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ABSTRACT 1 

Slab waveguides are bf considerable curreJt interest in view 

of their potEmtial applications in integrated optics in ,lorming a part 

of the term~nal processing'optiCal' circuitry. ( 

In the ,lirst pa'rt of this thesis, a detai led an::,-lysis of a 
\)) , 

symmetric cladded slab waveguide having a parabolicréfractive index .. 
profile in the core, is carried out. Two techniques~ one,Based on the 

step-index appro~imation and the other on tne,WKB approximatio~ are 
; 1 

, 
useQ to obtain the dispersion curves and field plots f~r both the even 

and odd, TE and TM modes. The two methoQs are cOmPared, and are found 

to be complementary. 
; ,~ . . ,; ", 

The second part of this work deals with'an experimental study 
~'fr" J ~ -

wherein the Blodgett-Langmuir 'molecular fil,m technique ha~ beeh used tb" 

\~ produée a novel Imonomolecular-Iayered-film anisotropie opt;ical waveguide. 

The film manufacturing process along with the mode coupling, excitation 

and measurement techni'ques used to determine the film's permittivity . . ~. 

tensor and thickness_by correlating th~ experimental data with theory, 
( 

are presented in detai!. 

• f . . 
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Les guides opti~uéS plans suscitent présentement beaucoup 

d'intérê~ en raison de leur utilisation possible da~s les cirçuits 

intégrés optlques. 

La première partie de cette thèse traite de l'analyse détaillee 

d'une lame diélectrique a~ant un profil d'indice de r~fraction parabo!ique~ 

entà~rée d'un diélectrique tel que le profil du guide est symétrique. 
, Go • 

Deux méthodes approchées s~t employées pour obtenir les courbes de 

9ispersion et la distribution \des, champs électromagnétiques pour plusieurs 
\ l \ ~ , ' 

modes, TE et TM, symétriquéS et)antisymétriques. La première methode 
\ \ 1 

'simule la distribution d'indice parabolique par d~s gr~dins homogènes 

ayant une différence d'indice égale. Ensui,te~ la méthode BKW est utilisée. 
" ~.. j 11 

Par comparaison, on trouve que les deux méthodes sont complémen~aires.1 

. La deuxième partie décrit une étude expérimeritale dans laquelle 
, 

la méthope de Blodgétt et Langmuir, qui s'intéresse à la déposition des 
. 

pellicwles unimoléculaires, a été utili~ée, pour cr~er un nouveau guide 
1 

optique composé d'un substrat de quartz recouvèrt par uneîCouche mince 
- / . , 

- anisotrope. 'Le procédé de fabrication et la méthqde employée pour 'éxciter 

et mesurer les modes, sont pré~entées. La comparaison des résultats 

expér~mentaux et de. la théorie, permet la détermination du tenseur de ha 

_ permittivité et l'épaisseur de la couche mince. 
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CHAPTER 1 

INTRODUCTION 

The dramatic improvements that have and are presently being 
\ 

made in fiber technology have spurryd on much research into aIl aspects 
ri 

of optical communication systems (1). Their promise of increased 
r 

band~idth and freedom from interference~ustify the n~ed for i~proved 

terminal processing hardware whi~h presentl~ takes the'forrn of di~crete 
o 

components (2). The concept of integrated optics (3), wbereby various .. 
thin-film optical devices along with th@ electronic circuitry wouid be 

as~bled on ~ single sùbstrate, should brdaden the present capabi1ities 
l 

1 

of mi6roe1ectro~ics to the processing of optical signaIs and a1so 

effect the coupting of thes~ to glass fibers for transmission. At the! 

, same'time it shou1d provide a more reliable, sturdyand economical 

system. Or 

The considerable arnount of effort that has been devoted to 

this just devcloping f~eld in the past seven years is readily 

demonstrated by the great nurnber of papers and meetings on active and 

passive optica1 devices (4) - (12). The former consist of : electro

optic and acoustoopti.c modulators, non-iin~ar thin-film d~vices s,uch 

as parâmetric oscillators and devi~es emeloying second h~rrnonic , ,. 

generation (SHG), light deflectors, switches and lasers. The catagory 

of passive 'optical devices in~ludes such items as : couplers, filters, 

junctions, directional couplers, wave1ength multiplexeis and microoptics 

where 2-dimensional optical e)ements li~e inhomogeneous slab lenses, 
, i 

, -
{I 

. , 



" 

1 ~ 

c 

c 

" 

1-2 

are used to shape and foeus the light beam. Although the integration 

\ of these various devices is still a few steps away, their present state 

of development has been indeed a tremendous aceomplishment in a very 

short span of time. 

This thesis is composed of two parts: a purely theoretical 
, 

part where the behaviour of the fields and the propagation charaeteristics 

of an inhomogeneous slab waveguide are determined, and an experimental 

part where a novel anisotropie thin-film waveguide is described and its 
\ 

propagation characteristics compared with theory. Other than that both 

parts deal with slab waveguides, the two are quite independent and have 

been treated as such throughout. 

\ 
1.1 ~An Inhomogeneous Symmetric Cladded Slab Optical Waveguide 

Inhomogeneous thin dielectrie slab waveguides are of great 

intexest at the present time due to their potential applications in 

integrated opties in perforrning bearn'shaping-functions as part of the 

terminal processing microoptic circuitry" Graded illdex or self-focusing 

( fiber waveguides which are the 3-dimensional analogue of these" are 

'~ adVan~ageo~s sinee their transmittable information flows are 

h~gh:tr a a. result of the deerea~e of delay distortion (13). At a recent 

tapical eeting on optieal fiber transmission, a scheme of using two 
~ l , \ 

perpendi'culaNy-crossed slab Selfoe ® lens~s': to couple a light bearn 

from a OH semiconductor l'aser into a S~ifoc ® fiber was proposed (14)" 

These slab Selfoe ®' lenses were fabric~ted' by ~~ ion-exchange technique; 

and a nearly parabolic distribution Ca close approxïmation to the 

optimal distribution) of réfraetive index was obtained. 

:.L. ___________ ..... _______ _ 

l, 

..... " 

'( 
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In order to produce an effective design in these waveguiding 

" circuits, a thorough description of the guided modes and their behaviour 

with changing geome~ry and index profile is crucial. However, exact 
1 

analytical and asymptotic analyses of such waveguiding structures are 

possible only for a very limited number of spe~ified refractive index 

profiles (15)-(18) and, in, general, numerical techniques are essential. 

Marcuse' (19) carried 0ttt an analysis of the TE modes in 

graded-index slab wavegdldes by using a piecewise-linea~ approximation 

ta the actual index profile as weIl as the WKB approximation. Kuester 

and Chang C 20) used a nypterical procedure, based on the invariant 

imbedding principle and the transverse impedance concept, to study the 

various properties of inhomogeneous slab waveguides. Thé mode property-

and scattering 1055 in a slab waveguide with a graduaI index distribution 

has,been determined by using a staircase approxi~ation to the profile 

(21). For exponentially and nonmonotonically v ing media, the WKB 

approximation was found to be convenient in descr ing the modes (22),.(23). 
" 

In this work, a detailed analysis of a symmetric cladded slab 

waveguide having a parabolic refractive index profile in'the core is 

• carried out. Although a p~rabolic distribution is assurned, any syrnmetric 

graduaI index profile could be analyzed by the methods em~loyed. Two 

approximate techniques are used to obtain the dispersion curves and the 

field plots for both the even and odd, TE and TM modes. The first 

technique involves quantizing the continuously varying index profile 

into discrete homogeneous steps and th en analyzing the resulting multi-

layer-core waveguide exactly to obtain approximate results for the 

1 
1 

t 
1 
1 , 
1 
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original waveguide. The second technique'employs the WKB approximation 

to a smoothed-out index profilè 50 that
l 

the conditiôn of slow index 

~hange relative to the wa~elength is satisfied. 1 

The two approximate methods are,cornpared'and their relative' 

merits are disc,us5ed. The eli,?ination of the singularity in the 'WKB 

field solutiàn is also discussed. 

1.2 A Monomolecular-Layered-Film Anisotropie Qptical Waveguide 
~ , 

Work, in the fi~ld of'integrated optics in rece~t year~' has 

mainly been 1evoted to producing higher quality films, imp~ov~ng ways 
" 1 

of coupling light into' them. and developing thin-film devic~.~· .. l'Ï'~e . 

optical modulators, frequency converters and parametric oscillators. 

The standard methods of film deposition include vacuum evaporation (24), 

sputtering (25),. and ion implantation (26). The former two in particular. 
1 

were used (27) to deposit semiconductor films which are essential ~or 

electrooptical and non-linear thin-film devices, however these films 

suffer somewhat from scattering and absorption losses. Although high 

quality single-crystal films are needed for devices, low-loss amorphous 
, 

films have been developea C28l, and can be used for light guidance between 

devices. Sorne of these include acrylic resin films (29). KOR negative 

photoresist films (30) a~d gratings for air-film coupling, solution

deposited films (31) for passive and active light guides, and very low 

10ss «0_.04 dB/cm. ) organosilicon films (32). 

In view df this need for high qua1ity single-crystal ,films 

with accurate control of thickness. an investigation bas been, conducteq 
;. 
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--
into the use of the B1odgett-Langrnuir mo1ecular film technique (33)-(35) . -

to coat~urface with single mOlecul~r layers 25 ~ thick. By superposing 

these layers of oriente4 mo1ecules, positive uniaxial birefringènt 

crystals having their optica1 axis perpendicular (36) to the film 

surface, are obtained. Barium-copper-stearate is' the film material 

which has been used since it proved successful (34) ~n "building-up" 

several thousand layers. Srivastava,,(37) has compiled an excellent 

account of the many st~dies wh~ch were carried out ta determine the 

physical properties of these films, two important ones being ellipso

~c and interferometric studies for refractive index and thickness 
- . 

evaluation. In addition, he outlined sorne possible film applications 

that are. being considered. These include : antireflection·coatings, 

interference filters, thickness gauges, X-rày diff~ction gratings, 

ion-selective m~mbranes for electrochemical studies, and electronic 
) 

devices such as capacitors and tunneling devices between metals. Thin-

film waveguides can now,be added to this list as a result of the --;,. .... 

present work. 

Indeed, a rudimentary fabrication process has been set up 
.J 

1 along the srume lines used by the original workers. Many problems were 
1 

encountered in this endevour and the major ones will be discussed. A 

detailed procedure which must be carefully followed will be outlined. 

" ~lthough the qOality of the present films still requires sorne improve-

ment, TE and TM m~dès kave been coupled into and out of the film by use 

of the prism-film coupler (24L and sharply defined angles associated 

with the modes have been observed and compared with the theorY'for an 

-------~---- - / 
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asymmetric slab waveguide with an 'anisotropie film 'having a diagonal 

permitt.i.vity tensor. In this way, the thickness/which was already 

accurately determined J36), and the perrnittivity tensor, were computed. 

Th~ experimental and theoretical results show good agreement 

in spite of the difficulty in making accu~ate measurements. This method 

will be comp~red with other me~suring techniques such as interferometry, 

X-ray diffraction, and ellipsometry. Unfortunâtely, the present film is 
~ , 

quite lossy due ta a large density of scattering centers and possible 

surfa~ess. In addition this film, being basically a soap film, 

is very soft and is therefore easily damaged. Bath these factors make 

it difficult to ~~ide light over a long distance in the film. Streak 
, '" 

lengths up to 3 cm. long havE(, been observed. 

This preliminary study however, show~ the film's feasibility 
, 

as an optical ~aveguide material, and due to its substantial anisotropy, 

this crystallin~ film,should offer device capabilities. C~rtain irnprove-
1 

rnents can now be made on the present fabrication system which would both 

facilitate the,tilrn d!position procedure, but -more important, improve' 

the film quality. These along with sorne ideas related ta the testing of 

\'> 
the electrooptic p~operties of the film will-be presented. 

/ 
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CHAPTER 2, 
) 

.... 

ANALYSIS BASED ON THE ST-EP APPROXIMATION 

The propagation characteristics of a srmrnetric slab dielect1ic 
, \ 

waveguide, having an inhomogeneous ~ore and a homogeneous, finite 

cladding, are now examined. The core is assumed to have a parabolic 

refractive index profile symmetriè about'x = 0, the axial plane of 

the waveguide, as 'shown in Fig. 2.1 and expressed as : ., 

n(i) '" na (n - n )? (2.1) a. _ c 

where n a = refractive index on the axial plane / \ 

nc- = refractive index in the cladding 

ne = refractive index,of the external medium (in Fig. 2.1) 

x = j, the ~alized tran~verse distance 

d =.half the core thickness 

This normalization is convenient since the dispersion curves and fields 

which wil~e computed, will be independent of the core thickness. The 

normalized distance to the outer cladding has been denoted rand 

represents the ratio of the cladding thicknes5 ta that of the core. 

In the present analysis using the step approximation, thë 
\ 

core'is subdivided into N homogeneous step5 OT layeTs which follow as 

closely as possible the true refractive index profile with the ith step 
" 

having att index n .• The index difference between steps i5 constant and 
l 

given by 

~ ________________ ~' -w 
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From (2.1) the ~'ransverse distance is \: 
\\ 

.. 

2-3 

~ 

\\, x ... (2.3)., 

1 

, .. 
i 

~ 

t " 
l' 

Therefore th'e normalized transv~rse distani~ to the boundary 
\\ \ 

separating 

" region i and (Hl) is 

where 

x. 
~ 

n. 
~ 

-
= n 

a-

(n. -
~ 

!SCi - 1) 

, 
" .. 
\\\ 

i .. 1,2, .. \.,N 
l..,.l... 

\ 
\ 

i 
'i 
~ 

(2.4) 

In addition, ~+l = ne' nN+2 ... "~e\ and ~+1 
It might be corre~tly anticipated 

... r. i 
T'.. 

, , , 
'i 

that if ~greater.number 

of steps is chosen, the solution obtained would be more acdurate since 
• J 

the approximate pr~file would follow the true one more closely. However, 
\ 

the amount of computation required grows enormously with increasing N. 

Anot~er type of approximation th~t could be ma~e is a piecewise-linear 

one, where_instead of using steps, ~he profile is approximated' by straight 

r'i~e'~segments. Tne~ndary value problem (BVP) which then results, can 

br-s~lved exactly in ter of Bessel functions instead of t~e Sifiusoids 

and exponentials obtained wit homogeneous steps. Although a bètter 
• r 

\ 
approximation would be obtained w~ h the sarne, number of segments as steps, 

the added computatiohal complexity of 

balance out the two approaches. 
1 

To facilitate the development 

1 

ing Bessel functions tends, to 
\ 

\ 
" \ 

of this step approximation 

technique, the special case of a homogeneous core, f±nite cladding, 

slab waveguide -is first considered. By solving this BVP ~ a1.1 the possible 
\ 

field solutions in the various regions are obtained, and through a simple 
r 

1 
" 

" .' :! 
1 
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1 
l r 

1 

1 

~-4 

extension, the multi-layer- ore waveguide can be easily handled . . ' 

2.1 S ecia1 Case of a eneous Core Wave uide 
1 

Exact field solutions are readily found for the homogeneous 

core, fînite cladding w~veguide whose index profile is shown in Fig. 

2.2 (a)'. The homogeneous layer~ have been labeUed 1,2, and"3, starting 

from the axial plane. There are two major types of modes whiéh can exist 

in such a waveguide, guided and radiation modes. In Fig.' 2.2(b), a ray 

picture is given of the guided modes, whiçh consist of core and cladding 

modes, along with'the radiation modes which will not be examined her-e. 

Fig. 2.2(c) shows the various propagation vectors associated 
4.; 

with reflection and refraction of light at the interface sepatating the 

two-homog~neous media labe11ed 1 and 2. The various parameters, like 

~he refractive index and the propagation vectors, have appropriate 

subscripts to indicate to ~hich medium they pertain. Each light ray is 
\ 

described by a propagation vect~r k which is n~rmal to the plane waves 

as they interact with the interface~ ~e major eneTgy flow occ~rs in 
, : 

the z-direction and is described by the longitudinal component S in the 
" 

travelling wave term exp j(wt - Sz), where time harmonie dependence is 
, 

assumed. The transverse component K can be real or imaginary. When real, 

it describes the standing waVes occuring in the core, or COFe and ' 1 

\ 

cladding regions as is the case when the light rays are contained by 
, 

total internaI reflection. On the other hand, an imaginary K re~resents 

an evanescent or decaying field as is the case in the unbounded external 

medium. 

i, 

1 
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~ 

Assuming ho variation in both the geometry and field in the 
\ 

y-direction, then a~ = O. This restriction allows decomposi ti~n of 

the field into TE and TM modes. From Maxwell's equations for homogeneous 
\ 

and sourèe frèe media, it is found that for TE waves the only non-zero 

fi~ld components are Hz' Hx' and Ey given by 

a2E \ 

2.1.1 

---L' + (k~ - a2 )E = 0 
âx2 1 Y 

. aE 
H = -L----L 

z wpo ax 

\ 

TE Evén Core Modes 

. aE 
H .. .:.L J 

x wllo az 

the reduced wave equation, and the 

.. 
(2. Sa) 

(2. Sb) 

solutions for Ey present oscillatory or decaying fields depending 
l , 

on whether the transverse propagation vector. Ki = (k~ _ 13 2 )1 is real U 

or imaginary. Since core modes Il are desired, oscillatory waves will exist 

only in the core reglon. Therefore KI will be real while K
2 

and K3 will 

be' imaginary. Letting the normalized propagation ,constant be a = S/ko, 

~ the transverse p~opagation vector in the ith reglon, is then : 

"-

- Sl) 1. K. 0: kQ(n~ i - 1,2,3 
l l 

: 
~ 

It is-therefore necessary that a be in the range n2 ,< B < nI if only 

core ~odes are to exist • • 
( 

Por real K, the solution of (~.5a) is o~ the form A cos(Kx) + 
1 

B sin(Kx). Since even modes are sought J the second ~erm is neglec.ted 

at present. 

• 



\ 
1 

" 

.. 

o 

In the core region 

In the cladding 

E 
Y 

H z 

Ixl ~ 1 

1 ~. Iii < r = 

1 

Y2 d ... kod (~ - n~) 2 

1 

o 

~2.6a) 
1 

" " 

(2.6c) 
• 

(2. 7a). 

(2.7b) 

(2.7c) 

,where Yi jK. ia real. Hence, it can be seen 
~ 

that th~ fields assoéiated with real transverse wavenumbers exhibit 
1 

oscîllatory behaviour, whereas the fields àssociated with imaginary 

transverse cwavenumbers are evanesCent. 

'In the external medium > r 
"'" 

E - [ce
Y2dr + D e-Y2.

dr ] -Y3d (Iil-t) (2. Ba) e 
y 

, 
0 

H - _.W~[ C eY2dr +. D e-Y2dr ] -Yad<lil-r) 
(2. Bb) J x W].lo • e ' z 

Yad ... kod <132 _ n~)i 11/1 (2. Be) 
W 

•The boundary conditions require that the E and H fields be 
y z' 

continuous across the interface at I~I - i and r. This is the sarne as .. 
'" • 1 

~equirin9 that,the magnitude and slope of E be 90ntinuous. For a nony 
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trivial~~iOn,"the determinant o~ the resulting set of 'homogeneous-

equations must vanish yielding the following dispersion relation which 

! 

