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Abstract

PlanaI. and channel optical waveguides fabricated hy field·assisted J\'- - .YCI- ion

l'xchanJ?;(' in soda-lillll' J?;lass an' st lIdied. .-\n opt kal chamct l'riza t ion of plana r smfal"l'

J?;uides for a givl'n set of fabricmion cunditions has bl'en perforJlwd to d"tl'rtnillt' tl\('

refmctive index profile, Parallel to this. the ion-l'xchange diffusion pn)('ess has ;)('('n

lIlodelh'd nunH!ricall~' to predict the concentration profil" of thes(' wm·egnides. Din'ct

1Il('asureltlelll.S of the profiles using electron microprobe analysis has heen carril'd OUI..

TI\(' resnlts of the characterization 'l'l'I.e used in tl\(' design and fabrication of

a no\'('! \'erticall~' integrated optical directional conpler, This dl'\·iœ. "oltlposed of

single-Itlod(' surface and hnried ion-exchanged waveguides. allows for the optical fiber

"oupling t.o the bnried guide and efficient power transfer 1.0 the surface guide. where

the light can he detected b~' a modelled GaAs photodetector. An improved vl'rsion

of tlll' de\'ic(' nsing a spnttered .'1/20 3 surfaee guide allows for edge coupling to the

detector. Calculations of the GaAs absorption coefficient show an optimum behavior

for a given thickness of .-1120:1,

An illlplidt finite-difference vectOl' bealtl propagation method (FD-VBP~I). that

'l'as improved to accoum for graded-index profiles. has heen deve10ped and used in

tht, design of hoth c1irectiollal-coupler structures. Finally. a three-dimellsional FD­

\ 'BP~I algoritlull 'l'as implemellted for the charmel-guide wrsion of the illlproved

coupler.
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Résumé

La fabrication dt' ~\1id(ls optiqUt'~: plawâlT's Pt l'Hnait's par \lll t·'l'hau!-!.p d'ions

potassium-sodiulll assisti' d'uu ehallll' i·leetri'lut· daus uu suhstral dt, \"l'ITI' soda­

('aldqlll' {'st (·'fudit·,t,. ()n il pffpct1l4', 11IH' ('HlïU'h"l'isalilHI ('Xlu"rillll'Illilit' dt·... ~1I1t1t· ... 111'­

tiques plallain's dans UlIl' W:l III Il It' dl' ('uliditiollS dt' fahricïlt iOIl pOlir dPtt'l'Iltlllt'l' h'

profile dïndice, Parallèlement. h' procès de diffusion par t'·ehauAI· dïons a t'"'' n"solu

nllluériqu"nll'nl pour pn;din' h' profil de t'Onl'enlration liP el'S Auilit" II'OUtl... i h"

IUPSUfPS clin·('tps des profiles Pli utilisant lin tllienHll1al~'s('llr il StHltit· (·it·('tnmicllll' tnlt

6te', faitps.

Les resultats dp la carat,t.i'risal iOIl Ollt (',ft' llt.iliSt's pnlll' Il' dt'si~1l pl Iii i'ahl'i('al iUlI

(l'un nouwau couplenr directionnel intl'gri' \"l'rticalement dans h' suhst.rat. CI'I ap­

pareil. composl; des guides d'onde monolllodes en surfaee 1'1 ensl!\'elis par l'édlal l AI'

(lïons, permet le coupla!;1' d'un fibn' optique au gnidt' enseveli el h' trllnsft'r Il'ener/lil'

au guide surfal't', ou l'ondl' l'sI dl'tect'· par un phowde',ecl.l·ur mudN de GuA., (ar­

senide de Aa\liutn), '.in version alllelior,! de cel. appareil. fahritll"" d'uu /luitle surfaet'

dl' .·H~(l:l (uxidt' d'alullliuulll) perml'I II' couphl/l" i, hord par 1.. dete('tl·ur. Des t'akuls

d.. III coefficient d'ahsorptiuu de Ga.-\s um a démontré, 11111' conduitt· uptimalt· ponr

111\<' épaisseur specifique de .-\120:\,

Cn "l'l'sion implicite de la méthode FD-VBPM (·Finit.. Dillerenc.. VI·CI.oI' Bmlln

Propagation ;\lethod'), qui a 61.1', amelior!'''' pOlir des profiles r1ïndiees ramp,!s, a ,\1....

th\velopp"· ..1 IItilisé pour le design d.. dellx structllres dt· collphl/lt' direct.ionnel. Fi­

nalement. lin version en trois dimensions dt· la FD-VBP"I a ... 1.... elllploy'" p01l1' 1..

version amelioré de l'appareil compusé de guide canal.
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Definition of Greek Symbols

o complement of the mobility ratio, 1 - 1'/\ l/lsu
(ll.~ EPMA holder tilt anl!les
0, at.lenuation constant of phowd"tector
nI' prisrll allglp
0, TBC n'iaxal ion paralneter
(ln TRT p\"Hllescellt wa\"PlltllUber

li propagation constant
8' complex propagation constant
,'j' l'l'al part of ,l'
J' imaginar~' part of ,r
13", l'l'al quantit.y used in Von Neumann analysis
", complex quantit~' used in \'on Neumann anal~'sis

',. parameter in S(x,1/)
r right-hand side l'unction in Rh: method
fi de,'iation
~x step size in :r
~y stcp size in 1/

~= step size in =
~t step size in t
( dielectric constant
ô Modilied Fermi parameter
ôn permittivity of l'rel' space
( TBC parameter
IllY liber·guidl' mode matching eflicienc~'

Il,,,,,, maximum power transfer
Il,, end-lire coupling eflidency into detector
fi bevel angle
fi; sunchronous angle
,\ wavelength
1'/\ mobility of l\'. ions
IlNo mobilit~, of Na+ ions
Il,, permeability of free space
Iml micrometer
~ normalized depth used in Rh: method
" local space charge density
<lJ1.~ phase shifts at interfaces
<1J lield component in Rh: met,hod
:\: parameters in phase shif!
lit Fresnellield componellt
W llngularfrequency

v
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A
"(,
.-lIL
B
B~./
e,,·

Cil

('11/

Cf,)
Cl:,)
ri
dpi.
d!iuh

D"
DI{
DXrl

D~

D"
('

Ë
fi
Ë,
Ëi

Ëu
-T

Eu
.f
F
F.
F.
9
G
h
h,
hl{
Hl-F(=)

Definition of Alphabetic Symbols
~llldifil'd FerJlli fittiul' paraUll'tl'r
arhitrar~' amplitudl'
amplittldl' of l'\'l'U JlIodp
amplittldl' llf ",Id JlIodp
internJ('diau' Fn'suel diffpl'l'm ialopl'ratlll'
2-D aud 3-D BP~I uuull'ril'alopl'rator
3-D BP~l uUJllerkal opera toI'

intermediate Fresuel cross-l'oupliUA operator
:1-0 BP~I tIllJlll'ril'al 0l,,'rator
('Ollct'utratioll ur /\"- iOIl~

l'OUl'l'llt.ratiou of S ,,- iou,
concentration of .\"(1'" ions prior t'.~ t'xchallgp
('pntinwtpr
3-D BP;\I uumerkal Opel'iltor
related 3-D BP;\1 uUJlIerkal operator
effective guidp dept.h
probing depth iu EP;\I.-\
substrat!' t.hickuess
effl'ct.in' diffusion col'ffici,'nt
self-diffusion coefficient of 1\'+ ions
sclf-diffusion coefficient. of N ,,+ ions
t.hin-fihn t.hickuess
GCI.-1S det.ector t.hickuess
elemcntary charge
time dependent. \'Cctor of elect.ric field

t.ime depeudent "cetol' of maguetil' field
t.otal d.c eleetric field

int.rinsk d.c elect.ril' field
applied d.e elpetrie field

total applied eleetric field
correlat.ion factor
field fUIII:tion of t,\\'o \'ariahles ill lU~-EI;\1

electroJlligrat.Ï\'p eoeffici(,tIl
Faraday's l'Ollstant
transformation funetion ln(l - ùc)
field function in Ri' method
hou!'
transverse parameter in guidinA regioll
fractioll of exchanged 1\+ jons at sllrface
Hanning windo\\' function
integer index along x
ion current density
digitized image data
diffracted intensity pattern

vi
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l,,
J (a 1

J
.in
'~'fI
.~,
1.­

kl.~.:l..l

ka
ko

li.r
kr •.y

kXI
/\'(1

A",HlIJ

!\'!UlTf
Id
1
1,
L
Le
Ld

LUIt

Lp,

LI
LEe
mm

m

mTBC

mm
M.MI
n(:I:, 1/.;;)

Il,,.

1/1 (n:!)

IL"
llPt:fJl.·

n.
n.•
113

nm
N,NI
N,"

sampl(· illlensit~·

standard intensity
integer index along !I

ionic flux of K- ions
ionil' flux of ;\"a- ions
net ionic fi ux
integer index for t
parallleters in nUJllerieal RK Sehelll('
Boltzmann constant
wa\'e number in l'rel' spacp
Id 1(01 ratio
cOlllplex pl'Oapagation constants in TBC
TRT guided wa\'enumber
eDnstant depth min!'
atomic g"" eoncemration ratio in substrat!'
atomic K- concelltration ratio at surfac!'
maximum integer grid points in t
integer index along ;;
sampling displacement
Fresnel different:al operator
coupling length
screen distance for diffraction pattern
interaction lengtil
prism posi tions
maximum integer grid points in ;;
left boundary condition
minute
WKB integer mode number
geometrie parameter in TBC
millimeter
ma.'(imum integer grid points in x direction
refractive index
substrate refractive index
thiu-film index
prism index
value of ma.'(imum buried refractive index
reference refractive index
surface refractive index
GaAs detector index
nanometer
ma.'Cimum integer grid points in y direction
effective index {J/ ka
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'\"'nid

.Y (1 ... ub

l',
P"
PT
P(,r.!I )
Pl:)
Pol(:)
'b
r
l'",

S(J:, !II
f

T
7;':1
IL" (x)
('

l '
, ;J,;,
,r

X 111'a"

.1:,

..\max

:
Zmar
II"

Il'f
Ir
1;'1
Z.

t'n'Il l1lulit' t'tft't'1 i\"t' in<il'x

odd mod,' "!f,'l'! in' ind..x
atonli{' .\"u- (OOlH·entration ratio in sUbstra1t'

trans\'prst' paralJl<'tl'r in ail' reglon
nortllalizt'd pOn"t'1" in :-;Iah ·a·
tOlal po\\'..r
n,'ar-li..ld pl \\\'1'1' dist rihnl ion
mrrelation function
propagatillp; po\\'pr in dpu'ct.or
lransverse paraml'ler in hulk rl'p;ion
sll1lttt'rill~ ra1l'
nll'sh ratio ..lt/(..l,r)~

ratio of .-1(1 tu .-\,
inlh'x parallll'll'r ôHTOSS intl'rfa.... in FD·\'BP:-'I
S('('(JI1d

:!·D ETF prolih'
timl'
temperature
index parame1er across illterfac.. in FD·\'BP:-'l
modal eigenfunction
sp!'!'d of the ions
mitage lewl
applied mltag,>
poU'lltial drop aeross salt melt
spatial \'ariab'" in thl' d,'pt.h dire"l ion
location of huried !\uid.. index mlL'.:Înl\lln
tUTlling point in WKB method
computational \\'indo\\' size in .r direction
spatial variable in the width direction
computational \\'indow size in 11 direction
spatial \'ariabl!' in the lonp;iwdinal direction
eompntational \\'indo\\' siz!' in : direetion
weight mlup used in BPM
Gaussian mode lield width
mask opcnin!\ (\\'idth)
loeation of diH'racted int.ensit.y minimum
wave impedance in TRT
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2-D
3-D
ADJ
BPM
C.C,
CCO
OC
0,1.
ELO
DIP
EP~IA

ETF
FO
FFT
F\'-ADJ
GRI~

H,P,
H,\',
LBC
~IS1\1

POE
PSI
Q\'-ADJ
l'pm
RF
RK-Enl
STBC
TBC
TC-}
TC-2
TE
TM
TRT
D\'
\'BPM
VOC
WOM
WOS
WKB
ZAF

Definition of Acronyms

t.\\'o-dimensiollal
t.hree-dimensional
alt.ernating direct.ion illlplicit
beam propagation method
l'olcl cathoclp
dmrgl'-eouplccl clP\'jl'P
clirect. current
clp-ionized
epit.axial lifr.off
elect.ron lIIicl'Oproht'
electron probe lIIicroanal,\'sis
(!ffectiw transfer funclion
finite differenC<'
fast Fourier transform
full-vect.or ADI
graded-index
high purity
high vaccuum
left boundary condition
luetal-semiconductor-nlet.al
partial differential equation
pounds pel' square inch
quasi-vector ADJ
revolutions pel' minute
radio frequenc~'

Runga-Kut.ta effect.h'e index method
simplified TBC
t.ransparent. boundar~' condition
thermocouple pressnre gange in Foreline
thermoconple pressure gauge in Roughing
transverse electric
transverse lIIagnetic
transverse resonance technique
ultraviolet
vector BPM
vertical directional coupler
wavelength division multiplexing
wavelength dispersion spectroscopy
Wentzel-Kramers-Brillouin
Atomic number, absorption, f1uorescenc(~

ix
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Chapter 1

tntroduction

1.1 Fiber and integrated optics

Optic:al-libl'r communication systems have advanced quite rapidl~' in tht' past qnartl'r

œntury. ln 19iO. Corning Glass Works reported a major breakthrongh that rednced

optical-liber transmission loss 1.0 20 dB / km. Since then, research and development

(R. & D) into liber-optic components and systems has accelerated and comp1etel~'

changed the landscape of telecommunications. There has been a stead~' l'vo1ntion in

technology from e1ectronics 1.0 photonics as the demand for higher-speed \"CIice and

c1at.a communications intensilied. High-freqnency lightwaves from 1l<'\\·I~·-c1(,\·t'lolll'c1

laser sources began replacing lower frequency microwaves as information earriers.

Consequentl~., smaller-sized dielectric waveguides, such as glass optical libers with

improved losses of 0.2 dB / km, became very attractive. Today, liber-optic photouics

t.echnolog~· is prevalent as the backbone of the local and 10ng-distanCl' teJephonl'

industr~' in many countries, providing services that improves the standard of living

of its citizens.

Parallel 1.0 this pheno' nenal success, another photonics-based technology was ad­

vancing simultaneousl~' (without as much fanfare) that would complement optical

liber. Research and development into integrated optics, tirst. proposed by S.E. Miller

of Bell Laboratories, wOllld provide for compact active and passive devices integrated

011 a common substrate [1]. These optical circuits would act as signal-processing 1'11'-
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mellts for tht' optical signal cmanating l'rom thl' fil",!'. TIll' hllll" itlllai l'l'I'''''l'IlIall(''' tif

these de\'ices in high-speed modulation. switching. spliuinA and wi\\'I'Il'nAt h divisitlll

multi/demultiplexing (\YOM) would add great bCJ1('fits to optil'al l'Omlllnnil'at ions.

Various technologies have been emplo~'ed ta fabricatl' tlll' Wi\\'l'Auidl' st l'Ilet I\I't'S

t.hat form the basis of integrated optkal C!1'\'ÎCl'S [2J, SOllll' of thl'Sl' iul'iudl' tita­

nium indiffusion into lithium niobate (LiNb03 ) t.o makt' l'Il-ctro-opl il' dt'\·it·l'S alld

ion exchangl' in glass for passi\'(' dl'viees, In t.his t.hesis. Wl' will fOI'US tin thl' la 1Il'I'

fabrication technology.

1.2 Glass integrated optics by ion exchange

Glass is an excellent material as a planar substrate in whieh tu fahrkaw passi\'('

wavegllides [3J. Due to its compatibility with optical libers in matl'rial Pl'Opl'I·tit's.

Fresnel lasses l'an be minimized, leading eventllally ta lower insertion loss. lt is

also an inexpensive. physically stable material under a wide rangt' of pl'Oct!ssinJ!, and

operating conditions, More importantly. it is an ideal medinm for a simple diffusion

process known as ion exchange. This process is only one example of man~' proet!sses

used fur integrated opties in glass. For further details. the reader is asked to consnlt

other sources [2. 4],

The ion-exchange technique [5. 6J has received attention IL~ il. l'reales a hi~her rl'­

fractive index waveglliding region by replacing ions in the glass by t.hose of larg(!r size

or higher polarizability. The diffusion process is simple and t!llsil~' anwnahll' t.u m:o­

nomical batcb fabrication on a large scale. Purely thermal and electrk-field-IL~sistml

ion excbange l'rom a molten ionic bath have led ta the fabrication of multimode and

single-mode waveguide devices [6]. However, due ta the limitation in t.heir information

carrying capacity (bandwidtb), multimode opticnl libers und waveguide devices have

been gradually replaced by tbeir single-mode equivnlents. Hence, IltI ion-exchange

tecbnology bas been developed for tbis purpose.

Tbe K+ - Na+ ion-exchange process bas by far been the most used for single-

2
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mocil' de\'Ïce fabrication. This preferencl' is attribuwd ta IIHIr main fal'tlIr,,:

1. The smail refractive index change !ln, \\"ith a pure K NO" melt is hi!:hl~' ('0111­

patible with single-mode fibers.

2. Owing 1.0 its srnall diffusion coefficient. il is 11 re1ati\'('I~' slo'" and "ollll'Ollahlt,

process t.hat is important for good de\'ice reproducibility.

3. It has proven 1.0 provide lo\\" propagation losses [il l"'nlUS" /,'- juns du lIul

wduce to a metallic forrn in the glass which are the major cause of sl:atlering

and absorpt.ion centers [GI. This has occurred for l'url' A.gNO;, 1IIe11s. l'l'lIuirinl(

concentration control (dilution) of A.g+ ions in the mell..

-1. Unlike Ag+ - Na+ exchange, J{+·ion exchange needs no concentration conlrol

of the melt thus simplifying the fabrication process.

Yip and Albert [8, 9, 10] have reported an exhaustive study of purel~' thermal

/,,+ - Na+ exchange in soda-lime glass. Il. includes the determination of the refractive

index profile, measurement of the potassium diffusion coefficient and its temperaturI'

dependence. the surface index change, and birefringence. Sinee then. this character­

ization procedure \Vas repeated by another group 1.0 study J{+ - Na+ exchangl! in

BIG glass [111.

Although surface waveguides have been characterized using potassium, ther!'

Ims Illlen reeent inl.erest in fabricating graded-index planar buried waveguides [G].

There arc two main reasons for this: the first is that burying a surfae<! waveguide

l!onsiderably improves the index profile symmet~· so as 1..0 match that of an optical

fiber. The other is that lower propagation losses are attainable because the guided

wave does not interact with the surface irregularities which invariably contribute 1.0

losses via scattering. These guides are made by a two-step proceSSj the tirst being an

ion exchange that creates a surface guide. This is followed by a backdiffusion process

in NaNDa that replaces the Na+ ions removed in the tirst step. The characterization

3
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of snch \\'an~~nidt's is nect'ssar~' in tlll' desi~n and fahril'atilln 01" passin' dt'\'Îl't'S ''''1

efficient coupling \\'ith optical fibers tll minimize the insl'rtion loss.

The field-assisted ion-exchan~l' pracess is a \'alnahh' 'l'dlllolo!\~' 1"01' !\lass inlt'­

grated opties. It has been sho\\'n to ha\'l~ ach'anta~esO\'l'r the purl'I~' .:\Il'rma\ l'xdllln!\t.

for man~' reasons. Firstl~·. the application ofan t'h'l'trit' fil'Id atTOSS tht· snbsnalt' dm­

ing ion-exchange considerabl~' speeds up the diffnsion time IWl'ded III I"abrit'att· sin!\h'

and mnltimode \l'fl\'e~nides [12.13]. ln addition. th(' shapt· 01" till' indt·x profih' "an 1,,·

tailored [13]. Final1y, this process l'an be applied in tlll' fahrkatilln 01" dt·(·p. bnrÎ('d

\\'ll\'eguides \\'ith the electric field enhancing th(' hackdiffnsion prOI'l'SS II·I].

1.3 itybrid optoelectronics on glass

From 1970 to 1990, a lion's share of the R &: D effort in ~hL~S integral.t'd optks hlls

focused on passÏ\'e components. ln fact, these component.s art· Illl\\' mmlll('rdal1~'

ll\'ailable from companies that inc1ude Corning, lOT Schott. and l'ISG. EXllIIIJlles 01"

such passive components inc1ude 1 x IV branching de"ices [71. dirm:t.ional.conpler

power dividers [15J and wavelength demultiplexers [HiJ. Since 19911, adivl' fnnl't.ions

in glass waveguides have attracted considerable interest. These fnnct.ions consist. 01"

laser and amplifier action in rare-earth doped waveguides [17, 18J llnd light. detm:t.ion

in waveguides combined with semieonductors [19, 211J. Sndl adi\'(' l'omponl'nt.s l'IIn

he fabrieated on glass and LiNbOa by combining waveguides with overla~'llrs of semi­

conductor material in a hybrid structure. Earlier attempts inc1nde tllf! delllonstl'lll.ion

of a silicon (Si) photodetector coupied to a LiNb03 wavegnide hy pressing the df'­

tector against the guide [21J or by faceting the LiNb03 al. 45° 1.0 reflllCt. the Il;uidf!d

light onto the detector [22]. The techniques used in both these ClL~es rel(uirp.d carcful

mechanical alignmcnt and arc difficult to adapt to the smal1 detect.ors of interest. fol'

integrated optics [23]. More recently, research into integrating other semicondllctors

besides Si has been pursued. Examples of such efforts include the work of Yi-Yan

et al [19] on grafted GaAs mctal·semiconductor-metal (MSM) photodetectors IIsing
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epil.lL"dallifl.Off (ELa) aud int.egrated \\'ith iou-el'chauged glass \\"m·('~uid("s..-\bo. t Il<"

fabrication of p-i-u detecl.Ors usiug SiGe : H [20J and InGa.J.sf1Tl? on glass \\"a"eg­

uides have beeu reported [241. These results are of considerable int.erest becausl' the~'

have created a ne\\" application for ion-l'l'change technolog~' in thl' an'ua of h~'hrid

optoelectl'Onic int.egration [23].

Quite recently. two V.S. companies have begun usiug this hybrid integration.

united Photonics Technology. manufact.urers of LiNbO:1 intl'grat<'d-opl.k ('ompo­

nents, now offer a detector-on-chip option. which can supply a monitor voltagl' b~'

placing a detector directl~' on thl' waveguide surface [25]. This h~'brid approach is

ad\'llutageous because it shows hol\' each distinct device. best suited fol' 11 partÏt'ular

function. can be brought together on the same chip. Also. the Photonics Dh'ision of

Foster-Miller has developed fabrication techniques to transfer and bond thin epita.''l:ial

layers l'rom GaAs wafers onto substrates such as sapphire. glass and prefabricated

silicon circuits [26]. One partieular deviee is a GaAs optical modulator placed on a

Si substrate that marries the merits of GaAs optical devices with the maturit~· of Si

electronies.

1.4 Vertical Integration

Tu full~' exploit hybrid integration for glass integrated opties. one needs to consider

vert.ically integrated structures that would transfer the light signal l'rom the waveg­

uide to the detector located just. above it. The concept of vertical integration is well

known in the area of semiconductor optical devices [27J. However. for passive COlll­

ponents in glass, most of the research efforts have focused on lateral integration of

adjacent channel guides. ln particular for glass waveguides, only a handful of verti­

cally integrated structures are available. Sorne of these includc a live-layer coupler

composed of sputtered Corning 7059 thin-film slabs on Pyrex glass [28] and recently,

silicon-on·insulator waveguides on silicon [29]. When this thesis work was under­

taken. the goal \Vas to design and fabricatc passive waveguide structures made by ion
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l'l'chang!' to hl' used for efficient ('oupling l'rom an optkallihel' 1" a photu<lI'I'·'·101.

The work would focus on a ,"ertical directional coupler (,"OC) thut \\'oulù uUo\\' a

fiber-optic signal to be transferred l'rom a buried guid(' 10 a surfaI'(' guidl' \\'ilh a

high power transfer ratio. The coupling into th!' detectol' \\'ould 1)(' t.IH'kll·ù (lnl~' liS Il

theoretical design problem.

1.5 1'hesis organization

The content of this dissertation comprises the stud~' of both wuvegllide and d(·,'kl·

fabrication and characterization. The objceti\"l' of a planaI' \\'m'egnide chu1'lleteri.

zation is tu establish a correlation between the propagation c1UI\'l\(:lerislks und Ih,'

ion-l'l'change fabrication conditions. A systematic st.ud~' Ihal l'mails bolh mkw­

anal~'tical and optical characterizations is presented in Chapter 5 bused on ion­

el'change diffusion modeling and electromagnetic wave theory. Chupter 2 presents

the theory behind the ion-l'l'change equation whose solution is nsed 1.0 prediet the

dopant J(+ -ion concentration profile for given fabrication conditions. The wavegllide

fabrication and measurement procedures are outlined in detail in Chapt(!r 3. The

mudeling of the propagation characteristics hased on electrolllagnetic \\'ave t.h(!ur~' is

presented in Chapter 4. As for the device characterization, Chapter G presents the

planar vertical coupler made by field·assisted ion-exchanged siab wavegllides /lnd t.hl!

improved version, in both planar and channel-guide form, that comprises /1 bllried

guide and a dielectric surface guide is detailed in Chapter ï.

1.6 Claitn of originality

The original contributions of this work tu the advancement of planar glass waveguide

technology are summarized as follows:

• the detailed characterization of planar field-assisted K+ -ion exchange glass

waveguides including an improved model for the refractive index profile [30]
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• llll' fitud~' of tlll' diffusion and propagation propl·rtip~ of ~ingl('-mod(' ~urfal'('

and buried guidefi [31J

• the nm'el demonstration of a vertical directional coupler in glass madl' b~' field­

lL~fiisted ion-exchanged slab waveguides [32J

• the formulation of an improved t.wo-dimensional (2-D) finitl'-diHct'l'ncI' \'l'l'toI'

"eam propagat.ion method (FD-VBP}!) that aecollntfi for thl' I\radipnts of GRI:'i

waveguides [33J

• thl' design and fabrication of an impro\'ed vertical structure used for optimizt'd

edgc coupling to an embedded photodetector [34] in both planaI' and channel­

guide form

• the experimental and theoretical study of near-field waveguide profiles using a

eeD camera. frame grabber digitizer, and including ail convolution eH'ccts [35J
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Chapter 2

Modeling of the lon-Exchange
Process

2.1 lntroduction

In this chapter, the theoretical foundations of the ion-exchange proce~~ al'e pre~(·nt.(·d

fol' t.he purpose of modeling optical waveguide concentrat.ion profile~, Section ::!, L1

describes the basic chemical structure of t.he glass suit.able for iun excllllnge. The

kinetics of the process al. the microscopic level arc detailed and ~et. int,o a IIIl1thmnllt.ical

formulation in Section 2.2. The numerical solutions of the ion-exchange eqnllt.ion~ fol'

the one and two-dimensional cases are described in the last section of the chapter.

These solutions yield the concentration profiles of surface and buried waveguides in

both planaI' and channel form. Although the modelling i~ 'luite specific for 1\+ - N(j+

ion exchange, the methodology is 'luite general and clin be used for other cation pairs

and substrate glas~.

2.1.1 Structural properties of oxide glass

Glass materials and their related technologies have been kno\Vn 1.0 man since antiq­

uity. The ancient Egyptians and later the Romans developed techniques of making

household glass articles [IJ. In more l'l'cent years, specialty glasses have been made

\Vith specifie compositions for commercial applications, such as the fabrication of

tinted glass for automobiles. Nearly ail these glasses are multicomponent compo-
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sitions comaining Il high percentagl' of silica (SiO~) and otlll'r m(Ïdp" Th"", tlxid.'

glasses are formed into an amorphous structure whose basic constitnellts an' dassilil'd

into three types of network molecules [2]. The lirst type is th(' Ill'twork forlller. such

IL~ Si02 and Ge02' that have strong double bonds. Thl' s('('ond t~l)(' is thl' nl'l\\'or1:

imerlllediate. such as ZlIO. that comributl's w thl' stn'ngth of tlll' np!","rk, Lastl\·,

there are the network modiliers. such as 1"o20, CaO. and /\"20. that an' addl'd to tlU'

~lass to give it sonl!' desired surface-lIIechanical pwpl'rti(·s. Thl'ir l'I'SII(,(·t i\'t' allmli

ions (Na+, Ca+-. 1';+) lit into tlll' relatively large ,'oids in the nN.",ork dosl' '" m'ga­

tÏ\'el~' charged non-bridging oX~'gen atollls. as shown in Fig. 2.1. Thl'sp Illodili('r ions

al'l' au.ract.ed rather weakly b.\· ionie bonds to thl' nN.work ami l'an Ill' rl'phll'I'd '1uitl'

readily by other ions of the same mlence, This replacement. known as ion l'xchangl'.

l'an be achieved at sufficiently high temperature by exposing the glass surfaeE' t.o a

source of ions l'rom a salt bath (melt) that l'an occupy the same sites as the modilier

ions. Further details of this mechanism will be descibed ill the Ilel't section.

The multi-component glasses suitable for ion l'l'change are \Videly availablt' eom­

lIlerciall~' fwm companies such as Corning, Schott. and Fisher Scientilie. ln partie­

ular. therc are high-quality optical glasses. known as borosilicates, that IIt'(' nallled

BIG (l'rom Schott) and Corning 0211. Also, there are good-quality soda-lillll' sili­

cate glasses available l'rom man~' companies inclllding Fisher. Both ha\'(' been quoted

widel~' in the literature [3]. Ifthese substrates are to be used to fabricate good-quality

optical waveguides. the~' must meet sorne desirable compositional requirements [4J:

• high transparency over a \Vide wavelength region (0.60 to 1.60 pm) wherc the

low-Ioss and low-dispersion windows of optical liber are available

• low opticallosses achieved by the removal of foreign impurities, surface defects

and any type of inhomogeneity (bubbles, etc.)

Although these commercial glasses have been used by many scientists and engineers,

there is yet no standard glass composition agreed upon by manufacturers of waveguide

13
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componems, :\s l'l'amples, Corning and lOT Scholl I"ahri"att' upIical gl.,",,,, smlahl..

for their particular ion-l'l'chang" processes, lt is illt,'n'SIin~ tu noll' thal Ihis sllhslrall'

standardization problem does nol "XiSl for dl'I'ic!' llIa1lUfal'tlll'l'rS Ihal IIS1' ''l'~'slallÎlII'

optical grade substrates, such as LiSbO" and LiTIlÜ:" Th" nlllin l'l'as''n 1",,1' 1his

ma~' bl' thal dll' glass 10 d"I'i,'" ,'olllpalli,'s an' alsu ~Iass mannra"IIII'l'l's, Illakill~ il

cheaper for them to lise their oll'n substrates, II'hcl'eas th" LiSbO" d"l'i,'" "lImJlanil's

ar!' nOl in the bllsiness of growing cr~'stals,

The substratl' uscd in this thesis is lh,' Fish"dmllld miCI'llSl"'Jl" slid" "lIIlIJl"s,'d

01" soda-lime silicale glass, lt contains ;2 '7.. SiU-!, 14 'i( slldillm "l'id,' (S,,~()). alsll

knoll'n as soda, G % calcium oxide (CaO), 01' lillll' and minot' alllOllllts of I1Il'illllS

oxides inc\uding /\"20 . .4120 3 , and M gO. lL~ shown in Tabh' 2.1. (This chemÎcal

composition ll'ill be looked at again in Chapter 3 along \\'ith t.h,' instrnml'nl nSt'd

t.o measure il..) Manufactured by Fisher Scient.itic. th,' slidl' measlll'"s ;511/11/ long,

25 mm wide and 1 mm thick. It has a f1allle polishetl sllrflll'" that is l'I!I'~' SllIlIoth, TIll'

main ad\'antage for using this substrate is its \'l'l'Y 1011' cost ('" $(J .35 1"'1' slich') mllkinp,

it ideal for exploratory research in an academÎl' ell\·ironnwnt. How,,\·el'. il is nol of

high enough optical quality to be used for the demanding low-Ioss JlI'rl"ornmm',' of

commercial devices. Another disadvantav.l' is that the manufacturer Ull\~' chllnp,(' the

glass properties without warning, This WIL~ experiencetl tirst hand in onl' lahoral,or~'

with a batch ofsubstrates delivered in ,January 1995, The measlUl'c1 rr.fract.ivl' index of

t.hl' substrate ll'as found to increase from 1.5125 to 1.5208 al. the opl'rlltinp; waV(!)mlp;lh

,\ = O,6328/lm, Nevertheless, thl' soda-lime glass slides still provid(' fIIost of tilt!

desirable qualities mentioned earlicr making it suitable for universit.y rl'search,
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Figure 2.1: Structure of a typical soda-lime glass

Oxide Substrate glass
(weight %)

Si02 72.3
Na20 14.3
K20 1.21
CaO 6.4
A/20 3 1.22
MgO 4.31

Table 2.1: Chemical composition of a soda-lime substrate
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2.1.2 Ion-exchange kinetics

There are two basic dri\'ing mechanisms for ion cxchangl' in glass. TIll' first is lhl('

to the thermal agitation of th!' ions in th!' glass at high t!'mpl'ratUl"eS lInd thl' SI'('Ulld

is due to an externall~' applied potential differellel' thm is ('n'atl'd atTusS t hl' ~lass

t:ausing an ionie cul'l'l'nt to Ho\\" Thl' fornll'r is g('nl'rall~' n'i"('ITl't\ 1\1 as 1'1lI"l'\~' 1hl'l"IlIal

ion exchange and the latter as field-assisted ion cxchangl'. Both Pl'O('I'SS('S ha\'(' hl'l'II

us(!d tu fabritatt' optieal \\'avcguidl' de\'icl'S ill this work,

The purel~' thermal process proceeds as follows, A glass slidl' ('ulllaininj!, .\',,-

"IS (supplied h~' N"20) is immersed into a salt melt (h'.\'O,d l'ulltaininj!, anulhl'I'

monovalent ion. such as /..'+, At the glass-melt illterfa<:l', tlll' ahllndallt (IUpalll [1-­

ions in the melt "see" the glass as a potassium-free medium and hl'lIl'(', IU'I' dri\'('11

into it by a chemical potential diffusion gradient. Simult,aneousl.\'. t.lll' mOl'l' mohill'

N a+ ions are released into the melt with the /\+ ions replacing them lJll a Onl'-tIHJIl('

hasis, Actuall~', there is another force besides the ehemieal potential at work hen',

Since potassium and sodium ions have different mobilities. there is a tm((lenl~~' fol'

the smallel' l'ia+ ions to move faster than the largel' /\+ ions. leading tu a IJllilclup of

electrieal charge, There is. however. a gradient in eleetrical po!.cntial along \\'ith Ihis

charge which aets to slow down the faster N0+ ions and speednp the slower /\+ jOliS.

