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ABSTRACT

Slab guides, channel guides and related devices

- foxued By the fon-exchange process are promising 1ntngriend

c‘ptiul structurss, in that they can be fabricated simply and

sconoanically.

This thcl:l‘b- is concerasd with the analysis aad
f.hricuttot; of slab and channel waveguides, made by ion ex-
change 1in either Azloa. dilute A:!03 or uo3 salt melts. . A
tutorial presentation of the exchange meschanism is given, and
thaouticllﬁca.‘leulutiom involving the cbnractcti;attou of the
resulting, iu!xo-::nn-oul guides in terms of their reafractive
imdex ?roﬁ.lc and dispersive properties have been performed.
The analytical msthods employed 4in the characterisation vere
based on the nll-lmm‘m VKB spproximstion method, as well as.

the wore sxact staircase approximation.

Theoratical dasign consideratioms of chammel
guides and of a divectiomal coupler fabricated by ths Lon &x-

change process sre also imcluded. These structurss form the

‘fumdamemtal building blockas in integrated optics.
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; . gxperimental work has also gecn carried out

in order to (I) characterize slab guides *xchnnscd in AgNO

30
‘ dilute A.nos and XKO,, and (1I) fabricate ¢hannel guides ex- . T

changed fn dilute AgNC; and KNO,. Reasonabily good agreements

have been obtained between the theoretical cslculations and

sxperimental modsl index measurements for the sladb guides. -
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R4 . RESUME

\

Les dispositifs tels les guides/d’'onde planaires,

les guides d'ondes én canaux, et autres qui sont fabriquis 3

e

partir d'un procédé d'échange d’'ions, sont prometteurs puis-

que cestte méthode est simple et peu onérsuss.

- Le sujet de cette thise st l'analyse ot la. fabri-
cation des guides d'onde planaires et en canaux fn,ﬁiqnlo par
‘ehtlgn\d'ions dans des solutions sslines de Aglcs. de A;lOa
dilué ou de flﬂa. La physique des mfcanismaes d'&change est
prisentée sinsi que laf calculs théoriques concermant la ca-~
tacttrlcaci?u des propridtés inhomogines das guides risultants,
c'est-A~dixre le profil de l'indice de réfraction et les pro-

priétés de dispersion.

Les néthodes anslyciques utilisSes pour la csrac~

-~
\)

térisastion sont basdes sur la miéthode WER bian cemnue ot

aussi la mithode plus exacte d'approximation en escalier.
1L'asslyse des guides d'ondes em cansux est sussi

tscluse. Ces structurss sout rsconmues comme Itamt les stryme~

turss fondamentales en optigse imntiégrie.
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Des expérience ont sussi gté mendes dans le
*

put de (I) Caractériser les gnf&cu d'onde planaires fabri-
qués dans 1'&3!63, 1'Ah!03 dilué, at le KNO,, (II) fabri-~

quer des guides d'onde en canaux dans les solutions d'Agm)3
&

dilules ot de no3.

)

L'&cazt entre les ri’o{iiiti?ﬁioi{fuos at las

¢

rt‘;ltuc obteaus u;lrnnnxmt est sastisfaisant, dmmns
le cas des guides 4'ondes planaires. h
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CHAPTER I

INTRODUCTION

1.1 Overview

The field of integrated optics has been inten-
sely parsusd gy ressarchers, since its conception 1im 1969.
$.E. Miller (1), one of the founders of the concept of "mini-
ature laser circuits”™ in the form of dielectric waveguides,
proposed several integrated optical devices based on one
fundamental circuit element; the channsel guide. In his
introductory paper, he outlimed the photolithagmphis pro-
cess involved in the fabricatiou of chanmel guides, aad thes
provided models for a laser, an olnctgooptic phase modulator,
a directional coupler and several filters, all of which have

been sxparimeantally realized ia laborstories, vorldLviac.

Pollowiag suit, ia the same ysar that Niller
coined the phrase "imtegrated opctics”, BR. Marecatilli (2)
prasanted his th.ot.ti¢11460l.1‘.tltioll on chc,acl gutd.s’
sad directiomal couplers while J.E. Goell (3) developed a
circular-harsonic computer analysis of dielectric chaanal
guides. It was svideat from the papers presented im this

era, that imtegrated optical cirxemitry -Qld panatrata
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the signal processing domain, snd eveuntually vie with micro-
electronics on various levals; spectral analysis, optical
signal communication and evan computsr hardware.

This thesis is concerned with dielectric slab
asd chasnel guides formed by the ion cxéhaalc process.
Baving discussed the origias of this field, comsider the
ion exchamge process, s procass which is feuadamental to

this chesis.

1.2 Ies-emchssge

Len-eushsage i35 s precsss whish has been undavr
iavestigatisn for msay decsdas. Omns &f the sarliest studias
dates bsck to 1910, vhas Schulse (4) examised the diffusioen
of silver m- imte glass from a silver sitrate melr (a
eutectic mixturs of A;IOS amd tal',). This process has been
stilized by the gliss mesnfecturers far the strengthesiag of
glaseoware and was studied in this light by Burggrsaf aad
Cérnalisses (5). L. Doremns (§) darived relaziecas betvess
various parameters isvelved 1is the ta:;ti&!!uoicn of twe
iens in glass sad stated "Whea & counmse seft glase is plased
iato a malt eor selstise cestainiag sesevalest isss, thase
tess exchange vith the sedium icus ia the glase”.

/2
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The first raported investigatiom into refractive

indax chasges produced in glass by ion exchange was carrtied

out by Premch and Pesrson (7) in 1969. This study was fum-
dameatal im the conception of light guidiag by the fon ex-
changs process, aad applications such as the production of
glass fibers with & high index core and low index cladding
waras cug;notnd. Oue of the earlier reports om the use of fom
exchange for the formatiom of optical slad waveguides was made
by Gislioremsi et al (8) im 1972. They obtained low loss
guides with high index guiding films by exchangiag is silver,
fotnuiu sud thallius aslts. Followisng these preliminary
observations, ;uty studies were parformed oun iles exchanged
vaveguides. Exhsustive iuvestigactiens have been carried ocut

ou silver lom exchanged guides (9-12) as well as the exasi-
sation of the sffects of melt dilucion (13): fisld assisted
exchanges (14,135) and Li-K sscectics for fastz fabrieatiss
(16).

1.3 Chasssr Sraemels

Tellewing Mxmhumy shaptar, the fuada~
wencsls of the mﬁm machasion are istreduced ia
Chaptar 1II aad the precess is shewsn to dahave much as a ci!—
fasien precess (§,9). Selsticss to the comcentration depem-
dent diffusien equation ars pressuted (17), and the thaery

4
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behind diluted melts (13) is discussed.

Chapter IlI provides theoretical }ntight into
imhomogeneous slad vnvciuidnu with di-cucui;u; omn the -;tkods
employed by Kirchoff (18), Marcuse (19), Yip & Colombini (20)
while the main treatment is based on work by Brekhovskikh (21)
This chapter also includes the WKB uctﬁod for refractive index
profiliang of imhomogeneous slsdb guides (22) as well as two
methods for dototninii; the dispersion charactcfinticl of
graded 194-3 slab guides; (1) a VKB amnalysis based on Rocksr
sud Buras (23) and (2) the step-approximation sethod (20).

e ¥

Ezperisentsl fabricatioan vipcciuscn and resslts
for isn-axchanged slsab guidas are covered in Chapter 1V, The
BOCOSSALY apparatas, ’r’pnrlcion conditions, fabricationa
steps and measuremeat processes are discussed. The refrac-
tive index profils for all data includiag Aglos. dilute
A¢I03 and x:o3 melts under conditions of varying temperature
and tims are presented along with a comparison of theoretical
and experimental dispersiom curves.

Chapter V covérs chaansl wvaveguides by ien ex~
changs. ;0-. theoratical results based on werk by Narcatilli
(2) are imcluded asd srs comparsd to results dctivnd~hy the
effective index methed (24,25). The disyfruio’ charscteris~-
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tics ars plotted for typical tlb,-.:ehcasad channel guides

o with sa aspect ratio of 2 and hance both of the abova-man-

tiened methods are shown to be in good agresment. Selected

% " field plots of the tramsvaerse slectric fislds are iacluded

sad sxperiasntal results sad proecdﬁr-- for obtaining variows -
chassnel coafigurations u:; presented. Most of chn‘digeusotc:c
are based on work by Nocker & Burns (25), Hocker (26),

‘Simevs et al (27)and Gallagher (29).

i

\ Pimally, im Chapter VI, the comclusion s resched

sad sens general discussions about the work dome and futut-

imvestigations are counsidersd.

( ’ \ )
- -

In addition, s number of aspects, slthough quits

pawtissat to this study, wers nevartheless bettar tresated as

[URIUTSTRY R

apypendices, are nt:nehgd (diffusion theory, discussions oa
e'l'tt.rv-o!tvaro. derivation of the profilimg aquation, use

of Rewton's Rings for aligmment atec.).
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CRAPTER 1I - -

Reports on the study or use of iom exchsnge date
back to the late nineteen fiftys whers this mechaniss was
‘smpleyead to strengthan glass by placing the surface usder
temnsion. ihi basic anmalysis of this mechanism was presemted
by Burggraff (5) glsss stiengtheming) -and by Doremus (6)
(d4iffusion approach).

Essentially, the 10n exchange or migration mechs~
sism is a diffusion process. When a common soft glass such.
a8 & soda-1lime composition is placed 1;:0 a -clt'ot solution
coutaining monovalent ions, these ions exchange with the so-~
dium ions 1in the glass (Yig. 2.1). The rate at which this
proceass proceesds is ;onttollcd by the diffusion of the ions
from the malt into :hohglns- and vice versa. Any ions leaving

the ion exchanger (glass substrate) are replaced by an equi-

I valent amount of counter ions from the melt, in keeping with

the elsctronsutrality regquirssent.

!

It ia a well establishsd fact (6) that ions from
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the euchasger asad fons from the iole are completely exchan~-
geable, rtutdj—iu sinflar lattice siteas and diffuse by the
sans mschanisa. The stoichiometry of iom exchange requires
that the fluxes of the t¥wo exchanging counter ioms be equal

in ;;:ntgétc even though they may jdctuoc different mobilities.
While the faster ioss temd to diffuse at a faster rate, any
tzecc; flux of an ion pracipitates s net transfer of alec-
tric charge and thus pr?dncul ans electric field which slows
tha faster 1om asad accselerates the slower iom to equalize the
flunes (Fig. 2.1). BHence electromeutrality is preserved.
ltcti?nl 2.2 8 2.3 are based on pravious work by Stswart et

a1 (%), (19).

¢

2.2 Dewble Diffusion Procese S

Counsider tha spescific double diffusion precass
that occurs vhes a soda-lime substrate is 1-n¢t1§3f1: s

-ult-n<t|loa salt bath. It 1is comvenient to deffhe aa zs:ti-

d41ffusion coefficient; (9)

B,.D c

I A s s B NLE o o S0 o =B TR

a%s T N0,

ﬂ‘. l'. diffusivicy coafficient of Ne and Ag respectively

c‘. c,, concentration of Nz aad Ag respectively.




It is evidsat that the interdiffusion coefficient
is dependent on the concantration of the melt. Expressing
the coefficient as a function of the silver concentration,
we obtain:

n -

bCc,) = = (2.2)
(t - (e /c))

¢« (D,-D) /D,

L co = surface concestratiem of silver |
In erder to determine the silver cemcesntration
prefile, wa nesd to solve the diffusion Qq-atiai. There sxists

& Telationship detween the impuricy concemtration profile and

A

-“’/
the sctwal refractive index profile obtsined after ion ax-

changs. According to Burggraff (S) lingn Na ions are physi-
cslly larger than Ag ions (and diffuse 12 times faster), the
lattice structure of the exchamgad region is sltered. The
surfsce of the glass 1is ylactdkin a state of compression.
."Due to the compressed stats of the exchangsd layer and thes
fact that the polarizabilicty of the electrons has been al-~ ,
tered, the refractive index of the glass ;111 increase. This
is highly desirable for obtaining light guides siace anm ole-

(7 , vated rafractive index is mscessary for the ceonfinesent of

¥
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light. Thus, by solving the partiment diffusion equstion,
we obtatu informstien on the impurity comcemtratios, amd
honss the ttluut‘v"a‘:uiu changs withis the substrate.

In view of the fact that the faterdiffusioa co-
afficient is ceancentration daspemndent, we must express the

diffusien equation as follows:

-

”n . x =

-

% . [n(c.) f!-] : (2.3

u: dapth from the mslt-glases istsrfacs
iate the glase -

-

of & ssustast ssurse 4iffusiss sitwaties; " -

%
[

? e‘(‘bt} g ﬂ. . G'@hﬂ - 9
Cyln,e) = e $2.4)
12 che #iffusion sveificismt vas senstant, we

could m o'ui-pu solutisn smpressed in tarus of the oo~
M srrer fumction '(n)s

B i o atbin P
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ext =
cylx,e) = ¢, erfc e (2.5)

_lincc this is not the case, ve gresort to a solu-
tion via the infinite powar series method (17) and we can
express the silver comcantration with respect to the surface

Nsd
comcentration of silver (co) as:

c 3/2 - 2 2
3 2(1-s) < ‘.(kx)_]....s_.
(x,¢t) =1~ . = +
c, .. '[E it [ - givf;?) .
‘stz 3 .
2n=%) O-e) o3 X3, ..... (2.6)
uy TE R
ra

(2- 7}

vhieh is well tabulatsd (17).

b

!

The fsfiaite series V«xizm (2.6) 1s then relsted
nm fellewing pelynenial prefile to pressnt a3 more sesapuibla
selutien: - ’ "

—_—
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n(x) = a - An' [(x/d) + b(x/d)z] (2.8)
Ans - no- nbulk:
no: surface index °

-

The varjiable d is called the diffusion length

.

and '{s related to D and time; (4)

d= 24Dt ’ (2.9)

Rewrite (2.8) as:

ﬁ%'l’--l-(—1‘—-)-b(—1‘—2 (2.10)
X \pt Pt .

aAn(x)s n(x) - ny,

W

vith the polynomial profile written in the form of€ (2.10),

the coefficients of the x and xz terms in (2.6) are the same

o

as those of (2.10) when:

%

3
. 2(1-9) 2b
Dy ot D, @& =3/ +1)

Thus (2.10) is a valid -olutio?'ofuth$ diffusion equation for

our particular boundary conditions. Stewart et al (9) graph
for comparative purposas, both the theoreticasl silver conc.

& the 2nd order polynomial index profiie (Fig. 2.2).
T, g . S

-
o
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1.0
0.8
0.6
0.4” eqn. 2.6
eqn. 2.10 /
0.2] \
0
0.5 1.0 1.5
“a
x/Z(th)
Figure 2.2 Comparison of Equations

2.6 & 2.10
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Wp “see a deviation exists at low values of (Czlco)
due to the fact that the series solution is truncated after

three terms to provide a second order polynomial profile.

2.3 Diluted Melts

There are many disadvantages in the use of s pure

AgBO, melt for ion exchanged vaveguide fabrication, provoking

3

a study of diluted melts; (13)

- large change in surface index, hence poor repsatabdbilicy,

- to make single mode chaunnel guides, small widths of a
few microns are necessary, complicating the fabrication
process,

<« high silver concemtratioms are present im the glass,
yielding colloidal crystals which stains the glass and
increase Juide loss,

- pure silver nitrate is axpensive, even with commercial

grade quality.

By diluting the wmalt with lcloa. the sbove problams are
savoided and the Ag cosceatration can be controlled at the

surface and throughout the film.

"

The exchangs procass at the glass-melt intsrface

is represented by (13)




T T

i: (glass) + A;-(-cln) -

I} (glass) + Na (melt) (2.11)

-

An equilibrium constant sssociated with the glass

melt 1interface {s defined as:

K, -4 (2.12)
a8,
-A' :‘ are the thermodynamic activities of sodium and
silver in the glass, respectively.
\
a,, 8y are the thermodynamic sctivities of sodiua and

silver in the malt, respectively.