(2.9) 

,; 

Thi,s is an expression implici t in the single unknown kod if e~ations 

(2.6c), (2.7c), and (2.8c) are used with a particu1ar value of ë. If a 
"'-

root-search technique ~ke the "interval'-halving methoq," (38) ls used 

on (2.9), the dispersion curves (ë vs. kod) can be computed~ The fields 

th '1 d Jl d f " (2 6:\ (2 8) are en easl. y eterml.ne . rom equat.yms • ....,:- • • 
/ JI 

~ )' 
-~-=--./ 

2.1.2 TE Even C1adding Modes 

1 

In this case, osci1latory f~elds occur in the cladding as weIl 

as the core region, ther~fore K2 must be real and na < B < n2 is now ~ 

required. In the core, equations (2.6) are s'till valid, but "in the 

cladding the growing and decaying exponentia~s must be replaced by 

sines and cosines. 

In' the cladding : 1 ~ Iii < r 
== 

E = c' cos (K2dx) + D' sin(K2dl"&\) 
y. 

_j K2 C' sin (K2dx) ,W K2'D' H .. + 
'Z wl10 J X Wl10 

K2d - kod (n~ - 82) ; -
-~ 

cos (K2dx) 

." , 
(2.l0a) 

(2.l0b) 

(2.100) 

~ 

In the extèrnal medium, equations (2.8) still hold except that th~ 

~pli~ude coefficient i8 éhanged to {C'-coS(K2dr) + D' sin(K2dr)}. 

, , 

j 
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if 
If the tangential fie~s are nQw matched at the boundaries, the dispersion ' 

relation in~the dfterminant form is 

-cos (K2d) 

-Kld sin(Kld) 

o 

••• (2.11) 

1 

2.1.3 TE'Od8 Modes and the TM Modes 

The dispersion curves an~ fields fot the odd modes are 

obtained ~n the same way as for the even case. T~e only difference is 

that the odd part of the solution of the reduced wave equation (i. Sa) , 

which had been previously neglected, is now considered. In the core, E 
y 

takes tQe form B sin(Klx), while in the cladding, for cladding modes 

E 
Y 

TM modes can be hahdled in a very similar way. Inthis case, , 

HZ = 0 and the on1y non-trivial field componepts are Ez' Ex' and Hy' and 

are given by : 

a2H .. 
~ k~ (n~ - fj2) 

, 
+ H 0 (2.l2a) 

J" y , 

. aH j aH 
E '" 

-J y E -X (2.l2b) 
n~we:o'ax 2 az z x niWé:o 1.. ,;' -

\ ' 
From these, the field solutions and the dispersion relation can be 

obtained as was do ne previously. However, if the principle of dua1ity 

o 

III 0 

; 
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is adopted whereby 

E + H 

H + -E 

the fields for the TM case can be obtained directly from those of the 

TE case. 

2.2 Extension ta the Multi-Layer-Core Waveguide , 
~e homogeneous step approximation cansis~s of extending the 

m~thod just discussed, ta a waveguide having many hornogeneous layers in 

the core region. The value of the refractive index and size of each 

layer are chosen by the quantization procedure described previousJy sa 

that the pa~abolic index profile is approximated very closely. 

, 2.2.1 TE Even Modes 

As might be expected, in addition ta the cladding modes, many 0 

types of core modes exist depending on how many of the inner core layers 

support oscillatory fields. In arder ta distinguish between these modes,~ 
\ 

the following notation is introduced. Core l modes, where l can take a 
1 

value from l up ta N, are said ta exist if in layers l < i < I, K. is = = 1, 

real and there are oscillatory fields, whereas for layers i > I, Ki is 

imaginary and, only evanescent fields existe ~ince the transverse propa'ga-

tian vectors are : ) 
1 

- iF) i / 
(n~ (2.13a) for oscillatory 'fields K.d = kod 

• 1, 1, 

and for decaying fields yid = kod cV - 2); 
ni (2.13b) 

e 

__________________ ....:.. __________ • ______ ~ _______ ._It._. _____ ." 
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they are related to the single unknown kod for \specific values of 8. 
;

/ 1 

For core r modes, the oscillatory ffeld solutions üo the wave equation 

(2.5a) in the ith layer (1 ~ i ~ l, X
i

_ l ~ 1;1 < xi' and xo = 0) are 

as follows : 

E = A. cos (K.dxl + B. sin(K'.dlxl) (2.14a)o y, ~ ~ ~ ~ 
~ 

K, hl Ki -
H - '--2:. A sin(K, dx) + (2.l4b) = J WJ.1o i j --- B, cos (Kidx) 

z. ~ x wJ.1o 1. 
1. " 

where BI = 0 for even modes. By matching E , H and E , H 
Yi zi Yi +l zi+i 

at xi (1 < i < I), the boundaries between layers hav~ng oscillatory 
1 

fields, two equations relating the unknown A, 's and B, 's aFe 9btained 
~ 1. 

at each interface. 

Al.' coS(K.dx,·) + B, sin(K,dlx·l) 
1. 1. ~ ~ 1. 

= 

+ Bi+l sin(Ki+ldlxil) (2.l5a) 

-K,dA, sin(K,dl'X,I) + K'.dB, cos(K,dx,) 
l. l. ~ ~ ~ 1. ~ 1. 

= 

The evanescent field solutions in the layers l < i < N+l, where the 

(N+l)th layer represents the 'cladding, are given by : 

'. 
H "" 

Z, 
1. 

A', e 
1. 

y,dlxl 
1. 

1 •• 1 y, -y,dlxl 
,~-2::. B ~ 
J x Wl..Io i e 

(2.l6a) 

(2. Ùib) 

The fields Ey and Hz are then~atched at Xi (1 < i ~ N), since "N+l 

i~ the boundary separating the cladding and the external medium which 
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will he eonsidered separately. 1 
1 ~ 

" This gives : 
,1 

y,dl~,1 
~ ~ 

A, e + B, 
~ ~ 

... (2.17a) ~ 

Matehing the field a~ x'" xI (i =(1), the boundary 

having osci11atory and decaying fièlds 

" -K1dAr sin(Kldl~II) + KIdBI eOS~Kldxî) 

- YI+ldBI+1 e 
-YI+ldl~II 

Jt\,~:> (2.17h) 

separatin~~ers 

~~f~ 

. .• (2.18a) 

- 1 
Y1+1dlxI I 

e 

(2.18b) 

The on1y poundary 1eft i~ that whieh separates the e1adding and 

II-xl external medium. In this latter medium (i ... N+2, ~ x
N
+

1
), the 

o decaying fields ar~ 

E = 
YN+2 

H 
zNt2 

(2.19a) 

(2.l9b) 

Matehing H~ at x ... x
N
+

l 
sinee Ey has a1ready heen matehed in (2.19,a) 

1 -

'1 

1 
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.' •. (2.20) 

However, if cladding modes are considered, the fi~lds in layer N+1 are 

given by equations (2.14) with l = N+1 since core N+1 modes are really 

c1adding modes. In this case, equation (2.20) is rep1aced by : 

, 

AN+l{KN+1d sin(~ldlxN+11) - yN+ 2d cos(~ld~+l)} 

+ ,BN+l{-KN+ld cos(~ld~l) - YN+2d sin(~ldliN+ll)} = 

• •. (2.21) 

In general, 'to obtain the dispersion curves for the multi,-

layer-core waveguide, where nc < a < na 
:. 
for ~he core modes whi1e 

. n < a < n for the cladding modes, the individual core modes must be e c 

considered one at a time. For core l In?des, S is in the range 

o 

nI +l < B < nI • With a particu1ar value of S in this range equations ® 

(2.15), (2.17), (2.18), and (2.20), which have been obtained by 

satisfying the boundary conditions in the various regions, can be 

cOrnbined into a set of~N+l independent, homogeneous equations in 2N+l 

\ , \,' 
unknowns, the A. sand B. s. In order to obtain a non-trivial solution, 

~ ~ 

a necessary requirement is that the determinant of the resulting " 

(2N+l) X (2N+l) coefficient rnatrix vanish, hence yielding the dispersion 

relation for the guided modes. This occurs at discrete values of kod"e 

the eigenvalues which are being sought ~or each particular value of B. 
The arrangement of the set of 2N+l equations for core l modes is as 

fo11ows 

\ 
.i 

1 

1 

1 
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1+1 

N 

N+1 ~1 { 

EQUATIONS UNKNOWNS 

(2.1Sa) 

(2.1Sb) 

1 (2. lSa) 

(2.1Sb) 

(2.18a) 

(2.18b) 

(2.17a) 

(2.17b) 

(2.17a) 

(2.l7b) 

(2.20) 

"" 
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o 

o 

o 

(2.22) 

o 

o 

o 

There are two special cases. For core N modes, equations (2.17) do not 

appear an~ for c1adding modes, a1so equations (2.18) are absent and 

(2.20) is replaced by (2.21). , 

2-i. 2 TE Odd Modes and TM Modes 

1he field equations (2.l4a) and (2.16a) which were pre~iously 

chosen as solutions to the wave equation (2.Sa). must be modified 

slightly for the odd modes. These become 

/ 

,1 
/ 

/ 

iià"L __ "' __ ~,"J .---r"-·----Jï~-·__:_:_---_:_---_:_-----_______ .. * ____ =_= ... " ... = ___ .. M-"~Ulii~ .. 1o. 

1 
/ 

l 
l 
1 
-l 



o 

o 
i 

.2-15 

where Al 

E y. 
1. 

1 = 

E y. 
1 

= ID A. cos(K.di) x 1. 1. 

o 

= 

+ B. sin(K.dx), 1 < i < 1 
1. - 1 • "" -= 

(2.23) 

Ivl -y-.dlxl 
+ ~ B. e 1 , 1 < i ~ N+1 (2.24) 

X l 

The only difference betwe~n the dispersion relations for the even and 

odd modes occurs when the fields at the first boundary are matched. 

Here equations (2.15) are diff.erent for ev en and odd modes since in 
~ 

A = 0 the former case BI =-0 while in the latter 
1 

This change.. 
t 

\ 
must be carried throu~h in (2.22) by ch~nging Al,to BI and altering 

the first column of the matrix. 

As outlined previously, the TM fields, can be obtained 
~ 

directly from the TE by using, duality. The only difference in the TM 

coefficient matrix from the TE case is that the factor/K.d and' y.d 
1. 1 

are changed to K.d/n~ 
1 1 

and y.d/n~ 
1 l 

respectively, while the arguments 

of the sinusoids and exponentials remain unchanged. / 

/ 
2.3 Numerical Results 

2.3.1 Computation of the Dispersion Curves 

The dispersion curves for~the TE modes of the multi-layer-

1> 

core waveguide with N = 4, n = 1.53, n = 1.50, ne = 1.00, and r = 2.0, a a C 

are shown in Fig. 2.3. These were obtained with the aid of a computer 

program described in Appen~ix A.l, w~ich, for particular values of S, 

finds the allowed values of kod for which the determinant of the 

coefficient matrix in (2.22) vanishes. The part~cular numerical root-

/ 

ri 
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'search technique e~oyed is the "interv,al-halving met~od" (38),' even 

though it is ~t tao efficient due ta its slow convergJnce, since it is 

very r~liab~e_ a~d_ the accuracy of the root is readi~y obtainedl In Fig. ~ 

2.3, the solid :~ves represent the results of the step method while 

the dwshed curves ~epresent the'results obtained by using the WKB method 
\ 

which, will be prese~ted in the neXt chapter. In this case, a slightIy 

coarse 4 step approximation eN = 4) core,has been used in arder 

ta conserve computer N can be specified arbitrarily às 

the program is quite flexible d accepts N as a data pa:rameter. One 

limitation of this technique is in the determination of high order modes 

. with B close ta na corresponding ta large values of kod. For this 

situation the exponentia1 elements in the matrix become very large and 

tend ta cause av~rf1aw problems even after the matrix has been sca1ed. 

The TM dispersion curves have' a1so been computed but are sa close ta /'~ 

the TE curves that the latter serve ta represent the TM case reasonab1y 

we1,1. A few computed points on the TE and TM curves have been Usted in 
\ 

Table 2.1 for camparison. 

Table 2.1 Co~arison of a few points on the TE and TM ,dispersion curves 

" 

1. 5246 1. 185 1.5110 1. 5035 1.4500 1.2500 1.0500 

'" 
kod (TE) 16.7 25.1 26.1 10.5 8.9 5.1 '1.6 

"od (TM) 16.9 25.2 ·26.1 10.6, 9.1 5.3'- 1.7 

" 
~ 

.~~' 'V' l' 

~--------____ r-..... ' ________________________________________ .......... _ 

DU II'If. 

.' ,f , 
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,~, t 

2.3.2 Field COmputation 

Once the dispersion curves a~e obtained, any field associated 

with a particular point on these curves can be computed by substituting 

the point coordinat es CS,kod) into (2.22) and solving for the unknowns 
1 ~ 

by row reduction. F[rst however, it i5 necessary to specify one unknown 

so as to obtain a set of 2N inhomogeneous ~equations. If Al is set equal 

to unit y, the fields will be normalized relative to the first layer. 

One practical problem arises in the computation of the fields 

which deserves mention. In the determination of the Ai's and Bi's, the 

difference of very similar numbers iS,an unavoidable step in the computa-
~ 

tio~ This results in the need for numbers of high ac~uracy with many 

Signi\ic;nt figures if large errors are to be avoided. Therefore; given 
\ ' 

the cO~dinates C6,kod), it is first necessary to recompute the root 
, l ' 

kod to a, eitremely high accuracy before substitution into the matrix. 
\ 

Even with \double precision arithmetic however, for large values of kod, 
~~J. \ -

the take-over of the growing exponentia1 term in the cladding due to 

round-off er~ors is difficu1t to suppress. As a result, the field ,plots 

in Fig. 4.2, ~ be'presented later, have been limited to values of kod 
\ ~ 

below 60. A verY, simi1ar problem was experienced by Marcuse (191 in his 
\. ' 

analysis of th~ T' modes in a graded-index slab waveguide using a piece-

wise-linear approximation ta the index profile. A genera1ized flow chart 

describing the computer program is presented in Appendix A.2. 

Il 

r 
........ ~~u.----~;r~1--~, ~.-------------------------------------
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CHAPTER 3 

~ ANALYSI BASED ON THE WKB APPROXIMATION 

An' important dition for this approximation to hold is a 

slowly varying refractive function of the distance 

x. Fig. 3.1 depicts the smo thed-out profile used in the approximation. 

nIt i,s exact in the core. but eviates from the actual profile in the 

cladding because the parabolic profile of the core has jus,t been' 

extended. It isJtherefore expec ed that the core ~odes should be in 

close agreement to those obtaine with the step approximation except 
1 

possibly for values of ~ close to corresponding to highly guided a .,.., 

modes far from the cutoff. This is 0 because the analysis assumes 

widely separated t~rning points. The turning point xt is defined as the 

distance xwhere the field changes fro oscillatory to evanescent. This 
, \ ) 

occurs when the transverse wavenumber K becomes zero. 

3.1 Analysis for TE Modes 

The WKB approximation (39) was use'd in classical physics to 

solve t"e Schroedinger equation for the allowable wave functions exist-

• ing in~a potential weIl. For a continuously varying refractive index 
Jii' ~ 

profile, the srume type of wave equation is obtained and is given by 

(2.Sa) with ki replaced by k(x). 

1: o (3.1) 

where 

"-------------*----------------------~-------~~---~ .. ~ ~. 
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By carrying out a similar type of analysis as in (39) for the c~se of 

we1~-separat~d turning points, WKB solutions which app~oxima~e the 

oscillatory and 4ecaying fields are obtained. 
, 

In the irnmediate neighbo:hood of Xt' an exact solut~on- can 

be found by approxim~ting K2 (x) br K2 (xJ. a straight~line tangent to' 

"'-
i(2(lxl) = a2 (xt - Ix/)'" (3.2) 

where _a2 is the slope of K2 (x) at Xt' 

By letting w
i 

:II 

x 
f t K(x) dx 
Ixl 

be the new independent variable since 

3 

Ixl) '2 

a~d then, substituting into (3.1), the' guided oscillatory fieid ,solution 

'lralid 
\ 

1 (3.3) 

where A:-a!ld B are constants. In "fact. if w1 and K in equation (3.3) are. 
, 

replaced by w
i 

and K, then this equation also describes the oscillatory 

field solutions far away. from the turning-point which take the form 

K-l exp(±jw1) derived ~n Appendix B.l. This can,be verified by using 

the aSY,mptotic expressions for the Bessel functions as x ~ ±oo. The 

, 

constant~,A and B are constrained by ~he boundary conditions as I~I + xt 
", 

and œ. Arialysis shows that the latter condition, which cons trains the 

1WU 
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field to approach zero as l'xl ~ 00. is satisfied only if " A = B. An 

asymptotic,~olution t~ (3.1) valid near x~ is then obtained by 

substi tuting the asymptotic expressions for the Bessel functions' as 

1 xl ~ xt ,or wi -+ 0 into {3.3) yielding : 

-{f [ 3 (~)"t d (~t - 1 xl ) , 
~GYt = A ~ + 

r(.!.) 
/ 3 

~] rc.!) 
3 

where r is the Gamma fundtion. 

Far from the turning point. \substitution of the asymptotic 

expressions for the Bessel func~ions as Ixl -+ 00 or w1 ; 00 into (3.3) 

-with wl and K replaced by w1 and K. leads to an-approximate solution 

for the guided osc~llatory fields. 

Within the tu~ning'points 
/ 

Ixl « 

é c K~l 1T 
= cos(w --) y . l~ 4 

(§.) ! where C = A and w
i TI 

.. 

~ (3.,SIÏ) 
... 

x 
= 1,t K(x) dx 

l'xl 

Outside the t~rning points fox Ixl» xt ' a similar analysis canSf& J 

performed f~r the decaying fieldsoyielding a solution like (3.3) c t 

that J±! is repls;ed by I±~ , w1 by wz ' and K(x) by y(x) which ca 

be reduced to 

ED c -1 -w2 
y = '2 y e (3.Sb) 

where 
Ixl 

w
2 

.. f· \ y(x) dx and y(x) .. jK(x) 
x

t 

Notice that at the tu~ng,point a sirigularity'exists in th~ solutions, 

K qeing zero. In an exact solution, no such singularity would exist as 
l' 

, ' 
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it only appears due to the nature of the approxi~ation. 

.. , iIIiiî', 
3.1.1 Elimination of the Turning Point Singularity , 

As derived in Appendix B.l, the condition of slow index change 

relative to wave1ength for a valid WKB solution is expréssed as .: 
~ 

I~~I « or~ « (3.6) 

where Àx is the trans,verse waveleng!.h. In :?rder to find an es,timate 

. for the required/.deviation 0 from xt beyond wtiich equaÜons (3.5) are 

valid, the express~on for K2 (x) given by (3.2) is used to satisfy 

condition (3.6). As'6 result 

o ,= 1 Ixl - xt 1 » OEY 
.!. 

= (4d 3a2
)- 3 Il' (3.7) 

~ " 
BU; sinae _a2 is just Cl K

2 
(x) 1 

dx' x=x 
t 

and n(jë) is given by ;(2,1), then 

l 

o » DEY = {16(kod)2S xt (na - nc)} - '3 (3.8) 

, , , 

From the dispèrsion curves in-Fig. 2.3, it can be seen that as a decreases, 

kod also decrease;, w~i1e xt increases since x;a (na - ~). This resu1ts 

in an ~erall increase'in O.'Numerical substitution shows that for 
\ 

~ - 1.5246, OEY ='0.212 and xt = 0.424"while for e = 1.05, DEY = 2.11 
~ 

an'd xt = 4.0. Therefore i t is found that the singulari ty affects a ' 
\ 4 

considerable portion of the field around ~. 

