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AeSTRACT 

The Bearn Propagat1on Hethod (BPM) together wlth an accurate 

Effective Index model is used as a Computer Aided Design (CAD) tool for 

the analysis, design and optimization of integrated optical devices. The 

performance of bath active and passive 3-branch Ti: LiNb0
3 

waveguide 

devices as a function of various design parameters is investigated. 

Then, the device design requlred to match a specifled performance Is 

deduced, and the theoretical performance predictions are verified 

experimentally through device fabrication and measurements. 

In particular, a 3-branch passive power divider, a linear mode 

confinement modulator, and an active 3-branch switch were studied 

through their design and Implementation. The theoretically predicted 

performance paranleters were found to agree weIl wi th the measured 

values. 

i 



.. ... 

RESUME 

La méthode de propagation par rayon (BPM) , employeé de paire avec 

un mode 1 précis d'index effectifs, est utilisée comme outil de 

conception assistée par ordinateur (CAD) pour l'analyse et 

l'optimisation de systèmes optiques intégrés. La perfoC'l.lance dd gUides 

d'ondes à trois branches, actifs et passi~s, est explorée en fonction de 

divers paramètres de construction. A partir de ceci, le design du 

système requis pour sat~s~aire la performance désirée est déduit, et les 

pI"édictions théoretiques de sa performance sont vérifiées 

expérimentalement. Plus spécifiquement, la conception d'un di viseur de 

puissance passif à trois branches, d'un modulateur à confinement de 

modes l1neaires, et d'un commutateur actif a trois branches ont été 

étudiés . 
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INTRODUCTION TO INTEGRATED QPTICS 

The recent evolutlon of advanced flber-optical communication wJ.th 

1ts emphasis on hlgh data rate single-mode fiber transmission systems 

has establ isned a need for guided wave devlces te adi vely control 

various physlcal parameters of th!" light propagating in the fiber, or 

else control the route the light is takLng ln the system. Examples are 

the requlrement for high speed, large bandwidth modulators. switches, 

mode splitters, wavelength domultiplexers, frequency shifters, 

polarlzation controllers, and tunable fllters. Such functions can be 

realized off-fi ber with optlcal waveguide components which appear l1ke 

miniaturized microwave guidlng circuits, imitating the light propagating 

properties of optlcal flbers. For this purpose, channels of a higher 

refractive Index confine the optical waves ln the substrate and guide 

them through the devlce. By uslng electro-optlcal substrates, the 11ght 

ln these channels can be phase or Intensity modulated, or switched into 

other paths. This technology Is commonly referred to as Integrated 

Optics (ID), the name implylng the optical equivalent of electronlc or 

microwave integrated circuits [1]. 

Three types of materials are currently used ln Integrated optlcal 

applications: Seml-conductor crystals, Inorganic oxide crystals, and 

organic po 1 ymers. or these, only lithium niobate (LiNbO) components 
3 

have reached a high level of development wlth respect to device 

fabrication technology, packaging, fiber coupllng, and device 

performance [2]. This bas led to a (at this stage) small number of 

integrated optical devices being commercially available. The product 
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Unes offered us'.18.11y coyer devlces such as phase modulators, 

Mach-Zehnder Intenslty modulators, directional coupler swl tches, and 

swi tchlng arrays of various complexi ty [31. Modulation bandwidths above 

toGHz and cross-talk values of >20dB in swltches with drive voltages of 

10V are typical performance opecifications. These devices are available 

for operating wavelengths of 850nm to 1500nm, and come plg-talled with 

polarization maintaining single-mode flbe1's. 

The emergence of commercial integrated optical devices in the last 

three years can, in part, be attributed to a better understanding of 

both the fabrication techniques and the light guiding behavior of 

complex 10 structures. Waveguide fabrication in LiNbO ls domlnated by 
3 

titanium in-diffusion. Other fabrication processes such as proton 

exchange [4] and ion-implantation [51 have not r-eached the sarne levei of 

development. Waveguiding structures in the substrate can be formed from 

complex patterns of evaporated titanium (Ti) by thermal in-diffusion of 

these metal patterns into the crystal. Tltanlum in-diffusion into LINbO 
3 

has been extensively characterlzed [6-8]. Addltlonal studies, such as on 

wavelength dIspersion of the refractive index change [91. have recently 

Improved our understandlng of thls process. 

Electrode materials and fabrication also strongly influence the 

performance and stablllty (de-drift) of electro-optic devices. To avold 

11ght absorption by the Metal electrodes, a lower-index buffer layer Is 

generally used to separate them from the crystal surface. The materlal 

properties of the buffer layer, commonly made of 510
2

, also influence 

the stab111ty of the devlce [10]. The fabrication of drift free devices, 
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however, sU 11 poses some difflcultles. Transparent Indium-tln-oxide 

electrodes, which do not require a buffer layer, have recently been used 

to Improve device performance and stab1l1 ty [11]. 

Parallel ta progress in material and fabrication technology. new 

device mode II ing techniques have improved our understanding of complex 

Integrated optical structures and their light guiding behavior. The 

classlcal appr'oach to describlng the l1ght propagating characteristics 

of ro devices Is based on the Coupled Hode theory [ 12, 13] . Other 

approaches, such as perturbation ",ethods [14], variational methods [15], 

local guided modes [16]. transverse resonance techniques [17] or finlte 

element analysis [18]. have also been used. Simple approximate 

treatments of the waveguide problem such as the TlKB [19], the Effective 

Index [20], and the Equivalent Step-index Hethods [211 have also been 

successfully employed. 

These methods are usually sufficient to reveal the fundamental 

devlce properties. They are, however, often insufficient ta analyze 

complex waveguide and electrode structures. More recently, a new devlce 

modell1ng technique based on the Effective Index Hethod and the Beam 

Propagation Hethod (BPHl has been used to accurately slmulate 10 

devlces. The BPM algori thm, origlnally developed ta describe laser beam 

propagation ln the atmosphere [22] and lal.er very successfully used to 

analyze multi-mode fibers [23-25], permits a unifled treatment of both 

gulded and radiation modes in weakly guiding waveguldes. It is thus 

Ideally suited ta analyzlng complicated wavegulde structures (e. g. 

couplers, wavegulde bends, gratlngs) [26-28] and has recently been used 
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for the desIgn oriented analysis and optlmization of' ID devices [2]. 

A novel method to accurately calculate the electrlc fIeld created 

by complex electrode configurations. accountlng for the presence of a 

low-index buffer layer. l'las also Improved the modelling of electro-optic 

devices [ 291 . 

Progress in fiber pig-tailing techniques [30] and packaging of 

LiNb0
3 

devices [31] bas not been as rapld as in other aspects of 

Integrated opt lcs. and eont inued research in these areas wi Il be 

essentiai to a suceessf'ul commercial exploitation of ID technology. 

Al though the main application of integrated opties was originally 

considered to be in advanced communication systems. it has aiso had a 

substantial impact on the area of advanced signal processing [32] and of 

sensors [31.33.341. In particular,. the realization of fiber-optic 

gyroscopes. employing 10 components. for aircraft navigation systems. 

and the use of' 10 technology to overcome electro-magnetic Interference 

problems ln phased-array radars are being lnvestlgated. 

4 
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CHAP'rER DESCRIPTION 

The Ceasibility of active and passive 3-branch waveguide devices ln 

Ti: LiNbO was established by M. Bélanger in 1986 [35]. The theoretical 
3 

model used in his work was based on a field mat ching technique which was 

sufflcient to reveal ~he fundamental device properties. However, 

quantitative agreement between experlmental and theoretical results 

could not be establ1shed. 

The goal of this thesis is ta establish a more sophisticated 

theoretical design tool for the design oriented analysis and 

optimization of integrated optlcal devices. Such a tool i5 nece5sary for 

a successful commercial exploitation of ID technology. This is realized 

by using the novel Beam Propagation Hethod together with an accurate 

Effective Index modelling of the ID structure. The modelling of active 

devlces is further Improved by using a new approach to solving the 

electrode problem which accounts for the attenuating effect of the 

law-index buffer layer between the metal electrodes and the substrate 

surCace on the electric field. This BPM design approach ls extremely 

flexible and can very easlly be adapted to slmulate a large variety of 

ID devlces. It can consequently be considered the core of a Computer 

Aided Design (CAD) tool for future use in our laboratory. In particular, 

the abill ty to accurately study the performance of ID devices is use:ful 

before actually proceeding to an experimental (and costly) investigation 

of a proposed device design. 

The accuracy of this new design method will be establlshed by 

optimlzing active and passive 3-branch waveguide devices for single-mode 

5 



operation, wi th the aim of improving on the exper i mental resul ts 

achieved by M. Bélanger. In particular, design analysis and optimizatlon 

resuIts for a passive 3-branch power divlder, a l1near mode confinement 

moàulatol", and an active 3-ol"n.ncn switch are presented. 

The thesis is organized in the following manner. Chapt el' 1 

describes the Beam Propagation Method. The Effective Index model and the 

novel approach to solving the electrode problem are presented in Chapter 

II, and integrated with the BPM. The design optimization procedure ls 

also described. In Chapter III, the ac~uracy of the BPM approach is 

established by comparing the theoretical performance predictions of a 

passi ve 3-branch power di vider with previously publ ished experimental 

results. Chapters IV and V describe the design optimization and the 

experimental verif'ication of' a ridge waveguide linear mode confinement 

moduIator and a 3-branch active opticaI switch. Good qualitative and 

quantitative agreement between theory and experiment was establ1shed. 

t"'ha.pters III. IV, and V are slightly expanded versions of papers 

submi t ted f'or publication. References and Figures are Incl uded at the 

end of' each Chapter. The experimental techniques used in fabricating the 

devices are described in detai! in references [35] and [36]. A brief' 

review of the whole work, together with comments on the future use of' 

the BPM are presented ln the concI usion. 
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CHAPTER 1. DEVELOPMENT OF THE BEAM PROPAGATION METHOD 

1-1. Introduction 

In 1976, M.D. Feit and J.A. Fleck proposed a new algorithm for 

solving the scalar Helmholtz equation [11. This algori thm. which was 

originall:,r developed to üeseri be laser beam propagalion in the 

atmosphere and later successfully used ta analyze multi-mode fibers, has 

since become known as the Beam Propagation l1ethod (BPM). It permits a 

unii'ied treatment of both the guided and the radiation modes in weakly 

guiding waveguides. More recently, this method has also been applied to 

the analysis and design of integrated optical devices. 

There are currently two formulations of the BPM. The first, more 

commonly used one. is based on the Parabolic or Fresnel approximation oi' 

the scalar Helmholtz equation. It can be applied to problems in which 

the optical fields vary slowly along the propagation direction in 

distances of the order of a wavelength. A similar form of the BPM can be 

developed from the full scalar Helmholtz equation for problerns where the 

Fresnel approximation is not valid. In Most applications, however, both 

formuations yield the same physical results. 

In the :following sections, the two formulations of the Bearn 

Propagation Method will be derived and their numerical Implementation 

discussed. 
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1-2. The BPH based on the Fresnel equation 

Consider the propagation of a single f'requency l1ght beam in an 

optical f'iber. For weak guidance, the field in the f'lber ls satlsf'ied by 

the scalar Helmholtz equation 

(I. 1) 

where 8(x.y.z.t) = 8(w.x.y.z) exp(iwt) ls the electrlc field at angular 

f'requency w (the time dependence of' the field will be Impl1ed in the 

f'ollowing); c the speed of' light in a vacuum, and n(x, Y. z, w) the 

refractive index at point x=(x,y.z). 

The following discusses the solution method proposed by M.D. Feit 

and J. A. Fleck [11 for solving (1.1) when n(x) has small variations from 

a reference value no (typically the refractive index of' the f'iber 

cladding) : 

n(w.x) ~ n . 
o 

Let the field at the entry to the fiber (z=O) be given by 

8(x,y,O) == g (x,y) 
a 

which satisfies the radiation condition at +ClO, and conslder a solution 

of' (1.1) in the f'orm 

where 

g(x,w) == E(x.w) exp (-ikz). 

w 
k = - n. c a 

(1. 2) 

(1. 3) 

The amplitude function E(x.w) is assumed to vary slowly wlth z (with 

respect to the wavelength À). Substituting (1.2) into (1.1) results ln 

8E a2
E w

2 
2 

-21k - + - + Al.E + - (n - n02) E == 0, 
8z az2 c2 

(1. 4) 

where Al. denotes the traverse Laplacian. and 
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E(X.y,O) = Eo(x,y) = go(x,y); 
(I. 5) 

E(x,y,z) satis~ies the radiation condition at z=+œ 

are applicable boundary conditions. 
2 

If we neglect the 8 E term ln equation (L4) due to the slow 
2 

ÔZ 

variation of E with respect to z, we get the classical parabolic or 

Fresnel approximation ox the scalar Helmholtz equation: 

8E (,,2 2 
-2ik 8z + A.LE + "2 (n - n~) E = O. 

c 

(1. 6) 

Taking E(x.y,z) to be the complete solution of (LS) at z=z, then E at 
n n 

z = z + Az may be obtained xormally by Integration with respect to z: 
n+l n 

E(z +Az) ( I.1) 
n 

I~ we de~lne the operator 

cSn = (1. 8) 

then the solution (I.1) at z=Az can be replaced to second order accuracy 

with the symmetrlzed spl1t operator xorm (see Appendlx 1-1) 
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Eex,y,Azl ~ exp~ 4~ Az 6.1. ] exp[- ~ 6z aii ] exp[- 4! Az 6.1. ] Eex,y,O). 

(1. 9) 

Thus, the algorithm for propagating a t'ield through a medium of index 

nt:r, w) consists of first propagat.ing the fiela over a distance llz/2 !n a 

homogeneous medium of index no' 1. e .• sol ving the equation 

(1. 10) 

which has the solution 

Eex,y,Az/2l = exp[- ~ 6z 6.1. ] Eex,y,Ol, 

then incrementing the phase according to the change in refractive 

medium, which is equivalent to solving 

BE 2 2 2 
-2ik Bz + k (n Ino - 1) E = 0, (I.11) 

and completing the sequence by propagating the field a further âz/2. At 

each step the initial condition is the terminal condition of the 

previous one. Equation (1.10), 1.e. steps 1 and 3, can be solved by 

Fourier transform wi th respect to (x, y), while step 2 1s an ordinary 

differential equation. 

3 Although, to order âz (see Appendix 1-1), no approximations have 

been made to obtain (1.9), the Fresnel equation is only an approximation 

to the full scalar wave equation. The propagation algorithm given above 

is only vaUd for fields which vary slowly along the propagation 

direction in distances of the order of a wavelength. For applications 

where this condition cannot be satisfled, an equivalent BPH algorithm, 

based on the full scalar Helmholtz equation but containing sorne 
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additional approximations, has to be used. This second formalism of the 

BPM will be presented in the following section. 

1-3. The BPM based on the full scalar Helmholtz equation 

A beam propagation algori thm baseà on the full scalar Helmhol tz 

equation can be derived in the following manner [2]. Consider again a 

single frequency light beam propagat ing in a weakly guiding optical 

fiber. If we rewrite the scalar wave equation (1.1) as 

+ (I. 12a) 

then the solution of (1.12a) at z=Az can be expressed formally as: 

(I. 12b) 

where A.l denotes the transverse Laplacian. 

The square root in equation (1.12b) can be rewrltten in the forrn 

(I. 13) 

If n=n(w,x) in the first rlght-hand terrn of equation (1.13) Is replaced 

with the reference value no' (1.13) becornes 

with 

w 
k = - n . c 0 

(I. 14) 

(I. 15) 

With the tirne dependence of 8(w.x) implied. the electric field can again 

be expressed as 

8(x,w) = E(x,w) exp (-ikz) • (I. 16) 

14 



( 

( 

and substituting this expression ln equatlon eI.12b) and uslng the above 

approximation yields 

E(x, y, Az) = exp {+1 Az [ Al. + 
- (Al. + k2 )1/2 + k 

k [ln/no) - 1] ] } E(x,y,O\. (I.1ï) 

The e~ponent in equation (l.17) ~as thus baen separatetl into two terms, 

the left-band one containing the derivatives and the rlght band term 

made up ot' only scalar e lements. In this t'orm, the spli t operator 

formalism derived in Appendix 1-1 can be applied directly. Erasing the 

solution propagating in the negatlve z direction, 1. e. taking the 

negative sign in e 1.17), and choosing a symmetrized operator form 

equivalent to equation (1.9) yields immediately 

E(x. y, Az) = exp {-i A
2
Z [ ____ A_l. ___ ]} exp {-i Az k [(n/n

o
) - 11} 

(Al. + k 2
) 1/2 + k 

{ 
Az 

exp -i 2' el. 18) 

As t'or the beam propagation method based on the Fresnel approximation, 

the propagation algorithm given above consists of propagating the field 

at z=O a distance Az/2, then updating the phase of the wave t'l'ont, and 

finally cornpleting the sequence by propagating the field a further 

distance Az/2. The operator 

{ 
Az 

exp -i 2' 
[ (Al. + k:~1/2 + k n ( 1.19) 

which governs the propagation of the beam, is thus equivalent to solving 

the scalar wave equatlon in a hornogeneous medium of refractlve index no 

on a distance Az/2 with Eex,y,O) as the initial condition. If the Al. 

term ln the denominator of (1.19) is neglected in comparison with k, one 
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recovers the propagatIon operator obtalned from the Fresnel 

approximation of the scalar Helmholtz equatlon. 

