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Abstract: Passingacrossanabruptjunctionfrom athick vertically bimodalwaveguideto athin-
nersinglemodesegment,guidedlight canundego completedestructve interferenceprovided
thatthe geometryandthe phaseof the modesin the initial segmentareproperlyadjusted.We
proposeto employ this effect to realizea simple polarizercon guration, using a strip that is
etchedfrom a planarwaveguide. A beamof light is madeto passthe strip perpendicularly The
light entersfrom the single modewaveguide outsidethe strip into the strip segment,which is
con gured to supporttwo modes. At the end of the strip, apartfrom re ections, the amount
of power thatis guidedin thefollowing lower sggmentdependsn the local phasesf the two
modes.Thesephasearedifferentfor TE andTM light, hencewe mayexpecta polarizationde-
pendenpowertransferresultingin polarizerperformancdor a properlyselectedyeometry The
paperdescribesn detailthe modelingof the device in termsof rigorousmodeexpansion.De-
signguidelinesandtolerancerequirementsor geometricandmaterialparameterarediscussed.
FortypicalSi N /SiO materialspurcalculationgpredictapeakperformancef dB polariza-
tion discriminationand  dB insertionlossfor a device with atotal lengthof about ~ mthat
selectsTE polarizationat a wavelengthof m.

Keywords: integratedoptics,numericalmodeling,opticalinterferometeroptical polarizer
PACS codes: 42.82.-m42.82.Et

1 Introduction

Planaror quasiplanamwaveguidesbasedon higherrefractive index Ims betweensubstrateand cover layers
with lower refractive index form the basicelementfor mostintegratedoptical circuits. Evenif the involved

materialsareisotropic, guided elds of differentpolarizationspropagateat different phasevelocities; hence
almostall devicesrelying on modeinterferencearesensitve to the light polarization.Wherean optimization
aiming at a polarizationindependenperformancge.g.by a compensatiomf polarizationeffects)or parallel
light processingby applyingpolarizationsplitters)is complicatedjmpossible,or unnecessaryhe device is

usuallyrestrictedo singlepolarizationoperation.This necessarilynvolvestheinclusionof polarizers.

Mostconceptdor guidedwave polarizersaarebasedntryingto exclusiely attenuat@neof thebasicTE or TM

modes.Amongthevariety of proposalsareoverlaysof stronglyabsorbingmetallic[1, 2] or amorphoug3, 4]

materials the inclusion of metallicthin Ims [5, 6, 7], or thin composite highly dichromaticmetallic layers
[8,9,10], andhighly refractingor birefringenttransparentverlays[11, 12, 13]. Alternatiely, theoverlayscan
be substitutedy parallelwaveguidesegmentg14, 15]. A numberof interferometricconceptdor polarization
splittersemploy directionalcouplers[16, 17], Mach-Zehndeinterferometerg18, 19|, othermultiwaveguide
geometrie$20, 21, 22, or recentlya birefringentY-junction[23]. Besidesn termsof polarizationdiscrimina-
tion andinsertionloss,anintegrateddevice mustberatedwith respecto its length. Sincea polarizeris usually
not meantasa device of its own, but asa componenbf a larger circuit, the designshouldbe adaptabldo a
large variety of basicmaterialsystemsrequiringno extra materialsor complicatedprocessingtepsat best.

In this papemwe addresshetaskusingaparticularlysimplekind of interferometerFigurel sketcheghegeom-
etry of the planarcon guration andintroducesthe relevant dimensionabnd materialparametersDepending
on thetechnologicaframeavork, the designshouldbe an alternatve to the formerly referencedonceptawith
respecto eitherof theabove criteria, providedthatonly polarizerperformances desired.