To ciarify the situation at the turning point and' 

* a procedure to plot the fields J fig. 3.2 is presented to i11us'trate the 
\ 

• 
E field of the TEO mode which has been constructed from the WKB solutions 

: 
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! 

E~ and E~. and is valid for points at a distance much greater than DEV 

G D from Xt' For x near x , E = E = E has been used yielding a 
t Yt Yt Yt 

sJraight 'line whose slope is giv~n in term,s of A in (3.4). The field 
. 1 

is normalized at x o by setting C = K2(O) in equation (3.5). However, 

A cannot be chosen arbitrarily since EG, ED and E must be asymptotic 
y y Yt 

to the true field in their respective regions of validity. There exists 

a region of uncertainty separating the regions of validity where neither 

fieid is ac~telY known. Although A {s related to C :hrough the factor 

(~)!, this relation ,only becomes valid for higher order modes where the 

turning point singularity~as little e~fect on the value of the field at 

x = O. For low.order modes, A must be chosen 50 that the field plotted 

connects EG, ED and E as smoothly as possible in the regions of y y Yt 
uncertainty. The unknown A can be eliminated by first setting E , 

1 Yt 
given in (3.4), equal to zero. Solving for X, a unique point x is 

p 

found at which E crosses the x axis. 
Yt 

r (.1-) l 

as 

Ixpl 
xt + _3_ (3a 2 d 3) - 3" 

r (i-) 
(3.9) 

where a2ù 3 '" 4(kod?S xt(n - n ) a c from (3.7) and (3.8) 

The point xp is called the pivot since E pivots about it as A is 
Yt 

varied. Therefore, the slope, and hence A~ is chosen graphically to 

pro duce the best fit. Further, choo.sing the slope also corresponds to 

determining Hz at .x
t

. The normalized value of H is 
Zt 

dE /dx y 
K(O)d 

SLOPE 
1 

kod(n~ - iF) ~ 

/ 

(3.10) 

r 
J 

1 
1 
1 
l 
f 
!' 

• 
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3.1. 2 Dispersion Relation and Fields for the TE Case 

Since the refractive index profile is symmetric about x = 0, 

the ,oscipatory fields 'given by equation (3.sa) must be continuous 

through the origin. This constraint leads to the dispersion relation 
1 

= 1 
(m + !)'IT 

where m = 0, 2, 4, for the ev en modes 

m = 1, 3, 5, for the odd modes 

This can be rearranged as : 

kod ... 
(m + !):!!. 

2 
> X"t 

f (n2(~ - fP)! di" 
o 

~'" 

(3.11) 

(3.12) 

In this expression,~od~s related explicitly to 8 50 that for a parti-
\ " , 

, \ ' 
cular ~alue of a, the al~owed values of kod for the TEm modes are given 

1 

immediately after carryi~g out a single numerical integration. The TE 

dispersion curves are th1refore r~,adi1Y obtained wi th the WKB method 

and are shown by the das,ied c~rves in Fig. 2.3. The normalized elec~ric 
1 1 1 field components are give,n by equations (3.5) with C = KZ(O) = ka(n2_~) 

1 a . 
1 

Differentiation leads to/the normalized magnetie field.components : 

G ' [n2 (X)3f2jl [ x n(x) (na-ne) 1T 
H (X)... 2 "i5"t 3 cos (w - -) + 
.zN na - 8 kod{n2(x)-~} '/2 1 4 

1 

.!. [!:_n~~)]l [ x n(i) (na-nc) + 
2 na -: kodW-n2 (x)} % 

(3.l3a) 

= (3.l3b) , 

, 

) 
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These fields are plotted in Fig. 4.2 as the dashed curves using the 

procedure just discussed to eliminate the singu1arity at the turning 

point. 

3.2 Analysis for TM Modes 
1 

For an inhomogeneous index profile n(x) = (E(X)/Eo)2 J the 

reduced wave equation for the TM case can be derived frorn Maxwe11's 

equations as given below : 

_1_ :!œL.3: + o (3.14) 
E: (x) _ dx (lx 

~ The ~ term in (3.14) can be elirninated as shown in Appendix B.2, and 

the equat~on reduces to the form ~ 

(3.15) 

where G = 

and 
2(n -n ){3(n -n)? +n} a cac a 

The term neff(x) can be regarded as an effective refractive index profile 
1 

required to yie1d the same type of reduced wave equation as for the TE 

case. It can then be readi1y seen that the dispersion re~ation is siml1ar 

to equation (3.12) with n2 (x) rep1aced by n~ff(x) 
\ 

) ) 
\ 

1 

j 
1 
, 

1 
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1 1T 

kod 
(m + 2) 2 

(3.16) = 
xt 

1 
?>2 1 -

f 2 - - 13 }Z dx {neff(x) 
0 

whére m = O. 2. 4, for the even modes 

m = 1 ' 3, 5, for the odd modes ... , 

Since contains kod, un1ike the TE case. ,in equation (3.16) 

kod is given imp1icit1y and therefore its eva1uation necessitates the 

use of a numerica1 root-search technique. Fortunate1y. the roots for 

the TM modes have been found to lie very close to those for the TE modes, 
\ 

and hence, the roots for the latter can be use~' as the first guesses in 
)-

searching for the roots of the former. Even so, the computing time is 
'\.. \1 . ' 

quite considerable since each step in the search for a root requires a 

nurnerica1 integration. This fact'makes the WKB method 1ess attractive 

in the computation of the dispersion curves for the TM modes since the 

advantage of low co~uting time at the expense of sorne 10ss in accuracy, 

1 ~ 
which is th~ ca~e for the TE rno~es, is no~ present for the TM modes. The , 

TM dispersion curves are so close to the TE shown in Fig. 2.3 that they 

have not been presented separate~y. The computer progr~s used to 

generate the dispersion curves and field plots are described in Appendix 

B.3. 

. \ 
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CHAPTER 4 

DISCUSSION AND CONCLUSIONS 

4.1 Comparison be/wee~ the Step and WKB Approximations 

For ease of comparison, the dispersion curves for the TE modes 

and the refractive index profiles for bath ~he step and WKB approximations, 

which were shawn in Figs. 2.3 and 3.1 
~..: 

respecti ve1y , have been combinèd in 

Fig. 4.1. For the core modes, tne three horizontal Hnes shown in the -
, \ 

\ 
figure represent the boundaries separating the four homogeneous steps 

1 

used ta approximate the core. Results of the WKB approximation presented 

in dashed curves, agree quite weIl with the results of the step approxima

tion except for a ~ 1.53 where kod becomes large and near cutoff as 

B ~ 1.50. Values of â close to 1.53 correspond ta high1y guided modes 

and close turning points, which tends to degrade the WKB solutions. 

However, the WKB profile corresponds exactly to the actual profile in 

the core region, and hence, high arder modes, which are mainly confined 

in the core'ragiqp, are best treated with the WKB method. This method is 

especially useful since it is very fast computationally. Indeed, the 

computation of the dispersion curves for these high order modes with 

the step method becomes increasingly more difficult due to the blow up 

of the matrix elements with increasing kod. As cutoff is approached with 

S ~ 1.50, the curves again begin ta deviate. This is due ta the sharp 

difference between the c1adding profiles used in the two methods. In the 

step method, the actual homogeneous c1adding was used, whereas the WKB 

method a110ws no abrupt index variations, and consequently, the cladding 
c;" 

/ 
1 

f 
1 
\ 
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-pr~file was chosen to be merely a continuation of the parabolic core f 
.. , 

profile as shown in the bottom diagram of Fig. 4.1. This is a1so the 

reason fo~ the 1ack of agreement in the c1adding modes determined by 

the two methods. Indeed, there is a crossing of these modes in the 

region 8 ~ 1.4, which a1so corresponds to the approximate value of the 

refractive index at which the two c1adding profiles intersect. Th~ 

dispersion curves ,resu1ting from the WKB method (---) are to the right 

of those given by the step-index method above the crossing points, while 

below these points they lie to the left. This can be explained qualita-
, 1 

tively by considering the difference between the fields occuring in the 

two prot:i1es. 

The alphabetically labelled points on the dispersion curves 

were chosen for the computation of the E and H fields for several TE . , 

modes. The important field characteristics associated with these are 

listed in Table 4.1. For a fixed value of~ above the intersection 

between the WKB and the actual cladding profile used in the step-index 

method, the WKB fi eld decays sooner,. a t a lower value' of x' as can be 

verified by referring to the field plots in Fig. 4.2. This results 

because·the turning point, which corresponds to the value of xwhere 
l ",\ 

n(x) = B, occurs for x < 2 in the WKB fields, where x = 2 is the 

position of the turning point for the fields in 'the step-lndex method. 

For a particular mode, the turning points, which are locàted syrnmetrically 

about x = 0 and define the boundaries of the oscillatory field, are 

closer together,in the WKB prorile. This means that the same number of 

oscillations occur within a shorter distance than in the step-index .-



1\ 

Table 4,1 Important field characteristics 

, 

LABEL B STEP WKB 

- - -kod , x
t 

kod x
t 

Xp D 

1 

t-

a 1.5246 16,723 0,354 18,364 0,424 0,886 0,212 
1 . 

b 1. 5185 8,064 0.612 8.634 0.619 1. 294 0,310 

c 1.5110 4,714 0.791 5.234 0.796 1.663 0.398 
-

TEO Id 1.5035 3.384 0.935 3.758 0.940 1.965 0.471 

e 1.4500 - 1. 341 2.000 1.259 1.633 3.423 0.822 

f 1.2500 0.425 2.000 0.376 3.055 6.471 1.569 
\ 

g 1.0500 0.132 2.000 0.230 4.000 8.589 2.107 

h 1. 5246 47.887 0.354 55.092 0.424 0.646 0.102 
\ 

i 1.5185 25.133 0.612 25.902 0.-619 0.943 0.149 

j 1.5110 15.346 0.791 15.701 0.796 1. 213 0.192 

TEl k 1.5035 10.543 0.935\ Il. 275 0.940 1.433 0.226 

1 1.4500 3.422 2.000 3.777 1.633 2 .. 493 0.395 

m 1.2500 1. 377 2.000 If 128 3.055 4.697 0.754 

! 
n 1.0500 0.865 2.000 0.691 4.000 6~."1.0~3 

TE2 0 1.5110 26.108 0.791 29.169 0.796 {,093 0.136 
1 

,TE3 P 1.5110 35.827 0.791 36.637 0.796 1.033 0.109 
, 

TE4 q 1.5110 45.847 0.791 47.104 0.796 0.996 0.092 

TE5 r 1.5110 57.162 0.791 57.572 0.796 0.971 0.081 

.. 

=-

4-4 

. 

H zNt 

-0,574 

-0.574 

-0.559 
-

-0.564 

-0.569 

-0.586 

-0.589 

-0.459 

-0.446 

-0.456 

-0.455 

-0.481 

-0.479 

-0.386 

+0.413 

\ 

+0.401 

-0.388 

-0.375 
1 

l 
,j 
1 

, 

l 
1 

j 
, , 

i' 
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method and tends to sugg~st WKB modes of shorter wavelengths, and hence 

higher values of kod. On the other hand, for a fixed value of a below 

the intersection, the turning point of the WKB field occurs at x > 2 

so that the decay is less rapid than in the field given br the step-

index method since 

, 1 

\where 

= > 

n Cx) > n for 2 < x ( r 
e \ 

= 

This suggests WKB modes of longer wavelengths and hence lower values, of 
\ 

kod. The solid Curves consequently represent the actual cladding modes 

since they.were derived by assuming the true cladding'profile. 
\: 

Although Fig. 4.2 shows only the fields for the TE modes, 
\ 

Fhose for the TM modes are related through the principle of duality. 
1 

For a given value of B. kod is only slightly different in each 'case and 

so the normalized fields are also slightly different. For the scale used 

however, othe difference is not very noticeable, and hence, thé TM fields 

are no~ presented. 

The discrepancies between the TE fields obtained by the two 

methods are due in part to the differJnt vafues of kod obt~ined in the 

dispersion curves for a fixed value of S, and in part to the basic 
\ 

-difference between the two approximations. It should be aiso remembered 

that the WKB fields near the turning point xt result from the graphical 

~ construction used to eliminate the singularity as explained in section 

3.1.1. The H fields exhibit discontinuities in ~ slopes at the z ' 

boundaries between the various steps in the core. The actual H fields z 

in the core should be smooth although discontinuities in the slope will 

1 
1 , 
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still exist at the two c1adding interfaces. The fields for the higher 

~ arder modes show close agreement. This is due to the close agreement 
, 

between the dispersion curves at the chosen points. The major difference 

occurs in the vicinity of the turning point. From Table 4.1 and t~e 

field plots it can be seen that for a particular mode, as e decreases» 
\ 

the turning point xt moves away from the center of the slab waveguide. 
1 

As eutoff is approached, the corresponding field becomes broader and 

'penetrates more into the cladding. Further, in the WKB method, the 

deviation D increases 50 that the singularity affects a larger portion 

of the held. On' the' other hand, for fixed 13,' the turning point is fixed 

and the singularity has less effect with increasing mode number. 

4.2 Conclusions 

Two approximation techniques have been employed in the analys~s 
, 
pf the propagation characteristics of an inhomogeneous symmetric slab 

" 

• waveguide, and these are found to be complementary. 1 

The step approximation is useful in computing the dispersion 

curves of ,the core modes with low values of kod and for the cladding 

modes. The WKB approximation allows the computation of the core modes 

at about a tenth of the computing time (for N = 4), but for values of 

a approàching na (1.53) and near cutoff, substantial inaccuracies arise. 

This method, however, is especially useful for high arder modes as the 

step method encounters sorne computational difficulties for large values . ' 

of kod. For field compvtations, the step rnethod required an average of 

1.7 seconds of execution time per field» while the WKB method required 

/ 
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~ 

abollt 2.1 seconds due to the numeri'cal integration prôcess invol ved. 

Consequently, for field computations, the step method appears more 
"'-

advantag~ous especially since it does not involve turning point in~ 

accuracies. However, for high order modes the WKB method is again useful 
" 

since the singularity has not much effec~ and the step method is again 

affected by computational difficulties., 

/ 

,. 
v, 

f 

1 

/ 

, 

, 
1 

! 



j 
·~~~_JmBB_'~b, ___ .• _._,._. ___ ~,_1. ___ '_k ___ • ___ L.I.~ ____ l""' ___ J ____ !. __ ~,~.?Q ____ ~ ___ nM'.I_d.4 __ ......... N.tM=.:s ... k";.I$.'~t~n""Je ..... ~ 

c 
! 

1 II 
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o THE DETfRMINATION OF ITS BIREFRINGENCE AND THICKNESS 
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CHAPTER 5 

FABRICATION PROCESS 

\ 

5.1 Film Chemistry 
. 

Only a brief description of the film's nature and coating 
, 

mechanism will be given here, since excellent accounts of the theory of 

monolayer transfer giving schefuatic diagrams which help to visualize the 

fil~'s molecular arrangement during coating, ha~e been presented else-

where (40). 

According to Langmuir's method which was later developed by 

Blodgett (33)-(35), a single molecular layer (monolayer) of stearic acid 

is spread on the surface of â water solution containing barium (Ba) ions. 

The carboxyl group or "head" of each stearic acid molecule, touches the 

surface of the water. These react with the Ba ions to form the barium 

stearate (Ba-H~St) soap film. The thickness of the film is determined Py 
the length anJ tilt of th~ hydrocarbon (CH3) chain which extends outward 

from the "head", normal to the water surface. If a c1ean glass 5 !ide 

(mad~ hydrophylic) is now raised slowly out of the water, the molecular 
\ -

heads will attaeh themselves, to the glass if the'film is mai~tained under 

a constant surface pressure. As the slide is raised, the water recedes , , 

t-

slowly from between the glass and the film and the slide emerges eompletely 

dry, being coated with one monolayer of Ba-H-St. The second layer will be 

deposited as ,the slide is slowly dipped into the water. In this case, the 

slide surface, which has been rendered hydrophobie by the hydroearbon 

chains, will adhere to the tips of those same ,chains of the film spread 
1 

on the water surface. As a result, the film is folded back and forth on .. ' 
' . . ' 
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itself as the slide is lo~ered a~d raised out of the water. 50 that each 

time. a new layer is deposi ted wi th· 'molecules in successive layers being 

oriented in opposite directions. 

\1 

5.2 Equipment and Procedure for Monolayer Deposition 

The apparatus used to coat glass slides wi~h successive mono-
1 

layer~ is shown in Fig. 5.1. It consists of a Plexiglas trough used to 

cont~in the water solution or subphase upon which the mono layer is spread. 

A motorized dipping device has been set up to obtain smooth dipping at a , 
, 

controlled speed. Both the dips per minute and the number of dips are 

conveniently indicated. The bath temperature is maintained below 20°C 

by means of a pump which circulates ice-water through a cooling coil. 

In order to reduce contamination by dust particles. a Plexiglas sheet 

is used to cover the trough and the whole system is housed in a tent. 

5.2.1 Equipment Considerations J 

The criteria upon which the trough design is based will become 

apparent by'considering the various functions it must perform. Since the 
, 1 

subphase will be contained therein. the trough material must be chosen \ 

so it do es not intToduce contaminant~ or in any way react with the sub-
l 

phase. Early workers used metal troughs which had to be protected by a ( 

paraffin wax coat and glass sheets 50 as to minimize metal ion contamina

tion. Even minute metal ion concentrations will affect .the film-making 
\ 

process. This problem can be eliminated by choosing a plastic material. 
\ 

In particular. Teflon offers the advantage of being chemically inert 

( 
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~Equipment\for the 9~Position ~f multilayer films. 
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and both' hydrophobic and oleophobie. Since plastics in general tend to 

deform, a rigid supporting structure is required. Plexiglas has been 

used in ~e present case as a matter of convenience and although no 

noticeable corttamination has been detected even wheft the subphase was 
\ 

left standing in it for weeks, ft must be kept in mind that plasticizers 

or m<?ld-release agents and adhesives might be a soJrce of contamination. 

Since the film will be spread on the surface of the subphase, 

this surface hàs been made accessible by many workers by filling t~e 

trough slightly above the brim. This requires the tray to be made with 

" great precision and p~aéed on a vibration-free table. In addition, to 
1 

prevent spilling over, if the material is not already hydrophobie, the , 
. 

edges must be waxed. If a strip' of glass is now placed acro~s the trough, 

resting on the edges, it will form a Qarrier for any surface nonsoluble 

material. Th1s barrier can be used to clean the surface by sweeping it 
~ ~ 

along the length of the tray. In the present design, the liquid surface \ 

is kept below the brim. This facilitated both the trough construction 

and in certain ways, the film coating process. ~'need to maintain a 
\ 

constant subphase level and reduce vibrations, is not so stringent. The 
1 

edges of the trough need not be waxed and further contamination is 

avoided' especially since benzene has been used as a spreading solvent "

for the stèaric acid and if it would come in contact with the waxed 

edges, it would sPiead wax out into the film. HQwever, with ~his arrange

ment, the barriers had to be specially designed to sink th~~ugh the 

surface while being supported by the trough edges. In addition, the 

passage of surface'material at the barrier edges was minirnized by rneans 
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of tubber strips glued ta the barrier. The ratio o~the trough surface '" 

area ta volume was maximized by making the trough only~g nun. deep<except 

for a small section where the slide is dipped and into which the cooling 

coi! is placed. 

