OlInd :J2.')Ornt-1 [:3!) . .')J. !)~, 6:3, 64J. These 

are hydrog('n bOlldf>d 011 iOIl~ (1I-())( iOll~) whirh an' randomly Ol'if'IlIN) \Vith regard to 

t.he ('-axis. \VIH'1l th<, hydl'og(,11 ('OIlC(,lltl'atioll is low (i.c. for short l'xchangC' time!> and/or 

low tCIIlIH>ratur('s and/or w('ak arid). Il-OII i()l1~ cio Ilot form ["6. 5~J, Sinc(' the highest 

hydro/1,l'Il cOllr{'ntratioll is at thl' rrp .. lal/aricl int{'fface. thes<, ion:;; fOl'ln at the substl'ate 

surface, Hydrogl'II cOllc('ntl'ation profiling IIl1'fhods hav(' foulld fhat for a vpry thin (~O.l-

0.21' III ) surface laYN, the hyd rog{' Il conrpnt l'a t ion l'xc(\cded the nominal (hulk) lithium 

('onrpnlratiol\ of ~ 1.9xl01U alol1l:./II/II:1 [;ll. (j(). G7J, In addition. tl\(' lilhiulU was not 

WllIplptdy d('pl(lI('(I: ahout Hi% of thl' lithi1llll was still prl'scnt. This r1early indicatcs 

Ihal pl'Oton-pxchang!' is not a ol\('-fol'-oll(' pxchallg<' pJ'OC(lSS, 

11·011 iOlls h"\,(l 1>1'('11 Ohh(,f\'('d fOI' ,r-('ut and y-eut Substl·atl's. hut for z-cut suh

strat(\s tl\('y ar<, pr(,sl'1I1 ill smalt proportioll:-' [:J5. ,11. 63J. lt is b<>li('\'NI that JI-OH ions 

art' th(' cause of SOIll(' of 111(' following }>l'olll(>lIIs with proton-exchang('d wav<'guides: 

• ind<,x inslahilily /f1uduatioll [(lx] 
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• de extinction effect [69] 

• redueed electro-optic co('ffirient ra:3 (by ahout 90%) [60, 6l>] 

• redueed nonlinear optical coeffiri<'nt d,l.1 (hy ahollt 99%) [iO] 

• redueed acousto-optic figure of Il1Prit [GO] 

These ions may have hi!!,h Illohility whirh allows tl\(,1ll to mip;ratt> throllp,hollt thl' 

waveguide, eVen at the roOITI t<'ITIp<,ratul'p, This wOllld 1.1\('11 (',\II M' Il\(' {'ff(\rl.iw III 011 l' 

indices ta fluctua te, 1I-01l ions abo in('\'(\a~1' iOllir rond urt ivity, whirh would pxplaill 

the dc extinction ('frect. II-OII ions al'P 1)\'(,~(,1I1 nnly al hip;h h~'dl'np;('11 rOIl('('nl ratiolls, 

50 if the concentration WNe to h<, 10w('\'I'(1. inc!t>x inslahilitips alHI dr PXtill('tioll should 

not occur. The r('c\uction in l"j:J and d:n , 011 tl\(' ntllN lI<1nd, is pl'Ohahly (ah~I'" I)y thl' 

deformation of the rryst al lat 1 kt> [60], ft i~ 1l<'lip\'('d 1 liaI Il igh h,\'d 1'Ol!,(\n rOllrfln t l'a t iOIll., 

cause the lattice to c\pform to 111(' ru hir ppl'ovf.,kilfl f.,t,rucl urp of Il NilO:\. wh<'l'('as il lo\\' 

concentration would not defol'm t h(' lait kt>, Thu~, a Inw (,01u'1'1I1 l'al ion should l'1'1'1-,('I'V(' 

the pre-exchange r"n and d:n valll(,s, Thp ulld<'l'Iyillg raIlS(\ for ail 1 )" .... (\ pl'ohlpllIS ~1'(,III~ t.1l 

be a high hydl'Ogen CO\lrentl'ation, '1'11(' 1I~1' of bufr<'l'pd IIl<'lt1, alld of alllllalillg low(,l~ 1.1". 

hydl'ogen concpntration, and indcpd. 1/-011 iOllk alld I.hp pl'Ohll'lIlk a~kOl'ial('d witll high 

concentrations ar(' not found in hllffl'I'('d <IlId/or ,1I111<"t!P<! wavPf,!;lIid(\!-. BllrfNNI 111<'11" al(' 

discussed at the end of 1 hi!.. ('haptN. alld allll('alill/!, i~ c()lI~id('J'l'd ill Il)(, III'XI. dlHptN. 

3.5.4 Shape and Depth of the Exchanged J.jayer 

Nuclear imaging tcchniqu<,s 1,1Ich a!.. S/'coIHlary 1011 MahS Spf'rtrcHlll'try (SIMS) ['IG, 

,51,65], Nucledr Upaction AnalY1,is (NHA) [:J!), (i!), 71], and J'~la~tÎf' Hf'mils J)f'tf'(,tioll 

Analysis (ERDA) [()(), ;2] al'(, 11 "NI 10 d<,t(\('t thp hydl'OJ.!;('l1 alJd Iilllillm roll('f'lItl'alioll 

profiles, The r<,su!ts ha\'(' varÎPd !..ollH'what fl'OIII OIJf' l'cf>Pill'dl f,!;rollp to allollu\I', Imt in 

general, they art> consist('nt. 'l'hl' h,v<1rog('11 r'OIl(,<'IIt.l'atioll profil(' h. ktf'I'-likf': it lIIailltaill~ 



a constant value from t he surface throughout the exchanged layer, and dec1lt1es rapidly at 

th(! exchang('d lay(>r-su hfltrat (l hou nclary. 

USllally, for ion-exchanp;e proc('s!>('I', the roncpntration profile is grad('d. The step 

profile is Iikely due to tJl(' dOllble-alkali eCr(lct ln], in which the diffusion coefficients of 

the iOIl-exchange diffusion (l(jllation (see Bqllation :1..1) are Hot constant but are rather 

fHurtions of the concentration ofthp rOllnt('r-diffllsing ion - that is, DIl(CL,) and DL,(Cl/). 

A simulatioll of the ('qmltion using /illch fUIlCliolls has heen perfofllH'd [7·1], with successful 

l'eSlIltfJ. A silllplifi('(J moC\pl of pl'Olon-l'xchanl!;(l was Il!>ed, one which did not take iuto 

accollnt hydrop;pn ill-diffllf.ion 1101' tll(' eCftlcl of phases. A complet(' modpl simulating aIl 

th(' pl'ocess known to OCCI1l' during pl'olon-C'xchang(' wOllld be rat1\('r c1ifncult to implement. 

FOl'tllnat('ly, tlw simplifiC'd moc/el has il dosp flllollgh accuracy 10 f.nmcC'. 

ThC' Iithiulll concC'nlratiolJ pl'ofilC' waf. fOlllld to bt' graded. From a minimum at the 

811bstrate 8I1rf<l(,(" it risps l!,l'adually. ullti) it l'(larl)(lf. tll(' bulk concentration at a point past 

the dept.h of thp hydl'OgC'1I profil('. If 1 Il<' iOIl·pxchang<' diffusion equatÎol1 were obeyed, 

tl\(' lithium profile should theu he th(' COmpklll<'llt of the hydrogeu profile, The fact that 

th(' two profiles ar(' not ('ompl('nwlltar~' b likpl,\' dll(, la hydrogell in-diffusioll (see Section 

a.5.l), which intradll(,('f, additional h~'droJ.!,(,1l iOI1f. into the crystal. 

Ruth€'rford Back Scatt<,rillg (n BS) ~pf'rtrollH't]'y can detect t hC' lattice distortion 

in the crystal. A dif.torliou bOlludary (lxif.lf. lH'tw(,PII the exchang(ld IHyer and the virgin 

substratc, so t.he d<'pth of tl\(' C'xrhal1J.!,<'c1 hlyf'J' 'na.\' I;e determined wilh sorne precision 

[35,51,75,76]. The exchangl'd iay<'l' dppth matdl<'<! t.he depth of th(l stf'p-like hydrogen 

concentration profil('. As weil. t1H' d<,pth haf. hN'1l round ta be linC'arly proportional the 

afl'a of the IR ahsorption IJand al. 3.100cl11- 1 [(i3. SI]. \Vith proper calihration, it is possible 

to determine the exchanged layer dC'pth b~' the amount of IR absorhance. 



3.6 Hydrogen Concentration and the Refractive Index 

It is generally believed that tll(' challv,<' ill tl\(' rrystal's !.ponlanl'Olls polal'Ïzatioll 

arising from the pr<,sence of hydrol!:<'11 alld II\(· loss of lit hiulll [!iR] is r('sponsihl(' fOI' 1 ht' 

index change, How('\,('r, th(' ('xacl callf,(' and 1 h(' \I\('challÏfo.m Iwhind 1 II(' chanv,p ill 1 hp 

dipole moment and how this aff('('ls Ih<, illcl!'x is ilOt. ripa\', partly 1)('1',1118<' il is diffirult 10 

isolate the many eff('cts arising in 1 II<' protoll-PX( hang<' PI'0('<'1'>8, As \\'1'11, il is hl'li('vt'd 1 hal 

regular OH ions conlrib1lte 1.0 III<' indr'x inCl'Nls<" W)\('I'('a8 11-011 iOlls do 1101 [Cl7]. 1101\ [771 

has provided a simpl(' model of r('l'radiv(' int!px t!ppPII<I('I\('(' 011 hyllrnp;PII ('Olll'Plllratiol\, 

and supported it with a nUll1NÏfal ('akllla1ÏolI whkh ap;r(·pd \Vith t'xlH'ri\1ll'lItal J'(·slIlt:-.. 

Nonlinear DependE'nce on Hydrogeu ConcE'utration 

As may be expectpd, the great('\' 1 1 If' a Il lOti nt of hydl'og(,h În 1 hl' LiNhO,1 nyst.al, t.1H' 

greater the index in('l'('ase, Howe\,('\,. Ill<' dc·v,l'pf' of inclpx in('f('a!.f' dops Ilol linpally dl'I)('II<I 

on the hydrogen conc('ntl'atioll [7R]. Wh('1l a p\'Ololl-l'x('haugNI waVl'v,lIidf' is 1II1IlI'ah'd, t hl' 

hydrogen diffuses d('eper into Ih(' wavpguidp and tll(' rOIl(,(·Ilt.ration of h,\'drol!;PII dp('J'f'aM'h 

(for LiNb03 ). Likpwise, the l'('fl'a('tivp ill<!px pl'Ofilp pxh'll(b d('('JlPI' illln t hl' waV!'!!;l\idp and 

the surface ind('x change c!(·cl('as('!.. How(,vl'\'.IIIP total (Ilpa pf tiH' indpx profil(' inI'l'Pl\!.l'h. 

No new hydrogen is introdu('('d inlo 1 hl' CI)'f,tal (!tll'in!!; annpalinp" so 0111' wOllld PXI""'t, 1111' 

area. to remain constant. This inct<'af,(' in <11'('a INUI!. 0111' 1,0 f,IISIH'ct. a l\onlilH'ar Il'lat.ioll!.ltip 

betweell hydrogen ronc('nt ration and \,pfraclÎvp illch·x rhal1gl', 

Howerton et al. [ïR] hav(' fOlll1d ail apploxilllalp l'plat.iowihip 1I('lwpl'lI mlll'('III.ratioll 

and index chang('. For low hydrog(,l1 (,oll(,l'lIlraliolll'>.IIH' ill,lpx Î1H'J'l'aM'" r.,lowl.v; al. IIIl'dilllll 

conrentrationf>, the ill(!f·x inCl'pa!.pf, lilll'arl,v: fol' high (,olJ('(·I'tratiolJ!.. 1 hl' Înllpx illl'l'I'af,(' 

saturates. Ot}wr factors sllch af> tllC' "frp('t of ~('I"IJ'al(' plla~('~ makI' it diflifllil 10 diJ'('('lly 

correlate tlw f('fracl ivp index profi Il' wit.h 1 h(' Ityll l'Og('n COli ('('II 1 ration prori Il'. 
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Refractive Index Profile 

Effpctive indicrR mpasur(lcl by priflm coupling make it posRible to reconstrllct the 

refractive ind<,x profilr of t)H' (lxcha n~!pd wa vl'gllicl(l. The met hods disclIssed in the previ-

OUS Rertion ail fOClIS on the dl(lmifltry and 1 h(' diffusion kinetics of 111(' protoll-exchange. 

1I0wl'ver, knowlC'dg(' of the indpx profil(' - t.h(' shap<', d<'pth, and tllC' surface index increase 

- is thp most important and pNtin('nt information for the proper d(lflign and fabrication 

of wav(lguides. Th(' simpl<'st and perhaps 1110st accu rate way to ohtain this information 

is by C'ffcrtivC' ind{'x llH'élflurC'll1pnlfl. Th(' pxperillH'ntal portion of 1 his tll<'sis, for exam-

l'Il', is almost. C'xclusiw'ly rompr;r,pc\ of e{f('clive index measuremellts. Oth(>r methods of 

chararl.erizatioll W<'TC' Ilot readily élvailahlp for this work. 

Effpctiv(> inclpx Ill<'ast\fen]('nl f, indicat(> 1 hall he index profile is st('p-like in shape, 

alld ils depth mat che8 1 h(' depl h of Il](1 pxrhmlg<·d layC'J' as c!etermiued h~' R ns and nucleal' 

techniques [35,51, 52, i!>]. Dy fahrirating a nlllllhC'l' waveguides undC'J' diffC'T('nt fabrication 

colldit.ions, a rt'Iatiollship 1)('1 W{'(lll IIH' «('pl Ir and t hp fabrication paran](lt('l's \Vas found: 

(3.i) 

\Vlwl'c ripe is thC' dl'pth of th(> ('xrhtlllJ!,C'd laYN (JI III ), t pe thp exchangC' time (hours), 1/)0 

t.1\C' tC'1I\ pera t 111'(' (J\elvin). and D ( Tpr) 111<' pffl'rt ivp diffusion coeffidpn t (pm 2 Ihr). !ts 

dl'pC'll(!cncc on t('tnll(l\'atur(' is given br 

(3.8) 

wl\('\'c [Jo is a diffusion constant {Jl1l1 1/hl'}. R" th<, activation enNgy (<,V), and I~ the 

Boltzmann constant (co\' IK). Wilh Ihp8P l'plat ions. one may fabricatC' fi wflveguide of a 

c\('sil'('d depth \Vith Jllwision by proJlprly ~C'I<'('lil1g t.he exchange tim(' <llld tpmperature. 

Varions workC'rs [.13. ï9] havl' )ll'opnspd diff('\'('nt mathematical fnllrlions to describe 

Ihp ind<'x profilC'. hut th(' stC'p functio!1 approximation is the simplpst Hlld. at the sallie 



time, highly accurate. In general. Ih<, optiral d<,plh is grealN Ihan Ih(, (')(rhangl'd dl'Plh 

- up to about 10% greater [35J. A sUllll11ary of tlw diffusion roll~tal\ts and l'xtraordillary 

index increases for different ori<,ntalioll LiNh03 and LiTaO:\ suhsl rall'~ prnlnll-l'xrhall)!,l'd 

in varions acids is presentpd in Tabl<' :l.G. 

3.7 Buffered Melts 

A small amount oflithiulll in t.he bC'nzoÎc acid buffC'rs I.h(' 111<'11. hy r('dlldn~ Ih(' 0111-

diffusion rate oflithium. Sinre the in-diffusion ra 1.(' of hydrogPII is d(,pl'llIl .. nl on 1 h(' iiI hiulII 

concentration (Dll[CLlj). it should 1)(' r('(llIc('(1. Prololl-pxrhan/-!;(' t.hlls prfH"('('(I~ al a ~11I\\'I'r 

rate. Lithium benzoatp (LiCr,O:dffl) is dis~olv('d in I)('nzok arid IIl1'lls 10 Î1I1"1'I'aSI' Ih .. 

lithium concentration up to 5% molar (wh('J"(' %l1Iolar = 1I101<'s of IiI hiulIl hl'lIl.Oall'/llIoll':-

of benzoic acid). Surface damagC' 011 !J-Cllt sllhsl rat.('s is significantly r<'11 '("l'cI, lIIaking 1111' 

fabrication of waveguides on y-cut material fC'asihl('. No rl'por t of hlllrl'l"ing 01111'1 acid:-

has been available in the lit<'l'aturc. 

IR measurements show that. wilh hllff<'l"illg, t.h(' an'a oi t.ltl' :J2;,nnll- 1 ah~oJ'pli()11 

band (If-OH ions) relative 1.0 th(' ;J,500cm- 1 (011 ion~) dp(Tpas('!-> quil!' dra~lirally [,II. 

50, 63, 76]. For 1% hllffcring [(:i3]. II-OH ions an' almost. lIoll-pxÎ1"lIf'II!. 'l'III' l'xrhall)!,l'c1 

layer is most likcly in or c1o!->p to a sin~l(' (1 phas(', By r<,<llIdll/!; 1111' ralf' of l'J'ololl

exchange, buff<'fed m('lt s prod IIC(' wavegu idps with 100ver hyd rog('11 cnll ('!' Il 1 ratiolll-> 1 ha Il 

those produced wit h pUJ'(, melt!->. 1'h(' ('XI)(lri 111('111 aily ohsNVNI 1)I'IH'fi 1 li of a lowl'J' hyll fOJ.;f'1I 

concentration include: 

1. Effective indices no long<'f fluct uat!' [.52), 

2. Lattice strain is l'pduced [60, XO), 

3. r33 increases. A complet('ly l'('stol"('l1 value of r'fI hal-> IH'I'II pllsl'J'vl'd for 1 % Ulolal 

lithium [.52], though others [fiO. ~O] rf'poJ't a !->t.i11 !->oln<'wllilt r('dll('l'II 1''1'\ fol' "I/fft'rill~ 



IIp to 4% molar. 

'1. Propagation losscs are !OW(lf (:'2J. 

A lill(lar ÏtH'f(laS(I ill th(l IithiullI conc(lntration Icads to an (>xponential decrease in 

tll<, cm'dive diffusion cOf'fficif'nt [52. HO. H3], and a Iinear decrease in ~ ne [50, 60, 63]. 

'l'lIere il. evidcllcf' whirh s1Iggf'sts thal aboVl' 3% buffering, L1ne drops drastically [S1). The 

ind(lx profile H'mains a ~t(lp. Oddly clIoup;h, for LiTa03. ~ne incrFa.~('rl wjth buffering up 

to 2% llIolar, b1lt d('('f('as('d tlt(lreaft('f [6ï]. 



Chapter 4 

Annealing 

4.1 Introduction 

This chapter describes tlH' ('m'rts of al\lH'aling on pl'oton-('xchang('d LiNh<h alld 

LiTa03 waveguides. 

4.2 Post-exchange Annealing 

Post-exchange annealing redtH,<,~ or ('liminales \IIm.t of thl' pl'OIIlplIIS pxhihilpd h,v 

proton-exchanged waveguides. Annpaling a('hi('v('~ \IIany of tlU' !-JaillI' ~oals fi!. 1,11(' IIM' of 

buffered mclts. but with an additional advilnta/-!,('. With hllff'NPc\ 1lH'l!s thp rf'fl'(\etivp illlll'x 

profile is a fixed step fUllctioll, but wit h alllH'alin!!;. 1.11(' profilp can 1)(· 1 itilon'c1 10 a dl'!.il'I'd 

shape. During anll('aling. the d('pth in('J'('a!.(·f'>, t h(l 511I'f(1('(1 ind('x inil ially illen·as!'!. bill, 

later decreases, and the profilf' gets progl'('!.r-,ivply sllloothcr. 

In the annealing pro('ess, a prot on-(lxchall!!;<,d wavcguicle is Sil bjN,tpd t 0 IlI'a 1 tJ l'a 1· 

ment for several minuteb to bew'ral hOllrb at ;WOO(: - ,100°C. Thi!-J is TH'rforrrrflr! ill ail 0P/'II 

oven \Vith a flowillg ga5. Research('f~ havp Il~f'd dry ()2, wpt O2 (i.l'. wilh walN VapOIII'), 

dry or wet N 2, and sorne do 1I0t ('\'(III lIlailltain a Cùlltroll(ld ga!-J 1I0\\' (LI'. OVI'II if-.. (1)1'11 

to the atmosphere). Differenceb in Ihl' allllf'<llirrg ellvironm<'1l1, bPfllII 10 II(\\'(I JlO l'fI'l'ct [H2]. 

The important ann('aling condition~ arc 1 h<' allnf'allf'rnpNatllr(' ;lIId 1 illH'. 



4.3 Annealing in LiNb03 

Physical and Chemical Changes 

Annealing caus('s the hydrogell in the exchanged layer to diffuse further into the 

wav(lguide. Thlls, the incl('x profile smears out [38,42, 79, 83], and th(> surface hydrogen 

concent.ration d('('r<,ases [78]. 1leanwhile, lit hiu m diffuses hack u p 10 t he surface [51, 65], 

'l'Il(' advantageolls effects of lowerillg the hydrogell concentration and r('(lucing the number 

of pJH1S{'S withi/l !.Il(' ('xchang{'(1 Jél}'('J' <Ire 1l1JIllN01JS: 

1. Index instabilities are eliminatNI [26]. 

2. Lattic<, !ltrains ar(' r<,}j('we! [.16. !) 1]. 

3. r:~3 is fully restoree! [81]. 

4. clc extinction eff('rI is eliminatNI [8t]. 

,r,. Propagation losses are lowered [63, X3]. 

Single 0' phas<, waveg;uie!rs ha\'e I}('rn Ohfll'rVed after ann('aling [61, 78]. Howerton 

tiR] ha!' pl'Ollosee! the following cl'itf'l'Îa fol' oht aining stahle, single-pha'\(' wavegllides: the 

wavegllide d('pth aftN annf'alin~ da shoule! he g;reater than the depth aftpr proton-exchal1ge 

dw: hy a fa.ct.or of at l('ast 1.e\'(,11 and il half (d'I > 7.5 dpe )' 

Infra-red studif's [63] 1'('\'('al a d{'('I'raf><' in 1I-0Il ion content wit h ann{'aling, while 

t.h(' OH ion cOllf('nt. r('llIain('d III<' safll(', Thi~ suggests the removal of H-OH ions from the 

Rubstl'ate, witirh may occur via thE' l'('\,Nf,ihl(' rf'actions \Vith water (8(,P ('f)uations 3.5 and 

:1.6). In tlH' sall1(' way that II-On iOIl!' élJ'(' intl'oduced during protOlH'Xihange, they are 

removed during allll<'aling. Tl\(' area of th(' :l2i)Ocm-1 absorption band c]('('l'ea!'es while the 

3500cm- 1 absorption hand area sta~'s conf>tant. The validity of this dphydration reaction 

Î!' further sllpport<,d by TEt\f sludi('!> [~-lJ, 

:w 



Work with th<, h~'c1rog(,11 isotopp df'IItpriu1l1 has sho\\'11 that .illst-('XChé\II~('d \\'iI\'('~-

uides will react with watel' vapour at thp roolll tplllp<'l'at III'l' [,Il. ~!l]. ",hill' hllfrl'l'plI 01 

annealed wavE:'gnid<,s do ilOt. Th(' surfacp la~'('1' of 11-011 iOlls S(,PIllS to art as il ralalyl-t 

for the reaction with wat('r vapour at the l'OOIll tplll\)('rat ur(', At annC'alillJ?; 1('1I1J)('I',I-

tures, \Va.ter vapour is tak(,\l np regiHdl('ss of wl1('t 11<'1' 11-011 iOlls art' prpsPl\t [Ii;']. WIH'II 

buffered guides arc ann€'a!pd [·10, 6:J], lit t Il' ('ha IIJ?;I' 0('('111'('(\ t () 1 h(' 1 n ahsorpt iOIl ha 1I1Il-. 

Sillce bllffered guides ('OlItaill very r('w II-OH iOIll-. t hifol fin<lill/.!; il- rnllsÎsIl'lIt wit Il p\'('\'ioll~ 

results. 

For mod('Uing Ill(' diffnr-,ioll or hydl'OJ!,(·n iOIl:. dlll'ill/!, a Il Il ('a Ii "J?,. 1111' foIilllpl(· fillilt·-

source diffusion model has bepll uspd [G;'. 72, ~()] wit h SOIlll' Sll(·!'I'S~. 'l'III' ('qllal i011 J!,O\' 

erning this pro cess is Fi('ke's law [Ml] 

{Jeu = .!!_ (D (J(,'U) 
Of iJ:; 1/ û:; 

(,1.1 ) 

where CH is the hydrogen conc('nt l'a t ion profi\(', ami f) II III(' dHrIl~i{)1I !'ol'flicil' Il 1 

(I1m2 /hr). Good agreeme ,t has h(,(,11 fOlln(1 l)('twc(,11 SIMS-IIlPélSIlf<'d hy(lro~1'1I profill'i'> 

and ana.lytic solutions of Ficke's la\\' [6r,]. Ap;rppnwllt. has also hf'PII oht aÎlu·d hl'l,wf'l'/I 

measured index profiles and sirnulatC'd profi]ps 1\sillp; Fich·'s law \Vil h il ('011('('111 l'al JOIl-

dependent D H [87]. In bot h casC's, t 11<' PXil-l ('IH'(' of difoll in!'!' /1 J 1,11-.1' N hO:\ phaM'foI wai'> nol 

accounted for, sincl' the complications or diff('\'('lIt diffusion cOl'fliril'llti'> ill ('<Icll pha!>1' and 

the diffusion kinetics across ph asc hOll ndil ri('s if'ad~ to a V('I y difTint\ t pl'OhlplII 1.0 1II0dl'i. 