Despite the difference in the ion mobilities. the gradient in eleetrieal potential 1()rCl'S

the fluxes of the two ions to be l'quai and opposite thus presl!rving dUII'gl! neutralit,~'

[5]. ln this purel~' thermal ion exchange. the enriched /,'+ -ioll wavl'j!,uiding hl~'el' is

formed on both sides of the substrate. as shown in Fig. 2,2(a).

ln the field-assisted case, a potential differenee is setup hetwelm "wo J1wlts 011

either side of the glass that are in contact with the electrodes, When a positive de

electric field is applied, a positive flux of the ions is created, As shown in Fig, 2.2(b),

these ions are forced to move in the same direction as the electric field creating a

waveguiding layer onl~' on the substrate side facing the positive eleetrode. To avoid
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spacl'-charg(' huildup. tll(' SUIll of thl' ionie fluxes pl'Odu('('s Il Ill'I posili"" jOlli" Hux

with magnitude .Jo which is a constant function of position [6J. .-\s in thl' pun'I~'

thermal case, the ternperature is high enough for ion exchangl' to OC('ur and henet'.

there is also a thermal contribution to the field-assisted procl'ss.

For two-dimensional (2-D) surfacl' channel wa\·eguides. tlll' purl'l~' llll'rlllal pl'U­

cess is now limited to a narrow opening defined by masking part of the suhstnlH' pl'iol'

to ion exehange. E\'aporated aluminulll (AI). aholl! 0.211711 thick. "'as IIsl'd as Ill<'

Illasklng material. It is not susceptible to deterioratioll by the ionic melts and 11('1I(,l'.

il hlncks ion exchangl' to thl' l'est of the substrate. TIll' reslliting 2-D ('OJl('l'lltnltiOlI

profile has a semi-elliptical shape with lateral dimensions thal ex(:eed tll(' width of

the mask opening, H', by about twice the exchange depth [2]. This crmltes difficulties

for efficient coupling ta optieal fibers that have circulaI' s~·mmetr~'. For Iield-llssisterl

2-D exehange. this lateral spreading is further amplified by the quasi-static field lines

[i] that emllnate l'rom the mask opening and extend ta the other sidl' of the sub­

strate. Henee. ta minimize lateral spreading, this field-assisted process was avoided

for surface channel guide formation. lnstead. the purely thermal J(+ -ion exchange

proces.~ was used. For buried channel guide formation, the Al was etcherl lIway com­

pletel~' and the above surface channel guide was then fi(~ld-assisted ion-exchllllged

ill a NaNG:1 melt over its entire surface [8]. ln this manner, the J(+ -ion region is

moved deeper into the substrate. Further, the electric field lines are straight and

thl' resulting buried channel guides have improved symmetry. Further experimental

details will be given in the Chapters 3 and 5.
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2.2 Derivation of the ion-exchange equation

In the previous section. a qualitative understanding of the ion-exchangl' mechanism

was developed. The objective of this section is to cast this knowledge illto math(··

matical equations that can be solved numericall~' and bl' used 10 model tlll' dopant

concentration profiles which an' assumed proportional to the wll\'eguide l'efractÏ\'('

index profiles. The general field-assisted ion-exchange l'quation will he deri\'ed and

the purel~' thermal equation will 1)(' sholl'n to he a special case.

The change in the concentration. c. defined as the number of ions pel' unit volume.

of a given cation is related to the flux of ions J by:

ôe -­-= -v·J
ôt

(2.1)

The ionie species are assumed to diffuse isotropically in the :r - 1/ domain and the

flux obeys Fick's firsl lall' of diffusion

- - ôe ôcJ = -Dve = -D-âx - D-âyôx Ô1/
(2.2)

where D, the diffusion coefficient, is dependent upon e and the fabrication conditions.

Substituting (2.2) into (2.1), we get Fick's second law:

ôe - - ô (ôc) ô ( ôc)- = v . (Dve) = - D- + - D-
ôt ôx ÔX ôy Ô1/

which can be solvcd for e. given appropriate initial and boundary conditions.

As mentioned in the previous section. there exist two forces that act on the

cxchanging species. The !irst is due to the gradient in chemical potentia\. The other

is due to the presence of gradients in electrical potential, one arising intrinsica11y,

Ëi , and the other being applied externa11y, Ë.. The contribution of the total electric

field, Ët = Ëi + Ë., to the fiu:. is determined as fo11ows. Consider the ratio of the

speëd of the ions to the magnitude of Ët given by the mobility /-l,

v = /-lEt (/-lm/min)

19
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and. according 10 tll!' i\ersl-Einstein delinition. th!' muhililY b l"l'Ialt't1 10 t ht' ~\'lr-

diffusion coefficient. D /\. by:

cD,,·
/.l/\ = -- (/lm2/,. min)

kBT
(2.4)

",here e is the elemelltar~' charge (1.602 x 1O-1!' Coul). kil i~ tlu' Bultzmannl'lln~llllll

(1.381 x 10-23J/0I\). and T is the temperature in "1\. In musl.glasses. hu",!',·!'!'. Ill\'

purely thermal migration process is slight.l~· diffcl't'nl l'l'Om tht' ell't'Irit, fil·ld inlill('!'t1

transport and (2.4) is not ob('~'ed [3J. Instead. tht· reiatiull h('\II't'!'1I D" 1I11t1 l", i~

",ritten as

(2.5)

",here f is the correlation factor \Vhose value depends on the glass cumpusition [91.

Then.

eD/\
.J =cv =c--E,

fkBT

Using (2.2) and (2.5). the total fluxes of the ions become

(2.6)

(2.i)

(2.8)

As mentioned previously, the net flux• .ï;,. must be constant lIcross the substml,(! to

maintain the neutrality of the glass. Hence,

~ 1
- .Jo =­

Fe
(2.9)

\Vhere 1 is the measured ion current density (mA/mm2 ) and Fe is Faraday's constant

or 96500 Coul/mole. Also, since the J(+ ions replace the NII+ ions on a one-to-one

basis, the total ion concentrations l'l'main l'quai to Ca, the concentration of Na+ ions

present in the glass prior to the exchange. Thus,

•

V· (J--,... + .i.va) = 0

CK + CN. =Ca = constant

20
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Substituting (2.ï) and (2.8) iuto (2.9). Wl' gel

1~.l])

After a fI'l\" simple algebraic manipulations.

Jo l!Ë, [1 (1 DI')'] ( DI, )"".--;:::'- = -- - - -- CI, + 1--- \'(""
coDN• fkBT D,v" D N"

anclupon let.ting (1 = l - DldDN" = l - Illd;I,\·". one obtains an expression for th('

total electric field

E- - E- E- _ fkBT { .Ïe, _ aVèl' }
1- a+ l- ...

c cvDI';,,(l - OCI,) l - O'CI,

The exterually applied field is

(2.12)

(2.13)

,

- J:E. = --.,..,...::.....--:-"""""
C"IlN.(1 - Oél,)

using (2.5) for sodium ions. Note that the total field depends on the totalllux density

.ï". the concentration c" and the gradient in chemical potentia\. This expression

explicitly shows that when there is no externally applied field (i.e. the net lIux

.1" = 0). the intrinsic field, E j is still present. As mentioned. this field arises naturall~'

duc t.o the ·:nequal diffusion rates of the ionil' species (a '" 0) and. iu particular for

/\.+ - Nu+ exchange. Ë; depends on o.

lising the I~quation of continuit~· (2.1) and (2.ï) for J;, ~'ieldsl

8é" - ( . - -. )7it + v· Il,,C/,·E, - D"VC/, =0

8ê" (. - - -. -) -.>.7it + Il'' c/(v· E, + vc,,· Et = D"V-c/(

The divergence of the total field is deduced from (2.12) to he:

- - fkBT { oVê" .J: oV2ê" a2Vê" .Vê"}v .Et = -- - - --;:".......:;'-:-~
e cvDN.(1 - oê,,)2 1- oê" (1- oê,,)2

IThe vector identity V· (êKË,) = êKV, Ë, + VêK . Ë, is used.
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and uni' obtains. aftcr a fc\\' manipulations.

l'io\\·.sinee

('.! .1·1 \

t.hen the nonlinear partial differential equation c1l'scribinA t hl' AI'IIl'l'IIl ion-l'xl'1lllnA"

proeess is

âê" - ( DI, - 0) (1 -.Cl )fi:/, ..~,- = v ' V l:,. - -'---,--,--:..:.....,.-'-
ât 1 - uê l , \ c,,( 1 - "i'/\)~

('.!.1::-"

An alternative expression fol' the abo\'C l'quation ('an Ill' c11!c1ucl'c1 h~' in('orpol'lll ing

(2.13), 50 that it beeomes independent. of the eU1'l'ent. dl'nsity .1,,:

âê" - ( Dh· - 0) IL"Ë" . fi'I'- = V . VCI' - :"';':'-"--:--:-:-
ât 1 - nêl , (1 - ctê l,)

(2.IG)

Equation (2.15) is used 1.0 model current.-l:ontrolled ion exdulIlgl' [lOI \\'herlllls (2.Hi)

is used fol' voltage-controlled field-assist.ed ion exehange. Finall.,·. in tlll' eaSl' of pnrl'l~'

t.hermal ion exchange, when .1" = 0 or E. =0, tht' equation hm:omes:

âê l , M ( D/\ MO)- = V' V ch'
8t 1 - oêl ,

2.3 S01ütioü or the ion-exchaüge eqüations

2.3.1 One-dimensional solutions: planar waveguides

(2.li)

,

Plana!' (or slab) wal'eguides are made by ion exehange without 1II1." mask allli henl:!!.

the proeess is one-dimensional a\ong thl! depth dir'~etion. ;/:. The grlldil!llt 1.I!rmS

involve only partial derivatives with respect 1.0 x, and (2,16) heeomes:

(2.18)

This nonlinear parabolic partial differential equation (POE) is second order in the

spatial variable x and first order in the time variable t. Henee, il, 1'l!quir(~~ 1.11'0 bonnd­

ar)' conditions in x and an initial condition in t to be solved IIniquely, At. time t = 0,
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till'/'I' arl' uo 1,'- iuus :u thl' !\Iass sn lhal

"K(.C. 0) = O. (2.Hl)

For the houudar~' conditions. a zero concentration al iufiuil~' (i.l'. far illln lh(' sul>-

sI raIe tu the riAhl) is expl'ctecl. \l'hile al thl' surfac('. a cuUSlalll \"<11111' of "Olll'(,llll"aliou

represents the elfect of the KN03 melt providing 1\'+ iuns for iou eXChaUl,\I'. Il \l'as

nhser\'l!cl that for K"'" - 1\"11+ exchanAe. tlll' maximum concentration of llll' <'xdlaul:\ecl

ions is ahout 90% of the !.Otal cou<:eutratiou of amilahle SII- siles [Il. 12]. so lhal

(,/\(o. t) = CK(O. t)/c" = hK =0.9

(:!.20)

1\ote that with C" = CN.(O, 0). one houndary condition hecomes

(2.21)

Siuce there are uegligible amounts of K+ ions in the suhstrate prior 1.0 exchange.

l,heu eK(O.O) = O. Hence. (2.21) is valid only for t > 0 and it takes a finitl' amount

of time for the surface concentration to reach its fiual equilihriulll \·alue. This poilll

will he discussed further in Chapter 5 in the context of EPMA surface concentration

measurements of single-mode waveguides.

\Vith these conditions. it is convenient 1.0 renorlllalize êl .. 50 that {. = (:/\ / h/\ and

the houndar~' conditions become

with à: = ahK. To simplify the numerical procedure, the following transformation is,
Hence. (2.18) becomes

made [13]

ê(O. t) = 1 . <'(oc. 1) = O.

aê a ( D K aê) tLKE. ai,
at = ax 1 - à:ê8x - 1 - à:ê8x

9 =In(l - à:ê)
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a!l - Il iJi- ih-=-~....,.. - = -ti('xp(-!ll-.a.T 1 - Il (" a.r ti.r

and \\'ith silllilar expresions for a!l/al. Wl' Al't

ag {a~'I a'l}- = exp(-'I) D r -' - /IrE -'al ., a;l"~ '" a.1"

TIll' initial and lJOllndar~'l'onditionsa\'(' th(, Salll(' as Ihos(' in (:?Ul) IInd 1:?:?lIl. l'Xl'''P'

that. in terms of g. they becume:

!I(.r.O) = In(1 - cil'(.r.lI)) = li

y(O.1) = In( 1 - (1("(0.1)) = In( 1 - ci)

y(x.l) = In(l-cii·(oc.t))=O

The numerical solution of (2.25) is based on ml explicit finitl'-diflill'llnl'(' (FD)

schellle with conditional stability. The partial clerimtives an' l'xpressl'd as:

and

ay _ y~'+1 -YI"
al - !:lI

a k l'
Y !/'+I - !/i-I

•a.T = 2~J'
(2.2U)

a~ k ')k kY Y;+I - -y, -+ Yi-!
a;l"~ = (!:lX)2

The solution at the next step yf+ 1 hecomes:

(') ')-)- .... 1

(2.28)

(2.29)
,

gk+1 = gk -+!:lt exp(-gk) {D .(Yf+1 - 2!1f -+ !l-I) -IL .E (gt~1 -l-tl}
1 1 • , 1\ (!:lx)2 /'" 2!:lJ'

The calclliation proceeds as follows: first the matrix !l is initialized w\tll zeroes,

except at t.he boundar~' :r = 0 whel'l' thl' mlues are fixed al. In(1 - Il). Note allain

that g:: = O. Then. the values of !Il are calculated using (2.28). This solution replaces

!l and the process is repeated for another time step until the dcsired time IUL~ blleu

reached.

As mentioned earlier, the numerical st.ability 01' this explicit Sdleml! is conclitional.

The criterion for !:lt l'an he determined using a standard von Neumann stability

analysis [14]. The details are outlined in the Appendix. It is shown that for stauility:

!lt < 2DK(l - âê)(!lX)2
- 4Dk + (IlK Ea!lx)2
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By assuming c = 1. we obtain a lower bound for Jot. L"sing typical valll('~ of " =
0.898, D K = 0.06429 JJm2Imin, JJK = 20.925 JJm2/l'min. J.x = 0.02 JJnI and E. =
0.02 FIJJm, we obtain !lt = 3 x 1O-4min. Other values for !lt in the range of 10-4

were also tried to achieve stability.

An example of a field-assisted ion-exchanged concentration profile is shown in Fig.

2.3 for Ea =9.3 l'/mm, t =10 min and T =385·C. 1\ote the Fermi-like nature of the

profile with the diffusion depth d located at the half-point of the profile. The \'alues

ô = 0.898, D K = 0.06429 JJm2/min , and JJK = 20.925 JJm2/Fmin were used. The

diffusion coefficients and mobility values are obtained from optical characterizations

to be discussed in Chapter 5. In addition to the field-assisted exchange. a subsequent

cooling process, required to avoid substrate cracking, was carried out [15J. During

the 10 min cooling time, the temperature T decayes exponentially. with the average

measurements yielding 379·C, corresponding to D K =0.0544JJm1lmin. Here. (2.28)

was solved for t = 10 min with Ea = 0 using the first-step exchange concentration

profile as the initial condition and (2.22) as the boundary condition. Ali the other

parameters (!lx etc.) remained the same.
CIl

10.08.02.0

:;
eQ. 1.0

1
_

c:
o; 0.8e-i 0.6
CJ
c:o
(J 0.4
't:J
CIl
.~ 0.2
o
E
ls 0.0 ~--""'t----+----+--""";::""'---1
Z 0.0 4.0 6.0

X~m)
Figure 2.3: Numerical solution for a planar field-assisted ion-exchanged waveguide•
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1 2.3.2 Two-dimensional solutions: channel waveguides

The purely thermal ion-l'l'chanAl' proCI'SS \\11S t1sl'd 10 mak., slII'fm'(' l'han nI" Atlid.,s.

Starting l'rom (2.1;) and using c = ên/c, and ci = nCi. Wl' ha\'\'

al' a ( DI, al') a ( DI>' Dl')
at = a;!' 1 - cleO.!' + Dy 1 - ÙCÛ!,

lising the same transformation as in (2.24). we arrÎl'I' at:

Dg (iPg a~g)- = el'p( -g)D" -.-., .,.. - ..
Dt Dr Dy-

(:!.:1I)

Equation (2.31) is sol\'ed numerit:a1l~' usinA th., FD l'l'plicil nlt'thocl on a :!-D rl'l'I­

angular grid. as shown in Fig. 2.4(a). Thl' tinll'-independenl hotlndary l'onditions

are:

e(O.y. t) = 1. Iyl S11'/2

De
ax (O.y. t) - 0, Iyl > 1-1"/2 (:!.32)

and a1l other botlndaries are chosen 1.0 be far llway 50 that e can Ill' lil'ed al zero thl!l'l'.

:\ote that since no flux is possible in the .7:-direction at .7: = 0, dne 1.0 the presence of

thl' mask. this means that ae/Dx = O. Initially. at t = 0, there an! no A"+ ions in •.I1l'

glass and e(3:, y. 0) = O. In tenns of g, the initial and hOllndary conditions hœome:

g(O, y. t) = In(1 - à). lyl S H'j2

ag
O. Iyl > W/2D(O, Y. t) =:r

g(oc, y. t) = ()

g(x. ±oo, t) = 0

g(x,y,O) = 0 (2.33)

To save computing time, the numerical solutions are computed for only the pos-

itive haU' of the spatial domain since the resulting concentration profile is synllnetric

about y = O. Thus, an additional boundary condition is implemented at 1/ = 0:, Dl' agay (x, 0, t) =0 = Dy (x, 0, t)
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,

TIll' fiuitl' diffef('lIl'e~ Thal ('urrl'SpOlH! Tu 1111' auo\'l' partial dl'I'imti\'l's an':

fJy .-1 •y,.) - g,.)
=at ~t

DII • •!J,.l.) - !J,-l.)
=

fJ:l' 2~x

fJy • •!J•.).I - g,.)-I

DII
-

2~y

82g • ? • •Y•• I.l - -Yi.l + Yi-I.)
fJ ., -

(~J.. )2.r-

D2!! • ')1·,.
.cJJ.J'T1 - -9,,) T 9,,)-1 (2.35)fJy2

-
(~yJ2

TIlt! auovl' equatious are plugged back into (2.31) la del,erllliul' the values of Il;' 1 in

t.erlllS of y~:) for i = 0, ...M1, j = O...1\'1. and k = O. ...Ll. The calculation proœdurl'

hegius by iuitializing g?} with zero except at the unmasked surface (i = 0) whert'

the values are fixed at In(l - ci). Due ta the symmetQ' condition at Il = 0 (j = 0).

!J?I = Y?_I and fJ2 y/8y2 becomes 2(9?,I- Y?o)/(~y)2. Similarly. under the masked

areas at. .1' = 0 (i = 0), Y~J = g~lJ and 82g/8x2 becomes 2(Y~J - Y8,j)/(t.x)2 . .-\11

the other interior points for 9~;1 are calculated explicitly. Theil. these values replace

I.hose of yL and the process is repeated.

.-\ typical simulation is shawn in Fig. 2.5 for t = 20 min, H' = 4.0/Lm. ci = 0.898

IIlId D K = 0.011 74 /Lm2/min. The spatial dimensions are Smar = 10 JlTTI. and} ;IIQX =

OILTIl with the rectangular grid sizes .:l.J: =0.C2/Lm alld t.1I = 0.2'Lm. The stability

criterion for t.t is chosen ta be 4 s. The contour plot of Fig. 2.4 was drawn using the

cOlllmercially available l\1.-\TL.-\B software. Note the appreciable sidl' diffusion thal

OCl:urs under the mask's surface (Le. Iyl > 2/Lm).
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1 2.3.3 The backdiffusion process: buried waveguides

As mentioned in Chapter 1. backdiffusion has becomp an important fabrication pro­

CI!SS in the manufacturing of buried optical waveguides. In this tPchniqul·. a samplI'

with the first exchange surfac!' [{+-ion concentration profil!' is inlrociucl'ci illto a pun'

mell of l'lI1NO:1 for a diffusion t.inw /2 and applied field Eu2 ' Til mlldel 1his prun's"

llIathematicall~' for planar waveguides. il. is necessary 1.0 soin' (2.25) and to modif~'

the initial anci boundary conditions. The firsl exchange concentration al tilltl' /, and

applied field Eu' are nO\\' used as the initial conditions for backdiffusion. In addition.

since il is assumed tha! there are no potassium ions in the NaJVO:1 melt. tll!' bonnd­

ary condition is zero at :r = O. Hence, g~'-' = g~' = gt+ 1 = 0.0 and .II? is dl'l.ermined

from the IItltnerical solution of the first exchange.

For buried channel guides. the first exchange 2-D profile arises from a purel~' ther­

mal exchange through a mask opening followed by a second field-assisted exchange in

NI1N03 over the whole surface. l\Iathematicall~·. this corresponds 1.0 solving (2.31)

for the coneentration l' for time t, and then using l'as the initial condition to solve

(2.16) with ÉU2 =Ea2 lLx :

al' a ( D I( al') a ( D I( al') ILI(Ea2 al'
at = ax 1 - âeax + ay 1 - âeay - 1 - âcâx (2.36)

Similarl~' 1.0 the planar case, the surface boundary condition 1'(0,11, t) = O.

For the planar case, profiles are ca1culated at Ea, = 18.3 \1/mm, t, = 58, E.2 =

94.i l ,/mm. and t2 = 100 and 1408. In this case, \VI' used ci = 0.2994. DI( =

0.06429 JLm 2/rnin, and g# = 0.03 for reasons to be discussed in a Chapter 5. The

l:ooling elfect \Vas included in the simulations after each field-assist process. Figure

2.6 sho\Vs the evolution of the buried concentration profile as its concentration peak,

located at x = Xpeak, moves deeper into the substrate with increasing t2. For the

channel case, Fig. 2.i shows a contour plot of a buried guide \Vith t2 = 2 min,

E.2 = 98.5 F/mm, â = 0.898, DI( = 0.06429 JLm2/min, and g~ = 0.03 using the

initial conditions quoted in Fig. 2.5 and a cooling simulatiou as described above.
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2.4 Conclusions and discussions

Before leaving this chapter. il is worth noting that the equations dt'wloped thus far

provide us with a theoretical model that is \'alid onl~' under ('enain approximatious.

Although this model takes iuto account most oftll!' factors affi,!'tiup; th!' iou-!'xchaup;t'

process. there art' a Cew physical pheuomena that are not, iucluded. Thes!' t'ousist of

the space charge elfect. the mixed alkali elfect and tlll' chargt' depleriou ohst'rwd

under the masked aI·eas. Fortuuately, as w!' shall SPI'. thes!' elfects do uot pla~' llll~'

significant roll' in the modelling of planaI' and channelli:"-ion exdlllugl'd \\·awp;uidt·s.

TI1l' space charge neutralit~· conditions expressl'd in (2.9) and (2.10) an' \'alid

onl~' when til(' local space charge is small. Strictly speaking. the t!lectric field aud Illl'

ion concentrations should be related via Poisson's equation [3. 16]:

wlwre the local space charge density is:

fJ = c(c/\ + l'Nu - cu)

(2.3;)

(2.38)

For some cases when the change in the dielectric constant E due ta ion exchange is

\'ery small, (2.3;) is replaced b~· [3]

~ ~ fJ
V· El =--

, E

and hence. the space charge neutrality condition becomes:

fJ EV· Ë,
c/\ + l'Nu - Cu = - =

l' e

(2.39)

(2.40)

,
This topic WIIS dealt with recently in a paper by Oven et al who showed that the

approximate space charge condition (2.10) is still valid for field-assisted ion-exchange

over a wide range offahrication conditions [17J. Theil' conclusions were based on data

of silver-film diffused into soda-lime glass [18] and on our own data for field-assisted

li:+·ion excbange [15] ta he presented in Cbapter 5.
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•

Th!' mixed-alkali or douhl!'-alkali effl'ct is haskall~' 1ht, n'li uet iOIl iIl 1hl' sl'l t~

diffusion coefficient of the original alkali ion II'hen Il sl'cond alkali is addeù to tht'

glass. This results in a concentration dependence of thl' self-diffusion clll'fficiellts IInù

is believed 1.0 be significant only II'hen the size diffen'ncl' IWI,\\'I'I'1I t.h,' l'xl'hallv;illj.\

iOlls is large. For exalllpie. ill (',,- - .\'a- l'xehallg". 1his ('"'1'(" hlls shOll'1I t" ha\'!'

considerable influence on the diffusion profile [19J. J-l"lI'ever. for J\+ - ;Ya+ exchanj.\l',

this effect. has nol beell shown to hl' significant.. III fact. OOrl'lllUS sho\\'l'd 1hal th..

diH'usion profile modelled with constant difi'usion coefficients sho',' ed bel.tl'r IIgn'ellll'lIt

tu experilllents t.han thal modelled h~' thl' lllixed-aikali effl'ct [201.

Finally, ther!' haVI' heen some recent. experimenta\ findillgs on t.11l' l,fI('cI of 1ll1lSk­

ing films on field-assisted iOIl-exchange in soda-lime gillss [21J. Whell t.lw Iirst prueess

is a field-assisted exchange, il. was found that in the regions under Il mel,al IIll1sk,

there is a depletion of N!l+ ions that arises l'rom the applied electric field hetween thl'

metal masking film and the melt (in the negative œil) that. nct.s t.o driVl' tilt! mohile

;Va"'" ions a\\'a~' l'rom these regions. Owing 1.0 the extraction of t.he ,;,;Jium ions, sorne

st.l'Ilctural changes appear in the depleted glass layer that tutall~' inhihit.s tht' ahilit~,

for a s!'colld ion c.'(change. HOll'ever. this hlocking eHl~ct, is not eSI.ahlislwd in thl' case

of purely thermal ion exchange in the first step or when a dielectric nlllsk is used

since th!' electric field in these cases is 1.00 sma\) 1.0 form the N(J+ deplet!!d layer. For

thl! purposes of modelling huried channel waveguides presented in this chapter, this

c1epletion layer does not pose any problem since Il purel,\' thermal proccss was used

in the first stelJ.

In summar~', the theoreticalmodel needed to est.ablish the conl'entrat.Îon profiles

of planar and channel ion-exchanged waveguides has been presented. These profiles

are directly related 1.0 the refractive index profiles that. will be used in tllll analysis

of the waveguide propagation characteristics 1.0 he presented in later chaptei's.
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• 2.5 Appendix

This is the dctailcd rlcrivatioll of 1he stahilil~' cril.erioll usiu!\ th,' \'011 ;\('Ulllallll

allalysis for the planaI' field-assistcrl iOIl-exchange equatioll.

\VI' hcgin with (2.28) and b~' letting Tm = !::;.t/(!::;.:rf. w!' ohtaill:

\\'henl

k+1 _ ,k' (1?' C) k 'B k'Yi - T"""Y;_I + - _1", y; + lm Y;+I (2.-11)

A = exp( -gf)(D1\ + /II\ElI !::;.x/2)

B - exp( -g~)(DI\ - /.lI\ElI !::>.x/2)

C - DKexp(-g~) (2.-12)

Let ,Il = ",.k exp(jBrni). where am is l'l'al. Suhstituting into (2.41). we arrive at:

Î' = l·rn (.4exp(-.iBrn ) + Bexp(j{:l",)) + 1- 21'",C (2.43)

Assllming that exp( -y) is locally constant around each grid point, the complex quan­

til~' 'Y clin he simplified l'ven further ta

(2.44)

For the scheme ta he Von Neumann stable, the magnitude l'YI::; 1 and the criterion

for l'm l'l'rilices to
1-&1'

1'", ::; 2D ( E A )"/ D (2.45)
1\' + /.lK a':'>X - 2 1\

Pluggingàack !::>.t =T",(!::>.X)2, we obtain the stability criterion for the time step !::>.t:

1

!::;.t < 2Dld1 - âc)(!::>.x)2
- 74D-;::jf-k-'-:+-(;-/L-K--;E::'"a!::>.-:-x~)2
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Chapter 3

Fabrication and Measurement
Techniques

3.1 lntroduction

The fabrication and measurement ~echniques of planar and channel optical waveg­

uides are described in this chapter. The experimental apparatus used in both the

purely thermal and field-assisted ion-exchange processes is described in detail, in­

c1uding that for the sputtering process. Optical waveguide measurements used 1.0

determine rele\'ant propagation characteristics are presented together \Vith the micro­

nnalytical measurement techniques used for the J(+-ion concentration. ln addition.

nenr-field imaging techniques used 1.0 determine the waveguide mode profile are de­

scribed.

3.2 Fabrication methods

3.2.1 Substrate cleaning

The soda-lime glass microscope slides are packed 'pre-c1eaned' in sealed boxes but

they must be c1eaned thoroughly if they are 1.0 be used as optical substrates. This

step is compulsory so as 1.0 avoid contamination of the melt and subsequent diffusion

of foreign impurities into the waveguide layer. In addition, the surface must be defect­

free because imperfections as small as a fraction of a wavelength of the light source

can cause scattering losses.
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Tht' cleaning procedures an' perforlll('d iu a suitabh' dt'mH'lIl1nl "II\·iI'llUUII'UI.

The slides are rinsed in f10wing de-ionized (D.l.) waH'r (> lOJ/H - l'III n'sistÎ\·it~·)

and then blown dry with high-purity (H.P.) uitrogen gas. l'sing soft ('ottou swahs,

they are cleaned in a dilute non-abrasiw Sparkleen dNergent sllllltiou mlll l'Înseli

agaiu with D.I. water. Theu. tht'~· art' plm'('d in au ahuuiulllu huilier 1'01' l'un IIl'I'

cleaning steps that include:

1. a 3 minute wash iu an ultrasonk bath ('omaiuinl!, a li,\\, l!,raius or liett'I'Pol'ut iu

300 ml of D.l. water.

2. a rinse iu f10wiug D.l. water.

3. a 3 minute ultrasonic wash in D.I. water.

4. an organie cleaning whir.h consists of placing the holder in au "IIIptY Iwak"I'

containing 20 ml of 2-propanol aud theu cappiug il with a P~'n'x dish. TIll'

setup is theu placed on a hot plate ('LO' setting) so that. I.IIl' \'apol'iziul!, IIkohol

condenses on the substrate resulting in a c1eansing m'l.ion that. is "H'ective fol'

organic decontamination.

5. a final rinse in D.l. water

To assess the substrate cleanliness, a simple inspection techni(IIJe l\11uwlI as the

water break method is used [IJ, If the slide is free of organic residue, tlll' D.l. water

wets the slide evenly and evaporates slowly, showing interfel'l!uce co\ours liS the layer

l.hins out. When judged clean, it is blowu dQ' aud placed iu a clryiug O\'(m kept al.

80"C for about 10 minutes to ensure that it is eompletely dry befon, Îon-exchauge.

3.2.2 Purely thermal ion exchange

In this study, pure potassium nitrate (KNO,,) and sodium uitrate (NIlNO,,) salt.

crystals were used as the ionie sources for the K+ and N 11+ ious, respectively. Since
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t.ht· melting points an' quit{' high (334"C for K.Y0:1 and 307"C for 'y".YU"i ::!:. il fur­

nace is needed. The Lindberg crucible fumace has a "erticaleorl' and a thermocouplt'

controlling the temperature in the 200 - 1200"C rangl' ta within 1"C. Thl' 1,';\'0:1

cr~'stals are placed in a stainless steel cruciblp insidl' thl' fUrmll't' which is d()~l'd al

t.hl' top by an lŒbestos coyer. Whenmoltl'n. tht' KNO:1 oCl'upie~ aboul :!OO 111/. Tm.

snbstrates are held vertically in a steel clip which is attached ta the end of 11 brass

rod that. emerges from a small holt' in tilt' CO\'er. Thus. tht, slides can Ill' 100\'l'rpd illto

the melt. without. opening the cover.

The clean substrates ar{' taken from the dr~'ing oven and placed in thl' stpel clip

which holds them verticall~' in the fumace. Thp setup remains susppudpd ()wr 1ht'

melt for a warlll-up tillle of 10 min so as ta bring the slides iuto thermal equilibrium

with the melt. hence avoiding any thermal shock. They are then lowered slo\\'I~' into

the KNO:1 melt for an exchange tirne t1• Once this time has elapsed. t111'~' are raised

from the melt. the setup is removed from the fumace, and the substrates are taken

out of the clip using steel calipers. They fall into a soft bed of tissue paper where the~'

arc allowed t.o cool for about 20 minutes. Since sorne residual I\NOJ recr~·st.allizes

on the glass surface during cooling. the slides must bl' washed clean of the salt. in

running D.1. water before they can be measured.

3.2.3 Field-assisted ion exchange

The configuration used for the fabrication of optical waveguides b~' the field-assisted

ion-exchange process is basicall~' comprised of three structures. namel~' t.hp electrodes

and their supporting structures. the 1Il0lten salt support, and the external electrical

equipment. The p.lectrode configuration, as shawn in Fig. 3.1(a), is comprised of two

'C' shaped steel blacks which have been milled ta form half-cells for holding the salt.

melt [3]. These cells are made of stainless steel sa as ta avoid contamination of the

salt. They are placed facing each other with the glass substrate and Teflon isolation

shoots (see Fig. 3.1(b)) sandwiched between them. The two holes in the corners
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1

of thl' eh'clrodes an' used for aIlarhin!\ l'l'fion-prat l'rt pd \\'il'l's 1Il li lI'Ill i'"si 1iVI' aIld

negativt' potentia!. The electrades an' held togl'ther b~' two sU'I'1 plau's whidl al'l'

connected with seven screws and bolts. as shown in Fig. 3.2.

At the top ofthe electrode configuration. a fiat alulllinulII platl' is uSl'd tll SUpp0l"l

IWO stainless steel cones u5('d tu funne! thl' salt illlo l'ach hall"-I·l'II. This platl' is

fastened to the two steel plates by angled bruck('lS. Thl' lIIelt is IlI'ld in two stainh'ss

slt'el e~'lindrical ('Olltainl'rs that lil' JUS! ahm'l' thl' ,'Olll'S and an' SUPIHlIwd h~' li l'­

section with wire levers (sel' Fig. 3.3),

The electrode setup. up to t.hl' alulllinulII plate. is t.hl'n put inlll li 1iu "lIU aud

filled with sand for thermal isolation. This is illlportant. t.o amid t.hl'rlllai shod; aud

subsequent cracking of the substrate during the cooling proCl'SS, This l'lin allli t Ill'

whole apparatus is placed in an aluminum cylinder which is theu l'lit. in t.hl' \·I~l't.ical

furnace, An asbestos lid with a hole in it.s cellter (for the I!lnerging wires) is used t.o

coyer the furuace top. The wires are connected to the exterual dect.rical equiplllenl

which inc1ude a voltage-controlled OC power supply and a curren! .nll'tI'r. as shll\\'n

in Fig. 3.4. The current lIIeter has a variable OC (mA) currcnt range and t.hl' mlt.age

sourec is int.ernall~· protect.ed against. short circuits t.hat lIIay m:I:1II' if thl'n' is a h'akagl'

of salt. The step-by-step fabricat.ion procedure is outhnml in Appmlllix 3A.
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3.2.4 RF sputtering

Sputtering iH the process in which material is remO\'ed l'rom t II(' Hurfan' of a t.ar~l't aH

the l'l'suit. of Il hombardment of ions with energies in excess of 30 cl' [1]. Thl' particb

removed l'rom dl(' t.arget are deposited on a substrat(· to form Il thin film. In this

work, t.he target is Il disk of pure aluminum oxide (.·l/20:tl and tlH' ionH an' !\l'nl'l1ltl'd

b~' the discharge of an argon/oxygen (.41'/02 ) 4:1 mixture (four partH Ar to onl' part

O2 ) nnder an applied rI' (13.56 M H =) target ,·oltagl'. TIl(' "ioll't-('oioun'd piaHmll ('all

1)(' excited IInder a gas pressure of 2 x 10-2 Torr in a vacllum dUlml",r h~' appl~'illp, li

high volt.age het.wcen the t.arget and Huhst.rat.c holders. If thl' disdmrp,l' ('ollditiolls lU'l'

kept stable. the spnttering rate 7' is linearl~' proportional to till1(' t.• with dlP resulting

index ni being humogeneous throughout the film. Typical sputtering condit.ionH an'

tabulated below. The Cooke Vacuum CV-300 sputtering s~'stem was used and itH

detailed operation is discussed in Appendix 3B.

