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Abstract 

In this thesls, a wldem:d X-branch opucal wavegUlde by K+-Na+ ion-exchangc in glass, 10 hl' 

used as a sin:5le mode-opucaJ wavelength division demultiplexer (WDM) at the wavelclIgth~ 

1.31!lIIl and 1.55flm IS designed, fabricated, and tested. The wldened X-branch 15 a channel gUIde 

structure. To carry out the deSign, the effective-Index melhod (EIM) togcther wlth the 2D-bcam 

propagation method (FD-BPM), are employed. ln order to get .ln accurate model for the lateral 

effective index in the channel gUide, In the EIM, the diffUSion proccss relatcd 10 the lon-cxchJngc 

is numerically simuJated using an explicit 3D fimte differenœ scheme. Expenmentally, extir:cllon 

ratios about -20 dB are obtruned for TM mode d~vices, and In reasonably good agreemenl \VIth 

the deSIgn predictions. Thcse results are discussed and pos~lble Improvements to the present work 

are pointed out. 
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Résumé 

L'objectIf de cette thèse, était d'étudier d'un point de vue théonque, Cl Je fabnquer. 1I11 

démultlplexeur optIque aux longueurs d'ondes 1.31).1111 et 1..55 ,.un. La cOllfigur.lIlOll qut! nom 

avons retenue pour notre démuluplexeur, est un gUide d'onde du type "wldencu X-branch", 

réalisable pratiquement par échange IOntque sodium-potassiUm ~ur substrat de verre Les ~1I1de~ 

d'ondes d'une telle structure, sont à deux dimenslOm AU~~l, la méthode de l'mdlce effecuf alll~1 

que la méthode BPM à deux dimensions ("Bearn Propagation method lO
) ont été employéc~ p\.llil 

les simulations 'Iménques Afm de disposer d'un modèle plus précl~ pour l'Indicc effectif, 

calculé par la me.node EIM, dans la directIOn transverse, nous avons Simulé numénqucmenl k 

processus de dIffusion aSSOCIé à l'échange lomquc, en utilisant la méthode dc~ différcnce~ ftnle~ 

à trOIS dImenSIOns dans sa verSIOn explIcite. Expérimentalement, nous avon~ pu effectlvemenl 

séparei deux lumieres de longueurs d'onde 1.31 et 1.55f.lm, polarisées TM, avec un taux 

d'extinction d'environ -20 decibels. Ces résultats sont en bon accord avec ceux des simulatIOns 

numériques effectuées, Ils sont dIscutés en conclusion de notre travail en même temps que la 

maniére de les améliorer. 
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CHAPTER 1 

INl lRODUCTION 

1.1 Overview of integrated optics 

The term integrated opties (la) was tirst used by Stewart E. Miller [1] in 1969 to describe 

the optics of ffilmatunzed opucal circuIts in which light signaIs are generated, guidcd mld 

processed by retated effects before finally being detected. At that ume thm-film and 

microfabrication technology were relatively new. Vanous trun-film waveguide device cou Id not 

be implemented. During the last ten years, however, serniconductor laser diodes used <l!> optical 

sources and optical fibers as opticaI transmission medIa, a~ well as other OptlcaI components and 

devices, which are waveguides necessarv for OptlCal eommumeation systems, have been Improved 

and are now readily available. Opucal wavegUlde devlces have come to be recogmzcd as 

promising devices [2-3). Optieal integratcd circuits can be dlvlded into two groups: 

-One group. a monohtluc type, lOtegr~tes all eomponents, such as the source, waveguide 

circuits and detectors on a eommon In -y seffilconductor substrate. The problem IS that for 

guiding and modulating purposes semieondu:.:tor matenaIs stIll have relatively low eicetro-optIe 

coefficient and lugh losses. Great efforts have been made to improvc the optical properties of 

semiconductors and an InP/GaInAsP rib waveguide with a loss as low as 0.18 dB/cm has been 

demonstrated [4]. 

-In the meantIme, however, hybnd type cIrcuits have aIso been developed. This represents the 

second group of devices. They are passive circuits on a dielectric substrate WhICh are extemaIly 

coupled to the source and detector. For this c1a5s of devlces, glass wavegUides are pnme 

candidates because of their compatibility wIth optieni fibers, Iow cost, Iow propagation los~cs, 

and ease of integratton [2]. Because of ItS lugh e:ectr01ptic coefficient htruum niobate (UNbO) 

is the premier materiaI for electro-optie eomponents. Many rugh performance modulators and 

switches have been realized on this type of substrate [5-6]. 

Since integrated opues IS based on a thin film teehnology, the Implementation of the proposed 

-1-



• 

• 

• 

Chapter 1: Introduction 

de VI ces requues almost the same thin-film processing techniques as used in the semiconductor 

technology However, mam dlfferences anse in the materials anrl substrates used. Using glass as 

a substrate, JOn-exchange l~ the most favorable technique to form optical waveguides [7]. 

Sputtering, pla~ma etchmg or lon-beam milhng are also applied to fabricate the ridge-type 

waveguides [8]. For the LiNb03 matenal, the most wldely employed process is the diffusion of 

tltamum into LINb03 [9]. AIso, a proton-exchange techruque has been developed. In the case of 

semiconductor matenals like GaAs and InP, the wavegUldes are formed by methods such as 

liquid phase epitaxy (LPE), metai orgamc cheIIl1cal vapor deposltion (MOCVD), molecular beam 

epltaxy(MBE) or Ion implantation [10]. Although the packing denslty of integrated optics is still 

many times less that In the rrucroelectrolllcs, the required pattern accuracy IS sometimes 

considerably greater [Il]. 

1.2 Wavelength Division Multiplexing Technology (WDM) 

WDM allows modulated radIation from several light sources of clearly distinct wavelengths 

to be transrrutted slmutaneously over a slllgie fiber. There is a growing interest for this 

technology these days Indeed, it presents numerous advantages: transmission capacity increase 

pel fibcr, system cost reduction, sImultaneous transmission of signals modulatpd with different 

schemes and servlce channel expandabllity after fiber installation [12]. Spectrally selective optlCal 

multIplexers demultiplexers or duplexers (Sec Fig 1.1) are needed, at the start and end of the 

transmissIOn route to ensure the low-Ioss combmatlon of 11ght at the various waveiengths [Dl. 

Mulumode MUX-DEMUX's has been reallzed, but in actual high performance commu;:ucations 

systems, monomode operatIOn IS preterable. The realization of single mode MUX-DEMUX's can 

be accomphshed by usmg wavelength dlsperSlve elements hke optical Interference filter [14], 

optical diffraction gratings [15] and wavelength selective coupling between two adjacent 

waveguides [16-17]. The Important figurés when these devices are used for demultiplexing are 

the extmctIOn ratio, the power loss, and the channel spacing The extinction ratio ER(Â) IS the 

ratio between the power transmitted at one wavelength in ItS allotted channel, to the power leaked 

lOto the other channels (See Fig 1.1). The channel spacing 15 the srnalles\ interval of wavelength 
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that a device can separate. The power loss is the anlOunt of power 10st between the mput and the 

output of a device because of 1ts imperfectioIls (part of the gUlded power is converted into 

radlated power). Of course, extinctio;1 ratios should be maxmuzed and power los ses minlIuized 

to get the optimal device characteristics. ln Table 1.1 [12], typ1Cal performance characrenstlCl> 

of integrated optics multildemultiplexers are hsted. 

Fig 1.1: Signal powers P and crosstalk powers N at the ports of WDM devices 

Oneway 

À 
P(ÀI)~ IÀIÂ2 
P;(Àz) ri Multiplexer r PjO'.)+Pi(Àz) 

____________________ 1._________________________________ ___ _ _ _ _________ _ 

~11.. ~Â. P'(Àtl+Ni(Àz) 
p.(Àt)+PZ(ÀZ) 2 Demultiplnrr 1 

. . 1.. P;i(Àl)+N;(À,) 
2 

Extinction rado: ER(À.) = 1O.log(N; IP;), ER(ÀZ)= .0 loll<N~,P ~) 

PowerLoss: 1.= lOJog(P;,p. ),1.= IOJog(P;,P z ) 

Twoway 

Table 1.1: Typical performances of different classes of wavelength multüdemultiplexea-s 
-

Interference Grating Directional X-branch 

Filter Coupler 

Number of 2-6 3-20 2-8 2-8 

channels 

Insertion 10ss 0.5-5 dB 1-4 dB 0.6-2 dB 0.6-2 dB 

Channel spacing 30-100 nm 1-40 nm 40-200 nm 40-200 nrn 

Extinction ratio 20-30 dB 20-30 dB 10-13 dB >20 dB 
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When a tran~mis~lOn sy~tem does require a great number of channels, optical interference or 

grating lype filter~ are to be used. The problem is lhal the design and fabrIcation of these devices 

are nul very sImple GRIN (graded-mdex) or ball 1enses have to be Implemented in the case of 

optlcaJ filters [14], and ln the case of gratings [15] the control of the process is dIfficult. When 

one want!:J to separa te only a small number of channels (2 to 10), one can consider wavelength 

selective couplmg type multi-demultiplexers. They are slmpler to design and fabricate. They can 

have a penodlc wavelength transmissIOn curve or exhibit a band pass behavior [18], and are weIl 

sUlted for bldlfectional transmisslon: a single deVlce connected to a single fiber can work as a 

de multiplexer for the lncoming sigPl1!s and multlplexer for the outgoing signals (duplexing). 

Directional couplers [17],[19], asymmetric Y-branchjuncticn [20], X-branch [21], and widened 

X-branch [22], have been studled for WDM applications In numerous papers [23]. Indeed, from 

the consldered fabncatlOn technologies, integrated optics technology offers the greatest potential 

of buildmg compact multildemultiplexers in a stable and rugged structure with a slmplified 

assembly . 

The widened X-brdIlch demultiplexer was recently proposed [18],[22] to overcome the 

sensitivlty of asyrnrnetry to the indlvidual waveguides of the directional coupler. Based on the 

wavelength dependence of the two-mode interference (TM!) It has b.een expenmentally 

demonstrated [22]. ThIs type of structure lS more compact and fabricatjon tolerant so that it 

providcs a powerful alternative to directional coupler structure especlally for WDM applications. 

PrevlOusly most people only tried the configuration ln the LiNb03 substrate material. For the 

sake of lower cost, and simpler fabrication technIques it is also beneficial to apply the same 

configuratlOn by the lOn-exchange techruque using a soda-lime glass substrate. A fust theoretical 

study of the problem was made in our laboratory in 1991 [24], and experimentally the fealiibility 

of such a device on a glass substrate has been demonstrated by Morasca [25]. The purpose of this 

thesis was to propose an optimal design procedure, build the device, and actually test the 

opumized design results (extinction ratlO as rugh as possIble) with the corresponding experimental 

experimental results of implementing the device . 
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1.3 Chapter descripthm 

In Chapter 2, the numencal tools that we used in our design computations are prcscntcd 

In order to fully characterize the mdex profile of the wldrned X-branch structure, we StudlCd the 

lOn exchange diffusion process in Chapter 3. ln Chapter 4 the characteristlcs of the wldencd X­

branch are studied. In Chapter 5 the beam propagation method (BPM) IS uscd to slOlUlate the 

device function. The experimental rcsults are presented ln Chapter 6 10 compan~on with theory 

Chapter 7 draws sorne conclusions from the present work. 
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Fig 1.2: Plan of the thesis 

Design and fabrication of a widened X-branch demultiplexer 

at 1.31J.1m and 1.55Jlm by K··Na· ion exchange in glass 

Experimental part 

(Chapter 6) 

Fabrication and measurement 

"r the device 

Theoretical part 

Presentation of the nwnericaJ ] 

1 ____________ ~ (Chapter2) _. methods ~ in th.i.s tbes&s 

Simulation of the Na-K IQQ-exchangc process 
using an expllcll 3D ruùte dlff.-rence scheme 

=> Concentration prof'IIe c{x,y) 

~ lodex prolile n(x.y)=n ,+ c{x,y) 60. 

Calculation or the ctlectivc IOOCX 

in the lateraJ dircctioo ror the dcvicc 
( ElM method) 

::::;> N umerical cxprc.ssioc r or N tif (x) 

Curvtfi~ 

=> Analytical cxpressioo for NtIf (x) 

ID wave tqWltion 

=> Calculation oC +.,' < 

~ t .. and L cboscn sucb that 

4'. (1.311110)+ t, (1.31 ~m);: m 1t 

+. (I.sSJ1m)++t(l.5S~m)=(m-l )n 

(Chapter3) 

l J (Chapter4) 

~ (Chapter S) 
L-=='=':::=-....J 

~ 
ComparisOD and conclUSIOD (Chapter 7) 
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CHAPTER2 

The charactenstics of the propagating modes In wavegUldes are obtamed by solving the wave 

equation, derived from Maxwell' 5 equauon, for the correspondmg bOUlldary value problems. Usually, 

the refrac..ive index increment of a wavegUlde formed in the substratc by the lon-cxch,mgc tcchllOlogy, 

the fabncauon technology consldered m thiS thesIS, is dIstnbuted. The fully illlalytical SolutlOllS 

for the vectorial electromagnetic fields are not obtamable for most of the practlcal case~. Thclefore, 

using sorne approximate or numerical method applicable to the stlldles of optical wavcgllides with 

arbitrary index distribution 15 necessary fOl engineering device desIgns and fabncatIOns. 

In this Chapter, the transverse wave equation for wavegUlde structures under a weak guidance 

condition is derived (Section 2.1). The effectIve-index modelling EIM (2.2) [1] and Runge-Kutta 

rnethod (2.3) [2-3] are introduced as two powerful tools (0 help solve trus equation. 

2.1 Wave equation 

For general waveguiding structures (See Fig2.1) Maxwell' s equation are written as: 

- 2 dÊ VxH = n e-
°dt 

- dH VxE = -~­
o dt 

vii = 0 

2.1 

2.2 

2.3 

2.4 

where n is the refractive index: n=1 in the air, n=nb in the substrate, and in general inside the 
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waveguide n=n(x,y,z). 

Fig 2.1: Typical waveguiding structures 

0z 0z 

e(x,y) ,Ilo,n(x,y) 

2a) One dimensional slab w~veguide 2b) Two-dimensional channel waveguide 

• 
If we apply the curl operator to eqn(2.2) and use eqn(2.1) to eliminate H, we find 

2.5 

Usmg the vector identity: 

Vx(VxÉ) = V(V.Ë) - VZË 2.6 

together with eqn(2.3), eqn(2.S) becomes: 

2.7 

assuming the time dependence exp(+jrot) and the conventlonal notation 1<02 = ro2lloEo. 
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Sirnilarly, the corresponding wave equation for the magnetic field can be derived from the equutlOm. 

(2.1) to (2.4) as: 

2 - "iln 2 
- .., 2'~ "il H + [-x(VxH)] + kôn H = 0 

n2 
2.8 

From now on, we will assume that the index does not vary along the longitudinal direction (+z 

direction). The vector wave equation just for the transverse field components can be sep,u'ated 

from the equations (2.7) and (2.8) as: 

29 

2.10 

where a z~dependence as exp(-jpz) is assumed and V.L =a2/ax2+a2/ay2 • 

For ion exchange diffused waveguides V..lCn2(x,y») is very small and it can be neglected. Thl~ was 

verified by use of the Bearn Propagation Method Chapter 5. U nder tbis approximation (the 50 called 

scalar wave approximation), any transverse component of the field satisfies the well-known relatlOn: 

2.11 

TE-TM modes 

However, there are still polarization discrepancies between the propagating modes due to the 

waveguide surface step index change witl! polarization and the different boundary conditions which 

must be satisfied by the E and H fields. 

The propagating modes can be distinguished as TE modes with: 

2.12 

and TM modes with: 
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2.13 

This fonnulation IS ngorous for one dimensional problems. 

From the above derivations we know under the weak guidance condition, that glass optical waveguide 

analysis IS possible under certain approximations. In the following sections, two numerical method 

are discussed for the practical study of waveguides with an arbitrary index distribution. 

2.2 The effective index method (EIM) 

2.2.1 Derivation of the method 

The effective index method (EIM) is an effective tool in the anaIysis of optical waveguides . 

If the cross sectional shape and the refractive index profile of the waveguide are known, the EIM 

can be used to find its mode dispersion characteristics. Knos and Toulios [1] [Ifst proposed the 

effectIve index method in 1970. Since then, this r.aethod has become quite popular due to its simplicity, 

efficiency and close agreement with exact results [4-6]. The method has been fIfSt developped 

for stephke mdex profile but its applicabdity to graded index structures has also been demonstrated 

[5-6]. 

Basically,the EIM 1S a way to solve the two dimenslOnal wave equations by solving a set of 

one dIInenslOnaI wave equations which are far easier to handle. In a 2D structure,oriented such 

that its long dimension is along x (lateraI direction) and its short dimension along y (depth direction) 

(sec FIg 2.1), quasi TE and TM modes obey the usuaI two dimenslOnal wave equation, derived 

in the previous paragraph (See eqn 2.11): 

2.14 
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with '" =elx,y) for TE modes, and \jr= hy(x,y) (for TM modes). 

We can look for solutions of the fonn 'l'ex,y)=f(x,y)G(x). Using tlùs expression, we get for eqn(2.14)[7]' 

cfF &-F &G aF aG 2 
G-+ G-+ F- + 2---+ [J.{in 2(x,y) - P2]FG = 0 2.15 

ax2 ay2 ax2 ax ax 

We can define an effective index in the lateral direction Necr<x) such that: 

2.16 

Then eqn(2.l4) becomes: 

&F &F aF aG 2 2 
G- + G- + 2-- + kQ[n2(x,y)-Neff(x,y)]FG = 0 ax2 ay2 ax ax 

2.17 

which can be reduced to a ID problem in x for F(x,y) (with x as a parameter) by assuming that 

most of the variation in x is taken up by G(x) and that the second and third tenns are negligible. 

Under this assumptton, eqn(2.17) becomes 

CfF 2 2 2 
- + kô[n (x,y) -N;Jx)]F = 0 ay2 ~ 

2.18 

Eqn (2.16) and (2.18) are the two one-dimenslOnal equations to be solved to find at the beglOnlOg 

of the derivation of the method. Solvmg eqn (2.18), while taking x as a parame ter, we can 

find NeO<x).Once Nen<x) is known. solving for the elgenvalues of eqn (2.16) gives the eigenvaluc 

of the mode. The following anaJogy should benoted: solving egn{2.18) for each value of~ 

is like solvmg the wave-eguation for a one-dimensIOnal waveguide extending to infimty ln 

the x direction, with a refractive index nCx,y) in the y-direction C depth direction) Solving egn{2.16) 

is like solving the wave eguation for a one-dimensional waveguide extending to illfinity in 

the y direction, with a refractive index NeO<x) in the x-direction (lateral dIrection) (see FIg 2.2). 

Keeping this analogy m mind, it should be noted that, practically, when one wants te calculate 

the propagation constant of a desired mode, one must be careful in selecting the correct propagating 

modes of the one-dimenslOnal waveguides in the intermediate calculations In general, to ;alculate 

~ for the TE mode of the two-~hmensional waveguide a), we consider the TE mode for the 
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slab waveguides b) in Fig 2.3 with refractive index-profile n(x,y) (x taken as a parameter), 

and then calculate the TM mode for the slab waveguide c) in Fig 2.3, with the effective-index 

profile NeJx) l6] (and reciprocally for TM modes). Indeed, if we consider the TE mode for 

instance, the ex component in a TE mode of the actual two-dimensional structure is the electric 

field for a TE mode in the first stage computation of the EIM, but becomes the ey component 

of the TM mode of the equivalent slab waveguide with an effective index N,O<:x) but extending 

to infinity in the y direction in the second stage computation. 

(01) 

(c) 

Ob 

Fig 2.2: Schema tic representation 

of the EIM 

(;) z (b) 
y y 

x 0 x 

n(x l'Y) 

nb i YI YI nb 

Runge-Kulla 1 y i (;) z 

Ncr~x) 
nb Ner,(x l) 

XI x 

Runge-Kutta 
~=koeff 

2.2.2 Linutations of the method 

(a) 

(c) 

Fig 2.3: Order of the TE-TM mode 

calculation (example of a TE mode) 

y Oz (b) €lz 
x 

El( 
, , 
, 
, 
, , , 

Y 10z Runge-Kutta 1 

Neft<x l ) 

1 

x 

Runge-Kutta 
• Il=kneff 

x 

Accordmg to the assumption made in the derivatioil of eqn(2.16) that G varies slowly with x, 

the EIM method reInains accurate provided dNef~x)/dx is as small as possible. The greater the 

aspect ratio r=d/dy ( long dlmension/short dimension), the better this condition will be satisfied 

[6]. Near a cutoff. the EIM becomes less reliable: ko2n2(x,y) - Nef/(x) gets smaller over the waveguide 

1 egion, and the second and tmrd order terms are not negligible in eqn(2.17), as assumed in the 

derivallon of the method. Outslde the se linuts, the EIM is reliable and the first and second order 
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mode in a waveguide can be calculated with great precision lthe error on ~ is between +0 and 

+S.1O·5J.1Il1'1)[5]. 

The above considerations illustrate how the wave equation for the 2-D graded-index waveguides 

can be split into two 1-D wave equations under the effective-index modelling. The 1-D wave equation 

can be easily studied by numerical methods such as the Runge-Kutta mcthod. 

2.3 The Runge-Kutta method 

There are various numerieal methods available [8] for the analysls of waveguides with a onc­

dimensional arbltrary index profile (see Fig 2.1a», such as the WKB method [9], the stmrcasc 

approx.irna1lon [10-11], the variational method [12-13] and the Runge-Kutta method [14J. The Rungc-Kutta 

method has been successfully applied to the study of graded-index optiea! fiber, earher In [2]. 

In tbis chapter, it IS apphed to the study of slab waveguides such as the one shawn in Fig 2 la) 

with an arbitrary refractive mdex n(y). The Runge-Kutta method (or equivalent transverse rcsonance 

method TRM [ 15]) has the advantage being more accurate than the WKB method and less complex 

to implement than the staircase approXImatIOn or the variational method Wlthout any loss in accuracy 

compared to these two methods [15]. 