Changes in the Refractive Index Profile 

\Vith annealing, tlH' waveguiclp depth fi illrrcaM'f>, th(' Hllrfil('(' indpx 1/" dl'ITI'iI1->I'1-> , 

and the index profil{' bpcom(,f> incr('a .. illgly p;rad('(1. Af> 011(' mi~ltl PXJlI'('\, t hl' higlll'r tlll' 

temperature or the longer th(' anJl('(11 tinH'. IIH' grNllf'r the dlilJlgP. Thp illfrl';JM' ill Iltl' 

JO 



waveguidc depth haR he<>n found to ohey tlu' pmpirical equation [3R, 39, 43J 

~d = ri - clpe = bl~ (4.2) 

WhNC tl is the currC'nt wav('gnidC' d<>ptlt. dp, th(> dC'pth aft<>r proton-(lxrhang(>. ta the anneal 

lime, and b, c are fittin/!; paramcters. Wav(l)!;lIides with a small (Ipp will ('xp(lrience a smallcr 

ôd than wav(>guid('!î with a large IIp,. The sllrface index de('f(la,c:;C' was round to ohey a 

RimiJar rplation [38,39,43): 

(1.3 ) 

where 71 11 is the surface index. nb the ~l1Ihf,tratc index, and P. f are fitting parameters. 

f[<>re f is IIc;!;ative, so lltat ~ll" de('J'(lases for J!;1'(latN tn. \Vaw'l!;nid(ls wilh a sruall (Ipe will 

cXIH1riellcc a greater dec!ine in 11 '1 than t ho"" \Vith a large (i pe [.\3J. 

4.4 Annealing in LiTaO:~ 

rll LiTa03. th(l (lff('rts of élnlH'alillg éHP f,imilal' to thof,(l for LiXhO'3: the hydro

~en concPlltra tion dp(was<,s [RX]; "t rai" i., rdipvpd [ROJ: and t hp 32!)Octll -1 In absorption 

band (H-OII iOlls) diloapp('ars. Th(l/'C' is. howN'C'r. OIlC important diff(,ff'IlCe - illstead of 

dec\'casing, tl\(' surfarp ind<,x initially il\('J'(las,,~ [8. RRJ. Th~ smfarp i1l<ll'x th(,11 peaks, and 

('ventuall.v declines with prolonged an lI<'aliIIg. In LiNh03 , II-OH ions. whirh do Ilot affect 

the rJ'ystal's r('[ractivp index. ar€' rf'lIIoved from t Ilf' crystal dming alllwaling by 111eallS of 

a surfacf' r('acli01l. In LiTaOI. howP\'f'\'. th ... ,\' !'f'main in the crystal and are converted into 

011 iOlls, which do affE'rt tlH' l'l'frac/ir!' illd ... x. The él!'1'(\ of the 3500rm-1 ahsorption band 

incl'eases, while th<, ar('(\ of tht' :32!)OCIIl- 1 hand d(,rJ'(las<,s [80J. 1'1)(' OH ion concentration 

inc\'casps and thus 1/, inrJ'('{\SPh. En'n tholl~h th(' total hydroJ!;<'1l rOIlC('lltration decrcases 

upon annealing. th rhan~e in honding lE'aciR to an increasp in 11.. \Vhy JI-OH ions in 

LiTaOa behave diff<'r<'J\t Iy durin~ (\IIJ\('aling t han thos<, in LiJ'\h03 is not k1lown. 
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Rcfrsctive Index Profile: lithium niobatc 

n 

ns(J-·----...,~-
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l (dcpth) 

Refr8CllVc Index Prolilr: lithium lanlslalc 
n 
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1 (1I"Plh) 

Figure 4.1: Comparing index pJ'Ofill'~ of <lllnl'al(·d LiNhO,1 and LiTaO" wav<'J,!;lIid<, 

Anomalous Surface Index Increase 

Little is known ahout this incrpt\"(' l'x('Ppt that it 0('('11"". CharartPl'il.atioll of th" 

change in ns upon anneélling is in f(\Ct 0111' of t 11<.' goals of t his t 1H'l'>i'i, It is po~t IIlatl'd 1 hat 

the change in na r<,sults from t h<, intNart ion of thp following roll('lIl'1'l'lIt I)J'O('l'~IW~: 

1. Diffusioll of 0 II ions, which low('('" 11, h~' f(ld IlrÎllg th .. WIl('('Ilt J'a t jOli. 

2. Conversion ofll-Oll ions to 011 iOI\~. which raih(,~ 11, hy jll('l"l'ahillJ!; t hp ('OlU'l'llt ratioll, 

3. Diffusion of ](-0 Il iOIlS, 

4. A nonlinear relationship I)('twppn <,xrllélngNI hydrop;('1J C'OlIfl'llt ration alld illdl'x rhallW" 

In the hope of gaining a deepel' undf'rstallding of how I,hpsp prorl'SSl'fI Îllfl'rll('t 1,0 pl'OduI'I1 

the change in ns. a mathematical modpl WélfI c\(1vplopec\ and a II11111NÎt'al sÎllIlllatio/l wak 

attempted (see App<,nclix A), This <,{fort 1'<'!)I'l'fI(1l1th only r>rplirnillary work 011 t 1)(' fll'Ohl""I, 

but the results are enrollragillf.!;. 
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Chapter 5 

Fabrication and Measurement 
Methods 

5.1 Introduction 

This chapt('r d<,snihes fahrication IC'chlliCflwS fol' annealC'cJ proton-exchanged planaI' 

LiTa03 wav<'guid<,s, ancl thC' 1ll<,lho<1s IIsNI 10 lIl<'asure the wav<'guicl<,s' efr<,ctive indices 

and propagation lasses. 

5.2 Preparing the LiTaO;J Substrate 

The z-cut Li1'a03 slIbstrat.<,s lH!ed in Ihis work \Vere madC' to ord('/' from Deltronic 

Crystals Ine. [89]. The suhstrate ori<'lltatioll i!> shown in Figur<, ,1.1. Th(' waf('I's have the 

following properties: 

• dectro-optie graclC' LiTaO:J 

• 20mmx 25mmx 211l1ll (.l',y. =) 

• -:; face polisl\{'d to 20/10 scratch clip; fiuif.h. 2'\ flat 

• oth('r surfac('R unpolished 

Earh warer Was cut iuto four or fiyt> pi<,ees m<,asuriug approximat<,ly 4mUl X 25mm 

1:1 



19mm 

_---.1 ....... --

25mm 

Figure 5. L: LithiulIl talltalatp (LiTaO:1l waf('l' 

x 2mm (x, y, z) in ord('r to illcreas(' t h(' 11111111)('1' of IIsahl(' suhst ral<'s. This was dC>lII' 011 

a crystal cutter in the laboratory of DI'. I. Shih, (1\ld'ollllPIl EII~iIlC'('f'in~. 1'00'" M('n~.q 

following the procedure d('scrihed 1)('low: 

1. Coat a 2.1C'm2 piece of hard pla~tÎ<' (01' 1'C(lIivah'lIt) with c,"Idll' wax. 

2. Place the LiTaO:l wafet' flat on t h(· wax I)('fol'(' it dl'i('s. 

3. Coat the wafer with a M'COllll la,\'<,J' of wax. TIH' functioll of tll(' wax is 1.0 k('('p thl' 

wafer stationary and fix('d 011 t he ]>Ia~ti(' has(' whi1(' il. is lH'ing l'Ill. ancl tn pn'vl'lIl. 

damage to the warer s11l'fa('(ls. 

4. Clamp the plastic base/wafl'r to thl' ('lIttill~ "Ia~(', alld ~Iowly advalu'{' 1.11(' sl.i1/!,1' 

through the cutting blacle. AcI\'élncill~ tllp crystal 1.00 <plickl,\' will (,;~II~(' tlll' C'fystal 

to crack. Maintain a comtant wat(·1' lIow 10 ('001 t111' t'uttillg "lad ... 

. 5. Translate the cutting stage and rer)('al uutil th(l ('lItin' waf('f ha~ \)('C'II ('lit. 

6. Remove thp substrates from t lit' wax. 



A waxy film now covers the slIh&tratl.' ~lJrfacl.' and this must he removed_ The surface 

must be free of any films, spoth, residupf.., and impuriti(,f>. A c10sp examination of the Iight 

r('f1ec:tillg off the surfacp !lhonle! rpvpal ally such impur:til.'s - an immaculat('\y c1ean surface 

will refl('ct light pprfectly withollt. dj~tortion. Th(1 water break met hoc\ [1] may he used to 

asf..(!SS surfacp clean inpss. To f(1mOVp the waxy film and thorollghly c!l'an t he surface, the 

following JHoc<'dllf(, is useel: 

1. hnmcrse th(' substrates in boiling de-ionÎzed water for ahout 1 minute. 

2. Dip a colton swah (Q-tip) in a soap ~oliltion (d<,-ionizpc\ wat('f :lnd Sparkleen, a 

1I0n-abmsiv(> (1<,INg('nt) éllld W'llt ly Iltl'Oke the slIbstrate slIl'fac<, to !"pmove the film. 

n inse with cJ(1-ionized \Vél 1 <'l'. 

3. Immerse the slIhstratef> in hoiling ac<,t.one fol' about 30 seconds. 

<'1. Clean thp surfaces agaill wilh él coltoll s\Vélb. Rinse. 

5. Dry the slIhstratl.' with a N2 gas p,UII. Insp<,ct. the surface. R('p<,at the above proce

dure until t.he slllf'lce is immaclllatel~' c\pan. This may rccJ11ire 2 - 3 rcpetitions. 

The substrat('s must. now 1)(' !iIIbjl.'ct<,cI to a I)('at. t.reatm<,nt (ann<,aling) in order 

to rclicve the m('chaniral straÎlIs Îllduc('c1 in 1 he crystal dllrjng the polishing and cutting 

st.ages. SubstrateR are placcd in a cel'amic rrllcibl(' and t.hen positiolH'd in th(' center of the 

horizontal Lindberg fumace. TIll' furnac<, is h<,ated to ·t50°C for approximately 6 hours. A 

flow of dry lIitrogell at O.5L/min thl'ollgh tll<' flll'nare is maintaillcd. Aft('r this treatment, 

the sllbstrat('s are r('ady for protOlH·xchang<'. 

5.3 Proton-Exchange 

Imm('diat('ly h('fore proton-exchangl'. t h(' slIbstrate shoulel hp rl'-r!palwd to l'usure 

t hat no dust or ot l1('r partirles ha\'(> cont aminat('d t he surface. A simpl(' c1<,aning procedure 
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funlace cover 

Pyrex container 

acid 

LiTaD., substrate 

glass supports 

L...--..k::Z=:=J-'--';::::- beakers 

....... +--- vertical furnace 

Figure .5,2: PI'OIOIH'X< h<lnl!'p: ('X!wl'iIlIPnl al ~('I -II P 

will suffice: USE' th(' colton swah and ~oap !-.ollltioll 1.0 g<'lItly rll'all 111f' slIhslra1.p ~urfa('(', 

Riuse with de-ioni7(·d water, acctoll<', and d('-ioniz<,d water 011('(' agaill, Dry with I.hl' N.,! 

gas gUl1 and insp('ct tllP sUl'fa('(l, It shollid 1)(' c!eall - if 1101., 1'<'l'l'al 1 h(' pr()('('dlll'f', 

The experimpntal sct-up for prolon-I'xchan/!,l' is showll in Figllr(' :',2, Ev('l'Y (,olllailll'l 

which cornes Into contact with (li t Il<' l' t h(' Sil h:-.I l'a 1 ('01' t h(' add sh01l111 11(1 1 hnrollgh Iy clNllll'd 

beforehand. with a cotton swah. d(l-ionizp<! \VatN, and aC(lIOlH' ln Ju'('\,pnl rOlltaIIlillalÎlJ", 

Make sure that t,Il<' s\lh~trat(' is "('I-Iling 011 the ghlS!-. slIpports in Ih,· (,()lIlaillN with 1>01-

ished -c face down, A wi.it" dpposit fOl'lll~ <llld ,U'('1I1II1IIal('s 011 ail upwal'<l-fa< ill1!; sUl'fa('p" 

as proton-exchange progresses. dup 10 Ihp <!l'compol-litioll alld POIYIIIPl'it.alioll of pylCJpho~-

phoric acid [41], Proton-exchallge ac1Îvily lIIay 1)(' 1'('(111('(',1 if t hi~ <!"llO.,il Wl'I'f' 1.0 for Il 1 011 

the substrate surface, The wafer alld tlH' acid ,Hf' l'nt Însidfl tlll' Vf'.: ln!! Li lldlH'l'J.!; flll'Ilil(,(' 

in separate containers and heated to the exc!Jalll',f' teUlJl<'l'aturf" (1)('(' 111<' It'J/lpf'l'atllrf' "a~ 

stabilized, the acid is pOllred into OH' waf('J ('olllainf'l' throllgh fi flllllH'1. Prololl-pxcl,illl/!;r' 

commences at this moment and stops wlwu tllf' COli 1 aÎlH'J' is takf'1I nllt of Il,f' OVf'1l illld 



th(' acid poured Ollt of the COlltain{'r. The substrate if) thE'n allowecJ to cool, and then the 

Rurfaee is once again c1C'aned 80 that it is ready for effective incJ('x measurements. 

For proton-exchange with buffNed 1Il<'lts, lithium phosphat(' (LhP04 ) is added to 

pyrophosphoric acid (lL,P20i)' Th(' amollnt. of dilution is defiJ~pd as 

(t! t·[ . _ 3 JI1ol('s of LiaP04 100(1]', 
IOC l 1I1l0n - 1 fIl P 0 X /f 

IlIO ('S 0 "2 ï 
(5.1 ) 

The factor of 3 is 1l('('eS8ary becall8(, thN(, are th)'{'c lithium atoms pN mole of lithium 

phosphate. The atomic weight of pyrophosphorir add is (4x1)+(2x31)+(7x16) = 178 

grams/mole, and th(' atomie weight of lithium phoRphate is (3x7)+(31 )+(4x16) = 116 

grarns/ mole. 'l'huI', if :Hlg of acid is l1SC'c!, t h('11 for 1 % dilution 0.OG.5g of lit hium phosphate 

is add{'d, for 2% dilution 0.130g of lithiullI phosphate is added, etc. 

5.4 Annealing 

Immediately h('forc annealing, t IH" su bf>t rate should be c1('alH'd following the simple 

deaning procedure d('srribcd in pl'otoll-exchange s('ction above. 'l'Ill' horizontal Lindherg 

furnacc is fil'st IH'ated t.o t.he ann{'al t(,IllIH'l'at I\l'e. Dry nitl'ogen gas is pllmp('(1 through the 

aven at a rat(' of O.5L/min. The slIhfltratp b put in a hollow cylindrical ('('ramie crucible 

(ta allow gas flow) and Illovec! from the ('dg{' of the OYen (at closl' to room temperature) 

to the center of t.he OV(111 (at 1h(\ anl1('al tptn}leratllre) over a span of 2 mil1utes. This is 

donc ta prevent tl1('rmal shock. Du ri Il)!, t11<'~(' two 1lI i Butes the SlI b~t rate warms u p to the 

allnea.1 tempc['atur(', sa this ramping tilllP is not inclllded in tl1f' anBPal time. \\'hen the 

alllwal period is OVN, tllp suhr,tratp if, )'('lIloved from the oven and Idt to ('001 to room 

\.<'mperature. This roolillg perio<l is abo Ilot illrluc\E'd in the anneal lime. The annealing 

experimental set-up is shown in Figllt'e 5.:1. 

5.5 Effective Index Measurements - Prism Coupling 

A waveguide's eff('rtiv(> inclir('s ('an h(' found with the prism cOllpling metb01 [90]. 
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Figure 5,:1: Anu('alinp;: pxppl'iIllPlltal spl-llp 

A high index prism is IH'ld in contact with thl' slIhstl'ate sll .. fa('(' 10 cOllplp light int.o tiH' 

waveguide. Specially designed clamps (8('1' Figl\J'1' f),.!) <11'(' m.pd 10 hold 1 II(' l'lllhsl l'al" 

and the prism togethl'r, Th(' scrl'ws ail tht' clamps al'(, tighl<'lIl'd IInlii il whitil'lh hpol 

at the prism hase (i ndicating good coutact h('twe(lll t.h<, two Stl rfacc's) is OhSNVl'd, 'l'hl' 

screws should not be too Hghl - thl' Tu'('sslIrl' S!,J'('SSCl'l hoth the' prblll ~IIJ(I IIH' l'lll!>sl l'al" 

and may cause (lit her 01' bath ta nack, Fol' p,oocl COll pli 1lJ!., I!J" Stl .. f'a('('s of hol h tiH' pl'ÎslII 

hase and the substrate 11111S1 he fl'(,(' of ally dus!' pal't.iC\('s 01' Wlllalllillanls, 'l'III' l'lilllpll' 

cleaning procedllJ'(> desnibed in thp prololl-"xchang(' fahricat.ion l'l('clion l'lhould 1)(· lIl'll'd 

to cleall both surfaces I)('fore they arp lIloulII('(1 ou thl' hold('rl'l, Th" fnllowing Îh a l'lilllpll' 

mathernatical mod('l for prisll1 cOllpling, J\:!OI'P <I<'lailNI and WIIlI'l(,x 1II0d"ls whirh t a 1\1' 

other factors iuto account are availahlp, hllt. il simpl(' model sIIHi('('s fClI' 1 hil'l work, 

A high-indcx prism of index np and basE' angl(' fl: p is hpl<l ill dof,p proxirnit.y 1.0 1 li" 

waveguide but is s('parat('d from it by a V(,I'y !-omall ail' gap (fil''' Figllf(' !).!';), 'l'Ill' flll1'fa('" 

roughness of bot h the prislll an ri th(' fi 11 hsl l'al ,,:, I)J'('velll fi a 1)(,l'f('('1 1'0111 ac'I IH'I WC'PII Ilu' 1. wo 

surfaces, Light indd('nt upon the pl'i!-olll 's ha~(' al ail allglp fi gl'f'alf'1' t hall 111(' !'l'itiral ;IJI~II' 

will be total-intprnally l'eflectf'd, so a flt.lIIdinJ]; wavp fif'ld distl'il,1IIioll will 0('('111' witltill 

the prism, In the air gap and wav('p;lIidf'. ail ('VttIH'fI('Pill fiC'ld (pxpolIPlltially d/'rayillJ]; away 

from the prism) pNsists. TIl(' pl'OpaJ];alioll ron!-otalll fj of thl' lip;hl alollp; Ihc· wavpgllidl' 
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Figure .1.4: The )lrisllljsnhstrate clamp 

plan!:' (the z direction) is giv!:')] hy 

( 5.2) 

wlll'rc k is the wav(' Humber and k == 2iT / À. If t.his {3 is l'quaI to the propagat.ion constant 

of a guiùed macle, tJl('Jl by phaf,(' matC'hing. t h(' light will no longer r('O('C't('d but will rather 

('oupl(' iuto the wav<'gllide. Th(l propagation C'OHf,tant of a guided mo</p is given by 

(5.3) 

whcrc llcf fis t.he eff<,ctiv(' index. 111 d('not('~ t h(' macle order (m = 0,1,2 •... ), and TleJ J( m) = 

Il .• sinOm for a slab wav('gllide. TIl<' phase llIiltching cOJldition is found hy simpJy equating 

the t\Vo prcvious <'Ci nations: 

(5.4) 

Note, of ('ours(', that light ma~' he coupl<,d out of t.he waveguid<.l in the same fashion. 

The angle 0 réln <,a.'ii1y he relaf('d t.o Ill(' incid<'nt angle 0, by Snell's la\\' and trigonometrYl 
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Figul't\ ii,!i: Pl'i~1Il cOllpling g<,ol\l(ltr,Y 

and in the process, the following fOl'll1l1la whicll 1'(11,,1(':.. tlH' pfr(lci iw' illdf'x 10 11I1'.I:-'III'l'd 

parameters can be ail iVNI at: 

Each mode has a c1iffel'('nl ('fr('ct ivp indf'x valllt' alld h('lu'(' a di/rNI'IIt. inl'Îdl'Ilt. allJ!;11' 

81" In the measurem('ut S(lt-u]> (s('1' Fip;1I1'1' !i,n), 111(' pri:"1Il ;11,,1 wa,vl'gllicl(l WI'I'I' pl;II'('d 1111 

a rotating stage. First th<' prisrn f,H'l' b spI PNIII'lIdklllar 1.0 tlJ(' iliridl'Ilt li~ht. ((J, == Il) 

so that the light was r(ln(lcted had\ Il lit 0 il ~I'I f, a Il cl t hl' allgle 011 1 hl' roI a 1 ill~ st.a P;I' wa~ 

recorded. This is the reference a1lgl(l. '1'111':..1 ag(' is IIw1I l'otat('d Ill1lil a J!;llicll'd 1JI0cll' i~ 

excited, which is evid(l1lced hy Ih(' slIddplI aplwal'anC(l of I/I-lilll'(s) nll th,· olltplll. sc /('1'11, 

Ai-Hnes are vertical lilu's with a hl'ight. i'lpot al thl' ('('lIl('I', III-pI;II)/' !o>C'attl'l'i!lg dl1J'ill~ 

propagation caus<,s th('s(' lines to fOl'III, r:ood. :..llill'l) 1I1-linl':" u:"l1ally ilp,,!'a,. alld fa"" (flill 

width half maxim1lm - FWII~1) in IIH' Sp;1II of 1111'('(' lIIilllltl'H of ilrC', M-lilll's w"id. ail' 

weak or are not sharp u:,l\sally indicat(' poor contact hl'IWI'(,II 111(' WH\'/lg1Jicll' I>lIl'f;.('(· alld 

!in 



x,y,z, 
translator/rotator stage 
~ . 