The accuracy of the phase operator can be improved b;y using the 

mean index change [3] 

dz, (1. 20) 

over the distance Az Instead of n=n(àz). Numerically, p.quation (1.20) 

can be evaluated uslng a numerical Integration technique such as 

Simpson' s rule or a quadrature method. Equat ions (1. 9) and (1. 18) are 

implemented by Fourier transforming the electric field before applying 

each exponential operator containing derivatives and inverse 

transforming the resulting expression before applying the phase 

operator. 

Although both BPM formalisms (the Fresnel approximation or the full 

scalar wave equation) can be applied to Most practical fiber problems 

without changing the physical results, the Fresnel approximation May 

break down in cases where plane waves with large angular deviatlons from 

the z axIs arp. present in the beam. In partieular, misleading resul ts 

ean he obtained if the Fresnel approximation is used to study mode 

eoupling in bent or otherwise perturbed waveguldes [2). Slnce 1t is no 

more diffieult to generate a numerieal solution with equation (1.18) and 

(1.19) than with the parabollc approxImation, the BPM formallsm based on 

the full sealar wave equation 15 generally preferred for optlcal flber 

applications. 

The derivatlon of the BPM ean he adapted, wit.h sorne effort, for 

anisotropie media [41. Slnee these eases generally involve a nondlagonal 

dlelectr1c tensor, the Helmholtz equat10n 1s used in 1 ts matrlx form. 
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The resulting propagation and phase operators, which are appl1ed to a 

two-component electric ~leld vector, contain matrices in their exponents 

and are defined by their perturbation series expansions. 

I-4. Numerical Implementation oi the BPM 

A numerlcal representat iOll of the propagat 10n operator in (1. 9) can 

be found by expressing E(x,y,z) as a finite two-dlmenslonal Fourier 

series [1,2] 

H/2 H/2 

E(x, y, z) =L L 2n [mn(z) exp (-r i(mx+ny» (1.21) 

m=-N/2+1 n=-N/2+1 

whlch ls periodic on a square of length L = NAx=Nây of the computational 

grid in x-y space. This representatlon will be exact if bath E(x,y) and 

Its Fourier spectrum E(k ,k ) vanish outslde the interval (O$x,ysL) and 
x y 

k $ k = (N/2)(2n/L). respectively. 
x,y max 

Substltutlng (1.21) into (1.10) yields 

N/2 N/2 

2Ik L L :z Emn (z) 
2n exp (-r iCmx+ny» = 

m=-N/2+1 n=-N/2+1 

N/2 N/2 

= L L â.L [EI8\(Z) 2n ] exp (-r Hmx+ny» , 

-=-H/2+1 n=-N/2+1 

and for any vaiid (m,n) 

(1. 22) 

dE 211' 2 2 
2Ik lE mn exp (L 1(mx+ny» = - (m +n ) 211' 211' 

( )

2 

-r dz exp (L i( mx+ny) }. 
lIIIl 

Integrating from a to àz we get an exact expression for E (âz) ln 
lIIIl 

FourIer space wlth E (0) as the initial condition: 
lin 
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lE (Az) = lE (0) exp [ 2~ e~r(m2+n2)Az J lin am 

lE (Az) = lE (0) exp [ 2U k: + k
2 

J Az J. mn mn y 

where k and k are the traverse wavenumbers 
x y 

k = (2mn)/L, 
x 

k = (2nn)/L. 
y 

(1. 23) 

(1. 24) 

It follows from the Sampling Theorem [51 that, if E(x, y) and its 

spectrum IECk ,k) remain fini te and bounded, the Fourier coefficients 
x y 

lE can be evaluated exactly in terms of the sampled values E(u,v), and 
mn 

that there will be a one-to one correspondence between the coefficients 

lE of the Fourier series and the elements IED of the discrete Fourier 
mn mn 

transform (see Appendix 1-2) 

H-l H-1 [ 

~ = u~ ~o E (u. v) exp - 2: l(mu+nv) J. (1. 25) 

where E(u,v) = E(uAx,vAy) is evaluated at points x=uAx and y=vAy on the 

computational grid, with L=NAx=NAy. 

This implies that a solution of (1.6) and thus the application of 

the propagation operators in (1.9) is exact if E(x,y) and lE remain 
am 

negligible at the boundaries of their respective computational grids in 

x-y and Fourier space. For practical purposes, the only error introduced 

by the BPM algorithm is associated with evaluating the phase term (1.8) 

numerically on a fini te interval, and wi th the error of order Az3 

introduced by approximating (1.7) bya symmetrized splIt operator form. 

In the sarne manner, the numerical Implementation of the BPM 

propagation operator based on the full scalar wave equation Is obtained 

as [2] 
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[ 

k2 + k
2 1 

IEmn( Az) = IEmn( 0) exp i Az [ _____ x --=y~--] . 
[_(k2+k2 ) + k2

] 1/2 + k 
x y 

(I. 26) 

If the k2 terms in the denominator are neglected, equation (1. 26) 
x,y 

!'ecovers the for:n of the BPM propagat:'on operator in the Fresnel 

approximation (equation I.23). 

The numerical Implementation of the BPM is thus performed by first 

Fourier transforming the initial field E(x, y, 0), then applying the 

propagation operator over a distance Az/2, according to equations (1.23) 

or (I. 26), and inverse Fourier transforming the resul t. The Fourier 

transf",rms can most efficiently be implemented with the Fast Fourier 

transform algori thm (FIT) [5]. The pr<opagation of the field over the 

distance Az/2 is then followed, in a second step, by multiplication of 

E(x,y,Az/2) with the phase factor exp (-1 Az on), in accordance with 

equations (I.8) or (I.20), hence 

E' (x, y, Az/2J = exp (-i Az on) E(x,y,AZ/2). (I. 27) 

In the third and final step, the BPM sequence is completed by 

propagating E'lx,y,Az/21 another distance Az/2. 

A large number of problems ln flber optics can be solved by direct 

application of ei ther equation (I.9) or (1. 20). Examples are the 

propagation of light in selectively excited graded index or elliptic 

fi bers [2,61. light propagation through grating structures [7], 

mode-coupling in bent or otherwise perturbed waveguides [8-10], and the 

coupling of semiconductor laser light through a microlens-taper system 

into a single-mode fiber [11]. The BPM has also :found application in the 

analysis of optical fiber solitons in the presence of optical losses and 

of thlrd-order nonllnearity [12,13], and ln the analysls of 
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semiconductor laser behavior [14]. 

Several authors have considered the appllcablll ty of' the BPM 

[15,161. The Most useful discussion was that by L. Thylén [16] ln whlch 

he derived a number of relations which describe the l lmi taUons of the 

BPM. high-l ignt ing their origin wi thm r.he formulat ion of the algori thm. 

H .. s results can conveniently be incorporated into a &PM computE:r progra.n 

to check the appllcability of the method and establ1sh a practical value 

for Az. Typical waveguide structures wi thout gratings in LiNbO support 
3 

a step size Ilz of la to 50,.un. 

1-5. Absorbers 

The use of discrete Fourier transforms ln the BPM algorl thm Impl ies 

a periodic cont'nuation of' the computational window L=Nlly. If the 

electric field propagates towards the edge of the computational grid, it 

will be folded back to the opposite side of the window and superposed 

onto the propagating field during succeeding steps of the algori thm, 

causing high-frequency numerical instability of the solution. This can 

be avoided by absorbing the field at the edge of the grid, ei ther by 

setting the field to zero at a few points close to the edge of the 

window, or by inserting a large imaginary component in the refract ive 

index at these points, thus simulating the effect of a lossy cladding 

[2]. 

J. Saijonma and D. Yevick [10] discuss the absorber problem in 

connection wi th their investigation of 1055 in bent optical waveguides 

and f'ibers. They found that in cases where the electric field at the 

absorber boundary reaches large values, abrupt absorption of the 

electric field introduces a large high-frequency diffraction component 
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ln the propagatlng fIeld. 

This difficul ty can be avolded by using an approprlate :functlon to 

gradually attenuate the field at the grld boundarles. A sul table 

absorber :function ls [10]: 

absorb(y) 
r l, 

= . 1/;:; {1 

l 0, 

Iyl < 1'1 1 
a 

+ cos 1 [ Tl ('1.''1 ) /y -y )]} 
b a b 

l'lb' < l'l' < l'IR' 

1'1 1 :::s l'II ~ 
a 

(I. 28) 

where Y ls the grld boundary, y ls the inner edge of the absorber, and 
R a 

y Is the outer edge (y=O is the center of the computational window). 
b 

The parameters y, y, and r have to be chosen empirically for each 
a b 

application and step size. 

In problems where the electric field propagates towards the edge of 

the computational grid, the accuracy o:f the solution can be verified by 

comparing the resul ts for different absorber parameters. 

1-6. Power evaluation using BPK data 

The Bearn Propagation method provides a complete solution of the 

optical field propagatlng though an optical fiber. In multi-mode fiber 

applications, 1t Is often desirable to study mode coupling and frequency 

dispersion ln the fiber. For this purpose, methods for extracting the 

necessary mode data (propagation constants, mode elgenfunctions, etc.) 

from the BPM field have to be developed. Such calculations are usually 

performed by exei t !.ng the wavegui de wlth one of 1 ts modal eigenfunctions 

and then proJectlng the optical field obtained artel' each BPM step onto 

a set of numerically generated normal or local modal eigenfunctions 

[2,11-191. 

For our purposes, a method of evaluating the power in a particular 
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mode propagating through an Integrated optical device is required. This 

can be achieved by over-lapping the output field ~ obtalned from the 
out 

BPM with the normal ized guided mod~ ~ of the wavegulde [10 J (obtained 
ln 

either analytically or, should analytIcal solutIons for the modes not 

exist for the particular index dist:-ibution used, :':'::l'a the EP!1 

calculation of the field in a straight waveguide of a?propriate 

dimensions and index distribution, e.g. the effective index, see section 

II.2). Accordingly, 

p = 1 J I{I ~. dy 12 

om out ln 
(1. 29) 

• where t/I is the complex conjugate of~. . For multi-mode devices lt 1s 
ln ln 

necessary to calculate the power propagating in each mode separately by 

overlapping the output modal field obtained from the BPM wlth a 

normalized guided mode of appropriate arder m. 

1 -7. SUlllllary 

The Beam Propagation Hethod. as introduced by M.D. Feit and J.A. 

Fleck and based on the full scalar wave equation. i5 gi ven in spli t 

operator notation as 

E(x,y,Az) = exp {-l A
2
Z [ A.L ] } { i fJ- A } 

(A.L + k2 )1/2 + k exp - n z 

{ 
• Az [ exp -1 2" (1. 30) 

For fields which vary slowly along the propagation direction in 

distances of the arder of a wavelength, it 1s sufficient to approximate 

the scalar Helmholtz equatlon by the Fresnel equatlon. For this case, 

the BPM algorl thm takes the form 
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[ 1 l [1 -] [i ] E(x, y, Az) = exp - 4k Az Al. J exp - 2k Az an exp - 4k Az A.t E(x. Y. 0). 

(I. 31) 

The numerical Implementation of the BPM is governed by equations (1.23) 

though (I. 25), and invo Ives the ext.ens l ve ~se 0:- Fourier trans:forms. The 

latter can most efficiently be performed using the Fast Fourier 

Transform (FFT) , which significantly reduces the amount of calculations 

required for one propagation step. 

The main advantage of the BPM is undoubtedly i ts abi 1 i ty to 

describe bath the guided and the radiating parts of the optical field in 

a uniform formalism. It is limi ted, however, to problems where the 

refractive index distribution has only small variations from a reference 

value n. The effect of the reflected field on the forward propagating o 

direction is also neglected. 
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Appendix I-1: Proof of second-order accuracy of the split-operator 

solution of the propagation equation [1] 

The propagation equation (1.6) 

8E i [ 
8z = - 2k â.L+ (AI. 1) 

was soived ln section 1-2 by formaI Integration to give 

(AI. la) 

and was then, to second order accuracy, replaced by a symmetric split 

operator form 

To prove this, consider, for simplicity. the equation 

8E 
8z = ( âi + :r ) E = a(z) E (AI. 2) 

where âi ls thE' transverse Laplacian and :lez) is an appropriate 

operator. The operators âi and !lez) do not necessarlly commute. The 

solution of (AI.l) is obtained formally by Integration as 

Elz) ~ exp[~ alz') dz') EIO). (AI. 3) 

The exponent in (AI.3) can be expanded in terms of a Taylor series as 
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Slnce 

z 
1 + l a(z') dz' + 

o 

~I [ (:(Z') dz' r + 

~ [ (:(Z') dz' r + 

1 
m+l [~'(Z' ) 

the ter-ms in the above Taylor series can be replaced as 

and finally 

z z z' 
1 + J a(z') dz' + J a(z') dz' J a(z") dz" + 
000 

]

2 
z z' ~ Jo .(z') dz' [Jo a(z") dz" + ... 

exp[~ .(z') dz'] = 1 + r. .(z') dz' + r. a(z') dz' ~~(Z") dz" 

r Z' z" 
+ J _ a(z') dz' J a(z") dz" J a(z'll) 

o 0 0 

dZ '1l + Q(z"'). 

Substltutlng for a(z) gives 

]

m+l 

dz' , 

(AI.4) 

Z Z z' 
+ J :l(z') z· Al. dz' + J !l(z') d,' J !l(z") dz" + Q(Z3). 
000 

(AI. 5) 
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Slmilarly, the split operator form equivalent to (1.9) can be 

expanded ln terms of a perturbation series. The IndIvldual factors are, 

to second order. 

[
1 ) +.!.A 122 exp 2' A.Lz = 1 2 ,Z + 8" A}.. Z , and 

exp [ f x( z') dZ']= 1 + JZ X(z') dz' + JZ X(z') dz' (,~ ~(z") dz", 
o 0 0 Jo 

so that the split operator expression of (AI. 3) expands ta 

exp( ~ A.Lz ] exp [ ~x(Z') dZ')J exp [ ~ A.Lz ) = 

[1 + ~ Alz + ~ Ai Z2] [1 + r. X(z') dz' + (rcz') dz' (~(Z") dZ"] 

[1 + ~ Alz + ~ Ai zz] 

z z z' 
= 1 + AJ...z + ~ Ai z2 + l X(z') dz' + l X(z') dz' l X(z") dz" 

000 

z z 
+ ~ l X(z') dz' Al. + ~ AJ..z l X(z') dz' + 0(Z3). 

o 0 

Subtracting (AI.6) from (ALS) yields 

(AI. 6) 

(AI. 7) 

If' the split operator expression (AI. 6) is to be a representation of 

(AI. 3) to second arder, the Integral terms on the rlght-hand side of 

(AI. 7) must either vanlsh or be of order Z3. Clearly, these terms vanish 

if X(Z) 1s a constant. If X( z) can he represented as a Taylor series 

in z 
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, 1" 2 
X(z) = XeO) + XeO) z + - X(O) z + 

2 
.... 

3 the Integral terms are of order z which can be verIf1ed easi Iy by 

substitution of' the Taylor series in (AI. 7) and taking the integrais. 

Thus. the solution of the propagation equation (1.6) can be "Nr!tten 

to second order accuracy in a sj'llIll1etrically spli t operator f'orm as 
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Appendix 1-2: The Discrete Fourier Transform 

The field E(x, y, z) can be expressed as a flntte two-dimensional 

Fourier series [1,2] 

N/2 N/2 

E(;{,Y,Z) =L 
1D=-N/2+1 n=-N/2+1 

exp (2~ i(mx+ny)) 
L 

which is periodic on a square of length L = NAx=NAy of the computational 

grid in x-y space, 1. e. implying a periodic extension of the field 

outside the region of concern. This representation will be exact if both 

E(x.y) and its Fourier spectrum [(k ,k ) are strictly bandwidth 11mited, 
x y 

Le. they vanish outside the interval (O:5X, y:5L). and k ~ k = 
-' x,y max 

(N/2) (2rr/L), respectively. 

The Sampl1ng Theorem [5] permits the field E to be represented in 

terms of sampled values E(u, v) = E(uAx, vAy) at equally spaced points on 

the computational grid. The sampled field values are then given as 

N/2 N/2 

E(u, v, z) = I I 21l 
[mn(z) exp (N i(mu+nv» (AI-2.2) 

1II=-N/2+1 n=-N/2+1 

Consider for clarity only one transverse direction. Defining new 

coefficients ~(u) and Ff in terms of E(u, v) and lE as 

then 

ID ID 

Ff(u+N/2) = E (uAx), 

Ff = (_OID lE, 
ID ID 

Ff = (_1)1D lE , 
m+N ID 

N/2 

E(u) = L 
m=-N/2+1 

u=-N/2 ... N/2-1 

m=O ... N/2-1 

m=-N/2 ... -1, 

translates to the inverse dlscrete Fourier transform 
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( 
Ef>(u) = (AI-2.5) 

wlth 

E~ = ~ ~~(u) exp [ - 2~i(mu) 1 (AI-2.6) 

being the discrete FourIer transforma From the Sampl1ng theorem 1 t 

follows also that there will be a one-to one correspondence between the 

coefficients lE of the Fourier series and the elements IED of the 
m m 

dlscrete Fourier transforma 

The generalization to two dimensions becomes 

9-1 N-1 [ ] 

E::" = if' ~o ~o E"(u. v) exp - 2~ l(mu+nv) • (AI-2.7) 

where ~(u,v) = EDCu Ax,v Ay) is eva!uated at points x=uAx and y=vAy on 

the computatlonal grld. 

29 



-

--

-

References: 

1 Fleck, J.A., Morris, J.R., and Feit, M.D., 'Time-dependent 
propagation of hlgh energy laser beams through the atmosphere,' 
Appl.Phys., 10, pp. 129-160, 1976. 

