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ABSTRACT f / -
-
Slab waveguidps are bf consideiable curredt interest ifi view
éf their poééntial applications in integratea optics in forming a part
of the term;nal proce551ng optlcal circuitry. ¢
In the first part of this thesis, a detailed analy51s of a

Y]
symnetric cladded slab waveguide hav1ng a parabolic refractlve 1néex

profile in the core, is carried out. Two techn1qués, one based on the

ol
il -

step-index approximation and the other on the WKB approximation, are
. 2 4 i

1

used to obtain the dispersion curves and field plots for both the even

and odd, TE and TM modes. The two methods are compared, and are found

@

to be complementary.
1y

The second partlg} thid work deals with-an experimental study
wherZiﬁ the Blodgett-Langmuir molecular film technique has been used ;;1
produée a novel/monomolecular-layered-film anisotropic optical waveguide.
The film manufacturing process along with~the mode coupling, excitation
and measurement techniques used to det?rmine the film's permittivity

tensor and thickness by correlating the experimental data with theory,
. , 1

. o ! '
are presented in detail. \ \
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Les guides optiﬂues plans suscitent préséhtement beaucoup .

d'intgr@t en raison de leur utilisation possible dans les circuits

intégrés optiques.

[

La premiére partie de cette thése traite de l'analyse détaillée

o - ' -
. \

d'une lame diélectrique aZFnt un profil d'indice de réfraction parabolique,
entourée d'un diélectrique tel que le profil du guige est symétrique.
R
Deux méthodes approchées sont employées pour obtenir les courbes de
k3 ’

dispersion et la distribution des champs &lectromagnétiques pour plusieurs
. i ‘ .

\ .

modes, TE et TM,_symétriques egﬁantisymétriques. La prehiére méthode

:simule‘la distribution d'indice parabolique par des gradins homogénes

ayant une difféfence d*indice égale. Ensuite, la méthode BKW est utilisée.
* ¥

Par compa§aison, on trouve que les deux méthodes sont complémentaires.

La deuxi@me partie décrit une &tude expérimentale dans laquelle
la méthode de Blodgett et Langm&ir, qui s'inﬁéresse a la dépésitidﬁ des
pelliéq&es unimoléculaires,~a €té utilisée pour créer un nouveau guide
eptique composé[d'un substrat de quartz recouvért par une “‘couche mince
anisotrope. Le procédé de fabrication et la méthqu eﬁployée pour'éx;iter
et mesurer les modes, sont présentées. La compéraison des résultats

. expérimentaux et de_la théorie, permet la détermination du tenseur de la

: ?
. permittivité et 1'épaisseur de la couche mince. \
’ !
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o INTRODUCTION

>

The dramatic improvements that have and are presently being
\

T made in fiber technology have spurred on much research into all aspects
f

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

-

bandwidth and freedom from interference§5ustify the need for improved

%

A
2

T
;
.
.

terminal processing hardware which presently takes the form of discrete

TR

components (2). The concept of integrated optics (3), whereby various

°

R

e

R
D~

thin-film optical devices along with the electronic circuitry would be

AL

aggﬁmbled on & single substrate, should brdaden the present capabilities

-~

/
of mi¢roelectronics to the processing of optical signals and also
l: effect the coupling of these to glass fibers for transmission. At theg

-

' same time it should provide a more reliable, sturdy and economical

system, ; "

\

. The considerable amount of effort that hés been devoted to

Ll

this just developing field in the past seven years is readily

demonstrated by the great number of papers and meetings on active and
passive optical devices (4) - (121. The former consist of : electro-

optic and acoustooptic ﬁodulators, non-i;ﬁéar thin-film dévices such :
as pardme£ric oscillators and devices emg}oying second harménic

. generafion (SHG), light deflectors, switches and lasers. The catagory
* +  of passive ‘optical devices ing¢ludes such iteﬁs as : éouplers, filters, )

k. . . Jjunctionms, directional couplers, wavelength multiplexers and micrboptics

where 2-dimensional optical elements like inhomogeneous slab lenses,

| i
€© : |
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3

are used to shape and focus 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 accomplishment in a very

short span of time.

o

This thesis is composed of two parts: a purely theoretical

part where the behaviour of the fields and the propagation characteristics

of an inhomogeneous slab waveguide are determined, and an experimental

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

propagation characteristics compared with theory. Other than that both
parts deal with 3lab waveguides, the two are quite independent and have
¥

been treated as such throughout. :

B

1.1 °  ~An Inhomogeneous Symmetric Cladded Slab Optical Waveguide

Inhomogeneous thin dieiectric\slab waveguides are of great
interest at the present time due to their potential applicationg in
integrated optics in performing beam'%haping\functions as part of the
terminal processing microoptic circuitry, Graded index or self-focusing
fiber waveguid%§ which are the 3-dimensional analogue of these,, are

1ver; advantageous since their transmittable information flows are
higher a$ a result of thé_decréafe of delay distortion (135. At a recent
tépical eeting on optical fiber transmission, a scheme of using two

perpendiculg}ly-crossed slab Selfocqblenspsito couple a light bea;
froh a DH semiconductor iéser into a Sélfocqyiﬁbef was proposed (14) .

These slab Selfoqu]enses were fabricateafby gﬁ ion-exchange techhique;

. and a nearly parabolic distribution (a close approximation to the

optimal distribution) of refractive index was obtained.

1

|

/
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In order to produce an effective design in these waveguiding
circuits, a thorough descript{Bn of the guided modes and their behaviour
with changing geometry and index profile is crucial.’However, exact
analytical and asymptotic analyses of such waveguiding structures are
possible only for a very limited number of specified refractive index
profiles (15)-(18) and, in general, numerical techniques are essential.

| Marcuse (19) carried oyt an analysis of the TE modes in
graded-index slab wavegdides by using a piecewise-lineaf approximation
to the actual index profile as well as the WKB approximation. Kuester
and Chang (20) used a ngmeiical procedure, based on the i{nvariant
imbedding principle and the transverse impedance concept, to study the
various properties of inhomogeneous slab waveguides. The mode propérty‘
and scattering loss in a slab waveguide with a gradual index distribution

Ps

has .been determined by using a staircase approxiﬁation to the profile
\
|

(21) . For exponentially and nonmonotonically va@xying media, the WKB

'

approximation was found to be convenient in descrdping the modes (22),(23).

In this work, a detailed analysis of a syﬁmetric cladded slab
waveguide having a parabolic refractive index profile in the core is
carried out. Although a paéabolic distribution is a;;umed, any symmetric
gradual index profile could be analyzed by the methods emgloyed. 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 then analyzing the resulting multi-

1ayer-c6re waveguide exactly to obtain approximate results for the

a o

u \ , ™

S A e s e i S e 1ottt
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original waveguide. The second technidﬁe'employs the WKB approximation

. o l et .
to a smoothed-out index profile so that the condition of slow index -

.

'}lhange relative to the wavelength is satisfied. ,

The two approximate methods are.compared and their relative -

merits are discussed. The elimination of the singularity in the WKB

t
l

field solution is also discussed.

1.2 " A Monomolecular-Layered-Film Anisotropic Optical Waveguide
# . K
Work. in the field of integrated optics in recent years has

mainly been ?evoted to producing higher quality films, imp;oﬁng ways ' - Q
of coupfing light into them, and developing thin-film devicg§ﬂiike : '
optical ﬁodulators, frequency converters and parametric o;cillators. ~
c§ The standard methods of film deposition include vacuum evaporation (24), .’
sputtering (25), and ion implantation (26). The former two in partiﬂular,

! , were used (27) to deposit semiconductor films which are essential for
electrooptical and non-linear thin-film devices, however these films

suffer somewhat from scattering and absorption losses. Althougﬂ high

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

R T —
~

3 - films have been develoﬁea (28) and can be used for light guidance between

. b

devices. Some of these include acrylic resin films (29), XOR negative

/ photoresist films (30) an gratings for air-film coupling, solution-

deposited films (31) for passive and active light guides, and very low . .
loss ( <0.04 dB/cm. ) organosilicon Ffilms (32). ' \
In view of this need for high quality single-crystal films

with accurate control of thickness, an investigation has been conducted
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into the use of the Blodgett-Langmuir molecular film technique (33)-(35)
to coat surface with single molecular layers 25 X thick. By superposing
. these layers of oriented molecules, positive uniaxial birefringent

crystals having their optical axis perpendicular (36) to the film -

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

which has been used sinte it proved successful (34) in "building-up" ‘

severalithousand layers. Srivastava.(37) has compiled an excellent

account of the many studies which were carried out to éetermine the ]

physical properties of these films, two imporfant ones being ellipso-

™ ’ mékxic and interferometric studies for refractive index and thickness
evaluation. In addition, he outlined some possible filﬁ‘applications

3

that are being considered. These include : antireflection coatings,

interference filtets, thickness gauges, X-ray diffgzétion gratings,
ion-selective membranes 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

h Y

present work. T .
]

Indeed, a rudimentary fabrication process has been set up
/ along the same lines used by the original workers. Many problems were

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

detailed procedure which must be carefully followed will be outlined.
é
h Although the quality of the present films still requires some improve-
ment, TE and TM modes Qave been coupled into and out of the film by use

of thé‘prism—film coupler (24), 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 anisotropic film having a diagonal
permittivity tensor. In this‘wa}, the thickness,/which was already
accurately determined (36), and the permittivity tensor, were computed.
J ) The experiméntal and theoretical results show good agreement f
in spite of the difficulty in making accurate measurements, This method
will be compared with other meg%uring techniques such as interferométry,

X-ray diffraction, and ellipsometry. Unfortundtely, the present film is
&

-~

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

surfacg roughness. In addition this film, being basically a soap film,

is vefy soft and is therefore easily damaged. Both these factors make

it difficult to gﬁidg light over a long distance in the film, Streak

lengths ué to 3 cm. long have been observed. .

@ This preliminary study however, shows the film's feasibility

o as an opticgi’Qaveguide material, and due to its ;Lbstantial anisotropy,
lthis crystélline film should offer device capabilities. Certain improve-
ments can now be made OL th; present fabrication system which would both

; r facilitate the film deposition procedure, but more important, improve -

the film quality. These along with some ideas related to the testing of

the electrooptic properties of the film will- be present%d.
. o/

B . - i
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ANALYSIS BAéED ON THE STEP APPROXIMATION

\

t

RPN AT I SR A

o

N . . . . .
The propagation characteristics of a s¥mmetr1c slab dielectric

waveguide, having an inhomogeneous core and a homogeneous, finite

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

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

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

1

= - - -2 i )
n(x) n, - (n, 'nc)x (2.1) l
where : n, = refractive index on the axial plane /
n. = refractive index in the cladding

n, = refracfive index, of the external medium (in Fig. 2.1)

e
-~ X . .

X =% the r'lgrmallzed transverse distance 9 \
d =.half the core thickness

This normalization is convenient since the dispersion curves and fields
which wil‘k?e computed, will be independent of the core thickness. The
normalized distance to the outer cladding has been denoted r and

represents the ratio of the cladding thickness to that of the core.

[ 4

\ ' In the present analysis using the step approximation, the -
core is subdivided into N homogeneous steps or layers which follow as

closely as possible the true refractive index profile with the ith step
. LS

o

having art index n,. The index difference between steps is constant and
K -

given by : ’ ' .

§ = (n, - nI/N - - (2.2)




.
- N
\
\\

e

~CORE —— L ADDING —

n

INDEX
i
N\

SRR S St I N .

LS
\\\
N
=
[¢]
T 1T
| Vi
[} L
| [ ]
1 'I}
T L
' (N
] [
R
: :ll
W
| \lll
I R R
| Wit
| b1
! !
1 'R
t (N
i (3 }
v L 9 §
i Vi
T
i1 A -
L
ll[—:,
p ! A
IR
V4
I
>
%
-—
2
\\
4
5\\ |
\
.
|

REFRACTIVE
7&
o

NORMALIZ

- i X = £ ladded s waveguide. - '
squetr1c about x = 0, of a cladde k" wavegu J

’d

SR -y . e e s . r
///gjgure 2.1 Step approximation to the parabolic refractive index profile,
~ ’ )

(A4

-

i - ” . T ap—




ST € g agon ne

B LN
.

IR P TR e 4 SR AT R e

¥

TR P

R e o ey - PREON,

A 2-3

\ 3 {

2

_ n, - n(i} 3 21 %
X = |2 L (2.3).
n - nc % b

a “ N
.
- M ¥ ¥

f % »

Therefore the normalized transverse distancg to the boundary separating
/ 1 . v

region i and (i+l) is

8,71 . '
— na = (ni - ?) i", \ > I3
X, = —L = 1,2,.%,N @) x
a > ¢ ! 1
v'l \
where n. = n_-6(i-1) '
i a. 9
. - d ) i
1 itio - . =1 =n., and =T, i
n addition, ng.; = n,, Ny, & N+l % y

It might be correctly anticipated that if a”%reater.number

of steps is chosen, the solution obtained would be more accurate since
\ Wl ] .

the approximate prafile would follow the trué one more closely. However,
the amount of computation required grows enorﬁously with increasing N.
Another type of approximation that could be made is a piecewise-linear
ene, where instead of using steps, the profile'is approxihatéd’by straight
iine%segments. Tﬁe\Qgg?dary value problgm (BVP) which then results, can
of Bessel functions instead of the sinusoids

bf~sélved exactly in ter

and exponentials obtained with\homogeneous steps. Although‘a better
’ |

balance out the two approaches. \ \
8 l N

. \ -
To facilitate the development of this step approximation

technique, the special case of a homogeneous cofe, finite cladding,
slab waveguide-is first considered. By solving this BVP, all the possible

\
field solutions in the varioui regions are obtained, and through a simple

.

b8

ik, el i il
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extension, the multi-layer-core waveguide can be easily handled.

t

! /

2.1 Special Case of a Homogeneous Core Waveguide //
T - -

Exact field solutions are readily found for the homogeneous

core, finite cladding waveguide.whose index profile is shown in Fig.
2.2 (a). The homogenéous layers have been lab;lled 1, 2, and" 3, étarting
from the aiﬁal plane. There are two major types of modes which can exist
in such a waveguide, guided and radiation modes. In Fig. 2.2(b), a ray
picture is given of the guided modes, whigh consist of core and cladding
modes, along with the radiation modes which will not be examined here.
Fig. 2.2(c) shows the various propagation vectors aé§ociated
with reflection and refraction of light at the interface sepaédting the
two homogeneous media labelled 1 and 2. The various parameters, like
the refractive index and the propagation vectors, have aépropriate
subscripts to indicate to which medium they peftain. Each light ray is
described by a propagation vector k which is normal to fhe plane waves
as they interact with the interfacgp The major energy flpw occurs in
the z-direction and is described by the longitu&ihal component g in the

1

" i
travelling wave term exp j(wt - Bz), where time harmonic dependence is
assumed. The transverse component K can be real or imaginary. When real,

it describes the stand%ng waves occuring in the core, or core and

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

3

total internal reflection. On the other hand, an imaginary K represents

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

®
’ -

.

medium.,

. LT
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@
Assuming ho variation in both the geometry and field in the

y-direction, then 7%7-= 0. This restriction allows decomposition of

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

and source free media, it is found that for TE waves the only non-zero
\

figld components are Hz, Hx’ and Ey given by : . 'f
32"
"4+ (k2 -BHE. = 0 . 2.5a
—+ 0 - 80, (2.52)
. OE . OE
H = Y  H = Zi.._ X (2.5b)
z WHp 3X x who 92
2.1.1 TE Evén Core Modes

Eqtati 2.5a) is the reduced wave equation, and the

solutions for Ey can

’ q
on whether the transverse propagation vector, K; = (ki - Bz)% is real

present oscillatory or decaying fields depending

or imaginary. Since core modesuare desired, oscillatory waves will exist

only in the core region. Therefore K, will be real while K2 and K3 will

1
be imaginary. Letting the normalized propagation constant be B8 = 8/ko,

the transverse propagation vector in the ith region is then :

3

K, = ko(n} -, . 1,2,3

~. \

H
’ *’ -

It is therefore necessary that B be in the range n, < B < n, if only

2

core ﬁoges are to exist, <

For real K, the solution of (f.Sa) is of the form A cos(Kx) +
: 1

B sin(Kx). Since even modes are sought, the second term is neglected

at present.




. In the core region : |x]| < 1
¥
’ Ey = A cos(Ky;x) = A cos(K;dx) @%Z.Ga)
, » . !
= -§—L A sin(KydX " (2/6b
H, o A sin(K;dx) ( )
3 /
- Kid = kod (n - B*)? (2.6c)
In the cladding : 1 < x| =2t
A ¥
o E, = C or2dlxl 4 p g2dlx] ' (2.7a),
y
&, - -
o lxl Y2 de‘xl - lﬁ Y2 -Y2d|x] 2.7h
. H, wauoce waugDe (.)
1
Y2d = kod (B? - n})? (2.7¢)
ﬁ \where 'Yi = Kk B? - n;)‘} = jKi is reacl. Hence, it can be seen

that the fields associated with real transverse wavenumbers exhibit

- - |
oscillatory behaviour, whereas the fields associated with imaginary

transverse ‘wavenumbers are evanescent.

, In the ekXternal medium : III 2 r
‘ ’ B = [\C eder + D e—der] e_Yad(I;‘_i) (2.8a) i
Y
. s _ y\\

® ‘ - _-lil-j!a Y24r =Yz248r -Yad(lxi‘?)