Following the introductionof somenotationandbasicrelationsin Section2, the analysisin Section3 starts
with a basicoverlapmodelof the interferometeinvolving only forwardtraveling guidedmodes.In Section4
we take a closerlook at the two waveguidejunctionsby meansof arigorousapproachhatincludesre ected
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Figure 1: The planarwaveguidecon guration. and denotethe crosssectioncoordinateaxes, with the -direction
normalto the Im plane.Light propagateslongthe -direction,perpendicularlyo a wide strip thathasbeenetchednto
theguiding Im. s, ¢ and . aretherefractive indicesof the substratethe Im, andthe cover; the geometryis x ed
in termsof thetotal Im thickness, the etchingdepth , andthelength of the thick sgment. Romannumberd, |l
I1I, andi, ii identify thethreelongitudinallyhomogeneouwaveguidesectionsandthetwo junctionsat and ,
respectiely.

andradiatedpartsof the eld on acomputationalvindow of suitableextension. Additionally, the resultsare
veri ed by acomparisorwith time domainbeampropagatiorsimulationghatarecompletelyindependenfrom
theformermodeling.

Subsequentjy\Section5 considerghe entirestructureagain. The modeexpansionon a nite window canstill
be formulatedquite rigorously if one assumeshat only guidedmodesare responsibldor the forward and
backward power transferbetweerthejunctions. Finally, Section6 sketcheghe optimizationprocedurdor the
polarizerandshavs a simulationof theresultingdevice.

2 Mode expansion

Thestructureunderinvestigationconsistof threelongitudinallyhomogeneouwaveguidesectionsHencethe
local electromagneticeld is assumedo be a superpositiorof modesij.e. electric andmagneticelds  of
theform (in commoncomple notation)

doi d o 1)

and arethecompl« electricandmagnetigpartsof themodepro le, denoteghecorrespondingropa-
gationconstant.Thefrequeng is usuallygivenin termsof the vacuumwavelength ¢ ,wherecis
thespeedf light in vacuum.The modelingshallberestrictedto two spatialcoordinateswith the permittivity
andthe elds assumedo beconstanin the -direction.A solutionof the Maxwell equationsn theform (1) is
calledaforwardtraveling propagatingnode,if . A backwardtraveling propagatingnodesatis es
Thecorrespondingnodepro les canbe chosersuchthatthetransersecomponents , , ,and are
real,while and areimaginary Evanescenmodeshase imaginarypropagatiorconstants i ,with
real . Thosewith , i.e.in positive -directionexponentiallydecreasingelds, shallbe calledforward
traveling, otherswith arecalledbackwardtraveling. Hereall electriccomponent®f the modepro le
may bereal,while themagneticcomponentarepurelyimaginary

For corveniencewe collect the in generalsix componentf a modepro le into a single quantity . If
applicablejt is decoratedvith a superscript I 11 1l thatidenti es thewaveguidesggmentto which the
modebelongs.andby a subscript thatspeci esthe modeindex. This notationtransfergo the propagation

constant  andto thepartsof themodepro le. For this paperonly con gurationswith numerablesets ' |

W areof interesteitherbecausehe discussioris restrictedto guided elds, or becauseéhe mode

spectrumis discretizedoy usinga nite transersecomputationalvindow.

For eachmodewith prole  andpropagationconstant a modecan be constructedwhich travels in the
oppositedirection. Theprole "hasthe , ,and componentsnultipliedby , the propagation



constantis ' . If relevant, forward and backward traveling modeswill be given upperindicesf and
b, respectiely. In thatcasethe numberingshall be appliedseparatelyto forward andbackward propagating
modessuchthat P fr

Sincethis dealswith planarstructuresthemodespectrunsplitsinto a TE part,whereonlythe , ,and
componentarepresenin themodepro les, andinto a secondTM part,wherethesecomponent®f themode
pro les vanish.Occasionallyanadditionalindex TE or TM indicatesthe polarization.

For purposesf eld decompositiorandpowver summationwe employ the following productof two general
electromagneticelds and :

- d )

Heretheasteriskdenotexomplex conjugation Notethat(2) combinesnly thetranserseelectricandmagnetic
components.

De ning themodepowers

if mode ispropagating,

. . 3
r if mode isevanescent, ®)
thefollowing orthogonalityrelationshold for uniformly polarizedmodesbelongingto the samesegment :

foof

b b if mode is propagating,

f b b f

f b i 4)

b f i if mode is evanescent.

foof b b

 if , otherwise . The statementsmply that productsbetweena propagatingand an

evanescenmodevanish.Theuppersignsin thefourthand fth line of Eq. (4) applyto TE polarized elds, the
lowerto the TM case.