2 Feit, M. D., and Fleck, J. A., 'Light propagation in graded-index 
fibers, , Appl. Optics, 17, 24, pp. 3990-3998, 1978. 

3 Danielsen,;:' ana Ye'llcl<. D.. 'I::lprovea analysls ù:' :.1e 
propagat ing beam method in longi tudinally perturbed opt!.cal 
waveguides, , Appl. Opt., 21. 23, pp. 4188-4182, 1982. 

4 Thylén, L. and Yevick, D., 'Beam propagation method in anisotropic 
media,' Appl. Opt., 21, 15, pp. 27512754, 1982. 

5 Br i gham , E.O., The Fast Fourier Transform, Prentice-Hall, Englewood 
CUffs, New Jersey, 1974. 

6 SaiJonmaa, J., Hal me , S., and Yevick, D., 'Bearn propagation in 
e1llptical flbers, , Optical and. Quantum Electr., 14, pp. 225-236, 
1982. 

7 Yevick, D. and Thylén, L., 'Analysis of 
beam-propagation method, , J. opt. Soc. Amer., 
1982. 

gratings by the 
72, pp. 1084-1089, 

8 Danielsen, P. and Yevick, D., 'Propagating beam analysis of bent 
optica1 waveguldes,' J. Opt. Comm., 4, pp. 494-498, 1983. 

9 SalJonmaa, J., Yevick, D., and Hermansson, B., 'An analysis of 
Single-mode flber bendlng loss,' Proc. of IOOC , Tokyo, 27-30 June, 
1983. 

10 Sai Jonma, J., and Yevick, D., 'Beam propagatIon analysis of 10ss in 
bent optical waveguides and fi bers , ' Opt. Soc. Am., 73, 12, 
pp. 1785-1791, 1983. 

11 Hermansson, B., Yevick, D., and Saijonmaam J., 'A propagating beam 
method analysls of the coupl lng of semiconductor laser 1 ight lnto 
tapers,' Proc. of ECOC, Oct. 23-26. Geneva, 1983. 

12 Yevick, D. and Hermansson, B., 'Soliton analysls wlth the 
propagating beam method,' opt. Comm., 47. pp. 101-106, 1983. 

13 Hermansson, B., Thylén. L., and Yevick, O., 'A propagat lng beam 
method analysis of nonlinear effects in optical waveguides,' opt. 
and Quantum. Electr., 16, 6, pp. 524-534. 1985. 

14 Meissner, P., Pat zak , E., and Yevick, D., • A self-consistent model 
of stripe geometry lasers based on the beam propagation method,' J. 
Quant. Electr., QE-20. 8, pp. 899-905, 1984. 

15 Van Roey, J., van der Donk, J., and Lagasse, P. E. : ' Beam-
propagation method: analysis and assessml'nt,' J. Opt. Soc. Am •• 71, 
pp.803-8l0, 1981. 

16 Thy1én, L., 'The beam propagation method: an analysis of i ts 
applicabi lit y, ' Opt. Quant. Elec., 15, pp. 433-439, 1983. 

30 



( 

( 

( 

11 Feit. M.D.. and Fleck. J.A.. 'Calcula~ion ot' dispersion in 
graded-index multimode fibers by a propagating-beam method.· Appl. 
Optlcs. 18, 16, pp.2843-2851,1979. 

18 Fei t, M. O., and Fleck, J. A., 'Mode propert 1es and dispersion t'or 
two optical t'iber-index profiles by the propagating beam method,' 
Appl. Optlcs, 19, 18, pp. 2240-2246, 1980. 

19 Yevic!<. D. and Danielsen. P., 'Numer!.cal investigation of mode 
coupling in slnusoidally moaulatea paracolic gradeà index planar 
waveguides,' Appl. Optics, 21, 15, pp. 2727-2733, 1982. 

31 



.. .. 

CHAPTER Il. APPLICATION OF THE BPM TO INTEGRATED QPTICAL DEVICES 

11-1. Introduction 

The Bearn Propagat ion Method descri bed in the prevl.ous sect ion 1s 

only valid for small changes in refractive index from a reference value 

no' It is obvious that the large index change between the integrated 

optical device and air cannat be treated in this fashion. 

One possibility of overcoming this problem consists of taking n as 
a 

a periodic extension (Figure 11-1) of the refractive index step between 

the guide and air [1]. The theoretical deri vation of the BPM gi ven in 

chapter 1 remains valld except that the solutions of equation CI.1) are 

no longer plane waves but the eigenmodes of a step index slab waveguide. 

In this manner, a correct description of the fields in both air and in 

the guide can be obtalned sa that, for example, the radiation 1055 from 

the guide Into air can be calculated. TE or TM like fields can be 

treated by choosing ei ther the TE or TM modes of the periodic slab 

waveguides. TE-TM mode conversion can obvlously not be calculated. This 

approach. however. means that ln one transverse direct Ion one has to use 

matrlx multiplication for the decomposition of the field into slab 

eigenmodes instead of the Fast Fourier Transform (FFï). The practical 

appl1cability of the BPM rests. however, on the use of Fast Fourier 

Transforms. It is their computatlonal speed and numerical stabillty that 

make the large number of propagation steps required by the BPM feaslble. 

A more powerful way of overcoming the guide/air interface problem 

is achieved by combinlng the Effective Refractive Index Hethod [2] wlth 

the BPM approach. In such a formulation, the integrated optical guide is 
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replaced with a series of slab waveguides where their effective 

refra.ctive index corresponds to the index variation in the depth (x-) 

direction. This reduces the three dimensional guide shown in Figure 11-2 

to a corresponding two dimensional structure which nu longer contains 

large refract ive index steps. Provided this s"Cructure satisfies the 

usual restrictions of the BPM, it can be solved using a two dimensional 

(y,z) BPM algorithm. It should be pointcd out that this reduction to two 

dimensions great ly reduces the necessary amount of computer memory and 

processor time, since the BPM now only requires a one-dimensional FFT. 

TE or TM modes are chosen while calculating the effective index 

distribution n (y, z). 
efî 

The use of the Effective Index Method only allows the analysis of 

mono-mode guides in the depth direction. This condition can be 

satisfied in most integrated optic circuits. Also, radiation from the 

guide into air or into the substrate can not be described. However, in 

many cases one can neglect the radiation into the air or into the 

substrate due t.o the planar cbaracter of integrated optical devices. 

This means that an accurate three dimensional modelling of, for example, 

~adiation loss is not possible. 

This method does, however, give insights into the propagation of 

l1~ht through i ltegrated optic structures and is weIl suitsd for the 

design oriented analysis of both active and passive integrated optical 

devices [3). 
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11-2. Ef~ective index modelling of dif~used waveguides 

An approximate solution f'or the three dimensional scalar wave 

equation 

+ 
2 

W :! 
-;) 15=0 

2 
C 

can be found by imposing a product solution 

8(x. Y. z) = E(y, z) 'lI(x) , 

and separating variables leads immediately to 

2 
W 2 
- n E = 0 

2 ef'Î c 

and 

d
2

'l1 2 - + k [n (x.y.z) - n (y.z)] 'lt = O. 
dx2 0 cff 

(II. 1) 

(II.2) 

(II.3) 

(II.4) 

In the above equat ions , neff(y,z) has the meaning of an effective index 

distribution in the y-z plane for a particular (usually the fundamental) 

mode of a planar waveguide with an index distribution n(x.y.z) at every 

surf'ace point (y.z). The refractive Index profile n(x.y.z) ls taken from 

dlÎf'uslon theory. n could be calculated dlrectly from equation (11.4) 
eff 

using some numerical procedure such as a shooting method. The effective 

index theory developed Îor dlÎÎused waveguides by Burns and Hocker [4] 

ls. however. a more ef'Îective way of' calculating n for our 
cff 

BPM 

applicatlons. 

For tttanium dlffused channel waveguides the refractive index 

prof'ile. neglecting sideways diÎÎusion. can be written as [4] 

n(x) = n + ân f(x) 
b s 

(II. 5) 

where n
b 

is the substrate index, ân 
s 

the Ti induced surf'ace index 
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change, and f(x) an appropriate :runction describing the di:r:rusion 

profile variation with respect to the depth coordinate. f(x) is usually 

chosen to be an error-function, an exponential or Gaussian distribution 

àepenàing on the actual àiffusion concitions used i::l the fabrication 

process. 

As shown in Hocker et al. , the effect ive index n of a 
off 

homogeneous slab waveguide equivalent to the diffused guide can be found 

by solving the dispersion relation 

x 

2k
o
L t (n(x)2 _ n:,,)1/2dx = m=O, 1, .•• (IL6) 

where m=O for a single mode waveguide, and x
t 

is the so-called turning 

point de:rined by 

n(x ) = n . 
t off (II. 7) 

It is not desirable to introduce normalized parameters in the dispersion 

relation since, for applications to active integrated devices, the 

diffusion profile n(x) will be perturbed by the index change ~n induced 

electro-optically (see section 11-3). 

11-2.1 Effective index modelling of ridge waveguides 

A ridge waveguide can be fabricated by ion beam mi Il ing a ridge 

structure out of a previously Ti indiffused slab waveguide. In an 

effective index model, this ridge waveguide is replaced by three 

homogeneous slab waveguides of effective indices nrldgo and nmll 
, as 

off off 

shown in Figure II-3. The dispersion relation glven as equation (IL6) 

can be used to calculate the e:ffective index nrld90 of the ridge guide. 
off 

For the mi lled region, nmll can be calculated by modifying the lower off 
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Integration limit in the dispersion equation to reflect the mllling 

depth x t thus 
mil 

x 

2ko L t (n(x)2-

mIl 

2 }1/2 d n X = 
eff 

m=O,l, ... (IL8) 

with n(x
t

) = n as before. 
eff 

11-3. Electro-optic index change 

Electro-magnetic wave propagation in a crystal is characterized by 

the so-called indicatrix or index ellipsoid. The orientation of this 

ellipsoid model is related to the crystal axes (equal te the principal 

axis of' the ellipsoid) and the half-lengths of the principal axes are, 

in turn, related to the principal indices of' refraction. The indicatrix 

is used mainly to determine the refractive indices associated with the 

two normal modes, polarized along the prinipal axis of the ellipsoid, of 

a plane wave propagating along an arbitrary direction. The ellipsoid is 

expressed as [5] 

2 
~+ 

2 n 
x 

2 
L+ 

2 n 
y 

2 

~ = 1 
2 

n 
z 

, (IL9) 

where n, n, and n are the refractive indices in the X-, y-, znd z-
x y z 

directions. 

Act 1 ve integrated optlcal devices operate by taklng advantage of 

the electro-optic index change én induced in certain optical n.:üerials 

by an electric field applied across the crystal. The electric field 

induces a change in the optical dielectric properties of the crystal 

which in turn leads to a de format ion of the indicatrix or index 

ellipsoid. The electro-optic change in refractive index 5n induced by an 
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applled electrlc fIeld E ls glven as [5] 

A( n! ) = r E + R2 ~. (11.10) 

The flrst term ls llnearly dependent on the applled electrlc fIeld E and 

Is known as the Pockels effect, whereas the second, quadraUcally 

dependent term, ls the Kerr electro-optlc effect. The former ls also 

dependent on the polarlzatlon of the applied electrlc fIeld. The 

electro-optlc Index change alters the shape, slze and orientatIon of the 

eillpsoid. The general expression for the deformed Indlcatrlx ls glven 

as 

a
11

x2 + a22y2 + a z2 + 2a yz + 2a zx + 2a xy = 1. 
33 23 31 12 

The coefficients a are determlned by 
lJ 

a -1/n2 

11 x 

a -1/n2 

22 y 

a _1/n2 

33 z = r 31 r 32 r-33 

r r r 
U 42 43 

r r r-
51 52 53 

(11.11) 

(II. 12) 

where r
1J 

are called the electro-optic or Pockels constants, Ex' Ey' and 

E are the components of the appl1ed electrlc field, and n , n , n 
z x y z 

the refract 1 ve Indices ln the approprlate dlrE"ctlons. If the appl1ed 

field ls zero, equatlon (11.11) reduces to (11.9). 

Some of the most popular electro-optlc crystals used for actIve 

Integrated optlc devices are: lithIum nlobate (LINb0
3
), lithium 

tantalate (LlTa0
3

), potassium dlhydrogen phosphate or KDP (KHlO,,), 

ammonium dlhydrogen phosphate or ADP, and gallium arsenlde (GaAs) [5]. 

37 



In partlcular, Integrated electro-optlc devlces ln LINbO wlth tltanlua 
3 

Indlrrused channel waveguldes have ln recent years [6J reached a hlgh 

status of development. 

The electro-optlc tensor for L1Nb0
3 

ls [5] 

0 -r 
22 

r
13 

0 r
22 

0 r
13 

= 8.6 

0 0 r
33 

r 33 = 30.8 [10-12 m/V). 

0 r
Sl 

0 r
22 

= 3.4 

r
SI 

0 0 r
S1 

= 28 

-r 
22 

0 0 

With n = n = n, n = n, and E = E = 0, equations (II.11) and 
x y 0 Z e x y 

(II.12) lead to 

(n -2 + r E) x 2 + (n -2 + r E) l + (n -2 + r E) z2 = 1. 
o 13 Z 0 13 z e 33 z 

(II. 13) 

If we compare equation (II. 13) wlth (I L 9), we see that the effect of 

(r E ) Is to change the Index of refractlon n for a wave polarlzed 
13 z 0 

along the x-axis, so that the new index is gl ven by n + An. Since. ln 
o x 

practice, the products Cr E) and (r E):LS much smaller than n or 
13 z 33 z 0 

n. the approximation AC 1/n2
) ~ -2 An/n3 

[7] can be used to express 
e 

( II. 13). Taklng 

and solving for An ylelds for the Indlcatrix 
x 

(n-2 + r E) 
o 13 z 

,------ + ------- + ------- = 1. 

(II. 14) 

[ n _ ~~ r E]2 [n _ n: r E]2 
o 2 13 Z 0 2 13 z [ n: ]2 01.15) 

n - - r E 
e 2 33 Z 

The correspondlng refractlve index changes Induced by applylng E are: z 
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n - n - 1/2 r 3 n
3 

E x 0 1 0 Z 

3 n =- n - 1/2 r nE. 
Z. 33 • Z 

( II.16) 

The polarlzatlon of the optlcal fleld ls usually chosen parallel to the 

c-axls of the crystal to maxlmlze the electro-optlc constant and thus 

the Induced Index change. 

The electrlc fleld dlstrlbutlon E ln the substrate can be obtalned 

analytlcally by conformaI mapplng ~or electrodes placed dlrectly on the 

LlNb0
3 

surface 'B]. Metalllc electrodes, however, attenuate the optlcal 

waves, and ln practlce, the electrodes have to be separated from the 

crystal surface by a thln, low-lndex buffer layer. The buffer layer, on 

the other hand, attenuates the electrlc field strength because of Its 

lower index compared to that of LINb0
3

• A conformaI mapping solution of 

the appl1ed ~ield distrlbution Is then not possible anymore and a 

numerlcal approach bas to be used. 

A seml-analytlcal treatment of the potential problem ln the 

presence of a buffer layer ls, however, possible [9] and will be adopted 

~or our purposes. 

Conslder the electrode conflguration shown in Figure II-4. The 

electrodes are separated from the crystal surface by a buffer layer of 

Si0
2 

of thlckness do. In both reglons (Si0
2 

and LINb0
3

) , the potential rp 

ls glven by 

(II.17) 

where Ex = Ey :1 4 (Sl02) in the buffer layer, and 28 and 43 [101, 
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respectlvely. ln the LINb0
3 

• 

The boundary conditions are: 

{

" (x 0), y) = 0, 

at the electrodes, ,,(O,y) = U, the applled voltage, 

between the electrodes, the normal derlvatlve :: 19 zero. 

( II.1B) 

The Interface condItions at x=do are the contlnulty of the potentlal 

"1 (do' y) = "0 (do' y), (II. 19) 

and oÏ the dlsplacement vector in the x direction 

a"1 a"o 
e - (do'y) = e - (do'y). 

x ax 1 ax 
(II. 20) 

The change ln the dlelectrlc cor~tant Induced by the tltanlum dlÏfuslon 

Into the LlNb0
3 

crystal ls consldered negl1gible. Equation (II. 9) bas 

analytical solutions in the bufÏer and crystal reglons, and the 

application oÏ the boundary conditIons ylelds relations describlng the 

potentlal throughout bath regions ln terms of the potential at the 

buffer-LINbO Interface and at the electrode surface, respectlvely, and 
3 

a relation llnklng the potential at the electrode surface to that at the 

buffer-LiNbO interface. 
3 

The problem of calculatlng the potentlal ln the crystal can thus be 

solved ln two steps. First, the variation of the potential at the 

buffer-LINbO Interface ls calculated ln terms of the potentlal at the 
3 

electrode surÏace, and then the potential function at the electrode 

surface ls determined separately. The potential throughout the crystal 

Is then glven Immedlately t'rom the analytlcal solutions of Laplace' s 

equatlon in terms of the potentlal at the buf'fer-LINb0
3 

interface. 

It can be shown by dIrect substitution Into equatlon (II.17) that 

the potentlal ln the LINb0
3 

reglon ( x>do) ls glven by [9] 
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(11.21) 

where ~ ls the FourIer transforlD of 9> wlth respect to the y dIrection. 

(It ls easlly verlfled that the above expressIon satlsfles Laplace' s 

equation and the boundary condItions at x=do and x 110). Thus, If the 

transformed potentlal ~ (d ,II) at the buffer/LiNbO interface is known, 
1 0 3 

the potential throughout the LiNb0
3 

crystal 18 determined analytlcally 

by equation (11.21). 