CH, ' % oy [c e + De e ~ (2.8b)

A
Ysd = kod (B2 - nd)?} 1% (2.8¢)

j ¢

\ ) ,The boundary conditions require that the Ey and Hz fields be
continuous across the interface at |;| - i. and r. This is the same as
2 - .
0 ) requiring that.the magnitude and slope of Ey be continuous. For a non-
o | ‘ . . : .

5 3
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trivial™8®0lution,” the determinant of the resulting set of\homoqeneousv

\

equations must vanish yielding the following dispersion relation which

specifies the allowed values of kod for a given.g /

-
- r

~

2y2d(r-1)
2Y2d(r"1)

(Y2d-ysd) - (ysd+ysd) e
(y2d-ysd)+(yz2dtysd)e

-K1d4 tan(Kid) v2d

(2.9)

'

. 3 -’ , .
This is an expression implicit in the single unknown kod if equations

(2. 6c), (2. 7c), and (2.8c) are used with a partlcular value of B if a -
root-search technique kgke the "interval~halv1ng metth" (38) is used
on (2.9), the dispersion curves (B vs. kod) can be computed. The fields

,are then eagily determined from equations (2.6) -~ (2.8). v

e g,

2.1.2 TE Even Cladding Modes

o

' |
In this case, oscillatory fjelds occur in the cladding as well

\

as the core region, therefore K2 must be real and n3 < B < n2 is now ¢

\

required. In the core, equations (2.6) are still valid, but -in the

cladding the growing and decaying exponentia;é must be replaced by

o .

sines and cosines. : . . T

In the cladding : 1 %] <

=

r

\ , T
- —_ _ | -
E, = C' cos(Kydo) + D' sin(K2d|x|) (2.10a) \
1 = - _‘ ' Ll "— ' ‘
H 3 T c s1n(K2dx) + jx Dilp - D cos(szx) (2.10b) ' j
Kad = kod (n% -t - (2.10c)
‘ 8

In the extérnal medium, equations (2.8) still hold except that the

aﬁplitude coefficient is thanged to {C' cos(Kadr) + D' sin(Kadr)}.

'
!
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. ) ‘ ] ,
If the tangential fiefﬁs are ngw matched at the boundaries, the dispersion °

relation in_the determinant form is : - . oo _

i !
! “

cos (K1d) -cos (K2d) i f " -sin(K2d)

~K1d sin(Kid) Ka2d sin(ka2d) -Kzd cos (Kzd) - = 0
0 Y3d cos(Kadr)-Kzd sin(Ka2dr) . K2d cos(Kzdr)+ys;d sin(Kzdr)
ees (2.11)
/ o
2.1.3 , TE 0dd Modes and the TM Modes

The dispersion curves and fields for the odd modes are
obtained in 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 (2.5a),
which had been previously neglected, ié now considered. In the core, E

takes the form B sin(K;x), while in the cladding, for cladding modes :

[

E = E?-F cos(Kyx) '+ G sin(K,x) )

y ,
s ‘ . \

v

TM modes can be hanhdled in a very similar way. In this case,

H, = 0 and the only non-trivial field components are Ez’ EQ, and Hy' and
are given by : .

BZHY 2 2 2y
3% + kO (ni - -B-) HY

-y

= 0 (\2.12&)
’ -5 oy ;

E = X E, = —g2 —< 2.12b

. z nI?weo‘Bx ! X, _ DijWweo 9z ¢ )

i j
Ffom'these, the field solutions and the dispersion relation can be

obtained as was done previously. However, if the principle of duality

Morea® A ALY AT Y
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is adopted whereby : .
E - H H > €
H > -E £ > y

1

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

|
TE case. |

1

v i ™~

§.2 Extension to the Multi—Layer-éore Wavegquide

The homogeneous step approximatioh consists of extendiné the
mgthod just discussed, to a waveguidé having many homogengous layers in
the core region. The value of the refractive index and size of each

layer are chosen by the quantization procedure described previously so

that the parabolic index profile is approximated very closely.

\

4‘ <
~ ’ v g

2.2.1 . TE Even Modes ,

A

As might be expected, in addition to the cladding modes, many
types of core modes exist depending on how many of the inner core layers
support oscillato;y fields. In order to distinguish between these modes, ™
the following notation is introduced. Core I modes, wﬁere I can take a

value from 1 up to N, are said to exist if in layers 1 <1i < I, Ki is

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

" imaginary and only evanescent fields exist. Since the transverse propaga-

tion vectors are : >
r! i
for oscillatory fields : Kid = kod (n; - B?) (2.13a)
. . . 2,4
and for decaying fields : Yid = kod (B? - ni) (2.13b)
L]
7

~
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they are related to the single unknown kod for .specific values of 8.

!
For core I modes, the oscillatory field solutions to the wave equation

(2.5a) in the ith layer (1 £1i £ 1, ;i—l hS l;(-! = ;i' and xo = 0) are

as follows :

[

. E = A, cos(K.dx) + B, sin(K‘.dl;I) (2.l4a)ul
i i i i

X 5 o+ gl S z
Hzi = —jguﬂ-a- Ai s:Ln(Kidx) + ko mBi cos(Kidx) (2.14b)

where B1 = 0 for even modes. By matching E_ , H, and E , H ‘
, Yi % Yit1  %it
at x, (1 £ i < I), the boundaries between layers having oscillatory

l y

fields, two ’equations relating the unknown Ai's and Bi's are obtained

at each interface. N

A, cos(K.dx,) + By sin(Kideil) =, A, dx,)

i+1 ©°s (Ki+

1

.+ By sln(Ki+ld|xi|) (2.15a)

1}

—KidAi s:.n(Kidlxil) + KidBi cos(Kidxi) = _Ki+ldAi+1 sn.n(Ki+ld]xi[)

!
+Ki+ dB, cos{K

198141 dxi) (2.15b)

i+l

v
§

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

f -

(M1) th layer represents the ‘cladding, are given by :

o v;dlx| -v;dlx|
E = A e + B, e {2.16a)
Yy |' |
5 ’ .d|x| Y. -v.d|x|
& - |XI Yl Yl _ le 1 1 ¢
. Hzi, jx Wilo Ai e 3% Wio B, e o (2.16b)

The fmjlds li!y and Hz are then \matched at X (I < i < N), since X1

isr the boundary separating the cladding and the external medium which

\ S~

AR € e v B
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-
will be considered separately. vy } - )
This gives : (~/ , ‘
A eYid!xil . e'Yidlin - e"1+1dlx | v B YVipydl%, |
i i R & 2 i+l
‘ I ... (2.17a) .
v,a]x, | -v,d[x, | Y, 4%,
ithit i i i+17 it
YA € Y 9By € Vi394 ©
~Y. id‘;.' !
i+ i / .
- Yi+ldBi+l e nf\s\h (2.17b)
3
Mafching the field at x = ;; (i =i1)' the boundary separatin;\iéyers
having oscillatory and decaying fields : An% \
% 4 Al |
Y dix -M,”v X a
— . — _ +1°1 %1 141 I
AI cos(KIde) + BI s1n(KId|xI|) = AI+1 e I+1 ; i ‘
‘... (2. lea)
» g
—KIdAI 51n(KId|xIl) + KIdBI cos@KIde) = YI+1dAI+1 e ‘ |
-Y. . d|x_| , : ‘
I+1 I
= Y1419y © (2.18p) %
!
The only boundary left is that which separates the cladding and
external medium. In this latter medium (i = N+2, lxl > x +) ¢ the
decaying fields are : ‘
V¥ )
o +
E = {(E (xN+l)}e N2 1 (2.19a)
Y2 Y1
Y, a(]x]-x ‘
—_— N+ \ 1
H, = - el g“ {& (xN+l)}e 2 w1 o tem)
N2 X WHo Y

N+HL since Ey has already been matched in (2.19a) :
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’ o« Youa 9| % -y dlx l
N1 TN _ N+1LTUNHLY
(YN+2d + YN+1d)AN41 e + (YNfzd YN+ld)BN+l\e =0

Jo.o (2.20)

However, if cladding modes are considered, the fiwelds in layer N+1 are

~

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

cladding modes. In this case, equation (2.20) is replaced by :

A1 K@ singydlxg, ) = vy od cos Ry, a0 b

’ + By (K@ cos (R dxg ) = Ypppd sintky dlxg, D=0

i

cen (2.21)

o

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

in
layer-core waveguide, where n, < B < n, for the core modes while

{‘32 < B < n

- n

e for the cladding modes, the individual core modes must be

considered one at a time. For core I modes, B is in the range

nI+l < B < nI . With a particular value of'ﬁ in this range equations

[

i (2.15), (2.17), (2.18), and (2.20), which have been obtained by
satisfying the boundary conditions in the various regions, can be
combinéd into a set of #N+1 independent, homogeﬁeous equations in 2N+1
unknowns, Ehe Ai's and\Bi'é. In order to obtain a non-trivial solution,

) a necessary requirement is that the determinant of the resulting ™~
(2N+1) * (2N+;) coefficient matrix vanish, hence yielding the dispersion
relation for the guided modes. This occurs at discrete values of ko4,

the eigenvalues which are being sought for each particular value of 8.

The arrangement of the set of 2N+1 equations for core I modes is as

Q follows : .

@&
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LAYER BOIINDARY EQUATIONS  UNKNOWNS
~ - — - _ -
_ (2.15a) Ay 0
1 x1 {
(2.15b) A, 0
B, . (]
_ / (2.15a) Ag
I-1 xI_1 {
(2.15b) B3
_ (2.18a) : , -
I xI { *
\ (2.18b) | - AL = | (2.22)
- (2.17a) B,
mo T,
, I+1 (2.17b)
, — (2.17a) By 0
N R, {
(2.17b) A1 0
M1 X1 { (2.20) J Byt 0

]
i

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

appear and for cladding modes, also equations (2.18) are absent and

s

(2.20) is replaced by (2.21), \

2%2.2 TE Odd Modes and TM Modes

Whe field equations (2.14a) and (2.16a) which were previously
™~

chosen as solutions to the wave equation (2.5a), must be modified

\

slightly for the odd modes. These become :

I ——————4
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¢ \ |
o

E = 5 Ai cos(Kidx) + Bi §1n(Kidx), 1<ixlI (2.23)

Ia

il ! =

where A1 = 0

v,d|x] -v,d|x]
E = Xa o1 ¢ Ixlp o1 , I <i< N (2.24)
Y x i x i =
[

The only difference betweén the dispersion relations for the even and
odd modes occurs when the fields at the first boundary are matched.
Here equations (2.15) are different for even and odd modes sipce in

?

* the former case B1 =.0 while in the latter A1 = 0 . This change

\
must be carried through in (2.22) by changing Al\to B, and altering

1
the first column of the matrix.
| As outlined previously, the TM fields can be obtained
(:} airectly from the TE by using duality. The only difference in thé ™
coefficient matrix from thé TE case id that the factorsf Kid and\ yid

- are changed to Kid/n; and yid/ni 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 foégkhe TE modes of the multi-layer-

core waveguide with N =4, n_=1.53, n_=1.50, n_ = 1.00, and r =‘2.0,
a > C , e

are shown in Fig. 2.3. These were obtained with the aid of a computer
program described in Appengix A.l, which, for particular values df'g,
finds the allowed values of kod for which the determinant of the

coefficient matrix in (2.22) vanishes. The particular numerical root- y
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Figure 2.3 Dispersion curves for the TE modes using the\§%ep ( ) approx.
\

with N =74, r = 2.0, and the WKB (----) approx. with r = 4.2,
. : \
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> 'search technique employed is the "interval-halving method' (38)," even

though it is hsf too efficient due to its slow convergence, since it is

R P

very reliable_and the accuracy of the root is readily obtained. In Fig.h

\ Al
2.3, the solid curves represent the results of the step method while

Y

o

' the dashed curves Tepresent the 'results obtained by using the WKB method
\
which will be preseﬁted in the/neﬁt chapter. In this case, a slightly

\

(iR el

coarse 4 step approximation (N = 4) to the core has been used in order

to conserve computer time. However,/N can be specified arbitrarily as

the program is quite flexible and accepts N as a data parameter. One

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

4

"with B close to n, corresponding to large values of kod. For this
situation the expanential elements in the matrix become very large and
G ‘ tend to cause ov?rflow problems even after the matrix has been scdled.
The ™ dispe;éion curves have'also been computed but are so close to e

the TE curves that the latter serve to represent the TM case reasonably

well. A few computed points on the TE and TM curves have been listed in
. \ ‘

Table 2.1 for comparison.

A

\

Table 2.1 : Comparison of a few points on the TE and TM dispersion curves

"

. B 1.5246 1.5185 1.5110 1.5035 1.4500 1.2500 1.0500
y #
kod (TE) 16.7 25.1 26.1 10.5 = 8.9 5.1 1.6
kod (TM) | 16.9 25.2  -26.1 10.6 9.1 5.3 1.7
~ &
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2.3.2 Field Computation .

Once the dlsper51on curves are obtained, any field associated
with a partlcular point on these curves can be computed by substituting
the point coordinates (B,kod) into (2.22) and solving for the unknowns
by row reduction. First however, it is necessary ﬁo specify one unknown
so as to obtain a set of 2N inhomogeneous equations. If A, is set equal
éo unity, the\fields will be normalized relative to the firs; layer.

One bractical problem arises in the computation of the fields
whith deserves mention. In the determination of the Ai's and Bi's, the
difference of very similér numbers is an unavoidable step in the computa-

tion, This results in the need for numbers of high accuracy with many

signi éc;nt figures if large errors are to be avoided. Therefore; given
the coordinates (B,kod), it is first necessary to recompute the root

kod to an extremely high accuracy before substitution into the matrix.
Even w1th double precision arithmetic however, for large values of kod,
the take-oﬁer of the growing exponential term in the cladding due to
round-off errors is difficult to suppress. As a result, the field plots
in Fig. 4.2, to be presented later, have been limited to values of kod
below 60: A very, similar problem was experienced by Marcu;e (19). in his
analysis of the TE modes in a graded-index slab waveguide using a piece-

wise-linear approximation to the index profile. A generalized flow chart

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

|
!
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CHAPTER 3

! -

BASED ON THE WKB APPROXIMATION

An’ important copdition for this approximation to hold is a
slowly varying refractive index préfile as a’function of the distance
;i Fig. 3.1 depicts the smodthed-out profile used in the approximation.
It is exact in the core, but

eviates from the actual profile in the

cladding because the parabolic\profile of the core has just been-

extended. It is*therefore expected that the core modes should be in .

close agreement to those obtained with the step approximation except

possibly for values of B close to a corresponding to highly guided
v

modes far from the cutoff. This is §o because the analysis assumes

widely separated turning points. The \turning point x, is defined as the

t

distance x where the field changes from bscillatory to evanescent. This

‘ |
occurs when the transverse wavenumber K\becomes zero.

3.1 Analysis for TE Modes

» \

The WKB approximation (39) was used in classical physics to
solve the Schroedinger equation for the allowable wave functions exist-
ing inﬁa potential well. For a continuously varying ref¥active index
profile, the sangtype of wave equation is obtained and is given by

(2.5a) with ky replaced by k(x).

92E \

2 - a
WX + K(x) B, 0

K(x) = {k*(x) - 8%}

(3.1)

where
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Figure 3.1

Smoothed-out profile for the WKB approximation.
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By carrying out a similar type of analysis as in (39) for the case of

4

well-separated turﬁing points, WKB solutions which approximate the
oscillatory and decaying fields are obtained. .

In the immediate neighbo?hood of Xy, an ex;ct solution can
be found by approximating K2(x) by K?(x), a straight line tangent to’

K3 (x) at X, - J
N D \
K2(]x)) = a% [x, - |x])7 (3.2)

where -a’ is the slope of K*(x) at x,. -

i
’

x ‘ x
= [ YK(x) dx be the new independent variable since

By letting w
x| :

1

as x approaches Xys Wy approacﬁéél;>

N . 2 2
W= fx k(Jx]) dlx| =% a(x, - [x]) 7

\

and then, shbstituting into (3.1), the"guided oscillatory field solution

| ' ,

)

valid near x, fi |x] < ;v is :

o ;" v 1 '
B an/L |Ad@) + BILGO] . ' (3.3)
y X T °

-

vwhere A~énd B are constants. In fact, if WI and K in equation (3.3) are.
replaced by Wy and K, then this equation also describes the oscillatory
field solutions far away from the turning point which take the form

-1 .
K2 exp(ijwl) derived in Appendix B.l. This can be verified by using

the asymptotic expressions for the Bessel functions as x » 1o, The

k-4
conStant$ A and B are constrained by the boundary conditions as lxl * Xy

and «. Analysis shows that the latter condition, which constrains the

g l
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field to approach zero as [x| + =, is satisfied only if A = B. An
. asymptotic.solution te (3.1) valid near Xy is then obtained by

substituting the asymptotic expressions for the Bessel functions as

or 361 + 0 into (3.3) yielding :

Ix] » x|
33 e, - K &3] )
3(x)s d(xg - [x 4
£ = A % 3 t + _1_ (3.4)
‘ Yt red ré
/
where T' is the Gamma fundtion. : w

/
Far from the turning point, 1substi.‘cut:ion of the asymptotic

expressions for the Bessel functions as x| + = or Wy into (3.3)
with ﬁl and K replaced by w, and K, leads to an -approximate solution

for the guided oscillatory fields.