In the design of the automatic di~ping device. it was necessary 

ta ,ensure that excessive ~ibrations were not transmitted ta the slide 
" -

being dipped, as this would introduçe irregularities in the film. The 
" 

motor was therefore mechanically isolated from the system except for a 
1" 

very elastic driving belt. This in'turn required that the slide holder 
J 

assembly be balanced with an appropriate-counterweight 50 that the turn-

ing force be maintained nearly constant. A smooth sinusoidal dipping , 

_motion was obtained as a result and its amplitude (or stroke) is contin-

uously adjustable from zero ta 4 cm .. by means of an eccentric chuck. 

Sinc~ the city cold water was not available, an ice bath was 

pro~ided alon~th a pump to circulate cold water through the cooling 

coil. This coi\, being made of -1/8" copper tubing, had ta be coated with 
1 

a thin layer of plastic to pre vent metal ion contamination while at the 

same time, allowing sufficient heat.transfer. 

5.2.2 

// 

Method ~OnOlayer Deposition 

Although there has been much work in recent years on the 

,manufacture and analysis of thin multilayer films (40)-(44), the best 
1 
sources for a detailed description of the technique and problems involved 

are still the original papers bf 8lodgett and Langmuir (33)-(35). Through-
\ 

out the course of this work, these have been carefully referred to and 

, 1 
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the method to be presented f?lloWS the same,lines except for a f~w 

modifications which facilitated the process. It must be clearly und er

stood that the purpose of this work was not to improve upon this existing 

technique, nor try ta explain sorne of the subtle problems enéountered, 

as both the facilities and èxpertise in this 1 field 'were lacking. Rather. 
\ v' 

the purpose was .to understand and set up this film-making process wi th 

the ~id of the existing literature and check the film's feasibility as 

an optical waveguide,material. 

Right from the outset, the need for extreme cleanliness and 

care to avoid excessiye contamination cannot be overemphasized. If it is 
i 

remembered that the invisible film which is spread on the subphase is 

one molecule thick, it is readily realized that even minute traces of 

surface contamination will completely disrupt the film structure. Grease 

from skin, hair, and in general a gre~sy environment, will quickly spread 
\ 
\ 

on a clean water surface. AlI apparatus must therefore be scrupulously '" , \ 

cleaned with strong OXidiz~~ agents or detergents and then rinsed 

throughly. 1 
The preparation of the aqu~ous subphase will first be considered 

although the details for the preparàtion of the various chemicals will 
\ 

be found in Appendix C.I. The solution which Langmuir and Blodgett found 

to be mos1t suitable to build up th~ck films of up to 3000 layers, is a 

water s~lution containing : 30 ~ (30XIO- s mOles/liter) BaCl2 which is , ' 

the source of Ba ions, 200' llM KHCO 3 . the buffer. the pH is set to 6.8 by 

• addition of dilute Hel or NaOH, and 2 llMCuCl2 which introduces a slight 

trace of Cu ions. It is interesting to note that although larger concentra-
\ 

1 
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tions of Cu ions ( > 10 uM) cause the film to slip entirely, small 
. 

amounts are actually needed to help Rrevent the fogging and cracking of 

films which are over 200 layers thick. In order to maintain the copper 

concentration constant as succes~~ve films are spread on the subphase, . , 
lt is necessary to inject a light sprinkling of copper sulfide (CuS) 

along the bottom of the tray. This precipitate is only slightly soluble 

'" -and should maintain the topper concentration at the proper, level. The 
1 

commercially available CuS had to be initially thoroughly washed since 

it contained substantial amounts of copper sulfate which is highly 

soluble. AlI the chemicals used should be reagent grade to insure the 

highest,purity. The water which was used in this solution was distilled 

once and ~en purified by _passing it through a resin deionized. Although 

the specific resistance of the water exceeded the 700,000 to 1,000,000 

ohm-c~. specification of ~angmuir and Blodgett, organic matter is intro-
, ' 

duceQ" by the resin deionizer which might affect the process. 0thers using 
.. 

this solution (41) found that the,built-up films of Ba-Cu-H-St monolayers 

were extremely uniform and s~~ble. 

The stearic acid film can be spread on the surface of the sub-

phase by first dissolving oit in-la spreading so~vent like benzene or, 

n-he~ane. It is c!itical that this solvent be extremely pure as contamin

ants will disrupt the film structure. Even highly purified commercial 

grades will pick up gteasy contaminants during packaging and hancÏling. 

It might therefore ne necessary ta repurifr the solvent in the lab before 
, , , 

use~ Once the stearic acid solution 'has been prepàred, it is delivered 
,. 

'to .the surfaçe br means of a micropipet held just above the surface. 

\ ' 
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Injection below the surface is to be avoided. The solution is fed rapid~y 
~ , 

50 that ~t always remains visible, forming ~ fe~ lenses on the 
/ 

surface •. 
.il D'-

As the sol vent quickly evaporates 'from the,se, the stearic acid is rele'8~ 
ql 

as a single molecular layer Which spreads out ovar the whole ~urface. In 
\1 • 

this case, 0.1 ml. of a benzene ~olution was used to co~~r an area of 

2800 cm~ • Sinc!e stearate maleculfS 'hàve an area of 20 X 10- 16 cm~. the 

solution required a concentrat.ion of 0.023 M which was near t1"!e 0.03 M 

value used,by others (41) who ~oticed that unsatisfactory resu~ts were 

'" 'obtained when the solution was too 'di1u~e. 

As was pointed out previously, the film must be kept unàer ~ 

suitable coqs tant surface pressure as it is bein~ deposf~ed on the.slide. 

Langmuir ingeniously ~uggested the use ~f a hydrophilic oil like castor 

oil or oleic acid to act as'a surface piston, exerti'ng a constant pressure 

• 
on the film. When a drop of this oil is transferred to the water surface, .... '\' 
i t break's up ,into many j tiny Uenses and spreads as a monomolecular layer 

; 
~ 

of oil throughout aIl the available area until an equilibrium surface 
o 1 • 'Illo 

p~~ssure is established. Oleic acid compresses the film to 30 dynes/cm. , 

while the more viscous castor bu exerU 17 dynes/cm .. The surface 

pressure can be accurately,measured by using àlfilm balance. There are 

-
two fundamental types,-the~ilhelmy type and the Langmuir type (40). The 

former yields an absolute measurement by determining the force,on.a j~~te 

partially immersed ih the film-covered liquid que to"'surface tens,l.orJ 

This is then compared ~o the force observed from a cleap surface~ In the 

latten method, the force exerted on a movablebarrier separating ~he film 
t? 

from the clean surface is measured. 

/ 
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Blodgett employed a waxed silk thread floating on the ~urface to is~late 

1 

the film from the,oil. This technique'was used initially but it was 

found a bit unreliableland t~ious, espeèially since manx hundreds of 

" layers were to'be deposited, each spread film yielding about 50 layer~ 

It was found that the oil was nOi ~omp~etely blocked by the thread siricé' 

any tiny kinks or sections where~ had been removed allowedërhe pa;sage 

of oil. The thread was replaced'by a floating barrier cut from a poly

ethylene sheet 9 mils thick (see Appendix'C.3),and re~ting on the surface 

across the tray. Although there is necessarily a sli'ght gflp between the 

barrier and the tray edges, any oil which p~ses through should not 

penetrate too deeply into the film sinse the pressure is at~equilibrium. 

As a precaut~on qowever, the film is never used,up cpmpletély and a margin 
, ' . 

of about 15 cm. is left betweenlthe~lide and the barrier yieldlng an 

average of 60 layers per spread film. 

One other delicate area of con~ern is' the deposition of the 
.. 

first layer. The glass slide must be scrupulously cléaned 50 that àll 
\ 

grease and contamination be removed. A cleaning procedure which has been 
d " 

found adequa~e for this purpose is outlined in Appendix C.2. However, 

even with this thorough cleanin~, the film did not seem to adhere strongly 

to the slide as it was raised vèry slowly out from the film-cov.ered sub- ( 

phase. Langmuir found that the initial layer was more readily deposited 
1 

from alkaline wat~r '(pH ~ 8.5) and for gla~s of high refrac~ive index. 
,~ 

~The gla~s that is 'used in the present work is~~w index fused quartz to 

satisfy waveguide considerati~ns. As sug~ested by Langmuir, i! was fOU~ 
"," '\1 .... ", r 

that if after~epositing a few layets, the film was rubbed down ustnl 

! 
" 
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tj,$sue :paper until no visible trace of the film remained, the ~lide 1 

would be, left with a monomolecular layer whijh provides a very good 

foundation for building good films. The first layer could also be deposit-, , 

ed by rubbing down molt~n wax or prefJrrably ferric stearate, however 

this would make·the first layer different from the rest. 

Dipping speed, pH of the subphase, and its temperature are 

important parâ.1l1eters which affect rnonolayer depositio~. Aftel: the' s}.ide 

surface has been rendered hydro~hobic by rubbing down a film, the second 
1 

layer is ~po~ed as the slide is dipped slowly (1/10 r.p.m.). The 
1 

\ 

deposition of the layer can be verlfied by observing the motion of the 
... 

float1ng barrier which ;eparates the film and oil monolayers. In addition, 
1 

as the slide is lowere4, the film is pushed downward and as it is raised) 

the opposite occurs. The meniscus therefore gives a good indication 0f . ,. 
the success with whi~h the monolayer is being deposited. If the rneniscus 

is not uni form , with an equal contact angle throughout, but rather shows 

'unevenness, ~as an erratic jurnpy behaviour, and especially during ascen-

sion, shows uneven shedding of water so that sections of the slide remain 
1 

wet, then poer quality films will be obtained having rnany irregularities . 
.. ~ 

After a few first layers at slow spee~, good quality films were 

deposited at a rate of about Il r.p.~ .. The speed is limited by the rate 

at which the ascending'slide sheds water. Speed is greatly affected by 
o 

temperature and pH. With decreasing temperature and increasing pH the 
Q 

speed increases since the film becom~s more rigid. although very rigid 
v , 

films.wiU·compl:etely slip. It was found that a pH range of 6.8 to 7.2 
1 

Imd a temperature r~ge between' 17QC and 20°C will yieold good results. , 

1 
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Having develope,d the major points which affect the film depbsi-

tion process. the detailed procedure which was used in the present work 

has been outlined in Appendix C.3. It.is certainly not intended to be 

the best procedure but rather a first attempt at establishing a fabrica-

tion system which has proven satisfactory. Sùggestions'as to certain 

improvements and modifications which could be made will be given in the 

conclusions. 
~ 

"" 

5.3 Film ç,ualitl 

Good q~ali ty films are uniform. with no gaps or irregu~arities. and have 

a minimum of contamination from foreign matter such as dust particles 

and oil droplets. To obtain films of this quality requires a great deal 

of effort with respect to the cleanliness of 'the equipment and environ-

ment in general. ~he preparatio~ of the substrate surface. the mainten

anc,e of the proper pH. ternperature and concentration levels in the sub-

phase. and the special attention required to minimize oil contamination 

during the film deposition process. 

A good indication of the filmls q~ality can be obtained by 

observing the film under the microscope. Fig. 5.2(a) is a picture of a 

~ film with 57 layers, having a gap where no film has been deposited. Many 
r 

similar gaps in the film occur throughout the whole slide and are due to 

poor cleaning of the substratk surface. This film was obtained by rubbing 

down sorne 50 layers of an even more poorly coated film deposited on a 

slide 'which had not been cleaned by the method outlined in Appendix C.2. 

When a clean sIide was1used, these gaps were not observed. 
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Figure 5.2 (a) Gap in a 57 layer film. X 200 

(l» "f<?gging" and "cracking" in a 280 ~ayer film when 
,l,., 

o no copper ions are added. X 100'~ 
/ 
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This picture also shpws the presence of sorne tiny specks even 

after a mere 57 layers. Blodgett labelled this condition "fogging" as 

it gave the films a fogged appearance. She noticed it in films having 

greater than 50 layers and said that it was successfully prevented by 

the introduction of a slight trace of copper ions as was mentioned 

previously. Fig. 
) ,,~,<~ , 

S.2(b) shows cracks in a 280 layer fi4Hn in addition 

to the specks. This condition, labelled "cracking", could also be 
\ ' 

prevented by the addition of copper ions. From the present work it was 

found that al though "cracking" was completely eliminated by the copper 

ions, "fogging" was only greatly reduced but was still very m~ch present. 

This can be readily observed from Fig. S.2(c), a plcture of a 600 layer 

fiI'm wi th copper ions present. The cause of this "fogging" condition is 

) sti 11 somewhat 0:6 a mystery. It has been suggested (42) that this 

condition is due to the graduaI crumpling and crystallite formation in 

the spread monolayer and it is advised that a new film be spread after 

about 20 layers. This seems. to be a very possib lel~cause although 

contamination ~y foreign matter such as dust particles and oil, especially 
'~ 

in the benzene so\ution used to spread the film, could certainly cause 
~-

irregularities ~ the film 1 s layers. Eve~lh?,ugh slightly better quali ty 

films 1 might be ob~~ned by fol1~wing thes1,recommendations and being' 

extra careful to minimize contamination, l'hât is really needed are sorne 
~ 1 
major modifications to this rudimentar~system which has been set up as 

part of a feasibility study on the po§sible use of this film to make 

thin-film waveguides. These modffications, ta be discussed in the 

conclusions~ have been suggested in part by the elaborate systems being 
1 
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OSed by present-day workers who manefacture the film for bio1ogical 

studies, and studies 'into its , '. 
possible applications, sorne of which ~ere 

1isted in the i~troductioh. 
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CHAPTER 6 

FILM CHARACTERIZATION THROUGH WAVEGUIDE MODE 

EXCITATION AND MEASUREMENT 

/6 01 Refractive Index and Thickness Measuring Techniques 

~ Three weIl established techniques for the thickness determina

tion of ihin films are: ellipsometry, interferometry, and X-ray diffrac-
f ' 

tion. Each of these has been used to determine the thickness of barium 

stearate multilayers. Blodgett and Langmuir (33),(34) measured the angles 
1 

at which tqe intensity of polarized monochromatic light reflected from 

films having known numbers of layers, was a minimum. By taking the film's 

anisotropy into account, they were able to determine both the thickness 

and indices quite accurately. Two other methods which have been used (41) 
\ f 

are the Mattuck and Hartman methods. The former is essentially a two-

beam interferometric method whereby the measurement of the fringe shift 
\ 

cau~ed by a film deposited on a stepped multilayer plate, results in the 

determination of the thickness and index of the film. The method is 
- 0 

useful for the analysis of very thin films (10 to 250 A) while the latter 

method, which is a polarimetric method, permits the measurement of thick 

multilayers. Tolansky's multiple-beam interferometric technique (45) has 

also been used (46) for the thickness measurement of fatty acid multi-

1ayers, and gives much higher'precision than the two-beam fringe methods 

" due to the increased sharpening of the fringes. However, this, like the 

previous methods, is p1agued with the need for an accurate know1edge of 

the refractive index which in turn is complicated by the film's anisotropy. 
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To overcome this difficulty, Srivastava and Verma (36) have 

, performed high precision thicKness measuremen~s on various types of 
\ 

multilayers including barium stearate by using a special technique which 

Tolansky formu)ated that is independent of the refractive index, anisotropy, 

heterogeneity and lack of transparency of. the film. In this method, a 

stepped multilayer plate was prepared whereby a greater number of layers 

was present on one part of the plate and an almost opaque silver coating 

was deposited. The ,step thickness was then obtained through the observa-

tion of fri~ges of equal chromatic order after white light illumination. 

This light was reflected from the surface and never passed through the 

film making this rnethod indep~ndent of the film's optical characteristics. 
1 

"'-
These sarne workers have also performed X-ray diffraction studies to 

determine the molecular chain length and have found these results to 
o 

agree within experimental error (±O.5 A) with the interferometric values 

of the monolayer thickness. This implies that the molecules in the mono-

layers are perpendicular or very nearly 50 sinee if a subst~tial tilt , 
were present, the layer thickness would be less than the molecular chain 

length. 

One final method which has been used extensiyely to determine 

the optical constants of reflecting surfaces and film-covered surfaces, 

is ellipsometry (47). Bbth the refraetive index and thickness of the 

film can be determined through the observation of the changes in the 

polarization of the reflected light. The advantage of this technique is 

that the film-coated surface can be scanned 50 that not only the 'film'sJ 

1 • thickness, but also a measure of its evenness can be obtained. In addition, 
~ 
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~he film need not be coated with additional lay~rs or be silvered as 

this would preclude its use as a thin-film waveguide. The required 

measurements are also relatively easy to perform although ,a precision 
1 

retàrdation plate and polarizers are needed. Ellipsometric measurements 

have been performed (47) with accuracies in thickne~s down to 1 î and 

0.002 for the refractive index. In recen~ years, biologists (43),(44) 
... ~ , 

, . '~, 
have carried out st1,ldies on biological surfaces includin~ bariurn st,earate 

multilayers with the aid of ellipsometry, and found it to be a convenient 

tool to perform surface studies. ~owever, the ellipsometric theory used 
-

for these measurements did not take into account the film's birefringence 

but assumed it to be optically isotropie with a value of index midway 

between Blodgett's values. Reasonable agreement in thickness was obtained 

as the anisotropy is not too pro~ouncedo In arder to'obtain a better. 

appreciation for the method and look into the p6ssibilityll" of i ts use as 

" a thickness measuring tool, a detailed analysis of the isotropie theory 

was earried out (48) and a computer prog~am written tà generate a ~-~ 

plot from which the thi~kness and index\could be immediately obtained 

from the experimentally determined ~ and ~, the amplitude and phase of 
" 

the ratio of the Fresnel reflection coefficients for the TE and TM rayso 

However, preliminary measuremen~s proved to be very inaccurate due to 

the difficulty in making precise measurementso One reason for this is 

that the difference in the refractive inqex of the substrate and film 

is only about 000,5 yielding a very low reflection from the film-substrate 

interface. In addition, a high precision, calibrated cornpensato~ and 

pol~rizers were needed since the accuracy required is of the order of 
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th.ellimit~ng values given previousl~. Even with be~t~'r equipment, it is 

anticipated that the film's anisotropy and lack of homogeneity in 

prePiration will make the accuracy much inferior to that of the other· 

~echniques. Engelsen (49) has recently developed the ellipsometric theory 

for anisotropie films and has carried out experimental measurements on 

sorne of Langmuir's multilayer films-wjth the aid of an elaborate computer 

program to fit the experimentalo~ata. He obtained accuracfes in'the 

indices of the ordinary (TE) and extraordinary (TM) rays of ±O.OOS while 

the thickness was accurate to a fraction of an Angstrom. These measure- ~ 

o ments were perf~rmed oJ films less than 150 layers thick, and the results' 
1 

were compared with those·giyen by the isotropie theory showing it to be 

quite inaccurate. 