Next, a relatlonship between the potential at the buffer/LiNb0
3 

Interface and the electrode surface can be found by applying a Fourier 

transform with respect to the y directlon to equatlon (11-17) in the 

butfer region, whlch ylelds 

with ~o(x,v) the Fourier transformed potential of 'o(x,y): 

'oCx, y) = Jdll ~o (X,II) e
l27WY

, 

(11.22) 

(11.23) 

and Il the spacial frequency in the y direction. The interface conditions 

in Fourier space become: 

~1(dO,II) = ~o(do'v) 

1J~ f)~o 
~ _1(d

o
,lI) = e - (d

O
,II). 

x IJx 1 IJx 

(11.24) 

The analytlcal solution of equation (11.22) in the buifer reglon is 

~O(X,II) = G
t

(lI) exp(-2xllllx) + G
2

(1I) exp(+2xlvlx), 

and the interface conditions become 

(II. 25) 

and 

~l(do'v) = ~o(do.lI) = Gt(lI) exp(-2x lllldo ) + G
2

(1I) exp(+2nlllldo ) 

(II. 26) 

41 



-

(11.27) 

G
2

(v) [+2Klvll exp(+2wlvl dO)}' 

Calculatlng the derlvatlve from (11.21> and soivlng for G
t 

and G
2 

ln 

equatlons (11.26) and (11.27) ylelds Immedlately: 

Gt(v) = à exp(+2n lvldo) 't(v,do) {1 + 1cxcy / Ct} (11.28) 

G2(v) = ~ exp(-2n lvldo) 't(v,do) {1 - 1cxcy / Cl} , (11.29) 

and thus (1 1 . 26) becomes 

'o(O,v) = 't(do'V) {COSh(2nIVldo) + slnh(2n lvldo) 1cxcy / Cl} . 
(11.30) 

(11.30) ls the deslred relatlon between the FourIer transform of the 

potentlal 91
0 

at the electrode surface and ft = "0 at the bufferILINb0
3 

Interface. Thus If the potentlal at the electrode surface ls known, 

(II. 30) can be used to calcul ate the correspondlng potentlal at the 

buffer layer/ LlNb0
3 

Interface, and thus the potent laI throughout the 

crystal can be calculated Immedlately from equatlon (11.21). 

It stIll remalns to determlne the potentlal "o(O,y) ln the presence 

of the buf'fer layer. A solutIon of the potentlal ln reglon -1 can be 

wrltten slmllarly to equatlon (11-21) as 

J 12RVy 2Rlvlx 
cp (x,y) = dl1' (o,v) e e • 
-t 0 

(I1.31) 

The Interface condltlon ln Fourier space between reglons -1 and 0 ls the 

contlnulty of D at x=O, thus 
x 

8'_t 8'0 
c = C -. 

00 ôx 1 ôx 

Calculatlng the derlvatlves ô/ôx glves: 
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too;oCO.vl (2wlvll • Cl {Ct (V)(-2W IVll exp(-2wlvl 01 + 

C2(v)(+2wlvll exp(+2xlvl Ol} 

coo;o(O.v)Jvl = cI {Ct (v)(-Ivl) + Ca(v)(+lvll }. 

substituting for Ct and Ga yields 

too;o(O.v)lvl = - cllvl ~l(do'v) { sinh(211I v ldo)+ œ COSh(21rIVldo)}' 

(II.33) 

wlth œ = -Itxf;y / t
l

. Next. using equatlon (11-30) to replace ;t(do'v) 

in (II.33) and inverse Fourier transforming gives the relation 

(II. 34) 

sinh(211IvldO) + œ cosh(21rlvldo) ] 
-------------- + too = O. 

cosh(211Ivldo) + œ Sinh(21rlvldo) 

It can be recognlzed from a slmllar treatment of the electrode 

problem ln the absence of a butfer layer (see Appendix 11-1) that as do 

goes to zero. will approach the potentlal the 

transformed potential at the electrode surface ln the absence or a 

butfer layer. and thus 

(11.35) 

Flnally. If the electrode potential ln the absence of a butfer layer can 

be found. the potentlal dlstribution throughout the butrer layer and the 

LiNb0
3 

crystal is given analytlcally by equatlons (II.21). CII.25L 

(11.30). and (II.35). 
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The potentlal dIstrIbutIon at the electrode surface ln the absence 

of a buffer layer bas to be found numerlcally. A technique for 

calculatlng thls potentlal ls outl1ned ln [9,11]. It la based on an 

lteratlve procedure using Fast FourIer transforms (FIT) to calculate the 

potentlal and Its normal derivatlve, and to IIOdify them untll the 

approprlate boundary conditIons are satlsfled. It conslsts ln prlnclple 

of the followlng steps (ln the absence of a buffer layer): 

1. inItial guess of the surface potentlal ,(O,y). 

2. FFT this potentlal. 

3. multlply by -2xlvl and use an inverse FFT to obtaln the correspondlng 

normal1zed electrlc dlsplacement D le at the surface. 
x 00 

4. modlfy D le by setting aIl values between the electrodes to zero 
x 00 

(Neuman type boundary condItion). 

5. FFT the resultlng potentlal and dlvlde by -2Klv/. 

6. Inverse FFT to obtaln the modlf1ed surface potentlal. Set the 

potentlal on the electrodes to the appl1ed voltage and use an 

Interpolation scheme [12] to make the potential contlnuous between the 

n ~ ect rodes. 

7. Repeat the Iterat10n from step 2 untl1 the potentlal and the electric 

dlsplacement D le satlsfy thelr boundary conditions. 
x 00 

The above procedure converges relatively fast even for very crude 

inItial guesses (usually wlthin 3-4 IteratIons for a 256 poInt FFT with 

a tolerance of 10-3
) and CM be used for a varlet y of electrode 

structures (electrode arrays etc.). 

Once the surface potentlal for a partlcular electrode configuration 

is determlned, the anal)'tical expressIons glven prevlously can be used 
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to calculate the potentlal distribution (and thus the electric field) at 

various points ln the crystal and for various buffer layer thicknesses. 

It ls thus possible to calculate the electro-optlcally induced 

index change at any point in the crystal for any planar electrode/buffer 

layer configuration. 

11-4. Effective index .adelling for active devlces 

The theory developed in the previous sections must now be 

integrated with the design of the BPM algorithm. The effective index 

model is used to reduce the original three dimensional device structure 

to an effective planar waveguide moàel in the y-z plane. The optical 

field evolution ls then described by a two dlmensional scalar Helmholtz 

equatlon which can be solved by a one-dimensional BPM algorlthm. Slnce 

t~e optical fields for most integrated optical applications vary slowl)" 

along the propagation direction ln distances of the order of a 

wavelength, it Is sufficlent to approximate the scalar Helmholtz 

equation by the Fresne 1 equatlon. The correspondlng BPM algori thm wUI 

hence be used for our purposes. 

The BPM requires the deflni tion a computatlonal grid in the )" 

direction on which the Fast Fourier transforms are performed. At each 

grid point yp, the effective index n (yp) has to be calculated from 
eU 

the dispersion relations given earlier where, below the electrodes, the 

ini tial diffusion profile An f(x) is perturbed by the electro-opUc 

effect 

n(x) = n + An f(x) + c1n(x) 
b. el eetro-opt le 

(II.3B) 

This approach effectivel)" replaces the index profile in the x direction 
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-"' .. (depth) at each grld point by an effective homogeneous slab wavegulde as 

lndlcated ln Flgure II-S. 

A Causslan diffusion profile ln the presence of an electro-optlcal 

lndex perturbation ln z-cut LINb0
3 

Is shown ln Figure II-6, where the 

electrlc fIeld was taken at 1 ts maxlmUII below an edge of the cl"1nter 

electrode. The resultlng effective index variation ln the y direction 

for the 3-electrode structure deflned ln Figure 11-4 ls shown ln Figure 

11-7. The normallzed electrlc fIeld E for varlous electrode parameters 
x 

ls shown ln Flgures 1I-8a through 8d. Reduclng the electrode gap, the 

center electrode wldth and the buft"er layer thlclcness lncreases the 

electrlc fIeld strength. Electrode desIgn consIderations wlll be 

discussed further ln chapt ers IV and V. 

II-S. Design optl~zatlon procedure 

The BPM algorlthm comblned wlth the Effective Index Method, 

together w!th an accurate representatlon ot" electro-optlcally lnduced 

Index changes, provldes a powerful tool for analyzlng both active and 

passlve Integrated optlcal devlces. Gulded and radlatlon modes are 

treated ln a unlform manner by the BPH so that very accurate performance 

data of a partlcular lntegrated devlce can be expected. The theoretlcal 

model presented ln the prevlous sectIons can, ln prlnclple, be 
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consldered the core ot a Computer Aided Design (CAO) tool l for 

integrated optical devices. Provided that accurate data fro. 

characterizatlons of the partlcular fabrication processes are avallable, 

the pertormance of an integrated devlce can be slmulated, and the 

Influence of certain design parameters on 1 ts characteristlcs 

determlned. The resultlng data can then be used to design the required 

masks for the photo-Il thograf i c fabrication steps to provide an opt imal 

(or deslred) pertormance of the devlce. The CAD procedure Is Illustrated 

in the flowchart given as Figure II-S. The accuracy and usefulness of 

thls design procedure will be Investigated in the following chapters. 

1 The BPM modell1ng technique was implemented on a IBM AT personal 

computer uslng Microsoft Fortran 4.0. Most simulations were, however, 

carrled out on two micro vax computers to take advantage of their higher 

processor speed and mul ti-tesking ablllty. The typical computlng tlme 

requlred per BPM simulation (256 point Fast Fourier Transform) on the 

IBM AT Is 15-30 minutes, depending of the stepslze Az used and the 

distance the field ls to be propagated (typlcally 5-9mm). 
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Appendlz 11-1: The electrode proble. in the absence of' • butf'er layer 

Conslder the electrode conflguratlon shown ln Figure II-4. but 

wl thout the buffer layer. The potenUal "B in the regions 1 and -1 lB 

again a solution of Laplace·s equatlon. Thus. ln reglon 1. the potentlal 

functlon can be wrltten as (see equatlon II.21) 

B( ) J d ""B(O ) 127Wy -21Ilvlx ",cy/ex 
9'1 x. Y" Il.,, 1 • V e e (AIl. 1 ) 

and in reglon -1 (see equatlon II. 31) as 

B ( ) _ J d ""B (O ) 127Wy 21I1vlx 9' x, Y - II." , V e e . 
-1 -1 

(AII.2) 

The interface conditions are again the contlnulty of the potenUal "a 
and of the electrlc displacement D : 

x 

B 8 
'I{O,y) = '_I(O,y) 

a,~ 
e - (O,y) 

x 8x 

(AII.3) 

SubsUtutlng (AII.t) and (AII.2) into (AII.3) and calculaUng the 

derlvatives yields immedlately for x=O 

And slnce .B (O. Il) =.8 (0, v), we can wrl te the above equatlon as 
1 -1 

(AIL 4) 

For the left band side of (AII.4) to be equal to zero. the Integral 

(AII.5) 

must equal zero slnce the term ln the square bracket ls slmply a scallng 
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f"actor. 

Equation (AIL5) Is equlvalent to equatlon (II.34) for the Salle 

electrode configuration vlthout the buffer layer: 

(II.34) 

[ El 

slnh(21flvldo) + Cl cosh(2nlvldo) ] 
-------------- + 1:

00 
= o. 

cosh(21flvld ) + Cl slnh(2nlvld ) 
o 0 

wi th ex = o/l:xl:y / 1:
1 

It can thus be recognlzed by comparlng (11.34) vith (AII.5) that as 

B 
do goes to zero. fo(O.v) wUI approach the potentlal f

O
CO.I1). the 

transformed potenUal at the electrode surface ln the absence of a 

buffer layer. and thus 

( (AIL 6) 
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ELECTRO-OPTICAL CHANGE IN EFFECTIVE INDEX 
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CHAPTER III. DESIGN ANALvsls OF SvtH:TRIC AN) AsvtlEIRIC PASSIVE 

3-8RANcH POWER DIVIDERS 

111-1. Introduction 

Branching waveguides form very promising and basic structures ln 

integrated optlcal circuits. 80th active and passive Y-Junctlons ln 

LiNb0
3 

have been lnvestigated as power dlvlders, TE-TM spl1tters, 

swltches and modulators [1,2]. The use of 3-branch JuncUons for optlcal 

power division has also been investigaled [3-5]. In these structures, a 

unlform Index distribution in the branches 1eads to more power being 

transmltted into the central branch. Equal power division among the 

three branches can be achieved by se1ectively depositing a di'!lectrlc 

c1adding on the outer waveguide regions, thereby increasing the 

effective index of the respective channel waveguldes sllght1y. 

The previous theoretical model used to calculate the optical field 

and the power distribution in the devlce was based on a field-matching 

technique [4]. The accuracy of the new BPM design technique wU1 be 

establlshed by comparing its results to the theoretical and experimental 

ones previously publlshed by Haruna et. al. [5]. Design curves for a 

symmetric 3-branch passive power divider with equal power division are 

presented. Also, the idea of controll1ng the power distribution in the 

branches by means of a dlelectric claddlng is expanded to include the 

asymmetrlc case where the cladding thickness on arm 1 differs from that 

on arm 3. This allows asymmetric power division ratios such as 1:3:2 to 

be achieved. The design curves Îor asymmetric power division are a1so 

presented. 
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111-2. Principle of Operation 

The geometry and dimensions of this device are given in Figure 

111-1. The shaded areas denote a dielectric claddlng of thickness dl (on 

arm 1) and d
3 

(on arlll 3). The channel waveguides were fabrlcated by 

K+-ion exchange in a soda-lime glass substrate (n
b
=1.512) through an Al 

o 
mask immersed in KN0

3 
at 370 C for one hour. This yields single-mode 

channe l waveguides wi th an estima.ted diffusion depth D of 1. 53J.U1l and a 

surface index increase of 0.0107 [6]. The index profile in the depth 

coordlnate ls Gaussian. To lncrease the index in the taper and branch 

regions of arm 1 and 3, a layer of Corning glass (7059, n es 1. 544) was 
c 

RF sputtered onto the relevant regions. 

Using these fabrication data, the effective index of the diffused 

channel guides can be calculated by solving the dispersion relation for 

an equivalent inhomogeneous slab waveguide (equation II.8). The 

effective index n obtalned can then be substituted in the dispersion err 

relation for a homogeneous slab waveguide to obtain the equivalent index 

nr [7]. The increase in the effective index in the waveguide regions 

under the cladding is obtained by solving the dispersion relation for 

the TM modes in the homogeneous slab guide of thickness d
2

, covered on 

top by a uniforlll claddlng of thickness d and index n, and then free 
1 c 

space, and bounded below by an Infinite medium of index n
b 

(substrate) 

[4] : 
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where 

k = (k2n2_ fJ2)1/2 
lOf 

k = {k2n2_ 1)2)112 
2 0 c 

1 = {fJ2 _ k2)112 
3 0 

1. = (fJ2 - k 2 n2
)1/2. 

.. 0 b 

(III. 1) 

fJ is the propagation constant of the fundamental mode in the slab 

characterized by the equivalent index nc. 

The opticai f'ield distribution in the device is then calculated by 

propagating an eigenmode along this eff'ective Index model uslng the Beu 

Propagation Method, and flnally calculat Ing the power ln each arm. This 

permlts a detalled study of the power transmission properties as a 

functlon of' varlous devlce parameters, ln particular, the influence of 

dlf'f'erent cladding thlcknesses on the device performance. 

111-3. BPM Resulta 

The Increase ln ef'fect1ve index due to the dlelectrlc ciadding on 

the outer branches ls plotted in Figure 111-2 for different thicknesses. 

The Increase in effectIve Index does not vary l1nearly with d . It 
1,3 

Increases more rapidly f'or thicker claddlng layers. This means that If' a 

large change ln effective index ls deslred, even small variation ln 

claddlng thlckness will slgnlflcantly alter the power division ratio. 
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The power distribution ln the Indlvldual branches and the ratio of 

the outer to central branch power as a functlon of the claddlng 

thlckness are glven ln Figure 1II-3 for the symmetrlc case (d
t
=d

3
). The 

claddlng thlckness requlred for equal power division among the three 

branches Is estllD8.ted. from Figure 111-3, to be 0.2151'11l. This compares 

favourably to the experlmental result of O.2fJ11 publlshed ln [5]. The 

optlcal field distribution ln the devlce for the equal power division 

case Is shown ln Figure III-4. The theoretlcal behavlor of the power 

distribution ln the branches (Figure II 1-3). calculated by BPM, compares 

to the results publ1shed in [5]. The Increase of the total power 

tro,nsml t ted through the devlce wl th Increaslng claddlng thlckness, 

Indlcated ln Figure 3 of [5], can physically not be Justifled. The BPM 

calculatlons Indlcate hlgher scatterlng losses ln the devlce as more and 

more power Is 1'orced Into the outer two branches (decrease ln P ln 
tot 

Figur~ III-3), which is consistent wlth physlcal intuition. 