,
Wlithin the turning points [x| << x, .
‘ ' G _ =1 T .
; Ey = CK co_s(wl_ - ‘—1-) ‘ g (3.5a)
. : .
6,1 Xt
where C = (F)’- A and w, = 1‘\ | K(x) dx )
X j

- \

Outside the turning points for |x| >> x_, a similar analysis canybe [,

t
performed for the decaying fields yielding a solution like (3.3) cept
that Je1 is replg;ed by Itl » Wy by Wos and K(x) by v(x) which ca

3 3 \
be reduced to : /

Iy -W '
v D . C-i .2
Ey 7Y “e (3.5b)
x| ‘ \
where W, = ig v(x) dx and Y(X) = JK{X
X A

v t O o -’

Notice that at the turning point a singularity exists in the solutions,

(} K being zero. In an exact solution, no such singularity would exist as
/ )

1

i
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it only appears due to the nature of the approximation.

L] ) : @' ’ |
3.1.1 Elimination of the Turning Point Singularity B

As derived in Appendix B.1, the condition of slow index change

relative to wavelength for a valid WKB solution is expréssed as -

’

dK
dx

<« 27 & (3.6)

X

\

<< K2 or® 1-——

where XA, is the transverse wavelength. In ‘order to find an estimate

for the required,/deviation D from x, beyond which equations (3.5) are

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

condition (3.6). As'a result :

*
» N o

: - - _L ;
D= | |x] =% | > DEV = (4d%®)7 s /3.y~
. 4/
2 .
Bug since -a% is just g;gzgﬁl xox and n(X) is given by/éz*l), then :
’ t .o
— L *
D >> DEV = {16(kod)28xt(na-nc)} 3 ' (3.8)

From the dispersion curves in Fig. 2.3, it can be seen that as B decreases,

-

kod also decreases, while E; increases since ;q3¢x (n, - B). This results

in an averall inCﬁease"in D. ‘Numerical substitption shows that for

B = 1.5246, DEV = 0.212 and X_ = 0.424, while for B = 1.05, DEV = 2.11
- hd

and E; = 4.0. Therefore it is found that the singularity affects a

i

cansider;ble portion of the field around E;.
! 4

.

§ To clarify the situation at the turning point and establish
%

a procedure to plot the fields, Fig. 3.2 is presented to illusfrate the

3

E field of the TEO mode which has been con;tructed from the WKB solutions

i
\
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E? and Eg, and is valid for points at a distance much greater than DEV
from 3;. For X near §;, E =©8° =Y has been used yielding a

Yo o Yeo Yt

sﬂ}aightiline whose slope is given in terms of A in (3.4). The field
is normalized at X = 0 by setting C = K%(O) in equation (3.5). However,
A cannot be chosen arbitrarily since Eg, Eg and E . must be asymptotic
to the true field in their respective regions of validity. There exists
a region of uncertainty separating the regions of validity where neither
field is accu tely known. Although A is related to C through the factor
(%%J%, this relation only becomes valid for higher ord;r modes where the
turning point singularity~has little effect oﬂ the value of the field at
X = 0. For low order modes, A must be chosen so that the fie{ﬁ plotted
connects Eg, E? and E_ as smoothly as possible in the régions of
uncertainfy. The unknown A can be eliminated by first setting E_, as

t

given in (3.4), equal to zero. Solving for X, a unique point §£ is

found at which E_ crosses the X axis.

t T
x|= x + i (3a’-d3)“§f ‘ (3.9)
P t TP | '
where a?d?® = 4(ked)*E Sc't(na - n) from (3.7) and (3.8) \ .

The point ib is called the pivot since Ey pivots about it as A is

, t
varied. Therefore, the slope, and hence A, is chosen graphically to
produce the best fit. Further, choosing the slope also corresponds to

determining Hz at x_. The normalized value of Hz is :

Tt ¢
\ dE_/dx SLOPE ‘ -
t kod(n; - —8-2) 2 ! N

| \

e
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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 oscillatory fields hiven by equation (3.5a) must be continuous
1 q

through the origin. This constraint leads to the dispersion relation :
& .

x -

t
S KX dx = (m+ Dr (3.11)
-x /
t
where . m = 0, 2, 4, ... for the even modes
m = 1; 3, 5, ... for the odd modes
This can be rearranged as : i
|
“ m+ 17 ( |
kod = (3.12)
,X't
;@i - B X o
1 0 /
. '

N
’

In this expression, §kod\ls related explicitly to B so that for a parti-

cular value of B, the allowed values of kod for the TE modes are given
I

'1mmed1ate1y after carrqug out a 51ngle numerical integration. The TE

dispersion curves are tthefore read11y obtained with the WKB method

and are shown by the dasWed curves in Fig. 2.3. The normallzed electric

1

=

1 1

field components are givén by equations (3.5) with C = K?(0) = kg(n;:ﬁz).
|

Differen&iation leads to |the normalized magnetic field:components :

B[ xn® @m,-n)

2 (%) 72
}.{(Z;N(;) = '2'2"(').('_};_)3 Sy

v

cos(w

T . T
1~ zﬂ + 51n(w1- ﬁa

7
a kod{n2 (x)-g2} /2

(3.13a)

' B[ T n® m.-n ' .
D — 1 -n?(x a ¢ 2
Ho (X) = -5 E;——%Tl — + 1} e ! (3.13b)
m 2l kyd{B2-n2 ()} o

i

E

3
s
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These fields are plotted in Fig. 4.2 as the dashed curves using the
procedure just discussed to eliminate the singularity at the turning
point.

3.2 Analysis for TM Modes

» 1 ,
For an inhomogeneous index profile n(x) = (e(x)/g¢)?%, the
reduced wave equation for the TM case can be derived from Maxwell's

equations as given below :

. 3%H oH -
—Y - 1 _de(®) ¥, k2(x) - B3 H = 0 (3.14)
- ax? e(x). dx 09x ‘ g

The g% term in (3.14) can be eliminated as shown in Appendix B.2, and

the equation reduces to the form :

2 . \
N 86 , R G = o0 (3.15)
‘ ax? \
whe?e G = E%(x) Hy
R2(x) = ¥2(x) - g2
$2(x) = ko n:ff(x)
_ 2(n_-n ){3(n_-n )x* + n_}
and ni() =fnt(x - ——S_2 ¢ 2

n?(X) (kod)? R .

The term neff(x) can be regarded as an effective refractive index profile
- 1
required to yield the same type of reduced wave equation as for the TE

case. It can then be readily seen that the dispersion relation is similar
to equation (3.12) with n2(x) replaced by néff(§) :

\ 1

\

e
~—
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i, 7
, (m+'2-)'2_' )
kod = - . (3.16)
X, . -
Pt I
. é {neff(x) - B“}? dx
, \ ’
whére m = 0, 2,4, ... for the even modes
m = 1, 3,5, ... for the odd modes ~

Since 1n:ff(§) contains kod, unlike the TE case, in equation (3.16)

kod is éiven implicitly and therefore its evaluation necessitates the
use of a numerical root-search technique. Fortunately, 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 useq‘as thé first guesses in
searching for Eke roots of the former. Even so, Fh; computing time is
quite considerable sinc; each step in the search for a root requires a
numerical integration. This fact makes the WKB method less attractive
in the computation of the disperéion curves for the TM modes since the
advantage of low com%uting time at the expense of some loss in accuracy,
which is the ca%é for the TE modes, is not present for the TM modes. The
T™ dispersion curves are so close to the TE shown in Fig. 2.3 that they
have not been presented separate}y. The computer programs used to
generate the dispersion curves and field plots are described in Appendix

4

B. 3.
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CHAPTER 4

’ DISCUSSION AND CONCLUSIONS

4.1 Comparison between the Step and WKB Approximations
7 i

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

and the refractive index profilés for both the step and WKB approximations ,
which were shown in Figs. 2.3 and 3.1 resﬁtktively, have been combinéd in
Fig. 4.1. For the core modes, the three horizontal lines shown in the =,
figure represent the boundaries separating tﬁe four homogeneous steps
used to approximate'the core. Results of the WKB approximation presented
in dashed curves, agree quite well with the results of the step approxima-
tion except for B + 1.53 where kod becomes large and near cutoff as

B + 1.50. Values of B close to 1.53 correspond to highly guided modes

and close turning points, which tends to degrahe the WKB solutions.
However, the WKB profile corresponds exactly to the actual profile in

the core region, and hence, high order modes, which are mainly confined
in the core regiqn, 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
B + 1.50, the curves again begin to deviate. This is due to the sharp
difference between the cladding profiles used in the two methods. In the

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

method allows no abrupt index variations, and consequently, the cladding
Y .

s

I e
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Combination of the dispersion curves (Fig. 2.3)

\
(Fig. 3.1).
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profile was chosen to be merely a continuation of the parabolic core }

profife as shown in the bottom diagram of Figl 4.1. This is also the
reason for the lack of agreement in the cladding modes determined by
the two methods. Indeed, there is a crossing of these modes in the
region B = 1.4, which aI;o corresponds to the approximate value of the
refractive index at which the two cladding pr;files intersect. The
dispersion curves resulting 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-
tively by considering the difference between the fields occuring in the
two profiles. |

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 aésociéted with these are
listed in Table 4.1. For a fixed value of B above the intersection
between the WKB and the actual cladding profile used in the step-index
method, the WKB field decays sooner, at 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 torresponds to the value of x where
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-index method.
For a particular mode, the turning points, which are locited symmetrically
about x = 0 and define thé boundaries of the oscillatory field, are
closer together in the WKB profile. This means that the same number of

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

)
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Table 4,1 : Important field characteristics
LABEL B STEP WKB
kod | x, | kod X, E% D nth
a | 1.5246 | 16.723 0.354 18.364 .424 0.886 0.212 -0.574
b |1.5185| 8.064 0.612) 8.634 0.619 1.294 6.310 -0.574
c|1.5110| 4.714 0.791| 5.234 0.796 1.663 0,398 -0.559
TE,{ d |1.5035( 3.384 0.935( 3.758 0.940 1.965 0.471 -0.564
e {1.4500 |- 1.341 2.000{ 1.259 1.633 3.423 0.822 -0.569
£{1.2500| 0.425 2.000| 0.376 3.055 6.471 1.569 -0.586
g 1.0500] 0.132 2.000 0.230 4.000 8.589 2.107 -0.589
h | 1.5246 | 47.887 0.354|55.002 0.424 0.646 0.102 -0.459
i|1.5185 | 25.133 0.612] 25.902 0.619 0.943 0.149 -0.446
j|1.5110} 15.346 0.791| 15.701 0.796 1.213 0.192 -o.4sé
TE, [ k | 1.5035 | 10.543 0.935|] 11.275 0.940 1.433 0.226 -0.455
1]1.4500] 3.422 2.000| 3.777 1.633 2.493 0.395 -0.481
m|1.2500| 1.377 2.000 1/128 .055 4.697 0.754 -0.479
n{1.0500( 0.865 2.000}| 0.691 4.000 6.206.~1.013 -0.386
TE,| o [ 1.5110 26.108 0.791] 29.169 0.796 '{.093 0.136 +0.413
\TE4| p | 1.5110{ 35.827 0.791 36.657 .796 1.033 0.109 +0.401
TE4| q 1.5110] 45.847 0.791] 47.104 0.796 0.996 0.092 -0.388
TEg | r ] 1.5110) 57.162 0.791} 57.572 0.796 0.971 0L081 -0.375
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method and tends to suggest WKB modes of shorter wavelengths, and hence

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

3

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

50 that the decay is less rapid than in the field given by the step- A

! index method since : ‘ \ [ i
\Ystep = (B.z = n:} % > YWKB = (B.z - n2 (;) } %
‘where n(x) > n, For 2<x&r |

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. 1
Although Fig, 4.2 shows only the fields for the TE ques,

those for the TM modes are rilated through the principle of duality.

For a given value of B, ked is only slightly different in each ‘case and

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

however, the difference is not very noticeable, and hence, the TM fields

-
L4

are not presented.
The discrepancies between the TE fields obtained by the two

methods are due in part to the differént values of kod obtained in the

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

‘difference between the two approximations. It should be also remembered

that the WKB fields near the turning point X,

result from the graphical

¢ construction used to eliminate the singularity as explained in section
3.1.1. The H  fields exhibit discontinuities in their slopes at the
boundaries between the various steps in the core. The actual Hz fields

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

-
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still exist at the two cladding interfaces. The fields for the higher
order modes show close agreement. This is due to the close agreement
between the dispersion curves atlthe Eﬁosen points. The major difference
occurs in the vicinity of the turning point. From Table 4.1 and-the'
field plots it can be seen that for a particular mode, as B decreases,

\

the turning point E; moves away from the center of the slab waveguide.
b

As cutoff is approached, the corresponding field becomes broader and

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

deviation D increases so that the singularity affects a larger portion
of the %ield. On’ the other hand, for fixed B, the turning point is fixXed

and the singularity has less effect with increasing mode number.
!

H

4.2 Conclusions
Two approximation fechniques have been employed in the analysis

;f the propagation characteristics of an‘inhomogeneous symmetric slab
waveguide, and these are‘found to be complementary. |

ﬂ The step approximation is useful in computing the dispersion
curves of .the core modes with low vélues of kod and for the cladding
modes. The WKB approximation allows the computation of the core modes
at about a ten}h of the computing time (for N = 4), but for values of
E'approéching n, (1.53) and near cutoff, substantial inaccuracies arise.
Thig method, however, is especially useful for high order modes as the
step method encounters some computational difficulties for‘large values

of kod. For field compytations, the step method required an average of

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

I
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a
" aboyt 2.1 seconds due to the numerical integration process involved. t
Consequently, for field computatians, the step method appears more
~
advantageous 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 effect and the’étep method is again

affected by computational difficulties. .

Y /. )
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DEPQOSITION OF A MONOMOLECULAR- LAYERED-FILM

AND

— 3

I

THE DETERMINATION OF ITS BIREFRINGENCE AND THICKNESS

THROUGH ITS APPLICATION AS AN ANISOTROPIC OPTICAL WAVEGUIDE
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CHAPTER 5

FABRICATION PROCESS ! i

.

5.1 Film Chemfétry

Only a brief description of the film's nature and coating
mechanism will be given here, sinc; excellent accounts of the tﬁeory of
monolayer transfer giving schematic diagrams which help to visua}ize the
film's molecular arrangement during coating, have 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 4 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 by
the length ané tilt of the hygrocarbon (CH3) chain which extends outward
from the '"head", normal to the water surface. If a clean glass slide

(made hydrophylic) is now raised slowly out of the water, the molecular
heads will attach themselves to the glass if the ' film is ;aiﬁ%éined under
a constant\furface pressure. As the slide is raised, the water recedes
slowly from between the glass and the film and the slide emerg?s completely

dry, being coated with one monolayer of Ba-H-St. The second layer Qill be
deposited as the slide is slowly dipped into the water. In this case, the
slide surface, which has been rendered hydrophobic by the hydrocarbon

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

!
on the water surface. As a result, the film is folded back and forth on
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itself as the slide is lowered and raised out of the water, so that each

H

time, a new layer is deposited with.molecules in successive layers being

oriented in opposite directions.

o

5 | "

Equipment and Procedure for Monolayer Deposition

The apparatus used to coat glass slides with successive mono-
layers is shown in Fig. 5.1. It consists of a Plexiglas trough used %0
contain the water solution or subphase upon which the monolayer is spread.
A motorized dipping device has been set up to obtain smooth dipping at a .
controlied 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
;s used to cover the trough and the whole system is housed in a tent.

|

5.2.1
i

Equipment Considerations

The criteria upon which the trough design is based will become

apparent by considering the various functions it must perform. Since the

subphase will be contained therein, the trough material must be chosen

so it does not introduce contaminants or in any way react with the sub-

H

phase. Early workers used metal troughs which had to be protected by a
paraffin wax coat and glass sheets so 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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and both' hydrophobic and oleophobic. Since plastics in general tend to

.

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

R

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

é ‘ - no}iceabie contamination has been detected even when the subphase was
; left standing in it for weeks, %t must be kept in mind that plasticizers
or mold-release agents and adhesives might be a sqdrce of contamination.
Since the‘film will be spread on the surface of the subphase,‘
this surface héé been made accessible by many workers by filling the
trough slightly'abové the,brim. This requires the tray to be made wi;h
great precigion and plaéed'on a vibration—fr9e table. In addition, to
prevent spilling over, if the material is not already hydrophobic, the
edges mus£ be waxed. If a strip of glass is now placed acrogs the trough,
resting on the edges, it will form a bgrrier for any surface nonsoluble
material. This barrier can be used to clean the surface by sweepi£g it

. .
along the length of the tray. In the présent design, the liquid surface .