Accordiag to regular solutiom theory (13), the di-

luted silver sitrate melt cam be representesd by the followiag:

1a ?; « 1la -:.: - ', (1 - 2.‘) (2.13)

/15
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E: net interaction energy of m,: mole fraction lnlOS
the 1ions
= 3.5 x 103 J/mole for Ag-Na my: mole fraction AgHO,
syscams R: gas constant
T: absolute tesmp.
In the glass phase we have: (32)
:! - (illi‘)Y v: constant >1 (2.14)
a
A
i‘. i‘ mole fractions of sodium and silver
fons st the glass surface.
Cembining equations 2.12, 2.13 and 2.14 we derive the follow-
ing relation:
3 'l
1a (ay/m) - o= (1 - m.) = v1a ci») - 1ak,, (2.13)
A

If wve assune that sll gsodium 1oms are replaced with
silver ioms at the glass-melt imterface iam the uadiluted A3103
case, and thsat 4a is preportiensl to the A3+ comesntratiosn,

we cas write (2.15) as:

.‘ -
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An.p: surface index charge with a pure L;lo3 nelt.

An.dz surface index charge with a diluted A.lOs melt.

We now redefine the interdiffusion coefficient

(2.2) for the case of diluted malts. Recall equation (2.1),

and consider that 1t can be rewritten in the followving form:

D D ’
D,_ 3_ - 3 (2.17)

AB 1-a(c_/C_)- (¢ /C ) 1-a(ba,/bn, )e

where a = (n‘on')/n‘. e = c./c’

c. : surface comcemtration of silver

Co : sodiuwm conceatrstios ia the usexchaaged substrats.

Bquation (2.18) governs the dspesdence of n‘. o

the silver concemtration.

o' = w(dm fan, ) ' (2.18)

By furthar dilution of ths malk, accoriiag ts
(2.18), the profile depth is redused, sleng vith & chengs im the
form of the prefile. Yer a very éiluce salc, l't”t.ltﬁl@rl!l.

- —_ . vA————— 2y E—
- '
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and DLB approachas Dn and the solution of the diffusion

equation becomes:

¢ = arfe (x/D,) (2.19)
as expected from the previous result. ) ) ¢

Potassium ion-exchange has been reported by

some researchars (6-8), and the physics of the exchange cot;
responds to the thaory presented in this chapter, provided
the substrate is of aluminosilicate glass composition. It
is not known if the guides forwmed in soda-lime glass by

KNO, conform to the theory presented herein, and this topic

3
vill not be mrsued theoretically speaking, in spite of the

fact that all 1103 ion~axchanged guides as well as A;nos
(pure and diluted) exchanged guides vere made with soda-lime

glass.
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CRAPTIER III

THECRY OF INROMOGENEOUS SLAB WAVEGUIDES

3.1 Introductionmn

Inhowmogenaous slab guides have been anslyszed by
various methods over the past decade. Several theoretical
models are examined here and the condictions for guidance

are considered before fabrication procedures for slab
%

guides are discussed.

H. Kirchoff (18) performed an exact analysis to
obtain solutions of Maxwell's aquatioas for the inhomo-
geneous slagh guide. D. Marcuse (19) used a piscevise linear
approximation based on the WEKB® method, to characterize the
k¥ ;odcs of the graded index slab vava;uid;. A numerical
mathod, established on iavariaat imbedding snd the trans-

varss impedance concept by Kuester & Chanf (34) was amployed

to amalyze the guiding characteristics of the asysmetric

slad guide. More rescemntly, the WKB approximation has besn
exploited (23), (3S5) for guides having menctomically, slowly

varyimg refractive imdex profiles.

;‘ Yip and Colombini (20) wused both the WKB and
staircase approximation to analyse a sysmaetric slsd

{*"Ssntsel-Kramers ~ lrilliqpﬁ)
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waveguide. Agreement in the dispersion characteristics gen-
srated by both methods is quite good, except for -iuor de~

vistion near the cut~off frequency of any particular mods.

3.2 Propagatios in inhomogenecus media

1In view of the fact :hatd ion~-exchanged wave-
guidea conform to the proparties of diffused guides, it is
avideant that the rotncttnz findex will be an inhomogemnecus
ons, In an inhomogenscus vaveguide, the transvers waveanusber
k, exhibits a dependence on position, taken to be the x~-direc-

tion (36).

A ray rvepraseantation of wave prepagation 1ia this

sedia 1is dapicted in Fig. 3.1.

In tlu'ui.ghbnruol of x, (the turaniag peist),
:‘h ray model falls spart due te the fact that the m‘:"rn-
imatien put\tcn a singularity ia the field o':ptqu:l.oaa st
c!n’ turaing point. The total phase change sxperienced by

the wvava as it travals fros the sir-guide interface to the

tersing point and back again 1s givem by (21):

- 1k° ft'lh) cosd dx - . €3.1)
0

/20
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By applying the WKB approximation, solutions to
the wave equation for the slab guide,

2

"By _ (g2 - nzkoz)nf -0 (3.2)
ax? \

kd'- sVu ot 8: axial propasaiion constant

may be obtained. The WKB approximation is stated in the
following equation:
x (
2k “2 (a2 (x) - (8/k)D) ax = 2 + 24, + 2ar  (3.3)
° o, (= kg x = 24 10 y

b 4 .
€1 m=0,1,2...

2 2

(3.4)

2 2 2.2, . 2. .2 2. .

note that ko n°(x) = k, hl(x) cos” 0 = k o’gl(x) 8
. .

7 The turniag points x. " and x,  are determnined by

1 2

(3.4) and by the fact that at a turnimg poimt 0 = 90°,

31(3:1) - ll(:t ) - II?O‘ (3.9)

2

3

The turning poiant ::
b 4

boundary, and the phase change hars is goversed hy':hc Frefkal
tormulsa: -

» Occurs at the gir-guide

2
(8/k )" -1 )

-1
24,, ® 2tan Y N PP
10 s (® - (8/x?

(3.6)

For I% medes Y = 1, aud for TH medes Y = a3(0). 1Ia the case
of a buried sede, datween two given turaisg peints, the phase

change 24,, 1s approximstely v/2 for beth pelarisatioss. Ths

o

/22
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phase change at the guide-substrate interface is always
2012 - x/2.

Note that equation (3.3) is valid provided the
refractive index profile is slowly varying and this condition
is applicable to ion-exchanged waveguides. By analyzing wave
propagation in layered homogeneous media (21), we can present
the guided wave solutions for inhomogeneous slab waveguides.
We start by manipulating Maxwells equations in a charge~free

inhomogeneous medium,

viE + kel + v((1/)E-Te) (3.7)
k = m{uoe& €, 8 function of position.

jot

If harmonic time dependence, a is assumed,

and 1if we consider the following equations, (3.7) can be redu-

ced to the standard form; \

B = - Uy - /3t - (3.8)
(3 = VvV xA) (3.9)
Maxwells aquations are satisfied provided ’
* = ve(Caa/ae)nd) ‘ " (3.10)
aand .
via + k24 -(2/%) (F-A)(VX) = 0 o £ (3.121)

Assume that the wavenusbar k is a fusmction of depth or the x
cosrdinate oaly, and that the axes are eoriemsted such that A
is imdependent of y. - If A is y directed (TR pelarized),
aquation 3.1]1 reduces to

’,":"., + kzb - 0

i

(3.12)

- ¢

If A is TH pelariszsd, squation (3.11) bacomss

e r v - n'3ndy 4 -0 £3.19).
where ¢ = Axlk

% i,k
IR R 2o S AN W L
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Let k(x) = (kz +-x" /x - Zk'zlkz)i be the effective wavenumber.
(" = d/dx, " = 32/332). Employing this notation, the problea
of propagation in inhomogeneous media is reduced to the solu-
tion of the folltwing wave equation;

v2e + k¥3(x)y = 0 (3.14)

If thea effective wavenumber k(x) is assumed to

be slowly varying, k' & k can be neglected and a solution

to (3.14) is expressed as:

v (x,8) = X(x) o382 (3.15)

with X(x) to bea determined from:

2
f;f + (x3tx) -8H x - 0  (3.16)

According to Brekhowskikh (21), 1if eme cousiders 'plu. vaves
propagating sermal to the layersd media, order of magnitude

astinmstes lead to a solution; X
-3 7 kex s i : "
¥’z = 1/ & E‘o ‘f‘ + Age ‘J,}k x] (3.17)
x

csnsider J kdx as the phase change of a wave travelliag

frem an arbitrary poist X to sems ether potat z. We cas
sse from the hrackated ters ia (3.17) that ve have wave preo~
pagation ia the iutuv;c and negative x directieans. If §
1is tashem to da Iy.ud consider u‘tly TR wedes, (3.17) bdecomeas

) -3 keostdx 3 keosSdx|
l, - xl{mn)’ c e 'a’ +c,e f Pt {
°

heond o (k’ - i“)’ for shitgue imcidanss. (3.18)

- Rl
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Because K and cosd are slowly varying functions of position,

they are taken as constants. The magnetic fields for this

case are: 4B
Bx = ~B/uy !’ . B' = §/wy I . (3.19)

It is nov clear from equation (3.18) that the
WKB approximation becomes invalid at a turning point. By
substituting 6 = 90° 1n equation (3.18), the solution for Ey
becomes infinite. Hence the WKB approximation falls apart
in the neighborhood of a turning point. Via a study of total
reflection of waves in layered inhomogeneous media, it has
been shown by Brekhovskikh (21) that the phase change in the

naighborhood of s turaning point 1is */2.

3.3 A _WKB mnethod for index profiles

. To comprshend the guidance characteristics of
ion-exchanged waveguides, it is important to be pblc to dcétnc
their refractive index profiles. Ion-exchanged waveguides
are sssentially diffused guides conformiang to Fickian diffu-

sion laws, so we expect smooth, inhomogeneous refractive

",

index profiles, varyismg with respect to the guide depth.
White and l.id;ich (22) have used the wKB appro-

ximation to derive simple equations that predict thas shape

of tha refractive 1n¢cx\§:ofilu fromn messured sffactive mode

.
r
— - ~

- /25
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indices of a planar optical guide. Thelir technique involves

the solution of the inverted Stufm-L;guville eigenvalue pro- '
blem. Since the amount of input &a;; ig finite, (i.e. a :
finite set of mode indices) the rafractive index profile,

n(z), 2 being éhe depth coordinate, is estimated in terms of

straight line segments. The WHKB approximation transposes

the solution of the Sturm~Liouville system;

(r(z)F') + (q(z) + Ap(z)) F = O T T (3200
boundary conditions: le + kzF' = 0 (z = a)

I.F + I,F' = 0 (z = b)

1 2
solution: By = F(z) cj(k‘x = ot) ]
{
to the solution of the equation |
z
L] 2 2,4 ., . bm -1
Jf (a"(z) - o )" dz B (3.21)

R = 1,2.3}.. M

*

a(!-) “na., 3 = 0, o, - n(0)

As previously mentioned, since (3.21) employs 4ﬁ/j
the VKB approximation, n(z) must decrease momnotonically and ;.
be slowly varying. Equation (3.21) also assumes that the
phase shift experienced by a ray at the surfacs has an ‘average
value of */2 and a value of n/4 at LT the turning point.

In order to derive (3.21), consider the sum of

\ - '
all phase shiftcs incurred by an incident wvave, in travelling

i

®
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from the air-guide interface to the turning point and back

again as in Fig. 3.1. As stated above, the phase shift at

the turning point 1is ¢12 = -n/4 and the phase shift at the

air-guide interface is governed by the Fresnel formula, and
was calculated as ‘10 - -n/2.

One of the conditions for guidance requires that
the total transverse phase shift of a light ray be a multiple
of 2mw. If the phase shift experienced by the ray wvhen travel-
ling from the air-guide interface to the guide-substrate inter-
face is calculated and added to the 012 and 010 phase shifts,

the sum nust total to 2mw, m integer.

The total transverse phase shift can be calculated

by dividiag the iohomogeneous region into several thin homoge-

o o 15

neous layers and adding the phase shift incurred at each layer.

The transverss component of the wavevector is ex-

pressed as kanf —(B/ko) or equivalently k;dn!-I‘ff. Summing

all the phase shifts incurred at every layer we write:

1 -

'- T
ke /7 (a¥(n - ¥l ot as (3.22)
o

where z_is the turning point dffincd by n(z-) N ee-

Hence the phase relatiounship becomas:
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o
z
® 2 2 )
2k of (0°(z) - N )" dz = 2mw - 26,0 - 24, (3.23)
But since 2010 = -7 and 2012 = -n/2
g
k f‘( 2 N2 )i dz + 2+ /4 (3.24)
o n (z) - ef f Z = mn x/ .
[s]

Norn.liziﬁg Z to Ao vhere Z = 2/lo, and dividing both sides

by 2w ;

m 2 2 i _
f (D (E) - neff) dz - ar + * + 1/8 (3.25)
° wvhere a = 0,1,2...

Since m starts from 1 in equation (3.21), we subtract 2r fros

the RHS of (3.25) and henmce (3.21) has been derived.

Given the effective mode indices n_, ve calcu~-
late the values of z_ (hence approximating n(z) ) by rewriting

(3.21) as a sum of integrals

. § - - bm -
L f (nz(,)_n:)é dz = —-—8——1 (3.26)

The origin of the profile-determining algorithm
lies in the WKB approximation, requiring smooth, slowly vary-
ing index profiles. This can be interpreted by assuming o (3)

as a piecevise linear function:

s
%
oo
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- (o4 - o) _ - ¢
n(z) = o+ :}-—L_—L (3, = 2) (3.27) 1
(2 = %)
wvhere ;k-l <z < ;k and n(2) + n_ is replaced by
(a,_, + nk/2) + o (3.28)

After substitution and simplification (see Appendix C) an
expression for ;. can be derived, representing the normalized

depth for a given refractive index value.

30, - o -4 M-1
p s u-1l.-% (no - a_) bm -1 2
t - 3/2 « 2 ) u-1 Y 3 3 :-1 )
n, + + 2a_ & g, -z
ok 'it_z-l T uu k;i [( a_, - ’.)3/2 )
k-1 -
3/2 -
(v, = =) ] v ot (3.29)

vhere ma » 2,3,.4,... M

Equation (3.29) will give the next value of ;-, given the
previous point and the effective index value. To start the

slgorithm, use the following exprassios for ;1 (me=l);

a4+ 3n
z, - -1—:— (2= ! (n, - nlz:i, .=l (3.30)

By using (3.29) asd (3.30) and a set of effective iandex values,
oue can write am aslgorithm to approximate the refractive iundex

profile. Sincs the algorithm is based on the VKB approximation,
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ve expect less accuracy in the index profile near the surface
vhere information on the lower order modes 1is required. This
requires that the surface index no sust be approximated as
closely as possible. This can be estimated by plotting the

RHEHS of the WKB integral
z
€ 2,-. .2 4 .-
k, f i@ a2 ) ar - ar v w/s 4 (3.31)
[+

versus the set of experimentally mesasured effective mode
indices as per Stawart et Al (9). The index value will be
estimsted as the point wvhere this curve intersects the x axis.

(See Fig. 3.3.)

Wich this starting value of no.'éhc algoricha
can proceed and a complete set of data points (;-. n(;-)) can
be obtained. Armed with these data points, a2 sinimigsacion
procedure can be followed so that the ideal value of L is
known. The determination of n, is dependent on minimixing the
sum of the areas of the triangles described by the following
set of points: (nk, ;k)' (nk+1, ;k+1)’ (°k+2' ;k+2) for all
k =0, 1, ... M-2. Thus for each set of data points (n_, ;-)
generated by a given starting value of L this calculation
of triangular areas 1is performed. Then the surface {ndex L
is gacremented slightly and the process is repested. The set
of ’L

ta points yielding the saallest sum of triangular areas

is deemed the best approximation to the refractive index profile.
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10 Minute Slab Trial
KB S u b Trial (I)
[ i
* x : measured mode indices

e 1

X - = 1t595

T

s H

*s Ners

Fig. 3.3 Surface Indax Evaluatien by the
HKB Nethed feor an m, exchange
(10 win., 248 %¢)
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The routine is very sensitive to the initial es-
timate for n,- If the estimate 1is not close to the actual
value, the routine will oscillate, yialding poor results. It

can be noted that the uncertaiaty in LA is most critical for

the first mode and is decresasingly important theresaftsr. This
correlates with the fact that the WK3 mathod is weakest -for
the dotcélinntion of turning points correspondiang to extreme

order modas.