We have from eqn(2.l2) for the TE modes of our slab waveguide, with refractive index n(y): 

and from Maxwell's equations (eqn (2.1»: 

ah1. _ ah, = n2(y)€ de;r; 
8y az 0 dt 

A (z,t) dependence as expGOlt-PZ) is assumed and eqn(2.20) becomes: 

Using eqn (2.12) ta express Ry in terms of Ex, we get: 
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2.22 

Expressing the relations 2.19 and 2.22 in a matri}(. fonn, yields 

o ~JCi) 

~[::l · j(~n2(Yl-p2l 0 [::1 
~oCi) 

2.23 

In order to deal wnh real quantitles we can set êx=jel(' then rewriting eqn(2.23) we have: 

2.24 

Ttus clifference equatlon can be approximated by [Fm+a=[Bm+l.m] [Fm], where [Fm]=[F(yJ]=[F(-rnh)]= 

[ê.(-mh), hz( -rnhW (h is the step size used (h=DIM), T means the transposed matrix) and [Bm+l.ml 

can be computed by using a Runge-Kutta fourth order procedure [16-17] (See Appendix). By recursion, 

we obtain fnm y=O to y=-D (m=O to m=M) 

The solutions in the rur and in the substrate are known to be: 

In tbe air: ex=Ae'OY and tbus, using eqn(2.19), ~=jA8e·liy/J..Ioro 

In the substrate:el(=Be'l\Y+D) and thus, using eqn(2.l9), hz=Bye'r\y+O}/flaÏw 

Therefore. (with also êx=jex) 

r :A 

[Fol - [êx(Ol] = l JOA - hz{O) 
~o(ù 

[ê/ -Dl] jB 

[FM] = hz( -D) = -jBy 

~o(ù 
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Substituting these expressions in eqn (2.22) and wnting TI[B1J+1] =[a] ,we get the following system· 

2.27 

or 

2.28 

In tlùs system of two simultaneous linear equations, A and B have non trivial solutions if the detenninaIlt 

is zero,ie: 

2.29 

This is the dispersion equation of the waveguide for TE modes (which can be solved by a clasSlC 

secant method). 

A similar expression can be derived for TM modes ( the same relation as for the TE modes 

if we substitute ~ by -co(y) according to the duality principle). In this case the relation betwecn 

hx and ez is given by: 

The dispersion relation to be found is: 

o 
j[/cin2(y) _p2] 

-e(y)w 
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(2.31) 

Using the Runge-Kutta method, the truncation error when solving for the field components is 

of the order of h5. With h=O.l/lffi an error of the order of 10,5 JlIIl'I is expected in the effective 

index. With h=O.OO5J.UTI, the index value is expected to be correct up to the seventh digit. Numerical 

results show that h=O.lJ.UTI IS an acceptable cholce (error less than 10.5) and indeed good agreement 

with the BPM was obtained (see Chapter 5). With this step-size the computations are aImost instantaneous 

on a Sun Sparc station. 

Conclusion 

The combination of the EIM ancl Runge-Kutta method can provide very accurate results, when 

one wants to study channel waveguides with arbitrary index distribution.Wlth these techniques, 

under the weakly gUlding conditions the analysis of glass integrated optics devices cau be well 

performed from an engineering viewpoint. 
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Appendix 

The matnces B can be computed by using a Runge-Kutta fourth order procedure. 

Starting at xo=O with 0 0= 1, t:.e unit matrix, and Qo=O, the null matrix, the matrix BI.O can he computed 

employing the following sequence of operation. 

KI = hA(xo)Do 
DI = Do -{- (KI - 2Qo)/2 

QI = Qo + 3 [ (KI - 2Qo)/2 ] - Ki2 
K2 = hA(xo ... h/2)DI 

D2 = DI + (1-(112)112) (Kl - QI) 

Qz == QI + 3 [ (1-(l/2)ln).(K3 - QI) ] - (1-(1I2)ln).K2 

K3 = hA(xo + h/2)Dz 
D3 = Dl + ( 3 ( 1 + (1I2)uz) ) ( K3 - Qz ) 

Q3 = Q2 + 3 [ (1+(l/2)u2).(K3 • Qz) ] - (l+(1I2)U2).K3 

K4 == hA(xo + h)D3 

D4 = DJ + ( 1(4 - 2Q3 ) /6 

Q4 = Q3 + 3[ ( K4 - 2 QJ )/6 ] - Ki2 

and then B1•0 = D4 

."\t the next step, Qo should be set equal to Q4 and not 0 to compensate for roundoff errors. Also,one 

can set Do to the previous value of D4 rather than 1, and thus obtain Bl •O rather than B2•1• And 

so on for the following steps. This approach eluninates the need for a final multiplication as required 

in eqn(2.l5). 
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CHAPTER3 

CHANNEL WA VEGlJIDES BUILT BY THE ION-EXCHANGE 

PROCESS 

PassIve integrated optical components in glass (soda-lIme glass m our case) are commonly fabricated 

by the now weIl established ion-exchange, and this W.l..> ihe technology chosen (Q build our widened 

X-branch. Prior to any actual design computation, a good understandmg of thiS fabricatlOn techmque 

was necessary in order to model, with a sufficlent accuracy, the refracuve Index profile and, thereforc, 

the lateral effective index in the effectlve-mdex method (EIM) (See Chapter 2) of the wldencd 

X-branch. This chapter summarizes the results obtained by numerically simulating the fabncation 

process. 

In the fust secUon, the principle of the lon-exchange technology is presented. Then, the diffusIOn 

problem related to this fabrication technique is studied and the lon-exchange diffusion equation 

is derived. In Section 3, a fimte-difference numerical scheme lS proposed to soive thls equalion 

m the case of a single channel waveguide or two coupled channel wavegUldes. Indeed, theoretical 

consIderations (See Chapter 4) show that the study of the wldened X -branch can be reduced to 

that of these two sunple structures. The results m terms of exchanged-ion concentratlOn and refractIve 

index profile are presented m SectIon 4 and 5 for the two structures. Using these data, for bath 

cases, a new model for the effective index Ner~x) in the lateraI direction in the EIM, IS denved, 

as an improvement of the more classic but rougher step-index approximatIOn. 

3.1 The ion-exchange technoIogy 

A typicaI soda-lime glass is composed of 71-75 % silicon dIOxide (Si02), 12-16 %, sodIUm 

oxide (N~O), 5-15% calcium oxide (CaO) and smaller amount of various oxides [11. 

It was found a long time ago [2], that under certam conditIOns lt was possible to replace sorne 
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of the Ions present 10 the glass by other ions of equal valence. Sodium ions in particular have 

been found to be e~Ily displaced by ions such as K+ or Ag+. The new ions thus introduced in 

the gl~s occupy the sarne sites a~ the lOns that they repl<:lced Of course the properties of glass 

change 10 the reglOn~ where such exchange has tnken place, and the refractive index is increased. 

Tru!) makc!) the !)o called "lOn-exchange technology" very attractive for fabricating optical waveguides 

In thls thC~I~, wc arc mterested In the sodlUm-potasslUm (Na+ -K+) lOn exchange to fabricate channel 

guide~ Practically one way to reahze this lon-e>..change IS to Immerse completely the glass sarnple 

IOta a solutlOfi of the molten salt (KN03) for a glven diffusIOn time td (See Fig 3.1). In order 

lo buIld Ci channel wavcguide. a mctallic mask blocks the dIffusion process in sorne regrons. Consequently, 

the diffusIon problcm to solve I~ two-dunenslOnaI (whereas for a srrnple slab waveguide it is onc-dimensional). 

After td• the sample I~ wilhdrawn frcm the melt. A sIngle-j.)n exchange has taken place. This is 

a very SImple techl1lque and the correspond'ng dIffusIOn LJroblem, that is numerically sirnulated 

10 this charter Of cour~e, there are alternative and more elaborate ways to carry out the Na+-K+ 

lon-exchangc. For m~tance, one can use a two step Ion-exchange with post-annealing [3-4]. In 

thls Clli>C after the first lon-exchange, realIzcd by total inunersion, is fInished, the sample is post-baked, 

and further thermal m-diffusIOn of the potassium Ions can take place. Us mg this post-annealing 

techmque, the rc~ultmg Ion-exchanged concentratiOn profile obtained, has smooth edges and is 

slIIular to tho~e obtamed by m-diffusion from a stnp for other types of ion exchange [5-6]. In 

Secuon 3.4.1 we will compare the exchanged ion concentration profIles obtained by thls post-annealing 

techmque, to thase we obtamed by a smgle ion-exchange. 

3.2 The ion-exchange diffusion theory 

The basIc theory of lon-exchange between dIfferent ionic species has been considered by Doremus 

and by Stewart [7-8]. These authors noted the one-to-one nature of the exchange. In a giass of 

nuxed compOSItion, the total iOOle concentration is constant and the concentration gradients are 

equal but opposIte (see Fig 3.2). It is, therefore, convenient to nonnalize the concentration profIles 

with respect to the total concentrallon. If ca and cb are, respectively the normalized potassium and 

sodiUm concentratIOns of K+ and Na+ ions exchange, we can write: 
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Fig 3.1: The ion exchange process to fabricate a channel waveguide 
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o 0 0 0.0 0 0 0 0 0 0 0 0 0 
Me~ 0 0 ? 0000000~~ CO CO O·~ 0 0 Almask 

0.0 0·0·0 ° 0 

••• 0.0°.° •• °0 0 •• 
•• • • 0 ° 0 ° 0 ° 0° • ..... :: .°0°.0 .... 
•• • •• • •• 0 •• 0 •••••• 

° •• • •• • • • •• • •• • • • • 
Glass Substrate 

Fig 3.2: The sodium (cb) and potassium (ca) concentrations 

in the glass during the ion exchange 
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3.1 

Loeally, however, the potassium ions have a lower mobility than the sodium ions within the glass. 

Their respective Flckian-type diffusIOn flux will differ, and one may tend to outrun the other. 

An electric field thus resuIts, wluch has the effeet of restoring neutrality by equalizing the flux 

of the two ion species. Therefore, the ionic flux has two components, one describing the Fickian 

diffusion, the other the eleetrie drift. 

-. - e -
J. =-D [VC --c El 

a a a kTG 
B 

3.2 

3.3 

• Da and Db are the inter-diffusion constants for the potassium and sodium, respectively. T is the 

temperature and ka the Boltzmann constant. Neutrality requires that: 

• 

v.(j:+j~ = 0 3.4 

The Fickian diffusion constant is the same in the x and y direction as soda lime glass is an isotropie 

materiaI. Expanding (3.4) using eqns(3.1), (3.2) and (3.3) to eliminate cb yields: 

3.5 

where cx= 1 - D/Db 

One possible solution for this equation is 

- e --a.Vc + -(1-ac)E = 0 
a kT a 

B 

3.6 

which is equivaIent to saying that ja=-jb 
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Renee, from Eq(3.2) and (3.3) we get 

3.7 

One should notice that the assumptionja=-jb and hence eqn.(3.7), is valid whenever the only dielectric 

field present is that due to the imbalance of the Fickian flux, and E and V ca are naturally collincar. 

Near a conducting boundary, (like a metallic mask), tangential electric field components vanish, 

and the direction of E is dictated by the boundary and need bear no relation to that of Vcu' Near 

su ch a boundary eqn(3.7) is not rigorously valid. 

Normalized parameters 

In the case of a uni-dunmensionnal problem (a slab waveguide, for mstance), it was observed 

that for the K+ -Na+ exchange, the maximum concentration of exchanged ions occurring at the surface 

is only a fraction h (around 0.9) of the total concentration of available Na+ ions [9-10]. A classical 

procedure is to consider the Ilormalized variable ch=ca ( then c(y=O,t)=l for a uni-dimensional 

exchang'~)' In eqn(3.7) c replaces ca' with the normalized parameter â=ha., and we get: 

3.8 

It has been shown that the value of â. controis the shape of the diffusion profIle of the waveguide 

[8-9]. For K+ ion exchange Ct is found to be â=0.898. 

A numerical solution to eqn(3.8) can be found, IJsing a finite difference scheme [10-12]. 

3.3 Finite difference solution to the ion-exchange diffusion problem: 

To standardIze somewhat the numerical procedure, the following transformation is made 

Eqn(3.8) becomes: 
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f = !n(l-cie) 3.9 

3.10 

To Implement the fimte difference method, the continuous space must be discretized into a lattice 

structure. In the cases we studied (single channel waveguide, coupled waveguides) an axis of symmetry 

cou Id be found ln the problem. For such structure') 1 fust computer time and mernory saving measure 

conslsts of StUJYHlg the solutIOn Hl only one of the symmetnc regions [12]. Then, a second measure 

15 to con5Ider a variable grid on which to calculate the finite differences. This new grid is obtained 

by mapping the seITIl-mfirute x and y axes onto finite I11tervals by the following change of variables: 

x ç ,;;--
x + a 

" = -y­
y + b 

3.11 

By this transformatIon, an evenly spaced grid in the (1l,~) coordinate system corresponds to an 

(x,y) grid which begms very fine near (0,0) and gradually becomes coarser away from the origin, 

Yleldmg the desIred hIgh resolution in the rectangle defined by x=(O,a) and y=(O,b) and also the 

coverage of the region outslde extendmg to 00 as x,y-7oo when ~,11-71. Eqn (3.10) then becomes: 

As we deal with a 3-level finite difference problem (3 variables:x,y,t), the more efficient scheme 

to use, when applying the method, is the explicit scheme. 

The associated fmite-difference expressions, are: 

fo(i+l,j) -fo(i-l,j) 
= ----------~----

3.13 

2.1~ 
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(.ff...) = Io(i, j+ 1) - Io(i, j-l) 
àT) l,} 2à" 

= fo(;+l,j) +fo(;-l,j) - 2/o(i,j) 

(à~)2 

( (1) = 10(;, j+ 1) + Io(i, j-l) - 210(;, j) 

oT)2 t, j (à T)2 

(8/) = f l (;, j) - Io(i, j) 

éJt l,} 4t 

3.14 

3.15 

3.16 

3.17 

where fo(i,j) is the value of f at the grid point i,j at time t, and f1Cij) is the value of f at the same 

grid point in t+,6,t. Substituting these expressions in eqn(3.12) yields a clear recursive relation between 

fi and fo. A stability criterion for the method can be derived as 

,6,t< «(lui + (.1yi)(1-ac) 

SDa 
3.1S 

For instance,if the minimum step size for Llx and l1y is O.l~, with Da===1.95 x 1 0-41JlIl2/S(from slab 

waveguide characterization) and (l-6:c)<l, the time step size 111 must be less than 1 second. Using 

this finite difference scheme we could simulate the fabrication process of our widened X-branch. 

3.4 Numerical results for the exchanged ion concentration: 

When we carried out our simulations, we considered different diffusion times td (in the range 

200-300 minutes), waveguide widths w (in the range 6-12~) and a diffusion temperature of 385°C. 
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For the diffusIOn constant Da (and, therefore, the effectIve diffusion constant De defined later), 

we used values obtamed from the planar waveguide characterization given by Yip and al. in [13] 

and the two followmg problems were taken lOto account: 

a) When one con!:lIder!:l the mode propagation, the relatIve dimensions of the same index profiles 

are not exactly the same dependmg on the wavelength of the propagating wave exciting the guide. 

b) There is a ~tress-Induced bmfnngence of the waveguides after the ion exchange ( K+ and Na+ 

arc ions wlth much dlffcrent radii and the crystallattice is affected when one replaces the other) 

[ 14-16]. 

3.4.1 Th'.! single channel waveguide case: 

This is the pr~blem we have to deal with in the central region of our X-branch. The diffusion 

problem is symmetnc about the center. To define the mesh, one can choose the scaling parameter 

a in eqn(3 Il) of the order of the diffusion length. The diffusion depth is defined as d=(D.tJII2 

where td IS the diffusIOn tIme and De is the effective diffusion constant defined as D.=4.82D. with 

8=1 17 [9-10] We can choose b=d i e.Wlth td in the range 220<td<300 min at 385°C, this means 

• b=d=D.t/'2;;:;(4x(1.17ix(1.867X 10-4)X270yl2 ::::4Jlm). A good value for a is a=w/2 (end of the diffusion 

mask opcnmg). The value of the step-SIze ~(O) and ~y(O) near Üle origm, where the grid is more 

refined, can be chosen around 0.1 JllI1. A typICal calculation gnd is shown Fig 3.3 

• 

The boundary condItIOns are deduced from the IOn-exchange conditions: 

(a) At t=O, the sample IS Immersed in the molten salt of KN03• and the exchange starts, from 

c=O everywhere, except under the mask openIng at the melt-glass interface. 

(b) For t>O, the glass substrate IS completely immersed In an infinite reserVOlf of melt and the 

mobtlity of the ions In the melt is sufficient ta maintain a hornogeneous and constant supply of 

new ions, m spite of the temporary presence of the outdlffusing ions. Therefore, under the mask 

opening, at the interface between the melt and the glass the concentration of exchanged ions is 

constant: c= 1. 

(c) Under the mask the field induced by the metallic mask is assumed negligible although it is 

not exactly true [11] and the concentratIOn gradient is zero: grad(c)=O. 

(d) Along the symmetry wall chosen (x=O), grad(c) is zero as well. 

(c) At x,y=oo, c is zero. 
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Fig 3.3: Calculation grid for the solution of the exchange diffusion equations 

w 

.(pm) 

Typical numerical results for the concentration profile c(x,y) are given Table 3.1: for different 

values of x (x=O.OO0J.U11 , x=l.0256~, x=2.105~, .... ,x= 226.66J.U11, x=+OO), the values of c(x,y) 

are given for the 41 values of y listed at the beginning of the Table (y=O.OOOIlffi, y=O.07691lffi, 

y=0.1579J.U11, .... , y=117.0J.lIIl, Y=+OO)). 

A 3-D plot of c(x,y) is given Fig 3.4. The concentratIon contours obtained are of the foern shown 

ln Fig 3.5a,b. This solution for the concentration profile c(x,y), obtained by numencal simulation 

of a single ion-exchange, is compared in Fig 3.6 to the concentration profIle to be found when 
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fabricatIOn techniques using post-baking such as the one mentioned in Section 3.2 [3-4] are used. 

When the post baking technique is used, the diffusion problem is an analog to the diffusion from 

a thin film [5-6J, and from diffusion theory [17J the concentrauon profile c(x,y) can be derived 

anaJytically to be [18-19J: 

y2 w/2+x w/2-x 
c(x,y) = c(O,O)exp( -(-).[er}{ ) + cr}{ )] 

d2 d d 
3.19 

where d is the diffusIOn length (d=(Detd)lI2, td is the total ume of the two-step diffusion process, 

and w the waveguide width. 

Qualllatively, the solutions obtained for c(x,y) fOl a single ion-exchange and a double ion-exchange 

wlth post -annealing techruques are alike, but when the total imersion technique is used the diffusion 

effects are less senous and the edges of the diffusion prame are sharper. When light propagation 

is considered, we can expect structures buit by the total immersion technique to yield more scatterring 

loss [20J. This point is consldered again in Chapter 7 . 

y=[ 
0.0000 

0.6364 

1.6154 

3.3158 

7.0000 

21.0000 

Table 3.1: A typical output of the program used to 

calcuIate the concentration profIle of exchanged ions 

(T=385°C,td=270min,w=6.0J.lm,Da=1.867xl0-4"m2/s) 

0.076<) 0.1579 0.2432 0.3333 0.4286 

0.7500 0.8710 1.0000 1.1379 1. 2857 

1.8000 2.0000 2.2174 2.4545 2.7143 

3.6667 4.0588 4.5000 5.0000 5.5714 

7.9091 9.0000 10.3333 12.0000 14.1429 

27.0000 37.0000 57.0000 117.0000 InfJ 
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c(x,y) 

.:..= 1 x= O.OOOOOOOOOOOOOOe+OO 
1.OOOOOOOOOOOOOOe+Ol 1.00000000000000e+01 1.00000000000000e+Ol 
1.OOOOOOOOOOOOOOe+Ol 1.00000000000000e+01 1.00000000000000e+Ol 1.00000000000000e+Ol 
1.00000000000000e+Ol 1.00000000000000e+01 1.00000000000000e+Ol 1.00000000000000e+Ol 
1.OOOOOOOOOOOOOOe+01 1.00000000000000e+01 1.00000000000000e+01 8.42443587090548e+OO 
6.84075480966445e+OO 5.03570154066918e+00 3.09409313042314e+00 1.38807115503594e+OO 
3.82615881146207e-Ol 5.50375772258648e-02 3.53819026536351e-03 8.51062833878838e-05 
6.01650432023855e-07 8.28618292516031e-10 8.40703403947780e-14 O.OOOOOOOOOOOOOOe+OO 

~= 2 x= 1.02564102564103e-01 
9.92708216492933e+OO 9.92703910927531e+OO 9.92688679764484e+OO 
9.92659353627627e+OO 9.92611475101662e+00 9.92538571996882e+00 9.92430874155594e+OO 
9.9227290051541ge+00 9.92038544550~74e+00 9.91679955402450e+00 9.91096448814597e+OO 
9.90050112926736e+OO 9.87710715464447e+00 9.78944510211292e+00 8.40048014706547e+OO 
6.83209060373163e+00 5.03064150703210e+00 3.09114338419362e+00 1.38674933720885e+OO 
3.82256165616571e-Ol 5.49872952902995e-02 3.53504294083062e-03 8.50319991120486e-05 
6.01132111176094e-07 8.27911112593886e-10 8.40703403947780e-14 O.OOOOOOOOOOOOOOe+OO 