We fabricated sputtered .4/20 3 thin films on soda-lime glass for variouH power lev­

els and durations in order to characterize the film 's l'l'l'l'active index and the sput.l.ering

rat.e. Two input power levels, 12.5 li' and 2i.5 H' corresponding t.o t.arget voltages

0.5 h~F and 0.i5 kt: were used. The opt.ical measurements of the fihn's properties

will he described in the next section whereas the characterization procedure wHl be

discussed in Chapter 5.

Background pressure 2 x 1O-u Torr.
Target 5 inch diameter .4/20 3 disk

Gas .41'/02 (4:1) mixture
Output pressure 12 PSI

Chamber pressure 20 ILm TC-1j 50 /Lm TC-2
RF target voltage 0.5 - 0.i5 kF

RF power 12.5 - 2i.5 H' at 13.56 MHz
Pre-sputtering 20 min

.Table 3.1: Typical .4/20 3 sputtering conditions
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3.2.5 Channel waveguides

The fabrication of channel \VlIveguides is mon' complicatl'd 1han 1hal of planaI' ).:nicl,·,

because of the high-\'acuum metallizatioll aud phololilho!(l'aphk III'''''PSSPS 1hal an'

rcquired t.o define the channel pattern, Thp mNallizal ion ,,1' 1hl' snÎlsll'atl·s is 1h,'

firsl step of tll(' proces" TIlt' alumillllln (.·11) p\'aporalion is p('rfonlll'd in Il \'/II'lIlInl

chamber at. a pressure of less than 2 x IO- Ii
, T\Vo 20 nl/ 1(11).: folllt·c1 ",in's of hip;h­

purit~' AI (i\Iarz grade) arp illserted illto Iwo IUIl).:Stlm coils, Th('sp mils an' 1hpii

heated by passing a high cul'l'l'nt through t.hem CIlIIsillg t.11l' alnminum 10 "\11poralp in

t.he chamber, A part. of the evaporated AI colldeuses 011 Ih.. !(lass sllhslralc'a\l(lliu'IIIS

Il uniform thill film of about O,21tm, Standard photolithograph~'is Il''''' p..r1ill'lIl1·d 10

remove the AI l'rom the channel pattern throllgh which 1hc' iou exdUIIIgt' is \.CI oœur,

The follo\Ving steps are carried out ill Il dellll room ellvil'Ollllwnl:

1. Photoresist coating: lnitially, a cOlltillg of Shiple~' primel' \Vas depo~il ..d Olll.O

the AI surface by sphming the subcltratc al. 3000 rplll for 20.' 011 a eollt.l'Olh·d

spillning station, Theil, Il 4:1 mixture of photoresisl. (Shiph~~' 1450,1) and thinllc'r

(l\liClOposit) \VilS deposited by spinning al tlll' sailli' rat.. alld t.imf· as ahO\'f'.

Then. the resist layer was haked for 30 mi.n al. 8[)"C in a dr,\'in/( OVlm,

2, UV exposure: The photomask \Va~ hrought. into mnt,aet. \Vit,h f.Ill' l'f!sist film

in a mask aligner station, Ultraviolet (UV) light l'rom a rnercury are lalllJl \\'/15

used 1.0 expose the mask openings for 90 s,

3, Development: The photoresist \Vas developed in a 2:1 mixturl! of Micl'OJlosit

developer and D.I, water for about 1 min, This rl!sults in tlw l'f!lIIovlll of tlll!

resist l'rom the exposed IIrea.~, The exact developing timf' \Vas lif!l.errninmi h,\'

inspecting the pattern under a microscope unti! the channels hl!l:ome fl'f!!! of

any resist, Then, the sample was baked for 1 h al. 120"C 1.0 harden the resist,
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~. Etching: The AL W'L~ c1e"r1y eteh"d away from thcsc exposed arcas hy immcrs­

illl; il, ill a solution of 16:1:2:1 lllixture of phosphorie add (H:IPOd. nitric add

(H.VO:d. aeetÏ<: add (Cf/:ICOOH) and D.!. water. rcspc·<:t.iwl,\'. for 5-10 min.

As W'L~ 1.111' "'L~f' for c1f'\·pJOPlllC'nt. c'arf'fnl inspf'etion of t.hf' pattf'rtl \\"L' nf'f'ded

1,0 f'nsure that t.he channels wcre weU defined and e1,,;u' of .,11.

;J. Resist l'emoval: The photoresist was removcd lIy imlllersing the sampie in a

1: 1 solut.ion of Shiple)' rcmover and D.!. wat.er. If nceded. this solution wa.~ ~et

on a hot plate ('LO' setting) and swirled occasionaUy 1.0 relllove any residual

l'mis!.. Tlwn. t.he sample was dippcd in a bcakcr of D.l. wat.el'. hlown dry with

II.P. nitl'Ogen gas and placed in a drying oven set. at 80"C for 5 min. Fig. 3.5

shows Il photo of an actual ehannel guidc pattern with Ir = 5 'Lm..

For surface dmnne\ guides made by purely thermal ion exchangc. the sampie was

imlllersed in a l\NO:I melt for time LI al. 385"C. as described in 3.2.2. Then. the

AL IlI'L~k was removed !':Jmpletely using the ctching solution (for about 30 min) and

the sampie was cleancd in D.!. water. For bUl'ied channel ~uides. the above sample

W'L~ ion-exch'Ulged via field assist'Ulce over the whole surfa':e as described in 3.2.3 in

a NaNa" rnelt for tille L2 , applied fiP.id E.2 , al. 385°C. The channel-guide vertical

coupling de\"Ïce is made by sputtering a planaI' layer of .4/20" (sel' 3.2.4) on top of

the ahove buried channel wavegllide. The fabrication steps arc illustrated in Fig. 3.6.

=.

Figure 3.5: Photo of channel guide pattern \Vith W = 5 fJ.m
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Figure 3.6: Diagram of fabrication procedure of buried channel-guide vertical direc­
tional coupler•
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3.3 Optical waveguide measurements

3.3.1 Introduction

Once these wll\'eguides have been fabricated. t.heil opt.ical propagalion l'iulral'll'rislit's

1If'"d 1.0 h" nll!asurt'd. Thes" iue1udl' t.he l'l'l'rani\'(' index profill' paraUIl'Il'rs. sUl'h as

tlll' waveguide dimensions. index change. and the pl'Opagal ion 10SSI'S. In 1his llll'sis.

1.\1'0 well-est.ablished techniques based on two-prism l'ouplinF, Il'1'1'<' USl'11. Thl' firsl

IIll!thod im'olves measuring t.he propagation constants of ail tlll' modes lhat ('an II('

e;;dted in a waveguide. It offers an indirect \l'a~' of determining the indl'x profih-.

Th:, Sl!cond IlIl!1hod involves measuring t:w propagation losses of optit'al ll·a\'('F,uides.

III addition. an accurate technique hased on far-field diffraction is used to dl'lerminl'

1hl! channel guide width before ion l'l'change occurs.

3.3.2 Modal spectroscopy

Modal spectroscopy involves using a two-prisll1 coupler configuration 1.0 sell'l·ti\'el~·

excite the guided modes of a waveguide so as 1.0 measure their effective modl' iudices

[4J. These indices l'l'present the mode's propagation l:onstanl jjj nOI'malized \\'ith n'­

speel 1.0 t.he free-space wavenumber k", Le. N"ff.i = 8;/k". The t.heoretical aSpl'l'ts of

t.he prisn. ;;ùupler have been described oft.en [5] and are not. presented hel'<!. However.

t.he measurement set.up is descrihed helo\\' in detail.

To measure t.he effect.ive mode indices with great. accuracy, t.he coupling 's~'n­

chronous' angles. Hi, must he kno\\'n precisely. The measurement. of these angles 'l'as

performed using t.he setup in Fig. 3.i. Laser light l'rom a ;; mir He-Nl~ source. oper­

lIt.ing al. 0.6328 ILm, passes t.hrough a polarizer 1.0 sell~et. TE and TIll modes. Then,

t.he incident bl'am is eoupled int.o t.he waveguide using a LaF60 glass prism. An iden­

tical output pris'll locat.ed a short. distance away couples the beam out of the guide.

The resulting far-field pattern shows sharp vertical Hnes, known as m-Hnes, which

clin be excited individually (sel' Fig. 3.8(a)). The prism-waveguide hoIder, shawn in
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Fig,. 3.9. rests ou a prpcisp aup;u\ar ml'asun'mPIIl iustrtlmplI1 \\"ith tin' dq:n'", ,,1' 1'1'1'''-

dom (sel' Fig. 3.8(h)), It consists (l'rom hottom to top) of a magtll'tÎl' hasl'. a 3-axis

micropositioner (.1:, y.:) and a rotationa\ stap;t' (1/) \\"ith il atT-St'I'ond m'('Unll'~', Th('

holder rests on a gouiomcter (6) thm is mountt'd ou 101'01' th(' ('''Ulp\('tt' st'oup, l'Ill'

(1", angular measuremelll at \\"hich tlll' m-lint' appl'ars hrightt'si h." "."" is n,(,.,rd,'(\.

The reference marker is used to measun' tht' zel'O rl'l'l'rencl' anglt' (Ir h~' mljust iUA 1Ill'

rotational stagl' uutil thl' illl'oming heam is rt'f\('('I('d haek outil itsl'lf, Ht'u('('. th"

s~'nchrouous angles l'an hl' detnrmined h~' 1/, ,.: Il,,, - IIr •

TIll' nOl'malizt'd pl'Opagatiou eoust.allls. '\'ff," art' ohtaiut'd fwul 1h,' aUAI" or

iucidence using the following formula [11 deriVl'd fl'Onl J!,t'oIUt't ri('a \ "pl in':

,_ il, . { . _1 (sinll,)}
JIcf f,i = k = n" Slll Cl" + Slll --

(J n"
(:1,1 )

,

where Il,, is the prism's refractive index and Cl" is the prism's hast' IInglt'. Tht' mhll'

of Clp = 58.3i" and n" = 1.i80 al. the wavelength '\" = O.ll328//.1I1. This ('xpt·rinll'ut.al

schenU' yields an error of ±O.015 - 0.02" in the measurements of Il, ('OlTt'SpollllinA

t.o an accuracy of ±2 x 10-,1 in the mcasuwd .'·ahlCs of N"ff.i' TIll' mTUra('y iu lht'

vaine of a" is ±O.Ol i" and for n" is equal ta ±l x lO-'I. In t.ota\. t.his h:ads tu au

uncertainty of about ±2 - 3 x lO-4 in the mcasured NefI.i.

Another parameter that <:an 1)(' detcrmined l'lIther easil~' is t.ht, sllhstllt.t' iudex

nb' The simplest IVay is t.o use the set-np of Fig. 3.i aud 1.0 find t.11l' iucideut. angll­

al which the waveguide hecomes cllt.-off h," ohsen'iug t.11l' ''!Id of th .. sllhstral.... Al

a part.icular angle, one ean sec the (loi nt. when' t.he light is no louger t'Onfiu('d aud

starts leaking into the substrate. At. this (loiut, t.he eut-off t:Uuditiou. N"ff = 11./, is

satisfied.
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3.3.3 Propagation 1055

Waveguide propagation loss is dom:nated b~' absorption (owing 10 thl' pn'SI'IIl't' of

foreign impurities) and scattering contriblltions causl'd by glass illhomogl'I\l'ily aud

surfac!' defects. In th!' lit!'rature. a mriety of tel'hniqul's ha\'{' h,'l'u dl'\'l'Iopl'd 10

measure the propagatiouloss [G. 'j. Herl'. tlll' lwo-prism sliding llH,thod [Si \\'as USI"1.

The experimental setup is presented in FiA. 3.10 with thl' idl'ntÎ<'al prislll-l'ouph'r

l'OlIliguration of Fig. 3.9. First. tlll' sam l'Il' aud hot h prisms an' dl'aul'd 1hor"u!.dd~·

as described in 3.2.1; the aœuracy of the measurements may Ill' atlt'c!.l'd hy dust

partides. The input prism is lixed rigidly !.o amid ml~' chanAl' ill dll' input ('(l\Iplillg

efficiency. \Yhen a mode is excited, tin' m-lint' on 1.111' whill' sen'l'II is imagl'd h~' a

video camera, The camera's output signal is thell displayed 011 a' ,;, ~() mOlli!.or whosl'

analog output is fed into a channel input of an oscillosl:ope. The m-linl' is obsl'f\'('lI

on the scope b~' scanni',IA t.h~ time basl' iu Horizontal l\·lllllt, A, This allows fol' Ol\l'

frame of the video signal 1.0 be displayed h~' sharp vertical lines. TIll' vol!.ag(' h've1.

\ '. of the lin!' with the largest magnitude is recorded when the mollI' is l'Xci!.I;(1. Thl'

output prism positions. L"j, i = 1.., .. IV, are measured accurately using a V('l'IIier

caliper. At each L"j, thl' voltage is measured aud t.hl' output prism is mov('lI a 1'(""

millimeters towards the input prism, This is done repeatedly t.o gf!!. al. leasl. ï dat.a

points. The last prism position. L,,,," doseSl 1.0 t.ln' inpul prism (roughly )1/1.11/) is

used as thl' reference 1.0 measure the propagation distance !:!.L, = L,'N - L,,,, Al. mlch

new output prism position, 0I1t! must ensure that. thl' coupling hN.w(;l'u t.hl' prism aud

the waveguidc l'l'main constant. This is quite dillicult t.o achi(!\'I' cousiderinp; that th(,

point pressure on the prism lIuctuates for l'very measurelllent. Hence, l'Ilproducibilit.v

is affected. Propagation losses are evaluated l'rom the slope of the log IV I~ versus !:!.L

plot using li minimum least-squares linear litting through tilt! data poiuts. A typical

experiment shows that measurement of losses down 1.0 about O.lrIB / L7/1. is possible

with l'l'l'ors of ±O.OlrIB/r:m [4J.
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3.3.4 Channel guide width

Due to varying photolithographie processing conditions. the channel width \1" of tlll'

...\1 channel mask may turn out to be quite different from that of the original pho­

tomask. Hence. a measurement method is needed to quantify \1" dccurnlely prior to

an~' ion-exchange proccss. The method is based on th~ c1assical far-field (Fraunhofer)

diffraction pattern that results when the aperture (channel slit) is illuminated by the

He-:"'e iaser at >'0 = U.6~28Ilm. As shown in Fig. 3.11. the light passes through the

substrate sicle of the sample and then through the channel slit where il is diffracled

onto a screen that is Ld = 2 m away. The samples are mounted on a micropositioner

allowing vertical movement aiong the channel slits. On the screen. a one·dimensional

diffraction pattern is seen whose intensity is expressed by the well·known formula:

(3.2)

•

where (JI is the angle subtended from Y = 0 to ~"m' T'Je intensity minima correspond

to 71"W sin (Jd>'0 = n7l", n = 1,2.3.... By m"asuling the distance betwaen the first two

dark lines, Le. 'lI;" and n = l, and asf . 1inS tf:at ';" ~ Ld, then 1\' = >'oLd/1~,

This measurement was repeated at five cl :ffe"'mt \'ertical pœ,itions for each channel

width. The measurements for 1;" ranged betwe<'·. 25 CI1. an' • cm with the average

being 29cm. B~' taking the differential of W. ~lr = >'uLd~};"/1'~, we obtain the

measurement error in W to be ±O.15Ilm.

5IIoflo
Figure 3.11: Measurement setup for channel guide width
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3.4 Near-field mode profile measurements

3.4.1 Introduction

Thc intensit~· distribution of a mode. or its mode profile. is another importalll dmral"­

t.eristic of a \l'a\·eguide. This prolil" gi\"es us useful informatiou abolit th.. \\'lYl'guicip

dimensions and symmetr~' that l'an be used to determinl' tlll' coupling l'Hidl'nl'~' 10 ail

uptical fiber [9J. In another application. tlll' mode profilp C.lll Ill' used to dl'tl'rmilll'

the refractive inciex profill' [10]. ln this thesis. the near-fi::::.j modp profil<' of a bll.ril'd

channel guide \l'as studied. The following sections describe our nc\\' ('xperim('llt.aJ

apJll'Oach that uses a lincar CCO camera and a frame grabber digitizl'r 10 eaptul'l'

1.111' near-field pattel'll pixel-b~'-pixel [11) rather than a \"idiconcamera and digitizing

oscilloscope as in 112]. The S-bit frame grabber can digitize and pro\'id" 25G inten­

sit,y le\"cls to represent thl' mcasured data in its entirety. Specifically. 1.111' completl'

nCllr-fil'!~ pattern can be imaged at once. thereby eliminating the need 1.0 perform

any transverse scanning of the image as in [12, 13].

3.4.2 Frame grabber calibration

The experimentul setup used for measuring the near-field intensity distribution is

shown in Fig. 3.12. The near-field pattern appearing on the c1eavcd edge of the

wavcguide sampll' under consideration is magnified by a 40x microscoJle objective

ollt.o the CCO camera. An attenuator, placed between the laser source and the

wavcguide. is used if necessary. to avoid saturation of the CCO camera. Thl' inten­

sity distribution imaged by t.he camera is then digitizcd pixel-by-pixel hy the frame

gmbber signul processing board and stored in the computer memory for fut.ure use.

In l'articulaI', the fmme gmbber stores the image obtained b~' the CCO camera in Il

two-dimensional array: the spatial coordinates of the image correspond 1.0 the urcay

clements while the array entry represents the intensity level. Note further that each

array entry represents one pixel.
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TIl(' CCD "am"ra \\'l' us,'d prm'id,'s ('xeelll'!l! liJl('arit~· ill tlll' n'!!.ÎlIll 11.·1 - 1.111111.

pro\'ided that il has Ilot heen saturated. Sr,turation occurs whl'n th,' in!,'nsity I,'\'('\

measured hy each pixel is a maximum Jar thl' S-hit fram,' ~rahlll'r. FFI" is tl\l'

maximum level obtainable). To ""oid saturation. thl' attl'!lIIntlll' is adjnsll'd Su Ihal

thl' intensity le\'els digit.ized h.\· tll(' fmml' ~mhbl'r an' not nl'ar this nlaxinlunl \'1111\1'.

This does not affect the near-field pattern siuCl' thl' CCD camern pnl\'id,'s n,Inti\'('.

and not ahsolut.e. measurl'lI1ellts of intensity 11'\·e1s. In fae!. th(, units an' al'hi! l'm.\·

and the data ma~' he normalized with respect to tlll' mll.ximum ,·all1('.

Calibration of the frame gmbber is "ital: this is 1.111' onl~' II1pans a\'ailabh' III lIhlain

kllowledge of tht, spatial dl'pendencl' of tlll' nl'ar-field distribmion. i\lun' pn'dsl'iy.

Wl' need to determinc the number of pixels/111II. To do so, tlll' distanc,' Iwtwl'l'Il thl'

microscope objective alld the CCD camera is fixed. Theil, a micro-ruler is monnted

onto the stage alld back-illuminated by Il white lamp. It. is in t,hen adjusted untîl

(hl' micro-ruler is properly focu~ed. The image. which l'an simult/lneousl~' h,' vi,'wed

un the display monitOl'. is then stored b~' the frame grablll'l'. TIl(' micro-mlrr is

chosen here with a particulaI' knll\\'n spacing. namely C\'er~' 10 11111. TIl(' imagl' of

the micro-ruler will consist of a series of bright bands separatcd b~' dark fringes in

the horizontal (y) direction. These bright bands l'l'present the grid markings /lnd tll('

dark fringes l'l'present thl' spacings. as shown in Fig. 3.13. The distancl' hetwmm

two consecutive bright hands corresponds to the known spacing. TIll! data stored b~'

the frame grabber in a two-dimensiunal array rellects thl' "i('wI~d imagl'. Specifieally.

the arra~' will consist of columns of high intcnsity Il'vt~ls cOlTespondin~ I.ll the bright

bands separated hy columns of low intensity levels, rellecting the dark fringes. Sinct'

each pixel l'l'presents one entry in the two-dimensiona\ array, the number uf columns

between successive high intensity level bands yields the desired rt'sult: tlm number of

pixels pel' /lm. Following this calibration procedure, we obtained a scale of 50 pixels

/ 10/lrrt, or 0.2 /lm / pixel.
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3.4.3 Imaging system transfer function

It. is weil known that any imaging syst.em distorts thl' m'tuaI ob.kct dm' to diffrae­

tion and aberration of the optical components [13. 14]. In our (·asl'. tlll' micI'OSl'ol"'

objective, CCD camera. and frame grabber s~'stcm distort tlll' al'lual nl'ar-Hl'ld l'l'O'

file (object). Thl' stored image does not correspond exact.l~· lU tlll' nl'ar-lil'ld profill'

emerging l'rom the waveguide. The image is in fact. a convolut.ion of the obj!'(,t with

the s~'stem transfer function [11] gh'en b~' the following COJl\'ollltion pl'Odnl'\

(3.:1)

where 1(:1:. y). S,,(:I:.Y). S2('1'. y). Sd:I:, y). and P(:l:. y) repn'sent n'spl'('t.h·l'l~· th .. (liAi.

tized image or the measured data, the effects of near-field (Fresnel) diffraction at. tlll'

cleaved waveguide edge. the microscope objective transfer function, the t.ransfer func­

t.ion of the CCD camera and frame grabber system, and t.he actunl near-field power

distribution (se Fig. 3.14). Alternatively, if S(:I:, y) = S:I(.l:, y) * S2(3:, y) * SI (:1:, 11)

l'l'presents the effective transfer function (ETF) of the optical imaging s~'stem, then

l(x, y) = S(x,y) *P(:I:, 11) (3.4)

•

To recover P(x, y), a deconvolution process in the spatial domain, or an inverse

Fourier transform in the spatial frequency domain may he needed. Deconvolut.ion

algorit.hms are readily availahle [15] as are inverse FFT t.echniques 116].

The ETF S(x,y) was determined from measurements of the syst.em's input. and

output. We used a process similar to t.hat. used t.o ealibrat.(' t.he frame grabher. The

image of a simple inverted photomask consisting of dark fringes of known widths

on a transparent background was grabbed and stored in memory. TIll!orct.ically, an

int\'nsity plot of the inverted mask would have a step-like l'orin as shown in Fig.

3.15. However, due to the convolution of the imaging syst.em transfer function, the

measured data is not step-Iike at ail. The ETF l'an now he determined using an

iterative rninirnization procedure. A first estimate to th(~ transfer function is made
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and cunmluted with thl' theoret'.cal step-like input tu ~i\'(' an estimat{' uf thl' Otll}l11l.

AI'ter each iteration, the ETF S(x, y) is modified ~o as to minimize tht, mean-squart'

l'l'roI' between the measured data and each successive estimate of th!' output. Om'{'

a prescribed error criterion has ueen achieved « 1 x lU-8 ). tht, pru('ess terminates.

This proecss. though descriued in the spatial domain. can also Il{' (·at-ril'd out in

the spatial frequenc)' domain. In fact, our computations were made on ;\IATLAB

which eomJlulCs convolutions as the inverse of FFT processes. Following this if{'ratÏ\'l'

procedure, wc determined the effective transfer function ta ue of the form

(3.5)

1

where .4 = 4.00. j. = 2.50, ./1 (y) is the first order Bessel function. and y is a

variable in the horizontal direction. This particular function, sometimes referred tu

as the Sombrero function, \Vas chosen since microscope objective transfer functions

generall~' have this form [1iJ. The same functional form \Vas used in the vertical

direction.
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Figure 3.15: Determining the ETF: Solid line represents theoreticalstep-like intensity
levels of inverted photomask, asterisks represent the measured levels and the dashed
line represents convolution of the step-like profile with the ETF
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3.5

3.5.1

Electron microprobe measurements

Introduction

,

The electron microprobe (E!'"I?), also known as electron probl' mitToanal~'sis (EP:\IA)

\l'liS first descrihec1 h~' CastainA in his doctoral thesis in 19-18 [18). Thl' hasil' prilll'ipll'

of thl' method consists of the eleetron beam hombardmcut of a samph' alld th(· sub·

sequent stud~' of its X-ray emission. Of ail the signais generatl'c1 b~' dll' iutl'raetion of

tlll' prill1ar~' electron beam with the sampll' in tll(' E:\IP. X-ra~'s l\l'l' most (·ommoul.,·

used for material characterization [19]. TIl(' X-ra~'s ha\"!' Iml'rgil's dlllraetl'ristil' of

thl' element from which they 'Jriginate leadillg to elememal identificatiou. TIll' X-ra~'

illwlIsi t~· l'an })(' compared with intensities from a kn()\\'ll samph' (eallec1 a st allc1arc1 )

and the ratio of the sampie intensity 1.0 that of the standard is usml t.o ml'asu\'('

thl' amount of a given clement in the sample. The highest accurac~' in qUlUltitat.i\"!·

concentration determination is obtained if the standard is identical or at least "('r~'

similar in composition to the sampie under investigation. Further details of tht, El\IP

alld its applications are presented in many textbooks [19. 20, 21. 22].

This section presents the quantitative electron microprohe anal~'sis (EPl\IA) of

soda-lime glass substrat,es and J(+ -ion exchanged waveguide compositions. Two types

of anal~'sis were pf!rformed: surface and bevelled. The surface anal~'sis was c10ne at

the samples' planaI' surface at different locations while the bevelled anal~'sis was per­

formec1 along the samples' angle-lapped surface to det.ermine its spatial mriat,ion in

depth using an angle lapping polishing method. The CAMECA electron microprolll'

was used for the experimems and its operation is explainec1 as follows, Ali (!lectroll

heam is focused onto a small (:::: lOl1m diameter) spot on the surface of the sam­

pic l'rom which X-rays characteristic of the chemical compllsition are generated and

emitted. The spot analysis time usually takes about one minute. Provision must be

made so Ihat the area is small enough to resolve spatial chemical variation.

Fig. 3.16 shows the schE'!lI~Lic diagram of the entire setup. The wavelength
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dispersi\'l' X-ray spectroml'!!'r ('onsisls of a 1l('1\t ('l')'stal nlono('hroma101'. a gas.tilh'li

detector and a single-channel (pulse-height) anal),zer [21J. ln tll(' fully-fo('using SP"I'.

trometer. the sample. crystal and detector ail li... on tllP sam.· fo('using Rowland drd••,

The X-rays emitted hy the sample are anal)·zed b)' thl' cr)'stal. If Ihis lat!!'r is Sl't lit

tllP Bragg angle for a given wavelength. thl' X-I1I)'s an' relll,(·tl'd ami fOI'usI'd out 0 tIll'

detector. These X-ra)' wavelengths and their intensities depend on tlll' l'OI\l'l'ntration

of thl' element in thl' sampll' and are Ineaslll'l'c1 '1ualll.itatiwl)' in llll X-ra)' c1,,t.·('101'.

that is an argonfmethane gas proportional counter. The outpnt siv,nal is amplili"(1

and the elemental and oxide concentrations (det!'rmined l'rom r"latin' int"nsitil's with

t he standard) an' printed on an ontpUt device. TUs tedmiqu.· is usnall)' r"f"tTed t0

as wavelength dispersion spectroscopy (\VOS), sinc~ il. is t.h" wavelengt.h of th" char­

acteristic X-ra)' lines thnt is being measured [201.

In actual practice, the anal)'sis does not give thl' com:entl'lltion exactl)' at. t.ll('

sampie snrfaee. EMP is not a truc surface technique hecause t.he X-ra)'s ar!' emitted

l'rom within the sampie volume. Hence. it givI's a statistical average of thl' con­

centration OI'er a smail dept.h of up to O,51l1ll near thl' surface. Fig. 3.1 i shows

a theoretical prediction of the probahilbtic penetration dept.h calculat.ed b)' 1...lont.I'­

Carlo simulations [22J, The calculat.ions. provided by CAMECA software, are based

on the chemical composit.ion of t.he soda-limc glass and its r1cnsit.)'. Two boundin!!

curves describe the signal information. The upper CUI'Ve is the int.ensit.y of the X-ruys

generat.ed h)' the elect.ron heam and t.h!' lower curve is tltat. of t.11l' X·rn)' int,ensit.)'

emitted l'rom t.he sample, Although the penetration dept.h is up t.o alJOut 1.31l11l,

t.he major part of the information exists up to about. 0.51l1ll, For largl!r accelerating

voltages, the penet.ration dept.h increases, Hence, the voltage should IH! kept. lL~ low

as possible so as to provide for accurat.e results near the surface yet he high enough

to excite the X-rays of ail the glass constituents. For the soda-lime silicate glasses

used in the experiments, the accelerating volt.age was set at. 10 kV to satisfy the

aforementioned requirements.
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Fur tlll' surfael' anal.,·sis. tll(' fOl'nsl'd l'Iel'!l'on Ill'lIlll \\'as 1I1l1 suilahit' fllr 1hl'

soda-lime glasses. Dul' to thl' long SpOI analysis timl' and t II(' high l'nl'rgy dl'nsit~·

of the beam. the soda (Na~O) was 'hnrtlcd off' (i.l', Sa \\'as disllldgl'd l'nllu thl'

glass structure) du ring the nll'aSll1'emems. hl'nl'l' dl'SI1'll~'ing 1hl' sampit''': ,'Ilmpllsi 1illii.

TIll' solution 10 this prohlcm \\'as ta USl' a defOl~Usl'd hl'am of '20111I1 in diaml'll'I'

that provided for much lower energ~' riensit~· and spatial l'l'solution, C'1I1SI'l(Ueully.

another typl' of surfaee anal~'sis to Ill' disl'ussl'd helo\\' is ealll',1 for III illTlllllnlllllall'

the defocused heam l'l'solution.

3.5.2 Sample preparation

For the El\IP surface analysis. the \\'aveguide side of the sampit' \\'as l'ut into :l x 5 C,I/

pieees so as to fit into a special holder. These samples \\'ere thenl'arhon l'oated under

high vacuum \\'ith a 15 nm thin film 50 as to prevent charge builduJl on t.11(' dil'1ect,rie

sampie from the electron beam during •he spot analysis. The carbon cual.ing pl'll\'ides

a conductive path fol' the e-beam.

The sampie preparation fol' tlw hevl'lled anal:.'sis is mon' elahorat.e. :\n angit'­

lapping polishing technique, populal' in sernkonductor work. is used t.o eXJlosl' t.lw

varying potassium concentration. This approadl pl'Ovides for an accurat.e lIIeIL~III'I'­

ment of the concentration in the depth direction which has bmm dfectivdy 'stretched'

out by polishing at a desired angle (J. as shown in Fig. 3.18. This method is known

t.o providl' for lll1lî.er results than simple butt polishing in which t.hl' defoens(!d dee­

tron beam is incident perpendieular tu the polished edge. Fol' our wavf'guides. wil.h

deptlls less than 10 /-lm, the defoeused electron healll resolut.ion (with 201l1ll diall1l'­

ter) would have been inadequate for butt polishing. Fortunatel)', the l'l'solution l'an

he substantially improved by the ungle-Iapping approach. As arl exalllple, if Il = 1"

and the spatial sampling displaeement along yi.• = 25/-l1fl. t.hen the depth Il ean be

l'Csolved for Il = 1. tan(O) = 0.44/-l1fl. A ruore accurate expressioll fol' this depth will

he presented in the next section.
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A simple be\'elled polishillg chuck made of aluminum was designer! and huill !li

hold the sampie during polishing. The wa\'eguide was firsl eut ta ., suitable size of

5 cm and then epoxied to the metal chuck. The epoxied sampie protruded abolit 2 cm

on the fiat side of the chuck and was ground to remove the protrusion. as shown in

Fig. 3.19(a) and (b). It was then polished on a \'ariable speed machine. set at 100

rpm, in the following manner to achieve a fiat, smooth surface:

• a 240 grit disk for 15-20 min ta remove the protrusion

• a 400 grit disk for 5-10 min to remo\'e the scratches

• a 600 grit disk for 5-10 min for the final grinding

• alumina suspension for about 10 min for the intermediate polishing

• colloidal silica for about 10 min for the final polishing

Finally, the sample was carbon coated as before. The total polishing procedure

provided a smooth surface, as photographed in Fig. 3.H'(c).

Glass substrate

Figure 3.18: Potassium concentration measurement by angle lapping
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3.5.3 Data reduction

Quautitati\'P Ei\IP analysis seems t.o bl' extremel~' simpll' al tirs!. Ali 1hat needs 10

he doue is t.o form the ratio kr of tht· characteristic X-ra~' iIllPusit~· ml'asurl'd l'rouI lht,

sampie (I,) and the standard (Iii1) where k r = 1,/1(,). This kr-\'al\l(' is assunll'd 10 Ill'

l'qnal to the COuc('utration ratio c,/C('I bNWl'en the samplt· and tht· staudar<l. 11 j'lI'1ns

the most basic experimentalmeasuremenl that underlies ail quantitatiw anal~'ses [20].

HOII·I'I·l'r. in most practical cases. the nwasurl'd intensilil's l'rom sampl(' and slandard

need to bl' corr<~cl,ed for differences in the electron backscatter. densily. X-ra~' cross

sl'cl.ion. and t"ler!(~' loss as weil as absorption within thl' solid in order 10 arril'l' al

t.he ratio of gmll'rawd intensities and hencl' the \'alue of l',. Thesl' matrix eH'eos an'

<livided up into at.omic number (Z), X-ray absorption (A) and x-ray Huorescence (F)

and the correction to Ci/C(i) = (ZAF)jk i is known as ZAF correction. lt is donl'

inlel'llally by the CAMECA software.

AI'ter ZAF correction, the electron microprobe anal~'sis gives the concentration of

t.11l' elemental oxides in thl' soda-lime glass in tenns of its weight fraction. Thl' al.olllÎl'

mncentration of the constituent clements (1\'. Na. Si. Cil. Mg. Al) an' also pro\'ided

in l.. 'rms of atomic concentration ratios. These ratios are useful in determining tll('

fraction of exchanged potassium ions (occuring al the surface) with the a\'ailable

coneentration of sodium ions. This value hK is calculated as:

(3.6)

,

when' 1\.,.rl is the atomic potassium concentration ratio at. the sampie surface. l\....b

and Na,ub are the concentratioll~ of the potassium and sodium in the substrate,

respectively, before ion exchange. Note that the background 1\ in the substrate must

be subtracted l'rom the 1\' at the surface to give an aceurate measurement of hf(.

For the surface analysis of the soda-lime glass substrate, at least five spot analy­

ses, randomly chosen on the surfaee. were performed with the average measurements

and de\'iations presented in Table 3.2. The chemieal composition of the bulk sub-
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stratl'. measureu hy our E:-'IP (thinl L'olumu). is sholl"u wIll' iu ('XI'l'l1l'lII a~I'I"'UIt'UI

to that publisheu h~' Fisher Sd"ntilk (sl'coudcolumu). TIll' SG:!O glass samplt,. pl'o­

\'iueu h~' tlw 1\atiouallustitlltl' ol'Staudal'<1s aud Tt'chuolog~' (:\\51') lI"as USI'<1 as th.,

stauuaru samplt, iu our t'xpl'I'imellts siuL'(' its dll'mÎl'a!I'omposilillU is \'l'I'\' silllÎlal' III

thal ol'oUI' suhstrall' (sel' Tahll' :3.:!1. \11 a<1<1i1ioll.lh., /\'sn stau<1al'<1 lI"as IISl'd illlh,'

elemeutal aualysis 01' potassium because its highl'I' /\. COlltl'1It Pl'o\'Î<1"<1 l'Il\' at'l'urall'

ml'aSUreml'lIt 01' ]\' iu thl' l'xchaugl'(1 guiul's.