Another point worth mentioning is the fact that

a

this profiling algorithm requires s multimode waveguide, yield-

B SO s W ok il e

iag numerous !.ff values. If thes waveguide being comaiderxed
only supports 2 or 3 modas, the accurscy of the resultiag

profile becomes guestiosasble.

3.4 ¥KB meched for dispereien Curvas

Te gain a physical uaderstandiag of the disper-

sien characteristics of fes-exchanged waveguides, we must solve

A
PR

the dispersion equstion.

By eqqnttcr@-; sig=sag wave prepagstios eor the
sy wedel, we can gain an fasight iz the derivation of the dis~
iqruion relation. The guided wedes asre discreet, and ounly
these which undergo & phass shifs of 2 mw f-Aiitqctt) axe

-allowad.

£
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Ia this section, ths agresmsat between exsct and
approximate theoretical dispersion curves is to be compared.
Theoretical curves for inhomogensous media for both A¢l03
and KIOJ parameters are gensrated vis computer algorithss.

Consider the inhomogeneocus waveguide analysis:

Indomogensous_Index

The derivation of the WKB expression for the
dispersion equation for inhomogeneous proceeds as follows:
'(uo Bocker & Burms (23) ). The total phase change experien~
ced by the wave as it travals from the sir-guide iatsrfsce
to the turniag poiat and Iuck' again {s:

=

3
LICIR j a(x) cost dx (s.32)
0

Refer to Fig. 3.1 for tho\pﬁzmtcr definition. As stated ia -
Section 3.2 of this chapter, the phase change ian the presence
of a turnimg point is v/2 and the phase change at the air- -
guide faterface is 24,, or im n'-rul;ul quancities:

2 n.n-l

[o +a/a - ] .

Adding all the phase shifts 1iscurred as a wave
travals ons cemplete period, we writs the ishessgenaeus dis-
pereaiss equation iz nermslised ferm. Bguatism (3.32) csa de

rewrittan ass .

ot i

vt et
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b
( x, .
n, S i - 82)¥ 4x (3.33)
0
and normalised to:
* &
: Xe | ’
v F - C(a(x) - »)* dx / (3.34)
o .
~— "~ Zince we deal with inho;oglaoou- -.iin, ve must
renornalize V,b and a in terms of the parameter, L
2 2 “
V = hcd J (n. - a, ) . (3.33)
( b - - -‘3) / (n'z - -‘z) ' (3.36)
s s mP-at?-ah (3.37)
with the hllMu sonenclature:
“ = bulk tadex, ) . ng = gaver index,
s, = surface tadex, | N = offective index.
The final form of -the mnm squation,
expressed 1a sersalised gusatities is os fellews:
"
= .
i ‘f (nin) - ¥) h » (28 + v + 2tan {M)l(i—l!
H B ’ ‘ »-
C (3.38)

4T

2 4w, N o

T R
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The shove relation can bde solved numerically and
software was designed employing the IMSL routine DCADRE, based
on an iterative Rhomberg integration routine (refer to Appendix
3). The required input to the program includes a function des-
cribing the diffusion profiles n(x) and the appropriste asymsetry
measure a. The restriction om n(x) is that it must vary
betwsen O and 1 and it must ba a slowly varyingranongtonicnlly
decressing function. Also, n(x) must be represented in an
amalytical expression. If this 1is not possible, and n(x) can
only be exprassed on a point by point basis (as in the case of
the VKB generated refractive index profile by Heidrich &
White), the INSL integration routine csanot de used. Instesad,
an integration algorithm besed on 81np;91'- rule can be em-~

pleyed to solve aguation (3:30).

Basically, the value of b 1is iscremented and the

corzasponding turaiag point z, is sslved such that:

ax) = b | (3.39)

Bith the knevliadge of L ths requirxed istsgral is caleunlatad
by aither mathed mentisned abeve zud the pregren selves for V.

El

The comparisen detween ths dispersien curves for

inhonsganssys slab guides gensrated by VIS thaery and tha sxpar~

inentally genarated curves 1is omce agaia possible b4y using

PREPPRE AW L
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equations (3.3%) - (3.37). rh-'l'ff values for a particular

slad guide are normalized so they can be located in the b~V

5, R,

plane, the predominant parameter being n- Rather than relying

i
?

on an approximate value for n., as generated by the profiling
algorithm, a more refined value is necessary. Scarting with
the value of n, from the refractive index profile (by Heidrich
& White's method) and employing (3.38) along with any two mea-
sured effective mode indices, a more exact value of An.

{(An_ " n_ ~ n_) and hence n can be determined.
s s b . >

The dispersion curves c;lculatnd for an inhomo~
gensous profile (Gaussian) for the tvo asymmetry measures:®

Ag¥O, and llps are presented in Fig. 3.4 and 3.5 respectively.

3

3.5 Dispersion curves by the step

ADPLOXR tion method

The step or -:aitcglo-népr;xilatiou can be consi-
io:;d as & brute force method giving exact results, opposed
to the approximats results yielded by the WKB method. fhc
crux of the -cthgd involves approximating an. inbomogeneous
medimmby saveral homogeneous layers, the greatsar the number of
layers, the better the approximstion. Since wa are interested

im charscterising asymmetric waveguidss, conformiang te the

situstion of fom-exchanged guides, o Gnéﬁnisn profile will
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provide a suitable example for the quantization procedure.
Consider the refractive index profile in Fig. 3.6, subdivided

for analysis.

If we assume an infinite slab guide such that

d/dy = 0 then we can consider TE amodes

TE modes (Bx = E = H = Q)

z Yy
Assume the usual travelling wave term: oJ(Bt=BE)
Maxwell's aquations VxE = -uoan/a:
vxa = ¢ a’ap/ac (3.40)

and the fact that 3/3y = 0, we derivae the one dimensionsl reduced

wvave equation for the Ky component.

2

12ay7922 + (%l - sHey = 0 (3.41)

k= 21/1‘

Associated with this, are the trianvcto wavevectors ‘1 -
3 ’

-0, 4 - G- (3.42)
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Fig 3.6 Gaussian Profile Subdivided
for Analysis.
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Fig. 3.7 Single Step Approximation. ,
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The subscript | designates which layer the quan-

tity in question represents. Choose K 1if the fields are os-

cillatory io the reglon or select Yy 1if the normalized pro-

pagation constant 8 predicts decaying fields for that region

For simplicity, consider the case of a single
layer, the staircaease approximation proceed# as follows.
(1) define the normalized transverse depth boundaries
{quantization procedure) see Fig 3.7

, the single

step approximation,

(I1) define all possible field sclutions for the various
4

regions
_ Y X i Y X
X < x E = A e , H_ = — A @ (3.43)
o y o 2 wuc o
xo « x < xl Ey - Alcon(hlx) + Bltin(klx), (3.44)
ik
B - -ﬂ}l/uuo)Allin(klx) + ; llcoo(klx)
_ _Y, X -3y ~Y,k ;
X > x E = A_e 2 , B = 2 A_e 2 (?ﬁbS)
1 y 2 z wy 2
%
Y
4
) - o -~ P
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(IT1) Match field quentities at the boundaries
x = x A = A_; YA, - kB =0 (3.46)

X = x_ A cou(klx) + B

1 1 -1n(k1x1) - A_e - 0

1

—Alklnin(klx) + llklco.(klxl) +

-Y.X
v e 21, (3.47)

This yields ] equations in 3 unknowns.

(IV) TFormulate matrix equations - introduce the normaliszed

transverse depth quantities (x = x/d)

dvo -dkl 0 ‘1
- - M
co.(klxld) lin(klxld) -a l1 - @
- - "z;l‘
-dklnin(klxld) dklcao(klxld) 112. ‘1
N = = o
(3.48)

or rz = 0 (3.49)
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the matrix dispersion equation 1is thus:

det T = O (3.50)

The number of homogenesous steps employed to model the inhomo-~-
geneous structure will dictate the matrix size and hence com-

plextity:
Matrix order = (2N + 1), N = # of steps

Refer to Appendix D for detailed flow charts.

As the number of steps increases, the accuracy of
the results improves. Tha results for single step, doudble
step and five step approximations are graphed together in
Fig. 3.8 to demounstrate the aforementiocned effect. To maxi-
miszse accuracy, yet maintain a ressonable matrix size for,ii;c-

rical considerations, a five-step profile was chosen.

The detailed quantization of a Caussian profile
is shown (n Fig. 3.9, and s co-’afélon between the VKB aand
step methods 1is presented in Fig. 3.10. A cosparisoa 413 accu-
racy amd execution times for che VKB and step mathods is pre~-

sented below 1im Table 3.1 .

ERtperp——eeae UL

&
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Method Value of V Computing
for TE TE TE TE Time
o 1 2 3
Step 1.75 5.28 8.50 11.8 1.3]1 sec.
WKB 2.20 5.55 8.75 11.82 0.01 sec. @

T™he V valmes for both the Step and VKB asthods wers obtained
w ..ttin b= 0,1 , Refer to Fiqg. 3.10.

TR o




HERIERA . » e -

/65

. gt vind)d

doys o Bd)y ——---—- |
938 0N} = = e "
dols wA})

*sSuojIteixoaddy deis-|3|NK SNOLARL O WOS|ARdwO)



P
- a N — . Lodibdde
R W - 4 . bndodrife
N S v - T ra - Sbnihastini
: . e
~ - - hod
i -
- o -
- nesee =
P
b pefery
E
P .
p
L
of
-
o
- ’
: Gaussia r
4 u n 0 e Quantization step approximation) E
- b T
- popui
e
4 .  we
p
4 - .2 .
- i -
-
s :: >« » - -
el — .
f - -
e put ?
= - » > . - -
> .. -
P b s > N
-f - - *
3 : et
- - - - . - - - e
.»o e >4 &
pisiiisel z 3
12 . -
23 2 o s
*ITI3T =
b — — h-=-
- — —— —— -
b b o petbrindy - - e ‘o T 'l
4 . 5t LsIinm el 3 .
» - » 4 » odmbede . L0 e . 8 b 4 >
- il - - » re » >
e b & . i e
. S e & e - e - - » » 4
T + * v’ o oy -
"o 5 ¥ o e e Y v R WIS BT T 0w ;1 r
‘ -~ + -
- re - i
e 1 i o W rome w1 - >y vy "
Rebfepogetubehpipbutey ’e > -3 o : oo —t :
T -t - ve * I ri oo
4 . -
‘u > o v
Py . » : ' > o o3 ” . Y ve = o
detetetededbeda k4 L8 4 L MR # 8 s ' 1 y - - b
hddd AN v ns 5 Lk - - e A e 3, & LS P -
- r " < + - %
e o o " o
o ve 12 row v —t
v 4 ’o »e > 3 T o v oy Tt vy re v - vy
. 1 3 - va e & 82 ve » & v n o 2 -
. o = v
> s v <
oy : o ses > s e I TITIT n v ora T
asanalaIiiiil % i3 I Tt o romoe ¢ u: T
- - » T T v -
- e ' $ o @4 v
- . . . - . . ‘o e > q
T o » dnoans Lo om ’e b re o mmae : e ' - > o
"t - >e : T T T o
v v Tt - >o cuw T Tyt ve = Tt T s X
> $ 2 v + ve T = vo
= ubep e >e T
x g T o e 4 v ey PR B4 " s 4
ransy - 23 oy e oo x w3 re 5. : .
- - " : z
- It > w0 e ys WU RS ¥ re .y e » - ey
rraes o e o ra ®) > v o o r w v + ” s
> 4 . ma . v o I3 : * . s o o 1 o s
e e . "y
:
E - J———
 —
v o
<
+ T “ > v : .. t x
> Py . e : 4 n" e -
. o " = re o z
- 3 y ¥ T < ’: * o i ty > T y 3 o
. v . re .4 r B O - - S * % wos . . 3 . v -
- = * 4 . s re 4 o nan a . 5 8
- e - - v ve s D g —
' 1 ™ 3 o T ™ n o w
s '3 > 3 o eewes e v ‘o  y
- p * - . - . bt > > puioiied E
e # iy . _— * ot
- - - ! . 4 - v wsn
3 * - - - - ‘s ;-
- n - : s e
't - e . s p : “w
» y - e X t = - " e < o v o sa £ va
- = 4 . > » s * 3 T4 e e , v T o rwws
= -
= it 4t i g e 2liootiinina Aty -3
« e - > u ve .
. e » . : v oo (v o oruun
M .o . b - PR  ome e o . e
b > : 2 o > bet —
. ve . - - by oy
o - . - e S o - o - .w
.o ' o » n ‘e ——rtat e LY ‘w5 e
Yo v BB ¢ s ve
- -n
- .= s . . ;s . » + T
o - - e
"y ' m . * : e 2 4 3 * T .
- - e . e s - - voo 2 ve s 3
: ) * bt 3
P - -
. : Tt T Tt
| ron v . >4 vs ot e +4T .o
T * s
- > v - . . - —
. T " -
_— T s onma s . T e “a
- THIEY + > 1 ree oy ‘% v
bl ww " -~ . sy o : -
- ——— - g — - ‘t - —
s - - - g - - . -y
e X - 2 - - pa .
. oz : o -
" - . b ke -
- poibel el - — -4
T 2 ' x ¥ - pot
e  fmm o o - Tt ewae o . ’ -
- fuged Jodpot -—— - ol -
- -~ o — bl o -
- e . -
b v e o v os > -
n  wo v oo . v ’ .
s
: gy » - - : —
- ” o - $ . h—
> 4 - Vg
s * - TITIITTT Rt " . ﬁ
> : T LIFTIT ¥ -

= g \ . 2 : s
' e n(x) = n, +4ange (x/4) = e R E e et

T3

= :
- o ) b d " - rx
: :
$os : = 4 2 2 Toe
 v— m ngur. 3.9 - ” s er -
- wl e -
o o -
=+ .2 :
- -
" - —
-
=
: " 3 e ot r 2
ot i ¥ —F e =
. === = e - - = —
1




P s et S

/4

1 o..:m:

-:.-:3...2- Ty 1]

wojjemixosdde doyg ——

€
(SoNxn) ?®Lij0ad Uoisnjjiq un)ssmy

A S R s i el
N a3 o




CEAPTER IV

FABRICATION OF 10N EXCHANGED SLAB GUIDES

4.1 Apparatus

The basic equipment necessary for the fabrica-
tion of waveguides by the process of ion-exchange includes
a furmace, some type of control unit and a dipping systesm.
iIn order to achiave good repeatability, the control umit must
be sufficiently stable to provide a certain messure of thermsl

stabilicy.

Tor slad waveguide exchamnges in L"loa, a Lindberxg
"hevi~duty” furasce and costroller ware employed. This systes
is primarily used for semi-comductor fadbricatiom aasd hemce did

not porfors up to expectation for the fon-exchange process.

This 18 dues to the fact that the coatroller is presat’ for aoper- '

ating temparatures iz excess of 1000°C while the exchange pro-
cess was subject to a tamperature og 245°%c. Tis problem ro~
sulted in a poor temperaturs stability of approxzimstely + 3’0.
met sufficient for geod repeetadility. The KNO, slab guides’

wers exchasagead in & vertiesl furnace with such batter thermsl
stability. The vertical and horisestal furssces ars cu;uﬂ
sshenatically is Fig. 4.1 snd 4.2 rupuu;,uy. The .nfbutsy

/48




149

.
Thermogouple — Ay tanle
Asbestos Lid
A ating
19
‘ . Counter
Support ‘
Plate Substrate
N Crucible
\\) *
B 1&5 1!-
- ContrelTer , A
Thcrlacnuplt : i
L m -__._ . "
Cress-section of The tci Exchenges Furnacs,
© P Insulation KNS statniess Steel
Melt: g
"m ‘C‘ o———— -
—— d




.