Recently 1 a method of meas'uring the refracti ve index and 

thickness of thin transparent ~i1ms by observing the interference pattern 

in the light scatter~d by the film has been described (50). This technique 
• v 

renders an accuracy of 1 part in 10 3 for the index and 1 part in 102 for 

the thickness.. For inhomogeneous thin-film waveguides J the refracti ve 

index profile was determined by using an optimi;ation algorithm on the 

measured reflection coefficient data (51)., 

The current work in intégrated optics and ~hin-fi1m waveguides 

hasocaused fte emergence of a new; high1y accurate method of thin-film 

indéx and thicl$ness measurements. P. K. Tien (24) 1 (32) " through the " - , , 

dev~lopment ?f the prism-film coupler) has~een able to excite' and, 
o • 

observe waveguide modes ~~ semiconduct~r apd organos~licon films." These 

modes are associated with discrets angles of the incident light beam 
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which are in tum related to the film's thickness and refractive index 

through the w~veguide theory. By\optimizing these quantities with the 
, ' 

\ 

aid of a computer program ta yield the\best agreement between the 
1 , 

theoretical and experimental angles for the first four modes, he ~ • 1 

determined the index with an accuracy better than one part in 1000, 

whil.e for the thickness it was better than 1%. This' same technique was 

used "in the present work to determine the, refraetive index and thickness 

of barium stearate multil~yers deposited'on a fused quartz substrate. In 

this case h.owever, the theory for an anisotropie s lab wav,eguide was used . 

. 'Many experimental. measureffients ha~ to be taken due to some difficulty in 
, r 

obt'aiIfing accurate, reproducib~e data. Despite this, the experimental 
" 
and theoretieal agreement has turned out to be reasoQably' good. As will 

be shown, 'the metlltld which has been used to evaluate the thickness and 

index treats th~se two parameters independently. This 1s very important 
\ 

since the thickness was not accurately known due ta ~ossible 4nhomogen-
. 

eities in theffilm structul'~, and also as a result of the ~ossible 

deformation introduced by the coupling method as will be described in 

the next section. 

6.2 

6 .. 2.1 

Lig~t~Goupling, Mode Observation and" Measurement 

The Prism-Film Coùpler 
lÎ 

Various methods have been devised ta efficiently couple a 

laser beam into a thin-film. waveguide. The meth~ which has been used 

," in this work is the prism-film coupler developed by P. "K. Tien (5), (24), 

(52),(53) and R. Ulrich (52),(54). In ihis method, a prism of slightly 

r 
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higher index than th~ film, is mechanically compressed agaînst the film 

such that the intervening gap is reduced to appr9ximately half a wave
- / . 

Iength. The reflection of Iight at the prism base is thereby frustrated 
1 .. 

and energy ~s coupled into the film through the evanescent fields in 
1 

the gap. This transfer of energy or "optical tunneling" between the prism. 
[ -

and the film, will only occur for certain discre~e an~es of the incidentl 

beam on the base of the p#ism. Ta satisfy the boundary conditions, the , 
tangentia~ field comppnents must be continuous across the prism-film 

interface.~ was discussed i~ the first pa;t of this work. due to the 

finite th~kness o~ the waveguide core (or film), ~nly certain values 

of the normalized propagation vector i are allowed,~hich in a ray picture 
/' 

correspond to dis crete ray angles in the film. The incident ray angles 

allowed in the prism are then just given by Snell's Law. Tien has termed 
'1 .: 

these allowed angles "synchronous directio~s" since at these directions 
~ 

of the incident beam, t~e propagation vector is continuous through the 

prism-f~lm interface. Wi th this rnethod, an optoimum theoretical c0li'ling 

efficiency of 81% has been predicted (5). ...' "', , 
, 

Another coupling method which has the same'màximum excitation 

efficiency, is the grating coupler. Etched~ratings made with photolitho-

graphie techniques (55), or photoresist gratings fabricated by a holo

~raphic method (30)'. (~6Y, offer the ad~ant~ge of be;ng a more rugged, 

conveniept. and practiçal coupling" means. This is aiso true of the lX 

tapered film coupler (57); however only the prism-film coupler has been 
~ 

used to excite the waveguide modes in the multilaye~ film because of 

,the di ffi cul ty iï ÏI!lplementing the other methO'ds. The prism coupler 
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'f ' , 
itself requires'very delicate adjustment ·due to the so~t nature of the 

film. 

A pictnre of th~ device used to eo~press a 60° prism ortto th~ 
, 

fi1m-coated q~artz~slide, is shown in Fig. 6.I(a). Pressure is applied 
f 

by means of a ~trew having,a plastic tip to avoid sctat~hing or possibly ~? . 
breaking the slide. The film, which is sandwiched between the slide and , ". 

the, prism" remains sepa-rated from the latter by ~ co~~iderable gap dl:le 
, ... , 

~o dust r;>articles! ;irregulari;ies in the film: and tlnevenness in the 
'. , 

slide and prism surfac~. !~ is ther~Qre necessa;y to apply sufficient 
\ 

force" to r~duce the gap'at the p~é~sure point to~less than half a wave-
~ 

length. A dramatie indication of the b~haviour of ~he gap aroun~ the 

pressure point can be ~ai~ed by 6bs~!ving Ne~ton 1 s ri~gs as: has'" been 

,demonstrated ~,n Ft,~' <i.l ~b). These rings shoulq 1i~ dI1cular, in?icàti~g 

a smO.o_th, incr~ase of gap wi th' increased radi~'I disté).nce from the pressure 

point t • I~ there:re major irregularities in the film, the interference 
, 

fri~ges will be distorted. The pressur~ sho~ldgbe increased unti1 the 

observed reflect~on at the prism base is 'just frustrated at the pressure 

point. 1t is ~t/possible to avoid sorne 51ight damageqto the film since 
1.1 '. ~ ... 1 u 

it is very soft and at those poill.ts ~here mieroseopi:c dust partieles aet , ' . ,\' 
as spacers, film damage is inevi tab le. This' i1; 'not too seriOus as 'long 

\, J , ., • 

, . tl •• • '" , 

~s ~ major part of the ar~a at \he p~ssure point is not affeeted. If 
,1Jl , 
,how~verj slightly }OO much pressure is applie4, the crystal ~tructure • 

, " 
". >ri ~ 

iÎi the film will be permanentiy deformed in sorne 'areas ,due to dirëct,:: 
i ,. (j 1 t..' b 

, l ', " 

. cont~ct wHn the pris~ base, and when the, p~essur~ is released, s~~t!o~s 
, u ~ 

,of film will be removed by adhering to the prism; Fig. 6.2(a) is °a ~0 
, " 
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(a) Prism-film couple~ assembly. 
1 
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(b) Newton 1 s rings around the pre~ure point . 

Il 

~ 

Q 

.~ 

'--

(~) 

... 

-~:;.r-f.o.~~~~~1'l~"~-%.",,,~~.~~"-::":~ ~~~:r,,""4~ ,,~~ .. ~~~*,,1tî't'ièttéi'§:tii""cttëtrzierzL~6w,'l:e~.;;j,~~~~v- ........... :!:..A'_~,..'1' .. \ '~.-'-::..~ 

j, 

i 
-~ 

cl 

"~ 

ï 
/\... 

...... 

~ 

0\ 
1 

oc 

1 

/ 

;: 
--



~ 
of 

. 
f. 
~ 

!-

~ 
1: 

1 ~ 

t v 

(J 

6-9 

• 0 

microscope picture of the film area around the pressur,e point. It can . 
, Dr! seen that there are many points of contact where the film has been 

(
, removed due, t& ~ ,'slight ove,.pi:essure; altho~gh 'a few of, the smaller • 

damages would still be present even with proper pressure applied. An 
! 

\ 

expanded view of th~ largé~ central area where the major damage has 

occured is shown in Fig. 6.2(b). From this it can be observed that the 

film is in fact very brittle and breaks by cracking into many tiny 

sections as is expeJted from a crystalline film. 

The Qptical tunneling w~ich pccurs between the1prism'and fil~ 

at the pressur6 point is recip~ocal. In other words, the energy which 

is transferred to the fil~' can also tunn61 back, to the prism through the 

evanescent field in the gap unless this is prevented by increasing the 
1 

'size of the gap ~utside ~he area ~f illumination by the incident peam. 

Tien (5) used a right angle prism and applied the pressure with a knife 

edgeO less than 1 mm. from ~e sharp rectangular corner of the prism. In 

this way, the energy in the semiconductor film after the prism's corner, 
j) 1 

was totally decoupled from the prism and decreased only as a result of 

scattering and absorption lasses in the film. This was attempted with 

the multilayer film without success as might havè been anticipated since 

the film is very (soft and the corner of the prism just digs into the 

film destroying it completely in this region. Unlike the previous case , 
,,1 

ï where the<prism was un1formly supported by a large contact area,around 

the pressure point, here, the support is only on one side. One way of '. 

getting around this problem would be to use the 60° prism as before, 

after having made a tiny groove in the base which would Pest just above 
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(a) Film damage due to a slight overpressure at 

the coupling point. X ~O. 109 layers 
, 

(b) Expanded view of central~amage showing the 
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film's brittle nature. X 400, 109 larers 
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th~ decoupled beam in the film. However, even~itho~t this operation, 

1 
the decoupling as demonstrated by Newton's rings, was sufficient to 

o 

permit a 3 cm. streak in the film as shown in Fig. 6.3(a). 
( 

The slide was coated with 109 layers yielding single mode 

operation very near the cutoff of the first mode, the TMOD mode. As more / 

1ayers' were added, the mode was'brought farther away from cutoff'which 

means that the evanescenlt field, in the gap due to the energy. in the film, 

wou1d be smaller. The effect o~ increasing the film ~hickness and bring-

ing the mo~eofarther away from cutoff is twofold. Firstly, the energy 

is more concentrated in the film and should therefore decay atia slower 

rate. From a ray picture, a? a mode is brought away from cutoff, the 

ang~e the ray makes with 'the plane of the film becomes smaller and 

therefore th~ distancé between successive reflections in the zig-zag 

" 

ray path increases. This spggests that less energy 1S 'lost per unit 

length of film. Since the "optical tunneling" occurs through the coupling 
, l , 

of the evanescent fields i~the gap, the second ~ffect of bringing the 

.' " mode farther-away from cutoff and thereby reducing the evanescent field, 

is to'reduce the am6unt of energy coupled into the film. Intuijively, 
\ 

this seems reasonab1e since-if the coupling between, the prism and the 

film is reduced, less energy"will tunnel ,into the film, lut the energy 

that does g~t in should stay in longer. The second of these two opposing 

effects was ~bserved to be dominant causing the streak to decrease in ~ 
length with increasing film thickness as a resu~t of the decreased 

coupling' through the evanescent fields. The reason for the rapid decrease 

in the ener~y in the film, ev en after it is totally decoupled' from the 
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Figure" 6.3 Ca) A 3 cm. streak in film due to coup~ing in~f TMO'mode. 
~ ~ 

Cb) Streak stops' a~ruptly where film has been scratched. 
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, , 

prism, must be due to scattering centers but particularly to surfacè' ) 

defects which will transfer energy into the radiation and substrate modes. 

Indeed, when a very poor quality film, obtained as a result of,poor sub-

strate preparation, was used, a streak only a few mm. long was observed 

and a faint beam was ·noticed in the substrate which emerged at the end 

of the slide and i~luminated the whole spectrum of substfate modes on 

a screen. 

To demonstrate that this decrease in the length of the streak 

is in fact due to the mode being brought far~er from eutoff and not due 

to a possible inerease in ,film lasses with thickness, more layers were 

deposited until the TEO mode was just at cutoff. This oecured around 

140 layers. At this point the TMO streak was subs1tantially redueed to 

about lem., howeve~, the TEO streak was 2 cm. long whieh supports the 
Q 

previous arguement. Fig. 6.3(b) gives visual prooE .tbat the energy is 
. .. &' 

indeed guided in the thin film since the streak stops abruptly where the 

film has been scratched. 

6'.2.2 
. 

Experimental Technique for Mode Observation and Measurement 
\ 

To facilitate the excitation of the waveguide modes and , 

accurately measure their respective launc~ing angles into the prism .. 
couple~~ the instrumentation shown iu Fig. 6.4 was set up. In addition, 

this fi~re 'shows some of the equipment used for the f~lm manufacture. 
" .. 

The measuring equipment consists of a He-Ne gas laser and polarizer 

mounted on a movable arm whose angular displacement can be directly 

measured on a sca1e .to 1/1001·th of a degree. This allows the variatio,n 

" 

., . , 
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., 
\{ ,
f' 

" 
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Mode exèi-tation and measuring instrumentation t;tlong 
," , J 

with sorne equipme~ used for the film manuf~cture. 
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of the angle of incidence at which' the laser beam strikes yHe coupling 

pOint'lat'the base of the prism. The pr;ism-fHm coupler assembly is 

mounted on a microposi tioner which in turn is fixed to a prç,cision gimbal. 

These allow the fine adjustments necessary for aècurate control of the 

beam position for mode excitation. This setup has also been used ta 

make Brewster angle me~su ements for the refractive index determination 

of the prism and substrate. Details concerning the equipment calibration 

and alignment will be found , n Appendix 0.1. 

The method , asure the synchronous directions will 

now be describea and 

convenience', the film thickness 

be made to Fig. 6.5. For drawing 
\ 

been greatly exagerated. Once the 

t~in-film waveguide and prism hav been appropriately mounted with the 

correct pressure applied as was de 

on the posit;ioner which rests 

arma Its position is adjusted 50 

to the dtsplacement direction as 

ribed eatlier, the assembly is placed 
J 

above t~e Bivot of the movable 

prism face is nearly parallel 

Fig. 6.5. and the coupling 

point is nearly above the,pivot. It"is n cessary that the laser and 
\ 

gimbal have been previously aligned, as 0 tlined in Appendix 0.1. to 

avoid exces\~ive positioner adjustment as th 

"""" varied. The laser height is then set 50 that 

angle of the laser beam is 

the Qeam falls on the 
~, 

, i 

coupling pbint. Since a 60° prism was used, it was convenient to align 

the coupler assembly 50 that normal incidence on the prism face would 

occur with the laser at 30°. This can be re~ilY perf~rmed by adjusting 

the gimbal movements until the reflected beam, which emerges,f~bm the 

opposite p~ism face and impinges on a screen, forms a cluster of spots 

• ), ... 
:t 
" 

'-, 
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due to the multiple reflections between the laser and p~ism. By slight 

adj4Stment of the azimuth and elevation, the cluster should'be distributed , , , 

~ymmçtrically about the main spot. Once this has been performed, the 

coupler alignment is complete and it is only necessary ta vary the ~ngle 

of the laser beam whil~) at the same time adjusting the microposition~ 
1/ 

to mainta'in the beam at the coupling poiQ.t, untii a mode has been excit
l ' 

ed. Referring again to Fig. 6.5, the angle of the laser beam am is'read 

di~ectly from the scale at the end of the movable arm. ' 

Th en e " '" a 

\\ ap = 

e 'm 

. _ [ria sin 
+ Sl.n l 

nf' 

.. 

where ria and ~ are the indicès of the air (n3) and prism (n4) 
, , ~ 

(6.1) 

(6.2) 

From equation (D.7) in Appendix D, the normalized propag~tion constant 

is given by 
" ,. 

e e ee Op 
1 

nQ sin = ne sin = 
~ sin (6.3)' 

0 .. 
Here, no and ne are the e~fecti~e ,indicies \for the ordinary (TE) aTJ,d 

• rxtraordinary (TM) rays making angles eo and Se respecti vely wi th the 

normal to the fill!l. Since the film is birefringent, hav,ing positive 

uniaxial 'anisotropy (34), and the ~Qlecular chains have been foqnd to 

be perpe~dicular (36), the refractive index tensôr has ~en as~'urned to 
. ~ 

be aiagonai which stî11 allows the separation of the waveguide modes 
, t*'''/ 

ointo the TE and TM polarizations. 
1 • 

tki'" nix 0 0 

fil .. 0 n1y 0 
U 

", 

, , 

a a nlz 

) 



(j 

• 
1 

As the anisotropy is 
, ' 

uniaxial~'nl = Pl z ' and its positive nature is a 
, ~ 

result of nlx > nlz~ In, Appendix D.2 it has been shown that : 

= 

=0 [cos ee1
2 

-n lz J 
These'results'show tha~ the TE waves are npt affected by the film's 

anisotropy. The angle et J1liide by the rays in thè fi1m~ is equal to' 

e~ther 9
0 

or Se de~ending ln whiéh type of mode is excite~. 

By .setting th,e polarig;er's ,axis of transmissioD parallell (or 

perpendicular) to the plane of incidence, the ~M (Dr TE) modes will be 

" excited. During mode excitation various phenomeria take place whicb 
. 

readily indicate this event. The first thing which is observed is the 

appearance on the scre,en of a bright vertical line passing through the 

bright spo~ formed by the reflected beam .. This is shown in Fig. 6.6(a) 

where smoke has been used to r~nder N the laser beam visib~ T)ü's line is 

slightly curved since the screen intersects a'cone of rays whose vertex 
p 

is at the coup,ling point. The conè represeI)ts the synchronous direction 
.. -

or allowed angle i~ 3 dimensions. A whole seètion of the cone Ïs 
, . 

1 

illuminated rather tha~ jpst'a line becavs~ of scattering in the film 

and because the be~ is not perfectly collimated. Anothe! observation 

is the occurrence of the streak which represents the energy coupled into 
1 )' " 

and carried by the film., The bright spot due to the reflected beam, also 

, aecreases somewhat in ,ntensity during mode excitation. ~y careful ,. ' 

observation, a dark vert~cal line can be seen in this spot. ,This is 

/ 
r 
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again due to the ~ct that the·beam' is not perf~y collimated and only 

those rays at the correct angle will be~coupled in. This indicates that 
~ 

the linewidth of th~mode is very narrow, which is ~mportant if this 
1 

rnethod is to be used for accurate measurements. The synchronous directions 

0/----"'-- are most sharply defined at weak coupling" when the compression ,at the 
, "\ 

coupling point r~duces the gap width~ust enbugh to barely excite tHe . ' 
~' 

mode. A fiJ,1al observation is the increased brightness of the film ift the • 
~ , ". 
area~ar~ the coupling point. The illuminated area directly .~ front . . 
of the slide iS d~e to the light scattered into the subs,trate. If ~he ~. 

thin-~i)m waveguide c~n support several modes, the excitftioQ of one 
, > 

. will cause the others ta be excited to a lesser extent due to sc~ttering. 

The mod~s which are closer to the main mode and are of the 
J 

same pola~iza-' 

-tion are excited to a gr.eater extent. The ~ubstrate modes are easily 
J 

"" exc:i,.ted by incr~asing the laser beam angle beyond cutoff. Fig. 6.6 eb) 
'q, f:t 4' .1 

{ • ,. " Jo 

shows the light bekm in'the substrate ~ouncing back and forth.betwéen 
... 

the' slide surfaçes. These modes '·form a cpntinuum as the slide is m~ny 
~ .' ''8 

thousands of wavelengths thick so that ~~ iS'---n9)0bserv~ble :di,:érete- " 

~ess in ~he allowe~ angles. Ray theo~y will reÂdily d~scribe ~he situatio~ 

.. 

here. r 
~ Il 

As far as optical s~nal pro~e~sing is concerqed, it is 

n~cessary~, couple the b~~ ·in at one point and let· i~ ~ropag~te in 

the film t!til'ough ~ sorne thin.,film device such as an èle'ctroo;tical' moduÎator' 
t • , " 

'II. • 

wher"e signal Jnformation~an be imp'ressed ~n !he light bearn·. as iI].teqs:i,t~ " 

. 
the' device. "By using the 

, c' 

. , 

then be c'oupled out with another ,pr.ism after ~ 
\ 

l 

a~ran~"ent Jepic~ed in Fig. 6.7(~) where two 

1 • 

, 
, , 

.\ 

" 

/ 
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Ca) Prism-film coupler assembly with 2 pressure points 

to couple the light-in and out of the film. 