As a consequencehetotal power Re d (theintegratedlongitudinalcomponenof
the Poynting-vector)attributedto the modesuperposition

¢ —— b i (5)

in waveguidesggment is

i (6)

propag. evanesc.

Thisclari es atleastthenamingforward' and'backward' for thepropagatingnodeswhichareincludedin the

rst summation.Forward/ backvardtraveling evanescenimodesarein the positve -directionexponentially
decreasingr increasingelds, respectiely. A — longitudinally constant— contritution to the total power
doesonly arise,if bothtypesarepresensimultaneously

In the derivation of Eq. (6), onerewrites  as . Observingthatexpression  vanishes
TE. ™ withaTE eld "™ andaTM eld ™ insertedevenif themodesdonotbelongto thesame
waveguide),thisjusti es completelyseparatedimulationsfor TE andTM polarization: TE andTM modesdo
not interfere, the powers relatedto both polarizationsmay be computedseparatelyand addedafterwards.
While this appliesonly to homogeneouseggments,e.g. by readingthroughthe following paragraph®necan



quickly checkthattransisitiondbetweeradjacentvaveguidesectionsanbe (rigorously)expressedn termsof
products(2) betweerthe local modeson both sides.Hencethereis no interactionbetweerthe polarizationsat
thejunctionslikewise.

Naturally the modeexpansiontechnigudnitiatedin this sectionresembleshe formulationsgivene.g.in Refs.
[24, 25, 26]. However, for a polarizerdesignwe necessariljhave to considerboth polarizations.The present
formalismappliesto the TE and TM caseswhich aredealtwith separatelyn the two latterreferences.The
moreabstractpproachn termsof generamodesandproductsof modesyatherthanhandlingthe scalarbasic
component®f TE andTM elds, hasturnedoutto be very corvenientfor the numericalimplementation.in
particular it enablesa compactformulationof the propagatingnodeanalysisfor thelong crossstrip segment.

3 Cross strip interferometer: Overlap model

Assumingthat only the forward traveling guidedmodesare presentthe total elds in the threewaveguide

segmentsaregiven by expression(5), restrictedto the singleinputandoutputterms ', """ in sectiond, IlI,

andto thetwo guidedmodes ", " of the strip segment(the superscripf will be suppressetiere). Given
the input modeamplitude ' in termsof the input powver ! I, we areinterestedn the intermediate

amplitudes ", ", andin theoutputpover i

Sincethe trans\erseelectricandmagnetic elds arerequiredto be continuouson the planesof the junctions,
putting the local expressiondor the adjacentelds equalallows to extractthe outgoingmodeamplitudesby

projectingon the incoming elds. Note thatonly the - and -componentswhich are tangentialto the -

discontinuitymay be setequal. But only thesearerequiredto evaluate(2). Providedthatthe elds on both
sidessatisfytheMaxwell equationsthecurl relationsamply thecontinuityof the -componentsf themagnetic
eld andof thedielectricdisplacement.

For junctioni, the projectionyields

I |
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Usingidenticalmodes ' for theinputandoutputsegmentsthe outputpower evaluateso

T

1 | ] ] with T | (8)

variesharmonically with the strip length , oscillating betweenthe maximumvalue ' and

theminimum with the half-beatlengthor couplinglength I I Themaximum

(minimum) poweris transferedf matchesaneven(odd)multiple of .

Consequentlythemodelpredictsa vanishingthroughputjf onecandimensiorthe waveguidessuchthat

, which mustbe consideredh majorrequirementor the interferometerAccordingto Eq. (7), theincoming
power is thenequallydistributedbetween " and " atjunctioni. In the casesof extremalpower transfey
thesemodesexcite junctionii with equalabsoluteamplitudesput with zerorelative phasedifference pr with a
differenceof , respeciiely.

For a certainrangeof thicknesses we have foundthata dimensioningaiming at is indeedpossible
by choosinga properetchingdepth . The freedomin the strip thickness can be exploited to optimize

, I.e. the maximumpower throughput. Figure 2 shavs examplesfor the resultingmodepro les and
therelevantsuperpositionsNotethatin generakhethicknesguningis not possiblesimultaneouslyor TE and
TM polarizediight.