~= 3 x= 2.10526315789474e-01 
9.84535276288997e+00 9.8452589487727ge+OO 9.84492706335596e+00 
9.84428799627441e+00 9.84324449418351e+00 9.84165525405591e+OO 9.83930682835277e+OO 
9.83586080102672e+00 9.83C74630690320e+OO 9.82291760922016e+00 9.81022509829710e+OO 
9.78742153695350e+00 9.73763071658885e+OO 9.57472367660257e+00 8.33763786747875e+OO 
6.80391964643981e+OO 5.01389804271991e+OO 3.08136233513314e+00 1.38236486172081e+00 
3.81062886233917e-01 5.48204808828056e-02 3.52460065474135e-03 8.4785524505671ge-05 
5.99412276804667e-07 8.25564561034044e-10 8.40703403947780e-14 O.OOOOOOOOOOOOOOe+OO 

i= 4 x= 3.24324324324324e-01 
9.75343396207704e+00 9.7532807389959ge+OO 9.75273867928181e+00 
9.75169490224640e+00 9.74999056823143e+00 9.74739493425607e+00 3.74355960086457e+OO 
9.73793271667261e+00 9.72958523723790e+00 9.71682248055444e+00 9.69619364088602e+OO 
9.65946788809693e+00 9.5817718906812ge+00 9.35610737897324e+00 8.24180188233434e+00 
6.75456628876901e+00 4.98384124475037e+00 3.06372890872303e+00 1.37445452586396e+00 
3.7890~576028248e-01 5.45193983030234e-02 3.50575026926583e-03 8.43405407861637e-05 
5.963v/080674744e-07 8.21327663143854e-10 8.40703403947780e-14 O.OOOOOOOOOOOOOOe+OO 

~= 5 x= 4.44444444444444e-01 
9.64969793234348e+00 9.64947571377292e+00 9.64868959122451e+00 
9.64717597901950e+00 9.64470486258190e+00 9.64094246791298e+00 9.63538565796005e+00 
9.62723956620678e+00 9.61517187689557e+00 9.59677110971398e+00 9.56719912029637e+00 
9.51526407645491e+00 9.4093540940403ge+00 9.13259233813528e+00 8.11676576684764e+OO 
6.68266779611503e+00 4.93879261123001e+00 3.03713661571023e+00 1.36251140890148e+00 
3.75657432695244e-01 5.40645237732076e-02 3.47726340650973e-03 8.36679580765184e-05 
5.91613112125085e-07 8.14922245002893e-10 8.28340118595607e-14 O.OOOOOOOOOOOOOOe+OO 

~= 10 x= 1.16129032258065e+00 
8.8724386634S102e+00 8.87170480915842e+00 8.8691107659342ge+00 
8.86412583992995e+00 8.85601557002112e+00 8.84373579178321e+00 8.8257548349846ge+00 
8.79974189191965e+00 8.76199314425494e+00 8.70631433751925e+00 8.62170841000835e+00 
8.48729273920364e+00 8.26066413349021e+00 7.85261742700282e+00 7.0985472313053ge+00 
5.94311485524262e+OO 4.42810707957640e+00 2.7265763514961ge+00 1.222145911389206+00 
3.37354149355605e-01 4.86935351792221e-02 3.14018087724114e-03 7.5698146008115ge-05 
5.35941019354098e-07 7.38909057672126e-10 7.54160406482567e-14 O.OOOOOOOOOOOOOOe+OO 
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~= 15 xc 2.15384615384615e+OO 
7.3046422155341ge+OO 7.30319252092336e+OO 7.29807671929720e+OO 
7.28828524091031e+OO 7.2724662242301ge+OO 7.24877504635801e+OO 7.21464125349517e+OO 
7.16639870097545e+OO 7.09868439898567e+OO 7.00344046616318e+OO 6.86823529347821e+OO 
6.67346102615762e+OO 6.3879381746539ge+OO 5.96351191428752e+OO 5.33481339686098e+OO 
4.44467232084278e+OO 3.29466825905046e+OO 2.0137188695937ge+00 8.9803215353004ge-Ol 
2.48548199010188e-Ol 3.61450287271856e-02 2.34718966167567e-03 5.68618374348236e-05 
4.03960622685674e-07 :.58323493847073e-10 5.6871112619996ge-14 O.OOOOOOOOOOOOOOe+OO 

~~ 20 x= 3.61904761904762e+OO 
4.21150509865806e+OO 4.20985484746430e+OO 4.20404204870771e+OO 
4.19296477928842e+OO 4.17520172889695e+OO 4.14890164432660e+OO 4.11162821854945e+OO 
4.06014113199123e+OO 3.99008678968702e+OO 3.89556595634526e+OO 3.7685485086~162e+00 
3.59814472388668e+OO 3.36989329635521e+OO 3.06567664970913e+OO 2.66599379886630e+00 
2.15837856552746e+OO 1.55692159580567e+OO 9.3074315278467ge-Ol 4.1118835342853ge-Ol 
1.14664171019905e-01 1.69423297613565e-02 1.11625782401390e-03 2.73290942079044e-05 
1.95623856139020e-07 2.71887189822318e-l0 2.84355563099984e-14 O.OOOOOOOOOOOOOOe+OO 

i= 25 x= 6.00000000000000e+OO 
6.53893690111207e-01 6.53506562964708c-01 6.52144707139258~-Ol 
6.49557209748103e-Ol 6.45429170157713e-Ol 6.39364465631740e-Ol 6.3086406786432ge-Ol 
6.19299343940900e-01 6.03880531396166e-Ol 5.83622612485160e-Ol 5.57315641709115e-Ol 
5.23517261825001e-01 4.80607442642784e-01 4.26988717136272e-Ol 3.61588394185912e-Ol 
2.84905247584593e-Ol 2.00801585008904e-Ol 1.18578618888748e-Ol 5.27047146831854e-02 
1.50504407201900e-02 2.29041261010514e-03 1.54778278566730e-04 3.86279014590155e-06 
2.8050813342495ge-08 3.94203353454044e-11 3.70898560565197e-15 O.OOOOOOOOOOOOOOe+OO 

1- 30 x-
1.6945475202593ge-03 
1.66262733016332e-03 
1.59990796364351e-03 
1.34291038630773e-03 
7.273 All16306120e-04 
4.14404286894290e-05 
8.59730500104775e-ll 

i= 35 x'" 
1.90682658972173e-10 
1.8934311~168533e-10 
1.80058887869051e-10 
1.51258614641163e-l0 
8.24124238290516e-ll 
4.8896793567845ie-12 
O.OOOOOOOOOOOOOOe+OO 

1.05454545454545e+01 
1.69348271853450e-03 1.68973791334596e-03 
1.67129541102605e-03 1.65467413603000e-03 
1.55805316553928e-03 1.50335563896317e-03 
1.2299167702564ge-03 1.09033495051685e-03 
5.15475411217438e-04 3.08485468957377e-04 
6.52458399730716e-06 4.54112882178276e-07 
1.2239652498651Se-13 O.OOOOOOOOOOOOOOe+OO 

2.26666666666667e+Ol 
1.90562735104257e-10 1.90142383402283e-l0 
1.88071533105794e-IO 1.86204677017ô16e-10 
1.75363312092296e-IO 1.69231122557618e-10 
1.38614682711496e-IO 1.23003562297307e-10 
5.86761522814142e-l1 3.53837226779198e-ll 
7.83832291327783e-13 5.56347840847796e-14 
O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO 
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1.6314310431984ge-03 
1.43280301748490e-03 
9.22179119437875e-04 
1.40444365822777e-04 
1.1611396081209ge-08 
O.OOOOOOOOOOOOOOe+OO 

1.83596023808308e-10 
1. 61324801574903e-IO 
1.04203950S90792e-lO 
1.63034643939108e-ll 
1.23632853521732e-15 
O.OOOOOOOOOOOOOOe+OO 
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~= 41 xa 

O.OOOOOOOOOOOOOOetOO 
O.OOOOOOOOOOOOOOetOO 
O.OOOOOOOOOOOOOOetOO 
O.OOOOOOOOOOOOOOetOO 
O.OOOOOOOOOOOOOOetOO 
O.OOOOOOOOOOOOOOetOO 
O.OOOOOOOOOOOOOOe+OO 

Infinity 
O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO 
O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO 
O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO 
O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO 
O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO 
O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO 
O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOe+OO O.OOOOOOOOOOOOOOetOO 

Fig 3.4: A 3-D plot of the concentration prome resulting from a single ion exchange 

(T=385°Ct td=270min, w=6.0J.1m,D.= 1.867.1 O""',.aml/s) 
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Fig 3.5a,b: Constant concentration contours produced by a single ion exchange 

(T=385°C,td=270min,Da=1.867xl04J.lm2/s). (Single waveguide case) 
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--------------------------------

Fig 3.6: Compared comtant concentrations contours produced by an ion-exchangc 

(T=385°C,td=270min,D a= 1.867x 1 0-4,..nâs, w= 12,..m).(Single wa\'cguide case). 

-- Single exchange (total immersion technique) .... 'Vith post-annealing 

w 

0.0 

...-.. 
[-2.5 
"-" >. 

-5.0 
~~--------.~--~----~--~----~ -10 -6.0 -2.0 +2.0 +6.0 + 10 

X (Jlm) 

3.4.2 Coupled waveguides configuration: 

For a more accurate design of the X-branch, the tapered region of the device, involving twu 

channel guides, need also to be studied. The diffusion problem for two coupled waveguides Wa!> 

also simulated for different wavegUlde spacing s and p Cp is the dIstance between the centres of 

the two waveguides, and s=p-w). The axis of syrnrœtry is at the mid-point betwfXn the two wavegwdes.The 

same values for b,&(O),~y(O) as in the previous case and the same type of boundary condItion!' 
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should be cho~en In the lateral directIOn a=(w+s)/2 is a good choice. Results for the concentration 

contour~ obtaIned are glven m Fig 3.7 As the spacmg goes from large values (s»w) to zero, tht' 

concentratIon of the exchanged Ions in the nuddle e(O,y) inereases graduaiy. As expected, the change 

In thls value becomes notIceable when s is of the order of the diffusion depth s~. For td=270 

min, d=(Detd)ln:::4Jl1l1) 

3.5 Numerical results for the index profile 

The refractIve Index proftle can be deduced from the concentration profIle as: n(x,y)=nb+ÂI1sc(x,y) 

[10] if Ob IS the substrate Index and Llns=n(O,O)-nb IS the surface mdex change induced by the ion 

exchange whIch can be deternuned from the experiment characterizations (n(0,0)=n5 is the surface 

index). Once agaIn, using for Ms the data given In [13] allows to take into account birifringence 

problems as dlSClissed SectiOn 3.4. Even In the sImple case of a single waveguide, the expression 

for n(x,y) is not ngorously separable. A classicaI approX1111ation, in ('1"der to :.&mplify the problem 

is the 1Itep-index apprOxImatIOn. Under tbis approximation, side dIffusIOn effects are neglected . 

For a single channel wavegUlde of wldth w, we can write for the concentration prame and, therefore, 

the refractive Index profile: 

If -w/2<x<w/2, c(x,y):::c(O,y) , then n(x,y):::n(O,y) 

If x>w/2, x<-w/2, c(x,y)s::O, then n(x,y)s::nb 

In the case of two cou pIed waveguides, of width w, separated by a distance s, we gel 

3.20 

if w<lxl<w+~, c(x,y)s::c(±~,y) then n(x,y)s::n(± w+s,y) 
2 2 2 3.21 

if Ixl>w+~, Ixl<.! ,c(x.y)=O then n(x,y)=nb 2 2 

The step-mdex approximation is very often used. Indeed it allows a very simple expression for 

the effectIve index in the lateraI direction, to be found (See Chapter 2). For modelling, it is a very 

effective too1. However, its accuracy must be examined when accurate design parameters are to 

be cakulated. ThiS pomt is elaborated on in the following section . 
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Fig 3.7a,b,c,d): Constant concentration contours resuIting from a single ex change 

(T=38S0C,td=270min,Da=1.867xl0-4,..m2/s).(Directional coupler configuration) 
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3.6 Effective index modelling (EIM) 

The ElM was presented Chapter 2 as a powerful tool to calculate the propagation constants 

of the gUlded modes in two-dimensional waveguidmg structures of an arbitrary refractive index 

profile n(x,y). nus method requires ta calculate an effective index in the lateral direction Neft<x) 

whlch can he deternuned by fmdmg the elgenvalues of the followmg equatIon (Wlth x as a parameter): 

éflp 2 2 2 
- + kAn (x,y) - N;-'x»F = 0 ay2 1r' 

3.22 

Once Ncft<x) is known, the propagation constants of the guided modes can be found by solving 

for the eigenvalues of the following equation 

3.23 

In the next Sections (3.6.1 to 3.6.2), expressions for Neft<x), in the case of a single waveguide and 

for two coupled waveguides are derived, using for n(x,y) the data obtained in the previous Sections 

by numerically solvmg the diffusion equatlOn. 

3.6.1 The single waveguide case 

3.6.1.1 The solution by step-index approximation: 

Under the classic step index approximation, the side diffusion effects are neglected, as mentioned 

in the prevlOUS Section, and one gets a simplified expression for n(x,y) (see eqns(3.20) and (3.21». 

Solving (3.22) Wlth tbis expression for n(x,y), NerrCx) for a channel waveguide of width w, can 

be found as: 

N,Jx) := N(O) := Np if -w/2<x<w/2 
N,Jx) := nb if x< -w/2, x>w/2 

3.24 

where Np is the effective index of a planar waveguide exchanged for the same amount of time 
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(and Db IS the substrate index). This expreSSlOn bas the ad vantage ta b.~ very sImple. 

3.6.1.2 The semi analytical solution 

If we consider the exact solution of the diffuslOn equatIon as denved by the finite-difference 

scheme, then n(x,y) IS known only at the discrete points of the compl'tatioll mesh used to solve 

the diffusion equation. At each grid-step x, if we want to solve equation (3.22) and find Nrt.-(x). 

we have to interpolate n(x,y) along the grid steps y by a polynonual fit. For the InterpolatIon of 

the index profile, we considered the nth fust significant pomts, (usually n'" 10), and used a nth 

arder linear interpolatIon whlch proved to be a very accurate approximation (sec Fig 3 8). Nef,(x) 

was calculated for dIfferent diffusion times, mask widths, for both wavclength 1.31 and 1.55 flI11 

and for both TE and TM modes, usmg the Runge-Kutta method described in the previous chapter. 

Like Albert and Vip [20], from these calculatlOns we tned to fmd a fit for the effective index-profile. 

Indeed, it is the only practical way ta run the extensive numerical simulatIOns needed for the desIgn 

of our widened X-branch. We found (using the least square method) that the followlOg formula 

was a good approximation to the lateraI effective index profile of channel waveguide of wldth 

w (See Fig 3.9, in the ex ample of TM modes): 

w w x+- x--
N - nb 2 2 

Netf.x) = nb + ( p 2 )[erf{-h-)-erJ(-h-)] 

3.25 

wbere: Ob is the substrate index, 

Np is the effective index of a pl anar guide exchanged for the amount of time td 

h=O.7(Dctd)112 is a fitting parameter (in Albert's case he found h:::::(DctJl12, as he used a di fferent 

fabrication process) 

A very important point with this erf model is that it can be completely deterrruned from measurements 

on planar waveguides Cie Np and De) as discussed in [21]. 

The exact numerical solution of eqn(3.22) for Ncflx), the erf fit and tre solution denved under 

the step-index apprOXimation are compared 10 FIg 3.9 in the ex ample of TM modes. The erf fit 

is very good for the nuddle region of the waveguide. At the very edge, the agreement is not so 

close, but this small region is of less importance when comput1Og the propagatlOn constants. The 
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effors In P are of the order of 8x 10.5• Overall, the erf fit chosen is still a good approxlmatlOn. 

The step-mdex model looks hke a much poorer model, especially for narrow waveguides. For 

any value of the channel width, the step-index model predicts that Ner~x=O)=Np, wbich is not the 

case. The erf fit model gIves a good fit for Ncttx) for x.:::O, and predlcts NeJO)=Nperf(w!2h)=Nperf(w/(1.4xd)). 

For w/4d» 1 one can say that NerC<O)""'Np with a very good approximation. For narrower waveguide 

this is not the ca'iC and the effective Index In the rruddle is significantly less than the one obtained 

for a slab waveguide exchanged for the same lIme. In Table3.2a,b,c,d) dfective index (nerFP/k) 

of the frrsl and second order mode for sorne typlCal waveguides, are calculated by the EIM, using 

the erf and step index model for the lateraI effectIve Index NefC<x). They are compared with the 

exact results obtained by considering the numencal solutIOn. The erf model can be seen to give 

closer results (the errors on f3 for tbis model are of the order of 8xlO·5 
). 

3.6.1.3 DIspersIOn curves 

Us mg eqns(3.24) or (3.25) (step-index model or 'erf fit') we can ron extensive effective index 

computatlOns (neff=P~)' usmg the EIM, and plot the dispersion curves for waveguides, built by 

a SIngle K+-Na+ lon-exchange. 

Four normalIzed parameters (V' ,b' ,bol V 0) were introduced for side diffused waveguides. by Hocker 

and Burns. They are defined by: 

h' = 

3.26 

Theory shows that the dispersion characteristics of any channel waveguide can be deduced ifthree 

of the four parameters are given [22-23]. One notes that Vo and bo are the usual nonnalized parameters 
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used for slab wavegUIdes [24]. (only two uruversal parJIlleters are needed III tlus case). The dtsperslOIl 

curves V' vs b' for vanousbo for channel wavegUldes bUllt by a smgle K+-Na+ ion-exchange. arc 

plotted Fig 3.10. For K+-Na+ ion excharged wav'~gU1des nb""nSweakly guidmg case). Under thls 

approximation, the curves V' ,b' are rough1y the same for both polanzattons. Yet, channel wavcgUldc~ 

are sull polarizatlon dependent since for the same diffUSIon Orne V'(t<j) is dIfferem for the TE and 

TM polarization (Np IS dlfferent [9]). When the step-mdex modells used the curves V' vs b' have 

the same shape for all bo. This IS not the case when the erf fit model 15 used. for a glven value 

of b', the value of V' is a function of bo It should be noted that, as bo gelS ~mallcr (bo"",O.l), the 

curves V' vs b' obtamed for the different values of bo, using the erf fit model (sldeMfused waveguides) 

are getting doser to the smgle curve V' vs b' for a guide with no slde-diffuslon (stcp-index mode!). 

This IS expected. Indeed, bo IS an lllcreasing functwn of Np and the:efore of tJ. A smaller bo means 

a smaller td. The side-diffusion effects are lnruted for sm aller dIffusIon tlmc!'>, and takmg them 

into account does not make much difference, m the EIM, W,1.en cah::ulattng the propagation const.mt~. 

However, in Hus thesis, we are lookmg for smgle or dual mode operatIon of the wavegulùcs The 

correspondmg diffusion time range IS between 200-300 mm for TE modes, 250-450 I11ln for TM 

modes (Sec Chapter 4), which gives for both polarIzatlOns boz O.3. For thiS value of bo• we can 

see from FIg 3.10, that taking inta account the sIde-diffuslOn effects definitely makes a dlfference 

when caclulating the propagation constants of the mode. Tlus pomt is verified in Chapter 4 . 
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~ ... 
0 
'-' u 

Fig 3.8: Justification for using a Iinear interpolation between 

the discrete values of n(x,y) (in this example x=O) 
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Fig 3.9 a,b,c,d): Discrete values of the local effective index NrfT(x) along with crf fit and 

step-index model. (Ion-exchange parameterll:T=385°C,td=270min).lsingle waveguidc 

case ,TM modes). 000 Numerical solution - Err fit ... Step-index model 
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1 st order mode 

2nd arder mode 

1 st order mode 

20d arder mode 

Table 3.2a,b,c,d: Calculated effective index netf::~/k 

(Single waveguide configuration, TM modes) 

'erf fit' step-index mode} 

Numerical 

solution neff error nef! error 

(xlO's) (x 10.5) 

1.503608 1.503666 +5.8 1.503800 +19.2 

1.502075 1.502148 +7.3 1.502309 +23.4 . 
:= 

Tab 3.2a) w=12.0pm,td=270min,Â=1.31JUD,TM modes 

'erf fit' step-index mode} 

Numerical 

solution ncff error neff error 

(xlO's) (x 10.5) 

1.499946 1.499955 +4.9 1.500110 +16.4 

1.498351 1.498441 +9.0 1.498486 +13.5 

Tab 3.2b) w=12.0pm,td=270min,Â=1.55f1Ol,TM modes 
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'erf fit' step-index model 

Numerical 

solution neff error nerr error 

(x 10-5) (xlO-s) 

1 st oIder mode 1.502705 1.502611 -9.4 1.503043 +43.2 

Tab 3.1t} w=6.0pm,t,,=270min,l..=1.311llll,TM modes 

• 'erf fit' step-index model 

Numerical 

solution neff error neff error 

(x 10-5) (xlO-s) 

1 st oIder mode 1.499008 1.499107 +9.9 1.499361 +35.2 
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Fig 3.10: Normalized dispersion corve V' vs b' (normaIized parameters) 

(as n,=nb' the corves V' vs b' are the same for both polarizations) 
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3.6.2 Coupled waveguides 

3.6.2.1: The solutIOn by the step-index approximation 

Vnder the step-index approximation the lateraI effective index in the case of two coupled waveguides 

ofwidth w, separated by a distance s, can he found to he (using eqn(3.21) for n(x,y) to solve eqn(3.22»: 

if ..:!< Ixl<w+..:!, N _Ix) = N 2 2 efJ' p 
3.27 

if Ixl>w+!., Ixl<~, NeU<x) = llb 
2 2 

3.6.2.2 semi analytical solution 

In the case of two coupled wavcguides, we found it difficult to derive a generaI fit to the numcncal 

solution obtained for Nefr<x), when solving eqn(3.22), using the exact expressIOn for n(x,y). For 

large waveguide separations s»d (where d is the diffusion depth defined prevlOusly in Section 

• 3.4.1, and for our simulations we had d:.:4IJIl1), addmg the effectlve-mdex profile of the separate 

single waveguides to find the effective index of the whole structure is a good approximation [20] 

(See Fig 3.IIa)), in the example of TM modes), and one gets 

• 

Net/x) = N(x+s/2) + N(x-s/2) - nb 

3.28 

where N(x) is the effective-index profile of a single waveguide as glven by eqn(3.25). 