Polarizer 

He-Ne laser 
~~~""'-""'~Ii:':ig:ï:h:-:--t ..... t;t---t 0.6328 J..Iffl 

path 

Figurr· 5.(): Pri'illl collplillg: I1l('<UiUrement spt-up 

IIlP prisrn, or ineffecti\'P couplin/?,. III "urll th('~e casef'l it is prudent to r!ean the surfaces 

and n·couple. 

The angle which gives the IIH1Xilll1l111 m-line> intensity is re>corc!Nl. The difference 

!H'tw('pn this anglp and the> re[el'l'IH'(' <lnglp is B" Care must b(' tak(,11 not to rotate the 

slagl' ba<k if one misli('(! Ihe maximulll m-Iin(' intPllsity. The stage shonJd he rotated in 

011(> dirpctioll ollly. in Of/le)' 10 amid gPélr lélg. The élllgle is increnl('ntf'c1l1lltil élll the guided 

Illod('s have app('ar('d and the élnglp~ r('con('<I. Th('ll Ihe stage is rotall'd backwards. and 

t h(' angles ar(' onc(> again meé}-'II)'('(1. indllding; t Il<' re[(,l'ence an~le. R('cording the angles 

in both directionli shollld aw'r,lgl' 0111 ail,\' hiases in the rotalinl!; stilge>. A minimum of 

[our Illeasurem('nts for ('ach lIIode> was made. and 1111' average was thrll used to find the 

('ff('rti\'(' indt'x. using E<Jllation .J.5 .. \ Ill'lilllll-Iwon laser (,\ = 0.63281'111) was tlsed for a1l 

lll('asur('ll1eut s. 

.jl 



Calibration and Measurement Error 

Since all the eff('ctive index nH'ilSUrPIlH'nts are made with the rotation,,1 st a P;t' , which 

is a mechanical device and sllbjert to ùetPfioration, it is important that tl\(· ~tap;(' IH' 

calibrated to ensure accu rate results. This ran he don(' by Illeilsurinp; a refra(·ti\.·l' illdl'x 

which is already known to a h igh dpp;ree of acrurary and IH('dsion. B~' ('alrul,1f inp; l hl' 

angle that one should obtain in ord<,r to arri\'e al. the known ind<,x, and collIparinf,!; t hi~ 

with the measured angle, the rotational stagl:' ran he ralibral<·d. For this pllrposl' t Ill' 

extraordinary index of bllik LiTa 0.\ (Ill, =1.1 x'20) and t lit' index of t hl' l'II t ill' pri~1II ('2}')X:Ji) 

were used as standard~. The indices of th('~(' lllatpl'ials are rOJl!.tant alld i1rl' 111'1'111,,<1 tn 1)(' 

tl'ustworth)'. The prism indf'x was Il1l'a~1I1 "d w it h t hl' ni pwstN anJ.!,l .. 1'1'1I .. ('t ion 11\1'1 hod 

and the minimum dl:'viation anp;le Ilwl hoc! [n IJ. TIl<' tiTaO J slIh'ltratp indl'x \Vas IIIl'asl1ll'd 

with the Brewster angle Illethod. and wa!. a 1.,0 in fNr<,d frolll eIT('rt h'p i IIdl'x llH'aSII l'f'Illl'n I~. 

Over .500 eff'ertivp indi('{'s \\'(,1'(' \l1paSll l'pd for l'rot oll-('xrha IIp;ecl a IId a Il Il l'a 11'<1 wa \,('gu idl'~, 

and effective index vahH's span the r<lnp,p of "" < /lrff < Ils, wlH'n' 1/. ha:. il maximullI IIf 

about 2.21. Because of the largr· 1111111 hpr of lIu'a:'1I l'PIIH'II 1 S made, t.1H' 100\,psl "ff('ct.i\'(' indic'(':' 

will be at or just above 11/,. Dy cùrr('latinp; 1 h(' ll\('ilf,lIrNI ilnglps wil h 1 lu' pxppclpd allgll'h 

in the four measurement methods olltlil1et! ahnve. a corrf.>ction factor for tlu· 1'olational 

stage was arrivl:'d at (see Tablp 5.1). 

index IT\('thod sI éllIC];nd ralrlliatec] i1np;lp III NI !.II ('(·d (,Ol'l'P(' 1 i (III 
measured \',11111' fol' ~lillldard vaill" il nglp 

-- - --
nb DrE>wf,(pr Angle 1.1~:W (j!).:J~v (;;) . .');'0 J -o. J if 

nb effe("t iV<' indicf's :2. i H'2() :J:J. jO :I:U)O -O.:'W 
('c) (~--o-- -----

IIp Dr<.·\ .... ster Angl<, :2 .... ,Kli (j~.~·10 1. • .) -0.:11' 
- - -

np Min. anglp of d('\"iatioll :2.;,H.li Xl. ')(jO X l.fiXO J -0.1:( 

Table .5.1: Calibrating Ih(' rolational "tagp: aVPfdp;<, ('orrNlioll = -0.20 ° 

The rotational stage ha~ an p"tilllatpd Il IIc·('('tai lit y of ahollt. 011(' llIinllf(' of arc, or 

±O.01667°, when m('asuring the aprx élnp;lC' and thp nnp;lp 0
" 

TIl(' prism ill<l{'x Ïh (,fltimall'll 



variahle value uncertainty 

nef! - ±O.OOOS 
7l p 2.5837 ±O.OOO2 
(J, - ±O.O1667° 

fX p (prism 'C') ·j!>.2.lj3° ±O.O1667° 
op (pl'ism 'B') ·15.0.5()O ±O.O1667° 

..\ O.G328J11l1 -

Tahle 5.2: Mpasur(l!nf>nf.: angll's. inclic('s, and their llnrertainties 

1.0 ha.ve an uncertainty of ±O.0002. Th(' total ('l'l'or in the calculatecl eff('rtiv~ index can be 

rOlllld hy summing the pNrentag<' <')'fOI' of 11

"

, op' and 0,. This works Ol1t to approximately 

0.025% of nef f, or ±O.0005. Ta 1>1<, 0.2 sllllllllariz<,s t lJ(ls(' vaIu('s and t hC'Îr llnr('rta.inties. 

5.6 Loss Measurements 

Different loss ol<'l'hanisms cont rihuI(' 101 he total pl'opa.gation loss of a plana.r optical 

wavegllide. Th('se iJlcludp [11) 

1. Absorption loss of the ~Ilbslral('. 

2. Scattcring 10S8 by bOlllulari€':o; and/ol' matNial defects (i.e. Iight is cou pIed from 

guided modes to radiation mor/fis and lor-t, fl'om the waveg1\ide), 

:1. Mode conversion loss (or intNlllodal srattering: light is l'ouplNl from one guided 

mode t.o anotJler, ttslIally by scaft,(,l'illg). 

As the light propagates, its inten:o;ily and pOWN d('creases exponentially with distance: 

P _ [)(-o[, 
0- 1 (5.6) 

w\\('r(' Po is t.he output. power. PI 1111' input POWN, L the propagation \('ngth, and Q the 

10ss co('fficient. Dy rearranging t)l(> Nluation abo\'('. the formula for fl' is found to be 



(till/cm) 

L088 mE'asurE'nH'llt llleth{)(h; inrll\{l(' th(' cul-hal'k nH'lhod [01], Ih,' Iwo-prhHll slhlin).!, 

method [93], the thr('e-prism Ilwthod [9.1], and Ih(' scaltl'rinl?; dd('('lion l1H'thod [H;)]. For 

this work thE' two-prislll slidinl?; Illl'thod WilS IIsl'd. Th(' inp1JI collplinp; prislll is dallll)('c1 lu 

the su bstmte a no dol's Ilot movl' 1 h rOll f.!,h 011 1 t hl' Il\pa.'ill\'('IIlPIlI IHoc'l'chl rI', 1 h liS III a i Il 1 il i Il i Il).!, 

constant input coupling l'fficiency. A drop Of two ofin<l('x lIlalrhin).!; fluid (p;I~'l'f'I'in(', 1/= 1.;)) 

is addcd to the olltput cOllpling pl'islll':-' ha~l'. Thb allow:-. 1 he' prislll tn :-.lidl' ~lIloo1 hly a('I'CI~:-' 

the suhstrate surfaŒ, and infl'I:'a~(,i> hol h 1 h(' ('ollplinJ.!. pffici(,II(,~' and (,oll:-.isll'n(·y. 'l'hl' 

output prism is movcd 10 diffel'enl pm.itioll~ along 1111' suhslralp, \'ln.vill).!; 1111' dblall('l' 1 

between the il1put and output pl'isltls. At. ('a('h poinl, t hl' Ollt pllt pI'i:-'1Il IIlIli>t IH' dallllH'cI ICI 

the substrate, the setti ngs on t.hl:' 1 ra Il i>1 il 1 i 1If.!./ rot al in).!; sI iI).!;<' lulj Il f.t l'cl h) J.!.i Vp t hl' IIIH X i 11111111 

output light intpnsity fol' 1.11(' l'xcil<'d 1llcHI/'. 

also (see Fig. 5.6), with thp addilion of a viel(\() ('alll('l'a fO(,lIsf'd 011 Ihl' lIIoclilllilll'i> Ihat 

r<,flcct off the srr('('n. An oscilloM'opP i!'> C'OIIIH'!'ll'd tn 1 h(' CilIIH'l'a Ollt l'lit 10 di:-.play 1 III' 

output light int011sity. TI\(' dislancl' Laud I){'ilk volta).!;(' \1 b 1 ("·ol'llpd. Noll' Ihal tlll' 

output power from thl' campra is pl'oporlional tn 1111' liJ.!.ht il\l('ll~it.v (aftN flllihllltioll), 

and the oscilloscopp displays ollly 1 hl' l'oll''!I(. Thil!'> thp o!'>('illoHl'opl' rpadinp; \1 :.I!ollid 

he squared (P = \Il = F 2 
/ R) in 01'(\1'1' 1 Cl 1'1'1I('c" t IH' lip;h1. iI.1 ('II:-.it ~'. 'J'l'II or 11101 l' :-'111'11 

measurements shollld h(' madp. 'l'Il<' 1'011 pli Il).!; pHiril'lIC''y will 1101 III' 1 hl' sarrll' al, ('(leh ,,/li Il 1 

(no matter how carl'flll olle is), so a létrl?,l' III11nhN or 1I1pa!-tlll'f'rtIl'lIt!-t !'>hotlld 1)(' 1I111c11' ill 

order to averagp out f1uctllations. A l('ét!'>I-:-.qlHlJ'l'~ fil i~ Ihl'lIl1ppljr,c1 10 Ilu' lop;(\l4!) V!-t. /, 

graph, and the slopC' of 1.h<> lilH' of 1H'f,t fil ii> IIH' \'''''1(' of tlll' 10:-':-' ('O(·Hicil'fll o . 

.)., 



Chapter 6 

Data Analysis Methods 

6.1 Introduction 

This charter <'xplains Ih<' nWlhods IJ~(I(I 10 r<,C()n~lruct an inc]c>x profi)(' givell a set 

of IllcalH!rcd modal indir<,s. Thp stf'1' fllllCrioli. f('('mi fllllcHon. and 1!;C'Il<'l'ali7,('d Gaussian 

fll1l('tion éLrc introdur('d as pO~f>ihlp Illoc!pls fol' thc> l'<,fraclivc illdc>x profi1<,. The nu mer· 

iraI I<'chniqu<,s and algorithms uspd for amllyt.ing proton·exchang(l(1 wav<'guide data are 

d<,V<'loped. Th(> InvNs(l WKB (lW1\fl) 1llc>lhod. 118<.'d for élnll('alC'<! waveguide data, is 

impl(,ll\('ntcd and If'sl('d. 

6.2 Refractive Index Profile Models 

Using a matlwmaliral fl1l1rliol1 ln III oc\ 1'1 Ihl' r(lfractive incl('x pmfi1<, gi\'('s us a basis 

of cOlllparison b(lt\wIPIl diff(,I'('/l1 \\';J\'('/.!,uicfp:o.. Wc> can CflJantitati\'dy compare the function 

paranwt('rs found for diffNf'llt inc\<,x prnhlf' .... and h('II('(' determinl' how th(' fabrication 

('011 dit ions aff('('t tll(' profilp. 1'h(' followin/.!, 1111'(1(' fllnrlions ha\'(' 1)('('11 found to appl'Oximatc 

li widp vari('ty of indpx pl'ofilps quit f' \\'('11: 1 hl' steJl. t he Fermi, and the g('1\eralized Gaussian 

fnl1ctions. 1'11(' illd('x profil(' is ('xpr(l~8pd il1 t II(' form 

(0.1 ) 

.1.) 



where nb is the substrate illd<,x (fOf LiTi!O:h lIb = 2.182 at .À = O.()~J:l~llm), 11, is tl\(' illdl'X 

at the waveguide surface, ~lIs = 118 - lib. and thl' profile shap(' f(:) is giv(,1l h)' 

f(:;) = 

1 (O<:<d) 
o ( :; ? (1) 

at z = d, f(:;) = { ~2 - '''I,-!)-I 
1/(' 

Stl'!> fllnrtioll 

gCll('ralizcd Gauhsian fllnrlion 

sl<,p fUllrtioll 

Fefmi fUllrtioll 

( (i. 2 ) 

( (i.:J ) 

where dis thc waveguid(' dcpth, and (/ rf,n!l'ols 111<, d('gn'l' of (,\l\'Vallll'(' of Ihp profill', FIlI' 

the FeflP; approximation, a stllaH (/ (a < 0,2) p;i\'('s il shat'p, sl('p-likp r-.hap(' whill' a laJ'!!,!' 

II givcs a smoot h. g<,nt 1)' slopi IIP; shi! pP. FOI' IIH' gPIlNaliz(·d Ga Ilsr-.iiln. 1 hl' l'I'VI'I'h(' is 11111': 

a large a (a > 10) giv<,s a step-likt> shapp whil<, fl slllall (/ giv('s a Sillon! h ('I\I'V(', Fi!!,lIl'l' (i,l 

shows the shape of ('arh fllllrlioll wil h difrl'\,PII1. fi \'allll's, 

The step-approxirnatioll ir-. th(' r-.implf'r-.t 1110<1('1, havin)!; f'lIly Iwo panllll!'tf'J'h (à/l,. alld 

d) while the Fermi and t h(' g('l1rl'alil('d (:a\lssian hol h havp 1 hl'p(' P,lI'illllf'INS fla('h (~IIH' d, 

and a). After proton-('xrhangr, th(' inc!px profil" i~ knowll 10 1'('~('lIlhll' il 1'111'1> fundi,,", MI 

aU thl'ee l'unctions can ac!P<jualply lII()(kl il, Aftl'I' éllllll'alillg, t.h!' l'J'ofill' lll'l'OlIlI'h f,!;J'adl'd 

and smooth, 80 th<, st<,p f\lndioll nH)(I<,1 ih no long('\' ,,,I<'qU,III', 

There an' two diff('J'('nt flpj>I'Oilrhl'h fol' l'plalillg "fr{'cliV<' illdÎ!'l'h ln tlu' illd,'x pl'Oril,., 

One approach fi nds 1 h(> optimullI ilHI"x pfofi)(I paril 111<'1 ('I!. hy III i lIilllizi II~ 1 IH' (llTor 1)('l.wI'1'1I 

measured effectiv0 ind('x valucs and valu<,<, ralrulatf'd wilh th(\ dihl)/'l'hic\1\ rI·latioll, This 

is called the fOl'ward il pproilrh il nd prof OIl-f'XrllilllJ.?;('d wav('1!;u idp'i \\'1'1'1' il lia Iy",.d ill th i'i 

way, There is aiso an inverse appl'oil('h. in wllÎrh t II(' prof1ll' ih 1'(1('ov(lI'(1(1 u~ill~ il l'I'('lIJ'!.ivI' 

formula derived by in\'(lrtinp; the \\'l'U dihJ)('r~ioll l'l'lation. 'l'lib 111/" hod wa!> \lM·1I fol' 

annealed wa,veguid('s, 

!)(j 



./ step function 

/" /Fermi function: a=O.1 
nS~--=---------~~~~I~ 

..... _;. .. .:....... . ..... ~, #"/generalized Gaussian: a=12 

n(z) 

", . .. ." \ .. '. ",y. 
...... ". . . . . \. \ ~Fermi function: a=O.5 , . '\ "',<> ~ 1 generalized Gaussian: a=2,5 

" ~ \' .. ...... \ ' 

~\. ". 
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\ \ ...... , .. , .. 
\\ "' ... , 
' .. \ ..................... .. 
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Figllr(l 6.1: The st<,p, FNTni. and /!;eJ1<'raliz<.'d Gaussian profi!('s 

6.3 Proton-Exchange Waveguides: The Forward Approach 

In Chapt,<'f 2, it was ~hown t ha t t Ill' dispersion rdation is us('d t 0 cakulate effective 

indices wll('n thp illdpx PI'Ofi/p i~ knowlI. 1'h(' situation is now r(l\'('fs(l(l: the eff(lctive 

indirps arp knowlI hut th(' indpx profil!.' is Ilot, To fPCOV(lr th(l paranH't<'fs of th(l index 

proli/p, wp simply aiolitlllH' valttpf, fol' tilt' pal'aJII<,tpl's and calculatt' th(' ('ff('ctive indices. 

Thp paralllPtNs arp adjust(l() IIntil TIl(' ('lTor h('t.w(l('n the calrulatNI indir('s and 1l1easured 

illdirp~ (i.P. IUrff[ralr] - lI rff[lIl('asJl) i., at a minimullI. Th(l step fUllrlion approximation 

was t1s('d !wcaus(' ollly Iwo paranH'lprs. ~1/f (note that for proton-('xchangE', .ln, = ~ns) 

and rlpr , tH'f'd to 1)(' round. From litwar a)/?,('hra. we know that th(' numl)('r of unknown'i 

lIIust be ('quaI to or I<'ss them tlJ(' I1uJJJIH'r of ind<'ppndent p(juatiolls for a lIni(IUc solution. 

In this Cé\S<'. t.h(' pal'alllPtNi> arp IInknowli and thE' ('ffective indir{'~ l'('present equatiolls. 

Thus, if a thr('(' paranwtN moc\('\ i~ lIsl'd. the \1wasured wa\'egllidf'~ shoulcl support at 

\l'ast tllf('(' mod('s or mor('. In fact. Illmlt of thl' waw'guides :mpport two modes, due to 

!)ï 



fabrication constraints. Th('f('forl'. \Ising a thr('(' parunl('t<'f mOc!l'1 rNlllir('s that OIH' of tlw 

parameters (tlH' shape paraml't<'f li) hl' assulll('c!. 

Table 6.1 is a numerical ('xal11jlll' showing how t hl:' analysis il' jl('l'fnrJlH'd. Fol' ('arh 

waveguide, we assume a vahJ(' for ~1I(. and use a l'on! "l'arch t('ChlliqlH' (thl' Sl'Cilllt nll'thod 

[96]) to find the dl'pth d ",hkh giws the minimum NrOI' lwtwepn IIU'iISIlI'('d anel c,llrlllalt'd 

pffective indices. This procedure il' r<'IH'at('d for a ran!!;<, of ~/lr valtu's. It WiIS II\('II .tssllllll'd 

that waveguid<.'s fahricated at olle tC'llll)('ralur(' all hav<, li\(' salll(' ~/I(. Thb ilia)' Ilot 1)(' 

entirely valid due to some ann('aling em~cts (see S<.'ction 7.'1.2), hut anlll'aling ('lfl't'tH a('(' 

likely to be small. \Vith a group ~/I( \'alu(', OUl' cali ohs<,l'v(' wIl<'l 111'1' tlu' dplwlllklH'P of 

~ne on the exchaug<.' tpmperatut'(' ('xi:-.ts. Ils \'alll<' is found hy SUIIlIllÎII)!; 111(' 1'1'1 ors of ail 

the waveguides exchan/?,('(I at tll<' l->anH' tpllllH'ratllr(' ("pp the "SIlIl1 l'nol''' COIUIlIII ill Tahll' 

6.1), for each ~ne value. l'Il<' ~llp \vith lh(' Inw('st l'lUlli ('rrOl il-> lahPII as thl' glOup ~lIf 

value (in Table 6.1, it is ~lle = 0.01·1). Th<, d<'pth al->sodalpd wilh thi" ~1I( i:-. tak"l1 as 

the waveguide dept h (in Tahl<' (LI. ri = 2.·10 fol' wav<'gllidp 1. il = 1.1:1 for wav(,~lIidl' 2, ri 

= 2.85 for waveguide 3). For three parallH'tN madell->, thiH ('tltir!' IHO('P"H iH J'('ppat.pd for 

severai values of n, and t!1<' value of (/ a"l->ofÎatpd with the low('f'lt. HlIllI ('1'1'01' d('INlllill('s t.11I' 

group Âne value. 

~7!e waveguid<, 1 wa\'f'J.!;lIidp 2 wilW'J.!;lIidl' a sum 

li e\'l'orl! ri !'1'J'or I! d ('!TorII error 
!11ll x lO-1 1/ 1/1 X 10-4 Iml x 10-'" y If)-.I 

0.010 2'()o :l.O 1. :1.'") LO :U :.! !) -- ; . .) 
0.011 2.5!) 2.(j I.:H) 1.7 :~.O :.!.~ Ii,!) 
0.012 2 . .10 2.1 1.2.'") l.:~ 2.!)!j 1.9 :).:1 
0.013 2..1.1 I.R 1.20 1.0 2,n 1.7 1.:) 

0.014 2..10 I.~ I.lr) 1.2 V~!i 1..t 4.4 -
0.015 2.3.) 2.2 1.10 I.!) 2.H 1.2 .I.!) 

O.OlG 2.:W 2,.5 1.0.') 2.2 2.7 1.2 .;.!) 

Table 6.1: Finding thC' group Ll11, value for l->t<'p-ind('x WéIV('J.!;llid('l'.. " = 11I r //(n"(') . 

nef f(meas) 1· 



6.4 Annealed Waveguides: The Inverse WKB (IWKB) 
Method 

The IWKD method [98, 99] reconstrllcts index profiles by providing a recursive 

formula, obtained by inverting the WKn r1ispl'rsion relation, which can progressively plot 

out the ind('x profile. The cJ(')'ivat ion of this r(>cursive relation h<'gins wit h the WKB 

dis persion relation (sec Sl'ctiol1 2.6): 

(6.4 ) 

wfl<'re the inlp!Jfn{ is the phasl' d('Ja.\' of r h(' travelling wa,ve, cPc th(' pha!';(> shift at the 

a.ir-waveguide boundary, and 1>b th<, pha<;(l shift at the turning point Zt in the substrate 

(sec Figure 6.2). For TM waves, tl1('se phas(l shifts ar(l given by 

(6.5) 

s('(l Section 2.6 (6.6) 

where na is the surface index of waveguide, 11(' the refractive index of air, and neJ! the 

(·ffective index (neJJ = /3/k). 

Only integer values of 111 (i.e. modes m = 0.1,2, ... ) repre!',ent physiraI, guided modes. 

IIl'nce, the propagation constant il and th(' eff('ctiv(' index nelJ are both discf<,te fuuctiolls 

of the mode Ordl'f 111, i.l'. /3(m) and lI p IJ(11I). The turning point ::t is also a functioll of 

mode order sinee Il differl'nt tU1'1ling point COJ'f('sponds to a differeut ('ff('ctive index. Given 

the refraetiv(' index profil<, ll(z), th<, WI~B dispersion relation can hl" lIs('d to calculate the 

discr('te effeetivl' indicl's. 

The kl'y to the IWI\ n Il1l't hod )j(lS in the fact that at the turning point, the effective 

index is equai to thl' fl'fractiv(' indl'x. From Figure 6.2 we see that at th<.> turning point 

::" 0=0 SO 1l(::) == rleJ J. i.e. 11! ::t( 111)] == li, f f( m). If the effective iudl'x is made to be a 
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Figure 6.2: Light propap,alioll in a p,l'adpcl-illd<'x wa\'Pp,llidp 
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continuous function of m inst<,ad of a disc'IPtp fllllctioll, tlH'1I tll<' t IIr1lillP; points ::/ also 

hecome a continuous functioll of m, By ill\'('fting the WI\B p<jllatioll. IllI' flllIC't.ioll ::,(1/1) 

may he obtained. The continuolls func1ÏolI Il, JJ{ 111) ilia)' bp III\'NI)()latC'c! frolll t111' diHC'I'pt", 

measured effective indices. Sillc(' thp rfff'ctivp inc!px i!o. l'quai 10 tbC' l'l'fractivC' indf'x a\' 

turning points, the indpx profile 11(::) cali 1)(' rOunc!. Though 1I01l-illlf'gf'l' vaJllf':' of III, haVI' 

no physical significance, they can br IIsed 10 l'PCQVN t.1r!' illdex profil ... 

The WKB dispersioa relation Illay tH' illVNtpc! by l'pplacillg 1 III' illtpp;ral witll 11 

summation: 

no 
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= '.2: {Jn2(zJ_~) - n~JJ(ml) x (ZJ - ZJ-t)} 
J=I 

= k [(ZI - zo)Jn2(z~) - 11~!f( 111 1 ) + (Z2 - zdJn2(Zl~) - n~JJ(ml) + ... ] (6.7) 

where zJ - ZJ-l approximate:i the increment dz, n(zJ-t) is the average value of n(z) 

ov<'r the intcrval zJ - z]-t, and z an intcgel' df1Jloting the i th interval in the interpolated 

effective ind(lx fllnction neJJ( ml)' The gr(later the IiUmbN of intervals ~ (see Figure 6.3), 

the l)(ltter the resolution of th(l recov('f(1d profile. Note that ZI = zt(m l ), 50 n[ztCml )] = 