Preciselythis variation hasbeenobsered in Ref. [2] in the framework of an investigationconcerningmetal clad waveguide
polarizers But, regardedasanundesiredeature the effect wasnot furtherexploited.
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Figure2: For structuresle ned by the materialparameterandwavelengthof Table2 with thicknesseandetchingdepths

m, m (TE, left column)and m, m (TM, right column):
Top: Basic eld components (TE)and  (TM) of the modes I of the input/outputwaveguide, andthe pro les
corespondingo - 1in the couplingsegment.Bottom: With suitableamplitudes I — (TE) and

(TM), for unit input power, the modesof the thicker waveguideform elds g I thatareorthogonalo the

outputpro le, or elds I I thatarereasonablyloseto the outputmodes.The shadingndicateshe permittivity
of the couplingsegment,while the verticallines markthe boundarie®f the input/outputcore.

While optimizedfor a vanishingminimumpower transfer the parametergivenfor Figure2 yield amaximum
relative throughput of (TE) and (TM). Onecanobsere, thattheselossesare
muchlower for othermaterialparametersr basicgeometriese.g.if oneformsthecrossstripin atwo layered
guiding Im with a slightly increasedefractive index of the top layer . However, sincethe polarizerdesign
shouldbe assimpleaspossibleandadaptabldéo the underlyingcircuit, wheretheadditionallayerwon't t, for
this papernwe stick to the singlelayercon guration.

4 Waveguide junction: Mode expansion

Sincetotally neglectingthein uence of radiationandre ection atthe abruptwaveguidejunctionsmay be ex-

pectedto be insufcient, we considerthe junctionsa secondime, now including theseeffects by expanding
into a larger modeset. For this purpose the interestingregion on the -axisis enclosedoy a computational
windowv. The modespectrumbecomedliscrete,if the basicmodecomponentg  for TE, for TM po-

larization)are setto zeroon the window boundaries.If thesearesufciently far apart,suchthatthe guided
exciting andoutgoing elds canwell be ngglectedbeyondthe boundariesin the planeof thejunctionthetotal

electromagneticeld will belocalizedaroundthe waveguide,with radiated elds approachinghe boundaries
only at somedistancefrom the junction. By virtue of the orthogonalityrelations(4), one may expectcorrect
resultsfor the re ection andtransmissiorcoefcients of the guidedmodesin the limit of mary termsin the

modedecompositiongven with a nite window. Closeto the junction, wherere ections from the window

boundariesrenot relevant,the eld computedn this way shouldbe a goodapproximatiorto the eld in the

openstructure.

Again the electromagneticeld on both sidesof junctioni is searchedn the form (5), now with forward
and backward, propagatingand evanescentermspresent. Using (2) on the equatedransersecomponents,
projectiononto eithersegmentl or segmentll allows oneto extractthe modeamplitudes.The modeoverlaps

A two layeredstructuremadeof garnetmaterials(bottomlayer: refractive index , thickness m, top layer: refractive
index , thickness m, substraterefractive index , cover: air, etchingdepth m) allows for vanishingminimum
power transferwith a maximumthroughputof , for TM polarizedight at a wavelengthof m.



arestoredin thematrices

and o (9)
whereindices | 1l specifythe segment, f b identify a propagationdirection, and extend
over the rangeof the termsin the mode expansions. Putting additionally the mode normalizationsinto the
amplitudes , andcombiningtheseto amplitudevectors , , one nds
thelatterrelatedas

[ ;o I | [
| 1] 1l | (10)

with transfermatrices  givenby

| | 1] 1] for ff b ff fb (11)
bf bb bf bb

Herethe asteriskdenoteghe adjointmatrix.

If oneconsiderghesinglejunctioni excitedby theforwardtraveling modeson left sgmentthen ' (theinput
amplitudes)s prescribed, ' (there ection coefcients) and " (thetransmissiorcoefcients) areunknawns,
and " is zero(thereis no light comingin from theright). Splitting now as

ff fb (12)
bf bb

theunknavn modetransmissionandre ections canbe computed:
[ ol I | Lo - -
fo b ff bf (13)

Note thatthis formalismdoesnot requirethe numberof expansiontermsin sggments andll to be equal[24],
in contrasto theformulationsin Refs.[25, 26].