Au l'xmnpl,' of a surl'acl' aual~'sis to dl'lel'llliu(' h/\ is pl'r(l'I'IlII'<1 011 a 1\" -iou­

('xchauged surl'a('l' guidl' (S-nD). l'abrÎl'atl'<1 lit E;~' = l!l,~ \ ,/"/111 (lH' f = :!Ollli",

TIll' atomi(' couceuuatiou ratios of the e!l'ml'lIIS art' prt'SI'IIII'<1 iu Tahlt, :\,:\ (l.1' t hl'

wa\'eguiul' ami substrate. Oul~' thl' potassium ami souill1u milles an' of iu\.(')'('sl

hecause the~' are the ouly elements that participate iu tlll' iou-exdlauge: uou' t.hal

thl' othel' l'lementa! ratios remaiu uuchaugeu withiu cxperiment.al e\Tor. Hl'IH'(', \\'1'

ohtain

1 O,OS9·1 - O,OO-l:! 9 - 1'"l',. = = o." ± /,\ O.o[l-ll

which is t~'pical 01' K~ - S(/~ ion-('xchang(' iu glass au<1 is iu l'Xl'1'11''111 ag)'('l'ulI'UI

to thl' 901X nllUt, publisheu hy DorenlIIs [:!3], l'hl' rl'sult.s 01' This surface aualysis

also snggests that. there is ua effecl l'rom other impurities ou t.h(' fielu-assist.eu iou-

(,xchangeu sampi(', Ot.her surl'ac(' analyses doue 011 hot.h surl'ae(' au<1 buril'<1 guidl's

al'l' to he presenteu in Chapter G,

l'hl' anal~'sis h(,eomes mo)'(' complieawu l'or thl' hl'velleu sampI<' heeausl' t.1ll'

Ill'\'el angle and illt.erl'ae\' locatiou musl Ill' d(,termilwu aeellrately, III aduit.iou, au

automat.ed line sean with auto.l'ocusing 01' the uirectiou perpenuicnlar 1.0 t.he slullple

surface (;; direction) is very desirable iu the analysis. \u !1,eneral, the sam pie may be

tilted by an angle (lI, while in the El\o\P holder, as shown in Fig, 3,20. l'hl' prohe

does a spot aual~'sis at a gi\'eu y positiou, theu t.he holder stage moves horizontal1y

along y by a smal1 amount and the process is repeated IIIltil the whole sampie hlL~

been scanned. By geomet.ry, we sel' that d,'b = y' tan(O), where 0 = n~ - (lI, aud
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y' = !I / ms( (lI) to ~'il'Id the prohing dept h rlpl•

d _!I tan(lI) _ 11 tan(o~ - od
I,b - ms(od - cos(od (3,7)

•

This variable depth, perpendicular to the samplI' surface. is along thl' salnph"s :

din·('t-ion and I\l'nce. : = rI"b' Th,' variation of thl' alOmi(' 1\' \\'ith : giYl's an ,,,'('urall'

lIleasure of the concentration profile, An example is presemed for sampie 8-92D, A

plot of th,' :-f(wns distan('l' \'l'rsns displaecmenl il is shown in Fig. 3.21. Frolll this

plot, the illterface location (to 1)(' used as the: = 0 refcrcnce) and the h('vel angll'

can 1,,· dl't.erlllined, The dark drdes. l'l'prcseminA aC(,\1al focusing measurPlIlelllS. Œn

1,,· fitt.ed h~' lincal' regl'ession tu !ind tlll' iIlters('ction poillt and thl' angll's (lI and (l~.

For this sample. \\'P find thal. Ii = 1.0115" which pro\'ides for !-\ood l'l'solmion in dl'plh

of about 0.5 Il1/!. This angle is tilen used with (3. i) and thc atolllic 1\' coneeIltration

10 deWrlllinc the profile,

Oxide Fisher glass El\IP 1IlI'asul'l'd N620 I\'N9
(\\'1. %) (\\'1. %) (\\'1. %) (\\'t.. %)

Si02
-t) 'J~ i2.35 ± 0.32 n08 i4.iO1 _ .... i>

N(/~O 14.31 14.04 ± 0.11 14.39 5.48
h'~O 1.20 U.95 ± 0.U2 U.4I 4.4U
GaO 6040 6.18 ± 0.10 i.ll 0.14
AI20 3 1.20 1.2i ± 0.01 1.80 1O.i4
MgO 4.30 4.22 ± 0.05 3.69 0.01

Table 3.2: Quantitative electron-probe microanal~'sis

Elemelll snbstrate 8-92D
Si 0.2501 ± 0.0004 0.2538 ± U,0005
Nu 0.0941 ± O.OOOS 0.0003 ± 0,0001
1\ 0.0042 ± 0.0001 0.OS94 ± 0.0013
Gu 0.0229 ± 0.0004 0.023i ± 0.0001
.-11 0.0052 ± 0.0001 0.0052 ± 0.0001
Mg 0.021i ± 0.0003 0.0219 ± 0.0002

Table 3.3: Atomic concentration ratios of the elements
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Figure 3.20: Schematic of bevelled sampie in El\lP holder
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Figure 3.21: Plot of z-focus vs. horizontal displacement
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t

111"11~11 Il ... 11<1\\" .... 1~1l .... II! t11"..':I:HLI!1'111 ;l!II'1 ";ldl Plll('I' ....... \4'\', ~,IIl·I·l', 11l1l"1 III

Il,,·d III! 1'\"'1\ PI<il't'dlll!'

El('ctrod(, sandwich 1Ill' Il'('l;III~IJlal :-.1\1'1'1 J:-- pLllt'd lllllill" :--1(,(,1 pL111' 11ll'11

IJll1' 1'!f'('11111k 1:-- 11\11 IfIl 11111 ,d il, f,dlll\\'l,d 1., ;1 '{' ~Ilt't'l. 111t'~',LI.""" .'-1 il 1"1 1;11 l'

alllllhl'I 'l" :-;lwl,t. tilt, (Ilhl'I' t'II'I"!"eld!> alld tilt, 0111l'1' ,;11'1,1 plall' III il S;llld"it'il­

likl' pnJ('t'~" (llll' IIlIlS! ('IlSlll"t' Ihal lllt' SlIltlulh part td'll\l' g\il""" :-.l1llsll;lII' 1:-­

f;\('lll~ Ill!' ll(ltll11l1 (Pll:;Jtl\'(') l'it'l'tI"Ut\I'. :\btl. tlll' sI l'l'I 1'1;111':-- "lll'Jlld al\\':1\":-- Ill'

liaI ilild :-.1111101 Il: titH) gril po\isliillg papI'!' slllllild Ill' Ilst·d. TIlt' SI'\"l'1! SI'!'I'\\'S ilild

Illl1l:-' tlrt' illsf'rll'd ill tlll' piatl's illld tiglltl'lj('d gt'lIlh·. Tiglill'lIiln.'!' 1(111 liard will

lïlllSl' Il)l' sllhslr;lll' III tl'I('k dl1rillg lïlldiTlg hll\\'I'\ï'l'. il" 1 Ill' Sl'liIP i~ 11HI 111l1~(',

Illl' 1111,111'11 salt \rilllt'ak intll tl1l' sand. j)r:ll'lil'l' is Ill'l'dpl! III (11'\'I'IIIJlI11I' l'IIITI'['1

1i~lIt 111';';S

:) ()Tll' Tdloll-cllatl'd ",in' is fastl'lll'd h,\' selï'w intll:\ sllIall hull' ]lIl'all'd fil 1111'

('1)1'I11'1 Ill' Illl' p(I:o-;il ~\'l' l'li't'I rI/dl'.

;ïll'Il. 1Ill' aitllllilllltli plalt' \\'il il 1!lI' ail ;wlll'd :Illgll'd IJr'll'kf'I s i~ r'lsll'lll'd 'l' IlIlt il

st ('1'1 plat l'S h,\' 1\\'0 SIlIilll St'Iï'\\'S. 'l'lit' III tll'r win' is 110\\' al l.wh,," III IIIW (JI' llll'Sl'

snl'\I's '1I1 tlll' Si l'l'I plat" Ihat is ill "Ollian ll'ilh 1Ill' otl,,':' ,'l''''llod,'

,l, AI this poitlt. a silllpiP l'I'sistalll'l' dll'('k is Il l'l'el. 'el to l'IISIlI'<' .'l''I'llil.t! isolatioll,

This is riO'"' hy 1I11"lSlIrillg Ihl' l'I'siSlaIlCl' tll'I\I'1'1'1I 1111' 1\1'0 l'I"I'lloel.'S, :\ high

r<'siSlall('1' (> :W ,\Hl) sigllifil'S goori l'il'l'llil'al isolalioll,
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fi, l'Ill' whol,· Sl'lllp is lin'" phu'('(l ill H tin l'an "'hich is tlll'n lili,'d ,yjlh ,,"dinalT

sand IIsing a funn!'!.

ï, Th" m!'1t l'olll.ainers, auached ta thl' T-sect.ion "'in' i<"·l'rs. an' Ihl'n 1iI1hlwith

salt CJ'~'stals, AhOlll 10 - !2 f} of salt is nll'asurl'd and pla(,l'd int" l'adl ('ont ainl'!'.

This alllOllnt nHl~' 1)(' del'rl'ased in ordl'I' to ohTain a slllalil'I' ioui<- ,'UlTl"Il1, if

dl'sired.

8, Thl' tin l'an and the T-sl'ct.ion configuration is then liTTl'd into th" sp!'dal hlal'k­

anodiwd alulllinulll c~'lindel' and plHCl'd carefull~' in tlll' l'umm'!' nsing a t"­

shapl'd wire. The furnacl' is then covl'red with thl' Iid "'ith two win's ('nHIIHlTing

fl'om a hole in tlll' l'emer.

D, Thl' e1ectric circuit is completed as shown in Fig. 3.4.

1n, Thl' furnacl' is turned on and a waiting period of ahouT 3 il is lll'l'dl'd fol' thl'

Tl'lIIperature 1.0 reach 385°C.

11. AI'ter this time. the lid is removed and the containers holding the molten salt

arl' tilt(~d b~' lifting the wire levers with a steel caliper 50 that, the salt is poured

in!.o tlll' cones. Cotton gloves should be used to a"oid any hurns.

12. Artel' pouring the melt, the containers and the cones arc rmnO\'ed imnll'diat.el~·

and the Iid is replaced. The voltage source is turned on and the ammeter hegins

reeording the ionie current in desired intervals of time. If a short occllrs. the

voltage will be low and the cllrrent high. Turn off the fllrnace and voltage

sollrce and return to step 1 al'ter the furnace has cooled down.

13. When the exchange time is reached, the power supply and fllrnace arc tllrned

- off and the asbestos lid is removed by placing it near the side of the furnace

opening. A steel caliper is helpful to remove the lid.
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14, \rail for teu minllt"', Thi:; ~ll'p a\'oid~ tlll'fIual ~ho('k ilud ~lIh"''1I1I'1I1 "Iad,­

iug of the sub"nlte, HO\\·"wr. il ul!'au~ lhat th.. \\'1I\'..gllid"h an' ~lill lll'illA

influenred h~' ion l'l'chang.', During these t"u ltIitl1tt.,~, Ih.. 1l'ItII'I'raltlt'I' d...

creases and the a\'enlg(' t"mpcnltlll't' i~ ltI"a~lIn'd 10 Ill' :lïO"(", Thih l'lltlhng

,t"p ItIU" h" inciud,'d in Ih.. eot\('''lltratiou profill' tI1tld..liug 1"'" CI", 1'1 "1 :!I.

Future impro\'cment of this step is ne('dcd 1.0 siltlplify t Ill' pTll('I'~~,

15. Finu11y. th" whol., settll' i~ Tl'mOl,,'d l'rom th.. ft~rna(' .. lI~iug 1h., l'-~hal' ..d win'

and is allo\\'ed 1.0 cool dowu for OU" h01l1'.

IG, Af\.('r t:Ooling. th., tiu can i~ rCIIIOl'I'C!. Ih" ~aucl ih l'tllll't,c1 hac\, iu il~ 1'1an , alld

dl!' s('\'('u scrc\\'s and holts arc ulldonl', Th.. el"l·trocl..~ ar.. ~t i11 '1l1ilt' hol. ~o

cotton glo\'es should be uscd, TheIl. the c1ectrocll' ,tmrtur.' i~ plaeecl intel a

pau fi11ed with boiling hot \\'ater, Within a few lIIitlllte~, th.' ~alt ha~ tI1o~tly

dissolved and the substrates l'an hl' rCllloved ea~i1~', Th..y ~honlcl hl' rin~ecl with

D,1. \\'ater to remove an~' residuc.

3. '1 AtJpettdix 3:8

The sputtering proccdure is described belO\v in detail. TIl(' Cook.' Vm:unlll sput.teriug

s~·st.em is shown in Fig, 3.22. It consists of a suhstrate holder. a .J-heacl target holder.

a rI' matching network. a rI' generator. and a water cooling systelll. Furt.lwr c1et.ails

lIIa~' he obt.ained l'rom t.he Cooke C\'-300 lIIanua\ and an intl'rtml lab n'llClrt 12,1].

1. Fo11O\\' the instructions for setting the lIlet.al ring for GLO-c1isdlllrgl'. c;clIIllcctin!\

t.he electrical terminais, and grounding the mesh guard of t.ll(' he11 jar t.el th.'

vacuum system chassis [24J.

2. Make sure a11 valves are c1osed, turn on a mechanical pump and open a water

valve. 5witch to the Foreline position and allow the vacuum system to reach

equilibrium. A thermocouple gauge located on the adjacent unit is switched':~o
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TC-1 and should indi"all' \pss t han 2::; Iml. Switeh on a diflusin•. 1"11111' 1hal

takes 20 min to warm up.

:3. l'Ill' .J-hearl targel holder should 1", tUTIJPd o\'l'r and \~'iJll' on a d!'sk. OJl!'n a

fan-I~'J'" shlltter and IUTIJ tlll' .J-head doekwisp h~' 2". l'noul'h tn fix tll!' sul"'Iall'

with tlll' stl'el slrips. TUTIJ hat'k tlll' slultler and tlll' .1-h!'ad. CI,'an t Ill' has!'Jllat,·

of tlll' rf matching network with acN.oue. L:sin!1, H.P. nilrol','n l'as. Slll'1l\' th!'

Silhst ralP t0 retllo\'l' any ri US1..

.1. Grah t.hp nl'ek of thl' .J-head and lift Ihl' tIlodnll' so as to phwl' it eat'!'llIll," on

tlll' h!'ll jar. Fast.en the suspended tIletal con'r ln Ih,' hox housiul' alld ('01l1l!,('1

Ihp wires on the mesh guard t.o onp of tllf' four stl'pl fastpners. Conll!'(" tIll'

plast.ie water tuhing for the .I-head target and tum on a seeond water ,'a1\'l'.

5. ünlock a counterweight by removing a screw and lift up Ihl' 1Il0dulp slowl~·.

G, Placl' the A/20 3 target on the .J-head holder and adjust its posit.iou so that it

is flush with the holder.

/. Push down the module slowl~' and lock the coullterweight. EIISIITl' t.hat 1hl'

haseplate of the module covers completely the upper rubber seal of t.he belljar.

:\Iso l'l'-check t.he target. position t.o ellsnre it. hasn'I lIlm'l'l!.

8. l'hl' vacUUIl1 system should now havp reached full operation wit.h TC-1 hl'in!1,

luwer than 25 Ilm.

9. Switch ta the Roughing position and turn the gauge to TC-2. Al'ter 15-20 min,

TC-2 should reach 20 pm.

10. When TC-2 reaches 20 pm, open the main valve of the .4r/02 gas cylillder and

set. an output pressure of 12 PSI. Then, push up a toggle valve on the left.-hand

side of the vacuum system and open full)' a needle valve. Keep the t.wo valves
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DIH'1l for t\\'o tnill\1t{'~ tll l'xhallst air in a ga~ in1Pl hl1t' ",it il 1hl' IIlt'I'llallw;l!

pump.

11. TC-2 should relUrn to less thau 20 /1//1 ahout two tIlillutl'S aftl'r thl' tllAAh' alld

1I1'edll' "ah'l's ar!' c1osl'd.

12. ~Iove the switch !Jack to thl' Forelim' positioll...\l'Il'r TC-l r..t1ll'IlS III 1",,5 thnll

25 /1111. Opl'II the high-\"acuutll (H. \".) val\'('.

13. After TC-1 reeovers 1.0 ahout 30 JI 111. turn oU' tlll' lhl'1'ItIlll·ouJll.. AnUAl' nud

swir.eh 011 thl' eold eathod.. (c.e.) AnuAl'. TIll' "al'UIIlU h"'('l should r..adl :\-·1

x W- c, Torr ill ahout 30 1IIi/l.

14. Pour about 1/ of liquid nitrogen into tlll' mld traJl of th.. diffusioll JlUtllJl.

\\ïthin 2 min. the vacuum level should reach less than 2 x Ill"" TOIT, which is

necessary background presure for sputtl'rinA.

15. Turn off the C.C. gauge and close the H.\·. valve.

1G. Push up the tOAAll' ml\'(' and turn tlll' Iwedh' val\'l' four and a hnll' tUI'llS ('(Utll­

terclockwise.

1ï. Open the H.\'. valve in small Increments unti! TC-2 reaches 20 /1111.

18. Check TC-1. Ideally, it should he around 50 /Im: if it. is Inwl'!'. 0l)(m t.11l' nl!f!lll..

\"ah'e slightly. Adjust. the H.\". and lIel'dll' mlves 50 t.hat. TC-1 ami TC-2 l'l'ad

50 /1111 and 20/1m. respect.ivel~·,

19. Tum off the thermocouple gauge alld t.urn 011 the rr gelll'rat.or. Art.I!!' t.hn'(·

minutes, the 'ready' lamp 5hould he on. Wail. ahout t/lree lIlillIItes mon! 11IId

then tum on a rf switch.

20. Slowly begin to tum the 'output control' dial clockwise unti! the forward and

reflected power begin to increase. Also, check tll~ target voltage nn the box
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• hOllSill~ of t II!' module. AdjllSt capacitors Cl and C~ unt il il dil' in 1111" rdh'fwd

po\\"..r is not..cI ancl a \'ioll't-coloUTl'd plasma b ignitcd. (hl!' can also tr~· to

open slightly the fan-typc- shutter 1.0 txcitl' thl' plasma. :\ftl'r plasma i~nit ion.

dos.. the shutter. increase thl' po\\"l'r a·".d rl'-tunl' Cl and C~ umil tlll' rl'Hl'ct!'d

po\\"l'r is zero. Chl'ck tlll' tar~et \"Olta!\l' !O 1", dos!' ln O.~J /;1'.

21. A pre-sputtering process of about 20 min is nel'd..d to dl'an thl' targl't surfac('.

~2. After pre-sputtering. opcn the shuttcr full~' and rl'-tun!' CI. C~. aud tilt' oUt)llll

"onuol to ohtain thl' desirl'c1 tar!\l'I \·olt.aA!' and Z('ro rl'!tl'I·tl'c1 )Io\\·l'r. TIl"

spul.tcring process is no\\" startcc1. :-'Ionit.or tll(' proccss l'\'l'r~' JO lIIill tll !'nsur,'

propel' behaviour.

23. When the sputtering is complete.

(a) tuTU the control dial counterclockwise to decreasl' th.. po\\'er

(b) t.UTU off the rf po\\'er upon which the plasma disappcars

(c) dose the toggle and needle valves completely

(cl) close the main valve of the gas c~'linder

(l') wait for 2 min

'1 (f) open the H.\'. \'alve fully to cool do\\'n the chamhl'r (\l'ait 45 min)
<~~:

24. After cooling,

(a) close the fan-type shutter

(b) close the H.\'. valve

(c) turn off the diffusion pump

(d) open the vent valve

(l') close the second water valve and remove the tubing

76



• As soon as the sputtering 1110dule ('1\11 be detacht'd from th., ru!>l,,'!" rllll!, tif th.,

beli jar. clos'? the vent \·alve.

25. l:nluck the counter",eight and lift up the module slowly. Remo\'(' tlH' targt'l

from the J-head holder carefully and pla('e it in ilS co\'er.

26. Push down the module and lock the coullterweight again.

2;. vnfasten the metal cover and the grounding wires from the modnle. Lift Ill'

the module from its edge, grab the neck of the J-head and turn it o':er 011 tht'

desk. Turn the J-head slightly to remove the substrate with lhe sputtered film.

28. Turn off the mechanical pump and the water valve and vcnt the s\·stcm.
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Figure 3.22: Schematic of the sputtering system
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Chapter 4

Modeling of the Waveguide
Characteristics

4.1 Introduction

In this chapter. the theoretical aspects of the optical waveguidl' propagation ehar-

acteristics are presented. The planaI' and channel guidl' structures are descrihed

followed by the dispersion relations that are used t.o calculate the elfl!ctive mode in-

dicès as a function of the waveguide dimensions. The general Vl!ctor Helmholtz and

Fresnel equat.ions are a1so derived and their numerical solution is presented hased on

tlll' R.unga-Kutt.a technique and the \"(~ctor heam propagation ml'thod.

4.1.1 Waveguide structures

Here, hoth planaI' and channel guide structures arc studied. The planaI' guide struc­

tures of Figs. 4.1(a) and (b). are of the step-index and graded-index type, respectivd~'.

The~' are used tu confine and propagate Iight along the:: direction. Till' geornet,ries

are asymmetric since the hulk index nb is dilferent from that. of the air-cover region,

no = 1.0. For the step-index guides, the film index ni is homogeneous throughout

its film thickness d, whereas the graded-index guides have an inhomogcneous refrac­

tive index distribution n(x) = nb + ~n.f(x) where ~n. = Tl, - Tlb is the maximum

index change and f(x) is any function describing the profile shape. For graded-index

channel guides, shown in Fig. 4.2. the index distribution n(x, y) = nb + ~n.f(xt y).
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4.1.2 Helmholtz wave equations

Thp propagation of plpctrol1mgul'til' li~ht\\'a\'l's 111 ail itllHJI1H)~t'llt'l1\1s. Slllll'('(l.fn'('

medium iR gowrned b~' ~laxwl'lr, l'ljuatiou,:

of xl]- ./_" E = Il 1-1.1 :

of x Ë + j~ï/ofi = II l ~,:!)

of, (fË) = II (-1.:\ )

f,fi = (J (-1.,1)

--

with tlll' fieidR hll\'ing an expunential tinl(' dependl'lIl'l' l'XpU_'f). Takin~ thl' ('url of

(~,2) and l'l'placin~ (~,3) in thl' l'l',ult, tilt' "1'('101' !kltllhllilz "'1ulltillll'j"lIl Ë n," Ill'

dl'I'i\'l'd as:

with ff -# 0 sinel' the dieleetric teTlIl f = f,,71~(:I:.!/.:) is inhomlll!"'nt'ou,, Ir tht'

l'efmeti\'!' index is uniform along :. the tTansversl' eleetrie fil'Id ,·ompolll:nt.s l'ail Ill'

\\'TiUen RepaTately as Helmholtz wave eqnationR:

(4.6)

(U)

A waveguide mode deseribes a Ret of eleetromagn'!tie field eompont'III.S 1hat. sa l.is~'·

:--1iL'(well's eljuations and the appropriate boundar~' <:unditions, Tlws" fil'Id eOlnpo-

uents maintain their spatial distribution ,L~ tll('~' propaJ\at.t' alonl!, : \l'il Il t.11I 1 propa- ,"

gation constant (3: the phase term exp( - j (j:) is understood to hl' i!ll:lndc·d. Thns.

(4.6) and (4.i) l'l'duce to:

•
(4.8)

(4.9)
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Thcsp an' tllP \'CClOr Helmholtz ('quari(lnS for th{' tranS\'ersp ('!l·('trie liPld l"llIllJl"1l('nt~:

a similar set can be derived for the magnetic field. 1\ote tlu.· coupied nature of tll('

orthogonal components Er and Ey that occurs due to the graded-index profiles.

The above cquations ean he c1assified gencrally into two types of Illod(' sohuions.

If we eonsidcr a 1-0 planar guidc with 11 = ll(x) and a/a!! = o. then it ('an support

transverse electrie (TE) modes with E, = 0 and transverse magnetic (T"I) modes

with H, = O. For TE modes. tll(' non-trÏ\'iallield components arc (E~. H,.. H,) wilh

Hr =
_BEy

(.1.10)
WJlo

H, - -.J...- aE" (.1.11)
iJ.,' Ilf' 8.1'

and for Ti"l modes, the non-trivial components are (H". Er. Er) [1] with

Er = .I3H" (4.12)
wfon2(x)

Er
j aHy (4.13)=

wfon2(x) ax

Equations (4.9) and (4.10) are no\\' simplified into

a2Er 2 ).2 2-a2 + (11 (x ko - {3 )Erx

a2
Ey (2( )k2 2)Eax2 + n x '" - {3 y

- -; (:2 ~:Er).
= 0 TE

TM (4.14)

(4.15)

For 2-D channel guide profiles, n = n(x, y), (4.8) and (4.9) represent the coupled

Er (TM) and Ey (TE) equations. If we neglect this cross coupIing, the modes can hl'

c1assified as eitiîcr quasi-TM or quasi-TE:
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4.1.3 Fresnel wave equations

The Fresnel wave equations are an approximation to thl' full n'ctor Hl'1mholtz t'qua-

tions. These Fresnel equations assuml' that the waw propagation is paraxial. L"l

us presume that th" transversl' field components E, (Er or Ey ) ,'all Ill' "X\l\'"sst'd a,

plane wllves:

(·1.18)

travelling along : in a homogcneous medium where IIr is a rl'ferent'" rl'fl'lll'tÎ\'" illd,'x.

Substituting (4.18) into (4.6) or (4. i) and assuming the fil'1ds art' slowly \'l\ryillJ1,

with respect to =. Le. 82q,t/8:2 "" o. Wl' obtain th{' coupled set of paraholk partial

difl'erential eqllations:

'2 k 8q,x
.1 nr 'o 8z -

)
'')n k 8q,,, =

- T 0 8:

(4.19)

(4.20)

where the differential operators are defined by:

(4.21 )

(4.22)

(4.23)

(4.24)

1

The right-hand side of (4.19) and (4.20) can be expanded out and wriUen more

conveniently using intermediate operators:
" ,

(4.25)

(4.26)

where
{j2

A.,=­
8:x2

85



1 !l"0-

A.= ô". y-

Au = (71
2

- ll;)k~

A _ ~ [8271 ... 8n i. _~ (871)2]
rn - 71 8.1'2 . 83' 83' n 8.7'

A = ~ [8271 + 871 i. _~ (8,,)2]
yn 71 8y2 8y 8y n ày

Br = ~ [82
71 + 8n i. _~ (8n) (871)]

y TI 8.7:8" 8y 8x 11 b.7· 8y

BYT = ~ [~/2;T + ::~I -; (::) (:;;)]
These are tlll' gelleral veetor differelltial opemtors for three-dimellsional (:1:, y. =)

structures. The vector properties are responsible for the polarization dependent prop­

agation of the optical guided waves due 1.0 the inequalit~·of the 'rr and 'yy operators.

The coupling bet.ween the two orthogonal polarizations occurs through the 'zy and

'UT operators. These general Fresnel equations will be used in the beam propagation

','.1gorithms in the follo\\'ing sections. The cross coupling polarization effects and the

re'l'uctive index gradients are taken l'ully into consideration. The only aproximation

made is that ofparaxial propagation. Note that for planaI' waveguides with 71 =n(x),

the cross coupling between \{Ir and \{III vanishes and the waves are decomposed into

purely TE and Tl\1 modes that can he treated separately:

t

(4.2i)

(4.28)
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1 4.2 nispersion relations

Waveguid(' dispersion relations arl' important in thl' design of integrated optkal d.,.

vices because t11l'~' convey the relationship hNween tilt' t'ff(·(·t iv(' modl' intiil'l's and th.,

waveguide dimension. These relations art· pl'esent(·c1 in mall\' tt'XI hooks Il. :L H.,I'I'.. ..
the dispersion relations for step-index and graded-index prufih's an' slawd only.

4.2.1 Stet>-ii1dex profiles

For the special case of planaI' snrface guides fabricated hy rf spnttering. th(' index

profile has heen shown to be step-like [31 with film index. IIJ. as shown in Fig. -I.I(a).

Thl' well-established relations for sllch slab wavegnides can h(' solwd h.,· applying t.h..

continuity of the relevant field components to obtain [11:

c/JI + c/J2 + m7T ?
d = J . m.=0,1,~, ...

k 2 "2 .
o nJ - ".JJ

(4.29)

where the phase shifts <DI and /1)2 at the guide-substrate and ail'-snbst1'llt(~ interfaces,

respect.ively, are:

. -1 ( • ..; !\T' 2/" \ ,.». -1 ( ..; "2 1 0/ 2 N2)/1)1 = t.an X • iJJ - nb nj - J'iIJ : /l)2 = tan X h eIJ - . 7IJ - eIJ

(4.30)

and . {1 TE modes {1 TE modes
X = (ndnb)2 Tl\'( modes X = n} TM modes

The exact TM mode field solution for this three-layer structure, shown in Fig.

4.3(a), is:

where qi = koJN:1J - n~,Pi = koJN:1J - n~, hi = koJn~ - N:IJ and lïi == n~q;/n~.

Using (4.12), the corresponding electric field component Ez = PHy(x)/w(on2 with

P =koN.f!'
,

l
Aexp( -qjX)

Hy(x) = A {(cos(h;x) - 1.:- sin(h;x)}
A {cos(h;D2 + 1.:- sin(h j D2}} exp(p;(x + D2»

O<x<oo
-D2 < x < 0
-00 < x < -D2

(4.31 )
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-DT < x < -Da
x <-DT

1 4.2.2 Graded-index profiles

The WKB method can be used to obtain approximatl' solutions of tll!' Helmholtz

"quation for slowly varying inhomogeneous profiles. This II1l'thod is wcll-known. l'Spl'-

ciall~' in t.h,' quantum mechanics literature. and its applications tll planaI' wll\"('l,\uides

has I)('cn discussed b~' lI1an~' n'seardwrs [.J].

For planaI' snrface guides. the WKB integral relation

k.d fox, J1I2(±) - N'td± = <ill + f!J2 + 111". 111 = 0.1. 2.... (.J.32)

with dl l and dl2 similar to (4.30) exccpt that "/ is replaced b~' 11, (SPI' Fig. .J.1(h)).

The other parameter j' = x/do and 3:, is the turning point defined b~' 11(.1',) = X,.//.

Thc dispersion curves fol' the surface planaI' guides are genemtpd h~' this n1('l.hod.

4.2.3 Four-layer stej)-ii1clex relatioi1s

The dispersion relation of a four-layer structure, used to model the GaAs photode­

teclOl' embedded in .4120 3• can be derived using the well-known transverse resonance

t.echnique (TRT). It is based on the transmission \ine model of the transverse cross

section [5J, shown in Fig. 4.4. The TRT condition requires that the total impedance

looking towards the cover region and the substrate region is zero, i.e. Z; + Z; = O.

The TE and TM dispersion relations and further details are provided in Appendix 4A.

Since this method offers the dispersion relation only, the field profiles l'an be deter­

mined by solving the Helmholtz equation with the appropriate boundary conditions

[6]. TIl!' TM solution for the four-layer structure shown in Fig. 4.3(b) yields:

.4 exp( -qjx) 0 < x < 00

A (cos(hjx) - tsin(hjx)) -Da < x < 0

Hy(x) = A (cos(hjD3)+ t sin(hjD3») cos(rj(x + D3»+
(~sin(hjD3) - (li;)2 ~ cos(hjD3»sin(rj(x + D3»
AHy(-DT) exp(Pd(X + DT»

(4.33)

where DT =D2 + Da, qj =koJN;f1- n~, Pd =koJN;f1- n~. hj =koJn~ - N;f1'

rj =koJ~ - N;f1. hj == ~hj/n~ and ijj . ~qj/n~.
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4.3.1 Background
1 4.3 Runga-Kutta solutions

As we have seen. the propagation eonstant and modal field distrihlltiun can in gelll'rai

Ill' oht,ained from the solution of thl' \'ectol" Helmholtz (·quation. Howl'\·(·r. l'XCl'llI fUI"

a few refractive index profiles [1]. anal~·tical solutions do nut exist. Hem·('. UUI' USI'S

either approximate Illethods such as the \'ariational Illethod and tlll' \YKB methud

or uses nUlllerical methods to ohtain the solution [il, It has heen shown that tlll'

WKB method does not give accurate results for lower order modes closl' to elltoff

[81. Hence. one must try another method to obtain more alTuratl' dispersion ('ul'\·es.

('special1~' in the single-mode region. One numerical method that ~·ields promising

results [9J uses a simple Runga-Kutta technique after transforming the Helmholtz

equation into a first order !inear (Ricatti) differential equation. Results show that

more accurate effective index values are obtained than by using WKB.

4.3.2 Computation or the etrective mode indices

For a planaI' waveguide \Vith n = n(x), the Helmholtz equations (4.14) and (4.15)

can be written as [9]

O. TE

[
3 ( 1 dn2)2 1 (pn2]
4' n2 d~ - 2n2 d~2 1/>. ™

(4.34)

(4.35)

,

when! dl = Ey for TE and dl = n(x)Er for Ti"l with { = x/rI. Using

(4.34) and (4.35) reduce to first-order Ricatti differential equations:

dG
d~

dG
d~
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(4.38)

• which an' solwd using Runp;a-KlIlla IPe!llliqups with apprnpriatl' ""11n<la 1'1' l'lln<li.

tions. 1'0 obtain the houndar~' conditions on G. WI' obspr\"l' lhal for TE llludps. hUlh

(/) and d(/)/dE, (proportional to tangential fil'Ids) ,In' continuuus l',·pr~·whpt'l,. inl'\uding

the boundaries. Thus. G is continuous l',·erywhere. lu air (II = \.0 and E. ..:: 0). (·l.aG)

and (.j .37) hecolllP:

with general solution

Sinc!' the modal field must vanish <1\\'11." l'rom the surlilce. then Ci> -+ () as E. -'0 -:x.

sa that the second solution must be rejected. leaving us w:th

E mce, the boundary condition on G is

G(E. =0+) =G(E. = 0-) = !.. dt/> 1 = k.dJN';// - 1
t/> dE, (=0-

However. for TM modes, Hy and (l/n 2 )dHy /dE, (proportional ta tangential field E,)

are continuous everywhere, and using (4.13) we get fOI Hy continnity:

(4.39)

(4.40)

,

Similarly. using the above condition. wc gel.:

and aCter sorne manipulations we get,

_ +)_ d( A f( ))2.1 2 _ _ ~n. d/lG(E. - 0 - k. nb + .:.>n, 0 V N.// 1 A 1(0) de
Tlb + .:.>11.. .. (=0+

Since the refractive index saturates ta 11b far into the substrat!' (Le. E. -+ E"" E,,, -+ 00),

the field is expected to tend as exp( -kodE.JN:// - Tin and thus,

(4.41)
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1 JO sUllllllariz~. for fi planaI' surfacp or buried wa\"eguid,' Wilh ~i\"l'u \"ah,,', of k".

ri (ur xp,akl. 11, • .êln,. and f(f,). the problem of compUling ,\',"/ for a partit'ular mati"

is reduced ta the solutiou of thE' dilfen·ntial equaTiuu (.J.36) ur (.J.37) wilh bouudar~'

couditions given by (4.38) or (4.40) and (.J.41).