Cb) TMO mode coupled in and out after a Il cm. 

guidance in the film. 

-. 

• f\ 

" 

, 

.; 

- _ ... _~_~ __ ... ___ _r 

Cf\ 
1 
N 
~ 

.! 

.,_U'Ë H_*X5Ii ...... S m'_,. "e r %'te . tM.iI &nilim~r[ •• i.~~'MtTt1'1~~....;;;;~.'~~:~ •. _,:-,.;..;:;.~.;.è\,,"'i't2oUihrtl!f. 

; 
~ 

j 

, 
j 
1 

1 
j , 
l, 



• 

c 
• 6-22 

\ 
pressure poipts are' applied ll·cm. apartJ.it was 'possible to ~ouple in . . 
sorne of the light at the right pressur~ point, ~ after ~ short distance 

couple aIl the.light out at the left press~re point. This has' been dis-

plàyed in Fig. ,6.7(b). Noticé that the streak terminates at the lef! 
'\. 

~ressure point as aIl the energy is coupled out. The fai~t berum and spot 

below the "main.reflected beam dramaticallx show the energy being coupled 
) 1. . . ' 

,out. Fig. 6: 8(a) "is a close-up of the streak betweert the two pressure 

points whi1e Fig. 6.8(b) shows the TMO mode. The line at the right 

represents the energy coupled oùt immediately alpng with the bright spot 

1 of the reflected beam. while thé left Une is totally due to the enet~y 

which has travelled along Il cm. of film before .the gap becomes small 

enqugh to allow tne light to tunnel back into the prisme The interfer~nce 
t. 

fringes dué to the ~wo pressure points .look like eq~ipote~tial !ines . , 
about two like charges in close pro'ximity. T1)is implies that" th~ gap. 

increases only gradually between the two points which is the reason for 
, . 

the ~arge arnount of energy ~oup1ed out immediately from the right point. , 
" 1 

Since two !ight angle prism cannot be used due to the soft nature of the 

film, an abrupt increase in the gap ·could be obtained by making a tiny 

groove in the base of the prism along the beam path between the coupling 
, 1 

points. This would 'certainly increase the energy carried in' the film. 

Wit4 th"e deposition <bf more and more layers on the slide, the 

film thickness wàs slowly incréâsed. By exciting and measuring the mode 
• ' \ 1 i',.. 

angles at various stages in the thièkness, the dispersion curves were 
1 • \ 

obtained. These will be examined in ftetail in the next section. In Fig. 

6.9(a), the TEO mode has been excited with 173 Tayers in the film. The 

' .. 

, . 
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" . TMO mode is ~arely visible at its left. When th~ thickness was, increased 

" 
ta 361 layer~, the TM! mode wa~ excited and iS,shown in Fig. 6.9(b}. Ih 

this picturel a hole was made in the screen through which the reflected 

beam was made to paSSe This allowed a better definition of the other .~ 
JI.. '\ 

1 

modes. Notice that the TMo.m~de is brighter than the 1Eo mode ,which lies 
, . 

between the two TM modes. By the time 541 layers had been deposited, 
. , 

four modes could be excited a~ shown in Fig~ 6.9(c). From right to left 

'\ t~ey are: TEl' TEp.' TMl!~ TMO'. Not~ce that the TMl and TEO modes have 

cr'ossed each other. "jfo make the TM modes more visible, the polârizer. 

lias r~moved. Finally. after 601 laye;rs. 5 modes were allowed. In Fig. 

6.9(d) th~ right-most mode is TM2 while the rest are unçhanged from 

the,previous case. 

1 

6.3 Matching of th~ Experimental and Theoretical Propagation 

Characteristics ta Determine the Film's Birefringence 

and Thickness 
8 t 

" 

The multilayer film which has been used to coat thé substrate , 

has positive~ uniaxi~l anisotropy with an optical axis perpendicular to 

the film surface. Uader this, condition. the refractive index tensor of 
J 

the film ft l is diagonal and the TE ane1r..lfM modes are separable. The 

anisotropie theory yielding the dispers'on relations will be found in 
• 1 \ 

Appendix D.2. An indièation of the film' 'anisotropy was gi~en bi tlie 

section, since in an 
\ 

behaviour o( the modes dis<fussed in the p 
, 

isotropic film the modes do not cross and TE and TM modes follow 

each other in succession. The more e of arbitrary anisotropy 

'. 
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. ' , 
'('58) would result in hybrid modes an4' greatly, cornplicate the analxsis. 

1 
This has been found to be unnecessary as the experimental results fit 

Il, 

quite weIl with the theory. 

~ 
For the TE modes~ the 1ispersion 

(D.4) can be just w~~1:te~ as : f' " 

, 
relation Riven by equation 

f 

F.~. ~nl;:') 
1 l,. , 

(kod). 
1 

! (6.4) 
,1 

( 
~ 

This simply means that for ~he ith mode, the thickness dOis a function 

of the lJ~knOWn nly an~ Bi ,/WhiCh can be re'lat~d to the allowed langle 
! l ' 

through'equations (6.1)' 10 (6.3). This angle ca~ be rneasured fair1y 

dccurately, however, th,~' thickness i~' not known precisely since film_ 
, . 

~ compress:~on and irregrlariÙes can cause a substantial diff,erenCè / '. 
. , , 

betwee~ the actual thickness and that theoretically predicted from.a . 
1 . . 

knowledge of the n~ber of layer~. By treating (kod)l' also as a~unk~o~n, , r \ ~ 

at least two TE ~odes are required to solve (604), In general, for a 

/. -particular film' thickness", B. i = 1, ••. ,N can be experimentally determined 
, 1 

where N is the nt ber' of TE modes 6bserved. Since (kod). must be the 
1 ' 

, 1 

same fo~ aIl these _modes.'as long as the pressure and. coupling positi~~ 

1s not 'adj~sttd during the entire measurement, the unkn9wn "1y'can be 

determin~ by minimizing the average difference G between evety two 
11 • 

c1<o d) . )~i ven by 
~ / 

;, (\ 2 ,N-l N 
(6.S).~ G '" E E IF: - F .1 

N(N-1) i=l j-i+1 ',1 J 
~ 

" • \ ~ ~ 4 
\ 
~, 

~ ~ .. / 
. 

, 
Iii 'III _ '. '~'<x.~ .'l ,1 rn".,.,w 
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In this way~ the value for nly can be determine~ for various thic~nes5es 

and the results averaged .. F~r the TM modes, Jhe dispersion rela~ion gi ven 
'. ~ 

byequation (D.6) can also,be written as,: 

\) 

Ckod) . 
1 

..... , 

J 

.. ~ (6.6) 

Since the fi lm is urfiaxial, the previous ly' obt'ained value for nI can' 
'" y , 

; - 1 ~, ~ ) ~ 
be substituted for nlz and the same minimization method'used' to evaluate 

1 ( l '-

nlx ' ITh~S yield~ the optimum diagona~ndex tenSj for the. given experi-

mental data.! In addi tion, ~o"r each· thi~kness at' which the modes have' 
, 

'bêen meas4red, an optimum value of kod is obtained. 'If an account of the 
. -

number of layers is kept, an estimate for the monolayer thickness can be , , ' 

obtainèd. Then by averaging.out aIl these estlmatei, an optimum monolayer 

thickness value wi 11 be/foundi 

A comp:uter program has been 'formulated to carry out',the minimiza-

tion and averaging of ma~y sets of data. Pirst the TE data is inserted to 

ootain an average value for nly . Then by inserting this value along with 

the TM data, nlx is found. A program flow chart will be fou~~ in Appendix 

D.3 along with sorne further explana~ions. The data and' results are listed 
) 

in Table 6.1. The aCfuracie~ associated wi~h the average values of index 

and thickness are their stantard deviations. 

sion 

Once the re'fractive index tensor has bèen ob~ined; the disper

curves can readily be generated with the aid of /"simple program 

,which is aise described in Appen~~x 0.3. These curves a~e displayed in 
\ • '~j'.t~ ,,1' ' 

Fig. 6.10 where ~ has b~ plotted agàinst the normalized frequen~y kod 
1 

which has aise convenientIy been re1ated to the number of monolayersla~ 

< 1 

.. 
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Tall1e 6.1 Data and Resu1ts for Index and Thi~ness 
1 • 

EXPERIMENTAL DATA . COMPUTED RESULTS 
, 

MODE ~ AVERAGE 
G n ' .l'lb , , , ly TYPE 0 1 1 2 kod 

-
TM 1. 5277 1. 4596 1. 554'6 9.041 0.003 

TM 1. 5248 1. 4587 1. 5513 9.090 0.006 
~ 

TM 1.5319 1.4679 1. 5556 9.803 0.006 
l, 

TM 1.5318 1.4719 " 1. 5536 10.295' 0.000 

TM 1.5354 1.4760 1. 5568 10.480 0.004 
\ . 

TM 1:5375 1.4852 1.5559 11.4,67 0.003 

TE 1.4885 1. 4572 ,~.5013 12.273 0.005 

TM 1. 5367 1.4865 ) 1.5543 11. 759 0.004 

TE 1. 4885 1.4579 1.5005 12.747 0.004 

TM i. 5391 1.4922 • 1.5554 12.323 0.'010 . ' 
TE 1.4a99 ~.4582 1. 5023 12.569 0.006 

TM 1.5419 1.(4973 1. 5573 12.780 0'.003 

TE 1.4906 1'.4595 1."5024 12.967 0.007 

TM 1. 5395 1.4972 1. 5540 13.157 0.012 . 
TE '1.4906 1. 4601 1. 5021 13.192 0.004 

TM 1. 5430 .... 1. 5029 1. 5567 13.'65;; 0.001 

TE 1.4920 '1.4625 1. 5'028 13.727 0.009 
~ 

TM 1.5438 1.5084 1. 4591 1.5554 14.910 0.136 

TE 1. :4922 1.4653 1. 5'018 14.755 0.015 
~ 

TM 1. 5413 1.5058 1.4584 1. 5528 14.940 0.222 

TE 1. 4923 1.4647 1.5023 14.463 0.015 

Average values for barium s\eàrâte ~~l~ï1ayers : 

= 1.5549 ±0.0017, nly -
O' 

Layer thicknèss = 

1.5019. ±O.OOOZ 
1\, 

25.06 ±O.67 A 
7~ 

Il > 1 ~ 

kod ... (0.02486 tO,'(0066) X (No. of) Layers) 

, . 

'II 

d 

MONO LAYER 
0 

THI CKNESS CA) 

25.36 

25.36 

25.00 

24.63 , 

24.72 
• J. ' 

25.05 

26.81 

24.62 
, 26.69 

25.17 

25.68 

24.42 

24.78 
, 

24. 4~ . 
24.56 

24.60 

24.73 
~ 25.52 

' 25.06 

25.04 

" 
24.24 
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Figure 6.1Q 
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NORMALIZED FREQUENCY kod 

'Comparison of the theoretical di~persion curves, with the 

experi~ental data for the anisotropie thin-fil~ waveg~ide . 
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t> 
the He-Ne laser frequency of 6~28 A. To ao1this, the previous1y determined 

average layer thi~ss of 25.1 ~ has been used~ It is ihteresting to 

note the behaviour of the TE and TM modes.ry~e latter tend a~ymptotica11y 

to the higher index value n lx while the TE modes tend to nly'(o~/nlZ~' 
. , 

This is quite rèasonableQas ~he TE, modes represent polarization in the 
, . 

plane of the film where the ~ndex is really isotropie. ·On the other h~nd, , 

the TM or extraordinary rays have an effective index ne given br (0.9) 

which is a funetion' of'ee' ~he angle the ray makes with the film normal. 
1 

As a ine;ea~es, this angle approaches 90° ~nd n ~ nI . e x 

The experimental data points have been ~uperirnposed on these 
, 1 

eurves and sJ\,ow a relati vely good agreement wi th them. To plot th,ese 

polnts, the value of kod used'was that given from a knowledge of the 
'\) 

r 
. number of layers and the computed average layer thickness. As was pointed , . 

-out previously, this ~an be somewhat in error due to compression and . , 

.irregularities in 'the film, and a better fit would have been obtained 
, , 

, ' 

if the op'timum values
d 

of kod resulting from the data fi tting would havè _ 

been used. This was not done, however, as it would not correetly represent 
,) ., ." / 

the experimental data especially since the'theory.does not exactly 

'describe the waveguide as it is far frbm being' ideal. 

Another cause of error, and.the reason ~hy so many data points 

hqd to be used, was the difficulty' of making accurate -àngle measurements. 

Although the angles could be measured precisely t<j> 1/'100 th of a degree, 

the angle a~ which the mode was excited was not as sharply de~ined. This 

was due1to several factors like the 51ight divergence in the laser~beam~ 
" 1 

• 1 

irregularities.in the film, ov~rcomp~~ssio~ at the eoupling point which 

Î 



« 
\ 

, . 

o 

. 
caused the mode l~ne 'to broaden, and the fact that the peak of the mode 

1 \ 

exci taUon had to be deterrnined visl1ally since the observation most 

'sensitive to ang~lar movement is thejdark line"in the bright spot i, 
, 0 

-representing the energy I!oupled into the film. For each data point, the 
. "Al 

average of 3 to 6 angle measurements was taken depending on the spread 

of the data: ADjong the more inacèu.rate measurements, a typical spread '. 

of io. 025 /ip angl.e was obtained. This represents a spread' of about . 
±O.0002 in th~ value of "S', which is only a slfght variation on the scale 

used ~11 the graph. 

By comparing with the accuracy ob~ained by Tien (32) who 

readily detected changes in index of 0.1% 'and 1% in the film thickness; , . , 

it can be sta~ed that the results obtained h~re are indéed quite good 

'since deviations in the index values are also in the 0.1% range while , 
~ " o 

the thickness value has an accuracy of about 2%. 1t must be taken into 
. 

consideration, however, that Tienrs organosilicon films are of High _ 

optical quality and accurate measurements of the prism and substrate 

indices were made with &an Abbé refractomet6r. The Bi-e~ster angle method , 

was used ta determine the prism's index'although it is not very accurate; 

as the intens~ty minirum is not'sharply ~efined. A high quality polarizer 

would facilltate this ~ask. By averaging 20 readings, a value of 1.7252 
, 

±O.002I was obtained. The substrate, however, was made' of fused quartz 
, ' / 

since its index had to be as low as possible from waveguide considéra-

tians. The lower the index, the.fewer would be the required number.of 

layers needed to ex~ite a given number of modes. The refractive'index ' 
/ 

of fused quartz at the He-Ne laser frequency was "readily found ta be 

l , 

-) 
------------~ ____________ ~ __________ l~ 

r 
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" 
1.4571 by interpolation between tabulated values'at' speci{ic frequencïes 

<1 
(59) . 011 t • 

" 

H 

( 
In Table 6.2 the computed monolayer indices and thickneis are .... 

compared with values dete~ined by others. The values which have been 
.,. .,.J 0 

o 

obtained lie within the:range of those determined by others: This 

• 
reinforces the.validity of the cur!ent method and suggests ~hat it is 

at least comparable in accuracy to the other techniques. 

Table 6.2 ?l'tic,al Constants of' Ba-Cu~H-St F,ifms . ~ 
LAYER 

REFERENCE 0 METHOD THICKNESS (A) 

B10dgett et al (34) l.S5l±O.002 1.491 24.4 Interferometry 

Bateman et al (4.1) 1.560 1.510 24.7 ±1. 3 Mattuck 
\ 

25.3 ±O.4 X-ray i 'Srivastava et al (36) • 

29:2 tO.3 Interfliometry . " 

.' 
Srivastava et al (36) 

1 

This Work 1. SS5±0. 002 10. 502±0. 001 2S.1-±O.7 Wa~uide Theory 

. 

,~ 

" 
" 

, , . , .fI 

. \ \ ~ 
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CJ,lAPTER 7 

CONCLUSIONS AND DISCUSSION ON FURTHER WORK 

The present work has demonstrated the feasibility of using 

Ba-Cu-H-St monolayers deposi ted on a fused quartz substrate, as a thin
-Q,;' " 

film w~veguide. A manufacturing process has been set up which employs 

t~e Blodgett-Langmuit molecular fi~m techni~ ta deposit single molecul~r 

layb~ on a substrate, allowing tremendous control on the thickness of 

the film. Although sorne major problems associated with the film manufacture 

neecl to be overcome if high quality, low-loss films are to be obtained, 
o \ 

it has ~een shown that the fil~ will support guided mpdes, and that these 

modes agree reasonably weIl with those theoretidally determined. Indeed, 

the results ~how that the film is composed of positive uniaxial crysta1s 

whose optical axis is perpendicular to the plane of the film resulting 

in a diago&al permittivity tensor. Films up to 600 layers thick have been 

deposited and the modes at many intermediate thicknesses have been 
.. 

observed and measured through the establishment of, an accurate measuring 

technique. By eorrel~ting these(measurements with the anisotropie wave-

guide theory, it has been found that the refractive indices for the 

ordinary and extraordinàry rays are 1.502 and 1.555 respectively~ and 
o 

that the mono layer thiekness is 2S.1 A. These 'resul ts are within the r1ange 

of those obtained byl -others who have used various methods to compute the 

optical constants of these multilayers. 
. 

Several improvements can be made on the present fabritation 

system sa as to' both façilitate the deposition process,' bOut more importantly~ 

1 0 

\ 

n' 
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'Î 

to improve the film quality. The first and it is felt the most important 

10dification would be to eliminate the use of oil to creat the required 

surface pressu~e since it necessitates a very'tedious cleaning process 

between th~ spreading of successive films, and even with this process. 
, 

substantial oii contamination i5 still introduced. This should be replaced 

by sorne sort of mechanical drive t~ push a barrier acting as a surface 

l " 
piston. The proper pressure could be maintained by using a feedback ~ystem 

which emploYs a film balance,to monitor the surface pressure and some 
, 

control circuitry to relate this information back to the mechanical' drive. 

Other workers (40) .'\!.( 43) have reported the u~e of a s1t of. w~ights 'and_ 
\ . 

pulleys to exert a constant pressure on a movable barrier. The pressure, 
. J 

which was measured with a film balance, was adjusted by varying the 

weights. One method (42) employs t~o solenoids on eith~r side of the 

tray to exert a constant force on the movable barrier which is directly,1 
1 

proport~onal to the applied current. How~ver. the barrier movement is 
1 

restricted to a 2 inch range and requires constant supervision and manual 
'I 

l- • 
ad JUs tment • 

Afiother aspect of the system which could be looked into is the 

automatic dipping device since its dipping speed is not constant but 
1 

r~th~r sinusoidal and therefore requîres more time than necessary to 

deposit eacp layer. One consideration ,ight be to replace the entire 

~echanism by a pneumatic system where an air cylinder i5 used to produce 

a constant reciprocal dipping motion and whose speed can be controlled 
1 

by regulating the air pressure .. To minimize contami~ation, the whole 
1 

process should be enclo5ed in a dust-free chamber wherein the substrate 
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cleanihg and film deposition would be c~rried out continuously under 

"sterile" conditions. This would require an automatic: system to handle 

and transport the slide from one operation/to the next and a mekns of ... . 

automatically cleaning the subphase surfacé and spreading new films. 