A

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

and in ceftain\ways, the film coating prqcesé. Th€ need to maintain a -
constant subp£ase level and reduce vibrations, is not so stringent. The
edges/of the troughlneed not be waxed and further contamination is
avoided ‘especially since benzene has been used as a spreading solvenF ~
for the stearic acid and if it would come in contact with the‘waxed .
edées, it would spﬁead wax out into the\film. However, with this arrange-
ment, the barriers had to be specially designed to sink through the

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

passage of surface material at the barrier edges was minimized by means

-~
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of rubber strips glued to the barrier. The ratio of\the trough surface N

\

area to volume was maximized by making the trough only.9 ﬁm. deep~'except
for a small section where the sliﬁe is dipped and into which the coolingl
coil is placed. \
In the design of the automatic dipping device, it was necessary
to ensure that excessive jibrations were not transmitted to the slid;
being‘dipped, as this wouad inf}oduge irregularities in the film. The
motor was therefore mechanically isolatgd from the system except for a
very elastic driving belt. This in turn required that the giide holder
.assembly be balanced with an appropriate counterweight so 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 c;ntin—
uously adjustable from zero t9‘4 cm.” by means of an eccentric chuck.
Since the city cold water was not available, an icp bath was
provided aIOﬁf/gi;h a pump to circulate cold water through the cooling
coil. This coil, being ﬂade of .1/8" copper tubing, had to be coated with

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

same time, allowing sufficient heat, transfer. ) ‘

o

5.2.2 Method ;§%Monolayer Deposition

Although there has been much work in recent years on the
,manufaéture and analysis of thin'ﬁultilayer films (40)-(44), the best
sources for a detailed descripti9n of the technique and problems invblved
are still the original papers bf Blodgett and Langmuir (33)-(35). Through-

y
out the course of this work, these have been carefully referred to and
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|
the method to be presented follows the same lines except for a few
modifications which facilitated the process. It must be clearly under-
stood that the purpose of this work ﬁés not to improve upon this existing
technique, nor try to explain some of the subtle proﬂlems encountered,
as both the facilities and éxpertise in this’field were lacking. Rather,
the purpose was .to understand and set up this film-making process with
the aid of the existing literature and check the film's feasibility a§
an optical waveguide.materia1:

Right from the outset, the need for extreme cleanliness and

care to avoid excessive 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 giéasy environment, will qu%ckly spread
on a clean water surface. All apparatus must théféfore be scru%ulgusly
cleaned wi?h strong oxidizing agents or detergents and then rinsed
throughly. P * i

The preparation of the aqueous subphase will first be comsidered
althdugh the details for the preparation of the various chemicals will
be found in Appendix C.1. The solution which Langmuir and Blodgett found
to be mosf suitable to build up thick films of up to 3000 layers, is a
water solution containing : 30 uM (30X10°° moles/liter) BaCla which is,
the source of Ba ions, 200 yM KHCO; -the buffer, the pH is set to 6.8 by
additgon of dilute HE1 or NaOH, and 2 pyM CuCl: which introduces a slight
trace of Cu ions. It is interesting to note that although larger concentra-

i .

e N \
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¥

tions of Cu ions ( > 10 uM) cause the film to slip entirely, small
amounts are actually needed to help prevent the fogging and‘céacking of
films which are over 200 layers thici. In order to maintain the copper
concentration constant as successjive films are spread on the subphase,
it is ﬁecegsary to inject a light sprinkling of copper sulfide (CuS)
along the bottom of the tray. This precipitate is Bnly slightly solub;e
and should main;aih the copper concentration at the proper, level. The
commercially available CuS had to be initially thoroughly washed since
it contained substantial amounts of copper sulfate which is highly
soluble. All the chemicals used should be reagent grade to insure the

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

once and‘%ﬁen purified by passing it through a resin deionized. Although

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

P

ohm-cii. spegification of Langmuir and Blodgett, organic matter is intro-
duced by the resin deionizer which might affect the process. Others using
this solution (41) founﬁ that the\builf-up films of Bg-Cu-H-St monolayers
were extremely uniform and stable.

| The steariclacid film can be spread on the surface of the sub-
phase by first dissolving -it in a spreading solvent like benzene or,
n—hegaﬁe. It is c;iticél that this solvent be extremely pure as contamin- |
ants will disrupt the fifm structure. Even highly purified commercial

grades will piék'up greasy contaminants during packaging and handling.

It might therefore be necessary to repurify the solvent in the lab before
. , .

use. Once the stearic acid soluiion“has been prepdred, it is delivered

s, . -
to the surface by means of a micropipet held just above the surface.

A}

[
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it breaks up into many/tiny lenses and spreads as a monomolecular layer

P ¢
N

.

Injection below the surface is to be avoided. The solution is fed rapidly .

-~ . /
so that it always remains visible, forming a fev lenses on the surface.’
- pe

As the solvent quickly evaporates from these, the steatic acid is released
. = A

. . e
as a single molecular layer which spreads out over the whole surface. In 4
W i

this case, 0.1 ml. of a benzene solution was used to cover an area of i

2800 cm? . Since stearate moleculgs have an area of 20 X 107 '% cm?, the
- 4 4
solution required a concentration of 0.023 M which was near the 0.03 M ;
. ] :}

value used:by others (41) who noticed that unsatisfactory resg}ts were

‘obtained when the solution was tooodilu%e. )

As was pointed out previously, the film must be kept under Q\!

b
ks

. A . EOOVIRE .
suitable constant surface pressure as it is being deposited on the .slide.

Langmuir ingeniously Suggested the use of a hydrophilic oil 1like castor /
' o ]

oil or oleic acid to act as-a surface piston, exerting a constant pressure

on the film. When a drop of this oil is traﬁsferred to the water surface,

L “ ‘

of oil thFoughout all the available area until an equilibrium surface
~ ’ M % °
pressure is establiShed. Oleic acid compresses the film to 30 dynes/cm.

while the more viscous castor bil exerts 17 dynes/cm. . The surface

1,

pressure can be accuraiely,measured by using afilm balance. There are

two fundamental types, the Wilhelmy type and the Langmuir type (40j. The

[

former yields an absolute measurement by determining the force on ag;lgte ?
¢ L

partially immersed ih the film-covered liquid dque to“surface tensio
This is then coﬁpared to the force observed from a cleap surface, In the

latter. method, the force exerted on a movable barrier separating the film |

from the clean surface is measured. - ’

In an attempt xprevent ©0il contamination of the film,

R4 N ’/

® 8.
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Blodgett employed a waxed silk thread floating on the gurface to isglate
the film from the oil. This technique was used initially But it was
found a bit unreliablejand tedious, especially since many hundreds of
layers were to be deposited, each spread film yielding about 50 iayer§,
It was found that the oil was notf completely blocked by the thread siﬁc&
any tiny kiqis or secp}ons where Wwax had been removed allowed:the pa;sage
of oil. The thread was replaced by a floating barrier cut from a poly-
ethylene sheet 9 mils thick (see AppendiX'CJS)‘and regting on the surfacé
across the tray. Although there is necessarily a slight gap between the
barrier and the tray edges, any oil which p§§ses through should not
penetrate too’deeply into the film since the pressure is at;gquilibrium.
As a precaution however, the film ;s‘nevér used up cpmpletéiy and‘a margin
of about 15 cm. is left betweenvﬂua@lide and the garrier yielding an
average of 60 layers per spread film. ‘ o

One other delicate area of concern is- the deﬁbsition of the
first layer. The glas;\slide must be ;crupulously cléaned so th;t all
grease and cogtamination be remov;d. A cleaning procedure which has been
found adequate for this purpose is outlined in Appendix C.Zi However,
even with this thorough cleaning, éhe fiim did not seem to a?here strpngly
to the slide as it was raised vgry slowly out from the film-covered sub-
phase. Langmuir found that thé initial layer was more readily depdsited

~ CoL . A | h

from alkaline water IpH 2 8.5) and for glass of high refractive index.
«

_The glass that is ‘used in the present wofk is™ow index fused quartz to

satlsfy waveguide considerat1ons As suggested by Langmulr, it was found
P

that if after,dep051t1ng a few layers, the film was rubbed down usiné/




O

- 5-10

tissue paper until no visible trace of the film remained, the slide |

would be left with a monomolecular layer whifh provides a very good
LY

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

ed by rubbing down molten wax or prefgrrably ferric stearate, however
this would make- the first layer different from fhe rest.

Dipping speed, pH of the subphase, and its temperature are
important parameters which affect monolayer deposition. After the 'slide
surface has been rqnderéd hydrophobic by rubbing down g/film, the second
layer is déposiged as the slide is dipped slowly (1/10 r.p.m.). The |
deposition of the layer can be verified by obserying the moéioﬁ of the
floating barrier which geparates the film and oil monolayers. In addition,

v

as the slide is lowered, the film is pushed downward and as it is raised,
the Ppposite occurs. The meniscus therefore gives a good indication of

r . ;
the success with whith the monolayer is being deposited. If the meéiscus
is not uniform, with an equal contact angle throughout, but rather shows
'unevenness, has an erratic jumpy behaviour, and especially during ascen-\

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

wet, then poor quality films wgll be obtained having many irrégularities.
JAftéi a few first layers at slow speed, good quality films were
deposite& at a rate of about 1} r.p.ﬁ. . The speed\is limited byfthe rate
at which the ascending'sl@de sheds water. Speed is greatly affected by
temperature and pH. With decreasing temperature aﬁd(}ncreasing PH the
speed increases since thé film becomes more rigid, although very rigid
films\wi}l’comple{ely slip. It was found ;hat a‘pH range of 6.8 to 7.2

and a temperature range between 17°C and 20°C will yield good results.

N
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Having developed the major points which affect the film deposi-
tion process, the detailed procedure which was used in the present work
has béen outlined in Appendix C.3. it‘is cerfdinl; not intended to be
the best procedure but rather a first attempt at establishing a fabrica-
tion system which has proven satisfactory. Suggestions as to certain
improvements and modifications which could be made‘will be given in the
conclusions.

il

5.3 Film Quality

Good quality films are uniform, with no gaps or irregularities, and have

a minimum of contamiﬁation from foreién 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, the preparation of the substrate surface, the mainten-
ance of the proper pH, temperature and concentration levels in the sub-
phase, and the special attention required to minimize 0il contamination
during the film deposition process.
A good indication of the film's qpality can be obtained by !

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

i( film with 57 layers, having ; gap where no film has been deposited. Many
similar gaps in the filﬁ occuf throdghout the whole slide and are due to
poor cleaning of the subs;raté surface. This film was obtained by rubbing
down some 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 slide was{used, these gaps were not observed. . -
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Figure 5.2  (a)

. (b)

Gap in a 57 layer film. X 200
i
"Fogging" and "cracking" in a 280 layer f£ilm when

/

no copper ions are added. X 100 ¥’
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This picture also shows the presence of some tiny specks even
after a mere 57 layers. Blodgett labelled this condition "fogging'" as
it gave the films a fogged appearance.<éhe noticed it in films having
greater than 50 layers and said that it was successfully prevented by
the introduction of a sliéht trace of copper ions as was mentioned
previously. Fig. 5.2(b) shows cracks in a 280 1aye£Q§;§h 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 although "cracking" was completely eliminated by the copper
ions, “fogging'" was only greatly reduced but was still very much present,
This can be readily observed from Fig. 5.2(c), a picture of a 600 layer
film with copper ions present. The cause of this "fogging" condition is
still somewhat of a mystery. It has béen suggested (42) that this
condition is due to the gradual crumpling and crystallite formation in
the spread monolayef and it is advised that a new film be spread after
about 20 layers. This seems to be a very possible'cause although
cdntamination by foreign matter such as dust particles anq 0il, especially

»
in the benzene solution used to spread the film, could certainly cause

~ -
.

4
?

irregularities \n the film's layers. Even hgugh slightly better quality
films might be obdained by following these; recommendations and being-
extralcareful to mfﬁimize conta;ination, ﬂi{it is really needed are some
;ajor modifications to this rudimentari;system which has been set up as

part of a feasibility study on the peééible use of this film to make

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

Y
conclusions? have been suggested in part by the elaborate systems being
|
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N

Used by present-day workers who mantifacture the film for biological

studies, and studieé\into its possible applications, some of which were

-

. . N . .
listed in the introduction.
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FILM CHARACTERIZATION THROUGH WAVEGUIDE MODE
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‘ EXCITATION AND MEASUREMENT .
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6.1 Refractive Index and Thickness Measuring Techniques

. , Three well established techniques for the thickness determina-

» -

tion of ;hin films are : ellipsometry, interferometry, and X-ray diffrac-

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

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

at which the intensity of polarized monochromatic light reflected from ¢
films having known numbers of layers, was a minimum. By taking the film'g ﬁk ~@
3 ' anisotropy into account, they were able to determine both the thickness |
and indices quite accurately. Two other}methods which have been used (41)

are the Mattuck and Hartman methods. The former is essentially a two- . ,
beam interferometric ﬁethod whereby the Weasurement of the fringe shift

caused by a film deposited on a stepped multilayer plate, results in the

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

- o .
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- W
layers, and gives much higher precision than the two-beam fringe methodsl ‘g
d&e to the increased sharpening of the fringes. However, this, like the ’;
previous methods, is plagued with the need for an accurate knowledge of gf
the refractive index which in turn is complicated by the film's anisotropy. ??
£
| \\ 7
. : : ¢ ;’G
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To overcome this difficulty, Srivastava and Verma (36) have
performed high precision\thickness measurements on various types of
multilaye?s including bariumhstearate by using a special technique which
Tolansky formulated 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 coafing\
was deposited. The step thickness was then obtained through the observa-
tion of frnges of équal chromatic order after white light illumination.
This light was reflected from thé surface and never passed through the

\\ film making this method independent of the film's optical characteristics.

~
These same workers have also performed X-ray diffraction studies to

—_—

‘i} ~ determine the molecular chain length and have found these results to

0
| agree within experimental error (*0.5 A) with the interferometric values

~

of the monolayer thickness. This implies that the molecules in the mono-

layers are perpendicular or very mnearly so since if a substantial tilt :
| .

were present, the layer thickness would be less than the molecular chain

length.

A

One final method which has been used exténsiyely to determine

the optical constants of reflecting surfaces and film-covered surfaces,

is ellipsometry (47). Both the refractive 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 ik .

that the film-coated surface can be scanned so that not only the film's”

thickness, but also a measure of its evenness can be obtained. In addition,

c _ | ,
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the film need not be coated with additional layers or be silvered as

et w7 e L

this would preclude its use as a thin-film waveguide. The required

measurements are also relatively easy to perform although a precision

1

i
retardation plate and polarizers are needed. Ellipsometric measurements

D ol SO 1

have been performed (47) with accuracies in thickness down to 1 k and
\

0.002 for the refractive index. In recqﬁt years, biologists (43),(44)

, . ‘;“
have carried out studies on biological surfaces including barium stearate

multilayers with the aid of ellipsometry, and found it to be a convenient

tool to perform surface studies. However, the ellipsometric theory used

\

\
o it b i R

for these measurements did not take into account the film's birefringénce

but assumed it to be optically isotropic with a value of index midway

, !
between Blodgett's values. Reasonable agreement in thickness was obtained
& ’ ' as the anisotropy is not too pronounced. In order to' obtain a better.
appreciation’for the &ethod and look into the péssibilitywof its use as
%\ > ‘ a thickness measuring tool, a detailéd analysis of the iso%ropic theor& .
9 was carried out (48)-and a computer program written to generate a W—Z
1 plot from which the thickness and index ' could be immediately obtained
% from the experimentally determined ¥ and A, the amplitude and phase of g,
lk ° " the ratio of the Fresnel reflection coefficients for the TE and TM rays.‘ . g
% A
‘ However, preliminary measurements prove§ to be very inaccurate due to . ‘é
/: the difficulty in making precise measurements. One reason for this is , \é
N that the difference in the refractive index of the substrate and éilm -%
*T is only ab?ut 0.05 yielding a very low reflection from fhe film-substrate %1
' interfhce. In addition, a high precision, calibrated compensator and :g'
'i polarizers were needed since the accuracy required is éf the order of , Eg
| ' ) Y
R ' e

o
O
EN




thp‘limiting values given previousl;. Even with bert;r equipment, it is

anticipated that the film's anisoetropy ;rd lack of homogeneity in |

prepgration will make the accuracy much inferior to that of the other-

techniques. Engelsen (49) has recently developed the ellipsometric theory

for anisotropic films and has carried out experimental measurements on

some of Langmuir's multilayer filmgjyjth the aid of an elaborate computer

program to fit the experimenta1°?ata. He obtained accuracfes injthe -

indices of the ordinary (TE) and extraordinary (TM) rays of +0.005 while

the thickness was accurate to a fraction of an Angstrom. These measure-

ments were performed ol films less than 150 layers thick, and the results’

were compared with those-.given by the isotropic theory showing it to be ’

quite'inaccurate. ' ' - . »
Recently, a method of measuring the refractive index and

thickness of thin transparent films by observing the interference pattern

in the light scattered by the film has been descrlbed (50). This technique

renders an accuracy of 1 part in 10® for the index and 1 part in 102 for

the thicknéss. For inhomogeneous thin-film waveguides, the refractive

index profile was determined by using an optimization algorithm on the

measured reflection coefficient data (51). N

The current work in intégrated optics and thin-film waveguides

A B AR B

e

¥

has- caused the emergence of a new, highly accurate method of thin-film

index and thickness measurements. P. K. Tien (24),(32), through the
~ - . .

development of the prism-film coupler, haspeen able to excite and,
. .

R

TRt

observe waveguide modes in semiconductor and organosilicon filméZhThesé
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modes are associated with discrete angles of the incident light beanm

/ ,

r_:?:,
TEE

4
AN
o

~* 44
by
S

”
o
Wi



, 6—%»

A\

which are in turn related to the film's thickness and refractive index
through the waveguide theory. By\optimiging these quantities with the
aid of a computer pﬁogram to yield the‘best agreement between the

theoretical gnd experimental aﬁgles for the first four modes, he
—- /
determined the index with an accuracy better than one part in 1000, .

while for the thickness it was better than 1%. This same technique was

used “in the present work to determine the refractive index and thickness

of barium stearate multilayers deposited ‘on a fused quartz substrate. In
R :

- .