1lfz,] = n"lf(m,). R(1ferring ta Figure 6.3, we define 

(6.8) 

HO f.hat the summation môy b(l r('wrÎtten a~ 

Dy rearrangillg this equatioll ta isolate Z/. w(' al'l'ive at a recursive eC)llation which allows 

us tu solve for Zl in terms of the pl'(1viou~ ::) 's: 

0', - kL~~\ z) (JN2(111.1) - lI~fJ(m,) - JN2(m J+I) - n~JJ(m, )) 
z\ = kJN2{I1I"- 1I;jj(111,) 

nt 
~t - --;::::::::======= 
- - /..~) - n~JJ(md 

and 

(for i ~ 2) 

(6.10) 

(6.11) 

(6.12) 

The recovered profile is the Sl't of poillts [z" nejj(m\)]. With <'C)l\ation 6.10, we can 

progressively calculate ::" The ol1ly lin known 1eft is t.he surface index 11 ~ lIspd ta ca1culate 
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n1 

thE' phase shift ,pc. This can hl' oht"ill('cI h.\' :-.ptt.illf,!; i = n, or <'<I"ivalplllly ::/ == Il. W(' hav(I 

then neJJ(mo) = 11s sinee 

Substituting this into ('quatiall 6.5, w(' fiu<l (jJ" = 11'. Ttll'lling t.o (,((lIalioll HA, W(' HI'" t.hal 

the integral is C(IUal to zero sincp =/ == O. TIl(' VahH'H of </1,. and (P" arl' -'Ir alld -'Ir /'2, 

respectively. Solving for 1110, W(> fil1d 1/10 == -0.75. TIH'refoJ'(' 7/ •• == Il'fJ(--O.71j), alld t.hih 

value may be extrapola,t ed frol11 th<> <>frl'etiv(' ind(·x ftlllctioll (spe Figu 1'(' ().a). 

One limiting condition on t hl' applicahility of thi" 111('1.hod is t hat. t.IH' l'f'rrarf,ivl' 

index profile must he manotonically d('('I'l'a:-.illg (i.l'. dl'creasing from nit ln 11/) wi1.hCJul 

maxima or minima). One call Sl'(, that WI' IIlUSt. haV(' 11(111.1) > 1l"JJ(m,) fnr (,((lIatioll ().JO 

ta work, and from Figure 6.3 \VI' SN' t Il is (,ol'l'(,i>ponc\s t 0 il mOllot 011 kally dC'('J'I'ai>i Hg illllflX 

profile. The effective index fundion Illlls1 111('11 h(' 1I10llotollically c1('('J'Nlhilll!; alHO. For all-

nealed proton-exchanged wavl'guidf'f, i Il LiTaO:!, t lH' illdex profil(' if. itl\\'ays rnollotollically 

(i'l 



dccrcasing so this condition dOCH Ilot POS(' any problems. However. the J\VKB method 

cannot reconstru<:t index profiles that ar<> bUl'ied, for example. 

The Effective Index Function 

The ('ffective index fUllctioll ll,.JJ(m/) is gt'Iwl'ated from a small number of data 

points. Inside th(' ra.nge of tl1(' data points (0 < 171 < Tn mnx ), the fundion is interpolated 

Hud the acclIracy ir, usnally good. Ollt.sidc t.his range, (-0.75 < 171 < 0 <Incl 171 > mmax), the 

('ffectivc index fmu·tion must. 1)(' extrapolah'd. The surface index (af mo = -0.75) and the 

:'IlIbstrate index (at 111 = 'X)} arp ext l'a pola !.<,c1 1->i 11('(' t hey lie outsidE' t h(' l ange of data points. 

It. was found that a polynomial Clll'V<' fit was t 11<' most versatile interpolalionjextrapolatioll 

schenl<'. Mof,t. oth<'f schemes (lilH'ar. cuhic Rplill<', etc.) do not <,xtrapolatC' weil. The 

polyuomial 

p(::) = an;;n + an-l ~n-l + ... + alz + ao (6.13) 

is uscel to fit the effective indices of '1 wav<'guide which supports 11 - 1 modes. Thus a 

straight liue (i.<,. ol'<1<,r 1) fits a two Illod('d wavegllide, and a fourth-ord('r polynomial (i.e. 

:4) fits a five mod(·cI waveguidp. Each guidNI mode [m, neff(m)] yi('lds a data point in 

t.he forlll of lz, p(z)] for the C1lI"\'(, fitting. Sol\'illf?, for the polynOlnial'~ coeffici<,uts cau be 

dOIH' using matrh: t<>chniqtles (sinc(> ('<tch f.!,uided mode is the solution to an independent 

WJ\ il dipel"sion ('quatioll) 01" hy IIsinp., a Iin('ar I"c.!!;l"(,s1>iol) algorithm [96]. 

Evaluating the IWKB Method 

This method WélS t('steel on a variety of data to <,valuate its arclIrary and to idellti(y 

it.s strength and its Ilaws. Firstly, the acrnracy of the method was t('st('(l hy calculating 

mod(' indin's from t lU' WKB dispPrsion rdat ion, and then applying the inverse method 

to l'eCOVer tl\(' in!l<,x profi!<, , Wav('gllides slIpporting two to five mocl('s with the step and 



th(' Gaussian index profi\(ls \\'('f(' uS(ld to g('l\('ratt' 1 h(' indk('s. 'l'Iu'ir inll!'x pl'OliIt's an' 

typical for annealed proton·(lxchang(l(1 LiTaO;l wawp;uid(ls . .Judp;inp; from l'i~ur('1- H..! and 

6.5, thc m€'thod do€'s not \'I.'CO\·('I' th<, orip;inal profi\(I ",dl for Iwo IlIodl'd wa\'('J!;lIidps. bill 

is increasing accuratc for thl'ee or more 1lI0d('d waveguidps. This holds t rll(' for hol h th., 

step and the gradcd Gaussian Pl'ofi!(\s. 1'hl'(,c 1II0des are thns Ihl' minimulll n''1uil'l'd flll' 

an accurate profile, and t.he more th(' I)('t.t('f. Si net' Illas!. protoll-('xdlanp;(' Wé\\'('!!.lIidl'~; 

\Vere two-mod€'d, the IWI\B l1lcthod muid HOt, l'('cov!'\, 1 h('ir pl'ofil('s. C1rad,'d Jll'Onlt,~ 

are reconstructed more accllrat,t'ly t han stt'p pl'OfiI('s. This is 10 h(' (\Xlwrtpt! :-.illl'I' 111(' 

WKB dispersion relation aSSUJllt's a gl'<ull'd-intl('x Jll'OfiI(' in ils dNivatioll. Allllt'ah'd /!,uitll':-' 

typically support tltre<, to ten 1ll0d('fl and ha\'(' /?,l'ad('d plOfil('fl, Ml UIII' ('all pxpp('l, iU·t'lIlïltt· 

results from the IWKB nwl.hod. 
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Secondly, sensit ivity of 1 he 111<'1 hoc! 10 1 h(' measl1rement error wa~ t<,sted. The ex-

ad dat.a was generated with tll<' W1\R dispNsion relation assuming a generalized Gaus-

sian profile, wit h varions degr('('s of curvat ure (1. AltC'rnating errors of tO.OOO.J, -0.0005, 

tO.OOO.5, ... or -O.OOO.J, +0.000.1 .... (±O.OOO!) = measurement errol') w(\re t hen added ta 

tll(' C'X<lct 1lI0d<> indic('s. Th{'fo(' altNllatinc; ('lTors ('1'{'ilted the mosl distortion in the data, 

a Ild WHS d('emed t h(' worst cast' SC('11<I rio. ('I('a dy, if ail the errors W('J'(' of olle s1gn then 

the recolH;trurted profile would nH'r(\I~' Il(' f.hiftNI up or down. 

llpon initial tC'sting. tl1(' l1l<'tllod \Vas found to bC' highly 'l('nsiti\'(, to errors. The 

1'('('O\'('I'<,d incl<,x profilps WPl'e spvprpl.v disloJ'tN( and did not ev('n rpffiot(lly match the 

original pl'Ofil('s. TIH' following pl'ohIPm::. ,,'('l'l' PI)('olllltel'ed: 

l, ThC' recoll!.t ruct{'d profilp was Ilot SllIoot h or was physically implallsihle. 

:!. The surfacp in<ll'x 11., wa!'. )!;rosfll~' O\'pff'stimat('d. 



3. The met hod do('s not work 1)('(' a IISl' t Ill' ('m'cl in' ill(h'x flll1cl iOIl is Ilot llIollolollirally 

decreasing (usually with a maximum I)('I\\'('{'II III = () alld 1/1 =: -O.i!»). 

4. The reconstructl'd profi\l' did nol 1('lId 10 Ihl' fluhfltral<, indl'x "/, 

Fortunately, it was found t ha t t Il('se probll'Ills ('OlIld lIloslly 1)(' a lI{'via! l'd h~r using a low('('· 

than-maximum or<l('\' polynomial for t II(' drpcl ivp indpx fllllctioll [!)~J. Fillillp; il 1 hi nI· () 1'1 11'1' 

polynomial to sewn modes, for (lxample, prodll('('<1 ail exc<,lIl'1I1 J'('WIIS! rt\cl.·d plOlill'. Thp 

justification for doing thif> is Ihat Ihl' 1l11'aSI\l'E'IlIf'lIt l'ITOl' calli,ps llurÎlIatioll!l ill lIu' dala, 

and such fluctuations are illcorpol'al('d iuln a IIIi1Xillllllll-Ordl'l' pfrpl'lh'p illdl'x fllllClioll. " 

10wer-ol'del' polynomial doe') 1101. 1Il'I'I'f>saril~' pa'if> 1 hl'ollgh ail ! 1)(' dal,1 poilltH. HO 1 hl' ('(J'l'I'I 

of the errol' fluctuationf> is diminishl'd. III fact. 111(' IOWN OI'e1.'1' fil llIay ('V('II CO l'I'<'C 1 rOI 

the measurement error. An l' [1'('1 i v(' i Il el ('x rll IIction g(lll('ra 1 pd rro Il 1 l'a Ir 1I1a 1 ('d 1110"(' i Il cl l'X 

data is SIllOOt h. The low order n" f f ( m ) if> f> 111001 hN a Il d III 01'(' cJoflPly l'I'Sf' III 1>11'8 li /l, f f ( /II ) 

generatcd from calrllial('cl mode illdi('('f> 1 han a hip,h O\(iPl' 011<'. {lslla"~·. il polYllomial of 

order two to four prOdUCl'f> the' 1)('<;1 (i.l'. physkally plallf>ihlt'. 1110Ht. liJ..!'ly. alld flfllOOlh) 

profiles. This is t rl\(' <,v('n if 1 h(' llH'as 111'('(1 1II0c\ l'H 11111111)(' l' ov!'!' 1 l'II. 

Comparing the r(,cov(,l'('<1 profi\('s to Ih(' ol'igimd Jll'ofil('f> (Hpl' Fig;lIrp s (Uj alld (U), 

one sees that the I\VI\ B mëthod IH'l'rOnllf> wl'll in hpil P or t hf' 1'1'1'01'1->. 'l'hl' l'I'(,oVl'l'l'd illld 

exact depths match consislently and wilh \,(,l',y good pl't'cifiiolJ. 'l'hl' I->harH' IlIalclll'h Illal 

of the exact }>1'0fi)(', thollgh Ilol pNfpft)y. '1 hp 1'('('ov('I'pd l' 1'0 fi 1(, divPJ'A"<; frolll t.11I' ('XiiI 1 

profile particularly at th(> tail. The f>lIrra('p illdpx 1t, dOPh Ilot malch qllilp ;If> WI'II, wit.h 

the largest difr('ren('p I)('!w('ell 111(' pxac! ancl I\\'''B valllP l)(lill$!; 0.00 r. ThollJ.!;h 0111' lIIi~hl 

wish the accuracy to he h<,tter. it if> a<lp(l'lall' fol' 1 IH' plll'J)(Jh('H of 1 hif> wOl'k. III gPlIl'I'al, 1 hl' 

match Îs good, and the f('('onh!,l'lIclpd pl'Oolp al'f' n'Jiab),. and J'('prl':'PIII'tlivp of t.hl' a< t.llal 

index profile 

The lower orcl(')' fit works wPI\ for 1I1()~1 < "'>Ph. flOITJ{' illf>taIH·I·!-. of prohlpllll1 :l, a, 

and 4 remaine<l. Th(> lInderlying caUf>p fol' Ihl'f>1' pl'OhlplTlh i" Ihal Ihp pfrNt,iv/' Îlldl'x 
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function simply clo{'s not extrapolat(' w('ll. Il i., possihlp to forn' tlH' {'frc('fh'{' intl<'x fllllction 

to extrapolate mor{' reasonahl~' by intl'odllrin~ an ('xtralH'OUh Illocl" illd('x data poinl. 

thus transforming t he fornl('rl~' ext ra Jlolal ('d r{'gion i nt 0 a Il int ('J'pola t ,,<1 rpp;ion. lllsid" éllI 

interpolated region. h('haviour of tll<' pfl'('ctiv<, illdpx fUllctioll is rontrnllahl(', F(Jr 1'1'01111'111:-

2 a.nd 3, the extranl.'ous point ran 1)(' th<, surfan' illd('x at 111 = -O.i!). Il,, vahll' ~h()1I1t1 

be one which will r('sult in a lllollotollÎrally d('('J'('a~illg ('(rl'rliv" ilul('x fllllrtion and whirh 

will produce a reasonable illd{'x }li'ofil{'. Fol' pl'ohlt'1I1 ·1, t II(' PXll'all"OIlS data point shollid 

be introduced at m > mma.r. Its vaille shollid 1)(' al, or hlightl~' aho\'(' flu' suh:.ll'al!' 

index. The interpolat('d fUlIctioll will ht' fnrn'd 10 dilllini ... h tD a vallll' l'IOHI' to "I,. \Vith 

these addition al corrertions, just ahollt ally ,,('t of data cali h(' lIlad,' 10 yi('ld il 1·('a:.(lIIahll' 

refractive index profile. 

Summary 

The IWKB method nUlllcl'ically g(lJl('J'clt(':. a r(lfrart.iv(' indpx profil(' givPII fi 1>1'1 or 

measured effective indice". Fol' alln('alpd wavep;lIid('s with p;l'adl'd profil!'s, 1.111' rl'C'IIII

structed profiles ar{' expected 10 h(' 1\('('lIral(\ (,\'('11 taking in!.o ;)(,(,ollnt .111' Il)('él!>IIII'IIIPllt 

('l'roI' in tlHl da ta. 

The IWKB method is Ilot all pxac' 1I1pthod hl'causp il ('ollfiIlIlOIlS "frf'c'ivp illt!l'x 

function neff(m) mllfit bl' gell{'rat('c\ from diM'J'P!.{' data. J)('!H'nclinp; 011 whidl illll'I'po

lation/extrapolation algorithm if" llspd, a difr('f'PIII, l'pfl'artivC' illc!l'x prorilp will 1)(' l'I'I'OIJ

stl'uctcd. Choosing th{' apr,ropl'Îat(' ~cllc'nH' is ,>olll('wltat al'hi!.I'Hry: ally ,,('hPIlII' wltidl p,ivl':-' 

a rcasonahle and likPly profilf' is an·('ptahlf'. 'l'hm;, illdl'x profill's ohlailll'ci hy .11f' IWI\B 

method cannot 1)(' l'{'gardc'cl af, "thp 11'111' (>l'o(ilp''. NOlIl'tlu'll'ss, 1I11r1"r 1110'>' (,1I1l/lilioll!>, 

the method prodll('(ls faidy arClIratp. r<,liahlf'. Hlld tnl!>lwollhy 1'1'!>!IIt!'>. wi.h 1111' advallla/!;r' 

that no index profil(' f\lndion 11(:;) if, H!>!>l1l1ll'cl. 



Chapter 7 

Results & Discussion 

7.1 Introduction 

'l'Il(' main ohj<,cti\'e of 1 his ]'(\f;parch ir-. 10 obt ain accurale and ('xt<,nfiive waveguide 

characterization data. which will Il<' Il S(' fil 1 in tlr(1 fabrication of pyrophosphork acid ex

rhangl'd LiTa03 devic(\s. This ('haptN is th(\ heart. of the thesis: it contains the data and 

t.IH' analYfiis of proton-exchanppd. hllffpl'('(1 proton-exrhanged. and annNlkd waveguides in 

z-cut LiTa'o3' The proton-(lxchallp,<, parallH't('l's ~lIp. ripe, De, Do. Eu. and propagation 

los1':>(,8 were found fol' a l'ang(' of fahrication conditions and pl'esent<,d in hoth tabulaI' and 

gl'aphical forlllat. This data is compal'<'c1 agtlinst olher l'esults in th<, Iit('fatul'f'. New 

insights iuto the proton-pxchange procf'SS on LiTa03 are discussed. Th(' ann('aling pal'am

('t('rs ùtl(la), ~1I,(i,,}. and propagation 10f,foI('f, w(ll'e also round fol' a l'ange of falnication 

('on dit ion!. and again pr<'s('ntp<! in hoth tah1llar and p,raphical format. TIl<' obseI'ved be

haviour of the l'<'frartivl' index {>l'ofill' is ('xplaÏll<'d, and new insights inlo the effeets of 

illIlH'aling are disclIl'.s('d. Finallr, a wilv('gllid(' d('sigJI pl'Ocedul'(" basNl on th(' charactel'i-

1.,11 ion data. is }Jl'ps<,nl<,d. Thl' s<>lection offahl'iration conditions for certain sample designs 

is illustrat<,d. 



7.2 Proton-exchanged Waveguides 

The aim of this porlion of th(' l'pspal'ch is 10 oblain accllral(\ rharactprizatioll dala 

for LiTa03 wav<'guides proton-('xrha ng<,d in pyrophm.phorir ad<\' This li ft ta wllld 1 hl'II 

provide the answers to th<, following qll<,sl iOlls: 

1. Whether pyrophosphoric acid produc('s wav(\gllid(,s wil h \)ptt <'1" prnpNtips 1 han 1)(,11' 

zoir acid, 

2, \Vheth<'r a FNllIi or a J!,<'II{'J"éI Ii;~pd c: H IIsilia Il indpx profi\<, I\locll'I iil lIIorP il("("U ra t (' 

than the convpntional slpp-indC'x appl"OXilllillioll 

7.2.1 Step-index, Fermi, generalized Gaussian models 

Four slIbstrat<,s were prololl-C'X('hallJ!,pcI al l'aell of t.hl' f01l1" difrl'l"l'llt f"hriralion 11'111-

peratures (230°C, 2,IO°C, 260°(', 2ROO( '), TIlf'il" molli.! indi<"<,s W('J'P IIII'1\s"r('d and '1llalyzf>1I 

(following the m<,thods descrihed in Chapll'l" li) 10 dpt<'I'lIIin(' t.1I<' wavl'l!;lIi<lp (I<'pl Il '/1" alld 

the extraordinary index incrpasl' f).u, of l'a ('II wavl'l!;lIi<ll', Figur(' ï, J plol ... tlu> 1 111'01'1'1 irai 

dispersion curvp of a slep-indpx profil(' wavl'~lJidl' wil h 1 hp IIH'ar-.ll1'l'lI Jllodal illdi("'1-> fol' 

240°C. Plots for the other exchanp;(' t ('111 1)(\ l'a 1 1I1'(,r-. ,11'(' VNy silllilar. I-:x('(\III'II1. agl'l'f'II)('11I 

was obtained bE'twpcn the t]J('oretiral and pxpNilllPnlal data. 

Other resparch('fs have u:-.pd 1 h,' 11101'(> colllplkal('d polVllolllial [11]. t l'Il1lcal<·d [,I:J], 

and modified J<{>rmi [101 fllnctiollil 10 1l10lP "l'l'lIrfll'>!.v dpil('l'ilH' Ill" l'l'fl':trtiw i"c!f>x /lrorill' 

of waveguidE's pl'oton,exchanp;pd i" P.\'l'oplioilpllorÎ<' acid. 0111' (Iata \Vilil flIlHI.Vi':NI Il:-.illJ.!; 1 hl' 

modified Fermi and th(' generalizpd (;illlil"iall 1110111'1:-. in addiJion 101 h" iltf'p,indf>x IIlfldl·1. 

Table 7.1 shows tJl(' ('rrol' hetw('('n th,. l'ak"latf>d all(1 11Ir> lII('a:-'III'('(1 Ill/HI,. illc!flX Vahlf>:-' lOI 

each mode!. The sllm <'l'fm" Ll'. 11H' ~1I111 of 1 11, ,,(raie) - 11"" (Jllfli\<,II fol' ail ao 111011,·:, 

from a total of 16 wav(l~lIidpil. i~ an illcliral iOIl of t hl' il(TIII'IiI('Y of l'arh 1110<11'1. Th,· F"!llli 

and generalized Gallf1i1lall mocll'\:-' do i,,<!pl'c! havf> lowf>r :'1l1Tl prrorr-.. bill 1 hl' jlllIHI)VI'!II"1I1 

ïO 



is only marginal, and within tllp range of pxperim('ntal error. The thpor(ltical mode index 

values are calculalpeJ with an (>xact di~p('f~ion rplation for the step model. For the Fermi 

alld w'"eTajj;~pd GallssÎan mo()Pj, hO\\'f>ver, t hp calculation is appl'Oximatp h(lCaUS2 the Tay-

optics approximation is us('(1. ';in('(' t hps(' tnod('l~ yield only a slight incTease in accuracy, 

nut require an aclclitional fitting paranwt<'f (1 ancl an approximate calculation method, the 

st<'p.index modpl is uspd in t jl(' following analysis. 

~ 
u 

~ 
u 
~ .=: 
~ ..... 
u 

ail Nrors aTe in xl 0-4 Sum F:rror 1 
Temp. 230°C 240°C 260°(' 1 2~O°C El neJj(nwas) - l1rff(calc)1 

Step-index 5.7 4.7 (j}) 17.1 34.0 

~ Fermi .').1 ,1.:1 h.!; l.'j 30.9 
Gen. Gallssian .5.0 .1. !; li.1 }.I.8 30.7 

Table 7.1: Arr1l/'ary of tlH' stpp-indpx. F<'t'Illi. ancl gelleralized Ga1lssian models 
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7.2.2 ~ne, d, and De 

Figure 7.2 plots the de pt h cl pc \'C'I'StlS the sq lia l'l' root of t hl' l'xrlm np;(' t illH' ,111<1 shows 

that, as expected, prot.oll-exchallp;l' in LiTaOa is a diffnsion-limitNI prm'l'SS J.!;o\'!'I'nl'd Ily 

the equation 

(7,\ ) 

where De(T) is the ('ffC'ctive diffusion col'fficirnt (in 111112/111') and ... mil's wit h t Ill' ('x('hanl4P 

temperature Tpe ' Table 7,2 prC's('nts t h(' v<lIIIPS of ~1I( and n,('/') f01l11l1 for ail fOIl\' l'X-

change temperatures, It \Vas found 1 hal ..J./I, wa:-. la 1'/1,('1' fol' hip;IH'1' ('xchall)!;l' 1 ('IIIIH'l'at 111'1'1'0, 

The dependence of De on telllJ)('\'at 1IJ'(' i:-. p,ivPII hy t h(' Al'rlH'lIills la\\': 

( 7,1) 

where Do is a con st il nt for diffllsion (/1/1/2/" /'). f';n is t.1H' i\etiva t ion ('IIf'I'P;~' (l'V), k ii'l Bol I~-

mann's constant (eV/I\), and 1~)f' is tlH' ('xchanp;(' tC'lllpel'a.tur(' (Iù'lvilli'l). This l''1l1al.ioll is 

graphically illustratC'd in FigurC' 7,:J. which pl()t~ thp natul'al lop,al'it hlll of IJ,. ap;ailll>t. t IIP 

inverse of temperatme, The valuC'h obtaillpd fol' Do <lnd En at'(' /!,ivl'll il, Tahl .. 7,'1.. 'l'Ill' 

exchange paramC'tC'fs fol' C'ach individual \\'avPp;l\iclp is Iworde<! in Tahlp 7,:J. "'i!!;l1l''' 7,r1 

plots the wavegllidC' dppth VC'I'I'>US tht' pxchan)!;(' 1.('111 I)('\'a 1, 11\'(' fol' difr"l'('nt fahl'icatilln t illll'S, 

with experimental data and somC' data inll'l'polatpd fl'olll FiJ.!;lIl'p 7,'2, Thp c1wif' (,OIlVI'/'-

gence of the thrt'e lin('!'\ at L9R,5 ± 1 0(' Î1ulicat('1> that thih il> t h(' Illillillllllll Ipnq"'I'alllll' 

for proton-exchangC' with pyrophiJsphOl'Ï<' Mid ill LiTaO'l' 

~ne 0,0 1'21 0,011:) n,o l 'lX O.O(;ro 

DF (IJl~~ ) O,OH:,!:} O,I1WJ (). :2H:2:~ O,!i!j,I,1 

Do ::-.: 1.1!Hi' x IOH 11I1!lj" 1', E" = O,!JIOI t,V 

Tahl(' 7,2: DpPC'Ilc!f'IH'P of f) alld ~1I, 011 t.f'IIIIH'rallll'l' 

il. 
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7.2.3 Propagation Loss 

The propagation 105b of t h(' fll ndanH'nt al mode was in the range 0 ::: 0.7- 1.6 dB/cm, 

as can he sccn in Tabl(' 7.:L Th(' two low(l~t-loss wav('guides (sampll's RI and 61, both 0.7 

dB/cm) W('f(l ooth 5ingl(,-lTIod('d, \ ... hill' III<' wélv<>guide with the highf'sl loss (sample 8.5, 