4.3.3 Single-mode field profiles

The numerical model is also useful for declucing th!' tranS\'ersl' modal fields E" aud

Hu as fuuctions of f,. Since 0 satisfies a linear dilferelltia\ equatiou. tlll' s,lll1tiOlI b

uuique apan l'rom a constant multiplier. Hence. "'ithoUl 10ss of generalil~·. we 111l1~'

assume the field to be unit~· at the air-guide interface (Le. a>(0) = 1.0). Since.

do G '
dt; = <P,

the separable dilferential equation can be solved at any arbitrary \"alue of f, as:

o(f,) = exp {[ G(f,')dt;'} (.J ..J2)

Once Nr.fI is determined, the integral is computed numerica11y using Simpson's rule

;101 with the integrand G(!;').

4.3.4 Numerical methodology

Equation (4.36) or (4.3ï) can be solved lIumerica11y using a fourth order Runga-Kutta

lIIethod [10J as fo11o,,"s:

G1
1

(4.43)= G. + 6(k l + 2k2 + 2k3 + k4 )

.kt - ~xr(t;o,Go)

".
( ~x kt)Ij

'!"'1 = ~xr E;a+T,Go+ 2' ..

k3
(,/. ~x k.)- ~xr t; .;' -- G +-='• 2' 0 2

~'

k4 - ~xr(t;a + ~x. G. + k3)
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1

1

wh!'r{' G1 is tlll' ",h1l' ofG aft!'!' a stl'pofsiz{' ..lJ' has hl'{'u takl'u. G" is Ih"i>lIulltian

condition expre~sed in (4.38) or (4.,10). The function r(~. C) r!'prl'S!'uts th(' rip.ht

haud side of (4.36) or (4.3i). TIll' as~ocia[('d truncatiou l'rror is - (..l.rf'.

The differential equatiou for C must Ill' sol\"ed simult"llIl'ousl~· whih' 'shoot iu!\'

[10] for tlll' houudary Clluditiou at infiuit~· (4.41). This traus,,(,tuh'ntal"'1uatillu ,'au

he tackled using the Secant root search method [10). Th(' ;\l'l'nr1\('~' of th,' sohltinu

dt'Jleuds ou tlll' \"alul' of ~" which cau l", dlOseu arhitraril~·. H"lu','. Ill'!ill'{' pW(""'t1in!\,

OUI' has to l'hoose a \"alue of ~" aud two initial guesses for X,.JI. Thl!S!' IWO \'ahll's

aJ'(' relmed iu th!' seusl' that. if 'Y"II is uot sulfici('IIlI~' dns{' to th{' tt'll{' \'ahu' of

'\'/1 (which must he determiued), the solut.iou ma~' hlow 111' {'\'('II l,,>l'oJ'(' ~ rl'ach('s

~". Heuce. t.he correct. choiee of the initial mlues of N"II and ~" is quil.t' imponant. iu

the aual~'sis [11]. The following steps hav!' heeu taken 1.0 soin' tlu' pl'Ohlem:

• Choose a low enough value of ~o, say 1.0 :s ~" :s 1.5, aud t\Vo initial glll!sses for

N"II (nb < N" < nb + ~n,). The step size ~3: is 0.005 and thl' ne\\' vahll' of

1Y"/I is determined by the Secant method.

• lncrease the value of ~" hy lU, using the N"JI uhtained ahove Ils dU! init.ial

guess to solve N"II \Vith hetter accuracy,

• The process is repeated ulltil the desired accurac~' of N"/I (alJOut 1 X 10-';) is

reached,

These st.eps l'an he easily programmed t.u det.ermille the effœt.iv(' index of t.he mode

and its field profile. Typical computing t.imes for these simulations, that. depend 011

t.he chosen value of ~x, rallged from 30 s t.o 1min 011 il SUIISparc5 station,
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Figure 4.5: Discrete form of index at !:>.x/2

On a final note, it is worth mentioning that (4.43) can be used to accommodate

for index profiles that can be represented analytically. such as the Gaussian and

cxponential. However. in the event that n(x) is provided in discrete form, Le. n(xi)

with X, = i!:>.x. i = 0.1,2.. , then sorne small changes to (4.43) need to be made. For

kt and k4 , n(x;) and n(x, + !:>.x) are needed and can be discretized in the spatial

domain to yield derivatives:

dn nHI - ni
dx = Âx

cPn ni+1 - 2ni + ni_1
dx2 = (ÂX)2

However. for k2 and k3 , n(x; + !:i.x/2) is needed and not available in discrete form.

Hence. we define the index in between two discrete points as the average ni =(ni +

n'+1 )/2 (see Fig. 4.5) and the derivatives (in central-difference form) no\\' become:

Finally, we note that the forward-difference form for dn/dx used for k. and k4 and

the central·difference form used for k2 and k3 was implemented in this way solely for

the convenience of numerical implementation.,
dn ni•• - ni
dx = Âx

cPn ni+! - 2ni + ni
dx2 = (ÂX/2)2
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1 4.3.5 Effective index method

The effective index method (EnI) is a widel~'used anal~'til"al !Ool in intl'p;r:ltt'd oplit's,

Firsl proposed by Knox and Toulios in 19iO [12], il k.s lwt'u itllprll\'l'd aud l'xlt'ndl'd

to inhomogeneous channel guides b~' tIIany re~el\rchers indudinp; Htll'kl'r and Burns

[13], Basical1~·. the method describes the reduction of lht' 2-D Hl'Itllhoitz t''1uation

illto two simpler 1-D equations. The version described hdow has hl't'n tIIo<1ilil'd !O

create a \'~rtical effecliYe index profile instead of thl' con\'emional laI l'l'al prolih', ln

this thesis, the EIl\I was used to complement the 3-D BP:'.! hy prcl\'idinp; thl' initial

2-D field profile. In addition. this profile is used in tIIode tIIistllat ch loss mkulal ions

tu be presented in Chapter 5.

\Ve begin with the vector Helmholtz equation for the quasi-Tl\! tIIod(' \"t'p\"t'selll.ed

by Ex(x, y) that satisfies (4.16). A separation of variables approach is lhen uSl'd:

Ex(x, y) = F(x,lI)G(x) (4.44 )

and (4.16) hecomes:

a2F a2G a2F aFaG 0 2 " 2 (an)2 2 {J21/
G-

a
0 +F-

a
' +G-

a
0 +2-

a
-a +(k~n (x,y)-B-)FG = -," -{J FG-- a",FG

x- x- y- x X 7I":r 1/ .l'"

(4.45)

Since most of the gradient in x is taken up by G(x) tllt,n the first and fourth terms of

(4,45) can be neglected, Defining an effective index function in the depth direction

2 ? ()2 ?"aG (k2 .,2 () (32)G _ ~ an G' ~ (J-II G'-- + ), ff x - - - - • - -- •aX2 a. Il,2 a3: 7/. {J3:2

and suhstituting it back into (4.45) reduces ta:

(M6)

(4.47)

,
éPF 2(2( 2)8y2 + ka n Xi, y) - Nol/(Xi) F = 0

Equation (4.47) is solved using the Runga-Kutta method, described in Section

4.3, along the lateral y direction for each different value of Xi in the vertical direction.

This is analogous to solving a planar, one-dimensional waveguide problem extending
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Figure 4.6: Schematic of the EIM

infinitel~' along y. The root-searching technique provides for the vertical effective

index function N.I/(x) and F(x, y) for ail the x values. Then, (4.46) is solved to

yield G(x) andB for the planar waveguide problem extending a10ng x. To calculate

{3 for a particular polarization, one must ne careful to choose the proper modes for

the two one-dimensional problems. For example, the calculation of the TM mode

(Ez(x, y)) channel guide propagation constant entails the solution of the TE mode

planar problem a10ng y in the first stage and the TM mode problem a10ng x in the

second stage. This is because the Ez field, normal to the waveguide surface of the
'1:

2-D problem, becoilles equivalent to a TE mode field parallel to the x direction of

the first 1-0 problem and a TM mode field normal to the surface of the second 1-0

problem. Fig. 4.6 outlines the method graphically.
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4.4 2-D finite-difference vector BPM

4.4.1 Introductiou

ln 19i8, Feit and Fleck dl'\'eloped tlw bealll propagation IIIl'thllll (I3r~1l to ('akulall'

thl' modal propert il';; of mull i-modl' oplil'al fibers [1 ~ l, ln 1h(' ori~ina 1 13r ~1;;dwnl!'.

tlll' wm'e propagation \\'llS modell'cl as a speetrulII of plam' wa\'Cs in Ih., Sp"('lral

domain. Then the fasl Fourier lransform (FFT) was uSt'd 10 ;;01\'1' III!' paraxial

\\,a\'l' equalion Iinkin~ 1111' ;;parial lInd ;;p"('lral dOlllain;;, Thb nlt'rito" IlllS ('onlt'

to 1>1' kno\\'n as the FFT-BP;"1 and its al'l'urar~' and applil'ahility Im\'l' I",t'n sludil'd

extensi\'el~' [15. 16]. The paraxial (Fresnel) \\'11\'1' elJnation ma~' also 1", ;;ol\'l'cl din,,·tl,\'

in tll!' spatial domain hy a finitl'-dilferenc(' scheml' im'oh'ing a split-sll'p WdlllilJ\Il"

The heam propagation method using finite dilferences (FD-BP~1) t.o sol\'l' thl' scalar

para'dal \\'ave l'quation has been compared to the FFT-BPM and shown tn he snpt'rior

[1 i, 18J.

Although these schemes have heen nsed extensivel.y in the literaturl!. th('Y clin

onlysolve the wa\'e equlltion under the scalar approxima~ion in which the electric and

magnetic fields are simply assumed to he continuous acros.~ ail houndaries. This nla~'

he adequate for some de\'ices, but not for those with birefrigenl:l' and ahrupt index

changes [19J. OnE' cannot neglect the vectorial nature of the guided waws in t.hesl'

cases. A vector heam propagation ml't.hod basl'd on finit(· diffcrcnel' schcml's (FD.

VBPM) has hecn dcvcloped [20J with a det.ailcd analysis ancl lL<;sessment. performed

lilr li 2-D step-index siab waveguidl' directional coupler structure [211. In this section.

we describe the 2-D FD-VBPM formulation. our ne\\' improvcments to lIccount for

GRII\ structures [22J and the method used to calculate the propagation constants and

modaleigenfunctions. In addition, some numerical results are inc1uded and cornpnred

ta those cornputed by the Runga-Kutta technique. ~
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1 4.4.2 Numerical algorithm

The paraxial wave equations (4.27) and (-1.28) arl' soh'ed using a finite differen('('

method in which the spatial domain is discretized iuto a lattin' stl"ll(·tU1't' defin('d in

t.he computation region. The fields at t!l!' lattice point (:1".:) is giwn b~·.1' = i'::'.1' and

: = l:l: and represented hy 'l'~(i) and 1lI~(i). for T1I1 and TE modes. n'slwl·th·l'l~·.

As presented in [21. 23]. the operators ln and lyy can be approximatl'd \\'ith

\l'hen'

8t lll r T/.;'IIlI~(i + 1) - [2 - R:+1 - R:_dlll~(i) + T/_,'I'~(i -1)
8:rt = (:lX)2 (-1.-18)

T'''' l.-
1 )t2(ni:!:1-

(nl:!:d2 + (nD2

- Tf±!-l

(-1.-19)

(4.50)

arc index parameters across the interfaces between i:lx and (i ± l):lx. In addition.

the other operator is given by

(4.51 )

An implicit weighted finite dilference scheme (with weight. w) [24J can be Ilsed t.o

solve (4.27) resulting in a tridiagonal system of linear equations

\l'here

('

.WI>1l~+l(i) +A:~ll{l~+l(i+ 1) + A:::I>1l~+I(i - 1)

= AII{I~(i) + .41+1 >1I~(i + 1) + 04:_1>1I~(i - 1)

04/+1 =1- J' w.:lz {2 -RI~l- RI:: _((n!+1)2 _ n2)k2}
• ~konr (:lX)2 • r 0, .

T I+1 A1+1 . w i±1 ~Z
Ai±1 = J 2nrko(:lx)2

4! = 1+ J' (1 "":'w):lz { 2 - RI+1 - RI-I _ ((n!)2 _ n2)k2}
•'. 2konr (:lX)2 • r 0

A' _ .(I-w)Tf:!:l:lz
i±1 - -J 2nrko(:lx)2
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1 For TE 1II0des. 11ll' lang.elllial tranS\'erse fil'Ids an' l'Olllinnllns ""\'llSS tlll' inll'rtan',

and hence. T~.::! = 1 and R~'::I = O. This tridiagonal s~'stelll is sol\'l'd nsing l\II

elimination method [10].

4.4.3 tmt>roved GktN formulatioh

Although this schellle works weil for step-index strul'tllres [21]. illlp\'ll\'l'lIIl'nIS IIIUSI

he mad!' for th(, T~l mode in GRIl\ Sl.l'IIctllres [22]. TIll' lIIain n'aslln li,r 1his is

l.hal the oJlerator C.xx in finite diH'erence 1'01'111 has nOI lll'en represenH'd l\('('\Il'lI1 cl."

for inhomogeneous index profiles. The first tenn on the righl-haud side of (~.21) liS

expressed h~' (4.48) is insufficientl~· accurate sinCl':

8 ( 1 éJ ~ ) a~\{Ix

8--: ~()-8.(n (x)W x ) # 8 ~.1,nxx :r

Tu correctl~· account for the index inhomogeneit~·. the partial derÏ\'ates of n(:I:) lIIUSI

he included. This modification results in an improved operator c.xx :

(4.53)

,

?( 1 ?'+ 1) ?(' _ 1)( •••1(.'+1)_""('))- 11;+1 - .n; 71,_1 lit' (') - 71'+1 71; "'x 1 "x 1.

+ 1IH~xJ2 x 1 + nH~xJ2

?( , 'f
- 11;+1 - 11; \{II (i) + «n'f _ 1I2)k~\{I1 (i)

(n~~3:)2 x 1 r IJ :r.

with c.yy , Tf::!, and R;:!:I remaining unchanged. These three new tenus are now

incorporated into (4.52) leading to an improved tridiagonal system: wh.!re

, A .. {2 R'+' R'+I }A1+1 =1 -'.!!!..::=.. - 1+1 - ';-1 - « I+I)~ - ~)k~
1 J 2k,,1Ir (~x)~ 1/.. 1Ir "

w~ .. {(1I'+1_ 1I1+1) (n(+I_ n'+1)2}+j ~ .-1 1 _ .+1 1

k n (~X)2 n
'
+! n

'
+1

o r r 1

W
"" { (nl

+
1 nl

+
I
)}1+1 _ . .;.>~ 1+1 i+! - j

Ai+! - J 2nrko(~x)2 TH! + 2 nl+1
A T.1+141+1 _ . W~Z i-1

• i-I - J2nrko(~x)2
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• l ,,(l--II').l:{:!-R~_I-R:_1 I~ ~ '~}
.4,=1..-.1 2k"n, (.lx)~ -((11,1 -11,)/."

_,(1 -11!)~: {(1I:_1- 11:) _(nL" -11~)~}
.1 kon,(~x)~ 11: n:
1__ ' (1 - 1I').l: {TI -J,. ') ("L'I - II~)}

.-l'~I - .J 2n,k,,(.lxf ,-l' - Il;

41 = _j (1 -1I').l:T/_ 1
. ,-1 2n,k,,(.l.7'f

1\0 adjusunent is needed fOl' TE modes sine!' tlll' partial del'h,lti\"l' D~IJ.I!I/Û'I'~

c10es not include n(x.:) as shown in (4.28).

4.4.4 '1:hl11stlare11t bou11dary co11ditio11 (TBC)

At t.he I~dges of t.he computational window, a numerical transparent bonndar~' l:oncli­

t.ion (TBC) that allows the traveling waves t.mrard tht' edges tu pass t.hl'Ongh fr!'el~'

without reflection is implemented [25J. Fol' l'l'ample. near the boundar~' al. the right

end of the computational window along th" x axis (Le. x = M .l.r.). the field ampli­

tndes should satisl~'

0\' in finit.e-dilferellce form

811J x _ 'k IIJ
8a:- Jxx (4.54)

(4.55)

t

where the transverse complex wave vector kx is computed l'rom the previous step by

ca1<:lllating the ratio IIJ~(M -1)/IIJ~(M-2). As long as the l'l'al part of k.. is positive.

there will be radiative energ~' f10wing out of the problem region. The TBC's are shown

1.0 be sllperior 1.0 the conventionlll lIbsorbing boundar~' conditions. In addition. their

implementlltion is relatively indepelldellt of the waveguide struct.ures.

4.4.5 Propagation constants and modal eigenfunctions

The computation of the modal eigenfunctions and propagation constants are very

useflll in the design stages of the device. The field distribution that satisfies (4.27)
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1 cau Ill' representl'd h~' tlll' supl'rpositiou of a lIlodl' dgl'uflllll·tinu

Wr(.r.:) = L·-l"I1"(;r)I'Xp(-)J,,,,:).

"
The paraxial eigenfuuctiou 'Il" (;r) of the 71th mode is idl·nt Ïl'al to t hal or 1ht' Hl'l III holt z

l'((uatiou though this is UOI thl' caSt' lill' thl' l'jl(l·lI\·alues. Tht' I-Il'Imhnltz l'l'lll'al(alÎou

coustants Bh are related 1.0 the para'ldal ones a" by the relatiou [26J:

')1. = k"71 r Jl + 2J,./k"lIr .

lu thl' l'oursl' of thl' BPM calculatiou. tlll' corl'l'latiou fuul'tiou

is computed and muitiplied by the Hanning windo\\" fUIll:tion

HIF(.::) = 1 - cos(2;r,::/Z"",r)

(.1.,,;)

(·1.,,8 )

(·1.59)

\\"hel'l' Z",.r is the maximum propagation distancc. The Fourier transform of the

pl'Oduct of (4.58) and (4.59) is performed al. the eud of the l'omput,at.iouall'lluu5ing a

staudard FFT algorithm. The eigen\'alues (:J" are dewrmined h~' 100:atinl( the 1'C50Ullllt

peaks of this modal power spectrum. The eigenfunction is dct.ermined h~' (:olllpllting

numericall~' the integra\ [27]

l.
Z...ar

Un (x) =con.~tcmt x Wx!:I:, .::)HI·Il(.::) cxp(j(:J,,,,.::)cl.::.
Il

(4.60)

1

Thl' eigenfunction computation l'an procced 5imultllneollsl~' with tlll! FD-VBPM 50­

lution for Wr using the calcu\ated cigenvalue.
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Figure 4.7: FD-VBPM simulation o1'f;ropagating TM mode in planar burled guide

4.4.6 1t~sti1is 1l*1tl disctissltli1S

A typical 2-D improved FD-VBPM simulation of the propagating TM wave in a pla­

nar buried waveguide is shown in Fig. 4.7. The index profile n(%) was calculated using

the concentration profile of Fig. 2.6 with t2 = 1008 (see Section 2.3), ~n,(TM) =
0.0134 and nb =1.5125. The Initiai field profile at z =0 was calculated uslng the

three-Iayer TM field solution of (4.31) wlth nb =nI. n2 = max(n(%» = 1.5162888

occurlng at % =%"..k. D2 = 5.0~m, and N./1 = 1.5156 deduced using (4.29). The

value of D2 was chosen roughly to account for the hurled guide field wldth. Also, the

midpolnt of thls 3-layer structure was chosen to match that of the GlUN hurled pro­

file ln the BPM program. The chosen step slzes are ~z =0.5~m and ~% =0.02 ~m.

The computatlonal window sizes are X_ = 20~m and Z_ = 500 ~m. The welgbt

w = 0.53 and the reference Index n,. = 1.5125 = nb were chosen for this weakly­

guidillg structure (21) with ~n,(TM) =0.0134. This particular run took about 5~8

. 011 a SunSpafC5.
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1

The improwd schcnll' was assessed in thl' cakulation of sin~h'-lIIud.. T~ 1 Pl'UP"­

gation constants for two GRIl'\ profiles. namely Gaussian and expOIll'nt ial. Thl' Sll'p

sizes ~.: and ~x were chosen as 0.025/lm with the lateral and longitudinal l~oIllJlllta­

tional windows l'quai to 25 /lm and 1638/lm. respecti\'el~·. Thl' chosen /1' was O.5~1 and

1hl' optimum 11" = J\"." was call~ulated h~' thl' Runga-Klltt" (l'l'm") nll'tilllti I!lj ,h,11

provides for an accuracy of < 10-8 in the \'alue of the effeetin' index, ..\ 'mnsJlllt'I'nt

boundar~' condition was used at the \\'indo\\' l'dges [25]. Buth sll'Un~I~' ancl \\'('akl~'

guiding samples were tested for cases close 1.0 and far frolll l:ut.off. Thl' surl'm'I' in-

dex changes ~n., \'aricd l'rom 0.0113 1.0 0.13 thal are t~'pical 01' ion exehanp;l' in p;lass

(bulk index nb = 1.5125) and 01' annealed proton-exchange in LiNilO" (III, = 2,20) al

>'0 = 0.6328/lm. The results (sel' Table 4.1) sho\\' that there is no diffm'I'nel' bl'l\\'I'I'n

the existing and modified schemes for the weakl~"guidingcase. Howe\'l'I', thl' c!I'\'ia­

tion li between them is more l'vident for the guides with the larger index chungl' und

l'ven more serious for those operating close to cutoff, Fig. 4.8 iIlustrntes the lIIodal

power spectrum for a Gaussian profile defined as n(:r.) =nb + ~n. exp( _:1'2 /rfl) with

the effective depth d =0.30/lm and ~n. =0,13. The improvl!C( schenll' shows c10SI~1'

agreement to the exact effective index in comparison to the I!xistinp; sdll!lIw. Thl!SI'

de\'iations were also verified using the Runge-Kutta method. with and withollt the

index gradient terms, and were found to vary from 2 - 4 X 10-4 for t.he strongl~' guid­

ing case and about 1 x 10-6 for the weakly guiding case. Although only Gunssrun

and exponential profiles were tested here, such imJlroved accuracy is believl~d to lJccm'

also 101' other GRIN profiles.
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Figure 4.8: Modal power spectrum of single-mode guide with Gaussian profile using
existing (dashed line) and improved (solid line) schemes

~n. d Nell Nell Nell 161
(profile) (/lm) (exact) (old BPM) (new BPM) (xl0-4)

0.0113 1.10 1.5131200 1.5135062 1.5135062 0.0
(Gaussian) 2.00 1.5164097 1.5167959 1.5167959 0.0

0.1300 0.30 2.2139642 2.2166662 2.2143505 23.16
(Gaussian) 0.50 2.2472587 2.2495748 2.2476448 19.30

0.10 0.40 1.5257407 1.5272848 1.5268989 3.86
(exponential) 0.55 1.5356583 1.5372024 1.5368165 3.86

Table 4.1: Comparison of Nell using existing and improved FD-VBPM schemes
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4.5.1 lntroduction• 4.5 3-0 vector A01-BPM formulation

,

Recently. there have been a number of 3-D vectorial BP:'.I schemes fl'POl·ll'd. A full

\'Pctor FD-BP~I based on an explicit schenlf' has Ill'en studil'd. al1houp;h il is onl~'

conditionall~' stable for a small propagation step ~: [281. A numerical sdwml' hasl'd

on the alternating-direction implicit (ADI) method has hl'en applied to rih wa\'l'p;uidl's

although only in the qua:;i-VI'ctorial appl'Oximation [291. A full "l'ctOl' BP:\I 11I\sl'd on

a block iterative ORTHOMIN matrix solver has been implemented [301. nl'I'l'ntl~·.

a 3-D BPM based on a joint FFT and FD scheme was also studil'd [31]. Ali tllf'

abov!' 3-D schem!'s that treat the full vectorial natufl' of thl' fields luwe 11I!l!n applil'd

num!'rically on step-index waveguide structnres. However. 1.111' Fresnel opel'lltors in

a finite-difference form do not inc1ude the terms that aecount for V7l~. Althoup;h

this approximation may be valid for weakly guiding struct.ures, it causes significllnt,

deviation for single-mode guides with large index changes. In this section, 3-D GRIN

strucutures are studied using the full vector ADI BPM. The cross coupling etfect.s

het.ween the transverse electric field components and the l'l'l'l'active index gl'lldients

are taken l'ully into consideration.

4.5.2 Fii1ite-dUterei1ce scheitte

The Fresnel "'ave equations (4.25) and (4.26) are solved using a finit(~-difference

method in which the 3-D spatial domain is discretized into li latticc struct.ure. The

fields at the lattice point (3:.1/. :). where :1' = ilix. Il = jli1/ and z = lli::. al'l! rep­

resented by 11I~.i,j and 11I~.i,j' As discussed in [21, 23], the second-order intermediate

operator can be approximated by a five-point central-difference scheme

(4.61)
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• wlu'n'

=
(II~±I,)F + (nL)~

= Tf:1.) - 1

(4.62)

(M3 )

(Ml) 1

(4.6ii )

IHi41

index interfaces uetween i!l3: and (i ± 1)!l3:. III addition. tll!' other 0lll'rators m'(':

IJ,I - 21Jt ' + IJ1l
r.I,j-1 X.ld .T.rd 1

(!ly)~

IJ1l ?1Jt1 + ,,-,I!I., ..... !.} - - !I.I.} ".1-1..1

(!l:I')~

T/'I+IIJt~,.i,)+1 - [2 - R~,H - n:..I-d"-':,.i., + T/,I_IIJt~"",_1
(!l!l)~

:Ilot!' that in (4.66), the transmission (T/,)±I! and reflection (RL)±,) parallletersacross

th(, refractiw index interfaces bet,ween jj.y and (j±l)j.y. The other GRIl'i and eross

('oupling operators are derived as:

ln Section 4.4, an implicit weighted finite-dilference scheme (with weight w)

was used to solve the Fresnel equations resulting in a tridiagonal system of linear

(M.)

t

A," lJt r -

+

AlIlI lJt 11 -

+

8'1I 1Jt 11 =

+

8 11% lJt% -

+

[

1 1 1 1
2

]~ (Tl i - I.J - l1 i ,)) _ (n;+I.) -ni•j ) 1Jt1 ..

( j.:C)2 n' . ni. . %,1,)
IJ IJ

? ( l' ni )- 1 1+1,.1 - 1•.1 l'

(j.3;F II~.) Il,.;+1.1

[(

1 1 ) 1 1 2]~ " i,)_1 - ni"; _ (11;,1+\ - l1i.j ) 1Jt/.
( j.l.)2 Tl( . ni 11·1,]

.1 l,) IJ

~ (nL+, - nL) IJtl ..
(j.y)2 n~,) 11,1,)+1

[

1 1 1 1 1 1 ( 1 )"]2 1Ii.,·lIi+l.1+1 - 11; J,ni )"+1 - Tl i+ l ,·ll j ,+1 + 11; ,.. 1--- . . .. .... '. 'li.
j.Xj.·'1 (ni. .)2 11,',)

• I t )

2 ("~.'+I - nL) IJtl
j.xj.·y II( . lI,i+ 1.)

• 1.)

2
[

1 1 1 1 _ 1 1 ( 1 )2]ll;,j n i+I,1+1 - Tli,jl1i+l"; ni+l..;n',1+1 + ni,j 1Jt1 ..

!lx!ly (n!,j)2 %,1,]

2 (1 1 )ni+I,j - ni"; IJtl
!lx!ly n:,] %,i,]+1

(4.68)

(4,69)

(4.70)
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1 equarions, AD! methods used for 3-D pl'Ohlems PrI'S"I'\'<' tlll' ll'idiag"nal l'l'alUn' ,,1'

the 2-D scheme by first sol\'ing a sequence of I-D equations along J', then anoth.,1'

along 11 for l'very j.:, The operators in (4,25) and (4,26) must Ill' Splil ..art'fully im"

1.\\'0 steps [29. 32], The firsl equation is solwd for Il,~'''I/~ usinp; Il'~ aud Il'~ alonp; ,1'

fol' j = O....\':

(,1.71)

,

.-1.1 . \lI1. +.-1.1 . . \lI1. + .-1.' 111' + B'Il,1 + B' . '1,'!I.I,J Z,I,) 11,1,).,-1 %.1,)+1 11,1,)-1 %.1.)-1 X.I.; Y.l.) .r,'Tl,; 11.1-1.;

whcre

,,\ - {('> - R'+I/~ - R'+1/2) (( I+I/~)~ - -"!)J.'~}4,'+1(2 = 1 _ :~ - ";+1,) ';-1..1 _ n,.} "r fI

- X".) .1 2ko1!r (j.x)~ 2

,\ {( 1+1/2 '+I/~\ (I+I/~ '+1/2)2}: U'!..lZ 11i_l - 11 1.)) 11;+1,.J - 11,0.1
+.1 ,_ 11 (j.X)2 1+1/2 - 1+1/2

"IJ 'r " iJ l1i ,)

{ (

1+1/2 1+1/2) }1+1/2 _.' UI~: 1+1/2? ni+I.) - Tl i .)

Ax•HI ,} -.1 21!rko(~X)2 THIJ + - 1l:~1/2

'+1/2
41+1/2 _ . W~:T,_I.j
. x.i-I.) - J 21lrk.,(~:I:)2

{

( 1 )., ")k" }41 .. = 1 + .'(I-IIJ)~: ~ _ (lI i•J - - 1l~ -~
• y.'.] J 2k.,71r (~y)2 2

AI .. = _.' (1 - w)~: = 41 .
Y.',)+l J 2nrko(~11)2 • y•••]-1

,\ _ {'II' _ 1 .1 + ( 1 .)2 }B' .. = _: ~... Tlj,jn;+I,i+1 - n i,jn l •1+ 1 1l'+1,J1l.i •1+ 1 1I;,}

X.l.] J n k ~x~y (nl .)2r 0 I,J

B'. __ .' ~: {ll:,]+I- nL}
x••+IJ - J n k ~X~1I n' .

r (} I,'

Then, the second equation is solved for 11I~+1 using 11I~+1/2 and Ill:, along 11 for i =

O...M:

(4.72)
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(4.;3)

where

lOS



B' . ~~ {":_1.1 - I/:,,}
1 = -1 ,

y.,.)~ . "rko~X.:).1I "'J

Collowed by equations along Il COl' i = O. ..JI:

C
'
+l lIt

'
+1 + C

'
+1 lIt

'
+1 + C'+

I lIt
'
+1 =

Y.I.} y,l,] y.J.)+1 11.1,)+1 ~.I.J-l 1/.1.)-1 (.I.ï-l)

,

where

(1 ) A • {? (( 1+1/2)2 2)k2}C1'+1/2 =1 +" - w ....~ _"_ _ Tl i ,} - TIr "
%,IJ J 2k.TIr (~X j2 2

C1'+1/2. = _. (1 - w)~z =C1/+1/ 2 .
%,I+lJ J 2nrk.(~xF %,,-I.)

As an example, one can model TM mode propagation by initially calculating lIt%

al. z = 0 by the EIM described in Section 4.3 and setting lIt" t.u zero. Then. lIsing

(4.71), one salves Cor lIt~+1/2 which in t.urn is used 1.0 calculate lIt~+1 via (4.72). Tu

calculate Illy, one suives (4.73) Cor 1lI~+1/2 using 1lI~ just calculated which in turn are

used ta determine 1lI~+1 via (4.74). The assessment oC this 3-D scheme on 0111' GRIN

channel-guide devices will be presented in Chapter 7.

4.5.3 3-0 im.,temetltatiotl of the TSC

The TBC is also IISed in 0111' vector 3-D ADI scheme [33J. This condition accollnts

Cor plane waves that impinge on the boundary al. an angle which is an improvement
.

over the simplified TBC [25] (rererred ta-as STBC). We have round that the STBC

alone is not suflicient in the 3-D scheme leading ta numerical instability.
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• Ll'l liS luok al this ill IIIU!"" d"lail. TIl(' Illethod propUS!'S III SI'I"t'1 Iii!' ('lIl11plt'X

propal\atioll cOllstal k, that is depenCleltl on the ang\p al \l'hich tll(' \l',I\',,front i1n­

pinges on tll(' houndar.'· and the l'l'latin' mesh spacings. as sho\l'n in Fig, ·U). Th"

right boundary is considered herc: the treatlnent of thl.' other houndar~' is (·ssl'Itliall.,·

identieal. \\,,, firsi consider th(' caSl' depictecl in Fig. -I.9(a) \l'h('I'I' \l'l'an' Illllking at

a cross-sectional vie\l' of tbe \l'aveguide structure in th" :r - =plane. TIll' "ahl(' of kr

is ('olllpUll'C1 as

( '1.' \) III, "'-lUTHC')exp J 'r;"'X =' ,
'.JIr.M-mTBC"-l.)

\l'herl' 11I'1'8(' is found h.,· silllple geolIIetrical considerations 10 Ill'

(-I.i5 )

(-I.i6)

and tlte value tu he inserted for kr in (4.i6) is that determinecl from tlu' pre\'Ïous st.ep.

:'\ot(· tltat tlte field is computed at meslt points furtlter from the boundar~·. re!le(:ting

tll{' steeper angle made by the pltase front, or possibly a larger step size. Next.

eonsider tll{' opposite (:ase sltown in Fig. 4.9(h). Here. the valut' of k, computed

from meslt points M - 1 and M - 2 are expected to provide a good estimatc for

propagation. Titus. we underrela.x the updating of kr according to

when' titI' parameter ( is related to k, via titI' relation

( =exp(jkr~x),

Tite rela.xation parameter Or is taken as

~= kr
O'r = -~-X -.l'F.k::=~=_=;k7.'~

V 0 :r

(4.H)

(4.78)

(4.79)

t
As for the other direction along y, a similar procedure is implemented by solving for

ky. Both of these TBC algorithms are also used for the ADl equations to solve Wy.

Thus, in practice, the following procedure is implemented for the 3-D TBC:
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•

t

• COlUptlll' tht' ri~h!-haud sidl' of (-1.791 aud !t'St its lUa\:uilu<h'

• If it is greater thau or l'quai to uuity. w<, round il to th"l\I'an'st intl-!!..-r. inll'rprt-t

it as 71ITBC and apply (-1.7ii)

• If it is less than uuit~·. Wt' interprel il as Or al\ll use (-1.77\ III ('olUpule k,

• If the l'l'al part of k'r is uegative. it is res<'t to zero

• The "all\l' of '1t r al tll\' hOlludary point is n-uelined lu satîsl:"

using the \'a1u<' of kr just cakulated

• The next propagation step is performed usillg the simpl.- t'ouditiou

!;

The above procedure has becll used successfu11y with the TBC'algorithlll heiug ap­

plicd along each row and columu. III this case, the values of kr and ky are a110weu

to bl~ different for each row and colullln accounting for variations of phase tilt. ulollg

the boundaries.
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1 4.5.4 1'Yl>ical simulations

The full vector BPM (FV-ADI) \Vas tested on a \Veakly-guiding bllried channel gllidl'

\Vith parameters W = 4.0 tlm, tl = 20 min, t2 = 2.0 min. E~ = 98.5' "lmnl and

T ',,;, 385°C. The concentration profile c(x, y). calculated in Chapt.er 2. is IIs\'d 10

determine the index profile n(x, y) \Vith c(x, y) = !(x, 11) as descrihed in SI'clion .1.1.