However, when the spacing between the two waveguides is of the order of the diffusion depth 

s=d(=4J.1IIl), this is not quite true anymore (see Fig 3.11b),c),d». As s~O, eqn(3.8) is vaUd again 

(See Fig 3.lle». Even so, for the design of our wldened X-branch, when we needed ta study the 

problem of two coupled waveguides in the tapered reglOns (See Chapter 4), we assumed that the 

effective index was given by eq(3.28) for any value of s. In spite of its limitations we can expect 

this model to be better than the step index model, since it is obtained by takmg into account the 

side-diffusion effects. 
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3 7 Conclusion 

In this chapter the single K+-Na+ ion-exchange process, which we used in the experimental part 

of our work to fabncate our wld\!ned X-braneh demultiplexer, was slffiulated by use of a finite-difference 

method. A practical analytic~J model for the lateral effective-index profIle in the EIM, of the widened 

X-branch for the tapered :md central reglOns, was deduced from the se computations. This model 

IS more sophisticated than the simple step-mdex apprOXImation, and yet in an analytical fonn that 

allows us ta pcrfonn the numencal !limulations needed for the design of a widened X-branch demultiplexer. 

PhYSICally, lt IS expected ta be closer ta the true solutIOn for the effective index. 

It should be noted that wc! neglected the charge effects due ta the presence of metallic-mask, when 

simulatmg the dIffuSiOn proeess for the channel waveguide. In the case of silver ion exchange 

this would be questlonable [24], and we could expeet the side diffusIOn effects ta be reduced. But 

for potassium iOn-exchallge, reeent expenmental characterization of the refractive index profile 

• tend ta prove that tlus assumption is correct [25]. 
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Fig 3.11a,b,c,d,e: Discrete values of the local effective index Nrrr<:x) along 

wah ed fit and step-index model.(Directional coupler configuration) 

(Ion exchange parameter:- T=385°C,tt\=270min, w=6.0/Jm) 

000 Numerical solution -- Erf fit ... S!ep index model 
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CHAPTER 4 

DESIGNS OF A WIDENED 

X-BRANCH DEMULTIPLEXER 

4.1 Introduction 

Since first proposed as a TIR device in 1978 [1], the X-branch wavegUldes, elther symmctnc 

or asymmetric have been extensively studled [2-3]. In single-mode integrated optlC~, the X-branch 

has become a competitive structure Wlth the directional coupler III many device designs Most 

of these devices offer important advantages such as a low InSertIOn loss, high extmctIOI1 lallo, 

smaller device dimension, bidlrectIOnality. Therefore, It has led to the possibihty of more truly 

integrated optical CIrCUits [4-5]. 

The wldened X-branch offers the additIOn al advantage of a simpler fabncation process as there 

IS only one step involved In the ion exchange. However, in the commonest two-mode interference 

region, the requirements on the desIgn parameters are ught [6] when one wants to achicve 

wavelength demultiplexing, especlally in a glass substrate, WhlCh allows httle possIblhties of 

electrooptic tuning. Therefore, much care IS needed In the desIgn effort. 

In tbis chapter, the widened X-branch wavegUlde structure to be deslgned will be used In a 

single-mode dual-channel mtegrated optlCal multildemultiplexer at wavelengths 1.31J.llIl and 

1.55J..1IIl, ta be fabricated by K+ ion exchange in a soda lIme glass substrate [7]. The theoretlcal 

background of the device will be introduced III SectIOn 4.2. The conditIons for demultlplexIllg 

will be mvesttgated III 4.3 using a reduced parame ter R [8]. The dIspersion equatlon for ~tudymg 

the X-branch will be solved In 4.4. The effectlve-mdex method will be apphed and two ca!.e~ will 

be considered for the shapes of the refractlve Index In the lateral duectlOn, the step-Index, and 

side-dIffused, usmg the theory developed prevlOusly (See Chapters 2 and 3) The ~cnSltJVltIe~ of 

the devIce ta the desIgn parameter variations WIll be dlscussed m 4.5. 
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4.2 The dcvice operation principle 

The single-mede input and output waveguides are coupled adiabatically to the two-mode 

waveguide of 1ength L by the tapered directional couplers of length ~ (see Fig 4.1). The two 

input and output waveguides of the tapered regions are identical. They have the same width w. 

The width of the waveguide in the central region (-U2<:z<l.J2) is w+w=2w. In this Chapter, the 

radiation modes are not taken into account. The waveguide system is treated as one structure 

where only two normal modes propagate [9]: one symmetric 'l'., one antisymmetric 'V. as 

sketched Fig 2. 

The total field of the structure is: 

4.1 

where a, is the relauve excitation amplitude of the symmetric mode (even mode), and Ct. is that 

of the anti-symmetric mode (odd mode)(a,z + a.2 = 1). 

• In the tapered regions (z<-U2 or z>+U2), the symmetric and anti-symmetric modes cao be 

• 

viewed as two different combinations of the fundamental modes of the two input waveguides 

taken serarately [9] (See Fig 4.2). In these regions, we can write: 

'lTs(x,y,z) = ( a1(x,y) + az(x,y) )e -jflr 

'lTu(x,y,z) = ( a1(x,y) - ~(x,y) )e -J~.z 
4.2 

here al(x,y)=a(x-p/2,y), a2(x,y)=a(x+p/2,y), and a(x,y) is the first-order mode of a single 

waveguide of width w centered at x=O. It should be noted that, in the tapered regions, p, and Pa' 
the propagation constants of the symmetric and antisymmetric modes, de pend on the spacing s 

between the two input waveguide [9] and, therdore, on z. 

In the central region, 'V, is the first-order mode of the waveguide (even mode) , and 'V. the 

second-order mode (odd), Ps and PI are constant, elJual to the propagation constants of the first 

and second order mode of the waveguide with a width 2w . 
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". '. 

Fig 4.1: Widened X-branch (perspective view) 
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Fig 4.2: The symmetric and antisymmetric modes in the central and taperell regions 
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According to the orthogonality principle, \jI, and \jI. do Dot exchange energy along the device. 

4.3 

(*= the complex conjugate) However, the propagation constants PI~Z) and P.(z) of the two modes 

\jI, and \jI. are different. Therefore, the two modes accumulate a relative phase difference ~=J(P.­

PJ(z)dz along the whole structure length. Combming eqns (4.1) with (4.2), the total output field 

cao be written as 

If 

-J / P,d: 
=[ al (x,y)(a.r +uaeJ+) + ~(x,y)(a.r -aae*) le -fc 

~(x,y)=O if x>O, a,(x,y):::;() if x<-O and the fields in regioD 1 and 2 are aImost exacùy: 

'r, 

-J f P,(%)dL 

",(x,y,zIHllpUl=z,) := a,(x,y)(CI" +rJ'oet+}e -r, if x>O 
'r, 

-J f P,(%)dL 

tIr(.t,y,zOlllpul=z,) = ~(x,y)(a.r -Clael+)e -r, if x<O 

The power in each output port 1 and 2 c~ he caIculated as: 

Branch 1 (x>O): p. = f f V(x,y,zorupra)' tir ·(XJ,zQlQpllt)·dxdy 

-- 0 _ 0 

Branch 2 (x<O): P",= J J V(xJ',zo~·*·(x,y,zoutput)'dxdy 
-- --

4.4 

4.5 

4.6 

JaI.2(x,y).a,/(x,y)dxdy=1 (nonnaI modes) and the pûwer in each ouput port 1 and 2 is [10]: 

Branch 1 (x>O): p. = P ÜIp.[ 2u.uo.cos2(ct>/2) + (a" -aj] 

Branch 2 (x<O): Px = PiIrp'( 2u.ru.,.sin2(ct>f2) + (u,-ujJ 

P UIp. = input power 
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If we assume that the symmetric and anti-symmetric modes are excited with the sarne amphtude 

at the input of the device (aa=as=(1I2)112) we get for eqn(4.7): 

Branchl (x>O): p .. = Ptnpcos2($/2) 

Branch2 x( <0) : Px = P,np sin2
( $/2) 

4.8 

The accumulated propagation phase difference <p, at a given wavelength 'A, 1S the sum of that ln 

the tapered and in the central regions. We note L\~{ and L\~c the differences between the 

propagation constants ~s and ~a' in the tapered and centre regions, respectively. At the 

wavelength À, we have: 

-L/2 L{2 l, 

$(1.) = J Ll~t(z,À)dz + J Llp,(z,Â)dz + J LlPt(z,Â)dz 
-~ -L{2 +L/2 

-L{2 

cf>(À) = $,0.) + 2·cf>t(Â) = a P c·L + 2. J Ll Pt(À,z)dz 
-zr 

as L\~c is a constant in the central region, and the two tapered regions are identIcaJ. 

4.9 

410 

If we excite the devic~'s port Il, with the light at 'Al (=1.31 jlIIl) and ~ (=1.55 jlIIl) together 

O'l<lJ, the operatmg conditIOn for demultiplexing is, that: 

4.11 

4.12 

where m is an integer. 

Indeed, l'ader these conditions if mis even (m=2n), in eqn(4.8) wc have: 

-57-



• 

• 

• 

Chapter 4: Designs of a widened X-branch demultiplexer 

p.O.1) = cos2(n7t) =1 , P/À1) = sin2(n7t) =0 

p.(À2) = cos2(n- ~)7t) =0 , P/À2) = sin2«n- ~)1t) =1 
4.13 

The hght at Àl IS retneved at the output port l , and ~ at the output port 2. If m is odd (m=2n-l) 

the situation is reversed: the !'ignal Àl is retrieved at the output port 1 , and ~ at the output 

port 2. 

We can calculate the extinction ratios ER(Â) at bath wavelengths as: 

P (À) 
ER(À) = 10 1 log(_X_) 1 = 10 Ilogtg2(cI>/2) 1 

P= 
4.14 

Theoretlcally, ERO'I)=ER(~)=-oo since tg(cp(Â»=Ü when $=2n7t or (2n+J~1t. Any change in cp, 

i.e. L1CP due to wavegUlde parameteI eITors, caused by fabrication, or an error in the designed L 

due to computatIons errors would result in a seriously degraded extinctIon ratio: 

il.ER(À)"# -00, il.ER(À) = 10log(tg2(il.CP(À») 

=20log 1 il.q,(i..) 1 

4.15 

jf L1cp is small. For a small error In the phase angle of =0. 1 rad (6°), the degraded extinctIon can 

be calculated using eqn(4.15) ta be LlliR=20l0g(0.1)=-20 dB. 

4.3 R parameter 

Like Cheng and Ramaswamy [8], we introduce a reduced parame ter R ta solve the design 

problem. We start from the demultiplexing condition given by eqn(4.11) and eqn(4.12). This is 

a linear system of two equations in L. There is a solution for L, if the following condition is 

fullfilled: 

m1t -2c1>p.t) il.PcO"t 
=R = 

(m-1)1t -2cMÀ2) il.Pc().'2) 4.16 
l r 

R~ Rz 
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The propagation constant difference ô~c depends on the wavelength À , the waveguide wldth w, 

the waveguide diffusIOn depth d or diffusion time td of the ion-exchange process(d= (Drtd)1/2 

where De is the effective diffusIOn constant (See chapter3). <JI1 depends on these parameters as 

weIl and also on the branchmg angle a. Consequently, the conditIon stated in eqn(4.16) 

RI m=R2=R can be rewritten ln full notation as: 

R = 
m1t - 2<1>P"l'w,td,a) 

(m-l)1t - 2ct>P"2,w,td'a) 
4.17 

À1 and ~ are, respectively, 1.31JlIIl and 1. 55JlIIl. If we flx w and m and ex ,td must be round such 

that eqn( 4.17) is verified . This condition can aIso be written as: 

4.18 

The actual design problem is to solve this eguation. In section 4.4.5 we will show on an example 

how this equation can be solved in practice. Once eqn(4.l8) is solved and td known, L can be 

deduced by inverting either eqn(4.l1) or eqn(4.12). 

mlC -2<1>t(Â1 = 1.31 ~m,(X,w,td) 
L = ----~~----------~ 

â Pc(Â1 =1.31~m,w,td) 4.19 

(m-l)1t -2c1>r(Â2 -= 1.55~m,a,w,td) 
= 

4.4 Dispersion relation 

The céllculation of the ratios Rl
m and R2 versus vanous values of the design parameters b 

equivalent ta solving the dispersion relation. Ta conduct our numencal simulatIon~, we can u~e 

the data available in the literature for waveguides in glass by K+-Na+ ion-exchange at wavelength 

À=1.31~ and À=1.55flIIl [11]. The surface index obtained with K+·Na+ IOn exchangc changes 

with polarization and thus the wldened X·branch, built using thIs technique, IS polarlzation 

dependent [12]. The cases for TE and TM modes will be studied separately. 
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4.4.1 The effective -index method 

The effective-index method (EIM) IS normally used In tbis Chapter, to reduce a three­

dlmem,IOnal problem to a two-dlmenslOnal one, thereby slmplifying the problem. According to 

the rcsuIts derived in Chapter 3, the first step of the EIM: when srudying channel waveguides and, 

thereforc our X-branch, IS to calculate the effeCtlve-mdex Np of an eqUlvalent slab waveguide for 

the same diffusIOn tlme td• The mdex change along the depth directIOn for a slab wavegUlde m 

glass by K+-Na+ IOn cxchange 1S known to be Gausslan [7]: ~nyCy)= ~s exp(-(y/d/), where fins= 

ns-nb (n; is the surface mdex and nb IS the bulk mdex) and d=(Detd) 1/2 (De is the effective dlffuslOn 

constant for Hie diffusIOn process ru, defined in Chapter 3) Np can be calculated using the Runge­

Kutta method de~cribed III Chapter 2. When calculating Np, we must remember that we look for 

~mgle mode operation of the mdlviduai wavegmdes in the tapered regions and dual mode 

operatIOn III the central reglOn. If we look at the the normallzed parameter V' defined for channel 

waveguldes In Chapter 3 as V'=(21tw/À)(N/-nb
2)112 , the rules for single-and dual-mode operation 

me roughly: (from Fig 3.10, Chapter 3) 

Single mode operation (tapered reglOns): 0.5<V'(w)<3.5 
4.20 

Dual mode operation (central regions): 3.5< V'(2w)<6.5 

Numencal calculations (see Table 4 1) show that, in the range of values chosen for w: 

5.6<w<I).41Jlll (wavegUlde wldth compatible for couphng wnh a mono mode fiber), td must be 

chosen in the range [240-440] mm for the TE modes and [200-320] mm for the TM modes to 

satlsfy eqn(4.20). If td IS cho~en above trus range, a thlrd order mode can be guided at À=1.31jlll1 

In the cenU'al region. Below tbis range, the second order mode cannat be eXCIted as a gUlded 

mode at Â=1.551lffi m the central regIOn. The dlscrepancies found in the diffusIOn Ume range 

allowed for the TE and TM modes are due to the polanzation dependence of the surface index 

difference .1n;=n,nb and effectIve dIffusIOn constant De. These two pararneters deterrnm the value 

of Np' For these values of the diffusion time, the diffusion depth is around 4JlIIl for both the TE 

and TM modes The ratIo of the long dImension over the short dImensIOn 2w/d IS of the order 

of 61.1111 and the ElM can be applied with great accuracy away from the cutoff frequency of the 

modes (sec Chapter 2). 

Aftcr calcul:ltmg Np.Ill the lateral dIrectIOn, we can conslder two models for the effective-index 

profile, ln reference to the results obtamed m studying the diffusion equation (See Chapter 3): 
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- the c1asü: step-index model 

- and the im.,roved side-diffused model, mc1udmg side diffusIOn (graded-mdex 'erf type' prome) 

(see FIg 4.3a,b). 

When usmg the EIM, it should be remembered that the E, component in a TE mode of the 

devlce structure becomes the E-component of the TE mode m the cguiva1en~ slab waveguide. 

(Sec Fig 2 3 Chapter 2), 

Table 4.1a,b,c,d: Index Np and normalized parameters V'(w),V'(2w) vs td 

td Np V'(w) V'(2w) 

(min) Taper Central 

region region 

316 1.504664 3.003 6.006 

306 1.504583 2.969 5.939 

296 1.504499 2.934 5.868 

286 1.504412 2.896 5.793 

276 1.504320 2.857 5.714 

266 1.504225 2.815 5.630 

256 1.504126 2.771 5.542 

246 1.504023 2.724 5.448 

236 1.503859 2.674 5.348 

226 1.503801 2.621 5.242 

216 1.503683 2.564 5.128 

206 1.503558 2.503 5.006 

Tab 4.1 a) TM modes, ;\;:;1.31 J.lm 

For td"'316 mio, V'(2w) is close to 6.5. 

(V' ... _ for the third order mode) 

1 
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td Np V'(w) V'(2w) 

(min) Taper Central 

reglOn reg IOn 

316 1.501112 2.325 4.650 

306 1.501027 2.292 4.585 

296 1.500939 2.258 4.516 

286 1.50084~/ 2.221 4.443 

276 1.500752 2.183 4.366 

266 1.500653 2.143 4.285 

256 1.500551 2.099 4.199 

246 1.500444 2.054 4.108 

236 1.500333 2.005 4.011 

226 1.500218 1.954 3.908 

216 1.500097 1.898 3.797 

206 
1 

1.499977 
1 

1.839 3.678 

Tab 4.1 b) TM modes, }..:=1.55 !lm 

For td',,,206 min, V'(2w) is dose to 3.5 

(V'cuttolr for the second order mode) 

1 
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r td Np V'(w) V'(2w) 

(mm) Taper Central 

436 

426 

416 

406 

396 

386 

376 

366 

356 

346 

336 

~26 

316 

306 

296 

286 

276 

266 

256 

246 

region reglOn 

1.504570 2.964 5.928 

1.504524 2.944 5.888 

1.504476 Z.924 5.848 

1.504427 2.903 5.806 

1.504376 2.881 5.763 

1.504324 2.858 5.717 

1.504270 2.835 5.670 

1.504215 2.810 5.621 

1.504158 2.785 5.570 

1.504098 2.758 5.517 

1.5040:7 2.730 5.461 

1.503973 2.701 5.403 

1.503390 2.671 5.342 

1.503834 2.639 5.278 

1.503769 2.605 5.210 

1.503693 2570 5.140 

1.503657 2.533 5.066 

1.503579 2.493 4.987 

1.503457 2.452 4.904 

1 

1.503371 2.407 4.815 

Tub 4.1c) TE modes, À=1.31 J.lm 

For td"'436 min. V'(2w) IS close to 6.5 

(V 'cuttolI for the third order mode) 

td 

(min) 

436 

426 

416 

406 

396 

386 

376 

366 

356 

346 

336 

326 

316 

306 

296 

286 

276 

266 

256 

246 
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Np V'(w) V'(2w) 

Taper Central 

region region 

1.501044 2.299 4.600 

1.500995 2.279 4.560 

1.500945 2.260 4.520 

1.500893 2.240 4.480 

1.500840 2.218 4.438 

1.500786 2.197 4.394 

1.500730 2.174 4.348 

1.500672 2.150 4.300 

1.500612 2.125 4.251 

1.500551 2.099 4.199 

1.500487 2.073 4.145 

1.500421 2.044 4.089 

1.500354 2.015 4.030 

1.500284 1.984 3.968 

1.500211 1.951 3.902 

1.500137 1.917 3.833 

1.500059 1.880 3.761 

1.499978 1.842 3.684 

1.499895 1.801 3.603 

1.499809 1.758 3.517 

Tab 4.1d) TE modes, À=1.55 JUIl 

For td=246 min, V'(2w) is close to 3.5 

(V' culDlr for the second order mode) 
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Fig 4.3a,b: Lateral effecth'e index for the widened X-branch 

4.3a) The f>tep-tndex mode) 

• 

4.3b) The side-diffused mode) 

• -63-
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Chapter 4: Designs of a wldened X-branch demultiplexer 

4.4.2: The Step.index model 

When the step mdex mode! is used, the effectIve index in the lateraI direcuon is given by 

Ncfr<x)=Np mSIde the wavegUides and Nef~x)=nb outside (see Chapter 3 eqn(3.21». Therefore, 

wc have to deal WIth a three-!ayer problem in the central regIon, and a five-Iayer problem in the 

laper reglOn (~ee Fig 4.4) In the tapered regions, we wIll use the field-matching method used by 

Yl:lJlma [13], te get the propagation constants of the symmetric and anti-symmetric modes. 

Fig 4.4: Lateral effective index in the taperi!d regions (step index model) 

-The central region: 

Calculation of ~Pc 

· , · · · · · · · w: 

• :z 
y® . 

· · · · · s(z): 

· · p(z): 

--
· · · · w: 

· . . · . . 
! ~! x ....... __ ........................ - ... - ... ~_ ... _- -_ .......... ~--_ ..... - "'-""r--- --_ ................ _ .... --- .. 

nb : nlb nb 

Region 1 l Reg~n 3 : Region 5 
, , . · . , 

N~ff ! N~ff 
Reg~on 2 Reg~on 4 · 

The solution of the dIspersion equation for the three-Iayer problem is straightforward. The 

variations of ~J3c with the dIffusion time td for different widths w in the range [5.6-6.4] J.UTI at 

both wavelengths 1.31 ~ and 1.551lffi, for TE and TM modes are shown in comparison with the 

results obtamed when the side-diffusion is included In the model (See Fig 4.5a,b,c,d). 

For smaller values of w and td' the step mdex model predicts that the second order mode in the 

central region IS cut off at Â= 1.55~. ~Pc can not be calculated, and the curves Fig 4.5b,d) are 

lI11errupted. 
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Chapter 4: DesIgns of a widened X-branch demultiplexer 

-The Tapered regions. 