1,(; dB/un) 5upport('(1 thl'(,(, mod('!-o, tl}(' most of ally waveguid('. t'liost of the wa'leguidcs 

TIl('asul'pd WNe dual-moded, and tll(' average los!-o of t!l<'se five wavrguid('s (samples 65,81, 

():!, 92, 82) if> 1.1 dR/cm. Though this data is not extensive, it does imply that power 

from the fundament.almodp i~ cOllpll'd il110 high('}' of /(')' modes (i.~. Illod<, conversion 1085). 

This was in fact PXpNÎ/llPlltally Ob5(')'\'(>d - 1 h(' m-Iines uf highel' orcier modes could be seen 

eV('1l whcn only th<, flllldaIJ1<'nlal lllo<ÎP wa!-o <'xcit('d. Thus, intermodal scattering likely 

('aused the Joss of th{' fundallH'nta! Illod(' 10 appl'ar higher. For sinp,l{' mode waveguides, 

intel'lIlodaJ scat.t<'ring is ilOt. a prohi<'IlI. so t 11(-' !ossps are lowel'. 

On LiNhO:1, llw !m;s fol' singlp-llIodp p.\'J'ophoflphoric acid exchang{'d waveguides is 

about 1 dB/cm lowf.'1' than that of hf.'llzoÎc Hcid PXChélll/!,f.'d waveguidN; [.12]. Om loss values 

(07 dB/cm) afC:> 011 aVNagc lowef t han lhal of h('lIzoic acid exchanged wav<'guides (O.ï

I.R dB/cm [6]), b1\t more data is IH'c<,ssal')' to s1\hstantiate this rla:m. 

7.2.4 Index Instability 

Somc wav<'guides W<'1'(' kept. in stol'ap,e (ambiellt atmosphere) aftN <,xchange and \Vere 

ilOt. alllleôled unti! s(-'veralmolltlls lal<'1'. Th(-'ir {'m'cti\'(> iudices W{'J'(-' f<'m{'asured prior to 

<l1l1H'aling, and it was o!>s('l'\'<'c\ Iha. 'IH'Y hall challged (sec Tab!e ï.-I). The changes can 

1)(' sip,nificallt, ('\'(-'11 for 1'('lat.iv<,ly short st.orag<' dUl'ations. In generaL t1l<, decrease is most 

lll'OllOllnc('cl fol' tl\(' fUlldalll<'1I1al Illodl'. whilp higll('1' ordef modes cio Ilot rhange as much 

{('xc!'pt sa mple h!'J). Tlw longer t!1(' Ht oragp t ime, t 11(' gl'('ater the deCfNlse. These results 

al'(' simitar to thos<, of hl'J:zoÎc acid ('XclHlIlp,E'd LiNhO:\ wav('guideii [()~J. 



---
sam pIe w('eks in Illod(' /lrlf aft('l' lI~f J afIN rhanp,p 

storag(' pxrhang(' storagp 

81 ï':> 0 :un~1 ~.190R -U.OO 1:1 
1 2.1~r)~ 2.1~!i[j -0.000:1 -

82 ~ 0 1.1!)\{) 2. HlOIi -0.00 Il 
J 2.1 R()O 2.IX(iO 11011(' --

85 14 U :l.I!) 17 '2. 1 n:11 -(l.O" 1:1 
1 '2.1 S~).) :l.IX!):1 -0.000'2 
'2 :l.txl7 2.1X:W -0.0011 

61 14 0 '2.IX!H 2.1X7!l -(J.OO l '2 
74 34 0 '2.\ !):W '2.IH!lfi -(l.OO:!1 -,.., 

1 '2.IXiO '2.IRI'r) -(l.OO() 1 
-----

84 :m 0 'l..1 !l() 1 2.1 H(iX -o.oo:la 
65 39 0 'l.lnll '2. 1 !J() 1 -(J.OO 1 () 

1 2.IX'l. 1 2.IX7!) tO.on;,;) 

64 !)6 0 '2.1 !):Hl '2. l '1% -0.00:11 
1 2.IXiï '2.1X7ï 1101](' . __ L _____ 

Table 7.4: Index illstahilitipr-.: fllIel uillioll of p!r<,ctiv(' illdir<'s 

7.2.5 Discussion 

The main advantages of pymphosphol'ir acid OVN lWllwi<' adll for LiNhO.\ wavl'~-

uides is a higll€'1' ~Tlr and 10w('1' prO)lélp;a1Ïoll lossl's, bllt thes" ('(fr,ct!'! di(t ilOt, SPP"l 1.0 

extend to LiTa03. Compared 1.0 ;-("111, 1H'lIzoie "cid l'xchallg<'d LiTaO:\ wav('/!,lIidl'!'! [7], 

our waveguides exhibit a simitar D, and a ~lil!;ht,l'y 10\\,(-1' ~1/,. (~(),()1:1 VPr~IIS :::::0,(17) al 

the same temperatllres. Loss('s al'(' 10\\,('1', hlll 1 Ill'r(' is insllffidPIlt. dal a ln dailll t,his ('1)11-

clusively, Table 7.5 compares thl' prolon-pxchange wavI'~lJid(' ~tlJdil'S of varions wOJ'kPI!'!. 

The resllits differ signifirantly from 011(\ wOl'kp)' 1.0 t.hl' nexl, and variatiollH in t.Ilf' l'XIH') j 

mental procedure makc!'! it difTiclIlt tn COlllllill'l' 1,h(>III din'ct.ly, For /'xanlplp, ail 01.111'1' .">('1)1 

LiTa03 studies 1Ised surface aro1lstir wav(' (SA\" 1 qnality LiTa(la, whilp WI' Il!'!l'd il IlÎl!,hf'J' 

photonic grade. Li [7J used spal('d glass 1111lf'r-. for tll(' l'XdlHllgl', whill' WP IIM'd IJn~l'alf'd 

glass container. The only cornparablp st \Jlly j" Li [~l, who alr-.o Il!'!/'d JlvroJlllo!'!Jlhorir .. cid, 

IIowever, theil' data is not af> C'xtl'll"i\'l', and \VI' IJ~{, tll(' -:; faf/' fOI {lXChilllY,", whil(' Li I~] 

ifj 



Uf,(lf, thp +z face. l'tH' crystal oriflntation cruri;llly affects the exchanp;(' parameters. 

Though 0111' rpf,ult8 do IInt point to ally major advantages ofpyrophosphoric acid over 

henzoic acid, it 8ho1ll<l tH' notNI that waveguides may he fabricaled up to five times faster 

in pyrophospl!oric arid. This if> dlH' to tlH' fact thilt the bojJjng poinl of pyrophosphoric 

acid is :JOO°C Vf'f8I1S 2.1)0°C for b('nwÎC add, and the effcctivt' diffllf,Îon coefficient De is 

live times ltiglH'r at aoo°c titan al, 250°C (rerer to eqllation 7.2). It is "Iso possible that DE 

would he higher if the waveguides w<:'re fabricat<:'d in sealed contaÏlIPl's (acid degradation 

is mllleNl). A full t'xplanation for the temp<'fatllre dependence of ~Il( is delayed ulltil 

spct.ioll 7.'1.2. wlwre it will he sltowlI 1 Ital illlllpaling f'fferts during proton-exchange causes 

\.11<' illd('x 1,0 illcrease. alld tllf' hip,IH'r th<:' I('l11peratlll'('. the greater tl1<' indpx illcrease WIll 

7,-cut T,iNhO:J z-cut LiTa03 
Acid 1>(lII7.oic pym lWlllwic benzoÏc p~'ro pyro 

1--' 
tl.n e 0.126 0.1 1:) 0.01 i 0.017 O.OO!) 0.013 

Dr (200°C) 
Jtm2/hr O.Oï~ 0.11 :J - 0.012 0.0 li 0.022 --

Dc (249°C) 
;/,In2 /111" 0.76:J 0),,1 .... ) n,IS-' 0.82:3 O.1G2 0.188 

Do 
x 108Jl2m/hl' I~..I 6.·I~J - 36.1 O.O:}!) , 1.195 

r~" (eV) 0.n7 OJ~!)!) - 1.~2 O.i 1 0.91 
Losf, 

dD/clI! ~.,I <1 1 0.7-1.8 O.l-O.:J 0.7 
Hef. Clark [:3.'] PUll [42] 'l'aria [Gl Li [il Li [~l this work 

Ta ble j .5: Compa l'ison of proton-(lxchange 1'('811 Its 

Il 



7.3 Proton .. Exchange with Buffered Melts 

This second study is esspn\ially t Ill' ~al\l(, as 1 ht' pl'l'violl~ ~t udy on PI'otoll-t')\('htlllF,l', 

but wÎth buffer('d ll1elts l('pladng cOllc('nlral<'<\ 111<'lls. 'l'Il<' ailll is ln ohtain at't'lIl'alt' 

charactf'rizatiol1 data. El('vel1 hIlO(.I'(,(( w(\w'/?,llidps W('J'(' fahri(',IIt'11. and 1 hl')' \\'1'('(' ana 

Iyzed in the salll(' way as I1on-huff(,(,l'd wavPl!,lIidt's, l'x('('pt. t.hal a I!,l'Olip ~lIr valut' 1'01' .111 

waveguides fa nricat('d al 011(' \('IIl\>eré\ t Il r(' \Vas 1101 a~slllllt'd (l'l'f{'1' 10 SI't'tioll (i,:\). EMh 

waveglllde \Vas illtlividllally RllalYl<,d, in ol'(l('r 10 r(l\'t'al th(' l'm,t'Is of diffpJ'{'1l1 dl'I!,r('t'~ Ill' 

buffering at the same exchangl' tempNature. The data is 1)J'pM'nll'd in Tahl(' 7.1i. Silll'l' 

dispersion CUfVl'S are not p101ll'd for pé\ch inclividllal wé\vl'gllidp, 1 hl' la~t ('olllllin ill Tabl\' 

7.6 shows the error }H.'lw{'cn thl' IlH'aslIr<,d and 1 IH'oll'lÎr",,1 l'fr('clivl' illrh'x vaillps. 'l'III' ~I/" 

De, propagation 10ssE's, and index illstahililip~ of hllff'('rl'd LiNhO.\ \\'a\'pgllirlp'i dPIH'lIrl 1111 

the all10unt of bllffNing [!l2], ~o it \Vas fll>stlllll'd 1 hall hl' l>aJIlI' wOllld 1I0id 1 l'III' flll' hl! 1I1'I'I'd 

LiTa03 waveguides. 
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Table 7.(): Blln'l'l'rd prolon-pxrhallj.!,1' d,II ,1. -+: illdical!'~ vall/!' 1101 IlIl'tll>lIll'd. 

The data in l'allIe 7.G s!tOWF. Ih,lI thi ... hypolh('~ih wal> ollly parliall.v (,(HW!'I. '1 hl' 

diffusion coeffici('nt Dr. or tlH' pr()pa~alioll IOhh 0'. AI 2:WoC. th .. 1I'r!II('lioll ill /).11, 1'/'0111 



its value for unhnfff'fl'd wavl'~lIid('s is ~0.0009; at :2·lOoC. ~O.OOI0: at :WO°c, ~O.(l()()(j: .It 

280°C, ~0.0003. Fi~llre j.5 plnts ~II,. V('J'SUS ('x('hall~(, h'lIIp!'ratur(' 'J~,f" colllparillp; \llIn' 

melt against huffer('c! 1l11'1t r('slIlts. 'l'Il(' (,lllpirkal ('11\'\'(' fit ~iv('s t II!' re'lations 

fnr IH1I'(' 1IH'1I:-. (I.:q ~lIe = 6.59 X 1O- i 7~f - 3.03 X 10- 1 7~" + ·I.i X 10-.1 

~lIe = 7.68 X lO- i T;, - :3..1fi x 10- 1 7~l(' + fl.O:J x 10-'.1 forl%huff('rinp. (j.l) 
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Figure 7 .. 5: Comparin~ ~lIr fOI hum'I'NI (·1%) and IIllhufrf'l'pd IJlf'lt~ 

The reclllctioll in ~1l( was telllp(,l'alull' c1PP('llflplll, \H'illp; p;I'PilIN al 10\\'('1' !'xl'lIall1!,1' 

temperatures. An explanatioll for Ihi~ 1\('IH'Il<lI'II('(' will he p,iv<'11 ill ~('('Iioll 7"1.2, wlll'J'(' il, 

will be shown that anlll'alinp; ('ff(,l'ts dlll'lTlfJ protoll·('x('hallp;(' are P;1'('iltl'r al hil-!;III'J' 11'111' 

peratures, thus nullifyillp; huffNillp; ('ff('ct~. Nol ollly i~ t.h" ~1I( rpc!lIrtioll I-!;H'atl'f at. a 

lower Tpe , it is also more ~elJ~il i'\:p tn 1 II<' ailloullt of hllffPfillg. A~ IIH' .1111011111 of IiI Iliulli 

phosphate increases, Ôll e d('rrpa:-.<,~. T lib 1 l'('IICI ('<Ill 1)(' rJ(,(lI'ly ohsl'rvl'(1 for 1 l'Ill l'l'J'a t.~" (':' 

further reduce ÔlI,. from its valtJ(' al 1% hllm'ring. Th(' bllfr(lJ'inp; "ff"l'l ~alllrat,,~ qlli('kly 

IIJ 



7.3.1 Index Instability 

It. was hopNI that the lIIc!px instahiliti('s could be eliminated in huffcred LiTa03 

wavcguid('s. UnfortIllHl1.ely, huffercd wavcguidt's are still plagued by instabilities, even up 

1,06% dilution. TIll' changes in th(' ('ff('ctivc indices are similar to those observed in non-

IHlffercd wav<,gllid<,s of the pr<,viollf. s('ction. With increased stOl'age time, th(' changes arc 

gr(latc •. Ta.hle 7.7 shows tll('s(' instélhilities. 

sample huffl'ring w('cb ill l11od<, 71 eff artel' 11 el 1 aft ('1' change 
~t ol'a~(' exchange storag(' 

III 6% ï 0 2.1910 2.1901 -0.0006 
1 2.1R,li 2. 18,1!) +0.0002 

114 6% ï 0 2.191,1 2.1 DO:) -0.0009 
1 2.1FWO 2.18.')ï -0.0003 

112 2% ï .. 5 0 2.1913 2.190.') -O.OOOS 
1 2.1 RI) 1 2.18,lï -0.000·1 

l1:J 2% - 1': 1 •• ) ° 2.1913 2.1 !)O~i -0.0010 
1 2.18()2 2.18!iR -0.000·1 

53 4% 9.5 ° 2.1924 2.1910 -0.0014 
1 2.18il 2.18(iï -0.0004 

54 ,1% 9.5 0 2.1911 2.IR0c) -0.0012 
1 2.1815 2.IH·12 -O.OOO;j 

55 4% n.!) 0 2.1914 2.1001 -0.0013 
1 2.1~.'iï 2.1R'iX +0.0001 

Table 7.7: Ind('x ill!itabilit~· ofhllff('J'('c! \\'a\'egui()(>s: changf' of ('ff('cth'(' indice5 

7.3.2 Discussion 

The ('ffect.s of buffNinF, th(' p~'roJlhof,phorir add with lithium phosphate were lim-

it.l'<1. Only ~71e was rp(!tl('('(!. whilp ind('x instabilities, propagation IO"8(,S, d, and De all 

,'('main('c! uuaff('('t('d, Th(' ('hi('f lwn('fils of bllfferecl 1ll<'lts - elimination of incl(lx instabili-

1 i('8 and redu('t ion of pl'opagation lo!-s('s - W('J'P not observed. How('\,('J'. one major benefit 

of huffl'ring is r('wa)('c\ hy t1H's(, r('slI1ls, Wit h lInbuff('J'ed wlI,v('gllid('s. t h(' only way to C011-



trol âne is throllgh th(' <,xchangl' t('tll)lf'ral ur('. Ir a lo\\' ~lIe is d('~iJ"('d. on(' 1111\:-1 l'\1l10M' 

a low Tpe , for whirh De is very smôH and t Il('r<,forp ail hut Ihl:' shaIlO\\'c'st \\'a\'(,~l\icl(,s will 

require days ta exchangf'. \Vith buffpring, on<, can ohtain ln\\' .:...\//( \'ahll's {('\'l'II lo",('!' 1 han 

unbuffered wavegui(\('s) but still work al a hip,h 1~". for whirh dirru~iol1 will hl' I1IlIcll l'a:-I('I. 

BulTering is a tool for lailoring Ill<' in!lpx ('han~1' ~1', acrording 10 d('~ip,l1 f('ql1ir('l1\1'nl~. 

and thus provides enhanc('d fl<'xihi1it~, in choo:-i!lp, Ih<, fahrication ('onditions. 

The only published work on huffpr('d z-cut. LiTaOa wa\'('p,lIidl's Illat dlPH \'.dul'~ loI' 

~71e and De was made hy Yuhara and Tada [RO]. Th('~' r('IH1\'I('<I an in('\'('aM' in Joli, 

for buffering IIp to 2%, artel' \\'hich iî (\l'('I'(\as(' l, A" \wll, JJ t \Vas rl'dl\('"d, Our d.II.\ 

diffe1's markedly from theirs, 1 hOIlp,h diffpJ'('nl (,xpl'rinll'nlal condilion:. lIIay accounl for 

these discrepancies, Thpy us('(] huff('J'('d hl'lIl.oÎr acid 1ll('lt~, Ih .. +~ ~1\rfa('(', all(1 VNy l(lll~ 

diffusion times (48 h01\ff> and 121 holl1'~), l'hl' (lfl'pcl s of bu ff('ri np, !Ilay 11(' pnl i l'ply di 11'1'1'1'11 1 

in pyrophosphoric aeid from t hos(' in hPII lOir acid, 

Surprisingly, ri and De W('J'(' nol aff('C'lpd whil<, 6.lIr wa~. This ~lIg~('~ls 1 Itat. prot()ll' 

exchange mechanisms a1'(, diff('\'('nt in LiTa 0 \ fmm LiNhO:I , 1I~'dl'()f,!;(,1l diffuHPs intll 1"" 

LiTr.03 crystal via two diffc\'('nt 1)J'on'fI~(,s: t hp fil'st is an ('xchanp,(1 l'l'ilC't iOIl with lit.hiulI1; 

the second is a surfac(' l'('artiol1 wil h wa1<'\' (s('(' S('l't.ion ;J,!),l). TitI' lat 1 PI' is 1101 IithiullI 

concentration depenclent, Pe\'haps. t hif> b 1 h(l dominant l'pact ion fol' prolon-pxrllilll/!,(' ill 

LiTa03, while the (lxchange \,(lartion is t Il<' dominallt l't'artion fol' LiN'hO;j, Tltif> would 

explain why buff('ring s('('ms 10 hav(' a lilllih'd p!fr'cI, and wOllld abo l'xplaill t 1)(' diffl'l'I'II('(I 

in diffusion speccls, An alt('rnat.iv(I pxplallat iOIl b t hat IiI hiull1 1)J'l'dpit il t (lS 0111. of ~olllti()11 

as the acid degrad('s during proloJl-l'xch.III/!,<', TI\(' f,I)llIhility of lithiulIl pho:-.p"atl' ill 

pyrophosphoric acid satllfat('s at low ('011 ('(1 Il t l'at.iolls, f>O l'V('II hig" Il'vl'l~ of bllffplÎnp, wouirl 

have little e[ect on tll<' wavegllid('. Thf'~(' (lxplanatiolls (11'(' slwC'lIlat iw' ill lIal.lIl'l', alld 

further work would he required ta providp a f,!;l'palf'J' lInclPfstandill/!, of t bis r('f,IIIt. 

Xl 



7.4 Annealed Waveguides 

'nit' (·ff."ctll of anllC'aling 011 thC' f(lfractiv(' illdex profile of proton-<,xchanged waveg-

11 jdl'~ war; stlldipd a nd ca f(·fn Il y cha ract<>riz{'(l. {T pon annealing, the protons diffuse fur-

thl'r into the sllhstratl', cansing; the step-inc\<,x profi\(· to increase in df'pth and to grad-

ually 11I1100th Ollt iuto a graded-indpx profii('. The change in the surface index 6.'/ls 

(.6.11., = n~ - nb) and the change in t.he wav4?guid<, depth 6.d (6.d = d-llpe ) w<,re mOll-

itorNI throu~hout annealing. l'Il<' <,volution of the index profile wit h anncal time ta for 

four wavcguidC's is shown in Figll),(,s 7.6 - i.n. Of the Rixtcen ann<,al('!1 waveguides, the 

lu'ofi\<,S of only four r<,pr<,st'nt at iv<, \\'avpgllidp:-, a)'t' showlI. Each wavt'gl1id<, was ann<.'a!E'd at 

a. difrNcnt t<,mpNatnrf'. Ali the annl'alinp, data ))J'Ps<,nt.(·d her!:' is fJ'om wavpp;uides proton-

üxcJlélnged in cOllc<,ntral<'d ll1eltll. S<,ctio/l 7.·1.!) contains the annealing data for waveguides 

pxdJangcd in hnfferNI I11<'!ts. 
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7.4.1 Change in Depth ~d 

lmcs = reconc;trutcd profiles 
o = mcasurcd modal mdices 
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The chanp;e in IIH' wavep;llicle c1/'pth _\rI a~ il fllnction of annl'al timl' is plotted in 

Fip;Ilr<'s 7.10-7.12. The shape of thf' !:J.d CIlI'\'/' is most strollgly a!Tech'c1 hy the an11eRl 

1('I11!>('fal.ur(' Tf1: <lnClr 2 hOUI'i-> of alllJealillg. J.d is apPl'oximat<'ly 1.1Jlll1 for Ta = 300°C 

(Fip;. 7.10) and JO. II/Ill for 7~, = .')00°(' (Fig. 7.12). The highE'r tll(' tE'mperature, the 

faht<'r and greiltl'f the depth ilJCl'eahP will hp. For a fixed Ta' th(' initial proton-exchang,e 

WlIditions <!etermine tlw !o.happ of th!' cllr\'(': aftN 4 hours of anlH'aling at Ta -= 400°C 

a.:JIIIIJ). For pllre 1lJ('lls. tltt' great<'f Ih<, proton-exchanged depth, the greatel' the depth 

illCr<'élS<, !:lei will he dllring annealing. 
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Empirical Relations 

The waveguide depth ha~ a simple !H)\\,('I' law depcndence on Il](, annE'al time: 

(7.5 ) 

wl\('l'(, li is tlw Wé\\'C')!;I'idc dcpth (for Cl p;C'n('rali~('d Gé\llssian profile, as <!(lfÎlwd in equatioll 

G.:l), dpf' t.he depth afIN pl'Olon-exchanp,l'. '(/ Ill(' a11neal time, and b.c arc cl1t've-fitting 

panllll(ltNs which dqwlld on 111<' all1]('al tplllpP\'at.IlI'P a\l(l the initial ('xchange conditions. 

This {'q ua t.ioll has prpvio\lfooly 1>('('11 \Ispd [;JX, ,12] to dflsrribe the de}>t h in a nnealed LiNb03 

wa\'cgllid<,s. Th<, vahH's of band C éll'<' gi\'t'lI in Tahl(l 7.8. 

The paranH't<'fs band c arc \\"(\11 cOI'I't'lated with IhE' anneal tl'mpNature Ta and the 

prot.oIH'xchang('d drpt h dpe. Figu re 7.13 plots b aga.inst dpe for three an nea! tE'mperatures, 

and lht, depelld(,llce is shawn to b(' ql1itl' lilwar. The relation is giycll hy 

(i.6 ) 



(1. il 

il = 0.·1 ï (11'( + O. \() fol' 7~, = :Woo(' l j".K) 

The parall1<,t<,r c is s<'(ln in Tahl<' j.H ln hl' ('ollstant fol' ail \\'awg1\idl's al1l1l',.I('1I Olt 

the sa me temp<,ratn!'<,. Fol' diff('J'l'llt <lllIll'al t<'llIpl'ralul'l's, ils vallll' '·éll'ips. 1"i~IIr<' 1.11 

plots t.he vahll' of (' against Ta. Th{' data al !iOOO(' ('onsi~ts of (111)' 011<' poilll alld :-,('('111:-. 

to be an aberration, so il. is lIül inrllldpd, OthNwihl', Ih(' d<'I)(IIIIII'II<'(' of (' 011 1;, is a 

polynomial expression given hy 

( ï .!I) 

annealing conditions. \Vith tl1(' <'llIpiI'Îcally dPl'i\,pd ('qllal iOllh of j.;1 10 i.n, 1 hl' w.l\'c'/..!,lIidf' 

designer will b(l ahl<, to f,(lle('1 1 Il(' anllPal IplIIpNallll'(' '/;" <IIIIIPal t inl<' fil' alld 1'1'01011-

exchanged dept h dpf' r<'quil'ed lofa hrifa t (' fi WH \'('/..!,Il idp of fi dl'sif'('c1 dl'pt Il d. Exa 1\1 l'I(I~ of 

how this is dOlle will he pr('sell 1 ('(1 i Il S('('t iOIl I.r,. 

Sample '1~, dl If I~l( 'l'' Il (' 

oc 1'111 0(' hOlll'h "1'8-'-

63 .500 2.IH 210 n H.n Il.2X 

8·1 ·100 l.!i 1 2XO 1 :U O. \0 
101 " 2.;'j 2XO :J j :U):J () .,Hl 
7,1 .. :U 2:10 :1:2 ,1.2(j 0.·10 

65 :J.')O 2.11 2hO ·1 :2 .(Hj 0.:1,"1 
81 

., 
:2 .fi X 2fiO :J 2.:1.') O.:S;;-

82 .. 2.X:l :~:Hl 21 2,4 O.:l;1 
102 

,. 
2.sn 2HO 1 VI () .:J!') 

(il :wo 1 .Ci 1 :2:Hl !) 0.% (U 1 
9:J 

.. 
1. ï 1 :210 fi 1.01 0.:12 

103 " 2.:2:J 2ao lG 1.1 () .:J:2 

Tahle I.X: Anlll:'<Ililll!; pal'anw!Nh fol' 6.d = il I~, 
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7.4.2 Surface Index Increase ~II. 

\Vith annC'aling. t Il(' \\'a\'('/!,ni<I(":-, :-,nl'fa('(' in<il'x inil ially iIlC1('élM'" qui< \..Iy, \I(l,d,:-.. ,lIId 

t hen d('creases slowly. Th(' va l'ia t iOIl of 1 hp :-'lll'fac(' i Ildpx Îlu'l'I'a "(' ~ 1/. \\'i Il. il 1111(',11 1 i 1111' 

ln is shawn in Figllres ï.1,5 - ;.1 l, th di:H'n:-'M,d in ('l''II,Il'1' 1. 1 hl' (,1l1l\'P!'sioll of 1I-01! 

ions ta OH ions callses this iIH'I'(',Il>(" Wh('11 mo:-.I of 1 Ill' 11-011 iOIl:-' hél\'" 1)('('11 ('ull\'('llpd. 

Ih(' 51lffac{' indC'x p('aks and IhPII (\1'('IiIH':-' dlH' 10 dill'II:-.ioll, Th .. l'atl' or ('UIl\'''I:-.illll 1'

gl'eatN at higIH'r t{,lll}l('ralul'{,:-': fol' 7;, = :WO°C' IIH' ill<ipx Iwa\.. IlCCIlI''' ,II alHllI1 \1; hlllll:-' 