\Vith An.(TM) =0.Q108 and nb = 1.5208. The initial TM mode field profil\' Er(;I~.1I)

at :: = 0 was calculated b~' the Ell\\. The st.ep sizes are A:: = 0.5,1111, .l,1' = 0.02'1111

and Ay = 0.2 tlm. The computational \Vindo\V sizes \Vere X",or = 20,/111. };"or =
10 pm and Zmar = 500 tlm \Vith \Veight w = 0.53 and reference index 11 r = 1.5208.

For tllis weakly-guiding case (An. « 1), the croiis-collpling terms are neglecl,ed [21]

yielding a much simpler numerical quasi-vectorial (QV-AOI) scheme for quasi-TM

propagation using (4.25) only with Bry = O. The contour plot of the huried field

profile is shown in Fig. 4.10(a). This particular run took 72min to complete on a

SunSparc5. ldentical results are obtained for the more accurate FV-AD1, however,

at the penalty of twice the computation time.

On a final note, it is also interesting to compare this field profile to that of a

circularly symmetric optical fiber in the Gaussian mode approximation, exp( _(x2 +

ll)/w}) [34J \Vith wl =2.30 tlm centered at the same position as the buried channel

guide, as shown in Fig. 4.10(b). Note the similarity between the two profiles.

,
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1 4.6 At>t>endix 4A

The TRT is used to derive the dispersion relation for the four-III~'er complex index

structure. First, we write the wave impedances for TE IInd TlIl modes liS:

(4.80)

where kzi = k.J(ni)2 - (N~,,)2 and i = 1,2,3,4. If we assume field guidllnce in

regions 2 and 3, then Re(Ng" ) < Re(n2), n3. Using impedllnce trunsforJI1l\tion:

Z; Z ZI + j Z2tan(kz2D2)
- 2 Z2 + jZI tan(kz2D2)

Z; Z Z4 + j Z3tan(k%3D3)
- 3 Z3 + jZ4 tan(kz3D3)

and since Z; + Z; = 0, we arrive at the TE mode dispersion relation:

(kZ2 + kz3)(kz2kz3 - Oz1Qz4) sin(kz2D2+ k%3D3) + (4.81)

(kz2 - kz3)(kz2kz3 + Oz1Qz4) sln(kz2D2 - kz3D3) (4.82)

(kz2 + kz3)(Qzlkz3 + kz2Q:t4) cos(kz2D2+ kz3D3) (4.83)

(kz2 - k:t3)(0:tlk:t3 - kz2Q:t4) COS(k:t2D2 - k:t3D3) - 0 (4.84)

where k:ti = koJnl - (N~I/ )2 for the reglons i = 2,3 and for reglons 1 and 4, wlth

field evanescellce, Q:ti = koJ(N~,,)2 - n1 and k:ti = -jO:ti wlth i = 1,4. Slmllarly,

for the TM mode:

... , .... ,.,'.. ,

,::" (4.86)

(4.87)

o '",'. (4;118)'

(K:t2 - K:t3)(K:t2K:t3 + A:tIA:t4) sin(k:t2D2 - k:t3D3)

(K:t2 + K:t3)(A:tIK:t3 + K:t2A:t4) COS(k:t2D2 + k:t3D3)
" '.

where K:ti = k:ti/nl and , k:ti =koJnl·- (N:)2 for the'reglons i= 2,3.Forreglon~;-
-, .' -' ,'" '.. ,- ",-:-.

1 and 4, witlÎ field evanescence, A:ti, = oi//nli,k:ti=koJnr- (N:HâIld ~dj~il':\~~Ji~<~
". . .,..,.. ' :_.~' >. .:. ".- /-~, ;~.1:':)~1

with i =1; 4. " ;'l'tJ;:'~

, '" .:J >;:. - .. ,",'~~" ':''':'. . :.·..,.. ~~.'.;!;j,:~...{.•.•,~,~,~,~~:~p.·~.Cf..l,,·
.' ~~!ri}(~;~-;r1~,~~, _·'_;'~1;.~~:'~};l<~::fJk~:31!.~i~;~'~::.· ~ "~~:'l;:~~J~,.' • '.' .1'
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Chlit1ter 5

Ws.vegülde Chlirlicterizlitiotl

5.i tntroduction

ln this chapter, the theoretical modeling and experinmntal charactt'rizations of tll('

planar field-assisted ion-exchanged waveguides and the .4120 3 sputtered guidl's arl'

presented. The propagation characteristics, such as the refractiw index profill' and

dispersion curves, are determined and compared 1.0 the effective mode index measure­

ments. Parallel to this, the diffusion characteristics measured by EPMA, such as the

I\+-ion dopant profile, are presented. The results from these studies arc al50 used 1.0

predict the characteristics of the buried channel guides.

5.2

5.2.i

PrupagaUon characterlstics
iilu:kgrot1üd.

1
.. ~,

The field-assisted ion-exchange process has been shown to hm'(' advantages over the

t,hermal exchange owing to the drastic reduction in the diffusion time. Il. is also

possible toobtain various refractive index profiles [IJ, including the st,ep profile [2, 3].

in planar waveguides. Furthermore, this exchange has been used in a two-step process

for the fabrication of deep, buried waveguides made by Ag+-ion exchange [4] which

are attractive in the design of passive devices optimized for efficient coupling with

optical fibers. The lieId·assisted KT-ion exchange was previously studied fOl' chemical

strengthening in commercial glass [5]. This process has led 1.0 low-Ioss planar and

120



1 channel buried wa\'e~uides in soda-lime and BKi glass [6) aud l'l'produl'ihl., !lin'l" ioual

coupIers [il. Recently. this technique has also shown promise in the demonstrntiou

of integrated optic lasers on neod~'mium doped soda-lime glass [81.

However. a detailed characterizatiou of the planul' wuwgnidl' P\'l)p"l'lit's sudl as

the effective field-dependent diffusion l~oefficiellt. gnide dt'plh and iNlex chau!\t' iu

soda-lime glass is lacking. Here, we report our experimental results of thest' chan\\'­

l.eristics fol' TE and Till modes and establish Eimplt' formulus for this wl'ffil'it'Ill and

waveguide depth [9]. These relations wonld be useful in tht, design of passi\'\' dt'vi(~es

which use field-assisted K+-ion exchange wuveguides as basic struetures.

The characterizations of the purely thermal migration of A!I+ ions [101 and A'­

ions [11] in glass yielded a square 1'001. dependence between the effectiw wa\'eguide

depth d and the diffusion time t, as given by

(5.1)

where D. is the effective diffusion coefficient dependent on the temperature T. For ex­

ample al. T = 385°C, D.(TE) = 0.0649 Jlm2/min. and D.(TM) = 0.063ï It7TI 2/min.

for K+ ions in soda-lime glass [11]. However, for the electromigration of silver [12, 13J

and potassium ions [3, 6], several researchers have found a linear relationship between

d and t. In particulaI', for low values of the total applied electric field E'!:. the diffu­

sion term can not be ignored. For .'1g+ ions, Ramaswamy et al. found that a linear

combination of the diffusive and electromigrative terms [Eq. (12) of [12]] \Vas more

suitable for expressing the guide depth. Here, a similar approach CIUi be aùopteù [9J

and hence,

where F. is defined as the electromigrative coefficient anù K o is a constant. This

coefficient is linearly proportional 1.0 the applied field ~ snch that,
d =JD. t + F.t + Ko
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• \\"hen' /1/, is tll!' K--ion mobilit~· in glass. The importalll'p of l'slahlishing n'Ialillll'

(5.2) and (5.3) is that. given the fabrication conditions (EJ·. t. T) for a \\"ll\·eguidl'.

onc can easily determine the guide depth \\"ithoUI tll!' nped for fnrther Illeasurements.

5.2.2 Experimental observations

To fabricate the waveguides. the glass substrates were placed bet.\l'eeu s~·lllml·trical

stainless steel half-cells isolated by Teflon seals in a container. as described in Chaptt'I"

3. Potassium nitrate crystals were placed in smail steel containers suspcnded jus\. llWI"

the half-cells. Once the fumace reached equilibrium al T = 385"('. dl!' Illclt was then

poured into the anode and cathode cells and a constant Yllitage was applied across

t.he salllpie. Electric lields E" and diffusion times ranged frolll 5.3 to 52.1 1ïm1ll and

2 to 20 min. respectivel~·. The samples made for t < 2min will be presented lar.er.

To overcome the preliminary difficulties of substrate cracking, the samples remained

in the fumace for an additional 10 min before cooling in air.

"il' observed that the ionic current decreased sharply to about. one-half its initial

mlue in thp lirst minute of diffusion and then decayed exponentially with time. as

shown in Fig. 5.1. This phenomenon was also reported b~' other researchers [5. 6]

and l'an be explained based on ion-exchange theory. Since 0: =F 0 for soda-lime

glass. a constant applied lield will not result in a constant ionie flux. This can be

deduced from (2.13). Since the concentration of K+ ions increases \Vith time and Ea is

lixed. then the term (1 - o:ëK)' which is proportional to the ionie current, decreases.

FUl"thermore. when the applied voltage was removed and the t.wo hall~cells short.­

circuited through a voltage meter, an average value of 1.3 F was measured for ail the

slunples. This volt.age decayed to about 0.5 F by the end of the cooling process. This

potential drop 1'. (battery effect) was also observed by previous researchers [12, 14]

and l'an be represented by a constant lield E. so that Er = Ea - Ea, where E" is the

applied field. ln terms of voltages, Er = (1;;' - Va) / d.ub where l'a the applied voltage

and d.ub is the substrate thickness.
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Ea = 10.6 V/mm

t = 15 min.
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Figure 5.1; Typical example of ionic current variation with time

5.2.3 :bata redUttlott aüd dispersiott tt1rVes

From the measured effective mode indices, presented in Tables 5.1 and 5.2, the re­

fractive index profile can be deduced. We have chosen a direct, statistical approach

that involves a priori knowledge of this profile [10, 11J. The crux of the method lies

in finding a suitable refractive index profile for which a solution to th'! WKB disper­

sion relations ~'ields effective indices that lit as closely as possible to the measured

ones. The choice of the profile ls based on ion-exchange theory and is justlfled by

the successful reproduction of the measured data ln comparison to the theoretical

curves. Another popular approach is an inverse method, known as the inverse WKB

method [15J, which involves rec~nstruction of the index profile from the mode index

measurements. This method is only accurate when many modes are measurable.

,
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•
H"lIY·#

17 39 -11 37 1-1 38 29 22
TE. 1.5196 1.5215 1.5217 1.5206 1.5223 1.5230 1.520-1 Ui221
TEl 1.5140 1.5169 1.5lï8 1.5156 1.5192 1.5210 1.5154 1.5190
TE2 1.5125 1.5136 1.5155 1.5181 1.5153
TE:1 1 1.51-18

Wvy.#
15 21 8 32 33 2 30 5

TE. 1.5232 1.5235 1.5236 1.5222 1.5232 1.5235 1.5227 1.5235
TEl 1.5219 1.5227 1.5229 1.5180 1.5214 1.5225 1.5204 1.5230
TE2 1.5199 1.5213 1.5218 1.5137 1.5189 1.5212 1.5li4 1.5224
TEa 1.5176 1.5197 1.5207 1.5163 1.5194 1.5141 1.5214
TE'I 1.5149 1.5178 1.5190 1.5131 1.5175 1.5204
TEr. 1.5125 1.5156 1.5172 1.5145 1.5191
TEo 1.5133 1.5154 1.5129 1.5176
TE; 1.5133 1.5161
TEs 1.5145
TEg 1.5129

Table 5.1: Measured effective TE mode indices at T =385"C
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1

,

lI"vy.# 1
1

1li 39 41 3- 14 38 29 '1'),.
T.lI" 1.5214 1.5241 1.5243 1.522S 1.52·li 1.5253 1.5224 1 1.i):!5j
TM, 1.5151 1.5191 1.5200 1.51i3 1.5213 1.5229 1.51il 1.5224
TM2 1.513i 1.5155 1.51i3 1.5200 U,IS:!
TM3 1.5132 1.5164 1.,,141
TM, 1.5128

H'l!!/.# ,
15 21 8 32 33 2 30 5

TM. 1.5257 1.5257 1.5258 1.5242 1.5255 . 1.5260 1.5250 1.5261l
TM, 1.5243 1.5248 1.5252 1.5198 1.5240 1.5250 1.5226 1.5255
TM2 1.5222 1.5235 1.5241 1.5150 1.5210 1.5236 1.5194 1.5249
TMa 1.5197 1.5218 1.5228 1.5180 1.5217 1.5159 1.5238
TM., 1.5170 1.5197 1.5212 1.5148 1.5196 1.5125 1.5227
TAla 1.5139 1.5174 1.5195 1.5174 1.5213
TMo 1.5149 1.5174 1.5148 1.5198
TM, 1.5125 1.5152 1.5125 1.5182
Tlvl8 1.5130 1.5164
TMg -~I)) 11.5144
TM1D 1.5129

Table 5.2: Measured effective TM mode indices at T =3B5ue
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(5..l)

• TIll' refractive index (concentration) protia> of constallt applil'd ('urrt'nt (3) aud

constant applied ele.:tric [5. 6J field-assisted ]..:--ion exchange planaI' \l'aveguides \l'as

found to be step-like and in the former case. this step-index model \l'as used to

generate dispersion curves. Although this may be suitable for \l'aveguides fabricated

by either high curreot or electric field. it lIIay not ~'ield accut'at<' resuhs I()t' tlll' lo\l'l'l'

field strengths used in our experiments. For reasons discussed in Chapter 2. we used

Il modified Fermi index distribution [16] \\'hich was previously used to model glass

waveguides made by T/+ ion exchange. The profile is modified to accommodate the

fact that f(O) = 1 for surface guides. The index profile

[ ( cl) (J'-cl)]-In(x) = 11/, + 1l.n, 1 - exp -~ + exp -(1-

where 1l.n. =n. - nb, n. is the surface index and a is a litting parameter associated

with the shape of the profile. The effective guide depth d is such that nId) = nb +

1l.n.,/[2-exp(-dia)]. For the mult-mode measurements, it was found that dia ranged

from about 4 to 23 and exp(-dia) « l, 50 that the guide depth occurs close to the

half-point of the profile.

The wt<B dispersion relation for graded-index profiles (4.32) \\'as used. Letting

e = exp(-d/a), 50 that a = -d/ln(e), in (5.4), the profile becomes

n(x) = nb + 1l.n. [ 1 - e + eexp (-~ In(e))ri
which. upon defining the normalized variable ~ = x / d. it becomes

(5.5)

(5.6)
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'\

Tu find tll(' unknowns 11". ri. and Il. Wt' startcd with muitilllod.. (III > :l) wa\'('~­

uides. This is necessary becaust' this thre!' parameter ~,\"sl('m Ilt't'ds at h'lIst thn't'

modes to hl' solved deterministiclllly. Equation (5.6) ill\'olws tht' unknowns Il,, lInd

ô. Thus, given any pair of measured indices. one l'an l'liminal(' ci using (5.6) lInd. l'or

a given value of ô. 71, l'an he determined h~' a l'Ool-searchinp; tl'ehniq\ll'.'Tlll'n. Il, und

ô can he substituted back into (5.6) tn find ci. Applyinp; this Jll'O('mlnn' repellt,I'(lly \0

ail the possible pairs ,JI' mode indkes for a particular wlI\·('p;uidt'. on(' l'an dewl'luint'

the average values of 1/." and ri for that guide. The best \'lIhll' of : that minimiz,'d

the deviations of 71" and ci l'rom their ll\'erap;l' \'alues \\'lIS dlosen for mlt:h gUitll'. TIll'

profile parameter a is then determined l'rom Il = -dl In(ô). For singh' lIud two motlt'

waveguides, we used the average values of n, and u. l'rom the multimode sllmples \.()

determine the depth d using (5.6).

'Ve have observed that the value of the surface index, 71,. is affected only hy tll('

temperature and applied field but is independent of the diffusion time. In lIddit.ion,

n,. was found ta he higher in comparison to that. of the purely thermal ion exchangc

[l1J. This inerease may be due ta the stress-optic effeet [3, li]. How(wcr. any furthcr

investigation of this point is beyond the scope of this thesis.

For eaeh chosen field, waveguides were prepared with various difllision t.imes

and the average values of n.• and (/ for ail thl' sani'ples were then used t.o (:ompuu,

the theoretieal dispersion eurves l'rom the WKB dispersion relation. hl Fig. 5.2,

these eurves are presented t.ogether with the experimentally measured data for hoth

polarizations in the samples prepared at Ea =21.1 li/mm, respectivel~·. The values

of n., d and a for eaeh waveguide are Iisted in Tables 5.3 ~nd 5.4. Furthermore,

", l:\$ mentioned previously, step-index approximations to the refraetiv(! index profile

~ver~ ~ade by other researehers. For eomparison, we also usoo this model for ~);e

Ea = 21.1 li/mm TE case. Based on the step-index dispersi~n relation (4.29)P~ile
. 'ff

eurves were generated and eompared to those of Fig. 5.2 as shown irl Fig. ,~,3,

Clearly, the modified Fermi profile gives better agreement to experimental data,
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Figure 5.2: Tbeol"'tical dispersion curves (modified Fermi profile) compared witb
measured mode indices for waveguides prepared at E. = 21.1 V/mm (diffusion time
in minutes) (a) TE modes (Il) TM modes
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1 As \1'(' Imw senn. tlll' relation hl't\n'('n 1/.,. ri. and 1/ ('lIn Ill' 1II0(1t'\<'<1 lI",'nrOl'''h'

using the dispersion curves. However. a deterministÏl' relut ion IIl'twl'Cn tlll' uppli('d

lield and time duration (E;;. t) and the refractive index chung('. guidl' depth und

profile parameter (.~n" d. a) needs to b.. established sa thal necessary wlI\·('Ponid..

parameters can bl' predicted l'rom arbitrary r,? ~)I'ication (·ollllit.ions. :\~ d"~l'I'il)('d

earlier. the effectivl' depth ri can bc expressed h~' (5.6) fol' ('ach uppli('d lil'1d, 1'111'

\'alidit~· of this relation l'an Ill' "erified h~' plotlinPo ri IIp;ain~1 1 lilr ail lit,· nll'lI~II\'1'<1

guides (TE and 1'11'1). as shawn in Figs. 5A (a) und (h). The co,'stalll Ku and th..

coefficient F" are obtained b~' nsing a least sqnare fit for ("'cry E;r and ext,l'lIplllat.inPo

the lits fol' t < 2min to intersect the ordinate. \VI' not.!' that tlll' lIlmÎ1/ (:nolinPo

time contribntes ta J(u; further discussion will he presented in the next section, Ail

the relevant parameters arc tabulated in Tables 5.5 and 5.6. ln Fig. 5.4(a) and

(h). the Fe values arc plotted against Er with the help of linmu' regmssion ~'i('lding

IlK(TE) = 21.33 /lm2/Fmin and IlK(TM) = 20.5211.m2/Fmin.

These values compare weil with the results of other researcli,:'_~:·.~hat. deal!. wit,h

lield-assisted J(+-ion exchange used for the chemical strengthening of ghL~S. Using

EPi\IA 1.0 determine the potassinm concentratiun profiles in silicate glass. Urnes

measured the depth of penetration of threl' exchanged samples (sec Tahle Il of 15]).

From his results we deducc thllt 11/, varies l'rom ~ 21 t.o 23 /lm2/\!III:iTl for EII ~

60F/mm and temperatures ranging l'rom 350 to 365"C. Ohta and Hara st.udicd

the same process. and l'rom thcir rcrsults (sel' Fig. 3 of [181 \VI' dedn(~(' ;thal. 11/, ~

30/lm2/Fmin at 420·C and 99 F/cm. Recently, Miliou ct (l/ reportc<1 Il mobilit,y

value of 1.63 /lm2/l/min [6J. However. they used a lIIuch 10\Ver tempcrature of 33lY'C,

E" =100F/mm. and a diluted J(N03 melt.
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• II"vg.# Eu t
(JI:') 1

11.\ 1 (1 1

(\ ImTrl) (min) 1 (Jl1Il) 1

17 lU 3.03 1.5233 0.60
39 5.3 15 ,1.16 1.5233 0.,13
41 20 ,1.i2 1.5232 , lI.61 ,
3i 5 3.i2 1 1.5238 ' 0.6(i 1

14 lU.6 lU 5.56 1.523i O. i6
38 15 i.06 1.5238 0.69
29 2 3.55 1.523,1 0.i5
22 iJ 5.5,1 1.5235 O. i6
lu 21.1 10 9.15 1.5235 O.5i
21 15 11.56 1.523i 0.63
8 20 13.31 l.u23i 0.6i

32 2 4.54 l.u2,10 1 0.6,1
33 32.1 5 8.00 1.5235 0.5l1
2 10 11.08 1.523i 0.66

30 52.1 2 6.74 1.5235 0.68
5 10 16.38 1.5236 0.79

Table 5.3: Calculated TE mode modified Fermi profile parameters at T = 385"C

Wvg.# E" t d tt.Ii (/

(F/mm) (min) (pm) (WIl)
li 10 2.97 1.5254 0.64
39 5.3 15 4.10 1.5265 0.58
41 20 4.74 1.5261 0.70
37 5 3.72 1.5255 0.57
14 10.6 10 5.61 1.5258 0.55
38 15 7.05 1.5258 0.51
29 2 3.62 1.5260 0.75
22 5 5.88 1.5263 0.48
15 21.1 10 9.14 1.5260 0.65
21 15 11.51 1.5258 0.50
8 20 13.45 1.5259 0.58
32 2 4.60 1.5261 0.66
33 32.1 5 7.90 1.5264 0.80
2 10 11.29 1.5260 0.53

30 52.1 2 6.87 1.5255 0.47
5 10 16.17 1.5261 0.85

Table 5.4: Calculated TM mode modified Fermi profile parameters at T = 385DC
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Figure 5.4: Variation of coefficient F. witb applied field E. for (a) TE modes and (b)
TM modes
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Figure 5.5: Comparison of the theoretical dispersion curves of a modified Fermi profile
(solid curve) with the step profile (dashed curve) together with the experimental data
of Fig. 5.2(a) at T =385°C

E. ~n,(TE) an,(TM) a(TE) a(TM)
(V/mm) (x 10-3) (x 10-3) (IJm) (IJm)

5.3 10.8 ± 0.0 13.7 ± 0.3 0.53 0.64
10.6 11.2 ± 0.2 13.3 ± 0.1 0.69 0.52
21.1 11.1 ± 0.1 13.4 ± 0.2 0.65 0.57
32.1 11.2 ± 0.1 13.6 ± 0.2 0.61 0.60
52.1 11.1 ± 0.0 13.5 ± 0.2 0.78 0.79

Table 5.5: Measured an, and profile parameters for various E. at T =385°C

E. Fe(TE) Fe(TM) Ko(TE) Ko(TM)
W/mm) (IJm/min) (IJm/min) (IJm) (IJm)

5.3 0.136 0.144 0.96 0.81
10.6 0.292 0.291 1.74 1.76
21.1 0.509 0.503 2.56 2.72
32.1 0.742 0.765 3.09 3.01
52.1 1.149 1.107 4.08 4.30

Table 5.6: Fe and Ko values Cor various applied fields at T =385°e
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• 5.2.4 Discussion of errors

From t/IP dispersion curves of Fig. 5.2. the agrt'emem hN\\'t'en the experimentall.\·

measured mode indices and the theoretical curves seems quite good. The discrep-

ancies between theor~' and experiment were calculated for each of thl' 153 meas\II'l'd

indices and the average of these was found tu he:

with tl1P largesl single devialion heing G X lO-·'. Another ke~' factor in this char­

acterization involves the reproducibility of such waveguides under gh'en fabrication

conditions. To t'mluate this property. two \'. ,,,,eguides were fabricated one week aparl

\lnder identical fabrication conditions. It \Vas round that the differences in the mea-

sured mode indices were within the measurement error (see Table 5.i). Although

short diffusion times were used. we were able to control the fabrication process quite

lIceurately with the estimated error in the time measurements being ±1 s.

lVvg.#15 l-1'vg.#l1 6(xIQ-')
1.5231 1.5233 2
1.5218 1.5219 1
1.5199 1.5200 1
1.51i5 1.51i7 2
1.5149 1.5150 1
1.5125 1.5125 0

Table 5.7: Comparison of the effective indices of t,wo waveguides fnhricated under
identicul conditions
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5.2.5 Single-mode surface guides

The characterization of single-mode planaI' surfal'l' guides i~ al~o \'l'ry important fur

de\'ice design. Here, the moditied Fermi profill' pllraml'Il'r~ (.:J.II .• IInd li) 1I1'l' 1I~~uull'd

1.0 be the same as those for the multi-mode case. Two applil'd Iil'ld~ (20 aud 50

1 jmm) were ill\'estigated mon' close),' so as ta dl'termilll' thl' rangl' of diffusion 1iUIl'~

needed for single-mode operation. The effectiw depth ri is dl'termilll'd using 1ht,

IIwusured ,Y,,!! iu (ü.u) with 1/1 = 0 uud for thl' l\\'o-modl' ('i\SI'~ wilh III = 1. Fig.

5.u shows the dispersion curves together with l.hl' experiml'utall~' ml'lIsun'd dal.a lin'

E" =50F/mm. The effecth'l' depths ri arl' compared 1.0 I,host' ol1willl'd for 1ht' ulIIII i-

mode wal'eguides in Fig. 5.ï. Note that the multi-modl! region begin~ wheu 1 > uO s

for 20 F/mm and t > 15 s for 50 JI/mm. Il. seems that the depth varies linearl~' wit.h

time and then saturates 1.0 another lel'el with a smaller gradient. This 'dual slop,'

effect' was also observed b~' C:liba et al [191 in the fabril:at.ion of planaI' microhmse~

using [(+-ion electromigratiou iu glass. The reasou for t.his is dul' 1.0 t.he t.hermal

diffusion effect (ex Ji) becoming more domiuant when thl' diffusion time i~ small.

i\lathematically, this can be seen by diiferentiating (5.2) yielding

~(d) = ~ (De) 1/2 F.
at 2 t + e

At larger diffusion times. the Iirst t.erm is negligihle and t.he slope is l:onstllnt lInd equal

t.o F,.. As t decreases, the first term gains importance clIusing the slope 1.0 hecome

steeper. as shawn in Fig. 5.8. This diffusion-dominant rcgion hlL~ cor,vinced SOllle

authors that (5.1) alone is nceded 1.0 charactcrizc field-assist.cd J(+ -ion exclulIIged

waveguides also [20].

Finally, the index profiles for the 20 and 50 JI/mm single-mode samples are

plotted in Fig. 5.8. Note ho\\' the profile shape changes as d increlL~es; this is expected

1.0 occur when the profile parameter a and d become comparable. Here, Il does not

occur al. the half-point of the profile as was assumed for the multi-mode cases.

, .,
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Figure 5.6: Theoretical dispersion curves of the guided TE modes compared with
measured indices for guides prepared at E. = 50 V/mm for a modified Fermi profile
(time in seconds) at T = 385°0
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5.2.6 Single-mode buried waveguides

The single-mode buried \l'Rveguide propagation characteristics \l'ere also of interesl.

For these guides. the characterization procedure \l'as markedly differelll from that of

the surface guides. We did not pursue a detailed multi-mode anal~'sis to determilll'

the profile. lnstead. \l'e relied on the concentration profile c(J:) calculall'd in Sl'ction

2.3 using the value of J1.K determined previously to construct the index profil!' 71(.1').

Further details of the diffusion characteristics are ta bl' presl'Ilted in the IleXI S!'I·liOlI.

Then, the Runge-Kutta method \l'as used to calculate the effective indices for various

I.~ and compared to measured data as sho\l'n in Table 5.8 for Eal = 20 \ '/111111. t 1 = 5.,.

and Ea~ = 100 l'/1II1II. Here, the 20 \)m1ll surface guide data .:ln.• {TE) = 0.0111

and ~n.{TM) = 0.0134 (see Table 5.5) \l'as used. Note that at t~ = O. the surface

guide results are presented. The good agreement sho\l's that the buried index model

based on c{x) is quite reliable.

t2 Nef/{TE) Nef/{TE) Nef/{TM) Nef/{TAl)
(s) (theo.) (meas.) (theo.) (meas.)
0 1.5131712 1.5138 1.5135i98 1.5145
30 1.5138598 NIA 1.5143349 NIA
60 1.5142305 NIA 1.514i429 NIA
90 1.514299; NIA 1.514i995 NIA
100 1.5143023 1.5148 1.514i9i5 1.5152
120 1.5142963 1.514; 1.514i833 1.5149
140 1.5142835 1.5146 1.514i636 1.5148

Table 5.8: Comparison of calculated and measured buried guide effective indices at
T = 385aC
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1 5.2.7 Propagation 1055

The propagation losses of both surface and buried waveguides werl.' lIIea.~url'd as

discussed in Chapter 3. One single-mode surface guide fabricated al E. = 50' "1111111

and t =5s was measured yielding a 10ss ofO.22±0.02dBjcm for thl' T:\lmodl'. Thl'

logP versus i1L linear regression fit is shown in Fig. 5.9 (a) showing small dl'\·iatiolls.

ln addition, one single-mode buried guide fabricaled al Eu! = 10' "lIIIm. /1 = [, s.

E.2 = 100 ""lmm, t2 =120 s yielded a lower loss of 0.1 ±O.O-ldBjcm (sel.' Fi!\. 5.9(b)).

These two measurements show that the field-m;sisted h''''-ion exchange proces..~ yields

low-Ioss guides that are suitable for integrated optics.

1.0E-2r--------------,

.......
a........
Cl
o

...J

TM mode
(a)

8.06.02.0
1.0E-2~-----_--_+_---I

0.0

,
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5.2.8 Discussions

A few points for discussion should be brought forth. Th!:' firsl deals with prislll

coupling into the single-mode buried waveguides for th!:' effp.ctive index measurements.

We were able 1.0 couple the Iight into these guides becaus!:' the index peaks lH"l"urred

()nJ~' at 2 - 6 p.m helo\\" the surfaee. thereb~' allowing for e\'aneSCl'11l coupliu!\. Alsll. il

has been noted that using pure NaN03 in the backdiffusion process allows for ample

llUl.-diffusion of JO;. ions inducing !.ensile stresses that promot(· craek formatiou iu

the glass [21. 22]. This has been observed for purely thermal backdiffusion processes.

However. for field-assisted cases. il. has been shown that the eleetril- field in th('

s(!cond step [231 prevents out-diffusion of 1(+ ions and retards microcrack formation.

This process yields good quality, low-Ioss waveguides without microcracks. Our O\\'n

observations and 1055 mcasurements confirm this point.

Finally. il. is worth noting that the diffusion depth d is slightl~' different for TE

and TM modes due 1.0 the polarization dependence of F... This was observed by other

1"l!searchers for the corresponding value of De, in the case of purely thermal /\+-ion

exchange [6. llJ. Ideally, these depth valur.s should be equal hecause the /\+-ion

wnccntration is assumed 1.0 be the same as the index profile. In our study, we used

DI; and ILl.. in our ion-exchange model 1.0 he the respective average values for both

TE and TI...1 polarizations. The mn:!eling of the index profile including polarizabilit.~·

and stress-optie effects [3, 21J is beyond the scope of this thes1s.
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5.3.1 lntroduction
1 5.3 Diftusion characteristics

,

The diffusion characteristics of thl'sl' optkal wawguides rl'fl'I' to the dopant /\'- -iou

distributiou in t!1!' glass that cau LIl' ml'asul'l'd din,[·tl.\· usiup, th,' EP~IA, III additiou,

these characteristics can be modelled usin!! the iou-exchallp," equllLiolls d,'wlOpt'd iu

Chapr.er 2. As we are weil aware. the knowll'dgl' of tlWSl' dopant profill's is illlpol'tallt

sincl' the~' al'e directl~' proportional to thl' l'l'fraetÎ\'1' index. In this St'l'tion. \\., , pn'sl'nl

the results of the diffusion characteristics for hoth surface and huril'd \\·lIVllguidt·s.

5.3.2 Electron tnicrot>rohe analysis

In the past. other researchers have used the probe fol' ion-exchanged profilll nll!lIsun'­

ments [6, lOJ. Here. analyses fol' bath lIat and bevelled surfaces were cal'l'ied out

providing us with information that is rdlwant fol' modelling the dift'usion chanu:t.el'-

isties ta be presented in the next section.

The fiat surface analysis is used ta determine the frm:tion of exchanged J\....

ions dose ta the surface, h/\, leading to a knowledgll of the houndary l:ondit.ion

ê,dO, t). This value h/\ was defined previously in (3.6). Various mult.i-modl' lIlId

single-mode planaI' guides are st.udied with the results shawn in Tahles 5.0alld 5.10.

for surface alld huried guides. l'l'spectivdy, Fol' tilt! surface guide 8-!J2D. l'aiJl'il:awd

al. Er = 19.8l1/mm for t = 20min, h/\ was fOlmd ta he 00.5 ± 1%. as mentiolled

in Chapter 3. However, for short exchange times (eg. 1. = 5 s), h" is quil.t' l'al' l'rom

the value 0: /1.9. This IS to he expected silice il. takes a finitl' amount of time f()1' tlw

initial surface J(+ concentratioll (êf((O, O) =0) in the glass ta reach this value. The

variation of hK with t shows a rapid saturation ta 0.9 with applied field. For 20 V/mm,

saturation is reached within olle minute of diffusion timll, wherl)lL~ fol' 50 II/m1//., il. is
.-'

reached within 208. From this data, it is now l'vident that the bOllndllry condition

êK(O, t) :f: 1 l'ven though CK is normalized with respect ta CO' The renormalization
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of (2.18) to fulfill the boundary condition c(O. t) = ë/((O. t)/hl\' = 1 yiclds a value of

li = Q X hK • For the buri'?d guides. the potassium surCace concentration decreases

dramatically as the applied field increases up to a maximum of 100\ "Imm. The

higher potential in the backdiffusion process in NaN03 allows .oore oC the SCI· ions

to displace the K" ions of the initial surface guide. allowing the guide to achiew

almost complete bu;ial. Hence, the boundary condition Cor backdiffusion at x = 0 is

l'quai to hK oC Table 5.10.

The analysis Cor the bevelled surface is perCormed along the samples' angle­

polished surCace, as described in Chapter 3, with 8 = 1.01°, to measure the waveguide

concentration profile. Sample 8 - 92D was measured yielding the profile shown in

Fig. 5.10, which is in good agreement to the optically measured Fermi index profile

Cor the TE mor'~ with a = 0.65 p.m and d = 13.3 p.m.

c
~ 1.0e
~

~ 0.8
u
c
e 0.6
(J

~ 0.4 • Scaled tPMA data
~ - Mod. Fermi profileo
E 0.2
....
e
Z 0.0+-o--+----~--~.,-__

0.0 4.0 8.0 12.0 16.0
X (jtm)

Figure 5.10: Comparison of the modified Fermi profile to the EPMA data

'.
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Table 5.9: ~ll'asured fractional exchangl' for "arious surfaI'" guid,', al T =;185"('

Sampie E,: 1
" 1\

(\'/mm) (s: miT!) ('7.: )
8·920 19.8 20 miT! 911.5 ± 1.11
50-20 50.8 20" 89.6 ± 1.0
20-611 19.3 60.- 85.1 ± l.O
20-5 19.3 5."1 2iA ± 1.0

Table 5.10: Measured fractional exchangl' for "arious huri,'d guid,'s al T = :.18,,"('

Sampi!' EIII Il En2 I~
" 1\

(\'/mm) (s: min) (l,/mm) (s: mil1) ('.7,,)
820·20/10 21.1 20 miT! 21.1 III miT! 28.:.1 ± 1.0
850-20/20 50.4 208 50.4 211 s 21.8 ± LU

8i5\'5c 50.4 15 ,~ i5.2 5 miT! 5. i ± 1.11
8100\'5c 50.4 5s 101.8 ? . 3.0 ± 1.0_mm

5.3.3 ModeHed dUtusiotl }1roil1es

The field-assisted ion-exchange equation (2.23) was solvl!d hy the numerÎl:al schellll'
,j--

described in Chapter 2. Surface guide profiles \Vere modelled using appropriatl! initial

and boundary conditions. lnitially al. 1 = O. there are no K""'i"{'s in l,III' ghL~s and

hence. ':(3:.0) = O. For the exchange of K'" and Na'" ions in soda-lime glass al.