Calculation of ~~l 

In the case of the five-Iayer waveguide system, the electromagnetic fields in the dJtTerent 

regions 1,2,3,4,5 (see Fig 4.4) can be expressed as [13]: 

For TE modes: 

Et exp(ktx) 

E2+ exp(kzx) + Ez' exp(~k2X) 

Ey= E/ exp(kJx) + EJ' exp{ ·k3x) 

E4 + exp(k4x) + E4' exp( ~k4X) 

E/ exp(-ksx) 

l= 1,2,3,4,5 

In our case: nt=n3=nS=nb! hence kt=k3=ks=kb 

D3=ns=Neff' hence k2=k4=keff 

·t.21 

Matching the field al the boundanes, one obtain the eigenvalue equation for the TE moùe!'. [131: 

(2kl',ff+(k; -k~)tan(k,.oW»2 4.22 

-exp( -2kJ>CCk; +k~) +tan(kegW»2 = 0 

A smlÎlar approach can be used in the case of the TM mode propagation. The eIgcnvaluc 

equation is given by [13]: 

C2Aet1s + (A; -A:u.)tanCkegW»2 4.23 
-exp( - 2keJ) «A:O-+A;)tan(keoW)2 = 0 

Solving numerically the dispersion relations, we can ca1culate the propagation con&tant of the 

symmetric and anti-synunetric modes Ps and Pa In the tapered regions, and, hence, ~J3!=P&-Pd . 

Fig 4.6 and Fig 4.7 ~how Ps,Pa and ~Pt = ~s - Pa as a function of s(z) the spacmg between the 

mput or output branches. For the sake of' brevity in this section, the rcsults for p" Pd' ~r~t> and 
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91 In Fig 4.5, 4.6, 4.7 are plotted for TE and TM modes assummg w=6.0~, and td=270 min for 

the TM modes, and tu=375rrun for the TE modes. These two different values for the diffusion 

time are approxlmately at the middle of the diffusion time range, allowed for the device operation 

at each polanzatlOn when a waveguide wldth around 6.0J.11l1 IS chosen (see Table 4.1). From 

Table 4.1 wc ean verify that Np (TM modes,td=270 min):::::NpCTE modes,td=375 mm) Therefore 

the result~ found for I3s, Pa' L\PI and <1>1 for TE and TM modes, are close. From FIg 4.7 there is 

a clear exponentlal relatlOnshlp for L\Pt as a functIOn of the spacing length s=p-w. 

~p = ~p (À) exp(-(p(Z)-w» 
tOc 

4.24 

where L\l3o IS the difference between the propagation constant of the synunetric and anti­

symmetnc modes if s(z)=O. In faet by continuity we can identify ~Bo=L\Bc' The characteristic 

spacing distance c can be calculated from Fig 4.7 to be around ==4J.tIIl. 

The phase angle <1>, is given by: (if we consider the first tapered region) 

-L{2 

~t = f app.,z)dz 4.25 

-zr 

The total phase angle due to the identlcal input and output tapered regions is, therefore, 2<1>[. 

We ran calculate 2<1>t (see Fig 4.8) by direct numencal integration of L\13[(stz», but we can also 

denve an analytical expression for it using the fitting formula givt:n in eqn (4.24) for L\Pt(s(z», 

ln the integral expreSSIOn (4.25). We can note that in the tapered region of our X-branch, 

s(z)=p(z)-w is glven by s(z)=2.(z+U2)tg(cxl2):::::(z+Ll2).a, for small branching angles a. The 

locatiOn of the device input -ZI is defined such that s( -~)=p(-~)-w=21!lffi, a spacing distance for 

whlch there is negligible couphng between the two input branches. The symmetric and anti­

symmetnc modes of the structure at tbis pomt are almost degenerate, and we have 

exp( -s(Zt)/c ):::::exp( -21/4 )::::0, (L\~[==O). Therefore, integrating eqn( 4.25) yields: 

4.26 

ThiS relation is almost an exact fit to the curves plotted in Fig 4.8. 4>[ depends strongly on a. 

Eve!)' time we double the branchmg angle, we halve <p\ (see Fig 4.8) . 
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An important pomt is that the variations of 2<l>t with À are significantly smaller than the same 

variations in <Pc' For instance, from Fig 4.8a), we can ca1culate: 2.<M 1.31~Ù-2.4>t( 1. 55J.lm):::::­

l.4rad for w=6.01lID, td=270min, a=O.5°, TM modes. From FIg 4.5a,b) we have for the same 

design parameters ~~ç( 1.31 J.lffi)-L\~e( 1. 55/lffi)=17 .09-6.48).1O-3:::::0.60.1O-3J.llU- 1
• Usmg the step mdex 

model, a length L about 6000llID are predicted (see next Section) and we gel' 4>c(l.31J.lm)­

<l>e(J .55J.lm)=L. (~~e(1·31 J.lm)-~~e( 1.55J.lm»::::6000x(O.61.1O·3)=4rad> 12 4>t( 1.31 J.lm)-

2.<1> t( 1.55J.lffi) 1 = l.4rad. 

4.4.3 The side-diffused model 

When the side-diffused model is used, NctAx) is glven by the following expressIons (see 

Chapter 3 eqns(3.25) and (3.28) 

In the centrai region: 

4.27 

where h=O.7.JDid 

and in the tapered regions: 

Netf..x) = N(x+p/,i.)+N(x-p/2)-llb 
4.28 

The YaJima's method, good for the step mdex model, IS not applicable in this case and wc use 

the Runge-Kutta method also in the lateraI direction. The results obtained for Ps. ~ .. , ~Pc' llPt and 

4>t are shown FlgS 4.5, 4.6, 4.7, 4.8. in comparison to those oblamed, assummg a step-mdex 

profile for the effective index in the lateraI direction. For the side dlffused model wc can 

calculate for w=6.0J.1Il1, td=270mm, a=O.5°, TM modes: from Fig 4.8a), 2.4>t( 1.31J.lm)-

2.<I>t( 1. 55 1JIIl)::::-O. 7rad, and from Fig 4.5a,b) APc( 1.31~n)-L\~c( 1. 55J.lffi)=(7 .26-6.06).10 3,;:,J .2x 10 3 

J.lffi'l. As the side diffused model predicts a length L about 3000J.lffi (See next SectIOn), wc get 

4>,( 1.31J.lIl1)-<I>c(l·55J.lffi)=L.(Ll~c( 1.31J.lffi)-~Pc(1 55J.lITl»::::3000x( 1.2x lO'3)=4rad» 12·q,t( 1.55J.lm)· 

2.4> tC1.31 1JIIl) I=-O.7rad. Qualitatively, the vanations of L\.Pc and <Pt predlcted by the step index or 

the side diffused model are similar. 
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Fig 4.5a,b,c,d: ~pp\.) vs td for different waveguide widths w at À=1.31,1.55Jlm 
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Fig 4.6a,b: PsO,,),~SCÀ) vs s at À:=1.31J.1m,1.55J.1m (w=6.0f.1m) 

-_. Step-index model-- With side-diffusion 

1.5040 

1.5030 
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Fig 4.7a,b: L\~tO,.) vs s at À=1.31J.1m,1.55J.1m (w=6.0J.lm) 

~-' Step-index model -- With side-diffusion 
xl0·3 

8.0 .----.---.---.-----.--~--.--.. 

6.0 ". 
TM modes 

-'a 4.0 --cO: 
<l 2.0 

o ~0-----~~-5~~~~~10 
s(J.lm) 

4.7a)TMmodes,~1.31,1.55J.1m,td=270min 

-69-

xl0,J 
8.0 ...-~..--~~~-~~ 

'[ 4.0 

cà'. 
<l 2.0 

5 
s(Jlm) 

TE modes 

4.7b)TE modes,J..=1.31,1.55J1m,td=375mm 

10 



• 

• 

• 

Chapter 4: DesIgns of a widened X-branch demultlplexer 

Fig 4.8a,b: $,(1..) vs ex at À=1.31,1.SSJ.1m (w=6.0J.1m) 

-_. Step-index model -- With side-diffusion 

TM modes 
7.0 

TE modes 

-"0 ' 
C':l ' ' '- 50' , '-" . '. .. - ' 

3,0 3.0 
" . ' .. -.. -. .. ...... . .. 
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1~~~ __ ~ __ ~_~~~~ 
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4.8a)TM modes,À=1.31,1.55J.1m,td=270min 4.8b )TE modes,À.= 1.31,I.SSJUIl,td=37 Smin 
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4.4.4 Design example 

For a fixed width w and branching angle n, the variations of ~c and ~t Wlth td being known, 

one can calculate separately Rjm(tJ and RitJ (as given by eqn (4.16), and then, solve the design 

characteristic equations RJm(tJ=RitJ=R as in eqn (4.17) or Rjm(tJ-RitJ=O eqn(4.18), taking m 

as a parameter. Graphically, it corresponds to findmg the point where the two representatlvc 

curves of RJm(tJ and RitJ intersect (see FIg 4.9). Once td is found, L is dcduced from eqn(4.19) 

as stated in Section 4.3. Design values for L, m and td are listed in Table 4.2 US mg the step-mdex 

model and our slde-<iIffused model for the latenl effective index. From Tables 4.2a and 4.2c. 

4.2b and 4.2d; 4.2e and 4.2g; 4.2f and 4.2h, we can see that the values ofm,L round for TE, TM 

modes, for the same mdex rnodels are close, but the corresponding diffusIOn rime td are qUite 

differcnt. ThiS polarizatIon effect is due to the change of surface index with polariL.atlOn as 

discussed III sectIon 4.4.1. When we compare the results predlctcd by the step-mdex modc1 and 

the sidc-diffused model, we can see that they are very different. For about the samc dlfTuSlOll 

time td the step-index model predicts much larger values for m and L, ThiS point IS dlscussed 

further in the next section. 

We have descl'ibed above a rigorous way to find the design parameters td and L for an 

optimized design. In fact, the order of magnitude for L can be evaluated in a simpler mannel. 

We know, from the prevlous section, that, the wavelength disperSion of ~t 15 much smaller than 

the wavelength dispersion of 4>c. Most of the phase shift nccded for dcmultmlexing operation is 

gained in the central region and we can expect L to depend strongly on the propcrties of the 

symmetric and antisymmetric fields in this region. If we substract eqn(4, 11) from eqn(4.12) wc 

can express the length L of the central region as 

7t +(2.cM1.31 ~m) -2.$,(1.55 ~m» 
L = 

ÂP,(1.31 ~m)-Â P,(1.55f.lm) 
4.29 

From Fig 4.8 we have 2~l1.551-L'l1)-2~t( 1.31/lffi)::::O.7rad<1t (when the side-diffused model i~ 

used). Eqn( 4.29) can be approximated by 

Tt 
L = -------------------- 4.30 

Â P,(1.31 J.Lm)-J1 P ,(1.55~m) 

The order of magnitude of L, as given by this ratio, depend~ only on the difference APc( 1.31 j.U1l)­

~pc(1.55J.1m). For instance. for the side-diffused model, for w=6.0J.11ll, a=O.5u
, td about 250 min, 

-7]-



• 

• 

• 

Chapter 4: Designs of a widencd X-branch demultiplexer 

wc find (from Fig 4.5): ~Pc{1.31J..11I1)-~Pc(l.55J..11I1;""7.0-5.7xlO·3=1.3xlO-3~1II11. Eqn(4.30) gives 

an approximate value for L of 2500J..U1l This is comparable to the exact values listed Table 4.2a) 

(error around 500l1m=20%) 

4.4.5 Comparison between the step-index mode) and the side-diffused model 

Typical field pattern~ along the widened X-branch structure are plotted ln FIg 4.10, (the 

cxamplc of TM modes IS taken), assunung the step·mdex model or the side-diffused model for 

the lateral effeCl1ve mdex. The calculated fields are much different. For mstance, one can notice 

that, 10 the tapercd reglons, the symmetnc and anu-symmetnc fjelds are mueh less confined into 

the mdlvidual gUides when the diffused boundaries are assumed ilian when the step-index model 

I!) used. 

If we look at the calculated propagatIOn constants related to each field, tne results obtained for 

the propagatIon constants of the symmetnc and anti-symmetric modes along the structure (~~ and 

PJ' respecuvely (sel! FIg 4.6» and, there!vre, 6Pt and <Pt and especlally ~Pc (See Figs 4.7,4.8 and 

4.5) consldenng elther the step-mdex or the slde-àIffused model tor the lateral effective mdex 

are markedly dIffcrent When solvmg the deSign charactenstic cquatlOns, as done in the previous 

scellOn. the valuc~ calculated for RJ m by the two models are still relatively close, but values for 

Rz (Rz=i.lpcCl 31 ~m, ~Pc( 1.55f.UI1)) are qUIte dlff\.:!fènt and for about the same diffuslOn time, the 

dC~lgn value L,m predlcted by one model or the other are very dIfferent (of the order of 

thousands mlcron~!, See Table 4.2).ln tenns of numencal accuracy, the step-l11dex and side­

dlffused modcls are not ccnslstent. 

In Chapter3, the side-dlffused model using an erf fit was mtroduced as a better model than the 

step-mdcx modcJ Indeed, lt takes mm account sIde diffusion and these cffects are believed to 

be extensive when one want~ ta bUIld channel gUlde~ m glass by K+-Na+ ion exchange. The 

propagatlOn constant calcl'lated by the side dlffuSèd mcdel (eff fIt) are believed to be closer ta 

the exact values (set' Table 3.2 Chapter 3). From now on th"'_ r:.lOdel~ will consid~r in the rest 

of the theoretlcal study (the following SectIOns and qlarter 5) IS the 'eff fit' !)ide diffused model 

we presentcd Chapter 3. As for the step index mode!, wc:: beheve that when a TM! device su ch 

dS our X-branch 15 ronsidered, it 1S a good model if one only wants to predict the g",neral 

behaVIOT of the devlce and get a qmck understandmg of lts physical pnnciple. However, it fails 

to give re~ults dCClIlale enough for design pUI-poses. 
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Fig 4.9: RIm and R2 vs td (w=6.0flm) ~~. Step-index model -- Side diffused model 

For sake of clarity RI m is not plotted for ail the possible values of m 

for both models 
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• Challter 4: Designs of a widened X-branch demultiplexer 

Table 4.2 a-hl: Design values td,m,L for TM,TE modes, a=0.5° or 0.80 (w=6.0f.lm) 

, 

lù fi R L td m R L 
(nun) ().lm) (min) (~) 

257 9 1.216 3120 251 15 1.201 6160 

230 8 I.Z60 2830 244 14 1.131 5770 

205 7 1.327 2520 237 13 1.144 4960 

4.2a) Side dlffused model,TM modes,a=OS 4.2b) Step index model,l'M modes,cx=OS 

td m R L td m R L 
(nun) (Ilffi) (min) (Ilm) 

375 9 1.237 3110 257 15 1.201 6190 

320 8 1.284 2820 230 14 1.131 5790 

265 7 1.352 2510 205 13 1.438 5390 

• 4.2c) Side diffused model,TE modes,cx=OS 4.2d) Step index model,TE modes,a=O.so 

td fi R L 
(min) (j.lffi) 

t d m R L 
(min) (/lI11) 

266 8 1.207 2975 - 228 12 1.301 5090 
236 7 1.252

1

2680 

Il 209 6 1 321 2370 
236 Il 1.145 4690 

244 10 1.164 4290 

4.2el Side diffused model,TM rnodes,<x=O.8° 
4.20 Step index model,TM modcs,c:x=O.3° 

td m R L 
(mIn) (1lID) 

td m R L 
(min) (j.lffi) 

3..,r 8 1.202 2960 ' ' - -- 257 12 1 301 5120 
320 7 1.245 2680 230 Il 1.145 4720 

~ 6 1.312 2370 205 10 1.164 4310 

4.2g) Side diffused model,TE rnodes,cx=O.8° 4.2h) Step index model,TE modes.cx=O.8° 
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Chapter 4: Designs of a widened X-branch demultiplexer 

Fig 4.10a,b,c,d,e: Field plots for the TM modes in the widened X-branch (Ey) 

(lateral dependence in the central and tapered regions) 

(w=6.0flm,td=270min,a=O.5°) ~~. Step-index mode) -- With side diffusion 

o 
x(J.!m) 

4.10a) In the central region 
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Chapter 4: Designs of a widened X-branch demultiplexer 

4.5 Design considerations 

4.5.1 Deviee length 

For the ObVlOUS purpose of large integration, and the ehrnination of the dlfficulty to mall1tum 

the uniformity of the photolIthographic process over a long dIstance, the length of the structure 

should be mmmuzed. The length of the structure \s the sum of the lengths m the tapered reglom, 

It and that in the centre region L, that is: Lrut.ù = 2.lt + L. It IS given by It= S(Zt)/(tg(a/2) (with 

s{zt)=20!JII1) and depends solely on the branchmg angle ex. Eqn(4.31) already denved ln SectIon 

4.4.4 gives a rough evaJuation of the length L of the central region: 

L z 
TI 

4.31 

As glven by this equation, L depends aImost only on the other desIgn pararnetcrs (w and 1(1)' Each 

length L and l[ can be rninimized independently. This aspect is studied m the next scetlOll . 

4.5.2 Effeet of the taper branch angle 

The length of the tapered region It is proportion al to lItan(a/2) as we Just stated From lhls 

pomt of VIew, m order to nunimize lt and therefore the overall devIce length, one should ch"o~c 

as large an angle as possible. This is counting on no radIatIOn modes, accordin~ to the 

approXImatIOn we made m SectIOn 4.1. In rcahty, smcc K+-Na+ ion exchangc ~urfacc wavcguldcs 

are weakly guiding, too large a branching anglr will generatc the radiatIOn field~ through 

scattering and the values wc can choose for ex are lirnited A fuller 1I1vestigatIOIl of this problem 

is done Chapter 5, by using the Bearn Propagation Method. A hranching angle a of 0.5 0 i~ a 

good tradeoff. 

4.5.3 Waveguide width w and diffusion Ume t.1 

a) From the curves shown FIg 4 Il, we can find that, the propagat!on constant di ffe rc Il cc , 

L\~c( 1.31 J.1Il1)-L\~i 1.55 ~), is increased as the waveguide width or diffusion lime Id are 

decreased. From eqn(4.31), this means that narrower and ~hallower wavcguide~ arc to l,~ 

preferred when lookmg for a shorter L ( and consequently shortcr overall dlmen!.ions). For 

mstance, lookmg at Table 4.2, we can verify that L i~ a decrea~~Hlg tunctlon of td (shallower 

-77-



• 

• 

• 

Chapter 4: DesIgns of a widened X-branch demultlplexer 
----------------_._-------. - ----

wavegUIdes). Agam, there IS a tradeoff here good contlnerncnt of the modes sholild bl' lIl~llI'cd 

if we want to avoid radIation modes that are TIot taken into accollnt by the EIM but .tre revl,.·aled 

by the BPM in Chapter 5. 

b)In c) and d) wc study the tolerances on the design parameters \\' and td,ln L~cp. tOI an 

optimized device, an extinctIOn ratIo under -20 dB at both wavelength 1.31 flIl1 and 1 5Spm 

DevIations III the two parameters w and td cause devIJtIons m ~L 1 and therefOlc <p. O\'Cf,lll. Iim 

yields a degraded extInctIOn ratIO ,lER(À)=2010g[.1<p(Â)] as glven by l'qn (4.15) where 8<» I~ 

gIven by 8<»=.6.<p c+2ô<p" One notes that <1>1 is glven by <»1=A~c.cfa and <Pc by <\\=Ô~l L Usmg 

the se two relatiosn ta rewnte ô~c.I=(d<l>c/dtd)Ôtd or A~C.I=(d<l>c/dw)ôw). wc can CXpICS~ thc 

variatIOns of the optimal extinction ratio with td or w as 

I1ER(Â) ~ 20log( ( L d(I1P c(Â» 
dtd 

tJ.ER(}") :::: 20logC CL d(11 P c(Â» 
dw 

432 

Obviously, the sensitIvity of the extinction ratIo ta varIatIons in td or w, 15 direclly relatcd .'0 the 

sensitIvity of A~c to these two parameters. We use this relation in our tolerance study The 

numerical results for the study are presented only for a devlcc optimized for TM mode operation 

with td=257 min, w=6.0/Jll1, L=3100/Jll1, a=0.5 D (See Table 4.2a). The extensive calculatIOns wc 

perforrned show that we would get approximately the same results for devices with different 

design values w,td optimized for either TM or TE polanzatlon 

c) For a given width w, the ô~c vs td curves (Fig 4.5) are slightly flatter at shortcr wavclcngths 

than at longer wavelengths. In Fig 4.5, for w=6.0Ilm, the slope of the two curvcs can be 

calculated to be d(.1Pc)/dtJ = 1.256x 1O·5f1.ITl-1/min if À= 1.31 !-lm and d(APc)/dld = 1.735xlO·5
flffi l/rrun 

if Â= 1.55 flITl, at the same correspondmg td=257 nun. APc is more sensitIve ta the vanatlOn~ In 

td at longer wavelength than at shorter wavelength. Hence (~ee eqn 4.32) the output of the dcvlce 

is more serlsltÏve to the dIffusIOn time devratlOns at 1.55 J.lffi than at 1 31 J.lIIl. The tolerance on 

td, to keep an extmctlon ratio under -20 dB, is around: 6td=±5 minutes at ÎI;::: 1.31 !-lm and Atd=±4 

nunutes at À=1.55 /Jll1 (see Fig 4.12). These tolerances are t1ght but not critIcal a!> td can be 

tIghtly controlled expenmentally wlth a simple tJmer (the IOn exchange 15 suppuscd to ~tart 

almost as 500n as the sample IS dlpped inta the melt and ~top as saon a!> It 15 wIlhdrawn) 
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.-

..!k 

Fig 4.11: L\f3c(/.=1.31)-~f3cO.=1.55,..m) vs td for different wavt:guide width, w 

(The side·diffused model is assumed for the index profile) 
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• Chapter 4: Designs of a widened X-branch demultiplexer 

d) Due to the diffrculty to control the photolithographIe process uscd to falmcate the wldenl'J 

X-branch, errors m the wavt'gu!de wldth can be expected when fabncatmg the devlcc. We call 

expect the error to be about the same In the tapered and central reglon 6(w)=6(2w). If w, 'md 

w t are the channel guide widths 10 the central and tapered reglOns, we have 

~(w)=A(2w) 

Wc = 2w ... ~(2w) 

w 
W = W + A(w) "* _c 

t 2 

The tolerance study IS carried out under this assumptlOn. 