Vibrations could also be minimized,b1 mounting the system on a vibratioh

free table, the level of which must remain constant for obvious reasons. 
) 

resulting 

chemistry 

Despite the above suggestions powever, the quality of the 
,r 

thin-film waveguide will ultimately depend on how weIl the 

"" "-of the deposition process is understood and to what extent 

various parameters which affe~ it can be controlled. This requires a 
~ l ' 
good'technical support from the experts in this field who are still 

studying and developing this science and ~re e~amining many types of 

film-forming compounds. Indeed, from practical considerations, thyse 

the 

fatty acid soap films have the disadvantage of being soft and therefore 

ea~ly deformed and damaged. Other compounds might offer more appealing 
\ 

mech.anical properties"1:.h addition to a weU-ordered crystal structure 

and supply a technological boost to the presently just developing 

'integrated .~ptics field. . 
.-

Nevertheless, .the present system offers the possibility of 

mak1ing single and mul timode waveguides of satisfactory 'optical quali ty 

ta allow further investig'ations into the film's properties and possible 

uses' in non-linear optics like optica~ second harmonie generation (5),(27). 
. i 

Due to its marked anisotropy, the filmts e~_e~t1'ooptical properti'es should 

be tested and i ts feasibility as an optical modulator be determined. 

'A great deal of work has already been carried out (37) on the 

«1(01 i t'f-l •• 
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determination of the electrical properties of this film. In particular, 

the dielectric properties of these,multilayers were investigated. The 

dielectric constant and capacity as a function of frèquency, have beèn 

, studied. The",maximum de dielectric strength of barium stearate films was 

,determined ta be in the vicinity of 10 7 V/cm. while the ac strength 

varied from 2 X 105 to 106 V/cm. as th~ frequency was increased from 
\ ~ 

1 ta 300 kHz. 
, 

Electrooptical modulation (60),(61) of the 1ight intensity is 
1 

usually aehieved through the application of an electric field across a 

birefringent crystal. By varying the field strength, the index differ~nce 

between the erystal's slow and fast axes is ehanged resulting in,a 

variation in the polarization of ~he emerging 1ight. If an analyser is 
;' 

then used, this variation is'transformed into intensity modulation. It 

should ~e possible to use this modulation scheme in the anisotropie 
, 

multi1ayer waveguipe by adjusting its thickness to ~he point where the 

TEO and TMl modes cross. This oecurs when kod ~ Il.95 or at around 480 . 
layers. Bath the ordinary and extrâordinary rays will then travel along 

the film as shawn in Fig. D.2. Upon being co~p1ed out, they will' have 
1 

'1 a relative phase shift which is dependent on their respective path lengths. 

'indices, and refleetion phase ehang's. If an electrie field is somehow 

applied aeross the film's thickness, it should be possible to vary'nlx 

and consequently change the optlcal path length of the extraordinary ray 

while leaving the ordinary ray unaffected. In ~his way. th~ pOl~rization 

of the emerging beam eould be changed and intensity\modulation aphieved _/ 

with very low voltage applied due to the thinness of the film. 
~ . 

, , 

1 

?E7E W t 



1 

·Another modulation technique that could be att~ted is 

modulation of the synchrbnous direction. In this method, an electric ' 

field is again used to vary the index, but this time, the resulting 

) change in the allowed ray angle is of intere~t. Th~ birefri?gence 

" property of'the film is not used in this case. Due to the laser beam's 
\ 

divergence, it was found that only thèse rays very close to the synchronous 

direction were coupled into the film. This was indicated by the dark 

vertical line on the reflected spot. By applying a field across the plane 

of the film, nly should be varied slightly which in tum would result in 

a shift of the clark line of the TE modes. 

The .,application of the fie,ld is not 'as diffi'cU'!t aS in the 
l , 

previous case and a method has been illustrated in Fig~7~1. The electrodes 

are thermally evaporated on a elean quartz slide. If goln is used, the 

surface will be hydrophilic while aluminum or silver will make it hydro-

phobie (37),(43). These electrodes should be as thin as possible so that 

the gap between the film and prism will not be too large. If the electrodes 

have a separation of say SO~, a maximum of 500 volts can be applied if . 
a 10 5 V/cm. ac ~ating is not t~ be exceede~. A defleetion of the dark 

vertical line shoufà be observed with a much lower field strength if thel 

film is to be useful. Intensity modulation ean then be realized by placing 

an aperture ~ver the dark line so that when no voltage is applied the 

transmitted light is a minimum and increases with inereasing voltage due 
... 

to the shift ~ the dark line. 

These suggestions have been given so as to furnish sorne incentive 

in the hope that further work be carried out as it is felt that this film 
~ 

\ 

does have,the potential for very practical applications in thin-film devices. 

-'---------------' . --
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APPENDI:J{ A r 
, DESCRIPTION OF COMPUTER PROGRAMS UNDER THE STEP APPROXIMATION 

, .. 
'0 

A.I CO!DPutatibn of the', Dispersi"on Curves .. 
, 

,A generalized flow chart of the program us~d to compute and 

plot the dispersion curves for a finite cladding,slab waveguide having 

----a parabolic index distribution in the core which is approximated by N 

homogeneous.~teps, is shown in Fig. A.l. This program was written to be 

as general aJ1.d' flexible as possibte. The num~ of st~s used to Ci 

approximate the core has beén speci~cally left variable, N being read 

in with the rest of the data. This requires ,the program to generate an 

arbitrary size matrix of (2N+I)X(2N+I) and take its determinant. The 
1 

first of thesè tasks is performed by the subroutin~ MATRIX while the 

determinant is ev~luated b}'" the funct,ion SubrOgram DET which is most 

efficient, taking into account 'the existing ~ros and using gaussian 

elimination. TE and TM, even and~dd modes can be computed by merely 

changing a few appropriately labelled cards in the program. 

Once the data is fead ~n, the prog~am proceeds to compute the 
ù \ ( 

norm~lized position (x/~) a~d refractive ~ndex (ni) lof each step: Then, 

sta~ting at S = n2 + 0.0001 (since at a'= n., K = O~~aking the matr~x 
;' 1. . 

9ingu'1ar) / the roots .JflÎ'e obtained with' subroutine ROOT by using 

kod =cm'IT~fXl(n~f~;'l} , m'" 1,2:3, . .'. ~s ~ first approximation. ROOT 
\ , 

employs de :~!nt'erval-halv.i.ng method" to systematically search for a 

root. For the next value of a, ~he first root of the' last search is used 

as an 'approximation to the first root of the present search. If a has 

\ ' 
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..// , . 
Just been lncremented, this approximation will lie to the left of the 

actual root, while ifa has been decremented, it will li; to the right. 

Ta~ng note of the sign of the determinant, which changés value be,tween 

the roots, ~he uncertainty as to whether'the approximations to the rest ~ 

of the roots lie to their left or right is removed. This unçertainty is 

~ introduced since the WKB approximation was used to establish~the approx-

imate root positions as it gave very close estimates. For even modes, 
, 

the appr~~imation to the nth root is just (1+2N), times the value of the 

fir~ root, while 10r odd modes it is (1+2N)/3 times the value of 

the first odd root. 4 

By incrementing and decrementing a, above and below its start

ing value ~ steps of OBI, the core modes are computed. ~en a is ,near 
1 

nI' kod is very large for high order modes and overflow,problems might 

result due to the blow up of the exponential terms in the la~t row of 

the matr~x. 
\ 

For the cladding ~odes, the WKB approximation cannot be used 

due to the sharp difference in the cladding modes. Here again, the first 
~ 

root is approximated by the one obtained in the previous search and then 

su~sequent roots are approximated by adding to the last root the interval 

between the previous two roots. By svccessively decrementing aby DB2, 

~ the cladding modes are computed. ~ 

1 , 
. 1/ 

... ...... , 

" 

." 
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REAn RCORE, RCLAD, N. MODE, 

ACY,_ DBI, DB2 

Evaluate stepw1se approximation 

to the parabolic index profile 

Firid roots near cutoff region 

of the first layer since approx. 

roots are known and pr~nt result 

Find ~oots within the first 

~ layer incrementing 1 by OBI 

and printin~ results each 

time. 

Set up appropriate transverse 

propagation vectors for each 

layer. 

Call CONST to set up aIl the' 

parameters for the dispersion, 

matrix. 

. 
CalI ROOT to ~rch for the, 
value of KO 

det~rminant 

vanishes. 

for' wrich the 

of tllf matrix 
.--j \ 

'+, 

y 

Find the roots in the cladding 

decrementing 7J by DB2 and 

printing the resul ts each time 

Ca11 1!brary routine to plot 

1 t,he core modes. 

Find the roots in the rest of 

the core for layel's 2 through , 
N. decrementing Ji by OBI and 

" 

printing the results ea~h time. 

Systematically select a value 

for ID. 

Cal1 DET to evaluatl the Q 

determinant by gaussian 

elimination . 

Figure A.I Gèn~~aliZCd flow chart for the dispersion curves program 
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• 
Computation of the E and H Fields 

Fig. A.2 describes th~ program used to c~mpute pnd plot the 
\1 

E and H fields for a finite claddihg slab ,waveguide having a parabolic 
v • 

index distribution in the core which is approximated by N homogeneous 
':y 

st'eps. 

B 

KD 
<7< 

RCORE 

RCLAD 

RATIO 

N 

MODE 

Ar::f 

OBI 

Definitipn of Labels 

a-
, \ 

- kod 

- n a 

-' r 
" 

,. 

- N, number of steps used ta approximate the cote. 

,- nurnber af modes! to be computed. 

accuracy ta which roots are determined. • 
DB2 - increments in'~ used'in the comPutation of the,dispersion 

curves f~r ~he (1) core and (2) cladding modes. 

NUM - number of field points ~o be computeo within each lay~r. 
" 

- character data specifying' 'TE' Qr 'TM' modes. " 

OE character data specifying 'EVEN' or 'OOD' modes. 

.. 

1 

l' 
1 



.. 

o 

. () 

READ RATIO, RCORE, RCLAD, 

N, NUM 

Evaluate stepwise approx. to 
1 

the parabolic index profile. 

READ liE, DE, KD, B 

Find layer where field changes 

from oscillatory to evanescent. 

Set up transverse propagation 

vectors G, GX, and Il, Ille, in 

the oscillatory and decaying 

, regions respectively. 

Increase -accuracy of KD by 

perforrning more root search~g 
(as in previous prograrn) 

Set up (2N) X (2N - 1) 

augmented and scaled matrix. 

N 

',' 

TABULATE AND 

PLOT DATA 

Redefine fields by duality 

Evaluate E & H fields in aIl 

regions of the slab 

Solve for unknown constants 

Perforrn row reduction operations 

to set aIl elements above the 

diagonal tb zero. 

Pigure A.2 Generalized flow chart for the fields program 
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APPENDIX B 
, . 
MATERIAL CONCERNING THE WKB METHOD 

;CI 

B.l Nature of the WKB Approximation 

A solution is sought for 

o (B .1) 

, . 
Let the solution be of the form 

E ... F(x) ejS(x) 
y (B.2) 

\ . 
where F(x) and S(x) are real functions of x. 9ubstitution into (B.1) 

leads to 

... 
{F" - F(St)2 + K2 F} + j{2F'S' + FS"} ... - 0 

'Since,F and Sare rea! functions, it follows that 

F" - F(S,)2,_+ K2F ... 0 

2F' S' + FS" II: 0 

'Multiplying (8.4) g F leads to 

, (B. 3) 

(8.4) 

50 that F • C(;,)~l, where C 1s a constant. If K varies slowly over 

one wavelength, it will be shown that Fil can be omitted in (8.3)'. With 

this.approximation : 

S' - ±K or S - ±f K(x) dx 
, 

Therefore ,from (B.2) 

.Ey = CK-! exp{±j f K(x) dx} (B~S) 

. } 

, , , .' 
l 
! 
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Rewri ting (B . 3~ as : -
F',' can be omitted in (B.3) and the approximation is vaUd if 

(B.6) 

or i'f S'~ = ±l< as before. 5ince (8.4) yields F - 'C(S ') -1, substituting .. 
this into (B.6) gives : , 

-. (t (~)~- !~I « 

/ , 
This fnequ~lity will be sat1sfied ifi'it is s,at,isfied by each terni alone : 

J 

! (Sil) 2 « (S') .. and } 1 S'" 1 « 1 (S') 31 

If the first relation is s~tisfied,so, is the second since it "can be 

obtained from the first to within a constant factoI; by differendation. 

By substituting S.' = K, die necessary co~di tion is 
1 

IK' 1 « or Idil « 
1 

(8.7). ' 
.... "l . 

which means th~t the.~ractional change in K over an incremental distance 

.', 

dx, must be much less than that~distance ngrmalized relative to ÀXJ the 

transverse wavelength. ',.. , 

8.2 The TM Case 
. \ .. .. 

The reduced wave ~quatiori for the TM modes is of the fotm 

.1 
HIt + PC.x) H' + q(x) H - (B.8) 