/50 !

JON_ EXCHANGE_FURMACE

Substrate
Rubber stopper , clipped to rod

Aluminum Bath

Support |

Controller
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Figurs 4.2
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of the verticsl furnace was maintained with a "J" type ther-

mocouple. '

4.2 Su a ) 4 ation

To achieve good &uality waveguides wvith the lowast
possible loss figures, the glass substrates must be immaculas-
tely cleaned. Sodsa-line glass substrates manufactured by the
Fisher Scientific Corp. wers employed. The cleaniang process
began with washing the substrate with socap and city vater with
cotton swabs. Pcllovigg this, the substrate was immersed in
Eitric acid for 20 minutes. After rinsing vith acetone, the
substrate vas immersed ia trichloroethylene, which was bdrought
to its boiling point for 20 minutes. Then the substrate was
rinsed with distilled, deionized water and finally it was
sonically cleaned in DI water for five minutes. This comple-

tad the clesaning process.

6.3 Sieb gyide febricecion

S1lab guide fabrication was relatively simple;
as 1ia Pig. 4.2, the cleasmed substrate was clipped to the long
herisontal rod sad thenm the rod was positioned im the ﬁfi-
hasted furaece. Beoth stoppers were thean pesitisned, and
before the substrats vas dipped 1a the bath by retatiom of

/51
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the rod, the temperature had to be sufficliently stable. Once
a reasonable level of stability was achieved, the rod was
rotated and the substrate was ilmmersed in the bath, commen-
cing the exchange process. It should be noted that the sub-
strate was preheated while waiting for temperature stability

to be achieved. The AgNO, slab waveguides were produced 1in

3
an unstirred, undiluted bath of molten silver nitrate at a
temperature of 24506 + 4° (on average) for exchange times
ranging from 10 minutes up to 160 minutes. A few of the
trials were repeated to try to verify repeatability, but
this was unfortunately not the case. The waveguides suppo-
sedly formed under identical experimental conditions did not

exhibit the same number of modes, nor the same M-line sepa-

ration.

Once the exchange was complete, the substrate
vas removed from the furnace and was allowed to cool in the
air for a few minutes. Following the cooling down, the sub-
strate vas clenncd in distilled water to remove residual

Ag!03 adhering to the surface of the slide.

4.4 Measurement procsdures

To characterise the parsmeters of the waveguide,

light was coupled, via prisms into the structure and the
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angular displacement of the resulting M-lines wds measured.
The angles at which these M-lines appeared were then manipu-
lated into the synchronous coupling angle of the laser

itself.

Consider now, the analysis of coupling light

into waveguides via prisms.

4.4.1 The prism_coupler (38)
In both the prism and grating coupler a light
beam is fed into a film, via the broad surface of the sub-

strate. We limit this discussion to the prism coupler.

The prisa and guide are coupled over many wave-
lengths of the incident 1light, and energy transfer takes
place continudusly. If the coupling strength of the laser
beam and its intensity is uniformly distributed over the
coupling length, along with the correct pin pressure on the
prism, an efficiency of about 80X can be achieved'{bB).

To excite all possible modes in the waveguide, N, prisma >
ny film. Total reflection of the incident beam occurs at the
prism base. As a reault, the field in the prism is s stand-

ing .wave that becomes a decaying, evanescent mode below the

ba-i“‘iﬁiygﬂpainp in the air gap.

as!
it

5

¥
3
A
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Decomposing A3 into its components (Fig.4.4) we
see the boundary conditions require that the horizontal com-
ponents at the prism-gap interface be equal. The evanescent

-jkn3xsine

field therefore varies as e 3 in the direction of

propagation. For good optical coupling, tha air gap should
be approximately 1/8 to 1/4 of the vacuum optical wavelength.
The eavanescent field in turn excites a light wave in the

guide upon penetration.of {it, an effect known as optical

tunneling.

If the horizontal component of either A1 or Bl

is equal to kn_xsiné the corresponding horizontal component

3
of the wave vector in the prism light wave, the incident

signal 1is said tgo be exclusively coupled to this waveguide
moda. Under this situation, the laser light is in & syn-

chronous direction.

Any waveguide mode can be coupled via a proper
selection of the incident light; i.e. the waves in the prism
and fils have the same horizontal wave motion with the sanme

phase: -+ kn301n03 b knlcine.

*
As shown in Fig.4.5, the two evanescent tails of

the fields in the prism and guide overlap in the zir gap cons-

tituting the coupling effect. Energy is continuously trans-

e T
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AR

gy




: Fig. 4.3 Ray Optics Fig. 4.4 Reference Angles

3 9, A,
"3

]

0

air gap

guide AT

3
n
n
substrate

Fig. 4.5 Coupling Mechanism

Fig. 4.6

//-—\
| Pressure point

f
’
v
‘ RTEE L



*

fered from

 J
coupling length

the prism to the guide along the

{t 38

If the film 18 begt such that the gap {8 narrow

at x = 0O and wider at the rectaangular god of the priswm,

enhanced oupling occurs cFig 4 60

o

The measuring set-up

required for launching the

wavegulide modes consists of a rotational stage with 4 degrees

2f freedom, a prism and substrate holder, a sScreen, lens and

a He-Ne laser light source The complete set-up 18 shown in

the schematic of Fig 4

7

A8 can be seen from Fig 4.7 when the laser beam

is locident in 8 synchronous direction, ({ e. the phase match-
ing condition 18 pet)

guided modes are successfullv excited

and the following relation exists (24)

& = sin (n uin(sin_l(ﬂ /a )-a)
p eff P

(4.1)

N = (n sin(sin-l(oine/n ) + a) )
eoff P P

np prise index 3. prisms angle

synchronous angle

tosee

QR s
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Before attempting to measure the synchroanous
angles, both the prisms and the guide were thoroughly

cleaned in ethanol. If the interface betveen the prism and

guideg vas contaminated, there would have been a marked reduc-

tion in the coupling efficiency. After cleaning, the prisms

and the guide were secured on the rotational stage.

At this point in the procedure, the securing
pins had to be adjusted so that the sharpest possible set
of M-lines could be viewed. To get the sharpest M-lines,
the input and ocutput securing pins wvere adjusted so that a
light and even pressure on the prisa was attained. Once
the adjustment was complete, the securing pins could not be

touched, else measurement errors would result.

The next step in the procedures was to geat a gero
reference point. This wvas necessary becsuse we did not read
the syachronous angle of the laser directly from the rots-
tional stage. The synchronous angle vas calculated by sub-
tractiag the sngle read from the rotational stage, froms the
tero reference angle. To set the zero reference angle, the
stage vas rotated until the impur face of the iaput prism
vas perpendicular to the incident laser light. A screesm was
positioned directly behind the rotatiomal stags, ipo lise with

the laser besm (Fi1g.4.8). To Jocate & zerc refaremce point,
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Tesponding to each mode were calculated by subtracting the
messured angles from the zero reference angle. Then the
effective refractive index for each mode was calculated by -
the use of (4.1). These calculations are shown on the next

page for four different slab waeveguides.

4.5 Experimental Results

Table 4.1 AgHO3 Slab Waveguide Data

All messurements weres performed with TAFD prisas

(n = 2.019)
P

a_ = 45°

a!r
Figure 4.8 .,
[ 00
(4.1 a) 10 minute trials, 265°C ®
[ T
MODE ANGLE OF »
iscipence (°) off
1 13.319 1.581
2 11.550 ) 1.562 .
Sample 1 3 10.033 1.546
. 8.540 1.529
s 6.150 ! 1.501 j
11.5111 ' 1.5618 ’
Sample II 2 9.0951 | 1.5350
b 7.4731 1.5167
1 i
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Discrepancies in the above data can be attested
to the fact that stadb{lity of temperature was difficult to
achieve. In thc first trial rubber stoppers vere not employed
hence temperature variation vas more extreme. Another contri-
buting factor is depletion of silver ione in the melt;
Sample I was performed vith a fresh melt, while Sample II took

place some 6 trials later.




(6.1 b) 40 minute trials, 245°C

ANGLE OF

MODE INCIDENCE (°) ott

1 14.603 1.595

2 13.182 1.580

Sample I 3 12.058 1:568
s 10.903 1.855

s 9.850 1.543

6 8.749 1.531

1 13.8997 1.5874

2 12.6514 1.5741

3 11.3504 1.5622

$ample 11} 10.6358 1.3522
s 9.6333 1.8411

6 8.6792 1.5%04

7 7.7153 1.5194

(- XY

sedly identical cosditions, but just as for the 10 miaute
trisls, tempersture iastability (due to heat radiastion from
unissulated apparatus asd poor ch‘mcouala performance im the

givem temparature raunge) cas taks the bdlame for the discre-~

pPancYy.

The above two trials were fabricated under suppo-

/162
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(b.1.c) 90 mimwte trial, 245°%

oo m:%' © Mart
1 14.713 1.596
2 13.633 1.585
3 12.665 1.574
. 11.663 1,563
s 10.924 1.55%
. ’.351 1.538
7 9.153 1.536
s 8.349 1.527

(4.1.4) 160 nimute trial, 243%

¢

A

— ADE OF . Wope
1 16.277 1.612
2 13,048 1.599
3 14,391 , 1.592
. 12.471 1.572
s 11.697 1.564 -
6 11.043 1.537
7 10.204 1.547
s ’.506 r.540
K 0.783 1.532
10 $.113 1.524
3
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Photographs of the m-line outputs from the

AgNO, slab samples are included in Fig. 4.9 (a)~-(c). The

3
M-1lines are ordered m = 0,1,2... from left to right. The
picture of Fig. 4.10 shows an fon-exchanged A;lOJ siab guide.
Note the ysllowing of the exchanged area: this is an unde-
sirable effect, causing surface imperfections due to an ex-

cessivée exchange tamperatures.

4.6 Refractive Index Profiles of A‘loa Slabs

All refractive index profiles presented in this
chapter are basaed on am algoriths outlined by Heidrich &
Whicte (22). The theory behind profiling by the WEB mathod

has been presented in Chapter 3, section 3, while the soft-

-

ware and flowchart is preseatad in Appendix C.

As explained in Chapter 3, a good approximation

[RRER PR

to the surface {udex is required to start the procsdural

wew ndo

calculation. The surface iandex can be estimated by plotting

the right hand stde of che VKB iategral

4 2 2 ‘
k, (n"(s8) - ‘.z:’ dz = ¢, + 9, +ur
°
»

(¢1- v/2, *" /4 mw=0,1,2...) (4.2)

versus ths set of effective mods indices.
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(a) 10 min. 235 °¢ (1) (b) 40 min. 245 °C (II)

Figure 4.9

Selected Agl03 % |
M-line Photos '

(c) 90 mfn. 245 O
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Yellowing of Substrate

Figure 4.10
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The surface index vill be estimated as the intersection
between the curve and the x~-axis. The approximation is

outlined for various AgNO3 trials {no Fig. 4.11 a-d.

Following these figures are the actual refrac-
tive index profiles for the A3N03 guides. The best free-
hand curve is drawn for the given set of data points in each

case. Refer to Fig. 4.12 a-b.

It was noted in Chapter 3, sectiocn 3, that the
initial selection of the surface refractive index 1is critical
in determining the accuracy of the refractive index profile.
Since these surface index values are used to normalize the
measured effective mode indices, a necessary procedure for
correlating theoretical and 1:p.rin.nc-1 dispersion curves
of inhomogensous wvaveguides, a comparison of results yielded

by both methods are presented in Table 4.2.

Trial - WKB Integral Refractive Index
Profile
10 min, 245°C (1) 1.596 1.597
40 min. 245% (1) 1.602 1.600
90 min. 245°% 1.602 1.603
160 min. 245°% 1.620 1.622

Table 4.2 Comparison of surface refractive index values

for AgN03 trials.

C e e medheswns 7

PR e




Surface Index Approximation /68 44l
10 Minute Slab Trial (1) i
WKB
ST
4w
596
3w
2T
T
Neff
15 152 1.54 1.56 1.58 1.6
(a)
Measured mode 1ndices plotted orL
untversal curves of mw- v ¢ =
=", ng = surface index ;
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!
57~ o
[
ar
I
ar)
|
2n
v
15 152 154 156 1.58 1.8

40 Minute Slab Trial (I)

(b)




WKE

ST

27 -

WKB ¢

60 Mingte S'ab ra

1
=
—— b

1.8 1.82 154




=

P“ AQN' S €
ex_ranrge *emg 457
L8OS 1 S
r
\ .
1996
|
|
|
i
. " vmbe trcrarae me mr°r
® w0
; ) x 0
! T
' 0 .
‘-sn‘ o] w .
X 80
\
1 \
&
L]
Ay
1.558 1
i
\
4
\
1.5381 '
4 depth /)
1.515 re—

Figure 4.1? (a)




aaN(

1515

160 minutes, 245 OC

L]

deptm&

2 T o et o W D

- et

F ok e

L s



The agreement >etveen bqQth =methods appesr 10 "e guite good,
vith a mazimum deviation of 7 902 {n the «0 and 160 minutes

rrial

4 7 Temperatyre Variation and Diluted A|803 Meltrs

& 7 1 Iggzorlturc varisticn

All previous A.HO3 slab trials vere fabricated
at 245°C In this section, the effects of variation of tem-

perature are investigacted.

According to diffusion theory (31), wve axpeact
that as the temperature of the melt increases, the same
guide depth achieved at a lover temperature is attainable

in less time. This is evident by examining the equations

for diffusion depth; .
d = 2/1&, t = diffusion time (4.3)
D = Do exp (-Ea/KT) Ea « activation energy (4.4)

It 18 obvious from equation (4.4) that as the temperature

increases, so does the coefficient of diffusivity and hence

_/

the diffusion depth d.

s



One might think that to speed up the fabrication
process, one needs only to incresse the melt temperatures.
This fumctiomns up until s certainm point. I1f the temsperature
19 st am upper extresme, s brownish yellow discoloration of
the subetrate becomes evident. The digcoloration weorsens
with {ncreasing temperstures and is due to the presence of
free silver at the substrate surface, comtridbuting to wave-

guide loeses (Fig. 4.10).

- Table 4.3 shows the effects of tempersture on
the effective mode indices for variows thermal comditiouns,

time being held comstant at 10 minutes.

Table 4.3 Tempersturs Variation

(1) 235°C crial

W
ANGLE OF X
MODE INCIDENCE (°) of £
1 14.9056 1.5979
2 13.5670 1.5030
3 12.0417 1.5675
4 10,6014 1.5518

73
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Table 4.3 (cont'd)

(11) 260°C trial

MoDE ANGLE OF _ -
iscIpENce (°) oft
1 15.2713 1.6017
2 14.1796 1.5903
3 13.2222 1.5802
s 12.4181 1.5716
s 11.7009 1.5638
6 10.9371 1.5555
7 10.2565 1.5480
8 945325 1.5399
9 8.9384 1.5333
10 8.3176 1.5263
11 7.4454 1.5163

28
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wn
R

(111) 315°C trial

Hode In:::i:czt( ) Nert
1 »5.8351 1.6075
2 15.0379 1.5993 |
3 14,3171 1.5918
4 13.7%04 1.5838
3 13.3365 1.5814
6 12.8138 1.3758
7 12,3092 1.5704
8 11.6810 1.5636
9 11.42046 1.5608
10 11.04353 1.5567
1 10,6041 1.5518
12 10.0%23 ~ 1.5457
13 9.7776 1.5427
14 9.2060 1.5363 ¢
15 8.7828 ! 1.5313
16 8.5157 ) 1.5285
17 8.1495 1.5244 3
18 7.8037 1.5204
19 7.35259 1.5173

o

The effects of temperature on the refractive
index profiles of A3303 exchanged vaveguides are presentaed
Ly
in Yig. 4.13, It 1r evident that as the melt temperature

increasess, the .surface index increases and there is a corres-

ponding incresse in the guide depth. These results were

by
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AgNQ., Profilaes /176
- (cxcaangc time: 10 min.)
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198 -
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. Figure 4.13.
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sxpected as per esquations 4.3, 4.4,

Table 4.3 clearly shows an incresse in the

- number of modes ass the temperature 1s incressed (time being

constant).