In a slmllar manner, the use of an asymmetrlc claddlng of arm 1 and 

arm 3 (d *d ) allows other power divIsion ratios to be achleved. Figure 
t 3 

II 1-5a through Sc show the power d1strlbut10n ln the Indlvidual branches 

as a functlon 01' the claddlng thickness on arm 3, wlth d
t
=1000A, 2500A, 

and 3000A, respectively. The plots of the total power P transmitted 
tot 

through the devlce pass through a maximum when the cladding on arm 1 

equals that on ara 3 (symmetl~lc case). These curves can be used to design 

power dlvlders wlth asymmetrlc divIsion ratios. For example, a claddlng 

of 1000A and 1450A on arm 1 and 3, respectlvely, allows the Input of 

power to be dIvlded according to 1: 3: 2. The field distribution ln the 

devlce for th1s spUttlng condition ls shown ln Figure III-S. 
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111-4. Discussion and Conclusion 

ln thls chapter, we have demoostrated that, wlth the prevlously 

publlshed characterlzatlon data [6] + on the 1{ -ion exchanged slab 

waveguldes and employing the EffectIve Index and Beam Propagatlon 

Hethods, hlghly accurate theoretlcal models can be set up for desIgn 

calculatlons. The theoretlcal claddlng thlckness of O.215JL111 compares 

extremely weil w1th the measured value of O.2~ for equal power 

divIsIon. The beam propagatlon simulations presented in Figures 111-4 

and 111-6 offer an interesting visual observation o~ the beam evolution 

ln the deslgned devices. The design procedure outllned here can also be 

applled to power dl vlders made by proton-exchange or Tl ln-diffusion 

into LiNb0
3

• Correspondlng Tl: LlNb0
3 

desIgn curves are Included ln 

chapter V, where the possibil1ty of uslng a dielectrlc '~laddlng to 

overcome the swl tchlng blas of an actl ve 3-branch swl tch wHI be 

1 nvest Igated. 

This pass1 ve 3-branch power dl vider should prove to be a useful 

devlce for optlcal power division from one fiber Into three accordlng to 

a speclfled ratio. The design method developed here allows the 

appropriate fabrlcatlon parameters to be determlned easlly and very 

accurately. The results presented ln thls chapter led to publ1catlon 

[8]. 
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CHAPTER IV. DESIGN OPTIMIZATION Or A TI:LINe03 RIDGE WAVEGUIDE LINEAR 

MoDE C<N'INEMENT MooulATOR r ABRICATEO av ION-BEAM MILLINO 

IV-l. Introduction 

Electro-optlc modulators and switches forro very basIc devIces ln 

optlcal communlcatlon systems. Several types of hlgh-speed phase and 

Intensl ty modulators on l.1Nb0
3 

for the external modulation of laser 

dIodes ln f'lber-optlc systems have recently been Investlgated [1-3]. 

Whlle these devices generally exhibit a large bandwidth and requlre 

small drIve voltages, thelr output Intenslty do es not vary 1Inearly wlth 

the drIve slgnal. AIso, hIgh-speed base-band operatIon of these devlces 

(for reasons of drive voltage) requlre devlce lengths of several 

mI111meters and thus do not permIt hlgh packing densities. 

In the past, mode extinctIon (eut-off) modulators wlth l1near 

modulatIon characteristlcs have been studied [4,5]. These devlces 

operate by electro-optically bringing a section of a channel wavegulde 

above or below eut-off, thus modulatIng the optlcal power transmltted 

through the devlce. ThIs, however, makes the devIce sensItlve to 

varlations in the mater'lal and the fabrication conditIons. This devlce 

type also has the tendency to excl te unwanted substrate modes ln the 

OFF-state of' the modulator. Some power ln the substrate modes can be 

recoupled into the output waveguldes, hence llmlting the extlnctlon 

ratio. 

Recently, the feaslblllty of a nove 1 llnear mode conf 1 ne ment 
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modulator ln Ti In-dlffused z-cut LlNb0
3 

wlth a modulation depth
1 

01' 

over 90r. was shown [6]. A slmllar rldge wavegulde devlce fabrlcated by 

reactlve lon-beam etchlng (RIBE) wlth a poorer performance of 67X and a 

drive voltage of ±20V was also reported [7). Unl1ke the Unear cut-01'1' 

modulators mentloned earller, these devlces do not requlre operation 

around the cut-off point which greatly relaxes the fabrication 

condl tions. Furthermore, the devlce geometry and dimensions allow for a 

hlgh packing density. 

When concelved, the ridge waveguide device reported ln (7) was 

expected to perform better than the one described ln [6] because of the 

st ronger confinement of the opt ical waves by the ridge waveguldlng 

structure made by RIBE. The subsequent poorer performance (67~ 

modulation depth) was belleved to be mainly due to a non-optimal design 

and an excessively thlck buffer layer for the electrodes, whlch reduces 

the electro-optlcal effects for the same applled voltage. 

In thls chapter, the experimental Improvement of the ridge 

waveguide device, now fabricated by lon-beam mill1ng (not RIBE) , to a 

modulation depth of over 97r. with a drive voltage of only ±8V ls 

discussed. Results of design calculatlons alming at optlmizing the 

modulator design for single-mode operation are also presented. 

IV-2. Prlnclple of Operation 

The device configurat ion of the Une modulator Is shown in Figure 

IV-l. The devlce conslsts of two channel waveguldes (regions 1 & 3) 

1 
modulatlon depth = CP - P ) / P • lOOr. 

lDIlX al n lDIlX 
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connected by an intermediate slab wavegulde (region 2). As the optlcal 

waves enter the slab region from the input rldge guide. the guided modal 

field starts to diverge so that, at the mouth of the output guide. the 

overlap between the excited optlcal field and the gulded modal field of 

the output guide ls reduced. resultlng ln only a fraction of the input 

power baing transmltted lnto the output guide. A variable lateral 

confInement of the modes ln the slab waveguide, and thus an increase ln 

the modal fIeld overlap, ls achleved by electro-optlcally lnducing a 

channel waveguide in region 2, thus provldlng a modulated transmission 

between reglons 1 and 3. If the voltage polari ty is reversed, the 

optical waves are scattered away from the output guide, resultlng ln a 

further reduction ln the transmission. A branch structure at the end of 

the slab region assists ln separating the scattered and output modes. 

The modulator can be considered a derlvative of an active 3-branch 

waveguide swltch reported earlier [81. 

IV-3. Theoretical Model and Analysis 

A theoretical analysis of the modulator requlres the calculatlon of 

the transmltted power across the slab reglon lnto the output guide as a 

function of the appl1ed electrode voltage. The theoretlcal method used 

previously [11 was based on a mode matchlng technique and dld not 

properly account for the scat tered modes in the slab reglon. 

Furthermore, the electrode analynis was based a confç,-mal mapping 

solution of the potential problem which neglected the attenuating 

influence of the buffer layer used to separate the electrodes from the 

crystal surface. The more sophlsticated theoretical model developed in 
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the previous chapters will now be used for a design orlented analysis o~ 

the mode confinement modulator. 

The effective index distribution describlng the device is found by 

replacing each point along the crystal sur~ace wlth a homogeneous slab 

wavegulde of an ef~ectlve index n (y.z). equlvalent to the dlffused 
ef'!' 

wavegulde. and solvlng the dispersion relation (11.8). The lower 

Integration llmit Xo ln equation (11.8) Is zero for the ridge guide and 

equal to the milling depth d in the mllled regions. The refractlve 
IIll 

index distribution n(x,y,z) is assumed to follow a Gausslan distribution 

along the x-axis and is, below the electrodes, perturbed by the 

electro-optical effect (equation II. 36). The attenuatlng Influence of 

the 510 buffer layer on the electrlc field Is taken Into account as 
2 

outllned ln section 11-3. 

Figure IV-2 shows the effective Index distribution ln the slab 

reglon for both voltage polarlties (ON- and OFF-state). The optlcal 

field distribution ln the devlce Is then calculated by propagating an 

elgenmode. along thls two-dlmenslonal effective index mode 1 uslng the 

BPM. The output power ln a partlcular mode Is determlned from the BPH 

data by over-Iapplng the output modal field ln reglon 3 wlth Hs 

normallzed gulded mode. 

The effective Index of the rldge structure can be controlled very 

accurately through the ml11lng depth d ,whlch in turn determlnes the 
mil 

number of lateral modes (m+1) supported by a rldge wavegulde of width w. 

Accordlng to [12], 

2 2 

[nl'ldge] _ [nllll] 
eff eff l 11=0.1.2 •.•. (IV.t) 
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AN = {[n:~:'J~r-[n:;~]11/2 Is plotted versus A/v ln Figure IV-3a vith 

the number of modes supported as a parameter. The wavelength ~ Is chosen 

ta be 0.63281lJ1l. This curve can be used to estlmate the maximum permltted 

rldCjJe value of AN for single-mode operation. n ls flxed by the diffusion 
eft 

conditions and can be determlned from equatlon (11.8). It ls Independent 

of' the mllling depth so that the d to match the deslred AN can be 
.1I 

found Iteratlvely from equatlon (11.8). Figure IV-3b shows a plot of AN 

versus the mllling depth for a Gausslan diffusion profile vith a surface 

index increase lm of 0.01 and 0.005, respectively. and a diffusion 
• 

depth of D=2.0J.LDl. These tvo curves are most useful in deslgnlng rldge 

waveguides supporting m+l lateral modes. 

Figures IV-4a and b show the optlcal field calculatlons for a TM 

mode propagating through a multi-mode modulator at an applled voltage of 

+5V and -SV (side electrode grounded). The devlce parameters are glven 

in Table IV-l and are consistent vi th those of an actual devlce 

f'abrlcated (section IV-S, sample 2). Th~ conf'lnement of the optlcal mode 

in the induced channel waveguide, as It propagates through the slab 

reglon, Is clearly observable ln Figure IV-4a. The scatterlng of excess 

pover along the branch structure, away form the mouth of the output 

ridge guide, ls also visible, partlcularly for the OFF-state. Some 

conversion of optlcal power to second and thlrd order modes Is 

observable at the mouth of the output guide for bath voltage 

polarlzations. For thls devlce, 10 to 15% of the transmltted power 

propagates ln these hlgher order modes, that value havlng been 

calculated by overlapping the output modal field ln reglon 3 wlth Its 

normallzed gulded mode of approprlate order m. 
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Table IY-l: Fabrication paraaeters - 10 IJII Line Modulator 

Sample l 2 

Tltanlum fIlm thlckness 117A 114.1. 
ân 0.01 0.01 

s 
Diffusion depth 2.0 2.0 
MIlllng depth [~] 0.2 0.3 
Neu (rldge) 2.2038 2.2038 
Neu (milled) 2.2031 2.2028 
Number of modes supported 2 3 

ModulatIon length L 
Branch angle Cl 

Branch length b 
Ridge wldth w 

Center electrode wldth 
Inter electrode gap 
Buffer layer [J.UD] 

Comments: Sample 1 

IY-4. Design Opti~zatlon 

2 
3 

1. Omm 
2.580 

1. Omm 
10.0J.UD 

8.0J.UD 
4.0fJJD 

0.26 0.08 

electrode mlsallgnment <5J.UD 
good electrode allgnment 
electrode mlsallgnment <3J.UD 

3 

116A 
0.01 

2.0 
0.3 
2.2038 
2.2028 
3 

0.16 

The design procedure developed ln the previous chapters will now be 

used to redeslgn the line modulator for sIngle-mode operation. The 

Influence or varylng certaIn desIgn parameters on the modulation 

characterist Ics can be determlned elegantly rrom the BPM simulation. 

Such calculatlons are most useful ln optlmlzlng the modulator desIgn ror 

a deslred performance prlor to the actual experimental work. 

The deslred devlce characterIstlcs, ln order of Importance, are: 1) 

a good modulatIon depth (>90~) and linearlty or the output Intensity 

wi th respect to the applied voltage; 2) a small drIve voltage «±5V); 

and 3) compact devlce dImensIons. FabrIcatIon tolerances, however, may 
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Impose llml tatlons on the achlevable devlce design. 

The wldth o~ the Input/output rldge guide was chosen to be Spa wlth 

an initial correspondlrg center electrode width and Inter-electrode gap 

o~ 4f.U11. The latter value reflects the resolutlon llmlt of our mask 

aligner (Cobilt CA 400). The maximum permltted milling depth for 

single-mode operation was then determlned from FIgures IV-3a and 3b to 

be O.17J.U1l. wl th An.=O.Ol and D=2.0f.Ull. The 510
2 

butfer layer used to 

separate the electrodes ~rom the crystal surface was chosen to be O.lpm 

thlck. 

Based on these parameters. the l~luence o~ the modulatIon length L 

and the branch angle ex on the devlce performance are shown ln Figure 

IV-5a and Sb, respectlvely. Clearly, increaslng the modulat\on length 

reduces the drIve voltage requlred to achleve a total extlnctlon of 

power ln the output guide (OFF-state) and leads thus to a hlgh 

modulation depth. Reduclng the branch angle ex from the value of 2.58 
o 

used ln [7] somewhat Improves the devlce performance. In partlcular. an 

examlnatIon of the optIcal field dIstrIbution ln the devlce Indlcates 

that, If ex ls chosen too large, the gulded and scattered modes are not 

properly separated along the branch structure. This results ln large 

radIatIon mode amplItudes appearlng ln the vicinlty of the output fIeld, 

partlcularly when the modulator Is drlven ln Its OFF-state. This poInt 

15 lllustrated ln Figure IV-Sc for a single-mode devlce based on the 

o 
photo-mask used ln (7) wlth an ex of 2.58 . The optlcal fIeld evolutlon 

for the correspondlng multl-mode devlce ls shown Figure IV-5d. The same 

branch structure succeeds here ln separatIng the guided and scattered 

fields. Large branch angles 
o 

(>1. 5) can consequently be used ln 
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multl-mode devlces wlth a larger rldge helght. For single-mode 

( o 
operation. an angle of' 1. 0 provldes good separation of the scattered 

modes and Is, from a f'abrlcatlon point of vlew, easlly achlevable. The 

length of the branch otructure b has 11 ttle Influence on the devlce 

performance provlded Its dimension ls slmllar to that of the modulation 

length L. In Figure IV-5e. the modulation characterlstlcw f'or dlfrerent 

mllling depths are shown. Accordlngly, the device perf'ormance ls 

cri tlcally dependent of' the mll11ng depth and an "optlmal" value wlthln 

the range permltted for Single-mode operation can be determlned f'or a 

partlcular devlce design. 

The resolutlon limlt of our mask aligner does not permit the 

rellable fabricatlon of' structures smaller than 4J.U1l. Wlth respect to 

fabrlcatlng the electrodes, we are already operatlng at that resolutlon 

( llml t and only a llmlted optlmlzation of the electrode parameters ls 

feasible. Figure IV-5d show the modulation characterlstics for center 

electrode wldths of 4J.U1l and 5f.U11 wl th Inter electrode gaps of 4f.U11. 

Increaslng the center electrode wldth to 5J.U1l Improves the device 

performance sllghtly. 

From such considerations it ls possible, ln an iteratlve manner, to 

deduce those device parameters requlred to realize a deslred 

performance. Figure IV-Sa shows the modulation characterlstlcs for 

various modulation lengths L after optlmizing the other design 

parameters. The modulation characterlstlcs change only marglnally for 

lengths greater than 2.5mm, indlcating a limit to the extent L can be 

used to adJust the OFF-state drive voltage. The modulator design whlch 

best matches the desired device characterlstlcs mentloned earller ls 

( 
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summarlzed ln Table IV-2. Its IDOdulatlon characterlstlcs f'or varlous 

mill1ng depths are also shown in Figure IV-Sb. This optimized design bas 

a theoretlcal modulation depth 95" at a requlred drive voltage of' :t5V. 

wlth an ef'fectlve devlce length L of only 2.5mm. 

ln a slmllar manner, the performance of' a modulator based on the 

mask design used ln [7] can be Improved by optlmlzing lts 

mask-independent parameters. Wlth a buffer layer of O.l~ and diffusion 

parameters of An =0.01 and D=2.0pm, the Influence of' the milling depth • 
ls shawn ln Figure IV-7 for devlces supporting up to 3 lateral modes. 

Table IV-~ ~'vlce parameter of an oplladzed 6~ I1ne modulalor 

Surface index change An 0.005 
• 

Diffusion depth D 2.0f'lll 
Ridge helght d.lI O. Ipm 

Modulation length L 2.5mm ... Branch angle ex 1.0° ... Branch length b 1.0mm 
Ridge wldth w 6.0pm 

Center electrode width 5.0pm 
Inter electrode gap 4.0pm 
Buffer layer thlckness d O. If'lll 

Number of lateral modes supported 
in ln/output guide 1 

The device performance ls oost for single-mode operation. However, a 

milling depth of less than 0.05f'111 ls dlffleult to achleve experimentally 

and the input coupllng uslng a prlsm to sueh a shallow rldge guide 

somewhat problematic. AIso, sinee the mask design ls based on a braneh 

o 
angle of 2.58, the separation of scattered and gulded modes will be 

paor, as dlscussed eariler. To avold these dlfficultles, a mll1lng depth 

of 0.3~ ls ehosen. The resultlng modulator supports 3 lateral modes and 
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provldes good modulation depth and 11 near 1 ty wl th a relatlvel)' sIIa11 

drive voltage of ±10V. This result will be verl:fled experlmentally ln 

the :following sections. 

IV-5. Fabrication of a Ridge Line Modulator 

Three 11ne modulators wl th a rldge wldth o-r 10f.Ull were fabrlcated 

from the original mask design [7]. First, a tHanlum thin :fllm was 

evaporated onto a cleaned LiNb0
3 

substrate and the metal diffused Into 

the crystal at 9750C for 4 hours in a flowing argon atmosphere and a 

~urther 2 hours in flowlng oxygen to prevent out-diffusion. This creates 

a single-mode slab waveguide wl th an estlmated diffusion depth and 

surface-l ndex change at À=O. 63281lJ11 of 2. 01lJll and O. 0 1, respecti ve ly. 