433 

In Fig 4.5 for a given td' 6\3c curves for varymg w values at 1.311ffil and 1.55~m arc sccn (0 he 

wider apart than those at 1.55 /ffi1, indicating that 6~c is more sensitive to the wldth vanatlOn al 

1.31 jlIl1 than at 1.55~. Hence, (see eqn 4.32) the output of the devlce is more senSItive to the 

width deviation w at 1.31 ~ than at 1.55 ~ (see FIg 4.13). The tolerance on 2w (wldth ln the 

central region) to keep an extinction ratio under -20 dB IS around: Ll(2w)=±0 15 Jlm at À=1.31 

• jlIl1 and L\(2w)=±0.6 ~ at À.=1.55 jlIl1 for both TE and TM modes. Any width deviatlOl1 I~ more 

criucal at a shorter wavelength, smce the photolithograpluc process cannot be controllcd to givc 

an error /).W below ±0.4 Jlffi. 

• 

When the deviations m wldth are small, it is always pOSSible to adjust the diffUSIOn tiITtC in 

order to obtain the hlghest possible extmchon ratIO at both wavelengths, even though the device 

will no longer be optunized at either wavelength. Fig 4.14 illustrates such conSiderations when 

an error of -0.2 f..lI1l is assumed in the wldth 2w for both TE and TM modes. 

To compensate for larger pOSItive error In w, one can think of dCpOSltll1g a dielectnc claddmg 

of a given thickness t, on the two-mode reglOn of the wavegulde as proposed by Chen In hl~ 

thesis [6] Principally, a cladding can increase the effectIve Index of a waveguide, hence 

increasing the propagatIOn constant dlfference between the symmetnc and antJ~ymmetnc mode~ 

in the waveguides. Because posItive wldth devlatlOCl~ [t'duce that dlfferencc (~ee Fig 4.5) the 

cladding compensation method can be applied 10 offset the effects. It wa.'i shown r 15], however, 

that it was difficult to use a compensation method to Improve the propertics of a smgle devlce, 

at the two wavelength 1.31~ and 1.55JlITI, at the same tlme When one want~ to use the dadding 
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cornpen~atlOn rnethod, it I!> more efficIent to design not a smgle structulet but a cascaded 

~tructurc [15-16] such as the one In FIg 4.15. The two wavelengths À) and Â2 are tirst separated 

by the dcvlce At and then thelr extinction ratio shifts are compensated separately ln the couplers 

B and Ct respectlvely. by sputtenng two dielectric layers of different thicknesses t(À) and t(~). 

Improvcd extmctIon ratIOs versus width devlation characteristics have been theoritically calculated 

u!>Ing the claddmg compen'iatlOn method for cascaded structures (see Fig 4.16 [6]). 

Ca!>cadcd structure have also the advantage of having higher extinction ratio since the ouputs are 

descnbed by 

P2 p; ~ 4 
= -x- ::: cos (<1>/2) 

PIn; ~ P U!p 4.34 

P4 p~ ~ . 4 = - x- ::: sm (4)/2) 
P pA P 

llIP x U!p 

and the extinctIOns ratios at both wavelength ÀI=1.31Jlm,1.55~ are 

ERp.) ::: 20 1 log (tg 2 (ct>/2»1 4.35 

the extinctIOn ratios are doubled compared to single structures (See eqn(4.14» 

However, from the fabrication point of view the compensation method using cascaded structure, 

complicatcs the fabrication process since it involves two sputtering processes. 

4.5.4 Band\"idth 

The bandwldth of the device is very sharp as shown Fig 4.17 (±O.02JlIIl). It is of the order of 

the error in the central wavelength of the laser diodes (±O.03J.1Ill) [17]. Unfortunately, this 

hmitatlon is common to most of the TMI devices. 

4.5.5 Limitations of the design method 

To simplify the design calculations, In tbis thesis, we use the effective index method (HlM). 

Already l:ly using this method we tend to overestimate the value of the calculated effective index 

of the modes by 0 to +5xlO·5 m the worst case (see Chapter 2, where the limits of the EIM have 
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been studied). Moreover when applymg the EIM, we use an crf fit for N~f~X) and not the exact 

expressIon of Nef~x). Lmutations of d1lS erf fit model have already been pomted out especia.lly 

in the tapered regIOns of the wavegUlde (sec Section 3.6.2) and can be ~xpected to yield sorne 

error in computatl,)ns. When designing our X-branch, what we consider IS the differcnce ànell 

between the effective indices of the symmetric and antisymmetnc modes of the structure, and wc 

can expect the ::.ame error made in each of the two effective indices to cancel each other 

However, even for small discrepancies of the order of o( Âneff):::::5><105
, wc get an error In Pc of 

o(~Pc)=21tx5.1O-5/À.):::::;2.4x 1O-4IllIf1, and ,therefore, an error of roughly 0.7 rad (+40") for the 

phase angle <l> c if a de\'lce length L of typically 3000!lll1 IS assumed. W Ithollt cven cOllsidcI mg 

the possible error in 2<l>t the expected extmction ratio wiili SUC~1 a phase sluft 10 <l>l I~ alrcady 

reduced to about 1010g(tg2(200»:::: 10 dB!. ThIS is a worst ca~e figure but It glve~ an Idca of the 

limitations of the design procedure used in thIS thesis, when lookmg for optll1llzed dcvICl: wllh 

extinction ratios below -20 dB. However, an encollragmg pomt when we started the desIgn 

computatIOns was that , previous work on slmilar TMI device using the same EIM desIgn 

procedure had shown close agreement between theory and expenment [8], [18J. Later in the 

experimental part of the work, we also obtained high extmctJOn ratios, m good agreement with 

the theory. 

The results of this tolerance study are comparable to the one that can be found m the literature 

[6], [14] when a str.p-index model is considered for the index profile. Compared to equivalent 

integrated demultiplexer devIccs [8], [19], the theoretlcal performances are competitive. 

4.6 Conclusion 
In this chapter we have carried out the prehminary desIgn of a smgle mode widened X -branch 

type optlCal WDM devIce and the tolerance studies assuming a side-diffused index profile for the 

effective Index. This type of profile l~ more realistic than the step-index profile, and from a 

numerical pomt of view make~, a diffcrencc. Compared to other equivalent int ;grated devlces, 

the theoretlcal performances of the present device are competItive. The requirements on the 

design parameten) are ught. One should note, that In thls study no account has been made of the 

radIatIOn modes. Under this simplIfication extinction ratios up to infinity are attamable. The beam 

propagatIOn method is used In Chapter 5 to correct these ide" 'zed figures. 
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Fig 4.13: Extinction ratio ERO.) vs waveguide width deviation Ll(2w) 

(Deviee design parameters w=6.0J.lm,td=257 min,L=3100J.lm,a=O.5°) 
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Fig 4.14: Extinction ratio ER(À) vs diffusion time deviation td 

when an error of -O.2J.1m is assumed on the central width 2w 
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Fig 4.15: cascaded structure [61 
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Fig 4.16: Extinction ratio ER\:À) of a cascaded structure vs central 

width deviation A(2w) [6) ~. x x À=1.31Ilm, ... À=1.55p..am 
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Fig 4.17: Extinction ratio ER(À) vs wavelength deviation LU 

(Deviee design parameter~ w=6.0pm,td=257 min,L=3100pm,a=O.5°) 
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CHAPTER 5 

BEAM PROPAGATION METHOD ANA LYSIS 

In fiber and mtegrated optlCS, a typlcal wavegUlde problcm mvolvc~ the ~olutlon nI f\laxwcll'.., 

equatlOn In a fimtc domrun bounded by an mfimte domam, subJcct tu thl' [JlÎlatllHl condItIOn dt 

Infimty and glven an mCldent field or source For many gUldtng structurc~ 01 practlcal IIlten;"t, 

there is no cylmdncal symmetry and wdlatlOn loso;es nef~d to be calcul<ttccl In lIns .,Ituatton, Il 

turns out that the classlcal eigenmode theory whlCh b ~o succc~~tui for (c1()~ed) met.1l dao 

waveguldes, IS dlfficult to apply The complete set of eigenmodes for !>uch open waveguldc!> lllu!>1 

contain the continuum of radiatIOn modes and thIS makes the use of elgcnmodc very ul1wwldy 

In 1978, Felt and Fleck [1] introduced a new numerical modelhng method, the <,0 callcd BC,llll 

PropagatIon Method. Vnder appropnate cIrcumstances, the BPM allow~ a uIlI1Ïeû Ircalment of 

guided and radiatIOn modes In optIcal wavegUldmg structure., and can provldc a dctmled ,mû 

accurate descnption of the r~opagating field for a vandy of reall~th: ~ourcc~ of dluIIllllallulI 

Smce then, this method has gamed consIderable populanty Hl the past dccàdc 1lJ the arca 0/ 

guided wave optoelectronies and über opties. Many optlcal structures such a~ tarers [2], bend<, 

[3-4], grat10gs [5], couplers f6], Y-junctlOns [7], electr00ptlç wavegUlde rnoduJator~ [8], non­

linear dIrectional couplers [9], waveguide crossmg!> [10] and X -branch couplers [11-121 have 

been modeled and analyzed by the Bearn PropagatIOn Method. PJso, dIffcrcnt ver~lOns of the 

BPM have been proposed like the FFf-BPM [1], or more recently the faster FD-BPM [13-15] 

In this Chapter the BPM is employed, in order to venfy the design considerations àcvelopcd 

in Chapter 4. The general theory of the BPM and implementatlOn III Its 2D-fimtc differencc form, 

using the effective-index method (EIM), are tntroduced Sections 5 l, 5.2 and 5.3. The actual 

Bl-'M simulations are presented 10 Section 5.4. 
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S.J General Thenry of the BPM 

The plopagatlon 01 the cJcetromagnctIe wavc,> :n an mhomogencouq medIUm (see Fig 5.1 p.94) 

1" governcd hy the Vl'Ltor wave cquatJon for the cleetne field as already derived (See egn 2.7) 

5.1 

whcn,; k(/:::W\Vv and n=rl( x,y,Z) I:~ the rctractlvè Index of the ll,edmm. If the refraetivè index 

vane,> "Iowly along l, from egn (5 1), we can denve for the transverse eomponent of the field 

Et, a very slmIlm relatIOn to the one already dcnvcd for CI ln cqn(2.9) 

5.2 

Thl~ l~ the '>0 called paraxial ray approxImatIon .lB reflectlOns in the z dlrection are neglected 

.md the field propagates In a more or le~s paraxlal fashlOn In Chapter 2, the nght-hand side term 

In t:<Jn (5.2) was neglected under the weak gUidance approxImatIOn. III trus Chapter, we give the 

• lormlllalw'l for the full veclor bcam propagatIon methoè. NumencaHy, however, the weak 

gUidance approximatIon proved to be correct Written in terms of the y and x components, (5.2) 

bceome~ 

• 

5.3 

5.4 

Assume that E\ y=\jI. y exp( -JnJ-oz) where no IS a reference refractlve index. Using this 

expressIOn in (5.3) or (5.3) and makIng use of the slow!y va.')'mg envelope approximation Le.: 

5.5 
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We obtain the Fresnel vector \"lVe equ.ltiom. 

where the dlfferentlal operators are deiïned by 

H lir 
xx l'x 

1 a 1 a 2 &11\ = -[ -[---(n 1\1 )]---- ] 
2noko ax n 2 By y àxày 

') 7 

jlO 

5 Il 

Under the slowly varymg envelope approxImatiOn, also known lli> the panxml approximation, 

the transverse e1ectne field of an electromagnetlc wave propagatlllg along the +'- dnectHHI L.lIl 

be traced when lt passes through an IOhomogeneous medIUm by ~olvJng cqn,> (5.6) and (57) lOI 

the X and y polaf!zed waves. The vector propertIe.i cause the polan.latiOl1 dependcnt propagatlo/l 

of the optical waves due to Hxx* Hyy and the couplmg bctween the polanzallon through Hu and 

Hyy. For two dimensional structures, the polanzatIol1 couphng term') a!-'~o("Jatcd W Ilh Il,y and fil' 

vamsh. The vector fie~ds may be decomposed lOlo the TE (x-polanzcd lral1~ver,>c r, fïeld) and 
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TM (y-polanzed tramver~e E fJeld) ones which can be treated separately. 

If the ~tructures are weakly gUiding (I.e the index profile is a slow!y varying functlOn over one 

wave!ength III the transverse directIOns), even the po!arization dependence of the propagating 

wave5 may be neglected. Under the scalar approximation eqns(5.6) and (5.7) are replaced by a 

single wave cquatlOn: 

. al\1 H J-:: tJr az 
5.12 

where \jJ=\jfx or \jJ) and. 

5.13 

EquatIOns (5.6), (5.7) or (5.12) can be solved by using a finite-difference method . 

5.2 The EIM and the BPM method 

With the BPM sImulatIons, the EIlvi can be used to reduce a 2D problem in the transverse 

plane (variables x,y) to a ID problem (variable x). To solve the ID problem, a two-dimensional 

finite dlfference scheme, can be implemented, which is much more efficient in terms of the 

computer tune than the thrce-level scheme that would be needed to solve a 2D problem. The 

Index n(x) IS Identified with the effective index of the EIM (See Flg 5.1). In the case of the 

widened X-branch Nerf x) IS glven by eqns (4.27) for the central region and (4.28) for the tapered 

rcglOns resp~ctlvely (the side diffused boundaries are used). It should be noted again that the El( 

compone nt In a TE mode of the devlce structure becomes the E-component of the TM mode in 

the equivalent wavegUlde, extending to -00 and +00 in the y-direction, in the EIM. When applying 

the vector fOffi1 of the BPM, the propagation of a TE mode of the whole structure is simulated 

by the propagatIOn of a TM mode of the equivalent, slab structure with refractive index NcttCx), 

accord mg to the EIM mIes (and VH.:e versa for the TM modes, see Fig 2.2 and 2.3 Chapter 2) . 
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5.3 The 2D finite difference method 

5.3.1 The Implementation 

Assunung that we have a structure Wlth an index prame n(x,z), 10 the tïnite-differencc 

solutions, the contmuous space is discretized lOto a lattice structure defined 10 the computation 

regioll (sec FIg 5.1). The fields at the latuce pomt of x=mAx and z=IAz are representcd hy 

'\j1x'(m)(TE polarization) and 0// (m) (TM polarization) respectlvely. 

The finite-difference expressions are [15] : 

5.14 

5.15 

where: 

~tl :: 5.16 

~tl = ~tl-1 
5.17 

are the transmisslon and the reflection coefficIents across the index mterface between IIl.ÂX and 

(m+l)Ax and (m-l)Ax. 

5.18 

Under the scalar approximation, there is only one relation for both polarizauon: 
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5.19 

PotassIUm IOn-cxchanged waveguides correspond to the weakly guiding case: n(m,l):::::n(m±I.I), 

TJIljcl.l"" 1 and RJIl:tI.l:::::O. Computation tests made by using the "eetor or scalar representations yield 

the ~amc results. Therefore ln the design computations for our widened X-branch we find that 

wc can use simpler the scalar representation. 

Ta establish a propagatlve relation, we can opt for the Crank-Nicolson version of the finite 

dlffercnce method. It IS numencally the least dIssipative scheme, especially when the transparent 

boundary conditions [16] are used as in our case. The stability of the method will be discussed 

latcr The Crank-Nicolson scheme is an implicit scheme. The relatIOn between the field 'V1
+

1 at 

z+~, and the field", at z, IS given by : 

where O<v<l. Under the scalar approximation, tbis means [14]: 

whcre [14]: 

A~++\ wI+1(m+ 1) +A~+lw(m) + A~+_\ ljI(m-l) = 
A~ .. lljl(m+l) + A~'P/(m) + A~_l'P/(m-l) 

A /+\ • v.Az 
m:!:l =J--~-

2/g1o{llx)2 

A I+ 1 
m 
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Al 1 (l-v).~z[( 2([ ) 2)k2 2] 
m = - ] n ,m -no . ---

2kno (ÂX)2 
:; 24 

5,25 

This system can be solved using a classical LDU decomposltion and the values for the field 

\ji'\m) at z+~ can be deduced from those for ~(m) at Z, for each propagation stcp, 

Fig 5.1: Schematic representation of the 2D FD·BPM method 
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5.3.2 Stability-Step size 

A fimte-dlfference n~'!thod i~ stable if every solution of the form [15]: 

d.I() 1 -J(mkpx) 
'1' m = ge 

5.26 

IS stable, that i~ for any m,l we have 1\jI'+I(m)/\jI'(m) 1= Ig'+'(m)/g'l< 1. 

l1sing expressIOn (5.26) for \jIm' mto the finite dIfference form of the (scalar wave) BPM eqn 

CS 19), and separatmg g' and g'+J, an expression for the ratio g'+'/g' can be derived for both TE 

and TM polarization as [15]: 

5.27 
. v Âz 2 l) 2 k2 4 . 2 k,/l·x 1 +J--[(n (m, -no) o---sm (--)] 
21gzo (.6.1.)2 2 

For small variations of n with z i.e. n(m,l+ 1 )=n(m,l), the step size III is small, it can be proved 

that this ratio is less than 1 for any value of v or ~ [15J. In order to minimize the power 

dIssipatIOn, <lg't'/g'l==l), it 1S preferable however to choose v::::O.5. 

For the numerical simulatIOns, the followmg parameters can be used when implementing the 

BPM: 

a) 0.5<v<O.55. As v gets doser to 0.5, the numerical nOlse tends to increasc and on the BPM 

plots one can see anomalous npples and oscillatIons in the field pattern. 

b) 8.z between 0.1 and 2 f..lm: In terms of extinction ratio calculations, using step-sIzes between 

&=2f.ill1 and .1z=O.lJlffi appears to yIeld similar results. However, when we look at the BPM 

plots, the smaller the stepslze the less numerical noise we will get. On the other hand, the time 

duratlon of a slnlUlatlOn becomes excessive for tao small a step-size. With a step-size /).z of 2f..111l, 

our BPM simulation takes already ::::45 minutes on a Sun Sparc station for a total device Iength 

of L+21,=3000+4800=7800f..lffi. 

c) wmdow sIze=lOOJll11. 

d) number of pomts m the transverse direction M=1200, that is a step size in the lateral direction 

of ôx=100/1200=0.08333f..lID. 
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e) Accord1Og to Huang [15] the reference Index can be chosen to be no=(Pl>+Pa)l2~ WhlCh I~ 

roughly constant along the structure. 

5.3.3 The boundary conditions 

At the edges of the computatIOn w1Odow, the transparent boundary condItions (TBC) l16J C'Ul 

be applied. The TBC state that near the boundary at the right (or left) end of the computation 

w1Odow along the x -axis ( ie x=I11i\x ) the field should satisfy a relation of the fonn [16]. 

528 

where \jIo and kx are complex constants. The real part of kx should be posItive If wc want 

radiative energy to flow out of the problem reglon and not be reflected back in at the boundary 

[16]. In the finite difference form, we can write (for the right boundary): 

5.29 

where exp( -Jkx.1.x) is computed from the prevlOus step by calculatlOg the ratio 

\jI1.I(M)/o/·I(M-l )=exp( -jkx.1.x) The transparent boundary conditIOns are supenor to the 

conventional absorbing boundary conditIOns because the y are more efficient and accuratc. In 

addition, the implernentation of the transparent boundary cl'ndltIOns is relatively mdependent of 

the wavegulde structures simulated. Therefore, the transparent boundary conditions are more 

robust than Lhe conventIonal absorbing boundary conditions. 

5.3.4 The input excitation 

When we consider a graded-mdex profile, usually there is no exact analytical expres!!ion for 

the fundamental mode of a wavegUlde. This is the case for an erf-type refractive-lOdcx profile 

such as the one 10 our wldened X-branch. The fundamental mode of an input branch of wldth 

w, with a step 10dex taken as Nef~X=O), is used as an approximatIOn. Indeed, for such a step 

mdex structure, an analytical expression 15 readily avmlable for the fundamental mode ThiS mput 

is close to the exact eigenmode, still it has to adJust itself at the miual stage of propagatIOn m 

order to become the eigennmode of the branch. This rrusmatch causes small radiation lo!!,> ln the 

fIrst few steps of propagation. 
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5.3.5 The output power evaluation 

ApplY10g the BPM to the analysis and design of our widened X-branch demultiplexer requires 

the power evaluatIOns 10 the two partlcular output reglOns r= 1 and r=2 (See Fig 5.1 shown 

prevIOusly). The output field rrught be wntten in each reglOn as 

5.30 

where CPg is the fundamental guided mode of an output branch, and CPI are spurious radiative 

modes. The output power in each region IS given by Lc1(r)2 = Output power. The actual guided 

power IS cg(r)2 , which, when normalized to the input power, is given by: 

5.31 

Wllh Pg(r=l)=P= . Pg(r=2)=Px • As mentioned above, in our simulations we do not have the 

analytical expression for CPg. We can approximate it with the value of the field calculated by the 

BPM after a few propagation steps, once it is adjusted to the propagation conditions. 

The normalized radIated power is defmed as: 

The extmcuon l'atm at a given wavelength À in d~cibels is defined as 

P., 
ER(i..) = 1010g(-) 

Px 

For the radiation loss we use the following convention: 

LR = 10.log(l-P,cJ = lO.log«Px+PJ) 

Thus, when the radiation loss are nu11, we get ~=OdB. 
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5.4 BPM simulations 

5.4.1 Preliminary tests 

To test the accuracy of our BPM we can simulate the prooagatlon of the first and second order 

mode only m the centre region of the wldened X-bran ch structure. From previous theory, wc 

know that if (he symmetnc (even) and antisymmetric (odd) modes arc cxclted with equal 

amplitudes <Xs==<Xa= 1 at the mput of a straight wavegUlde, the optical power in the first half of the 

device PI(Z) varIes with Z as cos2(L\~czl2). If we look at the BPM plot (Sec FIg 5.2) Il actually 

describes the beating between the fIrst and second order mode. The power function PI(Z) 

calculated from BPM IS a smus type function (See Fig 5.3). If we calculatc PI(Z) over <1 

propagation distance about Z=5cm (See Fig 5.4), it IS possible, by taking the Fourier tnmsfonn 

of PI(Z), ta locate m the frequency spectrum a peak that corresponds ta the beating frequency L\~c 

(see Fig 5.5) [17] (the error m L\~c is about lIZ=1/(5x104)=2xlO·sl1Ilfl. Ta mmimize the sidelobes 

when estimating the fourier transform of Pl(z) an Hanning window[18] can be used (Sec FIg 5.4) . 

z 
FT(P1(Z» ~ J P1(Z).W(z).e(-/ZIt(AP)l)dz 

o 
5.35 

Where WeZ) is the Hannmg window. A c1assic FFT procedure helps ta solve this integral [18]. 