4.7.2 Diluted melts_(AgNO,)

To investigste the effects of dilution on amn

AgNO, melt, four different Ag-Na melt preparations were coun-

3
sidered with a 22 gram base of inlo3 in crystal form. Values
of the melt wol ¢ ratio HB/"A vere kept balow 0.1 since signi-

ficant reductions of the surface index are observed in this ;

region.

The various melts vers prepared following simple ;

chemical relations along with the atomic weights of the

« E

slements involved,

AgNO 169.87 A.W. (8ee Appendix F)

3!

laHO3: 85 AR,




Table 4.4, Melt Preparation (22 gram base)

l.l03
Al T 1
Trial i Helt-mole rattio (n‘/mA) grams A;lo3 .
;
T { !
1 ; 0.001 * 0.0439 '
2 , 0.01 0.439
|
3 i 0.05 2.12
4 ‘ 0.1 4.39

Since the melting point of pure an03 is about
307°C, all trials wvese pcrfcr;-d at T « 315°C for 30 minutes
to insure liquefaction of the crystals even in the most

dilute case.

Upon ex¢iting the modes via the He-Ne laser, 1t
vas immediately evident that these guides formed by diluted
melts were much less lessy. The fa-i%iar bright streak seen
in connection with the pure Aglo3 guidLo was much reduced in
intensity and more well-defined indicating low loss or good
guidance. The resulting M-line patterns of these guides wvere

also better defined with strong central maxima but little

light intensity {n between the individual M-lines. (Fig.4.14)

G5 1
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M 1ine structure for a slab guide

cxchangc& in ; dilute silver melt; "h/"a' 0.1

— - p——

3T e

exchange time: 30 min.
exchange temp.: 315 C

Figure 4.14
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It is evident that lowering the silver concentra-
tion reduces the surface index. Previous analysis of the re-
sulting refractive index profile by computer program yields
that the profile can be modelled by a 2nd order polynowmial

and that {t approachs the erfc distribution as dilutiom 1in-

creases (13). See Fig. 4.15

Dats for AgRO, - H NO, Dilute Melt Systen
2

3
Table 4.8
Trial (1) ay/m, = 0.001 T = 315°C, ¢t = 30 min.
for all trials
ANGLE OF N
MODE INCIDENCE (°) off
1 8.8796 1.5326
2 8.4292 1.5275
3 8.0894 1.5237 |
4 7.8366 1.5208 }

vkl PAPR RS %



Trtal (2) mB/mA Q1
MODE 1 ANGLE OF _ | ce |
: INCIDENCE (°) | ¢ ‘
3 : ,
1 13.6958 | 1.5852
2 ‘ 13.3729 l 1.5818 i
3 13.1173 ! 1.5791 [
4 12.1173 | 1.5769 |
5 12.5891 | 1.5734 |
6 12.4382 j 1.5718
7 12.2396 : 1.5697
8 12.0437 1.5675
9 11.8687 1.5657
10 11.6625 1.5634
11 11.4930 1.5616
12 11.2139 1.5585
13 11.0472 1.5567
16 10.8465 1.5545
1 10.6616 1.5525
16 10 . 4930 1.5506
17 10 . 3000 1.5485
18 10.1194 1.5465
19 9.9673 1.5448
20 9.7625 1.5425
21 9.6061 1.5407
22 9.4458 1.5390
23 9.2555 1.5368
24 9.0875 1.5350
25 8 .-9125 1.5330
26 8.7541 1.5312
27 8.6137 1.5296
28 8.5423 1.5288
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DATA (comt'd)

Trial (3)

mﬂ/mA = 0.05

MODE ’ ANGLE OF N

l INCIDENCE (°) off
!

1 { 15.1333 1.6003
2 16.5556 1.5943
3 14.0681 1.5891
4 ! 13.7347 1.3836
5 13.3549 1.5816
6 13.0674 1.5785
7 12.6833 1.5744
8 12.4236 1.5716
9 12.1056 1.5682
10 11.8250 1.5652
11 11.5285 1.5620
12 11.2833 1.5593
13 11.0257 1.5565
14 10.7097 1.5530
15 10.4215 1.5498
16 10.1757 1.5471
17 9.9285 1.5644
18 9.6563 1.5413
19 9.3840 1.5283
20 9.1445 1.5356
21 8.4083 1.5329
22 8.6806 1.5304
23 8.4722 1.5280
24 8.2806 1.5258
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Trial (&) ;'I-‘ = 0.1

—_ :
WDE mmu:.cz! °‘('o) I
1 16.0903 1.6101
2 15.5000 1.6041
3 15.0777 1.5996
. . 14..7000 1.5958
S 14.3778 1.5924

} 6 —— 14.0680 1.5891
7 13.7812 1.5861
8 13.4889 1.58%
9 . 13.1944 1.57%9
10 12.9396 1.5M2
u 12.6819 1.5744
12 12.4038 1.5714
13 12.1701 1.5689
" 11.9278 1.5663
15 11.6785 1.5636
16 11.3791 1.5603
17 11.2069 1.558
18 10.9410 1.5585
19 10.6903 1.5528
20 10,4736 1.5504
2 10.2361 1.5478
22 9.9916 1.5451
23 §.7430 1.5423
2 9.5201 . 1.5398
23 9.2787 1.5
26 9.0854 1.5349
27 8.8416 h 1.5322
2 8.639 1,529
29 8.4314 1.15278

' 0 8.2903 1.5260
1 - 8.17% 1.5246
2 7.9068

1.5223
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Diluted AgNO, Profiles T~
L -3
(time: 30 min. , temp: 315 °C.)
"nff -
“
1@
a1 w /s,
1088 - . . a
h ° o1
. 0.08 |
\ . » 0.0 !
+ 0.001 !
1500 !
\ [ J
[}
. L 4
E

‘m‘ .

" n .

- T  Figure 4.18
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Fig. 4.14 includes a photograph of the M-line output of an A;NO3 guide

£
formed in a diluted melt \nnlmA = 0.1. Note the large number of modes

and the improved sharpness of esch line compared to the pravious pbocov
for the pure AgNOa exchanged samples. The M-lines are ordered

M=0,1,2... from left to right.

4.7.3 Refractive index profiles of various waveguides
formed by diluted melts

, It is evident that the surfsce index decrsases as malt
dilution increases, (see Fig. 4.15) so the surface index value cam be
controlled. Index profiles obtained with dilute malts cam be modelled

by sscond-order polynomials and for very dilute melts, the profile .
approaches an erfc distribution distribution. (13).

t3

The refractive index pro!ilu of guides t.hu;uu in
va:lmdﬂunﬂlm; mc-.mmgzmmmmmm
""u' %, Obtained by the White & Neidrich (22) profilisg routims.

These curves are presemted in Fig. 4.13. .

4.8 Slab Wevegnides Porued by K’ Ins Bushense -

In this section, we cnsmine the ofSesty of & W, w=al:x
interacting with sede-1ime suboteatas at an index of vefvenciow,
a= 1.917. :
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Fi
x

In this situation, the exchange species is the K' iom,.
vhose rate of migration is slower than that of the A¢+ ion. In spite
of the fact that the melting point of moa is considerably highar than
Azm3. it takes a larger diffusion period to achieve the same ;uidn

depth as in the case of Agms. Even in the case of the most dilute

Aao3-u.no3 system, single mode guides wers fabricated in minutes at
temperatures below the melting point of mos. The equivalent guide
fabricated in a moa melt takes the better part of an hour.

The fact that the diffusion time is greatly increased

tends to rslax the tq.i'ltun stabilicy requirements. This is a

desirable effect for msnufacturing procssses. Secondly, the ‘nfm- --
tive index chmge {nduced by the K' exchange is considersbly reduced,

compared to nu" axchamge. Typically, we expect a surface nﬂno}

the order of 1.526 as opposed to 1.60 as measured in the Ag' case.

Naturally, this will have effects on the propagstion of incident light

and we should chbeerve wore weakly-guided modes, comsistent with the

redoced chenge in the refractive index.

5]

wm«w«awdmmun

aunmum{m. By suployisg the strong svanescest fislds —
u—a—um‘-,mw-m’mm:mmuu
M“t*mw-mtﬂfum:mofmzm.
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The next section will display the various data from triale
in & m‘ms melt. Substrate preparation, apparatus and fabricatiom
\ procedures wers ideatical to those described in the previous section

'muuhgtqulnamuu.

4.8.1 ENO, slsb dats, for varyisg enchangs times

. b
(I) Effective Index Messursnemts ‘

All exchenges wers performed at 400°C with 1ittle devie-
tion from this setpoint value, as verified by visible thermscouple
rendings. (Stabilicy: + 0.5°C). All measuresents ware sade

with flint glass prism,a = 49,9, n, = 1.785.

(18 peldarimation) -
Teble 4.6 o ¢ -
(1) 2 hour exchesge -
-
woE o ANGLE OF .. m
: memecx () aft
1 ,, 7.8099 1.5205
2 — 7.4319 1.5162

c




(D) & houwr emcheage

\ N
Mode ~ Amgla of : ] ,
Tacidescs (%) oo - |
1 15.39722, 1.521488
2 15.06805 . 1.518549
s - 14.563009 1.516718432
- . ; :
{3) & h;u emchange
-~ Mode tagls of »
Tanidence (’) off
1 15.6375 wnti:
. 2 13.3803 1.5212288
] 15.16388 1.5194073
- [y 15.02500 1.5181643
4) 18 houwr emchungs ,
Mods bugls of |
Imetd (o) oft
1 18.7027783 1.5241992
2 15.51250033 1.5225127
3 15.3066663) ; 1.57171613
4 15.2166633 Y 1.519870697
] 15.007223%) 1.519811061
¢ 15.0129933 1.519033%19

ML

.y
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€ 5 24 nmg; exchangs .
b;\' | ‘-.h of o ' 'cff
Incidence (") .
: 1 15.7402778 1.524531

2 15.5819445 1.5231289

I Y 1548 1.52195749

. 15.3291666 - —1;52088993

5 15.2055563 1.5197813

s 15.1166733 1.51898307

7 15.03333 1.5182389

{

/

u&mmmmmswmmuuui.t.n
(a) - (d). The TE and TM polarizatious are such more apparent for thess
“Mummsw. The mods spectrum 1is

: ovdered M = 0,1,2... from laft to right.

(6) 66 hour emchangs » .
l de sagis ot %o
1 15.8230001 ° 1.3252792
2 15.711112 1.5242729
3 18. 027066 1.51331572
. 15.5000446 1.5226634
s 15.4180001 1.52167293
C . A 15.116666 1.52077073
y 15.22890¢ 1.519963378
l . 15,1606 1.31943208
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(a) 18 hours,400 °C
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(b) 24 nhours , 400 %

Te) 8 nours ™, 428 C
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\

( , r
Elgure 4.1§

oy —————

: (d) 8 hours , 480 °C
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Selectad KNO
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4.8.2 Rafractive index profiles

>

~ Since ch; computer program, which generates thass refrac-
tive index profiles, is sensitive to ths !‘“ valuas used as the input
)M, pnc:l« messurements are roquizd. The M-lines structures of
ma guides are -ueh denser than t:hou of their Agma counterparts.
This results in difficult angulsr messursment, wnd hence the accuracy

of the KNO, profiles presented in Fig.4.18 is slightly raduced whan

3
comparad to that of the Agno3 profiles. As (i:bc diffusion or exchange
time increasss, the guide A.pth gcr“m. ,but tha surface index re-
mains relatively constaat. '

As ia ssctiocs 4.3, s cowparison betwean the valua of the
surface refractive index cbtaimed by the W3 integral ssthod snd by the

refractive index profils is included balow:

Trial WEB Intagral Refractive Index
1 Profile
4 Q. s00% 1.523 ! 1.5260
8w, 400%c 1.5252 1.5260
18 b, 400% 1.5281 , 1.5260
20 b, 400% 1.5282 1.5270 i
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Surface ?ndnx Approximay {an .
(melt temp. for all tri{als: 400 C) [
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. double~edged flint ‘glase prism: n" - 1,788

AN _ , /94

-

Once agsin ws can note that the discrapescy in the
mmmuml.m-uumo.omf Bote also thet
the surfacs rcfru::ivc index ‘value remains relatively coustant, sad

is practicslly time independent.

&9 mo, s v T
‘09-1- m u“ Im - m ‘0‘
All exchanges vare performed for a diffusion time of .

8 hours at various setpodnt values. Msasuraments were made with a

" a = 499 )
“(m ws% | ‘ ,
. ,
s Angle of j
.Inctdesce (°) ot
. 1 : 1 -
1 15.80273 1.5250 .
2 ‘ 15.9044 | 1.502
g 15.00811 - 1587




O

———

e LT ]

(xm) 425%
Node Angls of - N
Incidence (°) off
1 15.937% 1.5262711
2 15.70833 1.5242483
3 15.5 1.5224018
4 .15.31528 1.5207584
s 15.15695 1.5193452
) 450 b
ode Angle of T ox
Toctd {o) off
1 15.81665 1.5252055
2 15.6972 1.5241498
3 15.563867 1.5229686
s 15.4389 1.5218588
5 15,3472 1.5210628
6 15.2473 1.5201513
7 150472 1.5192581

»

weul of :hw”ptacuS

Since the melt temperaturse has a direct effact on tha -

we sxpect an incresse in guide depch

i

- g g SO
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Surface Index Approximation
(melt time for all trials: 8 hrs.)
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(' .
KNO Profiles at Various Temperatures.
?exchangt time: 8 hours)

Exchange Temp (°C)




R T L

for a corresponding increasa in temperature (time held coustant). These
axpectations are confirmed by the profiles in Pig. 4.20. A fluctuation
in the surface index is also apparent and the profiles are comeisteat

with the trend of increasing surface index for incressing temperature.

Once again, in the following table we compare the estime-
tion of the surface refractive indax by the WKB integral mathod with
the rasults from the rafractive index profile using the Heidrich & White

procedurse.
Table 4.8
Trial VKB Iategral Rafractive Index
Profile
8 wx, 375°% 1.527% . 1.5260
8 hr, 400°C 1.5248 | 1.5260
8 Ex, 425°C 1.5273 1.5272 ]
8 ar, 4%0°C 1.5259 1.52n

—

4.10 Chatecterisstios of WD, len-Swchensed Sish Syvegmides

n'uwmummmmn
enshenge is weiten KD, sems séittismsl trisls wars carvied eut st
variouws suttings of time and twpersturs. This s ¢ werthhile ondee~

- —
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vor, since it {s desirsble to hmow whgt depth cam be attained in o
slab or chammel guide followiag sm enchange at amy givea time or tem~
perature.

Two emtra trials vere pecformed at 3735°C; ome fer 15 heurs,
the other for 24 hours, sad tve emchenges wers alsc made st 425°C; ome
for 4 hours, sad the other for 24 howrs. Iacluding these additiowal
trials, thare are 3 guides st 375°C , & st 400°C, eud 3 at 425%,
yielding sufficisst data to fwvestigsts a charmctsrisaties procsdere.

In the quest of a wnifyleg egmatics izvelvisg the veris-
Slas of tise aad tompareture, we feollew the staps tabem by SCemmyt at
al (5). The firet seep eassils pletting the dapeh of the slsh guide
versus the spuare vout of the cashange time. Simse fou-emshange is
basisslly s &tffusion precess, the wavaguide dapth sheuld veny linsacly
-ﬁtﬁl”md“m

__ he vewgsids dupth e be wall-estimted by losstieg e
ot of mmeusnt effective Sndwx values ou the entverssl diepasmies eor-
%es OPig. 4.25), sud mecing ot vhet valve of V shat shuse indiens line
w eu. By huswing the wealeageh of e incident seeres, the bulk and
cusfoss Jafiess, the itk iu atevens cum be fowad.

wmn;mmmm
poitie fov shat spusific guids. By locsting whave the inden fails
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off to 1/e of its surface value and finding that corresponding depth, a
rensomable estimste of the waveguide depth results.