_'Many expeiimental.measurements had to be taken due to some difficulty in
‘ [

9bfai§§ng accurate, reproducible data. Despite this, the experimental

;nd theoretical agreement has turned out‘to be reasopably good. As will
be shown, the method which has been used to evaluate the thickness and
index treats these two éarameters independently. This is very impogtant

%nhomogen—

[

since the thickness was not accurately known due to possible

eities in the/film structure and also as a result of the possible

deformation introduced by the coupling method as will be described in

r

the next section.

-:E o °

F -
6.2 Light Coupling, Mode Observation and Measurement ‘
6.2.1 The Prism-Film Coupler ,

Various methods have been devised to efficientiy coupl% a
»
laser beam into a thin-film waveguide. The methgd’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 this method, a prism of slightly

this case however, the theory for an anisotropic slab waveguide was used.

-
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higher index than the fiin, is mechanically compressed agninst the film
such that the intervening gap is reduced to appyqximntely half a wave-
length. The reflection of light at the pnism base is thereby frustrated
and energy is coupled into the f%lm through the evanescent fields in

|

the gap. This transfer of energy or "optical tunneling' between the prism.

and the film, will only occur for certain discrete angles of the incident!

" beam on the base of the priism. To satisfy the boundary conditions, the

& »

tangential field components must be continuous across the prism-film -

interface. ,Qf was discussed in the first part of this work, due to the
finite thitkness of the waveguide core (or film), only certain values

of the normalized propagation vector'E are allowed,zbhich in a ray picture

R

' ' 7
correspond to discrete ray angles in the film. The incident ray angles
allowed in thf priéh are then just given by Snell's Law. Tien has termed

these allowed angles "synchronous directions" since at these directions
a

of the incident beam, the propagation vector is continuous through the

-

prism-film interface. With this method, an optimum theoretical coupling

efficiency of 81% has been predicted (5). =

Another coupling method which has the same'maximum excitation

efficiency, is the grating coupler. Etched gratings made with photolitho-

¢

graphic techniques (55), or photoresist gratings fabricated by a holo-
graphic method (30), (567, offer the advant&@e of be?ng a more rugged,

convenient, and practical couplingmmeans. This is also true of the ,

tapered film coupler (57) however only the prism-film coupler has been
o/

used to excite the anegulde modes in the muitllayer film because of

the difficulty 17 implementing the other methods. The prism coupler

a

=

L s =
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however; slightly too much pressure is applied, the crystal structure . ;

-of film will be removed by adherlng to the prism. F1g 6.2(a) is a .

e+ ek i i vevpee

v
v » !\
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itself requires very delicate adjustment -due to the soft nature of the
. 2 i . ‘ N
film. . . 1

e .

- A picture of the device used to compress a 60° prism onto the

\ 4

film-coated quartz” slide, is shown in Fig. 6.1(a). Pressure is applied /

i o
by means of a d¢rew having,a plastic tip to avoid sc?atching or possibly’“

Breaking the slide. The film, which is sandwiched betwéen the slide and
, L y
the prism, remains separated from the latter by a considerable gap due

1 .

to dust particles, irregularities in the film, and wnevenness in the
“ - L ‘ N

1 » L]
slide and prism surfaceb. It is thergfore necessary to apply sufficient i
N
| )
force to reduce the gap’at the préssure point to)}ess than half a wave-

length. A dramagic indication of the behaviour of the gap“arounq the

"

pressure point can be ;E:ained by observing Newton's rings as has been

~

demonstrated in Fig. 6.1(b). These rings should be circelar, indicating

3

a smdoth.increase of gap with increased radial distgnce from the pressure

point, If there‘gre major irregularities in the film, the interference |,
4

A
fringes will be distorted. The pressure shouldpbe increased until the

I b

i -

observed reflection at the prism base is ‘just frustrated at the pressure ’

l N Y

It is not’possible to afoid some slight damage to the film since

point.

1t is very soft and at those p01qps where mlcroscoplc dust part1c1es act -

, Al

as spacers, f11m damage is 1nev1tab1e This-i%" not too serivus as long .

»
. o

as a maJor part of the area at the ppessure p01nt 1s not affected. If L,

: . . "

Lo o,
in the film will be ﬁermanently deformed in some'areas due to diréct.

contact w1th the prlsh base, and when the pmessure is released, sect}ons

¥ O
(
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e
hicroécope picture of the film area around the pressure point. It can

be seen that there are many points of contact where the film has been

il \ ° .
removed due‘td a 'slight overpressure, althoggh a few of the smaller

damages would still be presenf even with proper pressure applied. An

§ ‘ expanded view of the largéf central area where the major damage ha;
occured is shown in Fig; 6.2(b). From ;his it can be observed that the
"film is in fact very brittle and breaks by cracking into many tiny

sections as is expeated from a crystalline film,

|
The optical tunneling which occurs between the prism and film

at the pressure point is reciprocal. In other words, the energy which
is transferred to the film can also tunnel back to the prism through the

evanescent field in the gap unless this is prevented by increasing the
[} .

"size of the gap outside the area of illumination by the incident beam.
Tien (5) used a right angle prism and applied the pressure with a knife

edge’ less than 1 mm. from the sharp rectangular corner of the prism, In

©

this way, the energy in the semiconductor film after the prism's corner,

Yo

was tota&ly decoupled from the prism and decreased only as a result of
scattering and absorption losses in the film. This was attempted with
the multilayer film without success &s might have been anticipated since
the filﬁ is very ‘soft and the corner of the prism just digs into the ‘
film destroying it completely in this region. Unlike the previous case
where theprism was uniformly supported by a large contact area_ around

the pfeséure‘point, ﬁer;;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 rest just above

S\

Iy

5
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Figure 6.2 (a) Film damage due to a slight overpressure at
' . . the coupling point. X 40, 109 layers ) .

(b) Expanded view of centralh%amage showing the
. film's brittle nature. X 400, 109 layers
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! the decoupled beam in the film. However, even without this operation,

the decoupling as demonstrated by Newton's rings, was suff}cient to

permit a 3 cm. streak in the film as shown in Fig. 6.3(a). ,

S By TR NS R Y

" The slide was coated with 109 layers yielding single mode

1

1
.

operation very near the cutoff of the first mode, the TM; mode. As more

layershwere added, the mode was brought farther away from cutoff which

- -

means that the evanescent field in the gap due to the energy in the film,

v

would be smaller. The effect of increasing the film thickness and bring-

v

ing the mode. farther away from cutoff is twofold. Firstly, the energy
. -

is more concentrated in the film and should therefore decay at§a slower
rate, From a ray picture, as a mode is brought away from cutoff, the

angle the ray makes with the plane of the film becomes smaller and

1

Gt AR o

therefore thé distancé between successive reflections in the zig-zag

ray path increases. This spggests that less energy is 'lost per unit
length of film. Since the "optical tunne}ing" occurs through the coupling

of the evanescent fields igfthe gap, the second effect of bringing the ‘
» ¢ ,
mode farther-away from cutoff and thereby reducing the evanescent field, A

4

is to’'reduce the amount of energy coupled into the film. Intuigively,
. o
' this seems reasonable since-if the coupling between the prism and the

film is reduced, less energy 'Will tunnel jinto the film, put the energy

that does get in should stay in longer. The second of these two opposing

/

observed to be dominant causing the streak to decrease in 4‘
. {
length with increasing film thickness as a result of the decreased

effects was

coupling through the evanescent fields. The reason for the rapid decrease
in the energy in the film, even after it is totalily decoupléd'from the

>
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A 3 cm. streak in film due to coupling in of TMoﬂmode.

Streak stops’apruptly where film has been scratched.
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. indeed guided in the thin film since the streak stopé abruptly where the

film has been scratched.
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prism, must be due to scattering centers but particularly to surface '

)

defects which will transfer energy into the radiation and substrate modes. .

o 3,

Indeed, when a very poor quality film, obtained as a result of poor sub- X
'

o
strate preparation, was used, a streak only a few mm. long was observed ) #
and a faint beam was mnoticed in the substrate which emerged at the end
of the slide and i;iﬁminated the whole spectrum of substrate modes on
a screen. ) 3

To demonstrate that this decrease in the length of the streak

\ %

is in fact due to the mode being brought farther from cutoff and not due “i
to a possible increase in,filmﬁlosses with fthickness, more layers were ’ é
Jeposited until the TE; mode was just at cétoff. This occured around \%
140 layers. At this point the ™ streak was subs'tantially reduced to ~ '%
. 5
about 1lcm., howeve?, the TE, streak was 2 cm. long which support; the §

revious argueme;t. Fig. 6.3{(b) gives visual proef .that the energy is
p S P a
¢

a .

s

6.2.2 Experimental Teéhnique for Mode Observation and Measurement

To facilitate the excitation of the waveguide modes and

accurately measure their respective launching angles into the prism .
' .

¢

the instrumentation shown in Fig. 6.4 was set up. In addition,

coupler, :

this fiﬁﬁreqshOWS some of the equipment used for the film 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 scale to liloolth of a degree. This allows the variation ) “

- it

A e ' X
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Figure 6.4 Mode excitation and measuring instrumentation along’ )
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with some equipment used for the film manufacture.
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of the angle of incidence at which' the laser beam strikes the coupling

§ point\at‘the base of the prism. The prism-film coupler assembly is

¥ .

ii mounted on a micropositioner which in turn is fixed to a precision gimbal. .

u% ;i These allow the fine adjustments necessary for accurate control of the

- . geam position for mode excitation. This setup hé; also been used to - %
? make Brewster angle measuxements for the refractive index determination 2
3 ! g
f of the prism and substrate.\ Details concerning the equipment calibration Té
} - !

and alignment will be found in Appendix D.1.

The method used’to

(g

) now be described and reférence

asure the synchronous directions will

;
.
¥

ill be maee to Fig. 6.5. For drawing

convenience, the film thickness W\as been greatly exagerated., Once the %

Ana

< e

thin-film waveguide and prism have\been appropriately mounted with the

correct pressure applied as was desgribed ea%lier, the assembly is placed
. A

LA TSRS o K
1 ¥

on the positioner which rests direc above tEF pivot of the movable

arm. Its position is adjusted so that\the prism face is nearly parallel
. , A
to the displacement direction as shown\in Fig. 6.5, and the coupling

b

point is nearly above the pivot. It is n cessary that the laser and

e A GMEAT T

gimbal have been previously aligned, as outlined in Appendix D.1, to 3
avoid excessive positioner adjustment éSkﬁP angle of the laser beam is
k ‘ varied. The laser height is then set so that the heam falls on the :
] ;

[4 ¢
coupling pbint. Since a 60° prism was used, it was convenient to align

the coupler assembly so that normal incidence on the prism face would o

occur with the laser at 30°. This can be re{fily performed by adjusting
the gimbai movements until the reflected beam, which emerges, from the

opposite prism face and impinges on a screen, forms a cluster of spots
[ 1

i

e sk

; l ! e
L
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Figure 6.5 Mod€ angle determination with the prism-film coupler:
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due to the mulfiple reflections between the laser and pyism. By slight

~ . ’ : .
adjustment of the azimuth and elevation, the cluster should 'be distributed

N

gymmgtrically about the main spot. Once this has been performed, the
coupler alignment is complete and it is only necessary to vary the angle

of the laser beam whilg at the same time adjusting the micropositiongs,

4

to maintain the beam at the coupling point, until a mode has been excit-

N i
ed. Referring again to Fig. 6.5, the angle of the laser beam 6 is read

N

directly from the scale at the end of the ﬁovable arm, .

L . Then: 6 "= 30°-8_ , . . (6.1)

n, sin ©
(6 = 60° 4 sin’t| 22
P \ np

(6.2)

O

- v

)

- ;w;‘::@;

»
where ﬂa and np are/the indicés of the air (n3) and prism (n)

2

e R . . . I3

(;} ’ » From equation (D.7) in Appendix D, the normalized propagation constant

B o & ) A
is given by : ’ .

-

-
' B = 0, s?n GQ = ‘ng sin Ge = sin Gp (6.3)

. . -

: Here, n, and n, are the effective indicies\for the ordinary (TE) and

» extraordinary (TM) rays making angles Bo and Ge respectively with the

"

S Bl i@é—rﬁ'fa;:'.". G s

ﬁ%’@:

normal to the film. Since the film is birefringent, having positive -
uniaxial anisotropy (34), and the mqlecular chains have been foynd to

) be perpendicular (36), the refractive index tensor has ngn aséhmed to

&3

\ ' , ~ )
*  be diagonal which gpill allows the separation of the waveguide modes ' .
. o

Ainto the TE and TM polarizations. . T .
¢

g
PR
yis
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. As the anisotropy is uniaxia1,~nlx =ny,, and its positive nature is a

result of n;, > n,,. inhAppendix D.2 it has been shown that

: ng = my : .
i ] 2
E ‘ 1 2 cos 8, 2 | sin 6, 2 , o
, . b L8 % 12 e ,
' Te M1z Mx :

° 2

These results show thdt the TE waves are not affected by the film's

anisotropy. The angle Gf«pade by the rays in thé film, is equal to~ r

B

either 8  or O, depending on which type of mode is excited.
Bynsettiﬁg the polarizer's axis of trénsmission parallelr (or

perpendicular) to the plhne of incidence, the ™ (or TE) modes will be
N .

>

excited. During mode excitation various phenomena take place which

readily indicate this event. The first thing which is observed is the

appearance on the screen of a bright vertical line passing through the .

bright spot formed by the reflected beam. This is shown in Fig. 6.6(a)

: »

b . N .
where smoke has been used to render the laser beam visib%e. This line is
. slightly curved since the screen intersects a cone of rays whose vertex

is at the coupling point. The cone represents the synchronous direction

\ or alioweduangle in 3 dimensions. A whole sedtion of the cone i's
, N -l‘

>

E2e
)
%

- g
.
* 3
<%
&
%‘;{

illuminated rather than just a line«becausp of scattering in the film
and because the beam is not perfectly collimated. Another observation

is the occurrence of the streak which represents the energy coupled into
’ e

ot
3k

and carried by the film. The bright spot due to the reflected beam, also

LS ;?-;‘.4 g

- decreases somewhat in 4ntensity during mode excita}ion. By careful ° »

3
i

. 2, . . . . .
observation, a dark vertical line can be seen in this spot. This is

FIER Y
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o
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(b) Excitation of’a substrate mode.
y .

© .
o

“

L4

Y

aQ
3 SN s TSR, - ke

Yo
.




T e

} 7 .
the ljnewidth of theemode is very narrow, which is important if this \

.
"will cause the others to be excited to a lesser extent due to scattering.

6-20

- !
©

n

again due to the fact that the beam is not perfeef{; collimated and only

those rays at the correct angle will be?coupled in. This indicates that

. ) I
method is to be used for accurate measurements. The synchronous directions

1
'

are most sharply defined at weak coupling,.when the compression at the
o SN *
N

coupling point reduces the gap width .just endugh to Barely excite the

o
mode. A final observation is the increased brightness of the film ifn the .

\ N a
areé\aromugt the coupling point. The illuminated area directly in front

of the slide i¢ due to the light scattered into the substrate. If the A T

thin-fi}lm waveguidé can support several modes, the excitgtion,of one

- . o N 1

. . 7 .
The modes which are closer to the main mode and are of the same polariza- -

. ) . i 3 9 : * 2
-tion are excited to a greater extent. The substrate modes are easily

! . o
excited by increasing the laser beam angle beyond cutoff. Fig. 6.6 (b)
. ﬂ a1

shows the light beam in'the substrate bouncing back and forth.between . ///

\

v ' . . ,
the slide surfaces. These modes ‘form a continuum as the slide is many

/ »

thousarnds of wavelengths thlck so that zggge 1sbﬂ9\observab1e dlscrete- & .

¢

“ness in the allowed angles. Ray theory will re§d11y descrlbe'the situation

»~

. . , 4 ~ [}
here. e . . . .
: i P
As far as optlcal sﬁknal proce551ng is concerned it is Cy

- a

@ ¢ » <
necessarwaQ couple the beam in at one p01nt and let it Eropagate in
the film through? some thin-film dev1ce such as an electrogptlcal modulator

i ° N . 3

where signal informationgsean be 1mpressed on the 11ght beam as 19tensrty AR

Rl

. ®
modulation. The beam can then be coupled out with another prism after g
. | : P .

the'device.‘B& using the arrangi?ent dépicged in Fig. 6.7(a)zwhere two
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pressure points are applled 1} e, apart (it was‘possible to couple in

\ some of the 11ght at the right pressure point, ad after a short distance
A v couple a11 the light out at the left pressure peint. This has been dlS-
e

. played in Fig..6.7(b). Notice that she streak terminates at the left

~

Bressure point as all the energy is coupled out. The faint beam and spot

below the main.reflected beam dramaticallx show the energy being coupled
4 . ' .