The L\~cs calculated by the BPM are close to those calculated by the Runge-Kutta method up ta 

the fIfth digit (that is the accuracy of the Runge-Kutta method). 

A second accuracy test IS ta calculate the phase angle due ta the tapered region and compare 

11 with ~he results obtained, using the Runge-Kutta method (see Chapter 3). There is a good 

agreement between bath rnethods for small branchmg angles (see rlg 5.6). 

The discrepancies between bath rnethod for larger angles can be explained by the fact that the 

BPM takes mto account the radiation modes whereas the (EIM+ Runge Kutta) method does not 

(sec Fig 5.7). As they appear, the radiatIOn modes tend ta reduce the Isolduon of the two separate 

channels and, when they are taken mto account, the values calculated for <1>1 are larger. 

Lookmg at FIg 5.7 we can observe that there is non neglIgible of lIght from one arrn to the other 

in the tapered regIOns, especlally at smaller angles. For instance, for a=O.5°, there is total power 

transfer from one arm to the other. 
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• 

Fig 5.2: Guided field propagating along a uniform 

two moded single waveguide with side diffused boundaries 

(td=270min,w=12.0,..m, the cven and odd order TM modes 

are excited with the same amplitude at the input) 
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Fig 5.3: Normalized power PI(z) 

in region 1 (x>O), (O<z<2000J.1m) 

(v=O.55 in the BPM) 

Fig 5.4: Wez) (-_.), P1(z).W(z) (-) 

W(z)(Hanning window)=1-cos(21tzlZ) Fig 5.5: Fast Fourier Transl'orm (FFT) 

(z=50000J.1m,O<z<Z), l,v=O.55 in the BPM) of PI(z) 
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Fig S.6a,b: Phase angle 2<l>p .. ) vs branching angle a 

at A=1.31,1.55f.1m,(td=270min),w=6.0f.1m) 

-- Calculated by the Runge-Kutta method (see Chapter4) 000 Calcullted by the BPM 

7 7r-~~--~~--~----~ 

3 

Â.=1.55 Jl.m 
/" 

2~~~~~~~ ____ ~~ 
0.5 0.7 0.9 1.1 1.3 

a (deg) 

5.6a) TM modes 

~4 

3 

Â;::1.55 J.lm 
/ 

2~~~ __ ~~~~ __ ~~ 
0.5 0.7 0.9 1.1 1.3 

a. (deg) 
5.6b) TE modes 

Fig 5.7a,b: Optical field in the tapered regions (w=6.0Ilm,td=270min,TM mode,À.=1.5SJ.1ID) 

5.7a) u::o,so 5.7b) cx=1.2° 
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5.4.2 Numerical resulb for the design of the widcned X-bl'anch 

Using the EIM+BPM methvd to simulate the device funcnon, we find a good agreement with 

the results denved in Chapter 4 using the (EIM + Runge Kutta) method, for small branching 

angle of the tapered regions a=O.5°. The dlfference in the diffusion time needed for the IOn 

exchange td' calculated by both method is between 0 and 5 minutes (see Fig 5.8b,d). For the 

length of the device L, we find differences around 30~ (see Fig 5.8a,c) This is weIl within the 

tolerance requirements. The diserepancies tend to increase whcn the radiation modes whlch an: 

taken into account by the BPM but not the Runge-Kutta method, tend to appear (th •• t is, for 

smaller td (See the next section) ). In most cases thesc discrepancies are weIl under the tolcranee 

requirements. Therefore, from the design curves (S.8a,b,e,cl) we can derive practlcal design valu~~ 

for the expenmental part of our work. For a given width w, the lcngth L requiœd for a 

demultiplexmg operation for either TM ùr TE polarization is about the same but the diffusion 

rime needs to be adjusted The deviee îs polarization sensitive as stated in Chapter 4. 

BPM plots are shown Fig 5.9-5.13. The device functions are weU slmulated and the local normal 

even-odd mode interference due to the propagation phase dlfferences can be seen clearly by we 

peak vanatlOns of the guided fields in the two-mode central region. The number of peaks countcd 

at Â = 1.31 ~m is the number n of coupling length le Oe=7tI( Â PJ, L=n.1J needed for a 

demulnplexing operation. In me best case, extinction ratios of -35 dB are obtained as well as a 

low radiation loss (around 0.02 dB) 

5.4.3 Radiation modes 

An important point with the radiation modes is that it limits the range of possible values for 

the bran ching angle a As underhned in Chapter 3 there is a tradeoff if one wants to minimize 

the device lengLh L, WhlCh decreases with larger angles and at the same time optimize the 

extinction ratio (ER) and radiation loss (LJ which decreases for a smaller angle. For a branehing 

angle of 0=0.5°, we obtained extinction ratio up to 40 dB for both wavelength 1.31,1.55 JlIll, 

whereas for a branching angle of a=1.2° we could not get better than 20 dB. Moreover, radiation 

losses up to 1.2 dB were obtained for large branehmg angles (see Table 5.1, Fig 5.14). 

Another important point about seattering losses is that they are larger at 1.55 JlIIl than at 1.31 

~, as the modes are weakly gwded at this wavelength. In fact, looking at Table 5.1 and Fig 

5.15 we can see that, for the given wavelength of 1.5 5 ~m ,the closer we get to the cutoff frequency 
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Jar the second order mode In the centre reglOfl (decreasmg dIffusIOn tlme) the more radiatlOn 

Im~c~ wc get, and also the more the èxtlOctlOn ratIo IS detenorated. lndeed sorne radlated power 

!" coupled back lOto the gUIded modes 10 both branches. The BPM plOlli lllustrate tlus pomt 

Clearly trom the .... e com.IderatIOns, smaller brancrung angle (0:",,0.5°) and larger dIffusion times 

~hould be prefered for optImum desIgn. In fact, even for small branchmg angle, exticntion ratios 

of -00 (complete IsolatIOn of the two output waveguides), are not attamable. 

5.4.4 Fabrication to)erances 

The same fabncatlOn tolerance study as carned out In Chapter 4 can aIso be performed by the 

BPM. Running extensIve BPM computatiOns, very httle discrepanCIes can be found m the 

calculated talerance~ on w,td,l", to get a extinctIOn ratio below -20dB, for devices with different 

de~lgn values w,tù' optIffilzed for eIther TE or TM polarizatIon The numerical results (Tables 

[52-55], Figs [5 15-5.l8) prcsented here are for a devi;,.c oPli'lÙzed for TM polarization with 

tù::::257mll1, w::::6.0Jlll1, L::::3100IlIn, 0.::::0.5°. 

• Quaiitatively the results obtamed are the same as those found In Chapter 4: the device is more 

sensitIve to wldth deviations at shorter wavelength and to diffusion time deviations at longer 

wavelength, extmctIOn ratio degradatiOn can be compem:~ted by tuning the diffusion time. 

However, numencally, the tolerance figures predicteè by the BPM, to get an extinction ratio 

btlow -20 dB, are ttghter' Ll(2w)===±O.25/lITI at Â=1.55/lITI, ===±O.l~ at À.=1.31J.lffi; Lltd===±3min at 

À=1.5511m, ::::±5mm at À=l 31}llll and; ~===±O.Ol~ at À;:::1.551ffi1, ===±O.015}llll at À.=1.31J.l1Il. 

These figure~ are beheved to be more accurate than those presented Chapter 4, since the effect 

of the radIation modes IS takcn inta account by [he BPM (See previous section) 

• 

5.5 Conclusion 

In thls chapter we have presented the powerful and accurate numencaI beam propagation method 

for solving the wave equatIOn and Ils applicatIon in integrated optics. It helped us to accurately 

~Ilnulate the device function of our wldened X-branch. The effect of radiation modes was aIso 

1 \ e:,ttgated. 
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'--------------------------- --- - -

Fig 5.8a,b,c,d: Land td ,,~ W (TE,T~I modcs.(x=O.5 Ù
) 

- CaIculated by the Runge-Kutta method 000 Calculated b.y the BPl\I 
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Fig 5.9: BPM simulation of the widened X-branch de multiplexer. 

m=10,td::287min,L=3370,..m, w=6.0,..m,a=O.5°, fM modes 

À.=1.31 pm 

5.9a) A=1.31Ilm,ER=-35dB,LR=-O.016dB 

Â.=1.SS )lm 

5.9b) A=1.55Ilm,ER=-35dB,LR=-O.017dB 

-105-



• 

• 

• 

Chapter 5: BPM sImulation of a widened X-branch demultlple~er 

Fig 5.10: BPM simulation of the widened X·branch demultiplexer. 

m=9,td=257min,L=31001JDl. w=6.0pm,a=\).5° ,TM modes 

À=I.31 pm 

S.IOa) A.=1.31)1m,ER=·3SdB,LR=·O.016dB 

5.1 Ob) Â.=1.S5/lm,ER=.35dB,LR=·O.019dB 
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Fig 5.11: BPM simulation of the widened X-branch demuItiplexer. 

m=8,td=232min,L=2830,..m, w=6.0,..m,u=O.5°, TM mode 

Â.=1.31 pm 

5.11a) À.=1.31JUll,ER=-35dB,LR=-O.OI6dB 

• 

5.11b) À.=1.155J1m,ER=-30dB,LR=-O.037dB 
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Fig 5.12: BPM simulation of the widcned X-branch demultiplexer. 

m=7 ,td=209min,L=2570IlID, w=6.0IJffi ,a=O.5 a • TM modes 

5.12a) Â.=1.31f.1m,ER=-35dB,LR=-O.024d8 

Â=l.SS pm 

• 
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Fig 5.13: BPM simulation of the widened X-branch demultiplexer. 

m=1 O,td=375min,L=3140flm, w=6.0flm,a=O.5°, TE modes 

À=1.31 pm 

5.13a) À.=1.31J.1m,ER=-35dB,LR=-O.018dB 

Â=l.SS pm 
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Table 5.1a,b: ERG\.) and LR(À) vs branching angle a 

a(deg) ER(dB) ER(dB) P",jP,.(%) P ",,/P,. (o/c ) LR(dB) La(dB) 
À.=] 31~ À= 1 55f!111 À= 1 31f!111 À=I 55f!111 À= 1 31/Jfll À=I S5~11 

o 5c -35 -35 965 955 -0015 -~ o:w 
-

o 8c -35 -35 95 935 -0023 -0024 

1 2 " -35 -28.5 83 75 -0087 -012 

Tab 5.1a) w=6.0J1lIl, (TM modes). (For eacb angle td is ch os en around 27Umm) 

a(deg) ER(dB) ER(dB) Pou/P,.(%) P "",!P,o( %) ~(dB) LR(dB) 
i..= 1 3 1 /Jfl1 À= 1 55/Jfl1 À= 1 31/Jfl1 À= J.55/Jfll À= 1 3111111 À=155j.1m 

05° -35 -30 964 92 -0016 -0037 ---e--____ 

08° -35 -30 90 90 -0046 -0040 

1 2° -30 -26 90 69 -0046 -0 16 
-

Tah S.lb) w=6.0J.1m, (TM modes). (For eacb angle td is chosen around 230 mm) 

Fig 5.1~: BPM simulation of the widened X-branch demultiplexcr. 

m=10,td=227min,L=2400J.-lm, w=6.0f.lm,a=1.2° ,TM modes 

5.14a)Â.=1.31J.1m,ER=.3SdB,L.=-O.087dB 5.14b)i..=l.SSJjm,ER=·28.5,L.=-O.12dB 
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Tab 5.2, Fig 5.15: ER vs L\(2w) waveguide width deviation 

(Deviee design parameters w=6.0llm,td=257 min,L=3100Ilm,a=O.5°,TM modes) 

(x x x A.=1.31Ilm .•• À==1.55 Ilm) 

Al,(rrun) i ER(dBJ 1 ER(dBJ 
1 ~155~ i ~I 31J,Un 

-10 1 -9 -12 

-8 1 -II 5 -15 

-6 1 14 -185 --
-4 1 -17 -225 

-2 ! -22 -295 

..0 1 -35 -35 

+2 1 -~6 -31 

+4 1 -19 -23 

+6 ! -15 -20 

+8 1 -13 -17 

+10 
1 

-II -14 

-5i 
-10 f 

~ -15 ~ x 

c::l 

~-20r 
u.J -25! 

-30 

-35 
~------------------------~ 

-10 -5 0 +S +10 
Ll td (min) 

Tab 5.2 Fig 5.15 

Tab 5.3, Fig 5.16 : ER vs ~td diffusion time deviation 

(Deviee design parameters w=6.0llm,td=257 min,L=3100J-lm,a=O.5°,TM modes) 

(x x x A.=1.31f.1m .•• Â=1.55 f.1m) 

A( 2 w )(IUIl) ER(dB) ER(dB) 
~I 551'ffi 1 À.:l 3111111 

-06 -8 1 -2 

-05 -10 J -4 

-04 -125 -7 

-03 -17 1 -10 1 

-02 -215 1 -13 

-01 -275 1 -18 

0 35 1 -35 

+01 26 -20 

+02 -195 -14 

+03 -165 -105 

+04 -135 .75 

+05 -115 -3.5 

+06 1 95 -1.5 

Tab 5.3 

Or------------------------~ 

-5 

-10 
~ 

t:O -15 
"0 
Qt-20 
~ -25 

-30 l 
-351'---~ ___ ~ __ --.: 

·111-

-0.6 -0.3 0.0 +0.3 +0.6 
L\(2w)(J-lm) 

Fig 5.16 
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Chapter 5: BPM sImulation of a wldened X-branch demultlplexer 
---------------------------------------------------------------------

Tab 5.4, Fig 5.17 : ER lS ôtd diffusion time deviation wlten an error of -0.2,..01 is 

assumed on tlte central width 2w (Deviee design parameters w=6.0/-lm,td,257 min. 

L=3100f.lm,cx.=O.5°, TM modes) (x x x À=1.31J.lm .,. À=1.55 J.1m) 

-5 ! 

-10 ~ 
, 

t.t.,(rrun) 1 ER(dB) i ER(dB) . )..::1 55~ 1..=1 3111111 1 . 
-10 -12 -30 -15 L 
-8 -15 -35 

-- 1 
. 

-6 1 -19 -~ a::l 1 . 
~-20 r -4 ·26 , -19 

-2 -35 -16 UJ 1 . 
0 -22 -145 

-25 ~ 
1 .1(2w)=-0.2 .. 01 

1 
1 

+2 -17 -125 -30 l 
+4 -135 .JI 

-351 +6 -115 -95 
, 

+8 -95 -85 

1 . 

-, , 
1 -, 
, 
1 

1 

--
... 11) ·8 -8 -10 -5 0 +5 +10 

~ td(min) 
Tab 5.4 Fig 5.17 

Tab 5.5, Fig 5.18 : ER vs wavelength deviation & 

(Deviee design parameters w=6.0Jlm,td,257 min,L=3100Jlm,a=O.5°,TM modes) 

(x x x À=1.31Jlm •.• À:=1.55 ,..m) 

-;~ 1 
6.À.(pm) ER(dB) ER(dB) 

)..::1 5S lJI1l 1..=131 
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jil-1S! 
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. 
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Tab 5.5 Fig 5.18 
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CHAPTER 6 

EXPERIMENTAL STUDY 

After completion of the design simulations we took on the task to actually fabneate and test 

sorne widened X-branch demultlplexers. The generally established photohthographic techniques 

and measurement procedures were used. This Chapter sumanzes thr experimental part of our 

work. In Section 6.1 we wIll explain how the photolithographIe mask was designed. In 6.2 the 

fabncatlOn process will be described. The measurement procedure and experimental results are 

to be presented ID the last section. 

6.1 The photolithographie mask design 

A photolithographie mask, bearing the design waveguide structure, is expensive. Therefore, one 

should be careful when designing it. In this ehapter the notations introduced in Section 4 Chapter 

4 are used. The channel \'. idth In the central region is noted 2w c and the channel width in the 

tapered reglOn is noted w .. One of the problem we had to conslder ill the design of our mask was 

the low reproduclbihty of the photoiithographic technique, when compared to the tight 

reqUlrements on the channel width of the wldened X-braneh de multiplexer In the tapered and 

central regions (See FIg 5.15, Chapter 5). For each batch of sampI es fabricated (4-5 sarnples), 

the channel widths 2wc' wl actually obtamed for the diffusion mask opemng on the sample after 

photohthography, could be very different from the wldth specified on the photomask used (error 

up to 0.8 Ilffi). For specified values of 2wc=2w=12.0~, w l=w=6.01lffi on the photomask we could 
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get on the sample actual widths of any value between 12.8!Jffi and 11.2~Lffi for 2wc' and 5.2J.Ull 

and 6.8fll11 for w l • Unfortunately, from the design study (See FIg 5.8 Chapter 5), wc know rhat 

for each change in 2wc and w[ the length L of the widened X-branch should be adjusted for 

optimized device performances. If we had designed a photomask with only one device pattern 

of given length L, we would have had to dispose most of the samples after the photohthography, 

since the channel width obtained would have not been matched to the length L. To spced up the 

experimental process, we designed a photomask with three deviccs wIth the same waveguidc 

widlh 6.0/lffi and adJusted values for the length L optlmized for TM modes, asslImmg 

respectîvely an error ln W, and 2wç of 0.0.-04,-0 Sum (D 1, D2, D3 on FIg 6 1). Thus, after 

completion of the photolIthographic process for one batch of samples, wc could expeet to have 

on each sample at leas! one device pattern, among the thfee, that wa" close to optimum 

design.Using this mask we were also able to test devices with different design parameters The 

length LI of the devIce Dl was taken from the design computatIons presentcd In Chapter 5 ( Sec 

Fig 5.8). Dl was desrgned for the case when no error was made in the channel wrdth due to the 

photolithographie process: 2wc=12.0~, w[=6.0fll11, looking at the curve m=9 for TM 

polarization, a=0.5°, in Fig 5.8a, we found Ll=3100fll11, the correspondrng dIffu~lOn tIme for the 

ion-exchange was td=255 min (See Fig 5.8b). The design of L2 and L3 reqUired additlOnal 

computations. lndeed, when designing D2 and D3, we just mentioned, that the crrors made on 

the specified 2wc and w[ due to the imperfections of the photohthography, were as&umed to be 

the same (which is reasonable if the photolIthographie process is umform along the longItudinal 

direction). As derived in Chapter 4 (eqn 4.32) this means that on the sample one actually gets 

2wc:;é2w[ (or Wc:;éwt). For instance, if an error of -0.4!lffi is assumed In the specified width 2wc' 

w[' one actually gets 2wc=12-0.4=1 l.(:iJ.!IIl, wc=5.8!Jffi whereas w[=6-0 4=5.6JlIIlt-wc' Therefore, the 

values for the length L2, L3 of the devices D2, D3 (adJusted values when an error i/l the 

specified width of -004 and -O.8~ was made) were not exactly L(2wc=2w,w,=w) as taken from 

Fig 5.8 in Chapter 5, where we assumed w=wc=w[. Instead, wc cho!>c slIghtly correctcd values 

(calculated by the BPM) L(2wc=2w,w[:::::w), WhlCh was more rigorous. We fa und L2=2930J.UIl (for 

m=9,a.=O SO,td=270min,TM modes), L3=2710flm (for m=9,a=0.5°,ld=280rrun,TM modes). The 

value found for L3 was also calculated to be an adju&ted value of the length, wheu an error of 

-0.2Jll11 was made In the specified wldths 2wc'wp If the dIffusion time of the ion exchange wa') 
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chosen to be td=255 mm (m=8,a=:O.5°,TM modes) 

Besides Dl ,02 and D3 there were two other device patterns on the photomask 

-The devlce D4 was first deslgned for TE mode operatIOn, but we did not use in tlus 

experimcntal study. In our experimental work we studied only TM modes. 

-A ~mgle channel wavegUlde (specified wldth on the mask:6.0!lI11) was aIso added. Thls pattern 

was Just used as a test pattern. 

The faet that before extmction measurement we had to eut the samples was also considered 

when deslgnmg the mask (see sectIon 6.2.6) 

Fig 6.1: Photolithographie mask 

L2 20rnm 

6um 1 
1 1 025' 

3 =1--------------------t~: -~-------------;: ~---
................................................ ,. ................................................................ . 

3 

um = mlCfomelers 

lIun = mùlunelers 
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6.2 The fabrication process 

6.2.1 Substrate c1eaning 

The substrates used in the experiments were ordinary microscope slides made of soda hme 

silicate glass. Manufactured by the Fisher Scientific and Co, the slide measure 

75mmx25mmxlmm and has a good surface quality. The main advantage 10 usmg titis type of 

substrate is that it is very cheap. It is not of high enough optlcal quality to be used as the 

substrate for the demanding low-Ioss performances of commercial 10 de vices but is ideal for 

research purposes. 

The microscope slides are packed pre-c1eaned in sealed boxes but they must be cleaned 

thoroughly in a c1ean room environment if they are to be used as substrates. This slep is 

compulsory to avoid contamination of the melt and subsequent diffusion of foreign impurities 

into the waveguide layer. ln addition, the surface must be defect-free because imperfections as 

small as a fraction of a wavelength of the light source can cause scattering losses. The cleaning 

procedures were performed in a suitable clean-room environ ment. The slides were rinscd in 

flowing deionized (D.l.) water (lOMohm) and then blown dry with nitrogen, Using soft cotton 

swabs, they were cleaned in a non-abrasive Sparkleen detergent solution and nnsed again with 

DI water. Then, they were placed in an aluminium holder for further cleaning steps that included: 

1) a three-minute wash in an ultrasonic bath containing a few grains of detergent in 300 ml of 

D.I water. 