T = 3i4"C. il. has been established that the much smaller Nil'" :ons ha\'!' li higher

mohilit~· than the 1<'" ions yielding a ratio (DldDNII) of 1/500, corresponding 1.0

(J = 0.998 [24]. The valu"s D /\ lInd 11/\ w\!ri! determinml l'rom 1.111' lIveragl' of the TE

and TM mode values 1.0 he DI\ =0.06429ILm2/min lInd IL/\ = 20.925ILm2/llmin. For

surface guides that have reached saturat,ion (h/\ = 0.9), wc used ct = 0.898 and t,he

IcI'1. boundary condition (L8C) c(O. 1) = 1. The right boundary condition c(oo, 1) =0

was as5umed. Equation (2.23) was solved for time 1 and then followed by the ten

minute cooling simulation. The solution for E! = 9.31'/mm and 1. = 10min is shown

in Fig. 5,n in comparison 1.0 the modified Fermi profile where good agreement is
~:~\

obtained. Here, the TE and TM mode values for a and d, shown in Tables 5.3 and' '"
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G.·I w"n- uSl'd.

Fol' samples that had not yet reached saturation (mostl~' in t.ll<' singll'-tII(1(l!'

rcgion), wc used the hl, values of Table 5.9 tu find ü. Fig, 5.12 shO\\'.'.. tll<' diH'usion

profile for E;: = 18.3F!mm. 1 = 5 s. il = 0.2994 (hl, = 0.3. LBe ,= 1) inclnding

t.1)(' eoolïng ('H'cet. This profil(' is compared t.o th(' Fermi profil(' lil!' hot h TE and T:--l

modes sho\Ving good agreement.

For singll'-mode surfaI:" and huri(!d \l'm·eguides. no EP~I:\ lll'vel1,'d dat.a is avaiJ­

able. Howl'ver, using th" results of Table 5.10. the profiles \l'l'rI' numerit:al1~' Sill]ll­

lat.ed. In Chapt.er :2 (Fig. 2.6), t.he evolut.ion of t.hl' buried waveguides \\11S shO\\'n fol'

E;~; = 18,3'.'/7/J,m, "1 = 5s. Eu~ =94.ïlïmm.. and I.~ ranging l'rom 30 t.o 140 s using

(0 "= 0.2994 and LBe = 1. These simulat.ions include a 10m.i71 cooling process aft.er

bot.h field-assisted processes, The locat.ion of t.he concentration peak, :1:/lClk. and it.s

maximum \'/llue. npollk are plotted agaiilst. :.-111 Fig, 5,13 (a) and (h), respect.ively,

1\ot.e the fiat behaviour of nl.-.li. over a \Vide range range of t2' Assuming that the

refractive index profile is proporÙonal to the concentration profile, these profiles \Vere

t.hen used t.o determine the index pl'0file n(x) = nb + ~n,c(a:) \Vith the surface index

\'alues of Table j,5.
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Figure 5.11: Comparison of the modified Fermi profile to the ion-exchangc simulation
for Er = 9.3 V/mm and t = lOmin
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Figul'e 5.12: Comparison ofthe modified Fermi profile to the ion.exchange simulation
for Er = 18.aV/mm and t = 5s
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5.3.4 Discussions

Before leaving this section. sonU' further discussion of thl' l"l'Slllts is called for. FWIII

our measurements and numericalmodeling. Wl' obserl'ed two import.ant l'!fl'l·ts of tlll'

lield-assisted backdiffusion process at E" = 100 '"Imm. as sholl'n in Tahlt, 5.S:

1. An initial increase and ver~' graduai decrellsl' of 1\"'1f with f~

2. A decreasl' of tlll' w,\\'egllidl' hirefringelll'{' (N/jY - .\':~rr) ll'ilh f~

TIll' lirst elfect l'an he understood by realizing .•hat the bur.l·ing pl'llCI'SS aets l.ll s~·m·

metrize the index profile which tends to increas{' the eH'ectivl' index. Fig. 2.S of 125)

shows c1early that as the asymmetry parameter li tends t,ozern (Le. s~·lIIml't.r~·). tlll'

normalized guide index b (related to Nell) increases. Even though this is shown for a

step..index guide. the same trend is true for GRIN profiles [26J. This elfecl. is dilferenl

l'rom that reported for purely thermal buried guides in which the 11/",,,1' dl'l'wased mon'

dramatically with 12 dominating the declining eHect of Nelf . The second eHect. lIIay

again be attributed to this symmetry. The asymmetry parameter for the TM 1II0des

begins to approach that for the TE modes [25]. Table 5.8 shows that the mClL~ured

hirefringence begins at a value of 7 x 10-01 for the surface guides (12 = 0) and elllis up

al. 1.5 x 10-4 al. t2 = 1408. This finding lIIay be very useful to fabricate single-lIIode

(lolarization insensitÎl'1' wal'egnides which IlllVl' attrlll:t.ed intel'l!st fi)r illll'l'Ol'ing th{'

characteristics of 1 x N branching devices in glass [271.

As for the numerical ion-exchangl~ modeling in particulaI', wc used â = u X hll '

throughout the simulation. assuming IL" 1.0 be the same for ail f.. This was donl' 101'

convenience, but il. may not. be a true reflection of the actllal process. In fact, for

the surface guides, we SIlW how IL" increased l'rom zero to the saturation ,~!~Iue (Table
'.

5.9) during the diffusion time. This approximation in the num(~rical model l'l'mains

as a source of error.

Finally, we must address the reason as to why we used D" = O.1)64921J.m2/min =

D. [11) in the field-assisted ion-exchange simulations. For the purely thermal simu-
;:;-----=-..~>,
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• lations, the self-diffusion coefficient DI( =0.01174 tlm2/min has been used in (2.1 il

[22. 28J to model surface and buried waveguides. However, for field-assisted icn ex­

change, this DK was not used. In the literature, other researchers have also used the

effective diffusion coefficient [13. 29J since it is well known that Dh' is different for

electromigration [30]. We have compared the modelled profiles using DK = D. in

comparison with those using DK = D./4(1.17)2 and fou".:.i that there is a comparable

difference. Fig. 5.14 shows this discrepancy for the data shown in Fig. 5.12.

3.02.5

Mod. ~ermi

(1M mode)

01(= De

.... 01(=°.14

2.0

'.

0.0.J----+-~...~-+-_.=:~-::=-~
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Figure 5.14: Comparison of ion-exchange profiles using diffel'~nt DI( values
\',
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(5.7)

5.4 Buried channel guides

5.4.1 lntroduction

As mentioned earlier. the buried channel waveguides are k!'~' !·omponent.s in thl' \wti-

cal directional couplers. ln this section. tlll' iOlI-l'l'chang!' model dl'SITilll'd in Chap"'1'

2 was used to determine x pea!' and 11,,,,,!,, Aisu. t.hl' theureticalmudl' miSnlllll'h lllss III

an optical fiber was calculated so as t.o assess t11l' compat.abilily of t.11l' bUl'iml dlllunei

guide with a fiber. Final1y. the measured near-field modl' profill' is eompal'l'd III 1hal

calculated by the 3-D BPM scheme.

5.4.2 Modelled diftusion characteristics

The diffusion profiles IVere calculated fol' various fabricatiun c(J'ldil,ions Ir. /1, /'2'

and E" as described in 2.3.3. The chosen conditions IVere H' =4.0,4.4,4.8,5.2/1111,

t l = 15.20, 25 min, t2 ''';, 1.0;L5. 2.0 min IVith E" = 1001'/mm. Fig. 5.15(11) and
"

(b) show the variation of Xpe"k and n,>e"k with t2 , respectively, for \"lirions tl and

l1' = 4.4 jlm. Similar behaviour occurs at other channel IVidths.

5.4.3 Ca1cu1ated mode mismatch 10ss

The insertion loss is made up of tlVO components, namely the Fresnel loss and tlll'

mode mismatch loss. The Fresnel loss arises l'rom reUections of the field fwm the

fiber to the buried guide. Since the l'l'l'l'active index of the fiber and bnried guide are

ver~' similar. this loss is very smalt. ln fact. il. l'an be made negligible if the liber­

guide spacing is adjusted for maximum transmission [311 or if antireUIl!:tion coatings

are used. The mode mismatch loss arises due tu the dilferent field distributions of

the single-mode fiber and the buried l'!lannel guide. This power loss is calculatcd by

evaluating the normalized overlap integral [32]:

(J~oo f~oo E,{x. y)Eg{x, Y)dxdy)2

if
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1 wherr E/ and E" are thr alllJllitude~of th,' singh'-Illou"li"ld Jll'lllill'~ of 1lit' Iii,,'\' and

buried guide. respectÏ\·ely. This loss l'an be expressed by -10/oYwll/9 in ~11l' deciht'I

dB scale.

Here. 11/g is evaluated based on the calculation of E"l;r.!I) = Fl.r. !llG(;r) l'rolll

tllP El~1. as des'~ribed in Chaptc\, .!, and the Gaussian Illud,' a\Jpl'Oxillllll ion fo\' th.·

symmetric fiber field profile. For the fiber mode. a step-index libt'\' with a con'

diaml't,er of .j Iml and a rcbtiVl' index change of 0.3 '7. i~ dlosl'n \\'ith it~ Illod,' ~izt'

!Vf = 2.3/lm [33. 34l:

(
X2+!l2)E/(x,!I) = exp - .,

!Vi

ln the calculations. the spatial coordinates of the peaks in both E: and E" wen'

,

made 1.0 coincide. Fig. 5.1G(a) shows the variation of this loss with /.2 fol' va!'iou~ fi

aud li' = 4,4/lm. SimUar behaviou!' occurs al. othe!' mlues of \l'. The low,'sl mltll'

(0,47 dB) or.curs fur the narrowest width and decpest guide (W =4 /lm. /.1 =2;; min,

1.2 =2.0 min) where the lateral diffusion is lowest and the buried guide profile is most

symmetric (sel' Fig. 5.16(b)).

A related issue in\'olves the improvement in the flber-guide insertion loss of Il

huried channel guide O\'er Il surface dlannel guide. As mentioued ellrlier, the ad­

vantages of the buried guide consist uf low')r propagation and mude-Illatching loss

~'ielding lowcr ins!!rtion loss. The improvement in insertion loss WIL~ studied theoret-

ically for t\l'O different channel \l'idths, as shown in Table 5.11. The surface channel

guide \Vas simulated \l'ith tl = 20 min and the buried guide with 1.2 = 2.0min usillg

the surface guide as the initial conditioll. The improvcment is about Li dB. Ex­

perimentally, such measurements were not carried (',lit in this work, however, others
'.-

have published results for buried channel guides using fabrical;ion (:onditions quite
"Ji

different l'rom ours [6]. An improvement of 0.43 dB was meailured al. A" = 1.3iJ11l

and further improvement of al. least 0.61 dB can be achieved by a careful choice of

the process parameters.
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• Table 5.11: Calculated insertion 1055 impro\'emellt

II' = 4.0/lm [Ir = 4,4/lnl
Surface 2.24dD 1 2.20dB,
Buried O.51dB O.52dB

Improveme:1l l.i3dB 1.6jdB 1

5.4.4 Modal field profiles

As described in Chapter 3, the near-field illtensil~' distrihu~bn of a huril'd channl'l

guidl' was studied for the purpose of examining its circularity and \'el'if~'ing thl' numer­

ical models used in our design. The measured mode pl'Ofile of a huried channel guidl'

fabricated with the conditions n' = 5,4 ± O.2tl7n, t l = 25 min, E~ = 98.5\ "/lIIm.

and t2 = l.Omin is shawn in Fig. 5.li(a). The vertical (x) and horizontal (y) in­

tensity scans are shown in Fig. 5.17(b) and (c), respectivel)', together with those

calculated b\' the 3-D ADI-BPM and including 2-D canvolutioll for the microscope

objective. Good agreement is obtained when the measured and calculated intensity

peak locations are made to coincide. It was found that the calculated peak occurred

al 3' = 3.68 tlm whereas the measured peak was found at x = 3.0tlm. This discrep­

anc~' ma)' be attributable in part to the dilficulty of determining experimentally the

exact position of the waveguide edge because of the diffraction cfrect.

t
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Figure 5.16: (a) Calculated mode mismateh 1085 vs. t2 and (b) m06t symmetric buried
guide concentration profile,
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5.5.1 lntroduction• 5.5 Al203 planar guide characteristics

,

The characterization of the A/20 a sputtered thin film is important in tht' dl'sil(n

of the improved vertical directional coupler. TIl(' wa\'eguidt' propt'rtil'S sudl ilS 1Ill'

film index nI and the sputtering rate r need 1.0 bl' determined. TIll' expel'imelltlll

techniques and conditions for fabrication anclllleasurement wel'l' presmltecl in ChllJlll'1'

3. lnitially. high target voltage le"els (> lH') were tried hUI this did nol Jll'O<I\I('"

an~' waveguiding effect: prism coupling measurements showed no m-lilll' outJlUI. 11

is helieved that the high power caused the esc/lping A/20, IItoms from t.il(' tllrgl'1 I,u

hOlllbard the glass substrate \Vith high energy causing microdefects /lucl VI!I'~' luss~'

waveguides. ln our study, two different target voltages, O.5k ,. /lnd O. i5k' . wel'l' tried

yielding better quality, low loss waveguides.

5.5.2 Distlersion curves

lt is standard practice 1.0 characterize optical \Vaveguides using multi-mode effective

index measurelllents (sel' Chapter 3). For these thin film sputtered guides howevel',

these multi-mode measurelllents can be replaced by single-mode IIIClL~urements h.,·

taking advantage of two important characteristics of plasm/l sputtering of which Wl\

have Il T/riori kno\Vledge. The first one is that the sput.tered index profile is Il swp

and the second is that the film thickness varies linearly with time. Thes\' two knu\Vn

observations [36] were utilized in conjunction with the step-index dispersion relation

(4.29) with m = O. To determine the unknowns Til and 7', we begin \Vith one pair

of single-mode effective index measurements, say (N'111t N'If2), for the t,wo corre­

sponding sputtering times, say (t. 1t t.2). The two equations are set up, as in (4.29),

\Vith d =rt. 1t N.JJ1 for one and d =rt.2, N'JJ2 for the other. Then, dividing one by

the other leads 1.0 a nonlinear transcendental equation which is root·searched for nI'

This value is then substituted back into (4.29) 1.0 find d, which wben divided by the
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• Table il.12: ~Ic~'illred 7/1 and r for 0.5 and O.iilkl·

Target voltage (kl') nr(TM) rU/ni / h) 1

0.50 1.5ï6 ± O.OOi 0.080 ± 0.015 i
O.iil 1.61 i ± 0.008 0.186 .... 0.013 1

appropriaw t.•1 or t.2 yields the sputtering rlltc. r. This shorwned appl'Oach prol'ides

for an lIccurate charllcterization of the spllttered thin films based on sin~Il'-III()dl'

measllrements alone.

Single-mode measuremcnts \l'cn' madc lit 0.5H· for t.. = 4.5. il.5. 6.511 and lit

O.i5kl· for t .• = 1.5 - 3.5h. in n.5h intcrl'llis. The thin films prodllced b~' tll!' latter

conditions were performed on the new snbstrates with 11/, = 1.5208. The T)'I lIIodl'

dispersion curve for 0.i5kl' is shawn in Fig. 5.18 in good agreement ta experiment.

AIso, the thickness versus sputtering time graph (Fig. 5.19) sho\l's a !inear variation.

The resllits for the Tl\·1 mode are shawn in Table 5.12. Not(~ thilt t.he accurac~' of 1/.1

is onl\' in the third decîmal place.
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• 5.5.3 Propagation 1088

The propagation 1055 of the A/203 single-mode guide was measured using the two­

prism sliding method described inChapter 3. One sample iabricated at O. i5kl·. t, =
'"''

1.5h was measured for the TM mode yielding a propagation 1055 ofO.2i±0.04dB/cm.

This 1055 is comparable to that of the surface and buried single-mode waveguides.

1.0E-2,----------------,
TM mode

•
20.015.05.0

1.0E-3+----+----1-+----1----1
0.0

Figure 5.20: LogP vs. aL variation yie1ding propagation loss for a single-mode
sputtered A/20 3 guide
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Chapter 6

Planar Vertical Oirectional
Coupler

6.1 introduction

The field-assist,ed ion-exchange process described in Chapter 3 11lL~ been nSl~d in the

fabrication of a novel vertical directional conpler [1] whose conlignration is ~i\'en in

Fig. G.1. As described in the first chapter, much attent.ion has been at.t.ract.l!ll t.o hy-

brid active components made b~' combining ion-exchanged wavegnides wit.h O\'l~rlll.vers

of semiconductors.

In these waveguide-detector geornet.ries. tlll' sinp;Il'-modl' ghL~s wllvegnidl's al'!'

fabricat.ed by ioa exchange and must. not be blll'ied 1
"

'1011' the snrfac() 50 as to increlL~e

t.hl' coupling dficiency of the light 1.0 the phol,odetectol'. However, t.bese wavegnides

are not adeqnate when trying to couple light l'rom an optical liber with minimal

insertion loss. Buried guides are desirabll' hecause, ('ompared with surfacl' ~lIides,

they exhibit less surface scattering and therefore 100v(!r propagat.ion loss. In addil,ion.

their more symmetrical index prolile provides lJl!tt,(!r modr! matching l,f) lUI opl,ieai

fiber. Consequently, a bet.ter solution is to couple tbe signal into a buried wavèll;nide,

which l'an transfer almost ail the power throu, ,!scent coupling l'rom Il l'IL'iSive

vertical directional coupler (VDC) into a surface guide just benllath the detector.

The concept of vertical integration is weil known in the area of semiConductor
l'

guided-wllve optical devices. However, for passive components, most research efforts

1G3
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,

ha\'(! focused 011 lateral integratioll of adjacent channel guides. III particular for

glass waveguides, only a handful of vertically integrated structures are available. as

described in Chapter I. The novelty of our structure is that it is composed of graded·

index planar guides fabricated by field-assisted K+ -ion exchange [1].

The objectiv~ of this chapter is to present an in-depth study of the optimized

VOC characteristics such as the refractive index profile. the coupling length and the

power transfer ratio. Firstly. a diffusion model of the GRIl'\ profile is developed based

on the waveguide characterizations presented in Chapter 5. This profile is then used

ill the design of the coupler using the vector beam propagation method (see Chapter

4) within the framework of the normal mode analysis. The measured characteristics

of the fabricated device are compared to those predicted by theory.

PHotobEtECto~

--__,I"...~~L.lCUO:....l:U:....l:pl....l.tN...l.G...l....l.""",.. ~IEb

OPt.CAl. ~EGtou !GUlbE
FU3EA n 1

GLASS
SUSst~AtE

Figure 6.1: Vertical directional coupler used in waveguide-detector geometry
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6.2 Determination of the index profile

From tlll' oJlt.ical characterizations. E~(P studil's and diH'usion lIIodl'llin~ pn'sl'll1l'd

iu Chapter 5. Wl' now ha\'1' tlll' l'Onfidl'Url' ln dt'dcll' upou thl' pplimizl'd lilhrit·;1tiOIi

ronditions of th.' \·DC. Tht' nlHiu crilt'ria 1hal should h.. saI islit'd an':

1. both surface and buried guides must bl' single-lIIodl'd

2. thl' hmied guidl' should hl' as dl'ep and as ('olllpll'll'l)' hurit'd as JltlSsihlt' 10

a\'oid significant o\'erlapping of thl' sUl'face guidl'

Fol' thl' hnried guidl' lIIad.. b)' tWO-Slt'" ImckdiH'usion. \;, = 100 \' i~ dltN'n ~in('" il

~'ields thl' 1l10s1 complelelr buried condition (Iowest. hl;). roI' t.11l' snrfar.. ~uidl'. t.ht'

single-mode conditions \~ = 20\'. t =5s prO\'ide fol' a shallow guide thllt does not

O\ulap 1.00 much with the buried guide.

The modelling of thl' GRE\ conpler is rather complex iuvoll'ing the :;el(ueut,illl

solution of (2.23) fol' the field-assisted aud cooling proœsses with tlll' appmpriatl'

init.ia! and bouudar~' condil.iou~. Tabll' G.l shows tht, fabricat.iou parault'ter~ nsee! in

(2.23) for the six ion-exchaugl' Stl'Jls. 1\Olt' thal tht, mlues 1'/\ = 20.9251t111~/I"IIIÙI.

DI, = 0.06429tlm~ /mi7l. il = 0.2994 (with h/\ =0.3 l'rom Table 5.9) and the lIIell­

sured substrate thickness d,,"l. = 1.04 m.m are used throughout tlll' silllulatious. Fig.

6.2 shows modelled profiles for 1.11'0 diHerent. times "'l' The El\IP data for such Il cou­

pler with I~ = 60s is presented il! Fig. G.3 showillg fairl~' good agreenwnf.. Nol.l' t.hat

thel'e is sig'lifkant o\'erlap betwl'eu t.he surfacl' and buril'd index pmlîles which ean

be improver! by dri\'ing the buried guide deeper into the substrate. Thus, l:ouplers

were designed and fabricated with longer t~ (GO < t2 < 1408) to provide for more

isolation between the guides and as we shall sel', higher power transfel'. Once c(x) is

determined, the index pl'ofile is given br 71(3:) = 71b + ~71"C(:r.), where 71b = 1.1:iI25,

!l7l,,(TE) = O.lJllland ~T1.(TJ\1) = 0.0134.
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• Table 6.1: VOC fabrication parameters

Process t \' \' ET LBe• 0 •
(s:min) (F) (F) (F/mm)

K+ - Nu" 55 20.0 1.0 18.3 1.00
Cooling 10 min 0.0 0.1) 0.0 1.00

Nu" - K" 60-140 5 100.0 1.5 94.7 0.03
Cooling 10 min 0.0 0.0 0.0 0.03

K+ - Nu+ 55 20.0 1.0 18.3 1.00
Cooling 10 min 0.0 0.0 0.0 1.00

Q)
1.0

;;: --- t 2= 90 s
0... 0.8 - t 2 = 120 sa.
x
Q) 0.6"0
c:
"0 0.4Q)
N.-
0
E 0.2 ....... ....
0 ....

Z ....
0.0 "--

a , 2 3 4 5 6 7 8 9
X (I-'m)

- Model
o Scaled dato

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
X <l-'m)

Figure 6.3: Comparison between EMP data and simulated coupler GRIN profile

Figure 6.2: Numerical simulation of coupler GRIN profiles for t2 = 90s (so!id line)
and t2 =1208 (dashed !ine)

51.0;;;::-----------------,
:.::;

,g 0.8
c:
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6.3 Fabrication and measurement

The "l'rtieal dirl'etional coupler. eomprisin~ IWO paralle\ slah wa\'t'~uil\l's. is fabrÎl'all'd

by a three ·step field-assisted iou-l'xehan!\l' usin'~ pun' /,'.\'()" aud .YIl.\'0" Ull'It s iu

suda-liml' glass. TIll' fabrÎl'atiuul'oudilions an' l'husl'u wirll lhl' aid uf (:!.:!:ll aud tll<'

2-D FD-\'BP;\1 desigu 1001. Th,' hnripd guidl' is llIadl' by a 1wu-SI l'p l'xdlall):l'. usiu!\

ail applied voltagp of 20 \' aud exchange tillle fi = fis iu t11l' tirsl step. ami 100\' iu

tlll' second step with f~ var.,·iug from 60 III 140 .'. Thl' Sill!dl"llIudl' SUrral'l' ):uidl' is

made by a oup-step exchangl' with 20 \' and f" = fi" al. a Il'mpenllun' or :18[,"('.

Thl' TE aud T;\! effectiw indÎt'es eorrespoudiug ro tlll' ullrmal ""1'11 (:\.•.•.,,) aud

mld (X",l.il llIudl' m-lines (sel' Fig. 6..1(a)) wen' measun'd "ia prisuH'ullplillg !l'l'h·

niqul'~' at ,\" =0.6328I1m. The eoupling leugth L,. is gi\'l'n by 121:

L -2..-~
r - .:lB - 2.:lN,. (li.! )

when' .:l:"•. = Ne"." - N"dd' .:lB = k,•.:llli... and k" = 2.. /-'". To OhSl'l'\'l' the IWIl'

modl' iml'rference. wc used a lens r.o focus the light into t111' inpnt prislll tu excite

initiall~' the ïundalllentai mode of the surface guide. Subsequently, th., eVl'n ami mld

normal modes of the coupler are excited simultaneously. yieldin!\ a stn'ak or p.'rillliÎl'

dots on the glass surface 1LS shown in Fig. 6.4(b). These dots l'l'present the power

tl'llnsferr'!û 1.0 the upper surface guide l'rom the lower buried guide allli their peri"d

is l'quai to twice the coupling length. This length WiLS llIeasured carefull)' l'or ail thl'

fabricat.ed samples l'rom the photugraph of the cuuplinA pat.te1'll l'sinA ail accuratl'

Vernier calipel'. 11 was fOlmd to be in excellent ag1'l!elllent with tlll' L•. dl'duCl'd l'rom

the measured !::.N. in aeeorciance with (lU).

In addition, the power transfer can be deduced by measuring thl' rl!1ativl~ in- .

tensities (power ratios) of the normal mode llI-lines [3] with an IR vidiclJtl and an

oscilloscope. These are measured at threl' differl'nt locations along the coupler by

changing the position of the prism. The measured R = A,,/A., where ,4" and A. are

the amplitudes of the odd and l'ven modes, respectively, l'l'mains relatively constant.
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6.4 Coupler design and measured performance

Thp objer:tivp of tll<' coupler dpsign is to rlPlermirlf' tllf' optimum fabrication courli­

rions that allows for high power trausfer l'rom 1111' buril'rI 10 th .. surfa l'" guid,'. Th.'

approach in\"Oh"'s IIsing IIIl' 2-D FD-\'13P\1 anrl llll' morlal 1'011"'1' SIH'l'trum Wilhill

tllI' fralllPwork of Ih., lIol'lllal ruod., aual~'sis, Th(' illdpx pl'Ofilt, 11(.1" is uSl'd in Ih,'

1310:--1 simulalious 10 lrack t11l' prolHlgating \\1lve. Th.. chosen step si;:e along : is

...i: = 0.02//111 and along ;1' j,; ...i.I' = O.02/11l/. TIIf' ('omlJlI! al ional windows an'

S",,,, = 20/1111. Z",,,, = :\000/1111. tll<' weight is /l' = 0.53 and lhp refpren('(' inrlpx is

Il, = 11,. userl ",r w..akl~· guiding Sl.ructures [51. Th,.' incidenl fiplrl is t hal of a huriprl

sial, guirl .. whidl is Ihen ('ouph'rll)('riorli('all~'hetll'pen Ill<' slabs (sp.. Fig, 6.5),

Th.. ('oupling length Lr is dptermined hy localing tll<' : positions of t.he power

lransf.'r intprl'llis of thp BP:--I plots, :\lternativpl~·. N"""" and !Y"'Id are cakulat.erl

using t.hp modal power sjJeclrum IG) and Lr is deduccd via (G.l). In this ('ase. a

longer Z""" = 10485.iG //11/ is chosen ln IJI'()\'ide fol' a finer spect.ral n'sollltion [6] of

about 6 x 10-5 in t.he effecliV(' index, Bot.h methods ~'ield ver~' similar resnlls exeepl

that t.he COlnplltalional t.imes an' ver.l· different. D11l' to t.11{' long Z",,,,. Ilt'erled. t.he

spect.rum nH'lhod l.Ook eight. hours ln compute on a SunSparc whcreas lhe BPilI alonl'

!.Ook ahout. 1.5-3 il depending on L,.. Fig. G.G shows t.ll·O distinct peaks ident.il~\'ing

t.he e1fect,ive indexes of t.he conpler's nurmalmodes. The couplîng lengths for t.he TE

mode an' shown in eDmparison la t.he measured ones in Fig. 6,i(a). showing \'er~'

good agreement. Similar agreement. is obt.ained for the Til! mode when t.he impl'O\'ed

FD-\'BPill algorithm [il is usel!. ,-\ comparison hetween both algorithms and the

nleasured data is shawn in Fig. 6, i(b). Tables 6.2 and 6.3 show the calculated

and measllred effective indices of the normal modes to be in good a/lreerncnt. The

hehaviollr of these indices as a function of t~ (shawn in Fig. 6.8) is ver~' similar ta

that observed for convelltional lateral coupIers varyillg with interguide spacing [2J if

it is remcmbercd that t' 2 is related ta the depth of the buried guide.
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•

Figure 6.5: TE mode BPi\.[ simulation of power transfer for VDC calclliated wilh
t2 =1208
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Figure 6.6: Peaks in the modal power spectrum identifying coupler's even and odd
normal TE modes for t2 = 1208
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Figure 6.7: (a) Comparison between measured (dots) and calculated (solid line) TE
mode coupling lengths (b) TM mode calculations based on existing (dashed) and
improved (solid) FD-VBPM schemes
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Theory Experimcnt i
t 2(s) l\"odd 'Y~vtn Lc(tan) Sodd .\"t'I'c·n Le (Jun) l,

100 1.5132843 1.5144902 262 1.51389 1.51·195 1 298 ± III 1

120 1.5134049 1 1.5143094 350 1.513571 1.;)1450 :140::: 10 1

140 1.5134653 1.5141888 437 1.51392 1.51468 Wi± l:! i

Table 6.2: Cakulated and measured TE effective indices of thl' \'0(, normal l111HIl's

t2(5) Theory Expcrimcnt
Nodd l\reven Lc(J.lm) Nodd JVcve'f1 Lc(/tm)

100 1.513i065 1.5150325 239 1.513i3 1.5150i 236 ± 10
120 1.51382il 1.514i915 328 1.5138ï 1.51492 301 ± JO
140 1.51388i4 1.51461Oï 43ï 1.51391 1.514iï 368 ± 10

Table 6.3: Calculated and measured TI\I effective indices of the VOC normal modes

-

Even mode

-
Odd mode

-

,.-..,. 1515.5..,
o
..-1515.0
X

';;1514.5
Q)

-g 1514.0

~ 1513.5
......
u
Q) 1513.0

'+­
'+-
W

1512.5
90 100 130 140

Figure 6.8: Variation of normal mode indices as a function of t2 for TE mode
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TIll' "ali'ulalioll of 1111' lIIaXilllUlll 1,,)\1'1'1 trallsfl'! n-quin-, IIIt' ku,,\r1,-d~-' ,d lit,'

(H)\\'PI" t.hal propagatPs ill f'aciJ ~·~ab. Thi~ llorJllidizfld P0\\,PI lêlll Ill' l'XPI'I':-;:-;('<I h~' flll'

plOjl'Cl.iOll [8. fi] of 1111' output fidd EU.:). "akulall,d at TIll' l't"lof tlll' illll'ra('lioll

n'I!,ioll : = L"". ont.o TIll' illdil'idual fipJd (l'il!,l'llfulI(,lioll) of rh,- slII'fa('1' l!,uiejp E,,(.ri.

nd"IJiatl'tl usilll!, (.l.(iO):

< E"IE(L""I >"P" = - __-=::--::..:....,,:....,..:.:"-'-.,..----,,---
< E"IE" >< EIL"")!E(L",,I >

\l'ilh Il,,, illlll'! protlu('t dC'lillirioll:

< fi!! >= i: f(.r)!!(:r)ef:r

(G.31

III OU! sllld~' of \·ell.ical couple!s. light is ideall~' launclted as a singll' lIIod,' of rit"

1>ulil'd gllid(' '1>' tltat sl1hseqllently excitl's tltl' nOl'lnal lIIodes. as sltmm in Fig. G.9.

TI", luaxillllllll pOll'e! trallsli'r into slll'face !J;uidl' 'a' is definl'd as:

P"
'l"'ll.l =: -P.r

(G.-Il

\l'ltl'I'I' P.r is 1.11(' tot.al pOll'e! at : = L"". Titree diH'elent inreractiollll'lIgths. L"" = L,o.

L"" = 2L,0. allCl L"" = 3L, ll'ltele P" is a mmdllll1l1l. an' CltOS!!1I ln cakl11all' E(L",,)

and dctcrruÎlle the average l/mur. The IIIcasurcd lJmu:r values are in fair agreelucnt ta

t hosl' cakulall'd usillg (G.2). as sholl'II ill Fig. G.10. Tite Clin'!! displays ail optiml1nl

\'alup of 7/rtl (IJ for il givcll rang(l of t'2'
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Figure 6.9: Schematic of the VDC structure in which the fllndamental mode of thr·
buried guide excites the coupler's normal modes
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Figure 6.10: Calculated maximum power transfer as a function of t'l for TE modes.

Dots represent experimental data
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Ikfon' f'olll:ludillg Ihis ('!Iapll'I'. il 111(\.\' IH' illtPrt'Slillg fil :-'1'1' Whilf l'If"('l il SIII,'1l

changl' in !.Ill' ('otllillicatl'ù six-st el' iOIl-exchangl' llIodl'l has 'lIl tlll' ,'ollpll'r's chara ..-

Il'ristics, Sincl' th(~n' an' so llIan" ditfl'n'nt paralllf'tl'rs in thb nlodl'i, \1'1' dl'cidl'd tll

f(WIIS on 0111' in particular: !.Ill' Idl houlldar\' l'lllldirioli (LI3Cl dlll'ilig hackditl'tlsion,

Il.'' dlallgillg it 1'1'11111 0,0:1 to wro, 1Ill' call'llhlll'd TE nll"I,' L, "a!llt" an' "01111''11'1'"

(Sl'l' Tahle' (;',1) alld sh(J\\'II to h.,\,1' a discn!p;ull'Y of III' 10 7,ü 'ii, HI'IIl'l', \1'" Sl'l' 1hat

111(' III1HIf'1 is qllitl' Sf'tlsiI.Î\'" fil ('\'('11 lIlod"st (:hallges.

Fillall,\'. Wl' should also 1I1l'IIl.ioli thl' rl'sulrs of 0111' prelilllillill'~', unopr illlizl'd dl'\'!""

[I! Ihal was fahrÎl'al,'d IIsing difl'l'I'l'nl proCl'SS conditions, TIll' hlll'il'd slah was IlIad.'

h,\' a Iwo-Stl'p pro,','ss, usiug ail applil'd lil'Id of ,,0 \ (111111 and exchaugl' tillll' fi = l~).'

ill Ih,'lirst st l'p. and 7~1 \ (111111 ill the s:'cond step (hackdiH'usion) wir.h tillll' I~ \'ar~'illf\

1'1'0111 ·1 to 1Il1ll1ll. The sillgl"-llIudl' surfaCl' guidl' was fornll'd h~' a otll'-Sll'P exchang"

with an applil'd field of 50 \ (111111 and time 1:1 = "". The calculatl'd ami lIleasUl'ed

l'l's,tlts showillg good power trallsf,!r are r.ahulated in Table 6.5.