Using photo-l1 thography. the approprlate rldge structure of height d 
.11 

was lon-beam m1l1ed out of the slab wavegulde. The mlll1ng process was 

cal1brated for an argonloxygen (7: 3) pressure of 4*10-· torr with an 

o 
angle of incidence of the Ion beam wlth respect to the sample of 30 . A 

mlll1ng rate of 0.031lJ111hr was determined at a beam ene'rgy and ion 

current of 7 keV and 30 A. respectlvely. The sample was consequently 

annealed for 2 hours at 500°C to repair the surface daJoage created 

durlng the mill108 process. At thls point, the deslgnated output end of 

the substrate was opt lcally pollshed to permit endflre coupl1ng. 

Next. a thln 5i0
2 

buffer layer was RF sputtered onto the sample. 

followed by further anneal1ng ln oxygen for 2 hours. Finally. the 

electrodes were formed by evaporati08 an alumlnum film \.In top of the 

butfer layer, and, uslng photo-llthography, removlng the redundant metal 
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summarlzes the achleved fabrication parameters of the three devlces. A 

mlcrograph of a sample after the lon-.llling step ls shown ln Figure 

IV-B. The photo mask allows for several modulators to be fabr1cated on 

one substrate. The Indlvldual IIIOdulators have common slab reg10ns to 

permit a hlgher packlng dens1ty of the devlces. Figure IV-9 shows a 

mlcrograph of slab and output reglons of the completed devlce deslgnated 

Sample 1. A mlsallgnment of the center electrode wlth respect to the 

modulator axis ls clearly visible «5J.U11). Sample 3 displays a slmllar 

but smaller electrode mlsal1gnment «3J.U11). The micrograph of Sample 2. 

glven as Figure IV-IO. shows perfect allgnment of the electrodes wlth 

the ridge wavegulde. 

The fabrlcated devlces were then mounted on holders for proper 

connectlon of the electrodes. The electrodes were connected uslng 50f.UD 

gold wire and a sllver conductlve epoxy. Figure IV-Il shows a fabrlcated 

device together with 1 ts holder. 

IV-B. Measw-ement of a Une IDOdulator 

The experlmental setup used to measure the modulat ion 

characterlstlcs of the fabrlcat\~d devlces Is shown ln Figures IV-12a and 

12b. A O.632BflIIl He-Ne laser beam was TH-p.."llarlzed and focussed through a 

mIcroscope objective lens onto a prlsm whlch was used to couple 11ght 

Into the input rldge guide. At the output end, I1ght leavlng the rldge 

guide was focussed through a second microscope lens onto a 

photo-detector connected to an osr.1l1oscope. The drive voltage appl1ed 

to the electrodes from the functlon generator was a slowly varylng ramp. 

Figures IV-13a through 13c show the measured output Intenslty 
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agalnst the appl1ed drIve voltage f"or samples 1,2, and 3, respectlvelf. 

The measured performance of" aIl three devices ls included in Table IV-3. 

AlI devlces dlsplay good modulatIon depths (>90") and l1nearl ty wl th 

respect to the appl1ed voltage. The higher drive voltage requlred for 

samples 1 and 3 of :!:15 V ls partIy due to the sl1ghtly thlcker bulfer 

layer and the electrode m1sal1gnment, compared to that of" sample 2. The 

drive voltage for devlce 2 bas been reduced to ±8V. This result 

const1 tutes a conslderable 1mprovement over prevlously publ1shed results 

(7). This is prlmarlly due to a thinner buf"f"er layer and a reduced rldge 

he1ght (perDll ts less lateral modes). The fabrlcated modulators support 2 

and 3 modes, respecti vely. The optlcal field distributions for sample 2 

f"or an appl1ed voltage of +5V and -SV are gi ven ln Figure IV-4 and were 

dlscussed ln section IV-3. 

Figures IV-14a through 14c compare the theoretlcal modulation 

characterlstlcs of the devices wlth experiment. Beth qualitative and 

quant 1 taU ve agreement bet ween the t wo can be observed. The 

theoret ically predlcted drive voltage necessary f"or maximum modulation 

depth in sample 2 (good electrode alignment) ls sllghtly higher than the 

experlmental result. SaturatIon of the output power ln both the ON- and 

OFF-state of the modulator ls reached at ±8V, somewhat èarl1er than the 

theoret lcally predlcted levei of ±10V. Increaslng the voltage beyond the 

saturat Ion polnt actually leads to a decrease ln devlce performance due 

to Increased scatterlng ln the devlce. The good correspondence between 

experlment and theory, never reached wlth the prevlous devlcc in [7], 

conflrms the val1dlty of the BPH model and Hs appl1cabllity for desIgn 

optlmlzatlon purposes. 
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Table IV-3: Comparlson between exper1.ental • theoretlcal re.ul t. 

Sample 1 
Sample 2 
Samp!e 3 

Dr ive vol tage range IV J 
theor. exp. 

-11.5V, +20V -20V, +15V 
-10V, +10V -8V, +8V 
-'15V, +20V -15V, +15V 

IV-7. Discussion and Conclusion 

Modulation depth 
theor. exp. 

91" 
99" 
95" 

91" 
97" 
98" 

An improved ridge waveguide modulator with a modulation depth of 

97" and a drIve vol tage of -8V to +8V has been presented. The 

improvement in the experimental performance of this modulator over the 

resu1 ts reported ln [7 J Is malnly due to a reduced buffer layer 

thickness and an opt imization of the ridge height. A theoretlcal 

analysis based on an accurate effect! ve index model combined wi th the 

Bearn Propagation Hethod wa.s used to predict the performance of the 

device. This mode 1 provldes an elegant tool for determlning the 

influence of varlous devlce parameters (modulation length, guide wldth 

etc.) on the nlodulatlon characterlstlcs. Such calculations are useful ln 

optimizing a particular devlce design for a deslred performance prior to 

the actual experlmental work. This procedure was used successfully to 

optimize the performance of a modulator based on the photo-mask design 

used ln [1}. The good correspondence between experiment and theory 

confirms the val1dity of the BPM model and ils appl1cabl11 t~ for desIgn 

optimlzation purposes. 

This design procedure was also used to redesign the line modùl~tor 

for single-mode operation. The resulting smaller modulator wlth a 6f.U1l 

guide width and an optlmlzed geometry has a theoretlcal modulatIon depth 
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of 95X vith a drive voltage of t5V. Experimental results for this device 

are, however, not available. 

The optimization of the line modulator presented here was based on 

pure device performance parameters such as the modulation depth, output 

linearity and the drive voltage. For direct application in a single-mode 

fiber system, the problem of efficient fiber to waveguide coupling would 

also have to be considered in the design process. Possible tradeoffs 

between the diffusion and milling parameters required for good coupling 

and those for efficient modulation could be compensated for by 

increasing the device length, thus reducing the drive voltage to the 

deslred levaI. The design procedure used here can be appl1ed to a wide 

variety of lntegrated optical devices and should prove to be very useful 

ln the future. The experlmental results presented in this chapter led to 

a conference presentation [13], and a more detalled paper has been 

submitted for publication [14]. 
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Figure IV-2 Effective index distribution in the slab region for the ON

and OFF-state. 
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Figure IV-3 Ridge waveguide design curves: (a) AN versus À/w and (b) AN 

versus milling depth for a surface index change An =0.01 and s 
0.005, respectively, and a diffusion depth of 2.0J..U1l. 
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Figure IV-4 Optical field distribution in the modulator for the (a) 

ON-state, and (b) OFF-state. 
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Figure IV-5 (c) Optical field distribution for a single-mode modulator 
o 

with a large branch angle (0:=2.58), (d) for the 

corresponding multi-mode device (3 lateral modes). 
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Figure IV-6 Modulation characterist ics of the opt imized 6fJm modulator 
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Figure IV-7 Modulation characteristics of a 10~m modulator for various 

milling depths. 

Figure IV-a Hicrograph of a sample after the ion-mill1ng step. 
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Figure IV-9 l1icrographs of sample 1 
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Figure IV-l0 111crographs of sample 2 (good electrode al ignment). 
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Figure IV-11 Hounted device with connected elelectrodes. 
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Figure IV-12 (a) Experimental setup. 
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appl ied voltage 

Figure IV-13 Heasured output lntensl ty against the applied electrode 

voltage for (a) device 1, (b) device 2, and (c) device 3. 
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Figure IV-14 Compar ison of the theoret ieal modula t ion eharaeter ist les 

wi th exper imental ones for (a) sample 1, and (b) sample 2, 

(c) sample 3. 
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Ctw>TER V. DEsIGN OPTIMIZA TION OF' A TI:LINe03 3-BRANcH ()PTICAL SWiTCH 

v-te Introduction 

The use of 3-branch Ju."1ctlons for optlcal power dlvlslon was 

Investlgated earl1er ln Chapter III. The reallzatlon of: an optlcal 

multl-mode 3-branch swltch by electro-opt1cally changlng the Index 

distribution ln a 3-branch power dlvldel" was also proposed and 

Investlgated ln [l ] f:or l1ght wlth a O.63281J11l wavelength. This swltch, 

shown ln Figure V-la, was fabrlcated ln Tl-lndlff:used z-cut LiNbO from 
3 

a symmetrlc 3-branch Junctlon. The optical swl tchlng behavlor of the 

devlce was controlled solely by the electro-optlc effect whlch led to 

the fabrlcated devlce exhlbl ting a strong blas to swl tch Into the 

central branch. maklng the swl tch somewhat Impractlcal. It was 

consequently suggested [l ] to redeslgn the devlce so that 1 ts power 

dl vision characterlstlcs. wl th zero voltage applled to the electrodes. 

are altered to favour transmission lnto the side branches ln order to 

overcome the swltchlng blas. ThlR proposai wUI be lnvest 19ated ln the 

f'ollowlng for a swl tch deslgned for single-mode operation at 1. 32p.m. 

V-2. Prlnclple of operation 

The devlce configuration of the 3-branch optlcal swl tch Is shown ln 

Figure V-lb. The devlce conslsts of' an Input guide and 3 output guides 

of: width w. These are connected by a s.hallow input taper. The optlcal 

power distribution in the neutral state (OV appl1ed) ls controlled by 

depositlng a dlelectrlc claddlng on the outer branch areas, as shown in 
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Figure V-2a and lnvestlpted Cor lon-exchanged waveguldes ln glass ln 

Chapter III. and/or by lntroduclng a wldth asyuetry behleen the outer 

and central branches. In the latter case. the wldth w oC the slde 
2 

branches ls reduced back to the original guide wldth w by aeans of an 

output taper. as lndlcated in Figure V-2b. this creates an optlcal power 

d1vlder wlth a speclfled division ratio. 

The optlcal swltch ls then reallzed by deposltlng a 3-electrode 

structure onto the taper and branching reglons of the devlce. The 

eCfectl ve index ln an lndl vldual branch can thus be Increased 

electro-optlcally by applylng an approprlate voltage to the respectivlc! 

electrode wlth the other ones grounded. this forces more optlcal power 

through the selected branch and results ln the swltchlng behavlor of the 

devlce. 

V-3. Theoretical IIOdel and anal;vsls 

A theoretlcal analysis of the 3-branch swltch requlres the 

calculatlon of the optlcal power transmltted from the Input guide lnto 

each of the three branches as a functlon of the applled electrode 

voltage. The theoretlcal mode 1 used prevlously [1] was, as mentloned 

ear"11er, based on a f"leld matchlng technique whlch Ignores radiation 

modes, and the model dld not properly account for the attenuatlng effect 

of" the buf"fer layer on the electrlc field ln the crystal. 

The new BPH design approach w1l1 now be used to redeslgn the 

3-branch swltch ln view of the suggested Improvements. The theoretlcal 

analysls ls agaln based on a two-dlmenslonal effective Index model of 
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the devlce. The diffusion profUe ls assu.ed to follow a Gausslan 

distribution ln the depth coordlnate (LlNb0
3 

c-axls) and Is. below the 

electrodes. perturbed by the electro-optlc effect whlch 18 calculated as 

outllned ln Section II-3. The Increase ln the effective index due to the 

claddlng 18 then calculated froa equatlon (Ill.t) and added to the 

effective Index values of the approprlate grld po1nts. 

One dlfflculty ln calculating the electro-optlc effect arises. 

however. from the use of bath a low refractl ve 1ndex butfer layer and a 

hlgh Index dlelectrlc claddlng ln the outer branch reglons. The 

dlelectrlc claddlng Introduces on one band an asymmetry ln the electrode 

plane. as Ind1cated ln Figure V-3a. and on the other band. the hlgh 

dlelectrlc permltlvlty of the cladding materlal (100 for Tl O
2 

[2]) 

results in an addlt10nal attentuation of the electric field strength in 

the cladded reglons. 

The electrode configuration shown ln Figure V-3a can not be solved 

ln the same manner as that for the butfer layer problem descrl bed in 

Section 11-3 due to the asymmetry in the electrode plane. The following 

approximations were therefore made in calculating the electro-optlc 

effect. In regions not covered by a dlelectrlc claddlng. the effective 

index Is calculated as before Includlng the attenuating Influence of the 

Si0
2 

butfer layer and ignorlng any asymmetry in the electrode plane. For 

grid points in the cladded reglons. the SiO butfer layer ls 19nored and 
2 

the electro-optic Index change ls calculated for a wavegulde covered by 

a "buffer layer" made of the claddlng material (Tl0
2

) • The same 

equatlons apply as for treatlng the SiO butfer layer problem except 
2 
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that the dielectric peraitlvlty e of the claddlng _terial is used ln 
l' 

the calculatlor..s. Figure V-3b !llustrates th!s approach. The change ln 

the effective Index lnduced electro-optically 19 shown ln Figure 4 for 

bath side and central swltching. After the effective index values for 

aIl grid poInts have been calculated. the lncrease ln the effective 

index due to the dlelectric claddlng, calculated from equatlon (111.1), 

Is added to those grld point values ln the cladded reglons. 

V-4. Design Optialzation 

The des1gn optlmlzaUon of the 3-branch swltch will be dlscussed ln 

three steps. Flrst, the use of a dlelectrlc claddlng to change the 

ini tial power di visIon ratio for a symmetric swi tch design will be 

consldered. Next. the use of both a dlelectric claddlng and an 

asymmetrlc wavegulde design will be Investlgated and flnally, the 

optimal electrode design will be determlned for the wavegulde/branch 

design chosen from steps one and two of the optlmization. As polnted out 

earl1er in Chapter IV, the optimization ls based on an investigation of 

the iofl uence of varlous desIgn and fabrIcation parameters on the devlce 

performance from whlch a favourable desIgn Is deduced ln an Iterative 

manner. 

The desired devlce characterizUcs, ln order of importance, are: 1) 

good switchlng behavior, I.e. high power extinction ratios between the 

branches for bath slde and central swl tchlngj 2) a small swl tchlng 

vol tage, preferably symmetrlc for side and central swl tchlng wlth 

respect to the neutral state; 3) a small dev!ce insertion 10ss and; 4) 

99 



( 

( 

compact device dlaenslons. Apln, the f'easlbll1ty of the design is 

11.1 ted by the fabrication tolerances. ln partlcular the 4,. resolutlon 

llml t of our I18.Sk-al1gner. 

The swl tch design wlll be based on an input/output guide width li of' 

811J1l for single IIOde operation at ... wavelength of' 1.3~J.UD. This allows 

some f'reedolD in designing the electrodes which are IlOst stroll8ly limited 

by the resolutlon of' our ID8Sk al1gner. A 510
2 

butfer layer of' 0.11'Dl 

thlckness ls assUlled ln aIl calculations. A shallow Input taper of 3mm 

length was chosen to avoid mode conversion problems in that region. This 

cholce was conf'lr .. d by later BPM simulations whlch do not Indlcate any 

mode conversion ln the tap~r region. Longer taper regions have no 

partlcular ef'fect on the swi tchlng characterlztlcs of the devlce. The 

diffusion parameters were chosen to provide reasonable fiber-waveguide 

coupllng. For flber core slzes used in llght-wave communication 

applications at 1. 32J.UD. a deep diffusion into the LINb0
3 

ls requlred to 

provide efficient flber-wavegulde coupllng by maxlmlz~ng the overlap 

between the diffused guide mode and the largtl fiber mode [3]. On the 

other hand. a weIl conflned optlcal mode generally reduces the drive 

voltage of electro-optlc devlces [3] which makes a large refractlve 

index change deslrable. A deep. weIl conf'ined mode also reduces the 

propagation loss due to surface scatterlng and metaIlle loadlng [4]. 

This. however. results ln a mode size miss-match with the flber mode. 

Consequently. a tradeoff between efficient flber-wavegulde coupllng and 

drive voltage has to be made. 

A surface index change 6n of 0.007 and a diffusion depth of' 3.01JDl • 
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were chosen to co.pl~ wlth the above cons~~eratlons, and to a180 allow 

llal ted use of the diffusion characterlzatlon data at A-o.6328,... 

provlded ln [5]. A recent study of' wavelen'(th dIspersion on Tl: LlNb0
3 

characterlzatlon data [S] indlcates that the diffusIon depth 18 

Independent of both the Inl t laI Tl lIletal strlp thicknesB and the 

wavelength A, whereas thb surface refractlve Index change 18 reduced 

somewhat for longer wavelengths, compared to Its value at A- O.S328pa. 