(5ee Fig, 7,15); for 'J~, = 1100°(' Ill!' pl'.Ik ()('(III:-' lH'fOIP 1:) Illilllll"" (~('(' FiJ.!" 1,17), 

Anneal temperatul'(,s of :J,500(' 01' lO()o(' :-.1' i\..l' ,1 J.!,ood halall(,(, l)(ll \\'('1'11 PI'()(,I'i'>~i\l).!, 111111' 

and aCClIl'ate contl'ol ov('\' t hf' :-'lIl'fa('(' i 11<11''\ , 

The su\'fac(' inc\<>x inrr('a:-,p 11\1011 élll Ill'ali Il/!, ('Xplélill:-' t h(' dl'l)('11I1I'\I(,1' of Jo'" 011 t('1I! 

pera ture fol' pl'oton-excha IIg(', 'l('I11I)('l'a 1 li 1'('1-> of 2:10°(' t Il 2X()0 (' il rI' llÎg,h l'lIollJ.!,h fol' .111-

nea.ling to take pla('(' silllu\tall{'ollsl~' wil h pI'Olnll-l'x('hallJ?;('. allll'il al il slo\\' l'atl', 'l'''i:-. 

slow and contillllOlIS ann('aling IH()('('f,:-, ('Oll\,('\'t:-. 11-011 i01l1-> illio 011 i01l1-> ('\('11 dl/ril/fl 

pl'oton-exchangC', Sinc!' the COIlV('l'l->iOIl ii'l fai'ltl'I al hi).!;hl'l' <III Il (la 1 1f'III1H'l'at Il l'l'S, ~II, will 

consequen t Iy also he' gl'ea 1 PI' CI t h ip,h('f' l'xch a "!!.(' t l'Ill \>('1':1 1 UI'('l>, TI 1Îi'l altlll'a ii IIJ?; 1'11'('( t , wh i( Il 

incl'easl'S Done, will in part 1I1111if~' 1 h(' "ff<'('ti'l of hllffpl'itrg, which dp('f'l'ai'll''l ~I/" 'l'llil-> l'X 

plains why th(' ('[{'cts of bllffl'Iing al'(' Il 1 ore' pl'OtrOIIlI('(·t! al 10\\'1'1' ('X( hilllJ!;(I tf'IIIII1'lat 111'1':-', 

where the al1n(,é\ling ('ff('ct is wpak('f', FOI' pU1'1' plolotr-pxch,IIIJ!;f', !:ll/, lIla,\' .Ibo Il''1)('11'' 

on the exchangf' til1l('. More II-OH iOlls an' ('011 VI'I Ipd loI' IOIlg,f'\' (lXCIl;III)!;!' 1 illll'i'l, ~o 1 h.· 

index increase oughl to he gl'f'a 1 (lJ', ThI'l ('fOI'f', 111(' ('0111 hi IHI 1 iOIl of il 11ÎJ!,IIN 1 f'11\f!l'I'.tt III (' 

aud longer duration shollld prodl\(,(\ a \\a\'f'J!;uidp \Vith a 1 arJ!;p 1 !:ln,; COllv(lI.., .. ly, ,1 11lwl' 1 

t('mperatul'e and shorter du.alion :-,hould p,(J(III('(' a hlllétl1f'l' Do/l" 

The gcncral h('haviollr of Do1/. in FiJ!;IIIPh 7,11) - 7,17 il> 11111..,: illiti.dly, ~1I. illl'l'paf,I'"" 

with the slope of the CIl1'\'e pOhith'f' and d"('f'p(lf,inp" 'l'hl' hlolll' ilJlpl'Oarlu'1'; Zf'IO ,11 ll1f' 

~ns peak (~npk), whirh has ail é\vc'l'ag(' vallll' orO.02:,(j(j (l>lalldal'd dp\'iatioll = O.!,O{)W·,), 
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Fip;IIf(' ï.lii: SlIrfacl.' indpx illl'1'p<I"(' ~II~ v('rSIlf, anneal timl.': Tn = :looor 

'1'11('11 ~'Ils I>t'~im 10 dpf,(,(\I\(1. alld 111(\ :-.Iopp i" BP).!,at i\'P and still de('l'('a~illg. The slope t!tell 

1>11 1, t h(\ ~Iop(' a pproadl(\~ l'('\'O fol' \'(ll~' IOIl).!, ,lBlwa 1 1 illl('f, (sep Fig. ï.1 ï). 

AI a fix<,d '/;1' t IH' influ<'I1(,(\ or t!w illitial I»'olon-('xchan).!,e co"ditions is apparent. 

('olllparing s~l\ll)11' (j!) (dl" = 1.IJlIlI) with ~antpl(\ 101 (d pe = 2.X(j)/1I1) in Fig. ï.W. il 

is ohsP\'vP<! that Ihp iJ\(kx !wak ~lIl'k 0('('111:-. l,lIN fol' Ihe wavegllidp with the larger dpr • 

Fol' 1,\\10 waV<'gllidps with III(' M,lIl1e d/l(' III(' nH'aMlllpd IH>ak occurs latN for the wa\'Pguide 

ill Fi).!,uf(\ 7.16). l'hl.' inc!<'x j)(\ak <!PSP\'Wf, clos('\' sCl'utiny. Whell Ihp dppth cl at .6.111'1. 

(1 his dl'pl h is )'pf('\ pd t 0 af, d"d b Il 01' III a lil.0<! hy 1 hp waveguide's pl'oton-l.'xcha nged dl.'pt h, 

il wa~ round tltat thp ratio dpl./d,,, \val't VPIY similar for ail wavegllidl's, r('gardlesf, of tll<' 

HII\l<'al tpllIlwratllfP. 'l'Il{' averal?p \'all\(\ "'<If, dl'dd1lf = 2.2ï, \Vith tll(' standard dedatioll = 

lU;,. For exampl(" (1,.1. = (U-tJllll for samplp 101, and d,.ddpc = 2.38. The Jneasul'ed .6.Tl p k 

lIIa~' Ilot he th(' higllPst that ~n. \,('arll('s. :-.ill(,(\ t Il<' annealing alld 11<'lIc(, thC' measurellH'lIt 

!lO 
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Illtpfval if> not finI" f'lIollg11 tn f(>'ioht· tht> pxart l)I'a)... The exact peak will occur slightl:

!H>[Oft> Of after the mt><t$U red peak. all'I he ~Ii~ht 1," high('f. As for the height of the measured 

flPak. there is somf> variation in the \'alups but 110 discernible relation ta either proton

f'xchallg(' conditiollf, or Ta' In gl?ll('raJ. tlw ~II. \,prslIs t~ cun'e ,exhihit<; more romplicated 

ht·ha\·iour and df>p('nd('nci('s 1 han 1 hl' ~d \,prSlJ~ ta l'une. 

Em pirical Relations 

After att(llllpling ~P\,pfé!: cun'p fitc; (p,f;!,. pol:'llomial. exponential. ptc). the followillg 

pO\\'Pf law r('lalioll<; ha\'p be(ln found to IHO\ ide thp hest fit to the ~1I~ \'('fc;ns ta cun·es. 

ln f('gioll of initial incr(>ac;l.'. up ta tl\f' pE'aJ... th(l rplation is given b,": 

(i.10) 

w!t('re ~71f is the ind(lx in('feasl.' dup to pfoton-exchange. and t. f afE' CllT\'e fitting param

('tCff,. This formula was fitt('d la 1 h(l dal a fOf Ta = 300°(' and Ta = 3.jO°C, as shawn in 

l'iguf(lS i.15 and i.W. FOf 1~ -= ,':)0°(' and 1'" = .500°('. ~n5 p('akc; qllirhl~' and there are 

Ilot enough data points for a 111"aninp.ful cuf\'P fit. Anothef po\\er la\\' fl.'lation is med to 

lit the data aftpr th(l p(>ah: 

(i.ll ) 

wh('re ~lIpk is the mea<;ufed ~T13 peak. tl'~ j" ta at ~lIpJ.. and g a fitting parameter. Thil' 

formula was fitted to th(' data for T~ = 3.;0°('. ,.woo(' and 500°('. ac; shown in Figures ï.16 

and i,l i, For Ta = 300°('. ~1I~ pl.'ak .. \'<'ry slowly and there ar(' Ilot ('nollgh data points 

for a ('un'e fit. The \'alues of (. f. ~1/pk. alld gare gi\'en in Tabll.' i.n, The parameter 9 

\\as fOUlld to hl.' JiJl(·arly relat('d to rlr , (~ee Fi~ure i,18): the r(')ationc; ar(' gi\'en by 

9 = 0.OS6r1"f - O.:).) for Ta = ,100°(' 

9 = 0.0 IOdl'( - 0.23 for T1 = 3,50°(' 

(ï.12) 

(ï.13) 



l'nfortunatel.\·, a dependence on fahrication condition~ cou Id Ilot h(' rOllnd for t or f. 

~evertheless. equations j.l0 - j.13 can he us('d to s('I('(,t 111(' prapN ann('alill~ WlIditioll" 

for a waveguide with almast any d('sir('d ~II •• F:xa III p)<,o;; of ho\\" tlH'~(, ('filiation!> alld ~raph" 

can be used will be pres('nted in Section j.j. 

Sam pIe 1~ dp , 1 f ~71/,k g 
oC 11111 IIr.' - f hrs-g 

(j:l ~OO 2.1~ * * O.O):)} -021 
-
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101 
.. 2.),i * * 0.02f)~ -O.:J .) 
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.. 

3.:3 '" * 0.02(j() ·0.2(; 

G.) :3)0 2 11 0.011-) o I:? 0.02,"):\1 -0.1 1.") 
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.. 
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~2 
.. 2 ~q 0.0112 0.1 t (J 02 ~ 1 -0.12.-': 
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-=-
61 300 I.h 1 o O()(lï 0.1 1 .. .. 
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.. 
J. ï 1 0.010-) 0.11 .. ,. 
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-
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7.4.3 Index Profile Area and Index Instability 

The an'a of the index profile (the integral of the refractive index profile with respect 

1.0 depth) is a m{'asflre of total amol/nt. of OH ions in the wavegui<)<,. The II-OH ions do 

Ilot affpct th<, r{'fractiv<, index. but as the II-on ions are converted into OH ions during 

aJlJwaling, both ~TI, and fi inrreas{', reslll1.ing in a growing index profile arE.'a. The area 

is plotted againflt annt>al timt> in Figlll'e 7.19. After most or all of the II-OH ions are 

c'ollVl'rtc'd, the ar('a levds off to a stable valul', or a plateau. Thh, plat<,au area al'pl can 

Iw quantified hy taJ..ing the avel'agf' of ail tht> arc'as in the stabJt> r<'gion. The start of 

t he plateau is found hy noting tIlt' time 1" wh{,1l \.11(' area hegins to l<,vel in Fig. 7.19. It 

was ohHerved that fol' ail waV('guid(ls. no sip,nificant ('banges in thl' arf'a occur after tp )., 

tlw t,iIllP wlwll the indC'x pf'ak is )'('ach<'d. Thns, Ipl. defines the start of the plateau. For 

sam pie 74, tpl. = Ihr, th" plateau alPéI a 7',.1 = [O.171( lhr) + 0.li:3(2hrs) + 0.179(4hrs) 

+ O.183(Rhr) + O.16R( 12hl')]/.1 == 0.li5. Tahles 7.10-7.12 contains tht> parameters 11').' 

arpl, and otl1('r an I\{'aling da ta for earh wav<'guide. The column in t hese ta hies, labelled 

"poly. deg.", giv(ls the d(lgl'(l(' of the polynollliai ('ff(lctivE.' index fUllclÏon lIRed in the I\V1\13 

reconst.ruction of that inckx profile (r('fN to Section 6.4). Different de'I!;I'e'(,s may be uscel, 

r('s1llting in slightly diff('l'enf. f('collstrurt('<! profiles, so the degree artllally lIsed is given 

11('1'(' to prevent ronf1lRion. 

Annealing conditioh fùr eliminating index instabilities 

It wa<; obsNv('d that th(' (lff('c1i\'(' indk('R of waveguides anneale'd for less than the 

time 1'('quirNI for attaining t.he plateau al'e'a w(lI'e Ilot stahle. Similar to index instabilities 

in proton-exchang(l(l w(\v(lguides, the' ('ffectiv<, indir(ls of the fllmlamental and first-order 

moclt's decreased. while higill'I' orON Illoclef, c1icl not change much. The' indices were stable 

fol' long anu('al til11('s (for ('xamp)e, :l0 hOll/'s at 300°C, 16 hours at 3!iO°C, and 6 hours at 

,100°C). The source of ind(lx instabi\it i('s arp hpliewd to be JI-OH ions. Wlwn they are aU 

!) 1 



converted into OH ions, index insta hilities hllO\lld di'lapl)("\\'. TIlt' 11- 0 Il ions aH' aln\llst 

fully cot1\'erted when th{' index profile area of tlll' \\'él\'l'guidp l'pach('s Ihl' )llat('all a 1'(',1. 

In arder ta ensure that tll{' wa\'eguide is fr<,<, of indl'x instahiliti<,s, it ~hn\llcl hl' allll('<lI('d 

iuto this stable region. The plat<,all hegins al /" = 'l'A. 80 III<' annPéll lillH' lll'(,('S~ê\l'~' 10 

guaralltee stable waveguid<,s is giV<'1l h~' 
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Figure 7.19: Area of ind<,x profi!('s \Vil h t.illH'. Samplph arl' lalwlll'<1 hy Ilu'il' 1l1l1ll1H'r. Solid 
lines indicate tlH' areas IIsed in t.h<, calculaI iOIl of (J 1',,/, 

A waveguide's plateau a)'<,a ([1',>1 wa~ rOtlllel 1,0 he )'platl'Cl to ils irICll'x prnfilf' an'a arlN 

proton-exchange (([rpe )' Figurp ï.20 Jllot~ m'pi ap;ainst (/1'11" and a ililllplp lillf'tlr c!PIH,"!lPIIf'(' 

is observed (se(' Fig. ï.20 for tltp prnpil'iral ('qllatiollil), For tlH' salll,' pl'olon-I'xdlall)!;(' il l'l'il 

al'pe, the plateau arpa (11'1'/ is p;real<'l' fol' w;'\'('p;uicl('~ exchallgrc! al T ,Jt = ~:H)°C th,llI al 

is a fuuction of both temperat1\rc T,,~ and t illJ(> 'II" a longer t 7iF is Il (t('dNI 10 adli(ly(' 1.1\1' 

same arpe at a low('r Tp,.. The long('\' llw ('xchang<> timp, th(' grf'éltpr 1 hl' IlllmlH'r of 11-0 Il 



ions that diffuse into the waveguide, and IH'llcP tlU' greater arpl will he. 
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Figure 7.20: Dep('ndpIH'(' of arpl 011 profile area after proton-exchange 

Physio-Chemical Interpretation 

The protoll·exchange area arp' is a lll('aSllre of the total nllmber of OH ions in the 

waveguide aftN proton-('xc!Jang<'. 1I·0 IJ ions do Hot affect the r('fract ive index, so they 

a.re Ilot taken iuto (\ccount. Annealing convertI' JI-OH ions to regnJ;}r OH ions, and the 

plateau area arpl is a Ill('asnrp of the total number of OH ions artel' anllPaling. Therefol'e, 

arpl also reflects t!1(' ntllubN of n·OH ion~ aftN exchange, plus tlH' original OH ions. By 

plotting arrl against arpe , the rat.io hptw('el1 tl1<' amount of OH and lI-On iom present 

in the wav('guide aftC'f proton-exchdllg(' is 1'('\'('(\le<l. If arpl = m'pn tlH'n there would be 

no 1l-0Il ions; if m'pl = .la7'pr' thf'1l therp IIlIl~t be three times the numher of H-OH ions 

than 011 ions. TIl(' Iinpal' de!H'lH)('IlC(' of (/1'/,1 011 arpc indicates a constant ratio between 

t.he two ion types, wit h a slightly diffNent ratio at. different exchange t<,mperatures. This 

rt'sult differs from that of Savatinova ri a/ [fil], who round the ratio of Il-OII to OH ions 



to increase with increas('d exchanp;(' t i me. 110\\'('\'('1'. Sava 1 illova ct a/ 1I1->('t! .1·-cIII LiTaO:I. 

which is much more susceptible to 11-011 ions than z-cut slIbstml<'I->. 

After ail the 11-011 ions are cOll\'ert('(1. the a 111011 nt of 011 ions in tlH' wavl'/!,lIidl' 1'('· 

mains constant. If the r('fracti ve ind('x d('I)('11<18 lihi'arly 011 cOllc('nt 1'<11 ion. II\('n th" iullpx 

profile area would r('main COllsl'lllt u\>on fllrlhel' allll<'alinp;. A nOIl-linpar <1<'1)('1111('1\('(' 011 

concentration. 011 th(' othN hal\(l. would eanse th(' ind<,x prolil<, al'I'a 10 v<lry as lhl' roll· 

celltration chanp;f>s dUrÎllp; a llI1<'ali np;. Th(l pxistenc<, of a 1'/,/. a wnslanl va!tu' for tilt' inll"x 

profile an'a, implies an approxilllal('l~' linpar in<l('x dl'lwll<!<'IIC<' on 011 ion l'om'('111 ratioll. 

7.4.4 Propagation Losses 

The propagation losses of the fnnclal11f'ntal 1110<10 of four wawgl1i<ll'!-. (I->Hlllptp:-o Hot. 

81,82,61) were measU\'ed throup;ho1\t alllH'alinp;. all<l al'(' I>I'('s('l1ll'd ill Tahll's 7.10-;.11. 

The losses invariably df'rreas('d to low vahlps ( > O.!)<lB/cm) art ('1' 10llg i\IIII1'al tillH'S, hlll 

initially increased. The initial inrreas(' lllay b(' att.rihutl'd to gr<'éltN illl('I'IIJ(l(lal ('ollplillg, 

since a wavegllide supports mol'I' mod('~ I1JlOII an 1\('(1 Ii Il).!;. Th<' hip;h ('OIH'('ntl'alioll of 11-011 

iOhS at the wav('guide slIl'fac(' after ('xchanp,<' b tl\!' prohahl<, SOli 1'('(' of :-O('ill Il'l'inp, alld l\lotl" 

conversion lasses (l'('[el' to S('ction ;U'j.l). AnllPalinp; ('ansps a rpclllclioll ill Iltl' 11·011 iOIl 

concentration. \Vith prolong(ld anlH'aling "II lh<, 11-011 ions arr' ('on\'('l'tl'd illlo 011 iOIlI->, hO 

the source of mode convPrsion los ses if. ('lilllillat<'d. Thns. IOSI->(,h ('v('nt ually c1"('fI'<!sp ''l'spil!' 

an increase in the 1Illlnher of gllided llIod('s. AI,IH~"linp; tlH' wavpp;uidf' \\'1'1\ illln t.hl' plilol'HII 

area arpl clea.rly has ben('firial ('ffpcls not only for st.ahility, bllt al"o for propagat.ioll IOSHl'k. 

!li 



1 ia (hr,,) 1 Ôn" 1 (/ (Wn ) 1 Il 1 # of modpQ polv. deg. 1 profilp ar('<! 1 Loss (dB/cm) 1 _. 
sample 63 - 1:, = 5000 e 

171~ = D.~!)hr, Il71A = 0.0)5J 1. dt'A = :J H d"" 01'pl = 0.125 
0 0.0125 2.IH ~tl\P '2 '" O.On:1 * 

0.25 0.01511 H.:I 

~" 
1 O.lpq * 

0.5 D.O 1 :JX:I DA5 5.1 H :3 0.1201 * 
10.5-1-- -

* 
--

0.75 O.OI3:l(> :J.:l !) :3 O.12.",H 

L2.0 0.(121)-\ 12.(; 2.0 10 2 0.1 HiO * -
snmple 84 - 7~ = 4000 e 

tl'k ::: 0 :J:J1l1. 11/11.. = 0.02 i!i·1. d/JI.. = 2.!)8 dl'FI 01'1'1 ::: O.OR!) 
0 0.01 10 1 !i 1 ~tf'p 1 * -r- 0.0211 0.9i 

0.:1:1:1 (l.O'2·j 5·' :LD :$.:3 !i 3 ().OS,!) * 
O.OGG 0.02111 .1.:1 :U~ ;, :3 O.m·::l:l * 

1 0.01 !j!):3 .1. ï :U !i 3 o.o,'{:n 1.16 
'2 0.0 \fi tG :>.!) 2.0 h 2 O.OShl 0.42 
Ij 0,012H9 ï..J 1.1 ï :3 O.m-l!il 0040 
H O.OIO!)l !).~l(i S 2 n.OS(, i' * 1 

sam pie 101 - 1~, = 4000 e 
,,,!. = O.:J:Jhr. 1/1'1. = O.O:W:W. d,,!. = 2.0,1 d/,,, a.l'l'i ::: n.l:ll1 

0 n.OIIO 2.;); :-.1('p 2 * O.O:lhO '" 
(U:l:J 0.02G:,W .') 2.') :1.5 (i ,1 0.1'210 * 

1 O,02:lX 1 (LS :1 - :3 O.I:1S") * f 

2 0.01 sn!) 7.X :1 7 :l O.I:l:.W "1< 

.-
,1 0.01570 !) .. , :l.a !l :1 n.1 :121 '" 
Ci 0.01,lO'3 IO.G :\ n .\ O.I:t!X 1 * 
H 0.01220 1 1.1; I.ï !) 1 0.1'2(j;J * 
1'2 0.01121 I:U 1.9 II :2 n.1 :l:?ï 1 * -

sam pie 74 - 7:, = 4000 e 
f/,!.. ::: 111\. 1/1'1. ::: O.O:Uj()O. dpk = 2.1X d/le' m'/,l = O.t j.'5 

0 O,OI~20 :\.:J :-.ll'p '2 * 0.010:3 * .,-

0.1i O.02!)or) G.7!) !) ~ !) 0.1!i;)2 * 
1 O.O:20GO -() 1 .... :t!i q !) 0.1 ;Il * r-' 
'2 O.022ï8 K5G 2,/ !) 3 n.17:12 * ., O.01~73 10.1-\ '2.3 II 2 0.17n * 
H ().01!)76 1 :l.I l.~ 11 2 O.I~:W * 
12 0,01:391 1 :1.5 1.5 1:2 2 O. Hi7, * -

Tabl(' 7.10: D('tailp<! annpaling dat.a. '" indirates values Ilot m{'asllf('(l/available, 



1 ta (lus) 1 ~ n 8 1 cl (pm) 1 ~ of moc\ps 1 pol\'. <!Pg. 1 pl'oli\p arpa 1 L~)I'-s (<lBj(,~l\fl 
sample 65 - 1~ = 350°C, wet O 2 atmosphere 

/1'1. = 2hr,>. ~Ipl. = O.02;j:~·1. dpI. -= :un dll,. (/1'1'1 = 0 110 
---, 

0 0.012R 2.1 ~tpp 2 * O.O:!70 • 
---

1 0.024:17 ·1.0 7 1 :~ O.()!l12 • 
2 0.025:1 1 ,1.6 -1.- fi :l 0.I07(l ---.-
4 0.02270 !J. 1 -1.2 (i :1 Il. 1 1 1 1 ----. 
6 0.01906 G.O ,1.2 7 :l 0.1072 • 
8 0.01912 GA5 :J .fi 7 :l (LIli 0 -- ---.-
12 0.01805 7.0 2. ~ H :l O.II:,W~ ---.--

-
sam pie 81 - '/:, = 350°C 

'pl.' = 2hrs. 1/1'1. = 0.02:10. dili. = 2.lri li/Ir. (I/'JI/ = 0.112 
- --

0 0.012R 2.m·~ 1'- tpp :! * O.O:ll:l 1.1 
----

1 0.02,1 Hi !J.O:) h ft !) o 1 1 :12 U 
2 O.02riOO r: -r: r) - !) Il. 1 :t20 

__ O. 
.l./.) 1 

4 0.02,171 Ij .1) :1. !) X :1 Il.l 1 1:) --. 
6 0.02:n2 7.2 :l,!J !) 1 Il.1 1 IIi 0.:1 

-- ---. 8 0.020!)5 '.G :l,7 !) ·1 Il. 1 110 
12 O.OUW:l H.I:l :L\ () ·1 0.1 :11)11 0.:11 

smnple 82 - 'Î;, = 350°C 
11'1. = -ihul. TipI. = 0.02:) l, dcl. = 2.:\(j d/", fil' ,/ -= 0.1 !Xli 

0 0.0122 2.H:l ,,1 <'1' 2 * Il.O:11:1 Il.n. 
1 0.02:35 :).25 ():! Il • (LI 1 17 --.--

--
2 0.02,1.5 5.H5 G 7 -1 Il.1 :l:lO 1.1(' 

4 0.02.110 lUi; :3,>.\.1 X :1 O.I!")II --'. -
- -----

6 0.02:111 7.2 :L1 1) ,1 Il.11% Il., l' 
8 0.0211 7 '.H :L(j !l ·1 n.1 IXX t 

Il. 1117=.I -
12 O.OlRRï R . .12 a.5 n ·1 O.'\( 

-- , -
snmple 102 - Tf1 = 350°C 

(pk =- ..Jhl:'>. 111'1. = 0.02!") II. dl ,1. = 2.aH d/ II , (/l'J'/ = Il.1.'')!) 
--r---------

0 0.01-10 2.R6 ~t(lp '2 * Il.1l lOI) 1 .. 

0.333 * * '" 1 2 .. .. 
0.666 0.02036 • '" 1 :J >/< + 

- .... 2 0.02368 h.l f;.2 ï :J 0.1 :112 

4 0.02!)·1,1 (j.~ .1 ,,-< ;J n. 1 !i,~~ .. 
6 0.02,(,lï ï.a .\ s :J Il. Hi 1!) ... 

8 0.0225) ï.~ :1.6 X ;1 n.) ;-)H2 ----. 
12 0.020.'11 X.Ci ;1.5 1) -1 n.I!j Î!) 

--- --.-
16 0.01906 9.2 :J.:J IJ 

'. 
O.I!j7;J --. 

Table 7.11: D('tailc:l anncaling data. * indkat('s va)u('s not IlIp asllr(·rljavailahlll • 



1 ri U'm) 1 (tT# ofmod(,f> 1 polv. deg·1 profile area 1 Loss (dB/cm) 1 
e 

Il (hfS) 1 ~n 'fi tJ " 

sample 61 - 1~ = 300°C '-

t T,A = 121m. 1I,,/. = 0.02GO. d')h = 2..1 fip,., af/Ji = 0.01);1 
0 0.0122 1 . (H sI <'P 1 .. 0.0200 o.n 
2 0.02:1·1;1 2.9 10 ;J 2 n.Of) H; 0.89 

·1 0.02·12H :1.2 10 ;J 2 o Oï;s!) O.!)!) 

fi 0.02·1:1,1 a.!)!) >:-\ 4 :3 O.OHI·' 0.61 

8 0.02,195 .J. Î Î ,1 :J O.OH() , 0.44 

li 0.02(;0 :~ fl!) 'L!} !} 5 O.()~):H .. 
~, 

sam pIe 93 - 1:, = 300°C 

'Ph = l6lirf->, llph = 0.02G5. dp!, = 2.3 rlpf" afT,! = 0.101 
0 0.0125 I.Î'I f->I,<,p 1 .. 0.02tR .. 
1 .. .. .. 1 .f .. * 
2 O.02:17 2.9!) 9 :1 2 0.Oh(j2 .. 
1\ 0.02!)0 :J.2!i !I :l 2 O.Oi()!) .. 

--1---
i :J O.OHI:J 

,.. 