By amployisg these two mathods, the depth of asch wave-
guide comsidered in this study was located. A lineer plot of d ve Yt
for temperatures of 375, 400 and 425°C is {ncluded in Pig. 4.21. Note
that the slope increases for increasing valuss of temperaturs.

The next consideration in the characterisatiomn involves
findiag the &iffwsion coafficisat:

P = ére ‘ (4.3)
This 1s menely the sieps of the lines ia Pig. 4.21, aad
o diffenent ssafficiont o bo founi for sesh Sewpawutwe. Stmes B

» = Cyap(~CYr) ‘ e
w*umuuum.*mumuw
SpereTere, e eupeet & lisser relationship. This plet is inclwded
i Pig. 4.22, and i5 chowm t» hove a nagative slape. The valus of the
"h%kwb.‘. mmc,_hmm

iine csvssas the evdimads in Fig. 4.22.

-
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In estimating the waveguide depths for the plots in
Fig, 4,2 1 , the values of n_ at various temperatures were
Tequired, At 375 °C, neither the WKB plot nor the refractive
index curves yislded reliable results (see. tadble 4.8),
Consequently, this value wms chosen as 1.5250, betveen the
lower bound of 1.5240 (from the refractive index plot) and
the upper bound of 1,.5275 (VKB result). m average of both
‘the VKB and Muctl?o index results is 1.52575, but 1.5250
was selected because it must be lews than the Tesult. Co
n - 1,252 at 200°C (see table 5,7, VKB colmm). _

nm‘c.auu.u-a-nz-;-;.mu.m
valnes Fig. 4,17 shows may plots semvergihg to this susher.

Por 425 °C, Lotk the refractive imdex results are in
zesseanlle agresssnts 8, = 1.52735 ave, GCiven that the m,
Mnﬁsam‘summwuy, 1t was falt
Yat a, = 1.52735 ma too lazge, so B, = 1.52355 was
fur T = 825 °C,

_ Bme to the lask of data at 775 & 425 “C, the plets in
m#.nfchmiu-mm;lunhnh
swmve presented fer 800 ‘G,
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Addiftional um3 Refractive Index Profiles
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cgclf ep (- c,é27) “.7
m-nmczdwmmuwm.umtm
cl. ymmmmm,ntmwgmm:,
mwma&muumm;mmnm-
racterised by the followiag two equatioms:

. o »
() b, = SA67 x 107! exp (- 10276 x 10 /T) e

. . 'r'
@D ¢ = 139 21070 ap (- 14976 x 20 /27 4.9

This section is devoted to compariag the previously deri-
vad thesretical curves in Chapter 3 with the experimentally msssured
affactive mode indices. As outlinad in the previouys chapter, not-und
m:niumbc-pla;nd (refar to equatioces 3.470- 3.42), with the
dispersion curves for imhomogemecus guides nermslised to the surface
index (»). ”

/1046




In evder to loonts the wassused wede indtoas on the inhe~

segenssus dispersion curves, thay sust be mermalised sccordisg te equatises
3.40 ~ 3.41. After verifying with the refrective isdex profiles plotted

with the if & ¥ mathod, a typicsl value for »_ was sslected for mermeli-
mmmsummsam3 agyuntTy .

The set of curves ia Tig. 4.24 and 4.25 eukibit agreessat
mmuwmw,am,mm.
A Gowcisn refrastive imdex was chossn in deriving the disper-
Mmhmm The smber of wedes predictad by
Muwm.mmmcm)un
sassenshle agreament .

8

The last st of cuives taPig. 4.26 consists of dispersiss
ougves ganscsted by the KB and step spproximation methods outlimed ia
Chapter 3. This figure 1is essentially the same as the comparisom of
WED aad step curves shown in the previous chapter except that the '
foumse are based on the sctual experimental refractive imdex profile
for s guide excheaged in s KNO, for 8 hours st 450°C while the latter
mh-i&lmmiwmmfu‘.

4.32 Compartoen of Mewuite for A0, Trials wich chees

(a) GCuide dopth: |
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Table 4.9 compares the guide depths obtained from the

refractive index profiles with the same quantity obtained from Stewart's

expression:
6 3§ 4
d = 1,19 x10 t° exp (-1.02 x 10 /2T) (um) (4.5)
o
Trial (T = 285 "C) *
10 win. 40 win. 90 min. 160 min.
Index Profile 2.59 5.54 8.23 8.31 (w)
Method 4
Stewart 1.99 3.98 5.98 7.97 (u)

Table 4.9 Guide Depth Comparison

The guide dapths wers obtained from Figs. 4,12 a 8 b,
where the curves cross the boundary Neee = 1.517

(b) Profile:

Figure §4.27 compares two sats of effective mode indices

for the following experimental conditions:

Exchange time: &0 minutes

Exchange temp: 245°%

vith the curve F(n(x), n‘) generated by satting n(x) to a Gaussian
profile snd using experimental mode indices n, for a trial at 300°C for

36 min. (see Stewart et al (9)).

The agressment is excellent in ome case and quitse good

in the other.

s o o




>

T
b e 188 188 100
Nott
» » trial I 40 min. 245 C AgN03
e « trial II 40 min, 245 C AghO,

— o QQussSian Fit as per Stewirt et al,
(36 min. 300 C)

Figure 4.27
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CEAPTER V

CEANNEL VAVEGUIDES 3Y ION EXCRANGE
Slab waveguides, discussed in the previous chapter, )
provide no confinement of light in the plane of the guids,
(say the y-2 plane) except in the x direction slone. Channel
guides provide an additional confinament in the y direction
as well as the x direction and in this manner, high power si-

gnals can be confined and fed to devices for signal processing.

In this chapter, the theory of channel guides and
sode dispersion 1s quoted by two separate methods and the fa~-

brication procedure is cutlined, with expearimental rasults.

Many types of crosssectional shapes of channel
guidaes are realizadble, and although the experimental study is
concerned with the simple embedded channel structurs, the '

various counfigurations are listed in Fig. 5.1.

5.1 Maggagili's method of anslysis

In Marcatili's (2) techaique of asalysisg chamael
guides, the channel is 1-::5.4 in seversl dfelectrics. (Fig.5.2)




n n
C Lf
Ry Ll

(a) Embedded Channel

n n
7777771« "¢ TV R 7 -
"> "»
(b) Ratsed Channel (c) Ridge Guide
. n
ey, porrrrm N )
T T et
n n
,/”} b B b
(¢) S?rip toaded Guide (e) Metal Clad Cuide
N

Figure 5.1 Cress Sections of Yarious Channe!l Guides
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Ne assunsd five icparat- refractive indices, for
the chansel and the four surrouading media. The criterion

for guidance {is a1.>nz'3"'s.. a, being the channel iandex.

Marcatili considered field distridbutions mot ua-
11ke those of a rectangular, hollow metal waveguide. In the
core regiom, the l:q . l:q -oini vary oiuuc;;dally in both
the x and y directions. In his nomenclature, p and q indi-
cate the number of modes in the lataral coordianate amd depth
coordimate raspectivaely.

Is Marcatili's sethed, the fields ia the shaded
areas of Pig. 3.2 are ignersd for eimplificatien. It is alse
assumed that the field decays oxpomsatially ia regiems 2,3,4
and 3, vith mest of the pever confined iz region 1. Tield
metching at. the four beuandaries of the coze rTegion cas dbe per-
formed, assumiag oinplc_f}old distridbutions. 21314 componsnts
in region 1 wvary stuunoilnliy.tl the x and y directions, ;htln
1s vregions 2 & 4, the fields vary siasuseidally ian x and expe-
seatislly slesg y. Lastly, the field compenents iz regiens
345 vary ctlluctdaxl; ia y aad empeseuntislly ia x. IEmpley~-
iag thess sssumpciens, eigeavalue or transcendental equaticns
caz be derived by matchiag the u..u' selution st the various
disleccric iaterfacss. \ _— : -

&£
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Ve define k_ as the axial propagaties ceastant

while k‘ are propagation constants 1; the x direction,
1.2" ~

in mnedia 1, 2 and & respactively, that are sssumed identical
and independent of y. Ve also define propsgation constants

in the y direction as k, in regions 1,3 & 5 rsspectivsly,
‘ . 1,3,5

assuned identical and imdepandant of x.

lx Hodes

Ewploying the notation v = 1,2,.3,4,5 for tdentifi~

cation of the five dislectric medis, the treneverss prepags-
tien comstaats are deneted k, sul k . The folleviag rule~

v L : -
tions held: "
k“ - k'I' {(3.1)
2 T 1/1 e
ket on? o k,'“) - 5.2

sud by £ield sstehing st the bowndsries betwass Tagioms 1, 2
and &g _

k.®e h ok =} (5:3)
4 31 k’ t‘ -

4

snd similarly by matching ia regiens 1, 3 and 3;

—
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Aceerdiag to Masreatili, thess t¥sasverss prapsgs—
tisn comstants srs solutiemns of tha fellewing tmuu“}uL

eguations:
sy 182
e 8
t'v - py - gam ?-, t‘¢3 - tam —:T k‘C, y (s.%)
) 1 “ ‘1
‘,‘ - g% - _‘m‘xt,‘: - m-&yﬂ‘ ‘5.‘),:

vheze v is the chenmal videh, d the chasnel depth and -

., = ""tJ“"r‘T' R
3 1/2 .
.8 (ky "= By "=k,") | ,

‘4 Ry ok,

2 {5.8)
( -x_1/2
y )
.8 - ‘
. The senstants ' 3 ars essestially she penetra-
‘tion dopths of the field conpenents in the variens mudis.

[}

i, Setes |
ﬂ“'
The mais d4iffowssss Batveen thase sedas sud the

N 1N




C

!:q wodas is ths fact that the tramsverse fisld compomenis ia

‘this case are B, and §, as opposed to B, end B for =

sedes. ° e

13}

The trsasverse propagation constants for these

. asdas are sbtaiaed by solving:

’t:v - pw - :u’l(ttts) - ttn;'t(kxt,) €5.9)
) _ L » 3 ’ L ® 2
B e - tae \‘::t kny) - tew (::-!uk,n‘) (5.10)

By making the spyproximation that for well-guided
msdes (far from cutoff), most of the power travels 1ia the core
reglies or nedium 1, the transcendental equations 5.5, 5.6, 5.7
and 3.8 casa bde todufud to clossd fors. Thus, solution for ko

't amd n are possible and upon comparison of these solutions for

) 2* and &7 wmodes, they coincide exactly. This makss us avare

| 4} rq
that bdoth modes are dagsnarats.

5.2 Effestive Tsdes Methed
This methed is s sisple tesl fer jrov“!.ng relati~

vely ud pradictions for the bdehavier of chasanel guides. In
1970, Kuox & Toulfos (39) tmtreduaned as sffective dislectric -
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o . I A.””,j- ‘\ln7

.

(~} ' condtant uisvtis to couple two slah guides so that they spprox-

{sate & rectamgular wavaguide.

i

In ¥ig. 5.3 a,b, & ¢, wa uoo’iha erna&-pﬂctiﬂn of

s channel guide and then the two sladb guides, uhich tegether,

-

apyroximate the origissl chamnel.
|

1

LSRR SO WA JRESIOR—

The method comsists of letting the lomg dimemsies -
of the channel guide approach infinity to obtain & slad guide
as ia 5.3 (b) sud thea calculating the propagatios coasstant

of this guide. This propagation con-tgut sarves as the effec~

tive index in slsb configuration 5.3(e) provided it 1is proﬁcrly

(:3 sermslized. The sacond slab configuration is obtsined by
sllowing the short dimension of 5.3(a) to approach infinity.
P4isally, the propagation constant of this second slab 1o'takcn

to be that of the original cbgnnol guide.

Nockar and Burms (23) have used the above -c:hck
'lo analyse mode dispersion in embedded chansel guides assu-
aing (ll-ﬂz) large and (nl-na, ul;n‘) s:gll as ia the case
of diffused channel guides. Using sormsalised, uaiversal dis~
* persion éhlrto. they applisd the effective index method and
their results had closer agresment to Goell's (3) circular
barmonic calculations than thoss of Marcatili near the cut~

off region. The effective index method for chsanel guides




f
|
]
!
|
i
|
| .

b \ 0
O w T |
[—1 "2 -l ' )
f B
y M .
: (a) L

(b)

Figure §.3 . Effective Indan Nethedolegy
(Hemegansous Case)
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A

with 1~D diffvsien (ne sideways d1ffusien) is develeped as
fellews with the sid of Tig. 5.4,

BNote that although the fmdex pro!uow is inkowe-
gessous ia y, it 1is takss to bs comstant for all x%vu.uu
within the cors rvregion. As 1in the pravious case, axtead.
the x direction to infiaity to get sz equivalent izhowogensous

slab guide amd solve

: 4
v f (a(@) - Y2 da e (v 4 1/8)0 + ea'lﬁv ($.11)

°
(variablss duscribed in Appeandix B)

a

ve t.‘(:.’:nzi)uz 4 v Mu':.m

for the requived prepagatisn cesetants. EKquasioen (5.11) say

B B iiiagt ol
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alse s used S0 TH wedes (26) previded (a‘-n.)«l. (n goet W

tisn feor iiffused guides) and the asymumetry messers s, {9
éafined as:

o ol [(-,‘-t.‘) / c..‘--"a] . (.30

The resulting prepagation constants ars ia turs used ss ths
effessive index values for the equivaleant slad ebtained byJ
lstting the y dimension sxtend ts isfiaity. 1Ide prepagstien

- ko,
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coastamts of this coafiguration are eassily obtained froa the

efigesvalue equation for a homogensous sysmmetric slab guide

v/1-b = ve + 2 (cau"l‘/i-}; ) (TE medes)
ve kov ‘/.."2_ uzz v {iateger (5.13)

and thase values are considered to be the \yrucuuos constants

of the erigimal chammsl guide.

The theory has besn extended by Becker snd Burss (23)
for the situsties of 1-J diffused chansel guides iscludiag the
effects of latarval 4iffusiea Dut is met preseated hereis.

Beta that the eigeavalwe eoguasieon (5.13) csu de used

for TR medmprevided (n ,,~8;) is small. If this is net the
case, thes ve must redefine the sffective guide index; (40)

e [af- -,’? / (n.“’-,")] I (mygetngle,) (5.14)
vhere 82 © |a_  202-8) + -,’t] . w (5.13)
(] ) . ¢
‘ - i'-— + d" -1 (3.16)
D e Bl wy ,

beteg s reduction facter to heep ¢ < b < 1.

TT T e st s WA S i 60 KT AR . AR "My RN S a R MG s
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In keeping with Kogelanik and Ramaswamy (40), the
norsalized dispersion relation for TM modes in a symmetric

nlib guide is as follows:

v [(q.)llz.n.“lnz] 1-0)Y2 o+ 2 can”iB/E10) (517D

v integer

The vormslized dispersion curves outlined in
Chapter 3 can be employed ‘to charactarize propagation 1in
chassnel guides. According to Hocker and Buras (25), diffused
chaasnel waveguides coaform to the situation where the imndex
difference between the chanmnel aad the ¢ladding 1is small.
Thus, the normalised digpersion curves for TE mnodes can be
used for both the l:. and 87 modes; vith as aﬁétoﬁrutc

re
changs iz the assymstry messsure a.

o«
It sheuld alse be moted thst the dispersion curves

can bs plotted with respect te morsslised guide width

v = 2zw/A ‘12_.‘1 as ia (27) or with respect to the norms-

l1izsed guide depth v » vd uli- n‘z) as in refarence (25).