.out. Fig. 6.8(a)"is a close-up.of the streak between the two pressure

points while Fig. 6.8(b) shows the TM. mode. The line at the right

0

© -

represents the energy coupled out immediately algng with the bright spot

. of the reflected beam, while the left line is totally due to the enefrgy
. which has travelled along 1} cm. of film before the gap becomes small
enough to allow the light to tumnel back into the prism. The interference

’ . [ * . , . .
fringes dué to the two pressure points look like equipotential lines

. 7

-
about two like charges in close proximity. This implies that- the gap

4 <

v ? increases only gradually between the two points which is the reason for

5

: ‘ the large‘amount of energy coupled out immediately from the right point.
s | , '
Since two right 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
points. This would certainly increase the energy carried in the film. ., -

With the dep051t10n‘bf more and more layers on the slide, the

'

film thickness was slowly incredsed. By exciting and measuring the mqge
. * } »
angles at various stang in the thickness, the dispersion curves were :
- v Y . °

obtained. These will be examined in detail in the next section. In Fig.

6.9(a), the TE0 mode has been excited with 173 Iayers in the film. The

. - o
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Figure 6.8 (a)

(b)

Streak stops at the second pressure point

since all the energy is coupled out.

Tyu mode coupled out imméﬁiately (right) and

_after a 1} cm. travel in the film (left).
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« this picture, a hole was made in the screen through which the reflected

\
)
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® \
TM0 mode is barely visible at its left. When th? thickness was increased
to 361 layers, the TM* mode was excited and is shown in Fig. 6.9(b). Ih

beam was made to pass. This allowed a better definition of the other

N
.

modes. Notice that the TMO'mode is brighter than the on mode which lies
hetween the two TM modes. By the time 541 layers had been deposited,

.

four modes could be excited as shown in Fig. 6.9(cj: From right to left

they are : TE,, TEQ) ™, ; ™ . Notice that the ™, and TE, modes have

0 1 0

crossed each other. o make the TM modes more visible, the poldrizer.

- S

Was removed. Finally, after 601 layers, 5 modes were allowed. In Fig.

6.9(d) the right-most mode is TM2 while the rest are unchanged from

the previous case.

1

6.3 Matching of th& Experimental and Theoretical Propagation

Characteristics to Determine the Film's Birefringence

and Thickness

1

The multilayer film which has been used to coat the substrate
N . ~
has positive, uniaxial anisotropy with an optical axis perpendicular to

the film surface. Urder this condition, the refractive inde; tensor of
]
the film ﬂl is diagonal and the TE and.IM nodes are separable. The

1

anisotropic theory yielding the dispersjon relations will be found in
» } 1

Appendix D.2. An indication of the film' .anisotropy was given by'tﬁé \

-~




e
- - -
¥ = -
o
.
. _
¢ ;
j
ag
o $
!
i +
4 i
L, . @ A
e .
- PR €
i L.
'
.
.
- -
-
. s
- a -
JPUREN - ] , R .
|

N\ < . —
Figure &6.9 (a) Excitation of TE0 mode (right) and scattered energy into TMO mode {(left). )

) ) (b) Excitation of TMl mode (right) and scattered energy - ¢ B
i - 3%
/ . into TE0 mode (middie) and ™, mode (left). - - ©n
R _ N )
. Fs .-




N TR R T e g M G O WA - V] haatad -

e " T e gt e T SRR T T T T T e e p T AL T
-3 .
- : - - m o° . (LN - . ﬁ
o - '
. -

I
r
.
i
N
®
.
.
[]
§
SYPTENEYT NN SOOI SR vwwk{u/ B
. \

- e — Sl ey

- - Figuré 6.9 (c) Excitation of TE1 mode (right) and scattered energy ' )
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- — " into TR, TEq, TM;, TM, modes (right toNleft).
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“(‘58) would result in hybrid modes and" greatly complicate the analxsis.
S / ’
This has been found to be unnecessary as the experimental results fit
/(. ¢

quite well with the theory. H B
‘ n
For the TE modes, the ?,ispersion relation given by equation

. . N .
(D.4) can be just written as / i 5
" 4

- f

' . {

(kod)i == Fi(gi|,un1$,) (6.4)
¢ . ‘

This simply means that for the ith mode, the thickness d"is a function

!

» < i 4

of the unknown nly and '§ ,‘,‘which can be related to the allowed angle
/
through ‘equations (6.1) to (6.3). ThlS angle can be measured fa1r1y

N
a°ccurate1y, however, the thickness is riot known precisely since film.

7

1
1

compressmn and 1rreg}41ar1t1es can cause a substantial d1fference/
between the actual thlckness and that theoretically predlcted from.a -
knowledge of the ni,\mber of‘layers.\ By freating (kodji also as ary unknoyh,
~at least two TE godes are required to solve (6.4). In general, for a

particular film thickness, Ei i=1,...,N can be experimentally determined

’

|
same for all these modes ‘as long as the pressure and coupling position

where N is the nz)nber‘of TE modes dbserved. Since (k°d)i must be the .
is not ‘adjus&d during the entire measurement, the unknopwn ny ’can be
determin‘efé by minimizing the average difference G between every two

fi -

(i;gd)i[/given by :

. ¢ 2 N1 N ' ’ ‘
/' G =, — I I lFi'-Fjl . (6.5)

N(N-1) i=l j=i+l

- 7
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In this way, the value for n, can be determinea for various thicknesses

_ ‘ f , )
and the results averaged. For the TM modes, the dispersion relation given

e

«

by equation (D.6) can also be written as : /

rl &

(8, (6.6)

n n
i’ 1x? lz) ,
- ‘\‘ M

Since the film is uﬁ&gxial, the previously obtained value for n1y cane
PR 4 \ ) .
be substifuted for ﬂlz and the same minimization method used to evaluate
0 o> !
. nlx.‘This yields the optimum diagonaiﬂi?dex tens%§ for the. given experi-
* it f [y

mental data./In addition, for each-thickness at'wﬁ§ch the modes have’
N

‘béen heasured, an optimum valile of kod is obtained. If an account of the

'

number of iayérs is kept, an estimate for the monolayer thickness can be

obtained. Then by averaging out all these estimates, an bptimum monolayer

Ay

thickness value will be” found, ' .
4 ' -
A computer program has been formulated to carry out-the minimiza- |

u

" tion and averaging of many sets of data. First the TE data is inserted to

obtain an average value for n. . Then by inserting this value along with

ly

is found. A program flow chart will be found in Appendix
L - ! ¢

the TM data, n.

, D.3 along with some further explanations. The data and results are listed

O
"

“in Table 6.1. The acguracies associated wi;h the average values of index

and thickness are their stantard deviations.
Once the refractive index tensor has been obtdined; the disper-
i

sion curves can readily be generated with the aid of 4&-simple program

which is also described in Appendix D.3. These curves are displayed in
. | ‘ LEANRAA

Fig. 6.10 where B ha; been plotted against the normalized frequency kod

I

which has also conveniently been related to the number of monolayers  at

2
-

o Vi
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° Tahle 6.1.: Data and Results for Index and Thigkness ‘
‘ ¥
] ] EXPERIMENTAL DATA COMPUTED RESULTS “
X NO. OF|MODE B ) | n n AVERAGE g | MONOLAYER
LAYERS|TYPE| © 1, 2 y lx kod THICKNESS (A)
350 | ™ |1.5277 |1.4596 1.5546 | 9.041 |0.003 25.36
361 | TM [1.5248 |1.4587 1.5513| 9.090 |0.006 25.36
N ‘ 395 | T [1.5319 |1.4679 i 1.5556 | 9.803 [0.006 25.00
| 421 | T [1.5318 |1.4719 ’ ’ 1.5536 | 10.295'|0.000 24.63
g 427 | T |1.5354 | 1.4760 1.5568 | 10.480 |0.004)  24.72
5 . 461 | TM {1.5375 |1.4852 1.5559 | 11.467 [0.003 25.05
§ TE |1.4885 |1.4572 \1.5013 12.273 | 0.005 26.81
: 481 | ™ [1.5367 |1.4865 3 1.5543 | 11.759 |0.004 24.62 -
TE |1.4885 |1.4579 1.5005 12.747 [0.004| ©  26.69
493 | T™ [1,5391 |1.4922 ’ 1.5554 | 12.323 | 0.010 25.17
( TE [1.4899 | 1.4582 1.5023 12.569 |0.006 25.68
527 | ™ [1.5419 |1.4973 1.5573 | 12.780 | 0.003 24.42
| TE |1.4906 |1.4595 1.5024 | | 12.967 |0.007 24.78
. 541 | T™ [1.5395 |1.4972 | 1.5540 | 13.157 [0.012( 2449
! TE |1.4906 |1.4601 15021 . | 13.192 |0.004 24.56
k . 559 7| ™ }|1.5430 [1.5029 1.5567 | 13.655 | 0.001 24.60
' ¢ TE |1.4920 |1.4625 1.5028 13.727 | 0.009 24.73
593 | T™ |1.5438 [1.5084 | 1.4591 1.5554 | 14.910 [0.136| *  25.%2
o TE |1.4922 | 1.4653 1.5018 14.755 [0.015] = ' 25.06
o 601 | TM |1.5413 |1.5058 | 1.4584 1.5528 | 14.940 |0.222]  25.04
& TE |1.4923 | 1.4647 1.5023 14.463 [ 0.015]  24.24
;

Average values for barium s&eéréte multilayers :

nl =

Layer

X

7~

1.5549 £0.0017,

thickness =

nly

O
25.06 +0.67 A

LY

N

) ’(_‘ )
ked = (0.02486 +0.00066) X (No. of}Layers)

&

= 1,5019. %0.0007

%
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1Comparison of the theoretical dispersion curves with the

exper{mental data for the anisotropic thin-film waveguide.
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. b ’
the He-Ne laser frequency of 6328 A, To do'this, the previously determined

0
average layer thiEﬂgzss of 25.1 A has been used, It is interesting to
note the behaviour of the TE and TM modes.; The latter tend asymptotically
I

to the higher index value n x while the TE modes tend to nly‘(or/nlza.

1

This is quite réasonable=as <«the TE modes reﬁfesent polarization in the
plane of the film where the index is really isotropic.-On the other hand,
the TM or extraordinary rays have an effective index ﬁe given by (D.9)

which is a function'of‘ee, the angle the ray makes with the film normal.

As B incfeaées, this angle approaches 90° and n, + N

The experimental data points have been superimposed on these

-

agreement with them. To plot these

-

curves and sﬁo& a relétively good
points, the Xalue of kod used was that given from a knowledge of the
number of fﬁfers and the computed averaée‘layer thickness. As was pointed
out previously, this qan'be somewhat in error due to comEression and
Jirregularities in"the film, and a better fit would h;ve been obiained

if the optimum ;alueg’of k;d resulting from the d;ta fitting would have _
been used. This was not done, however, a; it would not correctly represeﬁt
the experimental data especially since the-theory does not exactly -
'describe the waveguide as it is far frbm being ideal.

Anotﬁer cause of ;rror, and the reason why so many data points
had to be used, was the difficulty‘ef making accurate angle measurements.
Although the angles could be measured precisel& to 1/100 th of a.degree,
the angle at which the mode was excited was not as shérply defined. This
was due’to several factors like the slight divergence in the laser“beani,

) ?
irregularities in the fi'lm, ovq&comprqssion at the coupling point which

[N '

’

0
v

{

°




P P N e

T e ST

. - ‘ 6-32

o

A

caused the mode line 'to broaden, and t\he fact that the peak of the mode

)

excitation had to be determined visually since the obseyvation most
*sensitive to angular movement is the/ dark line in the bright spot ?,
4 ° -
rei)resenting the energy coupled into the film. For ee'lch data point, the
L M o “ - . -
average of 3 to 6 angle méasuz‘ements was taken depending on the spread

of the data. Ainpng the more inaccurate measurements, a typical spread ' |

of *0.025 "ip angle was obtained. This represents a spread of about

1
»

£0.0002 in thd value of B, which is only a slight variation on the scale
used in the graph. = )
By comparing with the accuracy obtained by Tien (32) who
readily detected changes in index Iof 0.1% 'and 1% in the film thickness; -
i.t ‘can be stated that the results obtained é\ére are indeed quite good
*since deviations in the index values are also in the 0.1% range while )

|- I

the thickness value has an accuracy of about 2%. It must be taken into
consideration, however, that Tien's orgar;osilicon films are of High
bptyical quality and accurate measurements of the prism and substrate
indices were made with an Abbé refractometér. The Brewster angle method
was used to determine the prism'§ index *although it is not very accurate-
as the intensity mini‘num ‘is not’ sharply defined. A high quality polarizer
would facilitate this task. By averaging 20 readinés, a value of 1,7252
$0.0021 was obtained. The substrate, however, was made of fused qua‘rtz
since its index had to be as low as possible from waveguide considera-
tions. The lower the index, the fewer would be the required number.of

layers needed to excite a given number of modes. The refractive index

of fused quartz at the He-Ne laser frequency was ‘readily found to be

¢ .

o - \ I
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In Table 6.2 the computed monolayer indices and thickness are

compared with values determined by others. The values which have been

A o

obtained lie within the-range of those determined by others, This

¢ *
reinforces the validity of the current method and suggests that it is

) '

at least comparable in accuracy to the other éechniques.

') ¢
®
1 ~
]

Table 6.2 : pptical Constants of Ba-Cu-H-St P;i{ms

.
u 2 ¢ -

. 4 . @ . \
o ’ ’ LAYER .
¥ (o]

REFERENCE nyy c nly THICKNESS (A) METHOD
Blodgett et al (34) |1.551#0.002} 1.491 ° 24.4° Interferometry
Bateman et al (41) 1.560 1.510 24.7 £1.3 Mattuck .

. o N
‘Srivastava et al (36)}. — —_— 25.3 0.4 X-ray N
Srivastava et al (36)] —— — | 22 0.3 | Interferometry
This Work 1.555%0,002 1..502¢£0.001] 25.1-+0.7 Wa\@uide Theory
8 g
R l"'
o g . |
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CHAPTER 7

CONCLUSIONS AND DISCUSSION ON FURTHER WORK

e

3

The present work has demonstrated the feasibility of using
Ba-Cu-H-St monolayers deposited on a fusid quartz substrate, as a thin-
film waveguide. A manufacturing procesgwhas been set up which employs
the Blodgett-Langmuir molecular film techniqyge to deposit single molecular
layers on a substrate, allowing tremendous control on the thickness of
the film. Although some major problems associated with the film manufacture
need to be overcome if high quali?y, low-1loss fi1m§ are to be obtained,
it has h@en shown that the filw will support guided mopdes, and that these
modes agree reasonably well with those theoretiéally determined. Indeed,
thé results show that the film is composed of positive uniaxial crystals
whose optical axis is perpendicular to the plane of the film resulting
in a diagoral permittivity tensor. Films up to 600 layers thick have been
deposited and the modes at many intermediate thicknesses have been
observed and measured thfough the establishm;nt of an accurate measuring
techniﬁue. By correléting these measurements with the anisotropic wave-
guide theory, it has been found that the refractive indices for the h
ordinary and extraordinéry rays are 1.502 and 1.555 respectively; and
that the monolayer thickness is 25.1 X. Thpge'resultg are within Fhe range
of those obtained by others who have used various methods to compute the ‘
optical constants of these multilayers.

Several improvements can be made on the present fabribhtion

N

system so as to both facilitate the deposition process,lﬁut more importantlyh\

i

[N
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to improve’the fiim quality. The first and it is felt the most important
ﬂodification would be to eliminate the use of oil to creat the réquired
surface pressure since it necessitates a very’tedious cleéning process
between the spreading of successive films, and even with this process,
substantial oil contamination is still introduced. This sho&ld be replaced
by some sort of mechanical drive to, push a barrier acting as a surface

> A . ! [,
piston. The proper pressure could be maintained by using a feedback system
¥

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 use of a set of weights and

A\

pulleys to exert a constant pressure on a movable barrier. The pressﬁre,
oo

which was measured with a film balance, was adjusted by varying the

weights. One method (42) employs two solenoids on eithgr side of the

tray to exert a constant force on the movable barrier which is directlyy

\ )

proportional to the applied current. However, the barrier movement is
1

restricted to a 2 inch range and requires constant supervision and manual
VA

]

ﬁdjustment. [

Anotber aspect of the system which could be looked into is the
automatic dipﬁing‘device since its dipping speed is not constant but .
rathér sinusoidal and therefore requires more time than necessary to

deposit each layer. One consideration qight be to replace the entire

mechanism by a pneumatic system where ar air cylinder is used to produce

a constant reciprocal dipping motion and whose speed can be controlled

v

. .
by regulating the air pressure. To minimize contamination, the whole \

. \
process should be enclosed in a dust-free chamber wherein the substrate

®
\

i
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cleani%g and film deposition would be carried out continuously under

»

"sterile!" conditions. This would require an automatic system to handle

and transport the slide from one operatjon’ to the next and a mehns of
automatigally cleaning the subphase surface and sprééding new films.
Vibrations could also be minimized by mounting the system on a vibration-
free table% the level of which must remain constant for obvious reasons.
Despite the above suggestions however, the quality of the
resulting thin-film waveguig; will ultimately depend on how we{% the
chemistry of the deposition process is und:}stood and to what extent the
!arious parameters which affegt it can be controlled.TThis requires a

r -+
good’ technical support from the experts in this field who are still

studying and developing this science and are examining many.types of
film-forming compounds. Indeed, from practical considerations, these
fatty acid soap~fifhs have the disadvantage of being soft and therefore
eagily defofﬁed and daﬁaged. Other compounds might offer more appealjing

1
mechanical properties“inh addition to a well-ordered crystal structure

and supply a technological boost to the presently just developing

‘integrated optics field. N

Nevertheless, the present system offers the ;;ssibility of
maﬁing single and mﬂltimode waveguides of sat;sfactory‘opticai quality
to allow further investigations into the film's properties and possible
uses in non-linear optics like optical second ﬁarmonic generation (5),(27).
Due to its marked anisotrépy, the film's e{gétrooptical properties should

be tested and its feasibility as an optical modulator be determined.