G 0.02!)56 :U 1 
R O.02!}!)!) :l,h ()!) 1 3 O.OXï2 .. 
!2 0.02n34 :LX .>.!} 1 3 O.W)/ !) .. 
t6 0.02(j!} ·1.0 !) r) 

1 

!) O.Ol)ï:! .. 
:W 0.02502 ·I.H!} 5 (j 3 0.11 !:I .. 

sam pie 103 - '1;, == 300°C 
t /)1. = !(lltr". 1I1'h = 0.02I)ï9. d,,1. = 2.15 dpc • ([1',,1 == 0.112 

I--Ô 0.011.2 2.2:! :--I(\p 2 - ().02ï:? .. 
2 .. .. >/< .l .. .. .. 
,1 O.02:WIi :1. C).'j H 1 a O.OHX .. 
fi 002\0 1.2 "( .') .1) 0.0f) 1:1 .. 

-
8 0.02!) ·~A!) ï :) -1 0.1011 • 
tG 0.025Î9 ·1.8 1 fi a 0.1122 .--
Table 7.12: J)<,taill'd alllH'aling dala ... indicates values not measllf(ld/availahle. 

7.4.5 Annealing of Buffered Waveguides 

The aiI11 in this S('ctioll \VélS llH'l'plv 10 oh~('l'v(' gelleral trends for hllff(\fed waveguides, 

and COmpaIi' against IIl1bu(f('I'(\c1 wa\·('gllid('~. No att<>mpt was made to gather extensive 

data, as \Vas done for unhllff('fed w(l\,eguid('s. Index instabilit.if's . i11 plagued huffered 

LiTa03 wav('guidf'fj, and siu('(' 11-011 iOIlf-> ar(' th(' lih('ly eélllS(' of Il](''1''(' instahilities, it is 

concluded that II-OH ions are still p\'{,~(,111 in the waveguiding laY(ll'. The reducpd ~n€ 

l1leélnS that t.he concentration of OH ions is 10w<'1', which would impl~' that the concentra-
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tion of H -0 H ions is also low('r('d. 1f I('ss 1I-0 II ions lUI' pre!\('nt. t h(,11 I('ss ('a n Ill' \'oll\'('l'h'd 

iuto OH ions. TIl11s, onE' would exp<,ct t Il(' slIrfac(' ind<,x and d<'pt h of hllffl'I't't! wa\'t')!,lIidt's 

to increase during annealing. but Ilot al> II1I1('h as unhllff'('r('d wa\'('f,!;uidl's. lt is Iikt'Iy 1 hal 

the great,er the dl'gr('(' ofbuffNing. Ih<, Ipss LIll' ill('f('aHP in Il, and d. 

Four buffNl'd waveguid('s Wl'r(, a1l1H'al('d (sé\mpll's 112. Tl 1. II \, and 7!»). Of tilt' 

four, three were l'xchangerl al Ihe salll<' l('mpNalul'<' and t.iuH'. huI wllh 2%, ·1% and fi% 

buffering (samples 112,54, and 111 r('sp('(·liv('ly). TIH'ir dlJP WPI'(' ahout tlll' Halll<' élnd 

their ~ae were marginally diff<'I'<'I1 t, (O.OI1ï. 0.011,1). ().O Il:!) (s('1' Tahlt, 7.G). 'l'Ill' pll1'pO~(' 

was to observe th(' ('ffect of the amollllt of hum'ring 011 the indl'x pl'ofill' c\lIl'ing alllll'alill).!,. 

Surpl'isingly, the profiles of all Ihl'(,(, \\'élv<,).!,uidpl-o W('l'(' idpnti('al Ihl'OlI)!,hnlll alllH'aliu).!;. 'l'hb 

meallS that theÎr b.d. illl." and profil<, al'Pf\ ('III'VPS W{')'(' ail t.hp salllP. as W('I'I' 1 hl'ir a Il III'a li n).!, 

parameters b, c, e, J, and g. Thus, 1 h(' amounl of 11-011 iOlls ill ail 1 hrl'(' wav('guid('1-0 WIIS 

the same, and the degree of buffering hae! V(,l'y littlp 01' llû ('ffl'cl 011 1 III' illc!px profi II'. 

sample b (' c J 
buf. 111, 112,54 

---+----+----~------~--~~----~~---+ 
pure melt 81 

fI 

Table 7.13: Ann<>aling pa ra 1111'1 ('J'il of hllrrl'l'I'd Vf>. Ullhllfr('rl'd wav('gllidps 

Table 7.13 wmparps allll<.'alill).!; parallwtNs fol' samples 112,1)·1, and 111 a~ainst. t.hOM· 

of sample 81, which was exchanged in a p\ll'I' Illl'it hut 01 IlI'l'wÏf;p hah t III' sallH' dl" aile! waH 

also allnealed at Ta = 3,50°(;. TIH' pal'allll'II'I' (' is 1 III' I-oéllll(' for hol h. il. al'l'ol'dan('(' wilh 

the earlier finding that (' is Wllilt.é\lIt for flll ,\.'avl').!,lIidps élllllpall'd al 1 hl' 1-o1l111(' '/; •• Fol' 1 III' 

buffered wavegllid<>, b is lloticeably 10\\'1'1'. illdicatillg Ihal 1 hl' illrt'l':\sP iu dl'plll if> 11111('11 I('HI'> 

(see Fig. 7.21 and ('I)ualion 7.5). Conll'ary '0 l'xpectalioll, tlH' illdf'x (lI'ak ~lIpJ. /'f'lIlflilll'd 

the same and occltrC'd at 'pk = 2 h/'s for hnlh. lIo\\'l'v(,/', ~1I~ dl'npf\f,I'<! in a Iill<'iL/' fashioll 

after the peak (sel' Fig. 7.22), and rl'lllainl'c1 I>lighlly highl'l' for 1111' hum'rNI wav('guidl'. 
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'l'II(' plat.<,au arfla arpl was. as (lXIH>Cll'd, lowl'f. confirming the hypotlH'sis that therE:' are 

I(I/-,- 11-0 Il ions in t.he hllff(>fl'c! wavl'guid(' t han in the IInbllffel'ed one. 

Il is difficlllt. to draw conclusions frolll slIch scant data. For IIH' same anneal time, 

t.JH' cl!'pth d of a h1Jfferpd waVf'guid(' will cl('fillitcly be lower th an that of an unbuffered 

one, and An" willlikf'ly be higlwr (compared tn llubuffered wavegllid('s of the same cIpe). 

For thp same ~n8' thereforp, 1 he hllffer(ld wf\v('gllid{' will have a sm aller depth d. For 

('xarnplp, al. fa = 2hrs, ~n. == 0.025 for bot.h. hllt ~d == 2.4ltn1 (d = 5.l/lm) for sample 

lU and iJ.r/ = 3.07,lnl (ri = .5. 7[j/ull) fol' sample ~1 (8(>{, Tabl(' 7.1,J). In tf'Tms of tailoring 

th{' index profile fol' defoign rpqllirPIlH'III~. t hl' IlS(' of huffered w8Yf'guid<,s would lead ta 

(,()ll1hinations of ~n., alld ri vallle~ whirh IlHl~' Ilot h<, possible with Ilnhllffer{'d waveguides. 

Furt.Il('J' inv('st.igatioll in this al'pa Rhollld pro\'{' wOI'thwhik. 

.1d (!.I.m) 

7 

6 

5 

4 

3 

2 

-_ ..... + ................................... . 
sample 8 t (pure melL) ;i-.................... . 

l 
t.............. A ....... •• ...... •• .. • .. • .... •·•• .. · .. 

.. ' ..................... . ......... 

.. ···········:: ...... f··························tIt:··· .. · .. 
" .. -

•••••• JJ;. ••••••••• 

,ft .' 
/ .. ~.... sample~ 112.54. 111 (bur.) .. ' data 1:;. + 

curve fit ....... .~/ 

O~--~~--~----~----~----~--~-----L-----~~ 

o 2 4 6 8 10 12 14 16 

Anncal lime la(hours) 

Figu r(> ï .21: Campa ring ~(l \ 1I1'\'(,~ fol' 1>11 rr<'l'l'd and Ilnbuff{'fl'd wf\v<,guides 
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0.026 

0.024 

0.022 

sampks 112. 54, Il t (huI'.) 

/ 
Llos 0.02 sample 81 (pure rnell)/ 

0.018 

0.016 

0.014 

0.012 
0 2 4 6 8 10 12 

Anneal lime la(hours) 

Figure 7.22: Comp;lI'ing ~1I, (,111'\'('~ fol' huef!'l(,d and llllhllffPIPd wa\'('/!-I\idp~ 

1 ta (lus) 1 ~n, 1 ri UI/II) 1 (/ 1 # of lI\oc\ps 1 pol\'. cl!').!;. l "l'Ofih' al'pa] 

samples 112,54,111 (6%) - '/:, = 350°C 
b= 1.9. l' = O.:JTi. ( = 0.01~~. J = O.I~ 

tpk = ~JHS\ 111'1. = 0.02.')0. d/,1. = I.Rn (I p,', (/1'1'1 = ().I~X 
---

0 0.0 Il!) 2.ï l'tl<'i> 2 - O.O:J Il -
1 0.023R7 cl.G (j Ti :J O,IOI!) 
2 0.02!l0 !l.1 fi (i -\ 

f--------
O.llx:J --------

4 0.0210 r: -,). 1 1 ï :J, 1 0.11-10 -----
8 0.02 LXï fUi 1 X :J 0.1 :Ulx -- ---
12 O.Oln()~ ï .:J :u..: X -1 n.12H·1 

-
sam pIe 75 (2%) - '/:, = 350°C 

b = 2.!)1. (' = O.:!!). ( = n.OO!). J = O.:W 
tpl: = lôlll~, /11'1. = 0.02!)2 1. "Cl. = :UW """ (//'/,[ == ().~:I!) ----

0 O.Ol:J:Jï :Lï l'tll'p 2 - 1 n.n HJ!) 
1 O.Ol~R() 6.:J (j.X G :J --1 0.1110 
2 0.0'20 J() n.x 7.1 Il :J O.12X(j 
4 0.02:,W:J 7.X fi X :J 

1---------
Il. 1 !)!) 1 

- -
6 0.022·\-1 H.I :; !) ;J n.lnl 

-
8 0.0235:J X.1i !) !) :J O.IX:)X 

------
12 0.0250X n.ï .I.!> 1 ) :J O.2:no 

1 
IR 0.025201 10.:! .\ 12-- :! ~L II. 2:J:)() 

Tahle 7.1·\: AI1\l!'alinp; dala for hufl'prpc! wa\'l'p;uidl'h 



7.5 Waveguide Design and Fabrication with Proton-Exchange 
and Annealing Data 

In this secl.ic l, it will Iw dPnlollstlah·d how the rharacterization data and the em-

pirkally dl'riV(·d formulas of UH' previolls f,f'ct iOIlf, (except Section ï A .5, since the data for 

hufr('red wavegllicl<,s is not cxtpl\siv<, <,nough) can h{' put to use in a wavegllide design and 

fabrication process. Our goal is to hl' able to select the conditions (i.e. Tpe , tpe , Ta, and 

t (1) rf'qlIired to fahrÎcate a wavl'guide with the desired rcfractive im1{'x profile, specified by 

61/, .. ri, and 0" 

7.5.1 Design Curves 

A wav<'guidp, if its modal iwlicps al'(' Ilot stabl<" will drift away from its originally 

dpsigll<'d para met,<'fS and Cl'élS(' to hl' Il '><' fil 1. TIl{' fi l'st critE>rion t hat all~' waveguide must 

m('('t is t.hat of stahility. In Scction ï.·I.:J, a conditioll for obtaininp; stable waveguides 

wa!> (\!>tab(ished: th<, wav<'guidC' must 1)(' fllIlI('alpc! past t.he slIrfar(' indC'x peak and into 

t/H' plateau area rf'gion (1/1 ~ 'pA). This rpquirf'IlH'lIt will limit th(> ranp;f' of possible d, 

61/,,, alld (l vah1<'s. Th<, stahility condition 'f! ~ Ipl.. can be translatpd into the following 

collstmints by t.he l'esults of Section ï.1.2: 

(7.15) 

~1I, if, pas! ~1/1''' 01' ~1Is:::; 0.02566 (7.16) 

li is Jla~t (Il'! or (I:S;' (7.17) 

w(l('re dpI;. ~nllb and apI.. are the vall\(,s of d. ~1I8' and 1:, l·('spectivp!y. at the surface index 

!>pak (al. time tpk)' III SC'ction î..l.2, it wai- not<,d t.hat for 'all wav(lgnicl('s, dpk averaged 

2.27 dp~, and ~lI,I/..' a\'('raged 0.02:j6fi. Dy examining Table 7.10, on(' will note that 0 is 

always I<'ss than or <'fluaI to [j at fI,A" 'l'II<' a\'Nage llpk is 3.43 for T'I = ,100oe, 4.64 for Ta 
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The empirirally deI'Îwc! l'<'lalioll:-' of Ih(' pn'violls st'rlions ('ail 1)(' 1Il.\ltiplIl,llPd 10 

provid(' us with an ('qllat.ion whirh will )1,lIidl' 0111' :-.('lt'l'Iion of fahri"alioll rllndilillll~, Tht' 

waveguid(' dE'pth as a fllHelion of ann!'"l tillw il'l !!.iv('11 h~' <'qll<llioll j.;I, Tht' Sil l'l'al (' illdl'\. 

increase as a funclion of annp"llil1l(, ii'l ~i\'t'n lIy Iwo ('(\lIaI Ions: ;,10 fol' hl'fol't, Ihl' indl''' 

peak, and 7.11 for aft<'f Ih(' lH'ak. SiUCl' WI' al'{, iul('\('l'llt'd in i'llahll' W;\\'{,~lIidl':-' fol' whirh 

ta > tpk, eqllation 7.11 if. Ihe applirahll' pqllalion, '1' hl'l'I'fol'P , \VI' ha\'(' 

(j,IX) 

(j ,1 ~l) 

Dy l'eal'ranging ('quation ï.IR w(' ohlain 

1 _ [d - dl,,]-; 
1./ - b (; ,'20) 

Note that at thl' slll'farp inc\px I){'ak lI'k. (''I"aliOlI ï,:W l'llil1 applil'i'l. i.,',: 

(7,'21 ) 

Earliel' in Section 7A.2, il. wa~ oh1'>I'I'\'('<I lhal dI'k ()('('III'i'l al ail ilVI'J.l)!,1' nr dl,k/dl" -= '2:27, 

USillg this relation toget.h('l' with l'qllalioll ï,21. \\'(' arrivl' al ,llll'Xpl(,i'l:-.ioll fol' '/lk ill 1"1111:-' 

1 

[
1 :nt/Il(]-; 

Ipk = b (7,~:n 

Now, by substituting pquations 1.20 alld j,2'1. in!.o l,ID; \VI' Hl'livl' al Ih" rollo\Vill)!,: 

d - d,,, -; 
( 

1 

fj.lI s = tlll pk [--b-] 
where b = OAïdpe + 1.07!'), fI = (1.0 10df!' - (l.'2a, r = (J,ar) fol' '/;, = :J.'jO 0(' 

b = O...t 7 ripe + 2.1, fJ = O,nX(id l " - O.!)!'), r = n,lO fflr '/:, = ·tOO oc 

and ~/lI'J. = O.01.j(j() 
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In equation 7.23, c and tl.npk ar(' constants, and band f1 are functions of (Ipe ' Therefore, 

tl.n 8 is a fllnction of two variahlps only, d and dpp • A curve may he plottpd, relating tl.ns 

(y-axÏl" the deJ)('nfll'nt varia hie) to ri (.r-axis, the independent varia hie) by holding lipe 

cOllstant. In Figurl's 7.23 and 7.24, such c1Ifves are plotted for variOllS valn('s of dpe , at Ta 

ane! showf> how that waveguide'f> indpx profile parametpfs (L~n. and d) will evoh'e during 

anllealing. At the start of ('ach carv<, (lH'ar th<, top of each figure). a ::::: apI.: since this 

is dOM' ta th", ind{'x peak; as d inrrpascs. Cl will dpcrease. Unfortullat('ly, the behaviour 

of il could not b(· qnantified. A thick cnrv(' in ('a ch figure is p1011('d for ripe = 0, which 

l'cI)f('sents the Iimit ing vallH's of pm.sihle (~II •• d) combillatiolls. For ('xample, it is not 

possihl(' to prodnc(' a waveguidp of ri = '2J1111 and Lll1. = 0.01 (se<> hot h Figures 7.23 and 

7.2'1). Of coursp, withollt t h(' minilllullI allllNI! tilll(, )wjuirement. such a waveguide could 

he fabrirat('d, huI, in<1('x instahilitips won1c1 hp pr",spnt. 

0.026 

0.024 

0.022 

0.02 

Ans 0.018 

0.016 

0.014 

0.012 

0.01 

0.008 

0.006 

0.004 
0 2 

limil 
dpc= Ollm 

3 4 5 6 

dCplh d <Jlm) 

7 8 

dpe:: 0.1 Jlm 
dpe:: O.3Jlm 
dpe::: O.5Jlm 
dpcF 1.0llm 
dpe::: 1.51lm 
dpe::: 2.01lm 

9 

Figure 7.23: D<'sign C1lfV(' for Ta = 350°C: possible values of ri and ~n8 
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0.026 

0.024 

0.022 

0.02 Exumplc 2 

0.018 
l\ns 0.016 

------------, 

0.014 dpe= 0.1 J.lm 

0.012 dpe= 0.3J.lm 

0.01 
dpe=0.5J.lm 
dpe= 1.0J.lm 

0.008 dpe= 1.5J.lm 

0.006 dpe= 2.0J.lm 

0.004 
0 1 2 3 4 5 6 7 8 9 \0 

dCplh d (J.lm) 

Figure i.24: Design ('urv!' fOI' '/:, = 100°(': IH)SMihl<· valtJ('s of ri ,1Iul ~1I •• 

7.5.2 Design Examples 

Let us now cOllsider specifie d<,sign <,xtlmplps IIsing th<,s(' fll)'V('S alld (·quat.iolls. 

Example 1: We wi5h to desigll a sI J'Ollgly glliding (i,P. lal'gp 6.71.1 ), !-.l1illlow wav(·gllidl'. Ll't 

us chose Ta = 350°C and 115(' Figlll'P ï.2:L Wp flhall pirk d,lf = a.:III111 , and a poillt. 011 t his 

curve that suit.s ollr )'equireIlwnl.<; jf-> fi = 1.!j111l/. ~II., = 0.0221. Ali P!-.tiIlHlt(' fol' t.\1f' shal)!' 

parameter a (equation 6.2) would b(' a ~ 2. At rI/d1" = li, this point if-> IIl'itl!!'r dm,1' 1,0 tlll' 

index peak (whel'e the (lpk(avNage) = ,U» 1101' 1,00 far froUl il. IIaving ch()!'PII ri alld (/,,,, 

we use equation 7.20 to find the alll]('ai tilllP fil: f" = [rd - d,)(' )/b]'/' = [( Ui - O.:q/(O.tli ... 

0.3 + 1.075)]1/0.35 == O.9631tr. Tlwl'('fOl'(', tlj(l allnpaling conditioll!-. <trI' '/:, = :J!j()OC, '" == 

0.963hr. For the proton-<,xchallgp conditiollf->, w(' havp the fr(>('c\olll 10 chos!' pit liN '/;" 0' 
t pe since only dpe is fixcd. Let \If-> t IWIl (lxt l'a pola t P from th(' prot oll-pxcha IIgp data il 1111 1If->!' 

Tpe = 200°C, a temperature fol' whirh 110 IIlpas1IfPc\ dala i!> availabl ... With pqllatioll 7.'2, 

the effective diffusion coefficient Dr can bp rakulatf'cI: Dr = DO(,.T1'( -1';,,/[V/~lr]), whfll'l' 
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Ba and Do are paranH'tNs found in TahlC' 7.2, and k is Boltzm,mn 's constant. Thus, 

De = 1.195x 108cx]J(-0.9101/[8 .. 583X 10-5 X (200+273)]) = 0.02196. Now we rearrange 

equation 7.1 to find tpr: Ipe = d~e/[4 X DfJ = 0.32/[4 X 0.02196J =-= 1.02hrs. Therefore. the 

fabrication conditions "re: tpe = 1.02hrs, Tpe = 200°C, ta = 0.963hr, Ta = 3.50°C. 

Example 2: For this <,xample, we have spedfic r<>quirements for thf' index profile: cl = 
RJL7It, and !:J.n s = O.OH!. This time w(' shall 11S(' Ta = 400 oC, and equCltion 7.2:1 instead of 

Fig. 7.24. Substituting t.h<> v"IIIPs of li and ~n.~ into equation 7.23 giv(ls us an equation 

in which (Ipe is th<, sole variahl<, a 11(1 whkh can hf' sol\'ed by a root sflarching technique 

[96J. Solvinp; this equatiol1 r<>slIlts in d/l ( = 2.17//111. With this information, ta can be 

round in th<> samf' way as demonst rat ed ill the previolls f'xample (usi np; equation 7.20); 

doing so giv('s la= 2..J6hrs. Not<, th"t flJ(> illd(1x profile parameters of séllnple 101 is cbse 

h~ that of this ('xampl(': for sampJ(' 101. tlpe = 2.5711111, and aft('r 2 hOllrs of annealing, 

(L = 7.8Jtm and ~1I3 = 0.011'95 (se(' Tahle ;.10). NUlllerical caklllf'1tions hased on the 

empirical formulas do seell1 to mode! reality fairly weIl. For proton-f'xchange, let us fix 

'pt: aL 1.5hrs and solv(' for T ll ('. From <,qllatioll ;.1, De = (l~e/[4 X 'pel = 2..1;2/[4 X 1..5J = 
1.0168. Dy maniplllat,ing equation ;.2. TI" Célll b(' found in terms of D,: Tpe = -Ea/[k x 

In( De/ Do)] = -0.9101/[8.583 X lO .. o;llI( 1.01G8/ 1.195 X 108 )J = 297.6°C. Therefore, the 

fabrication conditions for this wav<'l!;l1id(' are: Tl! = 400°C, la = 2.46hrs, Tpe = 297.6°C, 

I pe = 1.511t·s. 
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Chapter 8 

SUDlmary and Conclusion 

Z-cut LiTa03 wav('guid('s W('f(' fahl'Î<'at(\d hy Pl'otOlJ-('xchang<' alld hllffl'l'l'd ('xcllilll)!,(' 

in pyrophosphoric acicl, follow('d h~' Cl nnNllillp;. The wav('gllidC'l'>' l'l'fl'ilrt i VI' illd(,x pl'olil" 

parameters were r<.>lat('d to t.1H' fabrÏC'ation rondit ion!>. Th(' gOéll is to 1)(' ... hl<' tn ,1('(,ul'at,l'ly 

predict the proper proton-('xchange and alllH'aling rollditions fol' a wavc'gllid(' wi' Il SIH'rifi(' 

design requirements. This has ],1'('11 III<' prilllal'Y ohj<,cliV<' ofthb l'(\sC'al'rh, ,11111 tlll' l'I'HltltH 

show that tht' obj<.>ctive hélS b('('n larg<'ly fulfill"d. 

The step-indt'x profile model was found to b<, arcuratC' fol' wav('J!;uid('s )ll'Oton

exchanged in pyrophosphoric acid. The illcl<,x inl'J'C'as(' ~Tlr, 1111' proton-('xdlilflJ?;l·d dl'pth 

dpe , the effective dirrusion co<,fficit'nt /Je, tltp propagation loss (l, t!u' miflilllulII l'xcllan)!,1' 

temperature, and th(' constants Do and E" W<'I'(' obt aill('d. Sim pl" <'Clllat iOlls rl'Iat.in).!, d/ II• IfI 

the exchange time fpc élnd D, (eqlliltion 7.1).0,10 tll(, ('x('hallgp 1I'IIII)('1'<l11I\,(, '/~H (1''I1Ia

tion 7.2), and ~lIp to 7~1" (('(J1lation ï.:l) W<'l'P found. Th('s(, ('(JlHtlio1ll'> and paralllf'lf'I'h will 

prove illvaluabl<, when designillg and fabl'Ïcatinp; wav<'guid<,s. 'l'lU' wa\,('gui",·'!; lIIodal in

dices were found to f1llctuale aft.er ('xrltall1!,<' (i.<,. in!lc'x iJl!>tahilit jps). Th(' III1Pxpf'('l.pd 11'111-

perature dependellC<' of l\1/e is <,xplaÏ1\1'cl hy Ihe anllC'alillf!; efr(1('1 dUl'inl!, Pl·oton-(·l(l'hallJ!;l'. 

The advantage of using pyropltosphoric adcl ill!>lE'ad of lH'n7,OÎC' acid is t ha!. wavl'gllicll'!> 

can he fahricated faslN. 

Annealing caused 1 he wavegllicl<,'s Îndpx profile 10 smootll ouI, t Il,, df'pt Il 1.0 Îrl('f('a!>(', 

and the surface index to initially inrreasf' 1>1It latf'r d('cf('as('. AnilPillinJ!; provl!d t.o IH' 
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a versatile tool for tailol'ing the indc>x profile ta a wide range of IH'ights, depths, and 

1,0 (1 le6ser dl}gree, f.hapes. The g(,ll('ralized Gallssian function was found to modE'1 the 

index profile quite w<,lI, from VNy step-Iike ta VNy smooth profiles. Propagation losses 

decrcitf,('d for prolongee! alln('aling. Empil'ical equatiolls l'elating th(' d .. pth incr('ase fld to 

the allneal timc ta (e>qllation 7.:')) and 1 he f,\Il'face index increase il1l., to ff]. (('quations 7.10 

and 7.11) W(lfC rOllnd. The paramet('rf, in thes(' ('fluations showed d<'pend('ncc IIpon the 

initial <,xchang<' ('ondit.ions, and fUl'l 11(>1' empirical <'quat.ions rclatinl!, the parameters to the 

(lxchange condit.ions (equations 7.6-7.9, 7.12-7.13) wele also founel. These equations and 

parall1etNs will jHOVP invaluahl(' wlwn d('sip,ning and fahncating wav('l.!;lIic1('s. 13y plotting 