2) a rinse in flowing D.I. water 

3) a three-minute ultrasonic wash in D.I water 

4) an organic c1eaning which consisted of placing the holder in an empty beaker containing 20ml 

of proponol and then placing the breaker for three-minutes in the ultrasonic bath. The c1eansmg 

action of propanol is effective for organk decontamination 

5) a final rinse in D.L wateT 

To finish the cleaning job, the samples were blown dry with nitrogen and put ioto the oyen at 

80°C for 15 minutes. 
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6.2.2 Metallization 

After c1caning and bz.kmg the substrates m an oyen, we perfonned the metallization of the 

samples whlch fonns the prehmlOary step to the photolithographie process The techmque used 

was aluminIUm evaporatlon which is a relatively sImple procedure (compared to sputtering for 

instance).Thls process was perfonned in a vacuum station at a pressure around 5.10.6 Torr by 

heatmg 2 tungstcn hooks on which a 10 to 20 cm long Al wlrcs ( h.gh purity (Marz Grade) 

fumished by MRC Corp.) had been suspended Upon heating the wires, by passing a high CUITent 

trough, the alumimum evaporated in the vacuum enclosure. A part of the evaporated aluminium 

landed and beeame eondensed on the glass shde as a very unifonn filIn, ùuck enough to block 

the diffusion process (thiekness :::: 10 to 20 ~) 

6.2.3 Photolithography 

After metallization, to remove the aluminium from the waveguide pattern, where the exchange 

was to take place, we followed the following steps in a clean-room environment: 

1) Photoresist coating 

Flrst a 4.1 rruxture of photoreslst (Shlpley) and thinner (Shipley AZ) was deposited onto the 

aluminium surface by spinning the substr~te at 4000 RPM for 20 seconds and baking the 

resulting film for 30 mmutes at 80°C (pre-baking). 

2) UV-exposure 

After prebaking. th( photolithographie mask was used to expose the resist ta UV light through 

the mask opening for 80-90 seconds Under or ùver exposure would lead to an ill defined pattern 

after exposition 

3) Development 

Development of the resist was done in a 3:2 mixture of Mhoposit developper and D.1. water 

for 60-75 seconds (depending on the freshness of the solution), resulting in the removal of the 

resist from the exposed areas. After that, the substrate was baked for 30 minutes at 120 oC to 

harden the resist pattern. 

The deve!opment is the most delicate part of the fabrication process. The waveguide width 

obtained on the sample wh en the photolithographie stage is complete strongly depends on the 
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development conditions lIke the solutlOn freshness or dJ!utIon, or the developmg tIme. To lllSUrt:' 

the reproducibility of the process one should keep the developer solutlon as l'resh as posslhle by 

stowing it in the refrigerator, and use a diluv~d solutIOn (See above for dilutIOn ratIo). Thal way. 

the developmg process is slowed down and becomes more controllable 

Despite these precautIons small variations (around 5 to 15 s) in the developmg tlme (.\11 le~ult 

in large variations for the wavegUlde width (0.4 flm to 1 flm') A good \Vay Lo get lhl' nghl 

width lS to make two or three batches of samples the same day, trymg to adjust the dcvelopmg 

time, from the results obtained for the prevIOus batch. The photoresist pattern observed under the 

microscope should be weIl defined and with smooth edges as the one shown Fig 6.2. 

Fig 6.2: Resist pattern (after developing) 
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4) Etching 

After the development and postbakmg. the alumInIUm was etched away from the areas where 

the resist was previously removed by immersiOn in a solution of phosphoric acid, mtric aCld, 

acetlc aCld and D.l. water (16: 1 :2: 1) for 2-10 mmutes (depending on the freshness of the 

solution). To check thiS process, the patterns were observed under a microscope at the end. We 

made sure that the y were free of residual partlcles and well defined (See Fig 6.3). 

5) Resist removal 

Fmally. the photoresist wnich was used as a mask against the etchant was removed by dissolution 

in a remover solution (Microposit rernver diluted with DI water 1: 1). In preparation for the ion 

exchange. the substrate was dlpped in a D.l. water bath, blown dry gently and placed inside an 

oven. 

Fig 6.3: AI diffusion mask pattern 

(after etching and resist removal) 

r~m 

-------=========j 
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6.2.4 The channel-guide width measurement 

Before proceeding to the ion-exchange, we wanted to measure for each sample the channel 

width in the central region of the three deviees Dl,D2,D3 that were on the pattern (Sec Fig 6.1 

for the pattern). To perform our measurements, we used a diffraction method (See Fig 6.4). The 

samples to be measured were mounted on a x-z micropositionner, and a laser beam was shone 

through the mask opening of the waveguides. On the sereen, wc eould sec the one dllnensionaI 

diffraction pattern. The 11ght intensity follows the weIl known approximation (diffraction by a 

narrow aperture, infinitely long in one directIOn): 

. 2 lt.2wc .sin[Arctg(xld)] sin(X) 
I(x) ::: Irfme ( Â ) where sinc(X) =-x-

The minima of intensity correspond to the values such that 

lt.2wc • sin[Aretg(XJd)] 
-~-----:.::..-- = mlt where m is an integer 

Â 

6.1 

6.2 

In practice, only the first two minima on each side of the pattern (m=±l, m=±2) were visible 

because the power of our laser source was limited. 

Measuring Xm:=:t:l,:2 with a ruler gave us four values of the waveguide width Wc hy inverting 

eqn(6.2): 

Àm 
2wc = ------

sin[Arctg(XJd)] 
6.3 

( with Xm«d, a rough expression for w is w=M!Xm ). 

Averaging these two values ( lrying to rninimize the error), we found wc' The exact minima were 

difficult to locate, the uncertainty on each Xm was around ±O.25cm and ±O.5cm. Therefore, the 

resulting uncertainty on 2wc was 6(2wJ=À.d(~(Xm))tXm2. With Îv=O.6328 Jlffi and d=200 cm and 

Xm==9 cm, we got 6(2w)::::OA-O.8J.lffi. 

By averaging on the 4 values, we can expect to reduee the error in the width measurement to a 

value around O.2-0.4J.1Ill (sqrt(n) error law with n=4). Usually we found very close values for the 

measured 2wc for the 3 device Dl,D2,D3. The photolithographie process was checked to be 
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umform Once we had measured the wavegUlde width wc' we could choose an appropnate 

dIffusion tlme for the ion exchange, according what we explained in Section 6.1. 

Fig 6.4: The waveguide width measurement set-up 

X m = position or intensity minimum 

7tX mw/dÀ = m1t, m integer 

Il 
Il 
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6.2.5 Ion-exchangc 

After the above measurement, the sample was ready for the Ion exchange bath, that took place 

in a fumace. The fumace has a vertical core and can be used in the 20 to 12000 C range . The 

temperature can be fixed by a temperature controller to within 10 C. The potassium mtrate 

crystals (KN03) are placed in a steel crucible inside the fumace which is closed at the top with 

an asbestos cover. A small hole in the cover allows the insertion of a brass rod terminating in 

a steel chp which is used to hold two substrates and to lower them into the melt wlthout opening 

the cover. The fact that the process takes place in a liquid smooths out any temperature gradIent 

along the length of the substrate ( because of convection currents arising from non umform 

heating) and also any temporal fluctuations. 

Using gloves the substrate was placed in th,· steel clip to hold it 10 the fumace. The wholc 

assembly was suspended over the melt for a heating period of 10 minutes to bring the cntlre 

substrate to the exchange temperature and then lowered in the KN03 melt. The pre-heating stage 

ensures that the exchange begins at the right temperature and prevents the creation of surface 

cracks resulting from a thermal shock. After the desired period of time, the substrate was 

removed from the melt and from the [umace, the whole process lasting about 15 seconds unul 

the residual KN03 recrystallized on the glass, indlcating that the exchange had ended. The sample 

was taken from the clip and put ln a box to cool down. 

6.2.6 Preparation of the samples for measurement 

1) Width measurement 

Following the ion exchange, the waveguide width on the diffusion mask was measured again, 

as a verification. 

2) Diamond cutting: 

When the extInction ratio measurement is considered, we want to keep the propagation loss 

as low as possIble. We do not want the output and input branch of a device to be too long. 

Obviously, four 8 mm long devices occuPY only a small space on a 75 mm long substrate. Before 

our measurement tests we had to eut our samples (See Fig 6.5). Using a microscope to inspect 
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the samples, as they were still coated with tht> diffusion mask, we could spot the input and output 

branches of the deVIces. Using a diamond cutter, we proceeded to eut off small pieces each with 

a devlcc on lL When cutting we ta ok care to keep enough separation between the output 

branches so that during the extInctIOn ratio measurement tests the two output spots were 

dIstmguI!>hable. 

The cuttIng was also done such that there was only one mput branch, ta make sure that we had 

the same Input condItions in the measurement as those assumed in the the theory: when 

measunng couplmg 11ght from a mulumode fiber at the input (diameter 20!lIIl) (See SectlOn 6.3.1) 

ail of the Input light should be coupled in one of the input arm of the device and none of il in 

the other (equal excitation of the symmetric and antisymmetric modes) (See Fig 6.5). Much care 

should be taken when cuttIng. If the edges of the sample are too rough then the measurement will 

be difficult If not impossIble. After cuttmg, the sample was dipped into an etching solution to 

remove the Al diffUSIOn mask and wasbed clean, ready to be tested. The different stages of the 

fabncation process are depicted Fig 6.6 . 

Cut here 

------

Fig 6.5: Diamond cutting of a sample 

Cut here 

1>2.5 mm 

L""3mm 

-125-

, , , 
'. , 

.,' 
1>8mm 

... 09'" ...... 
... -' -­-- --.,.- ... -...... ...... --

--------... -"'- ... ---- .... ------



• 

• 

• 

Chapter 6: Expenmental study 

Fig 6.6: Deviee fabrication process 

'--G_I_ass ______ ....J( FI! 1 Ir", 
1) Cleaning and AI deposition 

Photol'eSist .. 

L 

5) AI chemical etching 

l • 
2) Photoresist deposition 

6) Photoresist removal 
_t_t_1 J U_V J 1_. __ 

1'1ask KNO, MeU 

1·· .. :·:i~:· .:J 
7) Ion exchange 

3) Photoresist exposure 

vv 

4) Photoresist developing 
8) AI removal 

6.3 Deviee testing 

6.3.1 Extinction ratIo measurement tests 

The measurement setup used to test our devices IS described Fig 6.7. When wc rneasured one 

devlce, one of our concem was to get as much power as possible into the waveguide and as little 

as possible to scatter into the planar structure that surrounds il. Thl!> was not casy <,mce the 
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channeb were at the ~ame tlme small and weakly gUlding, due to the very small index change. 

We found that fiber butt-couphng (See FIg 6.8) was a practical solution. Mountmg the sample 

on an adJustable plate, we could n,we lt m the x,y,z directions on ITllcropositioners. We 

succeeded 10 couphng a sansfymg amount of the 11ght into our devices, from a mulumode fiber 

output. 

A O.6328J.Ull He-Ne laser was used ta help wnh the alignment. Indeed, using visible light is 

more conveOlent when one just wants to find the waveguide on the substrate. Adjusting the 

focusmg length of the output lens ~ we could obtain good definition for the output spots (output 

near-field pattern) at the end facet of our samples (output ports 1 and 2 sec FIg 4.1 Chapter 4). 

Once good couphng was obtamed, we connected the fiber to the 1.31-1.55/lffi laser diode hght 

sources. Turnmg on the IR vIdIcon camera, we could look on the TV mOOltor connected to the 

camera, al the output spot~ at the end facet of the samples. Usually, we had to slightly adJust the 

focw. as we changed wavelength, ta gel the best defirution. A TE-TM polanzer was placed, at 

the output of the devlce. lndeed, we mentlOned before, that the devices were polarization 

dependent (see Chapter 4,5) As, 10 the fabrication process, the deSIgn parameters L and td were 

optllUIzed for TM mode operatIOn (See sectIOn 6.1), when measunng a devlce, wc used the TE­

TM polanzer to select only the TM mode at the output of the device. 

In order to actually melli>ure the extmctlOn ratlos, the vIdeo signal was also observed on the 

oscIlloscope, connected to the camera, by a raster scan. At each wavelength, hy ;HeasUli!1~ the 

helghts of the two peaks corresponding to the two output spots of one device (output ports 1 aold 

2), we could find the extmctIon ratIo. In the best cases, of course, one of the two spots/peak.<; 

would be very weak, whIle the other very strong at one wavelength and reciprocally at the other 

(ER(À;= 1.31, 1.5S/-liIÜ> 15 dB). ThIs last pOlOt lS elaborated 10 the next sectIon where examples of 

actual measurement~ are presented. 

6.3.2 Experimental results 

As shown ln Fig 6.9 and 6.11, and in Fig 6.1 0 and 6.12 respectively, pictures of the output 

spots at the sample end facet, as weil as the video signal on the oscilloscope screen, were taken 

for tw(' devlces. The design parameters for these two devices are those proposed in Section 6.1 

for D2: L2=2930~m (Fig 6.9-10) and Dl: L1=3100J.Ul1 (Fig 6.11-12). 

For the devlce (D2), in Fig 6.10, the heights of the peaks, corresponding to the intensity of the 

output spots at the output ports 1 and 2 of the device, can be measured with a ruler to be 
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hl:::::0.25cm, h2=4·2cm at 1.31fllTl (See Fig 6.lOa) and h1=4.2cm, h2~0.25cm at 1.55JlIll (Sec Fig 

6. lOb ). The photodetector ln the Hamamatsu camera is a square root law detector: the mt-ùsured 

height of the peaks are proportional ta the square root of the light intensity m each port 

Therefore, the extinction ratio in dB for device 02, should be calculated as: 

ER( 1.31fllTl)::= 10l0g[(0.25/4.2)f=-20dB, ER( 1.55JlIll)::::: 10log[(O.25/4.2)]2:::::-20dB. 

For the device Dl (Fig 6.11-6.12) we can measure hl=O.4cm, h2:::4.4cm at À.=1.31JlIll (Sec Fig 

6.12a), and hl=O.6cm, h2:::::4cm at Â.=1.55!IDl (See Fig 6.12b). The extmcUon rattos for this devicc 

are, therefore, ER(1.31\lffi):::::20dB,ER(1.55~):::15dB. 

In both cases, the presence of spurious peaks in the video signal in both cases should be noted. 

After cuttmg (sec Section 6.2.6), the output edge of the sam pIe is not very smooth. Becausc of 

the surface roughness, part of the output hght IS diffracted, givIng nse to these peaks 

Deviees with the two other design parameters proposed in 6.1 were tested The best 

experimental results are reported in Table 6.1. ExtInctIOn ratIos around 20 dB were measured. 

The theoretical extinctIon raUos are supposed to be around -35 dB (opurnized design). The 

measured values might have been limited by the pOSSible non linearIty m the photodetector of 

our Hamamatsu camera. Actual extinctIOns ratios could be higher. Overall the agreement with 

the the ory IS good, given the tlght tolerance on the design parameters, especlally w WhlCh was 

found hard to realize and measure expenmentally. 

fi.4 Conclusion 

Despite the difficulties of the fabrication process, we succeeded in realizmg devices designed 

for TM polarization with satisfactory extinctIOn ratios (ER around 20 dB). This is a rcasonable 

assessment of the design procedure. Due to the lImitation of the photodetector in the vidicon 

camera, due to non linear and nOlse factors, the actual extmctIOn ratlo~ should he somewhat 

higher, hence offering good agreement in comparison wlth the deslgned ER values . 
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Fig 6.7a,b: Measurement set-up 

a a 

Oscilloscope 

Laser Diode 

Â= 1.31J.U1l 
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6.7b)Picture of the set-up 
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Fig 6.8: Fiber buU coupling 
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(In Figs 6.9 and 6.10 the parameters are: 

(;',=0.5\ L=2930J.1m, 2wt=11.6Ilm, td=270min, TM modes) 

Fig 6.9: Output spots at end facet 

.' --
6.9a)Â=1.55/lffi 

• • -Q 

Fig 6.10: Video signal on the oscilloscope 

,I ..... ·.1 '-, .. ,.I _. 
6.10a)À=1.55J.1m 6.10b)À=1.31/lffi 

(In Figs 6.11 and 6.12 the parameters are: 

a=0.5°, L=3100J.lm, 2wt.=12.0Ilm, td=255min, TM modes) 

Fig 6.11: Output spots at end facet 

-­
.' -
6.11a)À.=1.5S,..m 

6. llb)J,=1.3 IJ.lm 

Fig 6.12: Video signai on the oscilloscope 

6.12a)À=1.55J.1m 6.12b)À.=1.31Ilm 
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Tab 6.1: Measured extinction ratios (TM modes,a,=O.5°) 

Fabrication conditions ER(À=1.31J1m) (dB) ER(À=1.55Jlm) (dB) 
1 

2wc=12.0flm, 20 15 
L=3100Jlm,td=255min 

2wc=11.6flm, 20 20 
L=2930Jlm,td=270min 

2w c=11.2Ilm, 15 18 
L=2710Ilm,td=280min 

2wc=11.8Ilm , 15 20 
L=2710pDl,td=255min 

• The values given for 2wc are measured values (See Section 6.2.). The uncertainty on these values il. about :tO.2Jl/ll . 

• -132-



• CHAPTER 7 

• 

• 

CONCLUSION 

The goal of this theslS was to design and fabncate a widened X-branch de multiplexer in glass 

by a single K+-Na+ ion exchange technique. 

In the design part of the work, we followed the procedure indicated in introduction (See Fig 1.2). 

Firstly, wc prescnted the numencal method used In thls thesis: the effective index method (EIM) 

and the Runge-Kutta method In Chapter 3, we solved the diffusion equation for channel 

wavegUldes bUllt by the smglc K+-Na+ ion-exchange . From the ca1culated Index prome, we could 

denve an lmproved mode! (erf fit functlOn) for the effectIve index profile Neft<x), In the lateraI 

duectlOn, In the EIM, of the wldened X-bra.~ch. ~;-!us, the effective index method could be 

apphcd with Improved accuracy In Chapter 4 to caIculate design values and tolerance figures for 

the devlce We vcnfied that the improved side diffused model we had derived for the lateraI 

effective mdex wa~ a much better model than the classic bl1t rough step index mode!. The devices 

were found to be polaIlzatlOn dcpendent, due ta the properties of the K+-Na+ ion exchange. In 

Chapter 5 the beam propagatIOn method was used ta simulate the device. Using the BPM we 

could take into account the effect of the radiation modes, which had been neglected in Chapter 

4. Slightly corrccled figures for the deSign values and tolerances were thereby caIculated. 

ExtInction ratIo around -35 dB were calculated for optirruzed device at both TE,TM polarizations. 

In the expenmental part of the work (Chapter 6), we :;ucceeded in fabricating devices designed 

for TM polanzatlon wnh satlsfymg extInctIOn ratIO (about -20 dB) . The discrepancies between 

the expenmental and theoretlcaI results were attributed to the llIIlitations of the fabrication 

process (photohthography) and non ImearltIes in the measurement apparatus. 

In the next sectIons, we propose and dISCUSS sorne possible improvements ta the design and 

experimental procedure that could help to optInuze the perfonnances of the widened X-branch 

dcmultlplexcr. Then we conclude on the prospects for tbis type of structure, for wavelength 

demultlplexmg applIcations . 
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Possible improvements 

-Design procedure: 

The best method to minimize the design error is probably to use a direct 3D FD-BPM 

algorithm without using the effective index method wbich aIways introduces sorne error (Sec 

Chapter 2 and 4, [1-2]). Unfortunately this method is extremely time consurrùng and there is 

always the problem to find an ac:::urate model for the index profile of Il,,,, ,')t1ucture to he used in 

the BPM sImulations. Solving the diffusIOn equation with the simpltfied boundary conditions as 

done in Chapter 3 glves a good idea of the solutions, but still one has to fit the numerical 

~olution by a an analytical solution to be able to use the BPM efficiently. 

-Experimental work: 

. Post-annealing: In ollr experimental study, we did not really examine radIatIon losses as thcse 

measurements require a lot of time. However we can expect to obtain quite sorne radiation losses 

from structure fabricated by one-step-ion exchange as reported by WilkInson [3]. Excessive 

• radiation losses are not acceptable if one wants to implement the de vice In a real communication 

system. AIso, we know that the extinction ratio can he reduced as a result of large radiation 

los ses (See Chapter 5). 1 rus might have been one of the factor that hmited our measured 

extinction ratios to about- 20 dB. In a fucther study of the device, trus problem should he 

adressed. An alternative fabrication procedure to decrease the radiation losses IS to use 

postannealed waveguides. Aner the first diffusion the aluminium mask can he removed from the 

gla.c;s samples and a second ion exchange can take place or simple thennal post annealing. 

Waveguides obtained with tbis technique have smoother edges (sec Fig Chapter3) and, hence, 

scattering is reduced [3-4]. AIso, when we calculated the effective profile for the post annealed 

waveguides we found that it was closer to a steplike one. In the case of our widened X-branch, 

trus means that isolation hetween the two output channels should increase using this technique. 

Another way to deal with this isolation problem wou Id he to use ion milhng of the sides of the 

diffused waveguides . 

• 
. Cascaded structures: To compensate for the design errors and increase the extmction ratio 

cascaded structures, as rnentioned in Chapter 4. 
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. PolanzatIon dependence: Usmg Na+-K+ ion-exchange, polanzation dependence of the device is 

to be expected. Silver IOn-exchange rrught be an alternative technique, however it would probably 

Icad to increased losses and increased complexity in the fabricatIOn procedure (anodized mask 

requlred [3] ) 

Prospects 

Already, given Its simplicity of fabricatIOn (smgle photolithographie process), the widened X­

branch structure is a competitive structure compared to other two-mode interference (TM1) 

structures. The reqUIrements on the dImension parameters are tight like for any TM! devices but 

no symmetry problems have te be consldered as in the case of directional coupler for instance. 

By using cascaded structures, one can expect to improve somewhat the extinction ratios and at 

the same time separate severa! wavelengths [5-6] (see Fig 7.1). 

Fig 7.1: MuJtichaooel waveleogth demultiplexer usiog cascaded widened X-branch 

L 

~~ ~a~ ______ __ 

~}.4 ~ -------:-2-L-
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