The value of O. 007 was determined by flrst calculat'.ng the maxlmUli 

surface index change An permlsslble for a 8J1111 wide dlf:fused wavegulde 
• 

to support onl~ one laterai mode at )'~1. 321'1D. This can be determined by 

solvlng for the effectlve index of the channel guIde n Just below the 
eU 

cut-o:f:f point of the second order mode (m=1) ln 

INT { 2 ~ 1 l 2 m=O,l,2 •..•• CV. 1) m= n - n 
eU b 

with n
b

" the substrate Index. equal to 2.15 [2] at A=1.321'1D and wequal 

to the width of the channel wavegulde. Equation (V.l) is the equlvalent 

:formulation :for dif:fused waveguldes of equatlon (IV. 1). The largest 

permlssl ble surface index change Au to obtaln a single-mode wavegulde 
• 

can then be calculated from equatlon (1 I. S) in an lteratl ve manner wl th 

CV.2) 

assuming a Caussian diffusion profile. 

For the parameters gi ven above, the surface index An bas to be 
• 

smaller than 0.009 to yleld a single-mode waveguide. Slnce the di:ffuslon 

depth D is invariant with respect to the wavelength A, the data given ln 
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(6) can be used to crudely estlmate the correspondlng surface Index 

change at A=O.6328f.U1l. 4n at A=1. 32J.U1l is approxlmately 25" to 30" [6] 
• 

smaller than the correspondlng index change at i\.=0.6328,.... The 

fabrication parameters used in the characterlzation [5] to yleld a 

wavegulde wlth 1)=3.0f.Ull and An =0.01 wUI consequently provlde the 
• 

deslred waveguide parameters (An =0.007, 0=3.01JDl) at A=1. 321JDl . • 
The Influence oC using a dlelectrlc claddlng of TI0

2 
to change the 

Initial power dlvlsion ratio of a power dlvlder/swltch with a symmetric 

waveguide design on the swl tching characteristics ls shown ln Figures 

Y-Sa to Y-Sd for a branching angle ex of 0.01 RAD. Larger branch angles 

slgnlf1cantly impair the power dl vision behavior of the device. The 

claddlng thicknesses were chosen to reflect the following power division 

ratios: 1:1:1 [2450A], 1:2:1 [2150.\], 1:3:1 [1850.\), and 1:7:1 [no 

claddlng]. The requlred cladding thickness to achieve such parUcular 

power division ratios were determlned from Figure V-6. An examlnation oC 

Figures Y-Sa to Y-5d allows the following conclusions to be made: 

1) increaslng the claddlng, and thus the power in the side branches ln 

the zero voltage state, Improves the side switchlng and overcomes the 

swltching blas mentloned earlier. 

2) Increasing the cladding, however, also makes central swltching more 

diCficult. A swltch design based on an equal power divider ls 

therefore not feaslble. 

3) Even power di vi sion l'aU os such as [ 1: 3: 1], whi ch produce a 

reasonable swltchlng behavlor, requlre a relatlvely large cladding 

thickness (1500-2000'\). This ls problematic because i t a) causes a 
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large attenuatlon of the electrlc field due to the hlgh dlelectrlc 

constant of the claddlng materlal. and b) creates a large as)'IIMtry 

ln the electrode plane. 

Next. the use of both a dlelectrlc claddlng and a wavegulde 

asymmetry will be investigated. To describe the asymmetry in the deslsn. 

we lntroduce a parameter asym deflned as the ratlo of the outer 

waveguide width w
2 

to the central guide wldth w. Thus. a symmetrlc 

design will produce a value of 1 and an outer guide wldth of twlce the 

central guide width results in a value of 2. The power divisIon behavlor 

of the device wi th an increasing cladding thlckness for various 

asymmetry values are shown in Figures V-7a and V-7b. An increase in 

asymmetry clearly reduces the clariding thlckness required to achieve a 

specif1c power division ratlo. This ls partlcularly obvious for low 

dl vision rat los such as [1: 3: 1] due to the smoolher behavlor of the 

power in the central branch wi th increasing cladding thickness. A 

thinner cladding would reduce both the asymmetry ln the electrode plane 

and the addltlonal attenuatlon of the electrlc field due to the 

claddlng. The introduction of an asymmetry Into the branch desIgn, 

however. also Increases the insertion loss of the power divider. Table 

V-l summarlzes the claddlng thlcknesses requlred for varlous division 

ratios for asym values of 1. 1.5. and 2. 
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Table Y-l: Claddlnc thlcknesse. 

[1:1:11 [1:2: 1] [1:3: 1] no claddlng 

Asym = 1 24SoA 21SoA 18SoA [1:7:1] 

Asym = 1.5 2200A lssoA 1000A [1:(4.2): 1] 

Asym = 2 18SoA uooA 200A [1:(3.3):1] 

The swltching behavior for devlce desIgns wlth dlrrerent cladding 

thicknesses and asymmetry values are given in the rollowlng Figures: 

Asym = 1.5 (w=8f.UD. w2=121J111) 

Cladding oA 
1000A [1: 3: 11 
1650A [1: 2: 11 
2200A [1:1:1] 

Asym = 2 (w=8f.UD. w
2 
= 161J111) 

Cladding oA 
200A [ 1 : 3: 1] 
1100A [1: 2: 11 
1850A [1: 1: 11 

FIgure V-8a 
V-8b 
V-8c 
V-8d 

FIgure V-9a 
V-9b 
V-9c 
V-9d. 

The examination of these FIgures allows the following conclusIons 

to be made: 

1) The switching behavlor for a speciric divIsion ratio is significantly 

improved with increasing asymmetry (compare for example Figures V-8b 

and V-9b [1: 3: 1] or V-8c and V-9c [1 : 2: 1]. 

2) Increasing the asymmetry. however. results ln a somewhat larger 

device insertion loss for side switchtng. 

3) The best switchlng behavior. both for side and central swi tchlng, 

occurs for an initial power division ratio of [1:3:1] (Figures V-8b, 

9b). the sarne ratio as found for the symmetric design (Figure V-Sc). 
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Consequently. an asymmetric swi tch design wi th a power di vision 

ratio of around [1:3:1] will be chosen. Slnce the claddlng thickness to 

achleve thls partlcular dlvls10n condition for an asymmetry ratio of 2 

ls only 2ooA. the claddlng can be removed completely so that the initial 

power dlvlslon ratio ls only determined by the asymmetry and the 

diffusion conditions. The swltching characteristics of the devlce are 

not slgnlficantly altered as can be verlfied by comparlng Figures Y-9a 

and Y-9b. The removal of the dlelectrlc cladding has the advantages of 

making the device fabricatlon simpler and ellmlnating the asymmetry in 

the electrode plane. The approximations made in Section Y-3 for 

calculating the electro-optlc effect in the presence of a dielectric 

cladding are not required which improves the accuracy of the theoretlcal 

Madel. The beam evolution in such an asymmetric power divider / switch 

for the zero voltage state ls shown in Figure Y-lo. No excitation of 

higher order modes in the taper reglons is observable which valldates 

the Initial choice of taper lengths. 

Finally. the optimal electrode configuration for our power dlvlder 

design wUI be consldered. Recently. the optlmization of the electrode 

design of a single-mode crossing channel electro-optlc swltch ln LiNbO 
3 

operatlng at 1. 32J.U1l was used to reduce Hs swl tchlng voltage from an 

Initial SOY [7] to one as low as 20Y [8]. The design parameters 

avallable for our 3-electrode configuration are the center and side 

electrode wldths and the inter electrode gap. Reduclng the latter 

parameter generally results in a lower switchlng voltage [3.8]. The 

electrode gap ls therefore chosen to reflect the fabrication l1mlt of 
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{~ our facll1tles (4J.U1). 

Figures V-Ua to V-llc show the swltchlng characterlstlcs of the 

device for center electrode wldths of 4, 6 and 7f.U1l. The correspondlng 

extinction ratios for each case are summarized ln Table V-2. The deslred 

swltching behavlor (see page 99 ) are best matched for an electrode 

wldth of 7J.Uf1. The cholce of the side electrode wldth for a speclflc 

center electrode ls not expected to Influence the swltchlng behavlor for 

central swl tchlng since the slde electrodes are grounded and have no 

Influence on the electrlc field. We theref'ot'e choose to optlmlze the 

slde electrode width for side switching based on the cholce of the 

center wldth and gap. Figures V-12a to V-12c show the respective 

swi tching behavior for side electrode wldths of 4 to l8f.U11. The Ir 

extinction ratios are summarlzed in Table V-3. The best slde swltchlng 

{ ls achieved for a side electrode width of 9~. 

The optimized switch design has a theoretlcal drIve voltage of ±30V 

wlth a power extinction ratios of 18.5dB (P /P ) and lO.3dB (P IP) for 
1 2 1 3 

slde swltching, and 18.5dB for central switchlng. Its switching 

characteristlcs are shown in Figure V-12c. The configuration of the 

optlmized switch is shown in Figure V-13a. The optical field evolution 

for both side and central swl tchlng wl th 30V applled to the approprlate 

electrodes are glven as Figures V-13b and V-l3c, respectively. No mode 

convers ton can be observed in the taper regions for elther swltchlng 

conditions. 

( 
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- Table V-2: Electrode optlmdzatlon - center electrode wldtb 
~ 

asym = 2 claddlng • 0 [1:3:1] resolutlon llmlt • 4~ 

electrode wldth voltage swltchlng behavlor 
center slde gap central side 

P IP 
1.3 2 P/P2 P11P3 

f.UJl J.UIl f'IIl V dB dB dB 

4 9 4 20 10.6 5.5 27.4 
30 13.8 6.9 15.6 
40 7.2 12.5 

6 9 4 20 12.0 7.3 15.0 
30 17.6 13.2 12.9 
40 24.9 6.6 9.4 

7 9 4 20 12.3 7.2 11.9 • 
30 18.5 18.5 10.3 
40 22.7 8.6 8.4 

e=best. SNI t.chl mJ behavlor 

Table V-3: Electrode optlmlzation - aide electrode width .. 
<ù> asym = 2 claddlng = 0 [1:3:1] resolutlon llmlt = 4~ 

electrode wldth voltage swltchlng behavlor 
center side gap central side 

P IP PIP P
1
1P

3 1,3 2 1 2 

f.UJl J.UIl J.UIl V dB dB dB 

7 4 4 20 12.3 6.9 12.3 
30 18.5 15.7 10.3 
40 22.7 7.7 8.0 

7 6 4 20 12.3 7.1 12.0 
30 18.5 16.9 10.2 
40 22.7 1.9 8.2 

7 9 4 20 12.3 7.4 11.9 • 
30 18.5 18.5 10.3 
40 22.7 8.6 8.4 

1 18 4 20 12.3 1.1 13.3 
30 18.5 18.1 9.6 
40 22.1 9.6 1.8 

'!!' 
~ 
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Flnally, the Influence of varylng the diffusion parameters, 

speciflcally the surface index change An, on the devlce p6rformance • 
will be determined. Since only limited characterization data ~or the Tl 

diffusIon process la available. it Is useful to determlne how critlcally 

the devlce performance Is 11nked to An. Figures V-13d and V-13e show 
• 

the switchlng behavlor of the optlmlzed devlce design for a An of 0.006 
• 

and 0.008. The value of An ls llmlted to values below O. 009 ~or single 
• 

mode operation at 1. 321JDl and a diffusion depth of 3.01llll. The devlce 

performance for dl~ferent An ls summarlzed ln Table V-4. As expected. a 
• 

sllghtly smaller or larger surface index change increases or decreases 

the swltching voltage. respectively. However. the swltchlng behavlor of' 

the device Itself ls not slgnificantly altered. 

Table V-4: Deviee per~ormance ~or di~ferent An 
• 

Gausslon diffusion swltching behavior 
profile. D=3.01llll central side 

P /P PIP P/P3 1.3 2 1 2 

surface index change V dB dB dB 

0.006 20 17.7 6.4 10.2 
30 19.6 18.2 9.2 
40 23.2 7.6 8.3 

0.007 20 12.3 1.2 11.9 
30 18.5 18.5 10.3 
40 22.1 8.6 8.4 

0.008 20 13.3 8.5 12.9 
30 16.5 19.4 11.8 
40 24.9 6.6 9.4 

108 



v-s. Fabrication ot a 3-branch optical switch 

A 3-branch optical switch with a input/output guide width of 8J.UD 

was fabricated from the optimized design determined in Section V-4 

(Figure 13a) on a z-cut y-propagating LlNb0
3 

plate. First, using 

photo-l1thography and a l1ft-o:ff technique, a waveguide pattern of 

evaporated tltanium was formed on the cleaned LlNb0
3 

substrate. The 

o 
metai was consequently diffused into the crystal at 975 C for 6 ho urs in 

a :fIowing argon atmosphere and a further hour in :fIowing oxygen to 

prevent out-diffusion. This creates a channel waveguide at ~=0.6328J.U11 

with an estimated surface index change of 0.11 [5] and a diffusion depth 

of 3. Of.UII. For Iight at 1. 321Jl11, the surface index change ln n was 
e 

estimated to be about 25r. lower than that at 0.63281lJ11 [6], thus 

An=O.0085 at 1. 32J.U11. At this point, the ends of the crystals were 

optlcally pollshed to permit end:fire coupllng. 

Next, a thin 510 buffer layer was RF sputtered onto the sample, 
2 

fo11owed by anneal1ng at 500°C in flowing oxygen for 2 hours to 

reox1dize both the 510 and the substrate, and to recover from the 
2 

damage to the crystal surface due to the sputtering process. Fi na Il y, 

the electrodes were formed by evaporating an aluminum :film on top of the 

buf:fer layer, and, using photo-lithography, removing the redundant metal 

wi th an appropriate chemicai solution (H PO :HNO :CH COOH:H 0 = 
3' 3 3 2 

16: 1: 2: 1). Table V-5 summarizes the achieved fabrlcat ion parameters of 

the device. A micrograph of the tltanium waveguide pattern before the 

dif:fusion step ln the vlcin1ty o:f the branching point 1s shown is shown 

ln Figure V-14. 
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The fabrlcated device was then mounted on a holder for proper 

connectlon of' the electrodes. The electrodes were connected using 50J.llD 

gold wire and a sllver conductlve epoxy. Figure V-15 shows the mounted 

sample wlth connected electrodes. 

Table V-S: Fabrication parameters 

Tl thickness 
Surface index change at 0.63281lJ11 
Estimated surface index change at 1.32f.U1l 
Diffusion depth 
Surfer layer thlckness 

Number of lateral modes supported at O. S3281lJ1l 
Number of' lateral modes supported at 1. 32p.m 

Guide wldth w 
Asymmetry 
Taper 
Output taper 
Branch ang 1 e Cl 

Center electrode width 
Side electrode wldth 
Electrode gap 

v-s. Measurement of a 3-branch active swltch 

13lA 
0.011 
0.0085 
3.01'Jll 
O. 121'J1l 

4 
1 

81JDl 
2 
3mm 
2mm 
0.01 RAD 

71JDl 
9J.U1l 
4J.U1l 

The experimental setup used to measure the swl tchlng 

characteristlcs of the fabrlcated devlces Is shawn ln Figures V-l6a and 

16b. Laser llght was TM-polarlzed and endfire coupled Into the Input 

guide of the 3-branch swi tch. At the output end, the light leavlng the 

respective guides was focused through a microscope obJective onto a 

camera/moni tor system or an approprlate photo-detector connected to an 

oscilloscope. The voltage applied to the electrodes from the functlon 

generator, whlle measurlng the swl tching characterlstlcs, was a slowly 
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varying rampe The device performance was measured for wavelengths of 

O.6328~ and 1.32~. 

Figures V-17a through 17c show the near field l1ght spots of the 

swltch, operating at O.6328~, and the corresponding l1ght intensity 

scans for side and central sWitching, and for the zero voltage state. At 

this wavelength, the passive device acts essentially as an equal power 

divider. Power extinction ratios of' >25dB (P
1
/P 2) and 15.6dB (P11P3) 

were obtained at 12V for the side switching condition. A poorer 

performance of 13.6dB (P IP ) at 20V, compared to a theoretlcal value 
:il 1,3 

of' 16.6dB at 20V, was measured for central switching. These results are 

consistent wi th the f'indings of the BPM analysis in Section V-4 whlch 

predicted a much improved side switching performance at the expense of 

poorer central swltching for a swi tch design based on an equal power 

div!der. Figures V-18a and 18b show the swltchlng characterlstlcs for 

both voltage states together wi th the theoretical results. Reasonably 

good qual1 tat i ve and quant i tatl ve agreement bet ween the t wo can be 

observed. The experimental switching voltage determlned from Figure 18a 

of 9V (intensity peak) corresponds very weIl to the theoretical value of 

10V for the side switching condition. The poorer extinction ratio of 

13.6dB for central switching and the high drive voltage of 20V, compared 

to a theoretlcal value of 16.5dB at 20V, could be due to Increased mode 

conversion and mode eoupllng ln the branehing reglon sinee, at O.6328~, 

the deviee ls strongly multi-moded. The optical field caleulation at 

O.6328~ for both switchlng states are shown in Figures V-19a and 19b. 

Table V-6 summarizes the power distribution in the first 3 modes in each 
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branch roI" the dlrferent swltchlng conditions. For the central swltchlng 

condi t ion, 9ax or the power ln the central branch propagates ln the 

rlrst order mode. F~r slde swltching. however. 31% of the output power 

ln the selected branch propagates ln hlgher order modes. 

Table v-a: Modal power ln indlvldual branches at 0.8328,... 