A greaf deal"bf work has already been carried out (37) on the

A \ 4
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determination of the electrical properties of this film. In particular,

the dielectric properties of these multilayers were investigated. The

:;‘
¥
11

, dielectric constant and capacity as a function of frequency, have beén

. studied. The'maximum dc dielectric strength of barium stearate films was

G i

determined to be in the vicinity of 107 V/cm. while the ac strength

varied from 2 X 10° to 10° V/em. as the ﬁrpquency was increased from

A

T TR

1 to 300 kHz.

o

y | Eléctrooptical modulation (60),(6f) of the light intensity is
usually achieved through the application of an electric field across a
birefringent crystal. By varying ihe field strength, the index difference
between the crystal's slow and fast axes is changed resulting in a o
variation in the polarizaiion of the emerging light. If an analyser is

(:g then used, this variation is transformed into intemsity modulation. It
should be possible to use this modulation scheme in the anisotropic !

multilayer waveguide by adjusting its thickness to the poin% where the

TE, and TM; modes cross. This occurs when kod = 11.95 or at around 480

®
'

layers. Both the ordinary and extraordinary rays will then travel along
the film as shown in Fig. D.2. Upon being coupled out, they will have

1) ‘ -
a relative phase shift Which is dependent on their respective path lengths,

‘indices, and reflection phase changés. If an electric field is somehow ;

applied across the film's thickneés, it should be possible to vary‘n1x
and consequently change the optical path length of the extraordinary ray

\

while leaving the ordinary ray unaffected. In this way, the pof;rization
of the emerging beam could be changed and intensity modulation achieved -

with very low voltage applied due to the thinness of the film.

O | -

/7
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\ ' Another modulation technique that could be attegmpted is

modulation of the synchronous direction. In this method, an electric’
fiéla is again used to vary the index, but this time, the resulting

) change in the allowed ray angle is of interest. The birefripgence
property of ‘the film is not used\in this case. Due to the laser beam's
(divergence, it was found that only those 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, Ny should be varied slightly which in turn would result in
a shift of the dark line of the TE modes.

1 ‘

. The application of the field is not as difficdi; as in the

<

- 1 .
previous case and a method has been illustrated in Fig, 7.1. The electrodes

1L} . are thermally evaporated on a clean quartz slide. If gold is used, the

surface will be hydrophilic while aluminum or silver will make it hydro-

phobic (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 50y, a maximum of 500 volts can be applied if

L4

a 105 V/cem. ac }ating is not to be exceeded. A deflection of the dark
\ J vertical line shoufdl be observed with a much lower field strength if the;
film is to be useful. Intensity modulation can then be realized by placing

an apertute gver the dark line so that when no voltage is apblied the
- \
transmitted light is a minimum and increases with increasing voltage due

. -
to the shift of the dark line.
These suggestions have been given so as to furnish some incentive

in the hope that further work be carried out as it is felt that this film
1

N \
(:} does have.the potential for very practical applications in thin-film devices.

i
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APPENDIX A . [
4 o N
' DESCRIPTION OF COMPUTER PROGRAMS UNDER THE STEP APPROXIMATION ;
) '. ’ L ' I . 2 "5?
— A.l Computatidn of the:Dispersion Curves . ' . /// ;
' ¥

A generalized flow chart of the program used to compute and

.
2

plof-the dispersion curves for a finite cladding slab waveguide having

=3 —
a parabolic index distribution in the core which is approximated by N N

homogeneousléteps, is shown in Fig. A.1. This program was written to be

e}

APy

T kg

' as general and flexible as possibMe. The number of stégs used to

5

'
s
E)

B B B!

approximate the core has beén specifically left variable, N being read
in with the rest of the data. This requires the program to generate an
arbitrary size matrix of (2N+1)X(2N+1) and take its determinant. The

1 (;}( first of these tasks is performed by the subroutinge MATRIX while the
- ‘ 4

determinant is evaluated by~ the function subprogram DET which is most

efficient, taking into account the existing Xeros and using gaussian

n

L - elimination. TE and TM, even and odd modes can be computed by merely
changing a few appfopriately labelled cards in the program.
. Once the data is Fead in, the program proceeds to compute the 1

1% : {
normalized position (xi/d) and refractive index (ni)/of each steﬁ. Then,
starting at B = n, + 0.0001 (since at B = n., K = 0-making the matrix

- /
- singdlar),fthe roo§§«afé obtained with' subroutine ROOT by using : k

-4

. d_- © 1 , N
kod = mﬂ&{xléni- ;)3} , m=1,2,3,,.,. as a first approximation. ROOT

employs the "interval-halving method" to systematically search for a

o

root. For the next value of B, the first root of the last search is used

as an .approximation to the first root of the present search. If B has




™
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of

jusf/been incremented, this approximation will lie to the left of the .

7 o

actual root, while if B has been decremented, it will lie to the right. !
Ta&}ng note of the sign of the determinant, which changés valué between
the roots, Ehe uncertainty as to whether the approximations to the rest
of the roots lie to their left or right is removed. This un¢ertainty is
(fintroduced since the WKB approximation was used to establish” the approx-
imaté root positions as it gave very close estimates. #or even modes,
the approximation to the nth root is just (1+2N),£imes the value of the
first even root, while i?/or odd modes it is (1+2N)/3 times the value of
the first odd root. 4

v

By incrementing and decrementing'g, above and below its start-

“ ing value 4& steps of DB1, the core modes are computed. When B is near

§o

(:} ) ny, kod is very large for high order modes and overflow problems might

P

result due to the blow up of the exponential terms in the last row of

the matrix.

{ ;
For the cladding modes, the WKB approximation cannot be used 5
due to the sharp difference in the cladding modes. Here again, the first ﬂ

| root is approximated by the one obtained in the previous search and then

subsequent roots are approximated by adding to the last root the interval
. between the previous two roots. By successively decrementing ‘8 by DB2, ‘ S

the cladding modes are computed.

o
5.
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bl
RCORE, RCLAD, N, MODE,
ACY,. DB1, DB2

READ :

* N

Evaluate stepwise approximation

to the parabolic index profile

Y

Find roots near cutoff region
of the first layer since approx.

,
roots are known and print result

?

Plot claddipg modes

A

(D

L ]

Find the roots in the cladding
decrementing § by DB2 and

printing the results each time

Find roots within the first
e

layer incrementing Fby DBl

and printing results each

time. '

A

Call 1ibrary routine to plot

‘' the core modes. *

0O,

A

r'S

Set up appropriate transverse
propagation vectors for each

layer.
H

Find the roots in the rest of
the core for layers 2 through
N, decrementing \B_by DB1 ar\\d
printing the results each time.

o
N
@

Y

Systematically select a value
for KD. .

Call CONST to set up all the-

parameters for the dispersion

matrix.

]

7l
Call MATRIX to set up the
(2 1);/;)( (2N 4 1) dispersion

m trix.‘/

Call ROOT to sgarch for thej
value of KD for‘;[ich the

deternminant of t
o

vanishes. DR !

i

\

matrix .
1

NS Y

28

Call DET to evaluatﬁ the |
determinant by gaussian
elimination.

- \

Figure A.l Gengralizcd flow chart for the dispersion curves program
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A.2 Co%putation of the E and H Fields ..

l _ Fig. A.2 describes thg program used to compute and plot the
‘

E and H fields for a finite claddihg slab waveguide havingga parabolic

index distg&bution in the core which is approximated by N homogeneous

stébs. R
]
" Definition of Labels ’
B -B - )
KD l\<\d - )
o : N\ L
RCORE -n . s ’
a . ,
RCLAD R 8 . ; ‘
RATIO -1 )
N - N, number of steps used to approximate the core.
MODE - number of modes| to be computed.
ACY - accuracy to which roots are determined. F : -
DBl , DB2 - increments in B used in the computation of the: dispersion
curves for the (1) core and (2) clédding modes.
NUM - number of field points to be computed within each layer.
ME | - character data spécifying"TE' or 'TM' modes. .
OE - character data specifying 'EVEN' or '0ODD' modes.

.




READ : RATIO, RCORE, RCLAD, -

* .

Evaluate stepwise approx. to
i

the parabolic index profile.

: Y

READ : ME, OE, KD, B

4 Y

Find layer where field changes

from oscillatory to evanescent. TABULATE AND
* S PLOT DATA
Set up transverse propagation I +

vectors G, GX, and H, HX, in Redefine fields by duality

the oscillatory and decaying

' regions respectively.

'MATRIX - DET “

. Evaluate E § H fields in all

regions of the slap
Increase -accuracy of KD by o *

performing more root searching

fn . Solve now.
(as in previous program) for unknown constants

T A

N, NUM . '

: Perform row reduction operations

Set up (2N) X (2N - 1
p (2N X ( ) 31 to set all elements above the

augmented and scaled matrix. .

diagonal tb zero.

Figure A.2 Generalized flow chart for the fields program
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/ - APPENDIX B "
- MATERIAL CONCERNING THE WKB METHOD
“ ‘ . Y -
\ | a i ' |
B.1 Nature of the WKB Approximation .
A solution is sought for :
iy OB ‘
s —L 4+ K¥X)E. = 0 (B.1)
i ,ax? y

Let the solution be of the form :

E, = F() eI5(x) ' . O (B.2)

where F(x) and S(x) are real functions of x. $ubstithtion into (B.1) -

leads to : : ' ' .

B -~
v - M Q : V\,
{F" - F(S')% + K2F} + j{2F'S' + FS"} = 0 ’
! " ~
‘Since F and S are real functions, it follows that :
. - t o
" - F(S)2.+ K’F = 0 ‘ “(B.3)
2F'S' + FS" = 0 ' (B.4)
v i
, Multiplying (B.4) ;z/F leads to :
o ) \
. (FZSI)I = ( ‘ .
so that F = C(S')-i, where C is a constant. If K vaties slowly over
one wavelength, it will be shown that F" can be omitted in (B.3). With
this, approximation : , ( . l
8t = Kk or S = #f K(x) dx ‘
Therefore from (B.2) : ‘ ' /
E. = cx? exp{tj S K(x) dx} ) (B.5)

\
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Rewriting (B.3) as : g - , . \
) ...F—"— = LD 2 2 N ' - i ‘ | ‘
C e e . ‘ -
F' can be omitted in (B.3) and the approximation is valid if : . “
\; ‘ e, N
. F" \J 2 ’ » IS
[ - k) = |5 o« 7 . e ~
or ¥f S' = tK as before. Si'hce (B.4) yields F = ’C(S')'%, Sugstituting
this into (B.6) gives : o . ' ) ; .
] .ot

<< (S'Y*

/ ,

This inequality will be satisfied if it is satisfied By each term alone :

F"‘ - 3(5n )2_13'"
Tl “-glsr -z

s [N
i

3 (M2 << (510 and fsm] << |50

If the first relation is satisfied,so is the second since it can be

+

obtained from the first to within a constant factor, by differentiation.
‘ {

By substituting S' = K, the necessary coﬁdition is :

v

|K'| << K? or lgl-(]sl <<, 21r‘~§1—)S (B.7).,
. X <

t F o ¥
which means that the, fractional change in K over an increrental distance

dx, must be much less than that“distance ncfrmalized relative to A,, the

°

transverse wavelength.
. M ' I ’ \
B.2 The TM Case “
N\ . .. ‘ \
The reduced wave equation for the TM modes is of the form :

t .
H' + p() H' + q)H = 0 ™ (B.8)

1 °
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. BERY '
“and £(x) = C exp(-ﬁ p(x) dx), C’éi- constant o

.
t

. .
’ / > .

- -1 _de(® = E(X) 2 _ g2
where p(x) JE  dx q(x) e ko - 8 . .
N ';‘“‘,‘—- r - . Ir %
Letting H = £(x)G(x) -and substituting into (B.8) gives :
. T o ebtew™ r
, \ : :
. " + R¥(X) G =--°0 . ! (B.9)

“where  RE(x) = (£ + pf' + af) /£

-l ' « -

By substituting pf€x) as g‘iven in (B.8) in'to”the'expression for f(i) gives :

« £(x) = C {e(x)}% (B.10)

THerefore, H = {e(x)}‘;’ G where C has been absorbed into the constant~—

' -~

& ..
of G. Next, substityting (B.10) into the expression for(\Rz(x) gives :

R = S%(x) - B2, v & (8.11).\
: 2 _ 1 d% 3 deya, € 2
where 5°(x) 7 o " Fe? (33?) + Y ko }
éinCe nx) == {e(X)/e }% = n i (n. - n)x?
‘ 0 a a c
Substitution into the expression for S?(x) leads to :
! , .
' (x) = koégff(x) (B.12)
_ 2(n,-n ) {3(n ~n_)x* + n_}
where n2ee(x) = n’(¥) - 8 & & ¢ 2
n2(x) (kod)? .
! A
B.3 Computer Program Flow Charts 7 .

- ‘The computer programs used to compute and plot the dispersion
1 ' ! o N '

curves and the E and H fields for a slab waveguide having a pa'rabolic

index distribution throughout the core, cladding and external regions,

[N
¥ ~

using the WKB approximation, are deséribed by Figs. B.1 and B.2 respect- .
7 * .
ively. Fields for the.TE even and odd, core and cladding modes are

o
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evaluated.
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¢
i . o
’ Definition of supplementary labels :
\ . ° . ‘
REXT - ng
1 XEND “ - maximum value of X to which fields are computed. . ‘
¢ N . .
NPT - number of field points to be calculated in the core.
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READ : RCORE, RCLAD, REXT, '
MODE, DB1, DB2 - ~

- * ' . .

Set up parameters for core .

mode evaluation eg. DB = DBl\

I Y
___’J Evaluate TE mod TE integration i
valuate ——————p
" nodes : subroutine SIMPE

~
T
v a

PRINT RESULTS

B ¥ o .
-~ il

Evaluate TM modes using TE % Root searching
. : ‘ ' . \
~{ roots as first approximations subroutine ROOT
.Ci ' . PRINT RESULTS \ T™ integration ol
N, ‘ ¥ subroutine SIMPM :
' B =B + DB

PLOT MODES .

. v \

Set up parameters for cladding
mode evaluation eg. DB = DB2

Cladding modes

done ¢

| [

' A -

N/ Figure B.1 Flow chart for the dispersion curves program
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READ : RCORE, RCLAD, REXT,
XEND

]

READ : N, B, NPT, to specify
the field's coordinates on
the dispersion curves.

y

Compute corresponding value
of KD.

Y

Integration subroutine
SIMPS

Compute oscillatory and decaying
E & H hields from the field

equations at discrete poings.

T,

1

a

. Y

TABULATE DATA

Y

' PLOT FIELDS o

MORE DATA

&

t

Figure K B.2 Generalized flow chart Xor the fields program o
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* APPENDIX C
] f
| ; DETAILS CONCERNING APPARATUS AND PROCEDURE . °
' . ) FOR FILM DEPOSITION
T . Preparation of Chemicals

R g ' .
Particular attention to cleanliness must be given during.

Y

chemical preparation, otherwise large quantities of contaminants will
4

A ‘ be introduced? The most delicate operation is the preparation of the
benzene solution of strearic acid. It is prepared in batches of 10 ml.

.and is stored in a stoppered graduated cylinder so Ehat any evaporation

N .
can be accounted for and the concentration maintained nearly constant

v

by the addition of more benzene. The stearic {octadecanoic) acid which

w

(:} has been used is grade 1 (99% pure) and must be stored below 0°C.\Since

only 0.1 ml. of solution is used to cover the gubphase with a film, each

b
°

batch has 3 potential of 100 spread films. However, it is recommended

to discard the last 2 ml. of solution and prepare& a new batch since the

o

concentration of contaminants increases with use.

A

hY

The weight of stearic acid to be dissolved in 10 ml. of benzene

v

/ .
is readily found.as follows. Since the area to be covered by the film is
2800 cm?, while each stearate molecule covers an area of 20 X 107!% cm?
‘and stearic acid has a moleép}ar veight of 284.5 gm./mo}e, then each

- spread -film requires 0.6613 mg. of stearic acid. Therefore a batch of
benzene solution is prepared by dissolving 66,13 mg. of stearic acid in
' . L. . . I )
© ¢ 10 ml. of benzene thus giving a concentration of 2.324 X 102 M (moles/

[

L . . .liter). The solution was kept at room temperature throughout the

! ", (
(:) . experiments’ and showed no noticeable degradation.

! »
- .1 .
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To facilitate the preparation of the subphase, concentrated-
stock solutions of the required chemicals were prepared. The'appropriate
subphase concentratiqns could then be easily established merély by
adding 'small portions of these stock solutions to éhe 3 liters of
distilled, deionized water in the troughlby means of graduated pipets.
The 30 UM concentration of BaCl: suggeéted by Blpdgéft can be .established
by adding 1 ml. of the 100 ml. stock solution. Since the molecula{ weight

of' BaClz°2H20 is 244.3 gm./mole, the stock is prepared by\adding 2.199 gm.

A

to 100 -ml. of distilled water.
The potassium bicéfboqate buffer is prepared as a 500 ml. stock

solutionjand 5.ml. of this is used to yield a subphase concentration of

200 UM KHCO3. Since its molééular weight is 100.12 gm./mole, 6.007 gm.

are required to make the 500 ml. water solution.