Ia order te gsim further imsight iate propagation
in channel wvaveguidss, the un',or,nuu%cmc for both pela-
rizstioms of the electric field sre plotted ia Fig. 3.3 for
varieus modes. The curves ars bassd on Marcatilli's dis-

parsion ﬂucw-tn approxisste, closad t‘otn‘ compossd of a
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homonegenous core (n, = 1.525 (KN03) ) immersed in a homoge-

1

neous surround, as shown in Fig. 5.2.

A comparison of dispersion curves, generated by
both Marcatili's snalysis and the effective index method 1is
included 1in Pig. 5.6(s) and 5.6(b). Since Marcatili assumes
a homogeneous guide for his analysis, the curves plotted
from the effective index method employ the homogeneous dis-
persion equations for depth, ss well as vidth. This is s

necessary coandition for comparison purposes.

In FPig. 5.6(a), ';q modes are compared, using
equations 5.9, 5.)10 for Marcatili's analysis, sad equation

5.13 as well as the asymmetric form of 5.13:

vYl-b = vr + taa~l J:—-;-F: + tan~l !1’-%% (5.13(v))
v ianteger

for the effective index method. A comparison of l;q sodes

is 1llustrated in Fig. 5.6(@) employing equatiouns 5.5 aamd 5.6

for Marcatili's analyni:. sad equations 5.13(a) and 5.13(b)

with the proper l‘yll.tryKl.Plnt. for the~sffective iadex

msthod.
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Comparison of Dispersion Curves ty

the Effective Index Method & Marcatili‘s Hethod.

Effective Index Method
~— — - Marcatili's Method
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v
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Figure 5.6 (a) Yt Bn-ng)
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Comparison of Dispersion Curves

by the Effective Index Method
and Marcatili s Hethod.
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Figure 5.6
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5.3 Transverge Field Distributions

The field expressions for channel guides, developed
by Marcati1li(2), will be employed to plot various transverse
field distributions. The field expression for the slesctric

field polarized in the y-direction, in the channel is as

follows: -
2 2 2
k n -k
gl - o £ —Y choa(kxx + a) cos (k. y + 8) ‘j(ut-k’:)
ucnf k: y
(5.18)
n, = unifora film index, © =« 2wc/

Using the following 1initial conditions,
(1) !1 = 1 , vy = 0 (ceater of chanmel guide), s = 8 = 0

(11) suppress time & z dependence

we revwrite this field expression as:

g - o £ v cos (k_x) (f1eld im chanmel) (5.19)

Using the same initial conditions, we write the field expras-

sion for fields outside the chammel, in the substratas:

-

j 22 2
k -k

utnb k’

/126
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_.The constant M, assures a field match at the core-

3
subetrate boundary X » w/2, in keeping with the continuity of

the alactric field.

Using equations (35.9) and (5.10), and reducing them

to approximate fora, we can solve for k, and ky.

Accordiag to Marcatili (2);
e 2 _22_, 21/2

Inpleyiag the rvesults from (5.21) snd the fellowing
spprezinste expressiens for (5.9) and (5.10):

IR NIRR s e (5.22)
(z:‘ wedes)
] :A + a 2‘ ; |
k- "1 1+ 'L‘f;:l'f""} (3.23)

't"‘ a_ 12 1/2 3
[ ‘3.3.‘,5 - lll(ll '.1.3,‘,3) +» W o ghannsl wideh,

d = ghannel depth. ’ o

s csu use suprassisas (3,19) sad (5.20) sad plot -
eun’zmuufmmmm-umaam .
m;o ! ’ )
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Thesse plots are included ia Fig. 5.7.a,b and
$S.8.a,b,c. Pigures 5.7(a) and (b) depict the B’ field for a
guide width of 10 microns for the lst and 2nd lateral modes
reaspactively. The y axis coincides with the center of the

channel.

Pig. 5.8(a),(b) and (c) show the EY fields for a
guide vidth of 20 mnicrons for the lst, 3rd and 4th lateral

acdes regspectively.

The followiag field paramsters were employed for
all plots:
aspect ratio: width/depth = 2, n, = 1.522, By 45 " 1.512,
n, = 1.0, A « 0.6328 u. °

Experimaental Chanmel CGides . -

Chasmnel guides have been fabricated in Agle salt
uelte, smploying alunisun mnssks patteraned by eithar the 1if¢c~
off or etchiag techaique. A mask comsisting of 5, 10, 20 and
30 nicron chanssels wae used in the photelithegraphic process to

study the effects of chanansl widthy eax light prepagatien.

.4 Ssbetrate Pyapaisgies |

" The seda-lime glaes substrstes sust be purfestly clsamed,

%

»
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since the channel guides cannot tolerate any foreign particles
which would be detrimental to wave guidance. The procedures
outlined in Chapter 4 were applied to channel guide fabri-
cation. It is recommended that the entire fabrication

process be completed in the same day to sustain cleanliness

and ease of mask preparation.
5.5 A i king Procedures

Osnce the substrate was thoroughly cleaned, aluminua
chaznals vere patterned om the surface of the sudbstrate esither
by etchiang the metal seurface or usiang s method described as ths
11fe-oft :oehtqng. Simce tha ion exchaangs process 1is primas-
tily & diffusien mechanisa, the alunizus mask will preveat
anelha: ia the desirsd ares, creatiag esbeddad channel wvave-
guides’. Beth natheds of n,auut rzequire patteraiag of s photo-
resist layer, with Shipley As-1350) positive phetoresist.
Pesitive resist implies that the ares sxpesed te an sltzaviolet

lamp {is remeved by dovelepueant.

5.5

[ o

This vas ths asthed seed t» depesit s layer of phe-
toreetst, roquired for Bboth Al mashing spenstivss. The duet
partizlies en the substrats vowrs reneved with & epuay of B, 8o,

B

o s g i

el g
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then the substrate was placed on the vacuum chuck of the

spinner. The spin velocity was adjusted to 3000 RPM with

quick ramp acceleration. Vacuum was applied to the chuck and

¥

L
F
.
X
E
M

the required amount of finely~filtered resist was applied,

depandent on substrate size and shapas. %

The spin motor was switched on with the timing

sechanism set to 30 seconds. After the spin process, the pho~

torasist was prebaked in am oven set st 8o%c for approximately

T s artiut, G ity

20 minutes. Once baked, the substrate was allowed to cool for )

s few minutes.

NS bt 1

3.3.2 Rxposure

Ia oxder to expose the photoresist film on the
substrata surface, & precision sask sligner, with s well-colli-
asted UV source was used. Using a mask made from chrome or a
photo emulsion layer, the UV light wvas restricted to specific
araas of the substrate surface. If sn etching process is to
be employed, a 45Tk mask is r:qs;r-d {e; clear channels sur-
reunded by chrome, amd for 1lift-off, the inverse mask 1is
aecessary. Io form chasnels in cthe resist layer, the mask
was aligmed on the substrate and pressed to the substrate
suzfsce, ssployiag light pressure provided by the vacuma stage

on the mask sligner. The substrate wis exposed to the UV
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source (which had been preheated for at least 10 minutes) far

X

the desired exposure time depending on the masking method.

5-5.3 Deyelopment

Two developer solutions were employed: a 1:1 ratio
of developer and defonizaed (DI) water and a pure solution of
developer. The exposed substrate was immediately immersed in
the former solution for approximately 30 seconds. Any remain-
ing photoresist in areas expaected to be free of resist was
carefully examined. It was then redeveloped in pure developer
for a fev seconds, cleaned with DI water and re-checked for
fineness of pattern using a microscope. The photoresist layer

~—
vas redeveloped for short pariods in pure developor:\ﬁitfﬁ

{
desired pattern accuracy was achieved.

5.5.4 Aluminum Film Deposition

The aluminum film can be applied to the substratae
either by ion~gun deposition or evaporation. The latter tech-
vique vas employed for the ion-exchanged channel guides. A
vacuua pumping stationm with f:iiliticl for tungsten c011_£11:~
ing was used for the evaporation process. A tungsten coil

was placed between the two heater terminals and two small hooks

of Al wire, (half-inch) preclesned in methanol, were hung on




the coil. The bell jar was positioned over the apparatus con-
taining the cleaned glass substrates and s rough vacuum wvas
generated within, with the aid of the mechanical pump. Once

s pressure of about 10_2 torr vas attained, the vacuum source
vas svitched over to the foreline circuic, to start fine pump-
ing with the diffusion pump until a pressure of the order of
10-6 torr was achieved. With the shutter in place (protect-
ing tha substrate), the tungsten coil gas slowly heated,
keeping the hesater current low, aince the nelting point of alu-
minum 1is only 660°C. The heater current was slowvly incressed
until the Al hooks began to melt, then the shutterswas opened
and the current was maintained until the desired thicknass was
achieved. The shutter was then closed and the hester current
svitched off, vhile the £fils was allowved to oxidize for a few
moments, before atmospheric pressurs vaes restored to the bell

jar.

5.5.5 The Etching Process

The etching process requires that san Al film, free
of pin holes and other defects, be applied to the gsubstrate
first. A layer of photoresist =must be spis costed o= the alu-
migus then developed for 6-]7 seconds. Afcer development, the
aluninum film {s protected freom the i:chu& except in the

chaanel area, vhich {s fres from resist.

/137
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An etchant was prepared using the following ractio

8 (DI water) ; 2 (nietric acid)

36 (82P06) H

The substrate was immersed in the etchant and the etching pro-
cess was observed. The etching time depended on the thickness
of the Al film and {ts age. In view oj this, continual moni-
toring of the substrate with the aid of a microscope was 1mp;—
rative to avoid undercutting. The cross-sectional geometry of

a substrate prepared via etching is as {llustrated in Fig. 5.9,

5.5.6 The Lift-of f Process

- . - e -

In the case of 1lift—-off, the photolithography pre-
ceeds the Al film deposition. As before, a layer of photo-

resist was spincoated on the substrate, and vas exposed for

10-12 seconds, a longer exposure in this case, since there wvas J
0o reflective layer of aluminum. Once developed, the aluminua
film could then be evaporated opto the substrate. After evapo-

ration, the substrate vas immersed in a bath of cold acetone

for 10-15 minutes. The acetomne would attack the photoresist ]

underneath the film and cause the aluminum on top of it to

"1ift-off".




(a) Three Layer Structure

[ T T
TSSO SNISINISIINNNN

(b) After Exposure & Development

770 T7 7771

(c) After Etching

Figure 5.9 Stages of Aluminum Masking (Etching)

Figure S.10 Stages of Alusfnum Masking (Liftoff)
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(a) After Aluminum Deposition
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(b) After Liftoff
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Aluminum Channel Mask

Figure 5.11
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5.6 Ion-Exchange

Once the desired waveguide pattern was scribed
in the aluminum film, (also termed window-opening in semi-
conductor terminology) the substrate was ready to be exchan-
ged. Several substrates wvere prepared for exchange in A;l03

and KIO3 salt baths under conditions for single-mode (in

depth) guidance.

Experimental Conditions

- KN0, Exchange

3
Temperature: 400°c Time: 55 minutes

-

Syachrosous angle for
depth mode excitation: 7.6903°

- Dilute Agloa - lalo3 Exchange (-'I-‘ - 0.001)
Tempersature: 315°%¢ Tine: 2 minutes

S$yachronous angls for
depth mode cxcitntion} 7.5125°

After the exchangs. process, the substratss vere
reneved from the fursace asnd ware asllowed te coel down to

TOON CEBPEraLETe.

Befors attesptiag te measure ths prepagaties cha~-
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racteristics of the fon—-exchanged channel guides, the aluminuam
mask on the surface of the substrate must be removed. This 1is
imperative, since a thin metal layer on top of a dielectric

waveguide is essentially a cladding layer, wvhich perturbs the

field.

A drop of photoresist at the input and ocutput loca-
tions of each channel was used to preserve ssall markings of
the channel locations after the rest of the mask wvas etched
avay. This greatly facilitatad the coupling procedure since

the channel decame invisible to the naked eye after the mask

vas etched completely from the substrate surface.

5.7 Experimental Setup sud Mesesurements

The schame for Illlut%n. the modal propagation con-
stants for the A;+ and K*'ion sxchanged channel waveguides was
essentially the same as what was described for sladb waveguide
messurement in Chapter 2. The only additional aqnipncnt/gsod

was a goniometer for the exitation of the lateral modes.

As can be verified in the photographs oa the follow-
ing pages, the M-lins structure for channel guides is signifi-
cantly more complex tham for slad intdnl. Corressponding to

ssch M-1line in depth, there is a droken M-lime representiag

A}

T e e el e B Tt s b R et ey < e

N
e W 00w obalged © R S,
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the intnul modes, with a number of dark and bright spots de-

pendent on the channsl width.

Yollowing Marcatili's (2) nomenclature, the p para-
mater repreasents the sumber of depth modes. In reference to
71g5.5.12 the angle v deternines wvhich q mode is excited while

the sngle ¥ determines which p mode 1is excited.

The dimeansions of the channel guide (depeadesnt on
the melt time aad temperature) dictate the asgular spaciang of
the transversae li-lines. It vas rcli:ivcly 'unplc to excite -
depth modes im the chsanels omce the prisms were properly
pesitioned, but excitation of separats tramsverse N-limes was
nearly imposeidble. HNaviag uo imteansity detector fci cha out~-
put spots nade it difficult te resolve which lateral modes ia
the group wvas the mest intenss for a givem amgle of ». It
was as 1if sevaral latersl modes wers thig\ excited simultane~-

ously fer ome specific smgle of ¥. 8See Figs. 5.13 3.14.

Ia erder to estimats the numbar of lateral medes
exneited for givea experimsatasl parsmster, equatien 3.24 cas

ba emplovyad:

’- 1.;:4.“!‘1'- . J _(3.24)

/14:
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M line Photos for Ag!l03 Channel Guides /145
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M 1ine Photos for Kil03 Channel Guides

30,. channel E>, wode
(central naximum blocked)

Figure 5.14

30,. channel
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CHAPTER VI

CONCLUSION AND DISCUSSION

PR R

This thesis has generated a complete character-
’
ization of slab waveguides formed by ion exchange in AgN03

and KNO3 molten salts. Although AgN03 slab guides have been
previously characterized by other researchers, it is the :

author's understanding that I(NO3 slab guides have not yet been

N

fully characterized to this extent. The theoretical analysis
involved the generation of dispersion curves based on a

Gaussian index profile, (found to be the closest approximation

to KNO, refractive index profiles within the author's efforts),

3

employing both the WKB and staircase approximation. Numerous
refractive index profiles for various KN03 slab guides were

also constructed from the experimentally measured modal index

values.

The fabrication procedures for AgN03 and KN03 slab
guides have been outlined, and the use of a vertical furnace,
with an additional thermocouple to momitor the melt temperature
results in & repeatable manufacturing process. However, due
to limitations in the measurement procedure, it is difficult
to determine exactly hov repeatable the experimental trials
are. More precise mesasursments of the mode indices could be

obtained dy employing a simple photo-detector and slit assem-




/148

bly to determine the position of maximum intensity of a par-

ticular M~line, Tather than rTelying on the naked evs.

It was observed that by diluting the A.l03 melt
with ‘1.03, the surface index of the resulting waveguide could
be 5-ducnd, as well as the waveguide depth. It has also been
reported (13) that slab guides formed from diluted AgNO, tend

to be more stable than their pure counterparts.

xnoa ioun exchanged guides, which hsve been charsc-
terized in Sectiomn 4.10 of this thesis, are less costly to
produce, and hence would appesr to bde better candidates for am
optical device manufacturing process. Because the melt temper-—
ature required for Kl03 exchange is nnch‘highor than that of
A;loa axchange, and the exchange time for a single mode guide
in :!03 is loanger thaa that for the same guide in A;loz, the
maaufacturing tolerances for llo3 cxchnalo’arc considerably
relsxed, wvhean compared to A.lﬂs exchange requirements. This
factor can be employed to the designer's advantage; the effect-
ive refractive iadex of the substrate cas be selectively ad-
justed, with easse, to mest the requiremants of a specific de-
vice, a8 could be the case im adjustiag the refractive index

of the cowpling regioa iz s dizectioss]l coupler.