/'2 Lr (// 111 )

1

Lr (J/111 ) ChaT/YI'
(,,) (LBC = 0.(3) (LBC = (J.(JO) ('il:)
100 262 1 27G 1 :;.3

120 1 350 1 3:;0 1 11.0

1
140 1 ·137 1 40·1

1
-7.G

Tahle' GA: CUllIpari:;on betweell calcular.eù L" using ùifferent LBe mlues

C\l\1 l'1er 1 L,,(JIIII) L,(JII/I ) '/",a, ('i{. )

1

1/",aA'iO
(Br~I ) (llIeas) (Br~l) (llIeas)

\'OCUTE) 239 123H81 95.4 1 99.2 ± 1
\'OC1(BI) 1 210 23ü ± 9 03.ï 1 08.8 ± 1
VOC2(TE) 2ïG 288± 8 9G.4 189.3 ± 4
VOC2(TM) 250 264± 8 93.2 1 95.1 ± 3

Table 6.5: Calclllated alld measllred characteristics of preliminary VDC
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6.5 Conciusion

lu l:Ouclusiou, th!' rharaett'rislics or Ihis plallar \"('rtira\"IIllplill~st rIlrtIln' h,1\"1 , h"\'11

IIleasun'd alld l"llIllpar"d to Illod"\I!'d n'sttlts has!'d 011 01'1 i,'a\ alld llIinll'''ltah,t jca\

W{l,opglIidp Chal'flct eriza t ions. rht' {'Dmhilia t iOIl nI' iOll-pxc!lallgt' IIH HIt ,II iHg aIld il \'t'('llli

1>e:1111 propagët~ioll Illpt 110<1 pro\"Î<1t' for il <'OtllJl1lt al ioual dt'sigu 1liIl1 1hill \'it'\d:-- glu III

(H'('t1ra('~·. Good ag,1'PPIIlPnt iH'tWt't'1l cakl1lalPd and t'XIH'l'iIllt'lltal rt'sll!l~ "'as ohtaillt't1

",ithill fahricatioll alld lIlt'aSlln'Ulelll elTot" for TE aud T~l p"larizali"lls, This passin'

cOllpiiug strlletUl"l' ",ith high po\\"!'r trallsf,'r "mei"lIr\' III".'" l'l'lin' III hl' a llSl'flli,h'l"i,'"

iu h~'brid Il'a\"e~llid,,·det\'''tor~"oIlletries 1111 !-\Iass, Th" \,,\lII\\"ill!-\ chapt,'r \\"ill pn's"111

Huother \'cni,:ai cOllp\er coufip;matioll thal orrers o,llt'r ,uh.ltlta!-\!'s '" \\"a\'I'!-\lIid,"

d"tl'ctor c:oupliup;,
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Chapter 7

Improved Vertical Coupler

7.1 Introduction

In the previous chapter, we studied the characteristics of a directional coupler that

allows for vertical coupling of Iight to the photodetector. However, this coupling

efficienc)' has shown to be impaired by the presence of a thin layer of low index

amorphous material at the semiconductor-guide bonding interface [lJ. An effective

way to avoid this problem is to use edge coupling to the detector which can be

achieved by cladding the structure with a dielectric thin film having a refractive

inrlex higher than that of the waveguide [2]. Recently, we reported the realization of

a ne\\' vertical coupling structure [3] composed of a planar buried guide in glass and a

dielectric overlayer (see Fig. ï.1) that takes advantage of this edge-coupling scheme.

OptlaJ F1ber

GaAs pbotodetec:lor

Glus
substrate

Figure ï.1: Improved vertical coupling structure for optimized edge coupling
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lu lhb rhapt"r. llll' d('''ipl. fahriral itlu aud ult'a"Urt'Ult'UI tif 'IIrli a d"" ... ,. lU

hOlh piauar aud dtanlll'l-guÎlk form. for optinulllI ('(;~l' rOllpliu~ to a nlt"I .. \I('(1 GuA,­

photodl'tector i" dl'"crilH'd.

7.2 Fabrication and measurement

TIl(' impro\'l'd planaI' "ertiral coupler i,; ('ompri"l'd of two para\ll'I "Iah wa,·..~uid ..,.

TIll' 10\1'''1' hmil'd ~uidl' i" fahril'al('d h." a t\l'tt-Stl'I' ii..ld-as"i"t('d l," -ittn "Xdlilll~(" .\u

applil'd \'()It.a~l' of20 \' aud exchau~l' timl' /, = ;~)., i,; u"..d iu th.. lir"l "t ..l'. aud 1titi \'

iu thl' ""('oud "tel' (harkdiH'usiou) witll l'xrhau~" lim(' /~ = 1~(1.-. Th" sil.~I('-ultld('

die!ectril' surfacl' ~uid.. of thiekul'ss D~ aud rl'frani\'(' iudl'x Il f is mad(' h.'· 1'1' pla"ma

sputtering with au .4/20 3 targct umler tlll' couditions of 2 x 10-2 Torr .,lrlU2 (,1: 1

mixture) gas pressnre and tar;:et \'oltage of 0.5 k\', as dl'"erilH'd in Chapl ..r;\' Th..

spnttering time 1.• ran~e" from 280 to 320 min.

The ehannel-~uide \'DC' is t:Om()()sl'd of a huri..d dliUlIU'1 guide and a plauar

die!e!'trie thin film. Thl' Imried I(uide is fahrie;lted h~' a tll'O-stl'p /1'+ -iou ('xdtanp,l'.

The first purely thermal exchau~l' in /l'NO: I al T = 385"[' is !'arril'c1 oUI lin' t.iuu's

Il ranging from 15 - 25111il/ thro'i;!;h l'arious mask openiu~s 1)('t.II'('I'U 4.0 and ;,.2/1111

to achil'\'e siugle-mode operation. The masking malt'rial is t.hen ('1 du'c1 awa~' ancl a

field-assisted l'xchaugl' in .YIINO:1 i" pl'rfornll'd ll\'l'r t.h .. who1l' surfa!'l' wil.h applil'd

field strengths of 100 \ ,/111'11/ and t.irnes /2 ranging from 1 - '2 min aL T = :l85"C. As

melltionl'd iu Chapt.er 2. t.he pmel.,· t.hl'rmal exdtan~l' iu t.hl' firsl Sll'p \l'as prl'fl'ITl'd

m'er t.1ll' fil!ld-assisted exdtangl' t.u miuilllizl' lat.eral spreadiu!-\ of LIll' t:Oul:euLrat.iou

profile, resulting in channel guides with hetter circulaI' symllletry. Thl' A120:1 planaI'

surface guide is fabricated with a higher tarl\e:.' voltage of O.ï5 /;\-' fU' a fixed l, = J.511

t.o obtain r:J.26 < D2 < 0.30llm using the measured sputtering ratl' r = 0.186 ±

0.013 Il/II (sel' Table 5,11). This higher \'oltage is chosen to achieve a hUiler Tlf =

1.61 ï for reasons to he discuSSEd luter, The planaI' strncture is 1Il"'ded to (,lIIbl!c1 thl'

photodetector since the ll'idth of the Ga.4s layer, typically 151lUI [2J is greater than
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1hat or tlll' hllril'd challlll'i gllid",

For' III' 1'1'111'11' st 1'111'1111'1', 1hl' III'o-lIIod" illl ..rl'ercllc" erl"ct i" oh"..n'..d da pri"lII

l'lili pl iIIg Il 'ch Il i'PIf''', Th" 011' 1'111 III-Ii Il'''' aIId 1he jJeriodie l'aria t iOIl or mil pll'd 1)( )II'''r

'Ir" sholl'II ill Fi!-\, ï,2(a) alld (h), n·"I)(·ctil,..ly, For tllC' challll ..l-h ,'" d"I'iC'", a

Sill!-\I,,-tllodl' lil"'r is hllll.-l'ollpl"d 10 th" hllri ..d challll ..1 guid" to eXl'ÎI" illitiall~' th"

l'II IIdall lf'Ill.a1 IIIWJp, SIl"S"'1IIf'IIII~', the "1'''11 alld oclt! 1I0rlllai IlIod"s or th,' ('lHlpl,'r

il 1'1' l'xl"i tpd si IImltanc'{ HISI.,·. .vic'Icl iIlg 1hp l}t -rit Il Iii- cUli pli IIg pail (11'11 n'pn 'SI 'III iHg 1JI J\\'l'I"

trallsl'"r (,,"" Fig, ï,:l), TIIC' mllplillg 1"lIgl h L" is dedllcet! as hall' of the pl'riod of t.h"

si rip"d mllplillg paU "l'II. TIIC' Illaxillllllll pOlI'"r t.rallsfer rat.io '/",,,,,, is dC'lel'llliIH'd h~'

lII"asul'ÎlIg t.llC' relat.il'C' illtl'lI"iti"s (pOlI'"r ralios) of the 1I0rlllalllloc!" 1I1-liIH'S l'H' hot.h

I,IIC' plallar allc!challllei st l'I Il:1.11 l'l.'s, as c!"sl'l'il",c! ill Chapt.er G,

(h)

(a)

Figllre ï,2: (a) Olltpllt. 1I0l'llHtI mode 1I1-lille" alld (h) periodic variatioll of coupl"d
poll'er "CCII 011 the glass slIrface
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(a)

(b)

Figure ï.3: (a) Top-view photograph 01' libel' butt cOllplillg inta hnl'Îed chanuel guide
(b) periodic couplîng patte1'l1
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7.3 Modeling of the photodetector

\\ïth t.he bnried-to-surfaee guide' conpling aecoullted for. the follo\\"ing asppCl of th"

\\'ork involves direct.ing t.he lighl from the upper snrfa('(' gllid(' iIllo Ill!' eml",ddl'd

GaAs detC'ct.or. .-\lthongh tllP detect.or is nol incindpd eXI)('rinl!'Illall~' hel'<'. ilS im­

portant. characteristics such as tllP attenuation coefficielll and thl' end-fil'<' (,ollplinp,

cffidenc~' have heen modelled numerically.

The po\\'er atl.ennation coefficient ean be dedllced from the coll1plex propagation

constant. (W = ri' -.i8". 8" > 0) of a guiding structure containing t.he absorbing la~·er.

Il is \\'ell kno\\'n t.hat t.he gnided field follo\\'s an cxponential exp (-.i3e:) depC'ndencl'

along t.hl' direction of propagation. Thus.

exp( -j{3'::) = exp( -j(.8' - j{3" )::) = exp( -8"::) exp( -.il]'::)

\\'Iwre 8" acconnt.s for the light absorption along::. The power. P'J(::), proportional

1.0 t.he square of the field, yields

Pd (::) = P"exp(-2rl'::) = p"exp(-u r ::)

where u, is the power attenuation coefficient. If the effective index is used instead

t.hen

whencl' we ohtain

Or = 2/"nJV/ = 4iilVf~/À(J (7.1)

The optimum design of the detector is based on calculating the Ti"l mode U c of a

four-layer complex index waveguide structure using the TRT described in Chapter 4.

We focused our study only on the TM polarization because O:e yields a larger value

than that for the TE mode [2, 4]. The imaginary part of the complex effective index

(N'~f/ = N;' - .iocÀ,,/4") is used ta calculate O:e for the four-layer model shawn as an

inset in Fig. 7.4(a). The detecl,or's index n3 is based on [2], and the otller indices
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ha\'(' Iwen nteasul"('d in onr lahoratol"~·. li, Î:-o l'ah-ulatl'd for \'ari\lll:" i}: pn'~\'1I1t'd III

Fig. '.-I(al for /If = 1.5.G aud /1/. = ).;jl:!5. Can' mllsl Ill' lak"11 III ,'usun' sill!-\It,­

mode operation of the surface gllidp witholll thl' d"ll'clnr. Sll'p-illd,'x displ'rsioll

calculations show thal this region OCC\ll'S for 0.32'11/1 < D~ < 1.0-1,1111, :'\01" litai Ihl'

maximum D" of 1220clI/- 1 O["'\II'S al D~ = OA. 1"/1. For Ihl' t'iuluul'l-!-\lIid,' 1','rsillU

fabricated on the lIew sllbstrales with 1110 = 1.5208 ami /If = \.(;1 •. CI,_ sltows a

similar hehavior wilh D~ (spI' Fi!-\, '.-I(h)). Thl' IlIaxilllllul Il, lIf 1;",:lIJ,'/lI'-\ 1Il'['\II'S

al D 2 = OAO/l7ll with the siuglt'-modl' regiou of 11lt' sllrfat", gllidt' (Wilholu dl'Il'[,ttll')

heiug 0.2G 11111 < D2 < 0.83 lin/ .

Tht' ph~'sical reasou for these high li" values is dUt' 1.0 au illlprOl'I'IIWIII iu 1.111'

geometry of edgt' coupling. Pn·l·iously. tht' fiw-Iayer strllctul'l' pnll'id"d for t'dgl'

eollpling h~' c1adding the 1(+ guidt' with a higher index of .-1/2 ()" film thal lifted thl'

guided wave closer t.o tht' interface [2]. Thl' largl'st n'portl'd "altll' CI,_ = '21111C'III-\

Ulll~' he improved b~' optimizing the t.hickuess of tilt' GCI,-I" la.v['r D:1 12), Howt'v,!r.

in our four-layer structure, the cladding acts as the waveguide t~()nfining titI' guidl'd

lrave weil above the interface and thus prol'iding a hetter 'head-ou collision' with tht'

det.ector.

\\Tl' can determine the end-fire cOllpling eflicienc.I·, 1/", fl'Om thl' threl'-laYl'r dielec-

t.ric surfacl' guide into the fO\ll'-la~'er dN,e(~t.or hy cakulat.ing t.III' overlap illt.[~gral IG]

of tht' mode field profiles presented in Chapter .J:

(7.2)

where Ex:! is the three-Iayer planar field profile ohtairwd fl'Oui t.he H" of ('I.al) and

Ex4 is the four-layer planaI' field obtaiued l'rom (4.33). For 11-J(TM) = 1.57G and 1/./, =

1.5125, the GaAs thickness D:1 = 8n.5nm is chosen to ~'ield the largest. '1/" = SG%,

For nl(T1\0/) = 1.G1 ï and 1!b = 1.5208, the GaAs thickness Da = 88.01/.Tf1 is drosell

ta yield the largest Tl. = 89 %.
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Figure 7.4: Theoretical absorption coefficient versus dielectric thickness for the four­
layer model as indicated in the insets for (a) nI = 1.576, nb = 1.5125 and (b)
nI = 1.617, nb = 1.5208
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7.4 Coupler design and performance

7.4.1 Planar structure

The device performance can be simulated numerically for comparison 10 thl' l'X peri.

mental data. The GRI1\" profile of the buried waveguide is delerminccl dirp('t1~· from

the dopant concentration profile l'(x), as described in Chaptl'r 5. With {'(Tl cil,ter­

mined, the buried index profile is given by n(x) = nb + ~Tl., {'(x) with f1b = 1.5125 and

~n. = 0.0134 for the TM mode. This index profile is then used in an impro\'l'd 2-D

vector BPM (Chapter 4) to determine the device characteristics. Fig. ï.5 shows a

typical BPM simulation of the guided wave being coupied vertically from thl' hnried

guide ta the surface guide over one Le. As shown, the dielectric guide confines the

field weil above the interface, providing an efficient edge coupling. In the BPM cal­

culations, the input light excites the fundamental mode of the buried slab waveguide.

The coupling length is determined by locating the z positions of the maximum power

transfer from the buried to the surface guide. This power transfer is calculated bl'

projecting the coupler's output field onto the individual field of the three-layer surface

guide, as described in Chapter 6.
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TIH' b(,ha\'ior of llll' ('akulal pd altd nll,asnred coupJiIt~ Il'ngl h, 'l'il h 1hickTll'" 1.1:

is sholl'It ilt Fig. i.G II'I",re fair agreement is obtained. ext'epl al Do = 0.-1°1"11 when'

t.he largest. L, = i5011111 is oblained. This diserepaJH'\' ()(TIIl'S dlll' 10 lh,' SeItSilh'il,'

of t.he splttt.eriltg prot'ess lhal prm'ides oltly t.hree decimal aecural'y ilt IIi and ait

("T0r of 0.0151,/11 ilt lhe sputleriltg rat.p 1'. In addit.iolt. clH' \'ariat.iolt of '10",,, \\'ilh

Do is sholl'n in Fig. i.i, where a ma.ximum in t.!J(' power transfer il; a!so obsel'\'ed al

Do = 0.-1011111. This '1",,," \l'as nH"ISlll'pd 10 Ill' 89=2'7. \\'ith R = 0.-18::0.0.1. I(il'all,.. il

\l'ould Ill' desirablp to hm'e Do = DAi 11111 10 mat.ch t.hat of th(' nHlxinlum absorption

(spp Fi!\. i.4(a)). ;\P\wt.IIC'I,'ss. t.h(, cakular"d li = 1082,'111- 1 al D~ = 0.-1011111 i,

still Cjuit.e high.
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7.4.2 Channel-guide structure

For tlll' channel·~uid" structure. th" impron'r1 3-D FD-"Br:'>1 bast'd on tht' .-\01

nll~t.borl (Cbaptt'r 4) lI"as IIst'd 10 morlt'I tb(' d""icr cbal'ancristics. Both tht' [1111-"",,101.

(F\··,\DI) and t.11I' quasi-,·t'ctorial (Q\'-ADI) schenll's Il"('ft' tri ..d and (·llmpal'l'd. Th..

C;111;\ cballlle! burit'r! ~uid" c(.T. y) \l'as obtained as r1t'scrib..d in 2.:3.:3 lI"ilh E;; =

98.5 F/mTT/ and il = 0.898. \vitb C(3:. y) dctermined. tlll' rcfractl\'(' i:ldc:, prolil..

1/(;1'. y) = 1/" + ~11.(·(;I'.!l1 \l'itb 1/1, = 1.5208 ami ~II., = IJ.OIlJ8. Th.. planaI' .-I/~()"

J.\uirlt' lI"ith Ilf = 1.Gl ï and D2 = 0.30 fl11/ is cboscn based on the Br:'>1 dcsip;n thal

.1'Î .. lds tb" b('sl POWt'1. tl'ansfcr. Sinct' I/f = 1.',iG did not yit'Id a bip;h ..nllu~h 1'011'('1.

trausli'l'. th .. IIt'Xt. a\'ailaule tarl\('[ \'oltap;t' of (!.ï5 1,,1' lI"as uSt'd. Fip;. ï.8 Shllll"S r,'pical
.

collt.our plots of the 3D field profiles al. :: = 0, :: = 1-e/2 and:: = L,.. !\o{,(' bOIl" tbe field

""oh'es frolu a cbannel ta a planar profile o\'er one' Le. Thesc fields were calculated

usinl\ the Q"-ADJ scheme. Siuce th.. structUl'l' cousists of a lI"eakly-guidiug IJUried

J.\uidt' ami a stongl,'-guidin~ planaI' guide. it \l'as tbought initially that the F\'·AD!

scheule \l'ould 1)(' llecessar,'. è1oll"ever. the Q"-ADJ scheme was testt'd aud found

to give ident.ical resnlts \l'ith tlll' advantage of being twice as fast computatiouall,·.

Table i.l sholl"s the results comparing these t\\'o schemes for a channel-guide "OC

simulated with paramcters ll' = 4.8 Wn. t1 = 20 min. and t2 = 1.5 min. Excellent

agl'cmncllt is ohtaiucd.

Scheme Lr{JlTn) l/max (%)
n'-AD! 501 88.9
Q\·-,-\~88.9

Table i.l: Comparison aï calculated channel VDe characteristics nsing the FV-AD!
amI the Q\ '·AD! schemes

189



20

1l1~

1 (a)
16~

1.,~

l.l
1

10"
1 C@ne8l ~~::>~1••
1

.l,

• .'.
0

·3 ••.. ·1 0 • 3 •
'Ol

(bl18

1

"
"
" -

D~
10 cs0.2
8

8
O.

• 08

•
0 .. ·3 •• .1 0 • 3 •

.01

1

18[ (c)
le
l".
1

12;'

10

8

8 O.•
O.

• 0

2

0 .. -3 ·2 ·1 0 • 3 •
Figure 7.8: Contour plots of 3D BPM fields at (a) z = 0 (b) z = Le/2 and (c) z = Le

190



l:siug 1111' Q\'-AOI sdll'm... tlll' \'OC chal'aCll'ristics \\'['r" l'a!nt1a1 ..d for Th,' T~I

mode. Th.. coupliug leugths sholl" au increasp lI"ith I~. as sholl"u iu Fig. ..9. fol'

Ir = ·l.0/lm: similar beha"ior is ohtailll'd for t.ll(' other chanlll'i lI"idths. \rp Sl'l' that

1IIt, \'alues of L,.. ranging l'rom about 200 - 900 IlTIl. arl' larger than thos(' uhTainl'd for

th .. planaI' \'OC dl'scrilll'd in Chap,,'1' G. This is tll lit· l'xp,,,·tl'd bl"'ausl' th,' .·lf.,() ,

planar snrfacc gui,1e"s field is confiued abo\'!' thl' suhstraTI' surfacl' ~'ieidiug hl'lTel'

isolation l'rom t.l1I' huried Anidl' and hl'nc,'. im'Al'r L,. '·alm's. TIll' maximuln 1'011""1'

transfer sholl"s an optimnm "alne for a Aiven rangp of 1" (s,'p Fig.•.10).

Fol' thl' l'xperimental part. \\." dl'cid"d Tll choosl' couditious that lI"ould ~'ield a

hiAh'I.."" with a fairly large Lr. A hU'gel' Le would alloll" fol' l'asiel' alip;ulll('nt of

thl' photodl'l.pctor. Thus. guided h.,· tht' BP~I desigu mlnl's. we chus,' to fahl'icat,·

four d("'ices on tll(' same substrate with "arious H·. l, = 2D min aud I~ = 2.D min.

Cunsideriug the tradeoff betweeu L r and l/...ur shawn in Figs.•.9 and •.10. the chusen

conditions prm'ide a good compromise for a large Le (::::: 900 Ilm) and a rcasouabl<'

'}..... r of about 85 %. .-\ simple photomask was used with various channel apert.ures

l'anging frolll 4.0 1.0 5.0 Iim. AI'ter phowlithography. tll(' chanuel guide widths wen'

lueasmed using the liu··field r.ee1mique des,:rihed in Chapter 3. Tilt'." an' l'l'l'senl .. c1 in

Tahll' •.2 in comparison 1.0 thl' photumask apertures for 1.11'0 samples. TIl(' discrep­

ancÎes are dnp ta the fluctuations in the development and wet etching processes that

do not always yield repeatable aperture widths. Thl' entries marked 'N!'-\' indicate

that the pl'Occssed channel was nol acceptabl,' cl Ul' tu the man." defects that were

obser\'('d under the microscope. The last colnllln shows thl' values of Ir chosen in

the BP1\1 design calculatiuns that ar" closest tu the Illeasured values.
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1'\\'o SiUllpll'S :\~ alld :\:3, (,flcll c()lIsistiug of fouI' citalllll'b. \\'1'1't' Ldlritëll t'd ;1:-­

chanllel-!\Ilidl' \'OC's, Frolll '-\2, Ihrl'l' dl'\'il'l's (dl1lnuels 1.3 and ~) Il'I'I't' lIleasul't'd

and frolll '-\3, ouh' olle de\'ice (channel 1) ll'as ['ousidered, The (,olllparisous tu tlll'

BP~1 desi!\n calculatious are sholl'u iu Fi!\, 7,11 aud Table 7,3 for the coupliu~ leugth

and lUilXÎlUtlIl1 power trallsfpf. rpsIH'cl in'I~·. Fairl~' goud agn'Pllll'llt is olu ailll'd.

Ou a linaluow, it is ll'orthll'hile lU deterllliue if the \'ertical ['001'11'1' a[,lIIally gi\'es

1"'llel' pl'l'fol'lualll'l' than tlll' dJaulll'1 guide stru['lIIl't' 121. To dl'f['l'Iniul' this qualllit,,­

t.i\'e1y, t.hl' calculawd lIIaXiUUllll 1'011"'1' Hansfer ratio (89,S'ii or a loss of 11.~7 tlB) mul

t.11l' illlpn)\'elllenl ill insertion loss (1.7 dB, sel' Chapt el' 5) an' nl'eded, Fol' our \'ertil'al

['oupler tu 1", deeuwd hetter thau the chaullel-guide structurt.' of [2]. tlll' illlprm'['lII('UI

iu tlll' ills('rtiou loss lIIust be large euough to offset. the loss im'oh'ed iu the buried tu

surfm'I' guide poll'er transfer, As sholl'u, the 1.7 dB improwlIIelll is larp;er thau th['

lI,·17 dB of pOlI'(!r lrausfer loss. heuce .iust.if~'iug tlIP IH'[-d for thl' \'('n,kal ('ollph'r, Ex­

periuwntally, t.IIP illlpro\'elllent iu illsertiou loss lIla~' uot be as high 'L' that pn-dicted

hy theory, Siuce 11'1' did uot pursue auy such insertiou loss meaSUl'I'Uleuts iu this

Ilwsis. thl' oul~' comparison 11'1' can make is ll'ith the resnlts published b~' l\liliou d II/

for huried X--ioll exchauged chauuel guides [6] madl' Iluder \'er~' dili'erent fabricatiou

['ouditious, An improvellleut of at least 0,43 dE has been measured at '\' = 1.3/1111

II'hich ['au Ill' further impro\'ed 1,0 at least 0,61 dB b~' a careful choicl' of thl' proecss

parameters. Similar results arc expectcd at Ac, =.: 0.6328,1111. This measnred \'1Ilne il'

UOI as large as ll'e \l'ould like wheu compared to the vertical coupliug loss. How!'\'cr.

Wl' lIIust Ill' optilllistic and keep in miud that D.6elE il' a 10\l'!'r limit that cau be

improved by proper optimizatiou,

193



Sample 1 Channel 1 :-'Iask apertur(' 1 :-'Ieasured Il'1 :-'lodl'll'ù Il' ,
(lmz) 1 (Imz) (/lm)

1 ·1.0 3.98
1

·1.0
:\2 2 4.0 ~/:\

1

-
3 4.5 4048 404 ,
4 5,0 4.95 4.8 1

1 4.0 5.51 - 'l ,
~.-

:\3 2 4.0 5.59 -
3 4.5 6.26 -
4 5.0 6.ï7 -

Table '''.2: VDC channel width measUTl'lIIl'lltS

4.4 4.8
W (.um)

----. 920
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5.2 5.6

Figure 7.11: Comparison between measured (dots) and modeled (solid line) cOllpling
lengths

H' TJm= (BPM) TJm= (meas.)
(Jlm) (%) (%)
4.0 83.8 87.2 ± 0.9
4.4 84.8 82.6 ± 1.1
4.8 83.2 81.6 ± 0.6

Table 7.3: Comparison between measured and modeled power transfer ratio TJm=
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7.5 Conclusion

III summary. the charac:r.eristics of ail illlprm'l'e! "l'l'tic:al e!in','rioll.tl ('ollpl,'r ('olllpl'isill~

a hllried wa\'egllide ill glass aile! a dielectri(' slIrfac(' gllie!(' an' rl'portl'(!. Both"

plallar aile! a challnel-gllie!e "l'l'siOIl of th" d""in' lm,'" 1>""11 ill\'('sr i~ar,,(!. Thi" lU''''

strllc:tllrl' takes ae!\'alltage of edge cOllpling illstead of "enical cOllplillg of lighr 10 rh"

phor.odet.ector. The measurecl cOllplillg lengths and power transfer ratio al''' 5hoWli f(I

1", ill gooe! agn'cllIelll withill experimemal error in ('omparisoll Jo rhos" ('ompul"" I>~'

r.lJ(' I)(!am propagatioll nwthod using tlll' graded-ind"x profil" lIIode!. Calculai iOIl" of

the atl.enuation coefficielll and thl' coupling efficieJl('~' of tlJ(' llIoe!ellee! dew('!()J' show

an optimum absorption beha\'ior.
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Chapter 8

Conclusion

8.1 Thesis contents

The main goal of t.his thesis has been 1.0 st.udy the design. fabrication and nwasure­

ment of novel vertical directional coupiers made b~' lield-assisted K+-ion exchange in

soda-lime silicate glass. The charact.eristies of t.wo vert.ical conpling struet.nres han'

been modeled from fabrication conditions based on both optical and micro-anal~,tical

charact.erizations. The combination of ion-exchange concentration prolile simulat.ions

and a vector beam propagation method provided for a fully numerical design tuol that

yielded ver~' good accuracy. Good agreement between caknlated and experiment.al

resnlt.s was obt.ained within the fabrication and measnrement. errors. This potent.iall~·

nseful devicl' l'an be applied direct.l~· for optimized coupling from an optical liber 1.0

a hybrid waveguide-det.ect.or struct.ure.

Besides the device charact.erizations presented in the last t.wo chapt.ers. a fair

amonnt of work has been devot.ed 1.0 the nnderst.anding of t.he field-assisted ion­

l!xchange process for the purposes of optical w<l\"cguide formation. The ion-exchan/!;e

ph~'sics and the modeling procedures used 1.0 obtain the solution of the differential

eqnations, presented in Chapt.llr 2, laid the foundation for predicting the dopant

concentration profile. The micro-analytical study of the waveguides using the electron

microprobe yielded direct measurement ofthis profile. In addition. il. provided us with

information on the surface concentration (hg) for both buried and surface guides.
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Th(' resulrs. pSI)('ciall~' ill 1Il(' siug1<'-motlp rpgioll. shptl Ill'\\" ligln "r 1Il.. pl"-Sillllral jllll

beha"ior of !th'. that were lIeedeti for desi~n purP()~('~.

Parailel to the stud~' of tilt' eoncentnlt.ion profilC'. au C'xllausl i,·C' opt il'al ('Ilara('­

terization of the planar surfaeC' ~uides for a givC'u sct of tl1hri('atioll l"llutlil iOlls hw;

I)('en pcrfonued to dPlC'rmill(' the' refracti\'l' iudC'x pl'OfilC'. Stalltlartl 1I1l1l1..-illtl"x IIIPa­

suremellts were carried om III determine thC' maximum illdex changp ~/I,. 1h,' prolilp

shapp (modifiptl Fermi) alld th.. IIIl1hilit,l' l"" III atltlilioll, 11<,'s,' UIl'ilSlIn'IIIl'UI, \\""1'1'

performed on single-mode lI"1\\"eguides to cietenuinC' tllC' etf,'eti\'(' indpx I.tilll'S antl

results sllowc'd ho\\" the' thermal etfeet I,,'eame mon' Ill'Pl'alpnt in this n'gioll,

Final1y. Ill(' c1mnnel-guid(' profile c1mracteristies \l'l'n' IlIotl!'1<'ci sol"'~' frolll 1\\"0­

tlimensional ion-exchange simulations. Olle cllannel-guid!' sampi!' \\"as ulPasun'ti for

its near-field mode profil!' sho\l'ing good agreement to tllat predktc,,' h.l· tll"or.I·. This

prOl'ided us witll an indirect verification t.hat. our 2-D profil!' was faid)' a(,('lII'al". hll\\'­

m·cr. Il. does not go far cnough. Furt.her charaelcrizat.ioll work lIpeds t.o hp performccl.

cspecial1y for buried guides. Rcccntly, t.hc eharaet.crizat.ion of ehallnel sllrfaep guicil!s

made by purel~' t.hcrmal K+-ion exchangc wcre reported showillg ail 1I11expeet,l!d

saWration hehavior for long difusioll times [1]. Fut,un' charaewl'Ïzatioll of our tield­

assistcd huried ellannel guides needs 1.0 he perfornwd 1.0 sel' if t.llis similar hl'iulvior

is observed.

The experimental data derived using both opt.ieal ami miero-anal~·tiealcharaet,er­

izations al10wed us 10 numerical1y modcl t.he rcfraetivc illciex profile qllit.c' ae(:urat.l'iy

without. t.hc need for atl~' analytical funetions. This ful1~' nllmerieal appl'Olll:h pl'Ov(!c1

1.0 he quite useful in the modeling of the eomplex difl'usion and eooling pl'Oeesses lIsc,d

for the vertical eoupling structures.

The Ilumerical methods of Chapter 4, inc!uding the veetor BPI\·J, provided liS

with accurate computational design tools for the deviee charaeteristics. Here, thc!

main contribution of our \Vork has been to account for the graded-index nature of the

index profiles in the finite-diffcrence formulation that. \Vas not attempted previously.
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Ait hOlll\h lhis Ill'{)\'ided SOUIl' lIIillor illlpr{)\'l'uH'uts l'or our Il'l'akl,I'-~uidill~"l'\leIUn'"

il. is believed that thb Still'llIl' is lIeeded l'or sl,rollV;IY-/!,lIidill~ SIl'll('IIlI'('S,

8.2 Future directions

Fiual"'. the uovd l'enieal COU piers pre5elited iu Chaplers Ci alili ï wen' dl'uloUStrall'd

oul~' at. one wal'eleugt.h. À" = 0.6328 pm. t.o accommodat.{' the Grl.-ls dl'lector Il'hose

wawleuv;th absorptiou regiou iuc1udes À". Howl'I'er. uot.hing pn'I'euls Ils 1'1'0111 st ud~'­

iuV; this st.l'llctllre al. ot.her II'aI·elclIgt.h regions t.hat arc 11I01'(' applicabll' III tilH'r-oplil'

(:olnlllunications. nalllel~' ,\" = 1.3 /-lTII alld 1.55 JI7I!. lu thesl' laUer cases. t hl' \ 'DC'

lH'eds to he re-dcsigned 1.0 accommodate dH' Ga]nA8/]nP v;ral'll'd detl'clOl's [:2) iu t hl'

,\" = 1.3,a1/. muge. Anot.hcr possihilit.y is ta hal'e II'1lVclcugt.h-flatt.ened performallc{'

over hoth wal'elength ranges hy t.aking advantage of the l'ertical coupler's strong

aSYlllllletrÏC struct.tlre. Previons work on lateral asymmetrÎc conpiers using Si()~/Si

hal'I' demonstrat.cd this t.ype of performanee [3]. If t.his l'an 1)(' realized. t.h{' pOlential

of t.he VDC ma~' beeome at.tractil'e for hyhrid detector applications in \YOM systems

wllere 111l1l1~' wal'elengths arc used.

As 101' ot.her applications. the improl'ed \lDC structure may prol'{, t.o be a good

(:andidat.c as an opticalwavelengt.h filt.cr [4]. In fact, t.here is some l'l'cent work showing

holl' a huried waveguide cladded b~' a thick film of phot.oresist. l'an act. as a not.ch filt.er

wilh t.he best. resolut.ion being 11 mn in t.he 1.22Jlm wiudow. Fut.ure work wit.h a high

index A/20 a cladding ma~' offer similar filtering behal'ior. In addition. our VDC l'an

hecome quit.e nseful in t.he arena for integrated opt.Îc sensors, Fol' l'l'ample. t.he VDC

nlll~' be nsed as an {~vanescent. field sensor for any t.ype of l'l'l'l'active index change

t.hat. may oceur on the device's snl'face. These index perturbations would change the

VDC's power transrer ratio and conpliug length. When properl~' calibrat.ed, the VDC

l'an 1II0nitor any changes in its environment such as detecting a gas leak or a water

flow 11'1'1'1.
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