th<, areé! of the index profile VNSt!i'I anlleal time. a minimullI ânlwal timE' r('C]uirculE'nt fol' 

0liminating indpx insta hilities ('«uat iOll 7.1 1) was discovered. The profile area a ttainr, a 

stable value arpl, and thir, fig,ur(' can hp IIf,P<! as an indicatol' of thp ration of H-OH ion!> 

t.o 011 iOlls in th(> waV(·guide. Examples of how ta use the empirical pquations and the 

data accumulated in the pl'oton-exchau/!,p and ann<,uling sections to prE'dict fabrication 

condil iOIl& W('f(> gh·(,Il. 

Buffel'Ïllg t.11(' acid c/lIring (>xchangt' 1'(>(!lIcec! flll p , but did not affect th(' profile shape, 

t.ll(> wavegllid(> d('pth. or th(' propagation loss(>s. Index instahilites WP1'e p1'E'Sent despite 

the hllffering. The d('glw of hllffNinp, had a .... mall ('ff(>ct on ~nf' and 1 his ('ff('ct \Vas r.lOre 

pronounced at 10\V('r ('xchan/J,e IPIllIH'rallll'pf,. An ('quation relatinf!; ~11f' to Tpc (equation 

7.'1) \Vas found. Opon ann('aIÎnl.!;. th(' ,:),11 and ~11~ vs. in curves W('l'P dirr(')'('nt from those 

of wavt'guidt's with thp :-.aJl)e d,,, protoll-('xchang('d in purE' m(>!ts. This 1'('s\l1l learls to the 

possihility of fahricatin!?, wavep,lIidpf, \VÎth ÎII<!('X profi}ps that cannot \)(> normally achieved 

l'tnploying plH(, IlIPlts. FlIrtlH'r in\·('~t ip,atioll, t.hongh, is ll(>cessary l)(>fo1'e the annealing 

l)('haviour of hllrr('l'('d wé\\'('l.!;uidps h<,col1H.'s pl't'c1ictahle. 

A math('matical lIlod<,1 of annpalinp, in LiTa03 was develop<'c1. and a numerical 

simulation \Vas attt'mptpd (s('(' AppPIHlix ,\). The r('sults from this prpliminary effort \Vere 

t'llfOuraging. lIow('vN. fnrtheJ' work is Il('rpf,~ar~' to impro\'e and rpfinp t.h(' model. 
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Appendix A 

Mathematical Modelling and 
Simulation of Annealing in 
LiTa03 

A.l Mathematical Modeling 

The diffusion and conve)'r-,iol1 jll'O('ess<,s that. complisl' t.h<, allll(\lIillf.!; pl'O('('HS (l't'f('1' tn 

Section 4.4) can be moddcd hy diff<,n'lItiéll <'quéltioIiS. Th(' followill~ dps(,/,ihf>s how ('arh 

process is modeled. 

Diffusion of OH and H-OH ions 

Ta model annealing in LiTaO;l. w<, II~<' thl' sallH' c«lIation 1 hal il. IIM'cI 1.0 1I\()(!p! 

annealing in LiNb03 (Ficke's Law - l'l'fel' to Spctioll tU): 

acO /1 ( ~, t) = lJ. (f) ()Co 1/ ( :;, 1)) 
at {}:; 011 {)z 

(A,I \ 

where COH(::,t) is the OH ion roncf'lltrat.ioll profil(' aH a fllllctio" nftilllp, 1I11d Ihm 

the diffusion coefficient (Jw12jhr) for antl<'alilJg. DOIl may b(' a (·olJl.tant or a flll1('l,ioll of 

concentration. This equation can abo he 111.l'<I to rnod('l 11-01/ iOIl <lifrlll.ioll. TIH' Vil riah!,,!> 

CHOH(Z, t) and DHOll are thl'n user! to r{'pl'psent. th(' 11-011 ion ('OJJ('plltration pl'Ofi!f' lIIU! 

diffusion coefficient, resp<,ctiv<,ly. 
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H-OH to OH ion conversion 

Th<> II-on to OH iOIl COllv<>fsion dll1'ing annealing in LiTa03 {'ou pIcs the II-OH and 

011 concentration profiles in a Wély that rE'ndf'fs tl1(' annealing process much more difficult 

1,0 mOc/('1 for LiTaO;l than LiNbO;l. The dimculty of moddling th(' conversion pro cess 

li{'s in ('stablishing the rat" of convNsion. Althongh Httle is known allout the conversion 

proccss, it is hypothesized thal th(' rate dep('uds on these factors: 

• the concentréltion of I1-011 iOIl~ ('110/1 

• the com'('ntréltioll of reglllilr on iOlls CO/l 

• t he an lIeal tell1 peril t 111'(' '/:1 

Intuitively, one ('X!)(lcts the conversion rate to he high for a) él high H-OH ion 

con{'C'utl'at.ion, b) a low OH ion concC'ntréltion, and c) a high ann('al tf'mpC'l'ature. OnE' 

pOMii blf' formula t ion for the ra 1 C' of COllvC'l'sion that I)(>haves accordinp,ly is 

iJCf/OIl(Z. t) 
= Ot 

iJCOII(Z, t) CIIOII(Z, t) 
al = P1p2COH(Z.t) + 1 

(A.2) 

wh<>f(' Pl, P2 are constants, and likPl,v depf>lId on Ta. The 1 in the d('llOminator prevents 

1.11(' 1'<11(1 from C's{'alating 1.0 infinity ",,11('11 ('011 = O. Many formulations are possible and 

SC'\'(\J' al were test,('d to SC'(, which produ{'('d t hf' besl resuHs. 

The Nonlinear Index Dependence on Concentration 

Once th(' annl'aling is finislwel. 1 he hydl'ogen concentration profil(\ ran he translated 

into an index profi1<, hy an ind('x fUllclioll n(Coll). The index fllll( lion for LiTa03 has 

yC't to he round, so for th(' sakp of ~illlplicity. a lillear index funrlion (Î.('. 11 = kCOH) was 

Ils('d for Ihis simulation. 
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A.2 Numerical Methods 

A finite differ('nc(' lI1ethod can 1)(' IIS('c\ to sol\'(' t1H' lIolllillPar partial dill'NPlllial 

equations of the previolls sect ion, Th(' bH~ic rollC('pt is si III pIt' alld \\'1'1I-slIih'<1 10 illl ph--

mentation on a compntN, Th(' contin1\olls conc<'lIt ration fllllction ('(::,1) is <Iis{'\'pli,wl! h~' 

sampling it at r('gnlar intervals in :: ancl t (Î.(', ~::, ~I), Thlls ('(.:.1) is n'plan'd hy (':1: 

(A,:O 

where i, 11 are integers, TIll' smal1(1J' ~.::- alld ~I al'l', II\(' 1)('11<'1' t hl' l'p:-,ol Il 1 Ion alld 1 h" IIIUl'l' 

accurate the solut.ion, but th(' 101l!!;<'1' Ih<, comp1\tinp, linH', Th(' parlial (lpri\'ali\'P~ of Ihl' 

diffusion equations can now hr rrplacpc! \Vith fillitp difrrlPIJ('PS [IOOJ, AI il l'l'I'laill poinl '::-1' 

the derivative may he approximatpcl in 01\(' of I.hl'('(' way~ (s('(' Fi!!., A,I): 

forWill'd difr<'I'('IIC'(' 111<'1 hOlI 

hHckward difrpl'Pl\c(' \111'1 hod (A,I) 

('('III J'al difl('I'PIl<'P 1:1.'1 hOlI 

The forward difrprence ll1ethod is ~o na III ('cl I)('CilIlS(' da ta fl'Olll 1':,+ 1 b IIM'tI t Il l'Vétilla t l' 

the derivate at ZI; th<, Iwo ot11('1' llH'thocls al ... o dNiw' th('il' nilllll':-' ill 1 hl' ~alll(' ra~hioll, 'l'III' 

central difference m<,thocl if> th<, mosl aCCllratp I)('call~p il. II~P:-' thl' poillts 011 l'il.hN sid .. of 

z" so the estimated slope will b(' nra 1'1 Y pél ra 1\1'1 t 0 t h(' ~II't lia 1 hlopl' al ::1' 

Second order d<'fivativ(lS may hr' ('valllalr'd hy applyilll!; 1 hl' 1"1'111 l'al di ffNf' Il n' 1/11'1 h()(1 

twice. but using a half intPrvaJ instp;ul: 

;PCI 
az2 

z, 

= 1 (;)('\ U('\) 
~; iJ:: "+1/1 0:: Z'_I/J 

1 «(' • (' (' ~l t+I-:l 1+ /1-1) ( A.!'i) 



C(z) 

~ .. 
' .... , : 

.... ....:, ~ 

forward ~ .. ~."""'''' ~ 
difference ~ ......... ~~ ~ ...... 

, .... 
, '~~ ~.~~~-------------, .... :.. .. 

backward: ....... 
difference: .......... central difference 

Az ...~ 

"':"I---=---l~" slope at Z i . 

z, 
1 

z, 1 
1+ 

Figure A,l: Finit(' diff('fC'IH'e est.imable of the slop(' 

z 

'1'0 solve Ficke's law for a con~talll diffllsion coefficient., we comhine a c('utral diffel'-

('11('(' l\1{'t hod for:: wit h a fOl'wiI\'d difr('l'('II('{' ll11'thod fo\' 1: 

ac 
ni 

(.'71+1 _ (''' 
1 1 

~I 

Cil + rD((<1I - 2cn + en ) r ,,+1 1 1-1 

~I 
wh('l'(, r = ~::2 

(A.6) 

(A.i) 

A prohlem aris('s al th(' hOllndal'y, wh('l'(' i = O. What is the value fo\' ('~1? Let us imagine 

t.hal C;l {'xt('IIc!S fol' both positive and lIegative i and is symmetrÎC ahollt i = O. By the 

principle of symnH't l'y W(l ran ht'(l that diffusion would pl'oceed in the same manner in this 

{'as(' as fol' a fUllrlioll whirh ext(')HII- in th(' positiv(' direction only. Hpl1r(' wc can take 

C~t = Cil (this is th{' salll(' m.;ult as that ohtained by applying the :'\<>llTllann boundary 
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condition). Thus, fOf i = 0, 

Ta solve Ficke's law for a cOIH·pnt.ration depC'nd('llt diffllsion c(wlfidl'lIl, w{' adopl a 

similar approach: 

De 
at _ ~ (D(C)~C) 

D: Dz 

1 ( n DG 1 Il (Je 1 ) 
- A ~ D(C,+1/ 2 ) (')~ - D((',-1/2) -(.,~ 

t..\_ ~ 1+1/2 ,- 1_1/2 

Cn+! _Cn _t..\_ D(CTI ) 1+1 - 1 _ D((11/ ) 1 -. 1-1 At ( Cil (fil ('11 ('TI ) 

" .II - ~Z ,+1/2~.; 1-1/1 ~z (A.n) 

Here, C::' I / 2 may he iut<'fpoICllf'd h~' ((';' t C;:I )/'2, and (':~1/2 h~' ((';' + (':+1 )/'2. 

Once again, at the boundary i = O. t II<' pl'Ïnriplp of sylllllH't.ry yipl<ls 

(A.10) 

A.3 A Computer Simulation 

The comput(,f simulation llIodplf. 111I'p(, COllfUl'I'ellt pro('('f..,PS: 1111' <lifruf.ioll of 011 

ions, the diffusion of II-OH ions, Clnd tl1<' convNsion of II-OH JOIlf. juIn 011 iOlls. 'l'hl' 

simulation works with th(' following variahlpf. and wnf.tantf.: 

• GOll( z, t): the normalized COllcPlltra t ion of 0 JI ions as Cl fil net iOIl of 1 illH' 1 <111<1 Il!'!>I It 

z (i.e. the OH ion concentratioll profiH 

• CHOH( Z, 1): the llormaliu'd COli ('('II 1 l'Cl t jOli of 11-0 Il ions a f. fi fUllrl jOli of t.j IJIP 1 alld 

depth z (i.e. the HO Il iOIl COll ('('II 1 ra 1 ion profile) 

• DOH: diffusion copfficient for OH ions (JITTZ 2 Il})') 
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• Duon: diffusion coefficiPllt for H-OH ions (I1m2/hr) 

• '11,'12: constant.s foracollcentration de/lpnd('nt diffusion coefficil'l1f fUl1ctioll DOH(Col/) 

• PI,P2: constants in the 1[-01[ to OH iOI1 conversion rate equation 

tJsing the finit(' differenc(' nwthod, tll(' partial differential eql1ations of diffusion a.nd 

COli v<'I'flion are appli<,d in incre1l1ent éll, dis('J'ptp st ('ps of ~z and ~/. When annpaling is 

fÎnÎflhlld, an ind{lx functioll n(Coll) traur.léltps t,}w OH concentration profile to an index 

prorill'. Figul'P A.2 depirts thp <llgorithm orth<, fiimulation. 

'l'Il(' IWI\B profilps of samplp Hl (dJlc = 2.68J.llll, Â1le = 0.012R, Tn = 350°C) \Vere 

us('d as the basis of compélrison for the simlllélt('d profiles. Depending on hO\\l weil the 

simulated profilps match the meaflllfPc\ Pfofi\ps, the constants or eVPIl tlJ(' efJl1ations in the 

modpl arp r('visNI. l'Il<' simulation j:, rep<'élh'd until the cIosest match possible between 

1.11(' !.imulated rf'sldts illld t 11f~ profilf's of flamplf' 81 is élchieved. 

Initial conditions 

The 011 ion mncpntratioll profil!;' was initializ<,d as a step fl1llction \Vith a depth 

of 2.()~Jlm and a lIormaliz('d ronr('ntrntion of 1 (whirh translates into an index of 0.0128 

I.hrollgh thp illd('x fllllction), in accoJ'(laIH'(' wilh tl)(' pl'Oton-c"changed conditionR ofsample 

RI. TI\(' 11-011 ion cOlH'('nt\'ation profile lIlay be initiéllized in a nllmh('r of ways. Tt has 

)'f't, to IH' \ll('aHtll"l'd ('xp('rimeutally, and Ihe \'('levant information is srant and seemingly 

ront radirtory: 

• Aft,(lr 3J11H'aling, 111<> ind<>x profilf' al'('a grows to abOlit fouI' tilIl!;'s tll<' proton-exchanged 

area (8('(' H('rtion ;.4.3). Furth('1' rf'SultH from section 7.4.3 suggf'st that the index 

funrt,ion 1/(COII) b I"oughl~' Iill(lar, sn thi!. data sugg<.'sts the IH('S('I\C(> of three times 

1II0re 11-011 iOlls than OH ions. 
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• hlfra-red spertrosropy IlWaSUI'PIIH'lIls also ~lIggpsI Ihat a gJ'('alt'l' ahulI<lall('(' nI' 11-011 

ions than OH ions [G"]. 

• HOH ions occupy only a thin s1l\'fa('(' 1 a y('\' , whilp 011 ions (':-;11'1111 10 1 II(' prololl-

exchanged depth [64]. Thl1s thp 11-011 ion COIICPllt l'al ion I1IlIsI 1)(' \'<'1'~' hi/.!,h if II-OH 

ions exist in greater ahullclanc(' Ihall 011 iOIlr-.. 

• Hydrogen cOl1('entration at surfacp is 1.l1'1 tÎnl<'s th(' hllik Li (,()llcl'lltr"tion [fi,]. 

Set Initial Conditions 

Diffusion of 011 ions 

Equation: Fick('\ Law 

Diffusioll cO(·/neipnl: J)OIl or J)OIl( ('011) 

Diffusion of H-OH ions 

Equation: FirJ..r'fo, Law 

Diffusion Coefnci('lIt: J)mm 01' Dllo/l( ('I/(JfI) L-_---.---\ ____ _ 
II-OH ta OH ion Conversion 

Bquation: i\lall,V forlllllial iOIl!> pOfo,hibl!' 

C'OIlVNfo,ioll ('ol'fliriPllt h: PI, l''). 

1 illdpx fllllelioll n(z) = 1I((,'()/~ 

Figur(' A.2: AIJ!;orithm of Comput!'r Sillll/Ialioll 
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If 11-011 ions arc con fi Il NI 10 il thin hurfac'p JayN (O.2-0.3pJlI), and 1 JH\y do outllumber 

011 iOllh hy a. factor of thr('e, thc!n tlu' 11-011 iOIl ronr.entration ill th<it surface layer would 

bave to Iw ovC'r twpnty tinws greatN than thC' 011 ion cOllcentration. TllÎs is lInrealistically 

high, i1l1d Illurh grp<ller t h<lll 1.15 tim('s IhC' bl1lk Li concentration. In ord('f to have a ratio 

orl.h/(\(\ hplw(,(,1l If-OH and OH iOllS, thp Il-Oll ions must (lxtend dppp illto the waveguide, 

ah de<,p as t.hp pr()ton-('xchang(ld dept h, at t hr('(l tim(ls tlll' ronC(lntrat ion of OH ions. Thlls 

il. is ilOt. possihle for <III initial 11-011 ion ronr(lntration profile (,0 satihfy ail tl\(' conditions. 

Two a.\te\'lla.tives, ('arh of which satisfy on(l condit.ion but not the oth('r, are considered: 

1. 11-011 ions (lxisl only 111',\1" IIJ(' slIl'facC'. hlll. Ilot at a high enollp,h conc(lntration for 

t.he total to OIlt.lll1tnher 011 iOIl~. 

2. 11-011 ions (lxist throllghollt thp wav(lgllide, and the total llumlH'r of If-OII ions is 

grpatcr thall Ih(l II111llhN of 011 ions Ily fi fartor of three. 

III (lit.hN C<lSP, th(l II-OH rOIJ('(lntration ]ll'OfiJ(l was taken as a step fllllction for the sake 

of Himplicity. Bath altf'rnativf's W(l\'(' Ipslpd: Ill(' first producf'd sillllllalpd profiles which 

W(\I'(\ highly implallsihh': t h(l s('('ond prodllcf'd plallsible profiles and a ~lls Vl'I'SlIS la Clll've 

which llIat.dH'd with that of!>alllpip XI. Th(ll'f'rore. the second alternati\'p was used. 

OH ion diffusion 

\Vith a fOnstant diff'ul>ioll coC'ffiriC'llt {JOli. 111(' simul<lted illdex profilt\ lH'came slIlooth 

and gl'adpd VNy C)uirkly. Th(' IWI\B pl'ofi\<,s of sample RI remain st<'p-lik(l fol' some time, 

and lH'conH's smooth and gl'adpd olll~' aftN ~lIs has begull ta declilH'. A concentration 

d<'IH'lId(\llt Dou(('oll) \Vas rpqllÏt'pd 10 pl'Oduce more step-like profi\('s. S(l\,C'ral "simple" 

fllnctions for Do 11(('0 Il ) Wl'I'(l t(lhtpd, A ~il1lpl(l fllnction, in this cas(" ih loosdy defined 

(H; a fUllctioll with a small 1I111lllwl' of ('Ollstants and whose slop<' is (lilhN monotonically 

iIH'I'l'asing or d{'cr(lasing. Linps and ('xpoll{'ntia) cu)'ws arp examp)C's of simple funrtions. 
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More complex fuurtions. surh il~ 1 hns!' wil h disconl i 1111 il ip~ (1'('p\'('~PIII ill~ ('hall!!,i\l~ difl'lI~i\'-

ities in different phas('s of thl' lIJ Li l _ 1 rflo~ ('OIll(l0I11HI), \,('<!lIiIP I\U)J'(' rOIl~la\lh III thl'II' 

expression. The greatl'f the nlllllhN of con~lallts and palan\l'lpls. th(' 1110\'1' rOl\lplicatl'd 

and unwieldy the annl'aling model 1)('('011 I<'S , HO cOlllph'x ('qll,Itioll~ alld fllll('lilll\~ \\'l'lt' 

avoided where possihll'. TIl<' followinp; l'xpOlH'lItial fllllftioll w,,~ foulul ln p;i\'1' \'l',,~on,lhl." 

stcp-like profiles: 

DOl1( ('011) = fil (,l'p( lfl('O/l) (,\,1 1 ) 

where 'Il = 0,43 IIm2/11r and '12 I.n (dilll('n~i()lIl('s~. sill(,(' ('0/1 i .. 1I C1 l'lllaILwd). 

H-OH ion diffusion 

It was found that either il constallt f)I/OH 01' ,1 COII('('lIt 1',11 iOIl dl'Jll'lldf'1I1 f)1I U 11(( 'IIUII) 

(same function as eC(llatioll A.II) mllid h" Il,,,,d ~il\(,1' hot Il 1t',\(1 tll ~illllllatf'd l ":-'1I11h 1 li," 

lTIiltched the b.ns VNSIIS 1'1 Cllrv(' of ~alllpll' XI. For a ('()II:,tallt difl'lI .. illll ('1lf'fIi( ipllt. /)111)// 

= 1 Jtnt2 /hr. For fi cOllr<,ntl'iltioll cI"pPIH\Pllt 1'1111('1 iOll, f)1I()/I(( '11(11) ::: O,'l ( /ïJ(f'l1o/l ) 

1'1I12/11r. Dep<,udinp, 011 whirh DT/oll i:, Il,,<,d. Ih" V,tlIIP~ ()f ~Ollll' 01 l\i,' nlli"l ('Ollhl,llll:-. 

(Le. Pl ,])2, etc.) will chang(' slip,ht I~'. fOI' 01'1 illla\I(,~lIlb, 

H-OH to OH ion conversion 

(L<,. produdng profiles t.hat W(lJ'(' tlu' c\o:,p"t 1II,llch I() Iho~(' of ~,lIl1ph, XI) \\",,, ~'qll,dil"l 

A.2 describecl f'arliN in Section A.I: 

D('ol/ (z, 1) 

DI = 
ur'IIOU( ::.1) 

(JI 

J!I('IIOII( ~, 1) 

/) l '() / d ~, 1) + 1 
(i\.1 :l ) 

The rate of conversion is lilll'élrl~' <!r'p('IH\Pllt 011 1111' 11-011 iOIl ('011('1'111 .. "ioll alld IIIVI'I"I'I,v 

dependent 011 the 011 iOIl COIH'Plitralion. lIf'rp. fil = O,GG 111·- 1 , and I)l = (),~. 
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Simulation Results 

ft wa.., pO'isihlf' to sirnlllatp tllp rhang;f' ill the hllrfrH'p indpx inrrNI~e ~n.! with an-

III·allllg; time 'G . thl' initial ri"p. th(' p"ak. and tll(, dflrline (sp(' Fi~llrl' .\.3) - with sorne 

itrrllrary. l'nfortllnatPI~·. thl' mod(lJ was not a.'" i>ll<'rp~~flll at r,imlllating; changes in the' 

dl'pth rl (Fi~IJTP AA) or at sillJu)ating thl' 1\\'1\B profi)l'S of sampll' k] (Figllre A.5). de-

!lplt(l tr~ing numf'rou'i l'fluations and rono,tant~ for ttH' diffusion and rOTl\'pr'iion proce~ses. 
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Discussion 

The annealing mOc!f'1 corrf'ctly ~imulates th(' change in ~ns, hut is not accurate for 

~d 01' the profile shape. This prompt s the question: where is the mod!'1 f1awed? 

• 011 diffusion: Thf' effect of distinct phases of IIxLil_xTa03, and the <,ffect of both 

lithium atoms and 11-011 ions WNe not taken into account. The diffusion coefficient 

llIay dep('nd on much nlorf' t han the concentration of OH ions. 

• 11-011 diffllsion: l'Il!' diffusion IlH'chrlllisms of II-OH ions are Ilot known, and again, 

t.he diffusion cOf'fI1denf. functioll l1la~' hl' highly complex. 

• If-OII to OH ion conversion: Th(' rat(' conversion equatilJn was simp)(' and based on 

intuition. Possihly it has a space d('I)('n<l(>nc(' (i.(>. it depends on 1 h(' concentration 

at s('veral points) or perhaps a d('p('IHI('nce on the slope of the concent ration profiles. 

Onforttlnately, beCélllse the 1110<1(') is flawpd. {Illy conclusions based on the results of this 

simulation ('xl'rcise are leI1UOU8. NOIH'tll<'If'S8, the fact that the moc\C'1 is 8uccessful at 

silllulating tIlt' change in ~n$ indicat('s t.hat parts of the mode) ale cOf!'ec!. This eXel'cÎ8e 

has laid the foundation fol' further work, havillg out.lined the essential f('at1ll'(,8 ofmodellil1g 

annealing in LiTa03, and charted 811('ce88[1I) aven Iles of pur8uit. With more testing and 

new findings in t.his art'a, an accllratf' moc!<'1 may yet he found. 
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