Deviees fabricatios ia iategrated eptics requires

-

T et e g
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light guiding structures in the form of dielectric channel
waveguides. Theoretical calculations were performed to de-
termine the propagation characteristics of this channel struc-
ture based on Marcatili's analysis (2) and the effective index
method (24). Since both of these methods assume a2 homogeneous
guiding rcgion; some improvements could be realized by taking
into account the inhomogeneous nature of ion exchanged guides.
(More exact calculations are theoretically lpeaking,‘moasible
by inc?m‘&nt the effects of lateral or transverse diffusion,
as vcli‘as inhomogeniety in depth). However, it is difficult
to eati-a;: how much more accuracy can be obtained. For exper-
imental pruposes, the effective index method yields reasonably
good results for verification of measured data.

»

In regard to the experimental trials in general,
the calibration trials could have led to more precise results
if glass substrates of well known composition and refractive
index vere employed, rather than using common microscope
slides (soda-lime glass). Nevertheless, the calibration
tesults produced from the slab trials were of sufficient
benefit in the manufacture of single mode channel guides

and KNO,.

in AghO 3 3

30 dilute AgNO

~

The photolithographic laboratory was vastly im-
provod\(a a result of the installation of a new photoresist
\\7"/”'-\

N e A R
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spinner, mask aligner and a dust-free, temperature controlled
environment. These factors enabled a resolution 1n the micron
range; an order of magnitude smaller than was possible with

the previous equipment. New techniques, such as immersing

the photoresist coated substrate in chlorobenzene before devel-
opment enabled well defined edges 1in the photoresist windows,
resulting in a more sharply patterned aluminum mask following

the etching process.

Concerning the measurements of the maxima of the
M-line patterns for channel guides, a major proGIem prevented
us from recording data; experimental measurements of the late-
ral M-lines were inhibited due to the absence of the photo-

detector set-up, so theoretical results could not be checked

with measured modal indices.

As a further project, the properties of the ther-
mooptic effect in glass could be studied,(41) to gain insight

into its relationship with KNO, fion exchanged guides. By

3
supplying an extermnal voltage to small heaters positioned
over the channels and separation region of the device, the
resulting localized increase in temperature changes the
refractive inde% and thereby alters the coupling character-
istics. The use of a dc signal enables the device to operate

as a switch vhile an ac signal results in a low-frequency

modulafor.




1951

It is hoped that the previous suggestione for
possible improvements in the fabricaticon and mesasurement
techniques, as wvell as the considerations for future work
vil]l] generate continuing studies in the use of the {on-
exchange technique for device ressarch and applications in

integrated optical circuicts
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APPENDIX A

- A e TS - - - - - -

Firs® define the flux of a diffusing species

as [31]

3C

F(x) = - D=— + 4EC (A.1)
Ix
vhere F. the aumber of species passing through

a unit ares inp a given time

-2
,D: diffusion = :—T- L e D e o /T [8]
[+ ]
q charge
u sobilicy
C: comcentration of d1iffusant
4 applied electric field
!.: sctivation energy
DO: diffusivity comstant

Next, consider the transport squation which is

the increase in demsity of material per unit area per unit time,

equivalent to Pin - 'out' [31]
al
Ax—a-t- - FP(x) - P(x + &x) (A.2)

C: sverage concentration in element.

As Ax - o , thena (1) € & C(x)

(2) F(x) - IF(zx + 4x) -

iAx

wis
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9C aF
Therefore s—t" - 3; (A.3)

(1-d transport equation)

Using equations (A.l1) and (A.2) we derive:

aC 3 C oC
It D —3 uB—a-!- (A.4)
3x o

Baglect the effects of the electric field, and vrite the one

disensional diffusion equation as:

2

3C 8 C

S-E- - D ——7 (A-S)
X

vhen D is comncentratiom dependent, we rewrite (A-5) as

follows:

%% - %; (o ;;J (A.6)

of the_istexrdiffusion coefficient [2;]

- - - ———— ——

Definme the electrical fluxz as:

(?

) -en

ile1 Sl

where ¢: glactric potemtial

C: comcentration

z2: slectrochemical valencs
u: electrochemical mebility

D.F
a,: —iﬁ (with R: gas comstaat, Di diffusion coefficient)

/153
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Define the thermal flux as: (F.) « -D,VC,
i i i
th
and the net flux as: F. = (F.) + (r.) (A.8)
i i i
th el
= - Dp.(vC +zc.——ivo)
i i i i RT

vhere F: Faraday's coanstant

Particle diffusion sssumes the following:

2. C + 2.C = Const (electroneutrality) (A.9)

g r + 27 = 0 (no electric current)

Ve can eliminate the slectric potemtial inm (A.8) by using

(A.9)
- 2= 2= 7
f D% {5, + 5 ve /' (a.10)
==  ¥= - A ¢ A.
cC.D_+ 2 _CD
522" 3°3">
oC

ad

Conbine (A.10) with PFick's 2 law (# - -ver) 31 and

rederive A.$

QC‘ aC

T o By ) (a-11)




APPENDIX B

COMPUTER SOFTWARE GEMERATED FOR THE VARIOUS DISPERSION
CURVE CALCULATIONS

- o o o an -

For the homogeneous or step index, the follow-

ing sequation was programmed:

V e [.. + tanddh/l-h + tan ! Jb + a/l-b ]/ Jl-b (3.1)

and solution for V was obtained by varying the wmode nusmber

s, in am quter loop and incrementing b im an immer loop.

As Laput to the prograa, the necsesssary data
includes, the nsumber of modes to be solved, the stsp size
for imcreseanting b, and the sssysmetry sesssure for a homo-
genecus vaveguide as well as the radius of comvergence for

the root search portion of the slgorithm.

Because the experimantal data for the i1ion
sxchanged wvaveguides did not correlate with the theoretical,
hoscgensous dats, Che homsogsnecus modelling scheme was adan~

doned. The following amslysis is preseated for tutorial pur-
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T bty

poses, as vell as an example of hov to obtain a single film

index, B, from an inhomogeneocous waveguide.

Essentially, equation B.]1 1is rearranged in
the following manner, in the quest of a root withia the re-

quired radius of convergence:

2

cft)

-1 2 2 2 -1 2 2 2
tan %‘ofﬁ - l.)l(uf - l.")+ tan J('Cff - nb)l(uf - N

2 2
+ mr - eJ:t - W) dk = 0 (3.2)

d: guida thickneas k: UVree space propagatios
constant

Ouce & serc has been located, the correspoanding
b value 1s scored (simce it coantains ianformatiom om uf) sad ‘
the mode nusber is imcrsmented. The desired value for the
caifors filam isdex approximation 1is the average value of the
s fils indices. A flow chart outlining the softwsre is coan-

tained in Figere B.2 (tol = 107%)

Graded_Isdex Celculatiens

To plet imhomegenesns or graded isdex disper~
sios curves, the sethod outlised by Necker [21]. empleying the
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WKB approximation was applied. The equation to be prograsmed

in this case is:

a
t 1/2 -
v f [n(u) - b] da « (m + 1/4)% + tan x*b + a)/1-b
o

(38.3)

a(a): diffusion profile 8: ASyBmetry
b: gormslised guide iandesx m: mode index
v: uormslised frequency s _: turniang poimt

t

The logic oé the programs proceeds as follows:
solve for ., by using the fact that n(ut) e b, for each incre-
ment of b. HNext solve the VKB iatagral expressioan and fimally
solve for v ia equatiom (3.3). All that 1is required on fiaput
13 s fusction describing tha diffusion profile, the sumber of
sodes to be solvad for and the iscremeat valus for b. A flow

chart dascribing this procedsre ie included in TFigure 3.).

To correlate theory and experimental data,
the measursd experinesntal seds ipdices were sorsalised via
equatioans (3.40, 3.41) ané then lecated on the usiversal die-
persiosr chart. As mentiesed ia chapter 3, s mors refised
value of L (Batdrich & White nethod) vas calculated to yield
s comparisos between ths theoretical and experimental die-

persiea curves.
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The 1MSL routine DCADRE relies on Rhomberg

SO e 3, MGt

integration techniques to solve the WKB integral. Rhombderg
integration is based on the use of the traposoidal rule com-
bined with Richardson extrapolation. The trapezoidal rule

estinstes of the integral are denoted as: [37]

-2 .

T Ax [f(n) + £(b) + 2 ¢ f(a + ij)] (B.4)
2 z ’.1

a,b: 1imterval of fiategration, Ax = (b-a)/ :k-l

t - 251 _

Note that the extrapolatios 1is carried out

accordiag to:
t-1 t-1 I -
tth - ) 1/(s - 1) {6 tl-l. x+1, tl-l.k] (.5)

BEquation 5.4 and 3.5 caa be combined and the reswults placed

im tadular form as im Table B.1.




Increseingly accurate
trapasoidal rule valuas

/159

1-1. t

@
.

L,1
1-1,2 sccurats
Rhomberg result.

Toor Topep T3 geg soeoeeeee T

Isble 3-)

Couvergesce criteriom: rhl - tt—l.l < € (3.6)

LI

For a more detailed amslysis, comnsult "Nussrical Methods”

by R. Normbeck 7]

5.4
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Homogenecus Dispersion

Curve flow chart.
Figure 8.1

Fiim Index Approximation
Flow Chart.

Figure B.2
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Graded Index Dispersion
Curve Flow Chart Figure 8.3
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APPENDIX C

1. DERIVATIORN OF THR NORMALIZED DE EQUATION FOR

THRE PROFILINGC ROUTINE

In order to derive equation (3.29), expand equation (3.26)

as follows:

M T,
13
k=] [ ({n(;)-n-}-{n(;) + n-})i dz (C.1)

k-1

Now use expression (3.28) to derive

2
M y - O -1 * % -
r [ (a(3) - o) —= 1 4z (c.2)

. { +a <+ 2n zk n - a - -
T J-n—k:.;__% — a + _L:.]‘___.E '(zk-z) - n dz
kel koo o-z
: k k-1
k-1 (C.3)

= Wt oo M . WL

a

b ot b B A SR

S



Let & = ao, - n_, b = k-1 k
k = » =
b S Y |
and consider a + b (;k - z) = x
- b dz = dx
dz e=1/b dx

Using the above change in variables, equatioan (C.3) can be

written as:

- 1/b J.J;.dx - %% x 372

-2 - - 3/2
- Ty [l + b(:k - zk)] -

- 2 - = 3/2 3/2
3% ( [ a + b (zk zk-l) ] - a ) (C.4)

Now substitute for a and b in equation (C.4):
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Now substitute for a and b in equation (C.4):

M Jnk+n1_1+2n‘
I
2
1

k=
- - _ 3/2 /2
I B S S WL I )

3 Gy - ™) R R i O ™
z z
K k-1

bm - 1]

— (C.5)

By simplifying and breaking (C.5) into the m1 and nth term, we write

3/2 3/2 3n_+m 1/2

M~1 1/2 - -
: (“x*“ A B S S I R K
k=1 2 1%
3/2 3/2
x (n-_l-n-) - (n-n.) (; -z ) - ;‘-—-l (C.6)
———— ———e m w1 8
n-—l“l n-l-n-

Rearrange the asbove expression to get the final expression for ;-;

-1/2

- n -1/2 M-1 1/2
z -% ——!5—';1 x (_,-8)) x |4l _2 I (“\;"“1;-1+2“-)
8 3 k=1 2
- - 3/2 3/2 _
x ::ft;i [(anfn-) - (o, ) ] +z .
1
m=2,3, 64, ...M €.7
-1/2 -1/2
+

vith 2, = 9/16 (o) . (2 ) (c.8)

2
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APPEND I X )

ryy

JISPERBSION CURVES BY THE STE APPROXIMAT ION =ETHOD

Jiscussliop

As 2utlined 1z Chaprter } the st ep approxima-
tion method mode.s an .nhomogeneous siab waveguide bv dividing
1l 1ot0 as SADYy homogenecus .aVers necesssary Tc achieve the
desi1Ted accuracy The method 1s based on 1dentifying the fieids
quantiflas 10 each layer and matching the E and # fields at thae
boundarias so as to comply with the condition of comntinuity of

the tangential fields

In order to have the problem stated 1n s manner
couvenient for computer manipulation, the matrix form of the

dispersion equation is adopted:

I'x - 0 (D.1)
coefficient matrix x: field amplitude vector

The disparsion equation in matrix form is expressad as follows:

The gsize of the coefficient matrix is directly proportional to

the pumber of layers initially assumed. Because the number of

[

SR s



K

operations (o be pgrformed >+ 'nhe .omputer :s dependent on the
order of the matrix, :! 1s 1mportant to choose the number of
.avers that wvil! accuratelvy mode., the profile, vet keep the
number of operations managesble As evident from the results
presented 1n Chapter 3, five steps asppear to vield reasonable

sccuracy while alloving ease of computation
F

o — - —

The program can be broken into three main sec-
tions The first section defines the necessary transverse pro-
grati1on coustants, dependent on the value of 8 chosen. This
calculation is done in the main program. The coefficient
matrix is loaded, element by element in a subroutine entitled
matrix. The root-searching portion of the program stores both
the matrix subroutine and a determinant finding routine. The
task flow is then:

(1) define transverse propagation constants
(2) formulate coefficient matrix

(3) find determinant of the matrix

(4) repeat (2) & (3) until a root is located
(5) change B and start at step (1)

Refer to flowchart D.1 for detailed logic.



Before the program cac be runm, 1t 13 nNecessarv
tc perform a detailed, five step quantization as outlined 1o
Chapter 3 The resulting 1nformation on normalized guide
indices and Cransverse bourndary locations 18 used as 10put

data to the programs
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APPENDIX E

Explanation of the "Newton Rings"’ Interference Pattern

for location of a zero reference point

We use the Nevton Rings in our laser measurement
apparatus to locate the zero reference point of the prism 1in

a precise manner. First comsider the classic experiment with

the lens and mirror;

Incident light passes through the

’ lens, strikes the mirror and upon

<>§\__ 4/,,?;7 reflection, it interferes either

constructively a destructively with

the incident light, depending on the phase shift incurfed.
Because the lens possesses a certain curvature, the path length
of the reflected light varies and hence a ring pattern of

dark and light fringes results.

We use this same interference phenomenon to pre-
cisely align one face of the prism such that {t 1is perpendicular

to the incident laser light. Consider the following diagram:

»
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LASER MEASUREMENT APPARATUS

— r
laser > < !_,>
L— :X prisa
N (S lens
A\ two caths of light:
N\ (1)—i::;;;7 (1) >
) V4
screen P o

In this situation, since the vavelength of tha
HeMe laser is small, the prism (now acting as the mirror 1in

the simple experiment) can be situated far from the lens while

preserving the desired interference pattern. When the prism

e %

is aligned perpendicular to the incident laser light, wve ob-
served the ring interference pattern on the screen and are
assured of an exact zero reference point. The photograph

below 1illustrates the ggﬁpltinz ring pattern;

A

& 2

—
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APPENDIX F

DILUTE MELT PREPARATION (Ag-MNa SYSTEM)

Various diluted Ag+ melts vere prepsred to in-
vestigate the effect of Ag+ concentration on vaveguides made 2
by ion~exchange. As in Stevart & Laybourn (13), four melt-
mode ratios were considered, and the melt preparation proceeded

L

as follows:
capacity of boat: 22 grass lalOs

n : mole fraction of sodium

n : mole fraction of silver

b

To prepare s melt-mole ratio of -B/-A - 0.001,
first calculate the number of moles of sodium, assuming a

22 gram base.

- 1 (mole, _
# moles lallo3 22(g) ' 11 (;;:;) 0.259
fmoles of NaNO
n, = 3
A tot. # of moles of all components .
therefore )

f moles of AgROa
aBInA -

# moles of laROa

M "\‘T\w
0.001 = # moles AzNO3

0.259
required weight of AgNO, in grams: 0.044 g

v,
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