[X of total Power 
ln Indlv. branchJ Pt P P

3 2 

Neutral state: P 
branch 

0.27 0.37 0.27 

m=O S7X 97X 62X 
a=1 4lX IX 33% 
a=2 2% 2% S% 

Slde swl tchlng: P 
branch 

0.73 0.04 0.17 

m=O 69X 70X 60% 
a=1 29X 29X 34% 
m=2 2X 1% 6% 

Central switchlng: P 
branch 

0.02 0.92 0.02 

m=0 18X 98% 35% 
m=1 76% 1% S3X 
m=2 6X 1% 12 

Figures V-20a through V-20d show the 11ght Intenslty scans roI" side 

switching Into arm 1 and arm 3. for central swl tching, and for the 

neutral state, roI" light at 1. 32J.LD1. Power extinctIon ratIo of 15.9dB 

(P /P ) and 20.1dB CP /P) were obtained at a voltage of 32V for side 
1 2 1 3 

switchlng into arm 1 (left branch). These voltage values were determlned 

from the peak value or l1ght Intensity ln the selected branch. as 

displayed on the oscilloscope. A poorer performance of 5.8dB (P
3
1P

2
) and 

14.0dB (P
3
1P

1
) for side swltchlng into arm 3 (right branchl was obtalned 
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at 35V. ThIs Inferlor result. compared to slde swltchlng Into arm 1. 

could be due to a sl1ght waveguide asymmetry. caused by small 

lrregularit1es ln the edges of the tltanlum wavegulde pattern and the 

partlcular side electrode ln the branchlng reglon of the devlce. These 

irregularl tles may cause the Incomplete coupllng of the optlcal power 

durlng side swltchlng Into the rlght arm. This problem, however, was not 

observed for slde swl tchlng at O.6328J.U1l. Slnce the device ls strongly 

multl-moded at that wavelength, addltlonal mode conversion may be 

"compensatlng" for the wavegulde lrregularltles. 

Central swltchlng at 1.32pm requlred a voltage of 35V to achieve a 

16.1dB (P IP) extInction ratio. This result compares well wlth the 
2 1 

theoretlcal value of 15.9dB at 35V. In the neutral state. the swltch 

acts as a power dlvlder wlth a divIsion ratIo of 1:2: 1. This compares 

very favourably to the theoretlcal value of 1:1.9:1. The devlce 

perFormance results at both O.6328pm and 1.32pm are summarlzed ln Table 

V-7. FIgure V-21 shows the theoretlcal swltchlng charact3rlstlcs of the 

fabrlcated devlce at The experlmental swl tching 

characterlstlcs could regrettably not be measured due to al1grunent 

dlfflcul t les arlslng from the use of a 1.32pm laser dIode wl th a 

mult 1-mode flber plg-tall Instead oF an actual laser. Slnce l1ght at 

1.32J.U1l ls invIsIble, It ls necessary to allgn a O.6328J.U1l (visIble) laser 

beam wlth the output of the 1.32J.U1l laser so that the two beams colnclde. 

ThIs can then be used as a reference when adJustlng the photo-detector 

used to measure the characterlstlcs. ThIs ls. however, not posslble wlth 

the plg-talled laser dIode whlch makes a successful al1gnment of the 

113 



( 

( 

photo-detector wlth the 011tput guides of t'he swlteh nearly Imposs1ble. 

The optieal field ealeulatlons at 1.32pa for both switchlng states 

and the neutral vol tage state are shown ln Figures V-22a through 22c. 

The devlce insertion loss measurements were unsuccessful since It 

proved Impossible to couple any slgnlflcant amount of llght Into a 

stralght wavegulde of 8~ wldth fabrlcated on the seme substrate as the 

devlce. This eould be due to a fault in the wavegulde metal pattern 

(crack) or due to damage to the input or output reglon of the wavegulde 

from end-fire pol1shlng. The pollshlng procedure has not yet been 

deve!oped in our laboratory to the level requlred to produce consistent 

results of a hlgh quallty. The straight wavegulde was to be used as 

Table V-7: Deviee performance 

Neutral state 
Central switchlng 
Side swltching 

Neutral state 
Central swltching 
Side swltching 

theoretlcal 
[dB] [V] 

1. 4dB Il: 1. 3: 11 
IB.6dB, 20V 

2 3 12. BdB , B.3dB, lOV 

2. 8dB [1: 1. 9: 1) 
15.9dB, 35V 
17.2dB, 14.1dB, 28V 

experlmental 
[dB] [V) 

O.4dB [1.1:1.1:1] 
13. BdB, 20V O.63J.U1l 
>25db, 15. BdB, 12V 

3.0dB [1:2:1) 
lB.ldB, 35V 1.32J.U1l 
15.9db, 20.1dB, 32V 

a reference to compare the optlcal power ln the selected arm of the 

swi tch wlth the power in the straight waveguide. 

The theoretlcal results for the devlce Indicate a relatively low 

device loss (not accountlng for flber/wavegulde coupllng loss and other 

non-devlee design related losses) of about lOYe for operatIon at 1. 32J.U1l. 
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Hlgher loss values of close to 30X for slde switchlng could be expected 

for operation at O.6328~. 

V-7. Discussion and conclusion 

A 3-branch optical power wlth its power divisIon behavlor modlfled 

to favour more optical power being coupled into the side branches vas 

used as the design hasis of an electro-optlcal 3-branch swltch. The BPM 

design method was employed to optimize the device design and fabrication 

parameters. The theoretlcal performance predictions were then compared 

to those of a fabricated device. 

Power extinction ratio of 15.9dB (P /P) and 20.1dB (P IP) were 
1 2 1 3 

obtalned experimentally at a voltage of 32V for side swltchlng Into arm 

1 (left branch) for llght at a wavelength of 1.32~. A poorer 

performance of 5. SdB CP /P) and 14.0dB CP /P ) for slde swltching inlo 
3 2 3 1 

arm 3 (right branch) was achleved at 35V. ThIs inferior result, compared 

to side swi tching into arm l, could be due to smaii irregulari t les ln 

the edges of the tltanium waveguide pattern in the branching reglon of 

the device, causlng incomplete coupllng of the optlcal pow~r during side 

swi tchlng into the rlght arm. Central sw1 tchlng at 1.32#lJ11 requlred a 

voltage of 35V to achleve a 16.ldB (P/P) extinctIon ratIo. These 
2 1 

experlmental results correspond weIl to the theoretlcal predictions. The 

central switching blas of the prevlous device based on a symmetrlc power 

d1"lider design [5] bas been overcome with the new deSign. 

The device performance was also measured for l1ght at O.632SIJDl. 

Power extinction ratios of >25dB (P
1
/P

2
) and 15.6dB (P

1
1P

3
) were 
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obtalned at 12V for the side swltching condltlon. A poorer performance 

of 13.6dB (P /P ) at 20V was aeasured for central switchlng. Ihis 
2 1,3 

result Is cons1~tent with the results of the BPH analysis ln section V-4 

whlch predlcted a much Improved slde swl tchlng performance at the 

expense of poorer central swl tchlng for a swi tch deslgn based on a equal 

power divlder. The performance of the new deslgn at O.6328~ constitutes 

a considerable Improvement over that of the prevlous devlce (for a 

comparls101'. see Table V-8), particularly for the side swltchlng 

condl tion. 

Table V-8: Deviee performance comparison 

expermlmental results: 

Neutral state 
Central swltching 
Slde swltching 

prevlous device [5] 
[dB] [V] 

1 
16.6dB

2
, 20V 3 

12.6dB , 6.3dB, 10V 

new device 
[dB] [V] 

O.4dB [1.1:1.1:1] 
13.6dB, 20V 
>25db, 15.6dB, 12V 

It should be possible to Improve the device performance further 

with better fabrication facllities. The relatively l~ge resolutlon 

limlt of the eurrent mask-aligner makes an optimal design of the 

electrodes (by, for example, reducing the electrode gap to 2J.U1l) and a 

rel1able fabrication of branching structures wi th angles as small as 

0.01 rad dlfficult. 

The lack of sufflcient characterlzatlon data for tltanlum 

indlffusion into LlNb0
3 

at wavelengths between 1. IJ.UD and 1. 55J.U1l 

introduces a further margin of error ln the fabrication parameters. The 
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sur:face index change of the waveguldes had to be estlmated relatlvely 

crudely by uslng avallable charaeterizatlon data at 0.6328.... and 

information given in referenee [6]. A detalled characterizatlon of Ti 

difCusion is required for further design work at these wavelengths. 

The problem oC efficient fi ber to waveguide coupling was treated 

only briefly ln thls Chapter. For actual fiber system orlented design 

work. the topies oC efficient fiber coupl1ng and of device 1nsertion 

loss reduction would also have to be taekled in greater detai!. 

Restrictions on the wavegulde design (dl:fCuslon parameters, guide wldth 

etc.) to provide e:friclent coupllng will pose further restralnts on the 

achlevable dev\ce design and performance. These considerations will have 

to be incorporated Into the design procedure. 

The successful optimization and experimental Implementation of the 

3-branch sw! tch, and the good correspondence between the experimental 

and theoretlcal performance of the new device design, con:firm the 

userulness and aecuracy of the new BPH design method as a CAO tool for 

design oriented studies in integrated optlcs. The results dlscussed in 

this chapter have been accepted for presentation at a forthco@ing 

conference [9]. 
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Figure Y-3 (a) Electrode configuration in the presence of a dielectric 

cladding and a buffer layer. 
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Figure Y-3 (b) Illustration of the approach used to approximate the 

electrode configuration shown in V-3a. 
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Figure Y-4 Electro-optically induced change in the effective index for 

bath side and central switching. 
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Figure V-5 $witching characteristics for symmetric switch design with 

power division ratios of (a) (1:1:1] and (b) [1:2: 1]. 
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Figure Y-IO Optical field evolution in the switch for zero volts applied 

ta the electrodes. 
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Figure V-13 (a) Optimized device configuration 

(Characterisics given as Fig. V-12c). 

CENTRAL SWITCHING 

• 

Figure V-13 (v) Optical field evolution in swltch for central switching. 
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Figure V-13 (c) Optical field evolut ion in switch for side switching. 
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Figure V-15 Hlcrograph of the mounted devlce. 
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(a) 
U=20V 

U=12V 
(b) 

Figure V-17 Near field light spots and corresponding intensity scans for 

(a) central switching and (b) side switching at À=O.6328~m. 

138 



-

Figure V-17 Near field light spots and corresponding intensity scans for 

(c) the neutral state at À=O.6328~m. 
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Figure V-18 Heasured switching characteristics, together with the 

theoretical results, for (a) side switching and (b) central 

switching for the fabricated devlce (Table V-5). 
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SIDE SWITCHING 

• 

CENTRAL SWITCHING 

• 

Figure V-19 Optical field distribution in the device for both voltage 

states at À=O.6328~m. 
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(a) 

(b) 

(c) 

(d) 

Figure V-20 Light intensi ty scans for (a) the neutral state, (b) side 

switching (left) U=32V, (c) central switching U=35V, and (d) 

side switching (right) U=35V at À=1.32~m. 
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Figure V-21 Theoretical switching characteristics for the fabricated 

device at À=1.32pm. 

SIDE SWITCHlNG 

• 

Figure V-22 Optical field distribution in the device for (a) side 

switching at ~=1.32~. 
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CENTRAL SWITCHlNG 

• 

NEUTRAL STATE (aV) 

• 

Figure V-22 Optical field distribution in the device for (b) central 

switching and for (c) the neutral state at ~=1.32~m. 
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CHAPTER VI. DISCUSSION AND CoNcLUSION 

The goal of thls thesls was to develop a sophlstlcated theoretlcal 

model for the design orlented analysls and optlmlzatlon of integrated 

optlcal (ID) devlces. The accuracy and appllcab1l1 ty of' the new design 

tool was then demonstrated by studylng 3-branch active and passive 

wavegulde devlces. The resultlng optlmlzed designs led to a substantlal 

experlmental Improvement of the devlce perf'ormance over prevlously 

obtained results. 

The theoretlcal design tool was real1zed by uslng the novel Beam 

Propagation Hethod together wlth an accurate Effect1ve Imex modell1ng 

of the 10 structure. The model1ing of' active devices was further 

Improved by uslng a new method of' solving the electrode problem which 

accounts for the attenuatlng e:ffect of' the low-index buf'f'er layer 

between the Metal electrodes and the substrate surface on the electric 

field. 

The accuracy of the BPM approach wa.s flrst establ1shed in Chapter 

III by comparing the theoretical performance predictions of a passive 

3-branch power dl vider wl th previously publlshed exper1mentai resul ts. 

It was demonstrated that. if accurate characterlzation data on the 

fabrIcation processes ls avallable. the 3PM modelling technique provldes 

hlghly accurate theoretlcal results. The the~retical claddlng thlckness 

of O.215J.U1l compares extremely weIl wlth the mr:.asured value of 0.21J11l for 

equal power dl vision among the three branches. The BPM mode 1 ls 

consequently weIl sulted fur design analysls and o,tlmlzatlon purposes. 
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The BPM modelling technique was then used to optlilize the designs 

of a llnear mode confinement modulator and an actl ve 3-branch swl tch. 

Good qual1 tatlve and quantitative agreement between theory ani 

experlment was establlshed. The experimental result 1'01" a multl-mode 

rldge wavegulde modulator was Improved to a IIOdulatlon depth of' 97" and 

a drive voltage of only -8V to +8V. This Improvement ln the experimental 

per1'ormance over the results reported earller is mainly due to a reduced 

buff'er layer thlckness and an optlmlzatlon of the ridge height. The BPH 

design procedure was also used to redeslgn the Une modulator for 

single-mode I>peratlon. The resul t Ing smaller modulator wlth a 6J.UD guide 

wldth and an optlmized geometry bas a theoretlcal modulation depth of 

95Y. and a drive voltage of ±5V. Experimental results for this device 

are. however. not avallable. 

In the same manner, the 3-branch optlcal switch was redesigned for 

single-mode operatlon at 1. 32J.111l. An asymmetry ln the branch structure 

was used to overcome the central swl tchlng blas observed for an earUer 

device based on a symmetric branch design. The new device exhlblted 

power extinction ratlos 01' 15.9d.B (P
1
1P 2) and 20.1dB (P

1
1P

3
) 1'or side 

switchlng at 32V, and of 16.1dS (P IP ) at 35V for central swltching 
2 1,3 

at 1. 32J.111l. These resul ts compare favorably to the theoretlcally 

predicted values. The central swi tchlng bias of the earl1er device has 

been overcome wi th the new design. 

The device performance was also measured at 0.6328J.UD. Power 

extinction ratlos of >25dB (P IP ) and 15.6dB (P IP) were obtalned at 
1 2 1 3 

12V :for the side swltching condition. A poorer performance of 13.6dB 
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(P /P ) at 20V was measured for central swltching. This result ls 
2 1.3 

consistent wi th the resul ts of the BPM analysls whlch predlcted a much 

Improved slde swltchlng performance at the expense o~ poorer central 

swi tching for a swi tch design based on an equal power di vider. The 

experimental performance of the new switch at O.632BJ.UIl constitutes a 

considerable Improvement over the prevlous devlce (Chap. V. [5] ). 

partlcularly for the slde swltchlng state. 

The work presented in this thesis bas demonstrated the usefulness 

and accuracy of the Bearn Propagation method for design orlented research 

ln Integrated optics. The method ls extremely versatile. allowing the 

modell1ng of a large varlet y of 10 devlces. The computer software ls 

easlly adapted to simulate new device configurations since the BPM 

routines used to propagate the optical field remain unchanged and only 

those sections of the program which calculate the effective index model 

have to be modifled. The software package generated for this work was 

deslgned to accommodate such changes easlly. The BPM model1ing technique 

and the corresponding software can thus be considered a Computer Aided 

Design (CAO) tool for future use in our laboratory. 

The success of' the BPM simulations Is. however, critlcally 

dependent on the avallabll1 ty of re 11 able character' zat Ion data on the 

different fabrication techniques used to real1ze the 10 devlce. As was 

demonstrated ln Chapter III, if accurate characterizatlon data ls 

avallable, excellent quantitative correspondence between the BPM 

simulation and the experlmental results can be obtalned. This Is 

particularly Important ~f the BPM ls to flnd application as a CAD tool 
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for the commercial design of 10 devlces. 

The accuracy of" the modelling technique used in this thesls could 

be further improved by accountlng for lateral dIffusion in the effective 

Index modelling of diffused waveguldes. Sideway diffusIon was neglected 

in this work because only l1mited characterlzation data on the diffusion 

process was avallable. A detalled characterization of titanlum diffusion 

into LINb0
3 

at wavelengths between 1. lJ.1!1l and 1. 52f.1Dl is necessary if 

further device optlmizatlon work is to be pursued at these wavelengths. 

The device design optimlzation presented in Chapters IV and V was 

based on pure device performance considerations such as drive voltage. 

modulation depth, and power extinction ratios. The problem of efficient 

flber to wavegu1de coupl1ng and a minimization of the corresponding 

device coupllng/lnsertion loss was only briefly touched on in Chapter V. 

Insertion loss considerations for a flber system or1ented device design 

wUl have to be included in the design process. In partlcular, the 

constraints on the diffuseJ waveguide design dictated by the need to 

optimize the modal field matchlng between the fiber mode and the planar 

waveguide mode wHl establ1sh further limitations on the device design 

and its performance. Possible trade-offs between the insertion loss, 

drive voltage. and devlce dimensions wUl have to be consldered on an 

Indi vidual has1s, depending on the flber system l'equlrements. 

In summary, a soph1stlcated theoretlcal desIgn tool based on the 

Beam Propagation and Effective Index Hethods was used for the design 

oriented analysis of 3-branch waveguide devlces and their derivatlves. 

Good qualitative and quantltative agreement between theory and 
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exper 1 ment was establlshed. lndlcatlng the suitabllity of thls 10 

modelllng technique for the optlmlzatlon of lntegrated optlcal devlces. 
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