‘ The 2 wM coppég concentration is set up by the addition of

llml. of a 100 ml. stock solution of éuClz. It is foynd that 0.1023 gm.

of CuClz‘2H,0 must be used since it has a molecular weight of '170.5 gm./

mole. Table C.1 has been prepared for easy reference.

Tsble C.1 : Chemical Preparation Data ;
CHEMICAL M. STOCK _SOLUTE SUBPHASE "sTock VOL.
gm,/mole | VOL. (ml.)] WT. (gm.) | CONG. (uM) | ADDED (ml.)
Stearic acid 284.5 10 0.06613 —_— 0.1 .
BaCl, - 2H,0 244.3 100 v 2,199 30 ' 1.0
KHCO 5 " 100.1 500 | 6.007 200 5.0
CuCl,-2H,0 | 170.5 100 ' 0.1023' 2 .o

N
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C.2 Substrate Cleaning Procedure
When a slide is used for the firsg\time as a.substrate on
thch a film is to be deposited, it must be thoroughly ;1eaned before-v
hand, otherwise the coating will be poor. The process which has been
adopted is part of one being used in the solid state lab to clean silicon
wafefﬁF—It consists of two steps, a degreasing step and a decontamination
step as outlined below. '
1, Degreasing Step
(a) Boi% in trichlordethylene for 8 min. and rinse in
‘deionized, distilled water.

(b) Imﬁ%rse in acetone for 15 min. and rinse.

(¢) Immerse in methanol for 15 ﬁin. and rinse,
Decoﬂta@}nation Step | ‘
(a) Boil in a solution of HzO:ﬁzﬁz:NHu0$ mixed in a
Jratio 35:10:% ml. for 8 min. and rinse. ,

(b) Boil in a solution of H;0:H»0,:HCl mixed in a
ratio 35:10:5 ml. for 8 min. and rinse.

(c) Dry the slide by holding it over the hot plate.

Throughout this operation, the slide must only be handled with

clean forceps or tweezers. If a slide-has been previously coated with a

° A

film, this process need not be used as it is only necessary to rub the
film down with tissue paper and start depositing new layers. However, if

the deposition is found to be poor, the slide must be properly cleaned

/ ‘
since the previous film must have contained some greasy contaminants.

This initial cleaning of the substrate cannot be overstressed as the
i -~

. |




1

C-4

I

quality of the film is highly dependent on how well the first few, layers
have been deposited. If the film does not properly adhere/to the substrate,
even after a'few hundred layers, a seemingly good quality film will start
to peel off in those areas where there was poor adhesion of the first
layer. g

c.3 Procedure for Monolayer Deposition

l At the outset, the Plexiglas tray must be cleaned with detergent

and rinsed thoroughly. It is then dried with some paper towels and rubbed
with iléohql soaked tigsue paper. The trough is filled with 3/1iters of
distilled: deionized water, the first 500 ml. being mixed with 1 ml. of
the BaClz solution, 5 ml. of the KHCO3 buffer solution and 1 ml. of the
CuClz solution described previously. These quantities are added using

the 1 ml. and 10 ml. graduated pipets. Having prepared the subphase, the
cooling coil is submeréed into the deeper section‘énd the circulating
pump is started teo ini£iate cooling, and is turned off and on subsequently
as required to maintain the temperature between 17°C and 20°C. Washed

CuS is mixed with distilled water and a small amount is added to the
subphase by means of a pipet so as to produce a uniform.sprinkling of
CuS. The addition shoﬁld be so light that it is not visible on‘the tray
bottom except when observed from a glancing angle., If CuS 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 jinto solution.

1

1

The pH was measured with the Fisher Accumet pH meter (Model 140).

It will be found that pH determinations must Re carefully performed since

A
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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 HC1 or NaOH 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 fact that the bath is in equilibriumwith the carbon

{
dioxide contained in the air. Blodgett quotes the equilibrium pH value
’ ’

[

at 6.9.
Any surface nonsoluble contamination such as oil and dust
particles are removed byﬁusing the sweep barriers. First; a barrier 1is
4 placed acrLss the tray and the surface is sweét slowly along its fength
until the barrier is a few centimeters from the end. T?is action not only
pushes back the c?ntémination behind the barrier, -but also draws out that
(:} in front of it so that it can be removed By tﬁe second barrier. The
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,
b
otherwise o0il and grease from the hands will contaminate it. In fact,
plastic gloves shou}d be worn during the entire operation as a pre-
cautionary measure. The floating barrier can now be deposited on the
\
water surface in position 1 as shown in Fig. C.1, by holding it at its
| extremities. A test can!be made to check for the presence of oil on the
surface. With a clean stirring rod, the barrier is gently pushed at its
midpointaon the side of the cooling coil, If little or no oil is present,
, it should easily float away for a short distance. This is continued until

!
the sweep barriers are réached at the opposite end of the tray. If a

~ .

:
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Figure C.1  Top view of film tray.
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little oil is present, it will exert a surface pressure on the floating

i \ N .
barrier and make it spring back after the stirring rod is removed. If

A
this oc¢curs at a distance of more than a few centimeters from position r

j 2, the surface must be reswept, the floating barrier transferred to
position 1, and the test reinitiated. If only very little oil is detecgé&
aé position 2, the float is intermittently pushed as before, béck to

position 1. Here again, if too much oil is detected the surface must be

reswept. This can be somewhat of a tedious process although extremely

" necessary if good quality films apé to be obtained. '

Onceithe surface has been cleaned, the tray is covered with
B )

1 the Plex1glas sheet to reduce du§t contamination. The kllm can now be”
spread by transferring 100 pl. of the benzene solution to the surface

1 (:} : using the 100 X\ micropipet. The pipet's tip should be held just above

the surface and well away from the floating barrier, as benzene will

readily -dissolve it. The solution should be deliveéred to the surface *
continuously and rapidly so that the'genzene always remains visifle 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 all the way to position 2. After the barrier has come to
rest, the subphase surface should be viewed at a glanciné angle-to, check
for any visible signs of dust or unspread benzene lenses. If tﬂe latter

are present, they u§ua11y occur around the spreading point near the

cooling ceil, This situa{ion 1nd1cates that there was not enough area

P

for the film to cover. This can occur if the benzene solution is too. '

concentrated or if the surface has not been properly cleaned so that
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3 \ \
residual,film or oil has reduced the available area. These lenses or
) x b)
dust particles can be slowly removed by touching them with a:clean

spatula. -

After gllowing a few minutes for the benzene to evaporate and
thé copper ions to diffﬁse to the surface,\one drop of "pistén 0il" is
transferred to the surface between the float and the sweep barriers by
inserting the pipet through a hole in the dust cover. Oleic acid has
been found to be more suitable as it exerts about twice the preség;é’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 movin
: it ,a few centimeters, thus compressing the film. This quantity of oil i's

much more than required to cover the entire surface and }emains collected
‘:} in a feﬁ lenses from which it will spread as the film is slowly used up.
Once the temperature is below 20°C, the film &eposition can
begin. A clean (hydrophilic) dry qrartz slide'is mounted on the holder
;nd positioned so that it just penetrates the water surface with the
s \ dipping device at its topmost position and adjusted for a 2 cm:\Stroke.
As it i lowered, a clean slide will not pick up any film. With the speed '
. 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 increased for subsequent
layers towards 1} 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. forleach 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, uniform, well defined meniscus

O \
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indicates good deposition. Even if the coating is poor, as long as some
film is béiﬁg deposited, the process should be continued and aftep some
50 layers (25 revolutions), thsrfilm should be rubbed down with tissue
paper until no visible trace of the film is left. This leaves a single
molecular layer which provides a good foundation for building (34).
The process should be stopped when the floating barrier reaches
a distance of about 15 cm. from the slide. To clean the sdrfa;e, the
slide is first.removed and the farthest sweep barrier is remo;ed, wiped,
and placed in front of the floating barrier to reduce oil penetration
towards -the front of the tray. The 0il lenses are then removed using
small pieces of paper towel and subsequently the floating barrier is
| withdrawn and wiped gently with tissue paper. The sweep barrier is brought
(:} slowly to the middle of the tray and the otﬂer one is\placed at its head.
\ Tﬁe barrier at midway is now brought to about 3 cm. from the end and the
film bebind it is ren@ered visible due to its compression and can be
skimmed off with a microscope slide. An indication of the copper content
is obtained by mnoticing the bluish-green color of the film.'The surface
can be cleaned reasonably well by successively sweeping with the barriers
and removing the oil b; sweeping the surface with large sections of paper

towel.

N

The second 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 cover.
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o ' \ APPENDIX D »
e v

/ EQUIPMENT, THEORY, AND DATA FITTING PROGRAM FOR THE DETERMINATION OF ,

fHE OPTICAL CONSTANTS OF THE MULTILAYER FILM

D.1  Equipment Alignment

The instrumentation whi&h has been used is illustrated in

Fig. 6.4. The movable arm, on which rest the laser and polarizer, gives
direct angular reading with a resolution of 1/100 th of a degree. This
has been accomplished by making the arm 57.30 cm. long so that the length

] of the quarter circle would be 90.0 cm. This allowed the use of a flexible

3 centimeter rule mounted on the base to indicate the angular position. By
l using a vernier attached to the movable arm, a resolution of 1/10 mm.

(:} was obtained.

Calibration of the angular measure was achieveg\through the

use of precision 60° and 90° prisms. Initially, the laser was mounted on
, .

the stationary rail and its beam aligned parallel to it by observing the
spot on a screen mounted on a carrier as the latter was moved along the

length of the rail. The 0° position was immediately found by transferring
i , "
the screen to the movable arm and adjusting its angular position until
) i
' the spot was stationary as the screen was moved along the arm's length.

The 60° position was ;btained by mounting a 60° prism on the gimbal
assembly which rested over the mechanical pivot on the stationarf&rail.

‘ This arrangement is shown in Fig. D.1. By adjusting the gimbal movements,
the prism was positioned with one of its faces normal to the beam by

l

observing the reflection of the incident beam back on the laser head.

O |
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As impliedypy the figure, in order to use the reflected beam to set the
60° position, it ‘is necéssary that the pivot and point of reflection be
co{E&ident. With the screen close to the pivot, the prism was movedﬁ
parallel to the incident beam until the spot~was at the scregn's center.
‘ Theé, with the screen at its farthegf point, the angula{\poéi on df
the arm was adjusted. The process was repeated untilﬁsétisfactory align-
= ment was achieved. In a similar way, a 90° prism was used tP find théiJ
90° setting and subsequently the flexible rule was positioned and fixed
into place.
To facilitate the finding and measurement of the synchronous
directions or mode angles, it was advantageous to align the gimEal so
that” its axis of rotation was coincident with~the pivot. This resdlted
in a smaller positioner ﬁovement to maintain the beam at the‘to%pling
point das the laser angle was adjusted. First, it®was necessary to find
the axis of the gimbal. This was easily perfo;med by mouﬁting on it ;\
vertical pin and observing the shadow it cast on an expanded laser spot

as the giﬁbal wasBrotated. By adjusting its pogition successively in

. . s . N . U .
perp?ndlcular directions until no motion was observed, the pin was

J

——
S i "
(’ \\\\d//yhzought in line with th® gimbal's axis. To align this axis with the pivot,

* the laser was posit%gned on the movable arm so that its beam was parallel
! g '

A}

to it. Then by observing the shadow cast by the pin as the laser angle
was varied from 0° to 90°, the gimbal assembly was successively adjusted

until no motion was observed in the pin's shadow. At this point, the

? v \
s gimbal's axis of rotatiopspassed through the pivot. f
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D.2 Derivation of the Dispersion Relations for a Thin-Film
R Waveguide whose Film has a Diéﬁlal Pemittivity Tensolr ,,
~ Starting from Maxwell's eqhations : \
! vxe = -8 . ~
t LA D.1)
: 3D (2.
VXH = 3t
and th'e constitutive relations : Yoo
D = g E - W e ’
' : . (D.2)
. B = ueH

where the permittivity of the film is given by :

€ 0 O \
g = 0 e, 0 N : "
. y |
0 0 ¢ P '
|
The reduced wave equation for the TE and TM modes is readily obtained .
TE case : 32p ]
—L - (k2-BHE, = 0  (D.3
\ > (ky - %) Ey $ (D.3)

vwhere k2 = 42 ‘
y w HOEY

With the waveguide geometry as shown in Fig. D.2, the dispersion relation

s

! !
TE dispersion relation : ‘ ,
8 . .

Ctan(kd) = K (y+ 8)/ (K% - v68) (D.4)

is obtained?/ matching the E)’ and H, fields at the boundaries.

fere : 3

where K = ko (niy - BY)

[y = ko (B2 -Kn%)%

8 = ko (32\.‘n§)i E .

|

[ e mmReesds s oa® o ame =
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Figure D.2

Thin-film waveguide geometry showing the ordinary (TE) and”

extraordinary (TM) rays.
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This is the same as for the isotropic case where the film index is just

equal to nly' The reduced wave equation for the TM waves is :

P%H, k2

—L 4+ (k%2 - g2-E 1} H = 0 - (D.5)

ax2 Z k2 Yy

X

2] o 2 2 _ 2 )
where kz wHeE, and kx W HoE,
By letting :

n?
2 _ 2 2 _ g2 1z
K - kO {n].z B. }

3 2
/ o a
\ :

the dispersion relation takes the same form as for the isotropic case.

\

T™ dispersion relation :

.

tan(Kd) = nizK (ndy + n38)/(nin3K? - n;zYG) (D.6)

In order to obtain a ray picture of the T& (ordinary) and.
“
T (extraordinary) waves, respective refractive indices n, and ne

sassociated with th?se rays can be defined in terms of the elements of
{ ! ! a '
/

ﬁl. The ordinary and extraordinary rays make angles 60 and ee respectively

with the x-axis as shown in Fig. D.2. Since the rays must obey Snell's

‘ #
law, then : o

B = n; sin 8 = n_ sin eo = ng sin ee = ny sin €2, | (D.7)

-

For the ordinary (TE) ray : K? = (kon_ cos 90)2

but from (D.4) : ' l ‘

\
- '

2 - 122 _B2y = 12 (a2 2 ein2
K ko (nly B2y ko (nly n, sin 60)

i 3

so that n_~ = Ny ( (D..8)

2R s




i ‘ :
For the extraordinary (TM) ray :
2 _ 2 .
) K = (kone cos Se) ,
but from (D.5) %
B2 nz sinzee
, K2 = kin2 (1 --2<) = k¥n? (- )
1z n2 lz n2
1x Ix
~ 1
so that cos?0 sinée' 1
e ., e _
2 2 2
n ne

1z Nx

(0.9)*

This shows that the effective index”ne for the extraordinary fay is

also a function of its engle ee.

-

D.3 . Data Fitting Program (\

thickness of the anisotropic film is described in Fig. D.3 while Fig. D.4

The program used to compufe the refractive index ténsor and

describes the program used to compute and plot the dispersién curves for

]

the anisotropic thin-film waveguide. .

RSTRT
DR
FMIN
RMIN
R2, R3

R1Z
LAY
MODE
BEX

. .
Definition of Labels : »

s
v

Initial index value.

Incremental index step.

Maximum allowable value of G.

Accuracy in index vglue.

Indices of substrate and external medium.
Specifies 'TE' or 'TM' m&des.

TE index required for TM index compufation.
Number of layers in the film.

Number of modes to be fitted at one film thickness.'

Experimental B values for these modes.




iag

it

T

\ READ : RSTRT, DR, FMIN
RMIN, R2, R3, ME

/ . READ RI1Z

. Reinitialize

RSTRT and DR \

JMORE  DATA
?

h

PRINT RESULTS R :
. . * With RSTRT as the initial index

value and DR as the initial
Using koﬂ and LAY, find the < increment, search for the optimum

index until either G < FMIN or

layer thickness

. : \

%s DR < RMIN.

Using RSTRT and BEX, find G,
the average dinfference between
every two values of normalized
frequency and return average
value of k od

D-8

Figure D.3 Generalized flow chart for the data fitting program.
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D-9 ‘
" N )
\
€ |
. R : R1X, R1Y
START EAD , R1Y, R1Z, R2, R3,
MODE, DB, ME, RSTRT (
©A Set up KMAX and RMAX the maximum
A
' values of kod and B

\ Y

. , _ AR

\

Evaluate kod using TE
dispersion relation

Evaluate kod using T™ '
dispersion relation

v

Evaluate kod for the rest of
the modes up to MODE or until
KMAX is exceeded.

. A
(:} PRINT RESULTS
- Yy

B=F+0DB

Plot curves using

N library subprogram

MORE DATA
7

¢
Figure D.4 Flow chart of the program used to compute and plot the
dispersion curves for the anisotropic thin-film waveguide.
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D.10

The minimization of G, the average difference between every

two (kod)i, is carried out by employing a modified "interval-halving

method" (38) to search for the root, since G is a positive quantity. 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
Ll /

an interval, it is continuoysly subdivided until either G < FMIN or

the interval < RMIN. This procedure is best demonstrated by following

a sample search indicated by Fig. D.5.

s

T RS e

u;éi

R

F;

Shodoos 2

A
-
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" DR~
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'ﬂ-nw

i N, RSTRT MINIMUM -
Figure D.5 Sample search for minimum G.
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