1 " 

~~~T~~~~~--'----~.~U~. __ '--~~ ____________________________ ~ ________ ~ ____ ___ 
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where 

/ 
p(x) = 1 de: (x) 

~ ,ë(X) dx 
.;.. ... -- ( 

Letti~g H = f(x)~{x) ·and substituting into (B.8) gives.; ~ 
o .... ~ ~'~tp .. ''"l 

G" _+ R2 (x2 G =··0 .. 

• R2 (x) , II1II (f" + pf' + qf)/f 
" 

= where 

. 'and 
" ~ . 

'" C exp ( -!/ p(x) dx), Cr~ constant 
.., .. , ,.,~ : 1 • '-

f(x) 

By subs~ituting pfx) as given.in (B .• 8) in1:o the'expression for f(x) gives - " 
., f(x) =·C {e:(x)}! (B .10) 

11rerefore, H - {€(x)}l G where Chas been absorbed into the constan~ 

of G. Next, su};stit"ting (B.10) into the expression fort'CX) 'gives : 

~2(x) = S2(X) - a2 , '., ' '~ (B.ll~ 
wher,é, 

Sinèe 

S2 (x) .. 1 d
2

E ' 3 (de:}2 + .E.. k2 
ï€ ëJX2 - -4e: 2 ëlî e: 0 0 

n )x 2 
c 

Substitution into the expression for S2(X) leaas to 

where 

,B.3 

= 
2 (na -ncH 3 (na,..-nc) ? + na} 

n2 (i) - ---------
n 2 (i) (kDd)2 

'\ 
Co~uter Pro gram F~ow Charts 

cg .12) 

'The computer,programî used to compute and plot ~he dispersion 
!I 1 

curves and the E and H fields for a slab waveguide having a parabolic 

.') index distribution throughout the cc;>re, clâdding and externa1 regions, 
\", \ .. ~ 

, 
using the WKB approximation, are des ~ribed by Figs. B.l and B. 2 respect- , 

,;> " 
ively. Fields for the. TE even and odd, core li;nd cladding mod,~s are 

1 

/ 



"" 'r , 

Q. 

o 

evaluated. 

REXT 
1 

Definition of supplementary labels 
j 

- n e 

XEND 

NPT 

~. - maximum value of x to which fields are computed. 
"-

- number of field points to be calculated in the core. 

1 

" 

. ... -~, 

'\. ' 
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READ RCORE, RCLAD, REXT. 
MODE, DBl, DB2 • 

Set up parameters for core 

mode evaluation ego DB : OBI 

Evaluate TM modes us!ng TE 

raats as first approximations 

N y 

Set up parameters for cladding 

mode evaluation ego DB : DB2 

f 

N 

\ \ 

TE integration 

subroutine SIMPE 

\ Root searching 

'subroutine ROOT 

TM Integration 
subroutine SIMPM 

" Figure B.1 Flow chart for the dispersion ~urves prograa 
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READ RCORE, RCLAD, REXT, 
XEND 

READ : N, 8, NPT, to specify 

the field's coordinat es on 
the dispersion curves. 

Compute corresponding value 

of "D. 

Compute oscillatory and decaying 
E & H hie Ids from the field 

equations at discrete poin~s. 

y 

.. 

1 Figure, 8.2 GeneraUzed flov 
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J 

Integration subroutine 

SlMPS 

" 

the' fields prOaT8Il . 1 
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APPENDIX C 

DETAILS CONCERNING APPARATUS AND PROCEDURE 

FOR FILM DEPOSITION 

C.ll Preparation of Chemicals 
, . 

Particu1ar attention to clean1iness must be g1ven duringo 

chemical preparation, otherwise large quantities of contaminants will 

be introduced1 The most delicate operation is the pr.eparation pf the 

benzene solution of strearic acid. It is prepared in batches of 10 ml. 

,and is stored in a stoppered graduated cylinder so that any evaporation 
~ 1 . ", 

.. 

can be accounted for and the conce~tration maintained nearly oonstant 

by the addition of more benzene. The stearic (~ctadecanoic) acid which 
, 

has'been used is grade 1 (99% pure) and must be stored below OOC.,Since 

only 0.1 ml. of solution is used ta cover the ~ubphase with a film, eaeh 

batch has ~ potential of 100 spread films. ~owever, it is recommended 

to discard the 1ast 2 ml. of solution and prepar~ a new batch since the 

concentration of contaminants increases with use. 

The weight 9f stearic acid to be dissolved in 10 ml. of benzene 
1 

is readily found. as foHowsl. Since the area to be covered by the film is 

2800 cm~, while each stearate molecule covers an area of 20 X 10- 16 cm~ 

'and 5tearic acid has a mole~ular weight of 284.5 gm./mo}..e, th~n each 
" 1 

spread,film re~uires 0.6613 mg. of stearic acid. Ther~fore a batch of 

.benzene solution i5 prepared by dissolving 66~+3"mg,. aof stearic acid in . , 
10 ~l.J of benzene' thus· giving a cdncentration of 2.324 X H(2 lof (moles/ 

.liter). The solution was kept at room temperatur~ throughout the 
'1, 

~~eriment5' and showed no no~iceable degradation • 

---'------.... ---------_,,f.~,'!" 
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To facilitate the preparation of the subphase, concentrated-
, 

stock solutions of the required chemicals were prepared. The appropriate 
\ 

subphase concentrations could then be easily established merely by 

adding' 'small portions of these stock solutions to the 3 liters of 

distilled, deionized water in the trough by means of graduated pipets. 

The 30 ~M concentration of BaCl2 suggested by Bl?dgett can be,estab1ished 

by adding 1 ml. of th& 100 ml. stock solution. Sirice the molecular weight 

of'BaC12'2H20 is 244.3 gm./mole, the stock is prepared by adding 2.199 gm. 

'" to lOO·ml. of distilled water. 

The potassium bic~rbonate buffer is prepared as a 500 ml. stock 

solution 1 and S.' ml. of this is used to yield a subphase concentration of 

200 ~M KHC03. Since its molecular weight is 100.12 gm.lmole, 6~007 gm. 

are required to rnake the 500 ml. water solution. 

The 2 lJM " copper concentration is set up by the additio~ of 
, 1 

stock solution of CuCh. It is fO\1nd that 0.1023 gm. 1 ml. of a 100 ml. 

of C~C12'2H20 must be used since it has a molecular w'eight of '170.5 gm./ 

mole. Table C.I has been prepared for easy reference. 

, f 

IS 

1 
, 

. ••• 1 
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C.2 Substrate Cleaning Procedure 

'" When a slide is used for the first 'time as a.substrate on 
\ 

which a film is to be deposited, it must be thoroughly cleaned before-

hand, otherwise the coating will be poor. The process which has been 

adop~ed is part of one being used in the, solid state 1ab to clean silicon 

wafer~It consists of two steps, a degreasing step and a decontamination 

step as outUned below'. 

1. 

2. 

Degrea5ing Step 

Ca) Boil in trich10roethylene for 8 min. and rinse in 
1 

·deionized, disti11ed water. 

Cb) Immerse in acetone for lS min. and rinse. 

Cc) Immerse in methano1 for lS min. and rinse. 

Decontamination Step 
q 

Ca) Boil in a solution of H20:l12'Ô2 :NH .. OH mixed in a 
1 \ 

ratio 35: 10: S ml. for 8 min. and rinse. 
1 

Cb) Boil in a solution of H20:H202:HCl mixed in a 

ratio 35:10:5 ml. for 8 min. and rinse. 

Cc) Dry the slide by holding it over the hot plate. 

Throughout this operation,. the slide must on1y he handled with 

clean forceps or tweezers. If a slide·has been previously coated with a 

film, this process need not be used as it is only necessary to rub the 

film down with tissue paper ~nd start depositing new layers. However, if 

the deposition i5 found to he poor, the slide must be pr9perly cleaned 
i \ 

since the previous film must have contained sorne greasy contaminants. 

This initial cleaning of the substrate cannot be overstressed as the 
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i~ 
quality of the film is highly dependent on how weil the first few,layers 

. have been deposited. If the film does not prope~ly a~ere (to the substrate, 

even after a few hundred layers, a seemingly gaod quality film will start 

to peel off in those areas where there was poor adhesion of the first 
~ 1 

layer. 

C.3 Procedure for Monolaye~ Deposition 

At the outset, the Plexiglas tray must be cleaned~ith detergent 

and rinsed thoroughly. It is then dried with sorne paper towels and rubbed 
1 

with alcoho,l soaked tissue paper. The trough is fiUed with 3/liters of 
~ 

distilled, deionized water, the first 500 ml. being mixed with 1 ml. of 

t~e BaGl2 solution, 5 ml. of the KHC03 buffer solution and 1 ml. of the 

CUCl2 solution described previously. These quantities are added using 

the 1 ml. and 10 ml. graduated pipets. Having prepared the subphase, the 

cooling coil is submerged into the deeper section' and the circulating 

, pump is started ta initiate cooling-, and is turned off and on subsequently 

aS,required to main tain the temperature between 17°C and 20°C. Washed 

GuS is mixed with distilled water and a smal1 amount is added to the 

subphase by means of a pipet 50 as to produce a uniform,sprinkling of 

CuS. The addition should be so light that it is not visible on the tray 

bottom except when observed from a glancing angle. If GuS is used, the 

pH 'must not be lowered too much as an acidic solution will react with 

the CuS and release excessive amounts of copper ions 1nto solution. 

The pH was measured with the Fisher Accumet pH meter (Model 140). 

It will be found that pH determinations m~st ~e careful1y performed since 

1 

- ... 

, ;," 
, . 
• olt; 
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the subphase is poorly buffered and is greatly exposed to the air. This 
. 

causes the meter needle to drift slightly. The pH can be adjusted by 

adding a few drops of dilute Hel or N~OH and stirring. It should be set 

within a range from 6.8 to 7.2. The pH will be found to remain in this 

range due tO,the fa ct that the bath is in equilibri~with the carbon 
... 1 

dioxide contained in the air. Blodgett quotes the equilibrium p~ value 

at 6.9. '<, 

Any surface nonsoluble contamination such as oil and dust 

particles are removed by using the sweep barriers. First. a barrier 1s 
l ," , 

placed across the tray and the surface is swept slowly along its length 

until the barrier is a few centimeters from the end. Ttis action not only 

pushes ,back the contamj.nation behind the barrier,' but also draws out that .. 
\ 

in front of it 50 that i t can be removed by the second barrier. The 
1 

process is continued a few times, alternating from one barrier to the 
, 

next, each time ,cleaning and drying the barrier after removal with tissue 

paper. It is important that only the ends of the barrier be touched, 
t> 

otherwise oil and grea~e fro~ the hands will contaminate it. In fact, 

plastic gloves should be worn during the entire operation as a pre-

cautionary measure. The floating barrier can now be deposited on the 
G 

water surface in position' 1 as shown in Fig. C.I, .by holding it at its 

1 extremities. A test can be made to check for the presence of oil on the 

surface. With a clean stirring rod, the barrier is gentIy pushed at its 

midpoin~on the side of the cooling coil. If little or no oil is present, 

it should easily fIoat away for a short distance. This is continued until 
1 

the sweep barriers are r.ëached at the opposite end of the tray. If a 

f 

\' 

o , 

" 

, " 
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Figure C.I Top view of film tray.' 
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li'ttle oil is present, ~ t wi 11 exert a surface pressure on the floating 

. \ \ 

barl"1er and make i~ spring back after the stirring rod i~ removed. If 
il 

thi~ oCcurs at a distance of more than a few centimeters from position ~ 

2, the surface must be reswept, the floating barrier transferred to 

position 1, and the test reinitiated. If only very little oil is detecteti 

at position 2, the float is intermittently pushed as before, back to 

position 1. Here again, if too much oil is detected the surface must be 

reswept. This can be somewhat of a te ous process although extremely 

necessary if good quality films a to be obtained. 

, ~ 

Once jjthe surface has been cleaned, the tray is covered wi th .. 
the Plexiglas sheet to rèduce\du~t contamination. The film can now be~ 

. 
spread by transferring 100 ~l. of the benzene solution to the surface 

using the 100 À micropipet. The pipet's tip should be held just above 

the surface and weIl away from the floating barrier, as benzene will 

readily,dissolve it. The solution should be delive'red to the surface· 

continuously and rapidly so that th~~enzene always remains visible as 

a few lenses. As the benzene evaporates, the monomolecular film spreads 

out over the entire surface and exerts a pressure on the floating barrier 

pushing it back aIl the.way to position 2. After the barrier has corne to 

rest, the subphase surface should be viewed at a glancing angle-to,.check 
~ 

\ 

BOr any visible signs of dust or unspread-benzene lenses. If the latter 

are present, they u~ua~ly occur around the spreading point near the 

cooling coil. This sit~on indicates that there was not enough area 

for the film ta coyer. This can occur if the benzene solution is too. 

concentrated or if the surface has not been properly cleaned 50 that 

\ \ 
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residual. film or oil has reduced the available area. These lenses or 
~ 

dust' particles can be slowly removed by touching them with a'clean 

spatula. 

~ 

" 

After allowing a few'minutes for the benzene to evaporate and 

the copper ions to diffuse to the surface, one drop of "piston oil," is 

transferred to the surface between the float and the sweep barriers by 

inserting the pipet through a hale in the dust cover. Oleic acid has 
r < 

bee~ found to be morf suitable as it exerts about twice the pressure of 
, 

castor oil. As soon as it touches the surface, the oil spreads out as a 

monomolecular layer and exerts a pressure on the floating barrier moving . 
it)a few centimeters, thus compressing the film. This quanti,ty of ail ts 

much more than required ta caver the entire surface and rernains colÙcted 
\ 

in a few lenses from which it will spread as the film is slowly used up. 

Once,the temperature is below 20°C, the film depositton can 

begin. A clean (hydrophilic) dry qrartz sl~de i5 mounted on the holder 
• 
and positioned 50 that it just penetrates the water surface with ,the 

"-, 
dipping device at its topmost position and ~djusted for a 2 cm. stroke. 

As H B lowered, a c1ean slide will not pick up any film. With the speed 1 

set to 1/10 r.p.m., the first layer is coated as the slide is raised at 
\ 

an average of 4 mm./min. . This speed is slowly increa5ed for sbbsequent 

layers towards Il r.p.m. and is limited by the rate at which the ascending 

slide sheds·water. As the film is deposited. the floating barrier moves 

about 9 mm. for each layer and by observing the shape and behaviour of 

the meniscus. a good indication of the evenness with which the film is 

being deposited is obtained. A smooth, uniforrn, weIl define~ meniscus 

.". \ 

1 

------------------------------------------------~------

1 ,\ 

'. 
~\\~ 

':J! 
\\~ 
Pi 
I,t 
.}\ 

~r/ .. 
~ 
< 
~ ., 

, 
'. « 



.. .. 
~"""'~7..1i"'~~",,,~IIf!It:."#'~.F-"'~~f"""'1"I"'''''''''''''-~' ~"l"~""~~I'U.~'1".,. .. ~'i't~~~"rt~"""'"'J"1~"':~"W!'8\;r.S.4if!tA~~<?fI~~ ... it-.~ 

u 

C 

o 

" 

(). 

C-9 

indicates good deposition. Even if the coat~ng 1s poor, âs long as sorne 

film is béing deposited, the process shou1d be continued and afte~ sorne 

SO layers (2~' revolutions), the film shou1d be rubbed down wi th tissue 
J 

paper until no visible trace of the film 1s left. This leaves a single 

molecular layer which provides a good foundation for building (34). 

The process should be stopped when the floating barder reaches 

a distance of about lS cm. from the slide. To c1ean the surface, the 

slide is first,removed and the farthest sweep barrier is removed, wiped, 

and p1a~ed in front of the floating barrier to reduce oil penetration 

towards· the front of the tray. The oil 1enses are then removed using 

smal1 pieces of paper towe1 and subsequently the floating barrier is 
61 

withdrawn ~nd wiped gently with tissue paper. The sweep barrier is brought 

slowly to the middle of the tray and the other one is placed at its head. 

The barrier at,midway is now brought to about 3 cm, from the end and the 

film behind it is rendered visible due to its compression and can be 

skimmed off with a microscope slide. An indication of the copper content 
{ 

is obtained by noticing the bluish-green color of the film. The surface 

can be cleaned reasonably weIl by successively sweeping with the barriers 
~ 0 

and removing the oil by sweeping the surface with large sections of paper 

towel. 

The secon~ film can be spread once the previously described oil 

test has been performed successfully. By proceeding in this way, films of 

many hundreds of layers can be obtained. If the tray is to be left standing 

for several hours without use, it is best to remove the cooling coil, 

clean the surface, and replace the dust coyer. 
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APPENDIX D 
~1'\.. ~ J~-~- ,J' 

EQUIPMENT, THEORY, AND DATA FIITING PROGRAM FOR THÈ'-'OETERMîNATION OF 

THE OPTICAL CONSTANTS OF THE MULTILAYER FILM 

D.l ,Equipment Alignment 

The instrumentation whi8h has been used is il1ustrated in '-. 

Fig. 6.4. The movable arm, on which rest the laser and' po1arizer, gives 

direct angular reading ~ith a reso1ution of 1/100 th of a degree. This 

has been accompli shed by making the arm 57.30 cm. long 50 that the length 

of the quarter circle would be 90.0 cm. This al10wed the use of a flexible 

centimeter rule mounted on the base to indicate the angu1ar position. By 

using a vernier attached to the movable arm, a reso1ution of 1/10 mm. 

was obtained. 

Calibration of ,the angular measure was achieve~ through the 

use of precision 600 and 90 0 prisms. Ini tially, the laser was mounted on 

the stationary rail and its beam a1igned paral1el to it by observing the 

spot on a screen mounted on a carrier as the latter was moved a10ng the 

length of the rail. The 0° position was immediately found by transferring 
1 n 

the screen to the movable arm and adjusting its angular position until 
1 

the spot was stationary as the screen was moved a~ong the armls length. 

The 60° position was obtained by mounting a 60° prism on the gimbal 

assembly which rested over the mechanical pivot on the stationa~rai1. 

This arrangement is shown in Fig. D.l. By adjusting the gimba1 movements, 
1 

the prism was positioned with one of its faces normal to the beam by 
1 

observing the reflection of the incident beam back on the laser head. 

• 

1 
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As implied by the figure, in arder ta use the reflec~ed beam to set the 
, 

60° position, it ls necessary t~at the pivot and point of reflection be 

cd~ident. With the screen close to the pivot, the,prism was moved 

parallel to the incident boom until the spot was at the scr~~s center. 

Then. with the screen :t its fartho.~ point. the angUla\ position <ff 

the,arm was adjusted. The process ~as repeated until s~tisfactory align

ment was achieved. In a simiiar way. a 90° prism was used ta find th€ ' 
! \ • 

90° setting and subsequently the flexible rule was positioned and fixed 

into place. 

Ta facilit~te the find~ng and measurement of the ~ynchronous 

directions or mode angl~s. it was advantageous to align the gimbal sa 
q 

that' its axis of rotation was coincident with the pivot. This res~ted 

in a smaller positioner movemen~ to mai~tain the beam at the ~co~ling 

point às the laser angle was adjusted. First. i~was necessary ta find 
. " 

the axis of the gimbal. This was easily perforrned by rnou~ting on i t a'· 

Q vertical pin and~observing the shadow it cast on an expanded laser spot 

as the gimbal w ... :"rotated. By adjusting its Pcis,itio~ ~uccesSivelY in \ 'f 
__ perpfndicular directions until no motion was observed. the pin was "1J 

( '0~-ought in Ü~e with t~ gimbal's axis. To align this axis with the pivot, 

~ the laser'was positioned on the movable arm so that its beam was parallel 
l ,;i> 

to it. Then by observing the shadow cast by ,the pin as the laser angle 

was vari~d from 0° to 90°, the gimbal assembly was successively adjusted 
. . 

until no motion was obse~ed ~n the pin's shadow. At this point, the 

" gimbalts axis of rotatio~assed through the pivot. 

,1 

" 
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Derivation of the Dispersion Relations for a Thin-Film 
> 

Waveguide whose Film has a Diâ~al Permittivity Tensdr 

Starting from Maxwell's eqbations : 

v X E .. aB 
-rt 

IV X H 
aD 

:0 

at 

,t "' 

(I> .1) 

constitutive relations \ . 

0 .. ~ E ' . .-
(D.2) 

B .. lloH 

where the permittivity of the film is given by ,: 

. \ 

The re~uced wave equation for the TE and TM modes is readily obtained 

TE case a2E 
~ (k 2 _ (32) Er = 0 ~ 

(D.3) 
ax2 y 

/ 

,whe:te k 2 = W211Oê'y y 

, , 

With the waveguide g~o~etry as shown in Fig. 0.2, the dispersion relation 
/ 

is obtaineœ~m~tc~ing the Ey and Hz 

TE dispers~n relation : 

where 

, 1 l' " 

tan (Kd) = K Cr + 6)/(K2 

K "" 'ko_ (n~y - "S"2)! 

~I = ko JS 2 _,n~)l 

ô .. koŒ2\-.n~)! 

fields at the boundaries. 

- ye) ! (D.4) 
• 

1 
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This is the same as for th~ ~sotropic case where the film index is just 

equal to nly' The reduced wave equation for the TM waves is : 

a2.H k2 

---L + {k2. _ 822. } H = 0 (D.S) 
ax2 z k2 y, 

x 

where k21 = (.Ill-! E and k2 ... W2110Ex z \ 0 z X 

By letting : 

= 

the 
/\ 

dispersion relation takes the 
1 

same form as for the isotropie case. 

TM dispersion relation 

\ 

tan(Kd) = (D.6) 

o In order to obtain a ray picture of the TJ (ordinary) and, 
.. 

TM (extraordinary) waves, respective refractive indices n and n 
o e 

.associated with these rays can be defined in terms of the elements of 
/ 1 ( 

fil' the ordinary and extraordinary rays make angles e and 9 respectively o e 

with the x-axis as shpwn in Fig. D.2. Since the rays must obey Snell's 

law, 
r 

then .., 

-" - 1f = n3 sin 9 s = n sin 9 =: n sin e n2 sin ~2 1 (D.7) 
0 0 e e 

For the ordinary (TE) ray ~,2 = Ckono cos 6
0

) 2 

but from (D.4) : 

K2 k~ 2 _ '62 ) k~ (n~y _' n2 sin2.e ) = (nly "" ~ 0 0 

so that no JO' =t nly - (D.\8) 
v --

-() .. 
- " 
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For the extraordinary (TM) ray : 

K2 = (kone cos a )2 
e /' 

but Ifrom, (D. 5) '" 
n2 sin2a 

K2 k2n2 Cl - 82 
2 2 Cl -

e e 
) = 7) = konlz o lz n2 nlx lx 

e. 

50 that cos2ae siniG~ l 
+ = (0.9)(., 

n2 2 2 
lz nlx ne 

. \ 
This shows that the effective index n for the extraordinary ray lS e 1 

also a function of its rngle Ge' 

Data Fitting Program '\ 
-

The program used ta compute the refractive index tènsor and 

thickness of the anisotropie film is described in Fig. 0.3 while Fig. D.4 

describes the program used to compute and plot the dispersion curves for 

the anisotropie thin-fil~ waveguide. 

" Definition of Label~ : 
i 
\ 

RSTRT - Initial index value. 
OR IncrementaI index step. 
FMIN - Maximum aIlowable value of G. 

1> 
RMIN - Accuracy in index value. 
R2, R3 - Indices of substrate and external medium. 
ME - Specifies 'TE" or 'TM' modes. 
RIZ - TE index réquired for TM index computation. 
LAY Num~er of layers in the film. 

MoDE - Number of modes to be fi tted at one film thickness. 
BEX - Experimental 8 values for these modes. 

(' 



\ o 

(: 

Reini tialize 

READ : RSTRT, DR, FMIN 
RMIN, R2, R3, ME 

~ __ ....L __ ...-.! READ LAY, MODE, BEX 
RStRT and DR 

Using k cl and LAY, find the 
o 

layer thickness 

\ 

IHth RSTRT as the initial index 

value and DR as the initial 
increment, search for the optimum 

index until ci ther G < FMIN or 
DR ~ RMIN. 

Using RSTRT and BEX, find G, 

the average d~fference between 

every two values of normaliz~d 
frequency and return average 

value of kod 

Figure D-.3 Generalized flow chart for the data fitting program. 

r 
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Figure D.4 

() 

N 

l', 

REAn RIX, RIY, RIZ. R2, R3, 

MODE, DB, ME, RSTRT 

D-9 

Set up KMAX and RMAX the maximum 

"values of kod and B 

y Evaluat,~ kod using TE 
dispersion relation ... --_C 

STOP 

Evaluate kod using TM 

dispersion relation 

Evaluate kod for the rest of 

the modes up to J.1ODE or until 

KMAX is exceeded. 

N 

N 

" 

Plot curves using 

library subprogram 

y 

, 
Flow chart of the pro gram used to compute and plot the 

dispersion curves for the anisotropie thih-film waveguide. 

\. 
, 

,G 
,1 

j ,. 
~ , 

'1 
1 

~ 

1 
'; 

l 
1 
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j 
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() 

0.10 

, 

The minimization of G, the average difference between every 

two Ckod) i' is carried out by employing a, modified "interval-halving 

method" (38) to search for the root, since G is a positive quanti ty. In 

other words, consecutive intervals of index are set up and at the end-

points G is evaluated and compared. Once the root is confined within 
, 1 

an interval, it is continuo~~ly subdiviâed until either G < FMIN or 

the interval ~ RMIN. This procedure is best dernonstrated by following 

a sample search indicated by Fig. O.S. 

l '" 

L 

" '. 
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Figure 0.5 Sample searcp for minimum G. 
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