Figure3illustratestheresultsfor theparameterfoundto beinterestingn thelastsection(thedataof Figure2).
The planeof junctionii hasbeenshiftedto the origin, wherewe have to stretchthe notationsomevhat with
respecto the numberingof the segments.Only theforwardtraveling guided elds ontheleft of thejunctions
areincident: ' in (@), " I ~in (b) and(c), respectiely; the remainingentriesin '
or " weresetto zero. For amorequantitatve assessmenfable 1 summarizeshe relatve modepowersof
there ectedandtransmittecguided elds. The modeexpansionsimulationsuse  termson eachsideof the
junctions,on acomputationaindow extendingfrom mto m. Thegivenvaluesarefound
to be corvergedwith respecto enlaging thewindow andto increasinghe numberof expansiorterms.

Despiteits simplicity, the predictionsof the overlap model of Section3 turn out to be surprisingly good:
At junctioni (a), themodes " and " receve almosthalf of the incomingpower each. If the symmetric
superpositiorof thesemodesarrivesat junctionii (b), this leadsto constructie interferencavith mostof the
powerremainingguidedin segmentlll. In bothcasega)and(b) only very smallamountsof powverarere ected
into theguided elds. Theantisymmetricuperpositiorauseslestructie interferencec). Herethelargestpart
of the power is radiatedaway from the corein segmentlll, dominantlyinto the substrateegion. Anotherpart
radiatedbackwardsinto sggmentll. And acertainamounts re ectedinto thebackwardtravelingguidedmodes,
whichwill haveto play arole in thefollowing section.

The numberof expansionterms,choserto generatesoundreferencevalues may seento beunnecessarily
large. If interestis in there ection andtransmissiorcoefcients of the guidedmodesonly, thenindeeddigits
like thosegivenin Table1(c),TM canbe producedvith amuchsmallercomputationavindow of m

m andonly  termsin the modeexpansiongwhich includesalready ( ) evanescentnodes
for the thin (thick) segment). On the otherhand,plotslike Figure 3(c) dravn from that computationappear
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Figure 3: Simulationsof the light propagatiorthroughthe separateavaveguide junctionsi andii, with parameterss
givenfor Figure2 andTable1. The left andright comlumnsdisplay TE and TM polarized elds, wherethe gray scale
levels correspondo the squareroobf the -componenbf the local Poynting vector (a): Transitionl I, Input: the
singlemodeof thethin segment.(b): Transitionll  |lI; Input: the positive superpositiorof the two modesof the thick
sgment(seeFigure2). (c): Transitionll  Ill; Input: the superpositiorwith the negative sign. In caseof two initially
excitedmodestheterm'input' meanghatthetwo modesarelauchedo arrive atthejunctionwith properamplitudesand
phases.

(a) Junctioni, !

TE, ! TE, TE, ™, ! ™, ™, |

ME
FDTD

(b) Junctionii, oo i

TE, 1l TE, I} TE, 1 T™, 1l T™, I} T™, 11

ME
FDTD

(c) Junctionii, " o I

TE, 1l TE, 1l TE, 1 T™, 1l T™, 1l T™, 1

ME
FDTD

Table 1: Relative guidedmodepowersfor the simualtionof isolatedwaveguidejunctionscorrespondingo the plots of
Figure 3. ME indicatesthe valuescomputedwith the modeexpansiontechniqueas formulatedin this paper the rows
FDTD containtheresultsof nite differenceime-domainbeampropagatiorsimulationg27]. For (a), theoverlapmodel
Eq.(7) predicts " I (TE)and  (TM), correspondingly " (TE),and  (TM) for (b),
and M for (c).

poorly, dueto thearti cial re ectionsfrom thewindow boundaries. expansiontermsis alsonot enoughto
adequatehydecomposehe adjacentelds in the planeof the junction: discontinuitiese.g.in the longitudinal



componenbf the Poynting vectorareclearlyvisiblein . Notethatthemismatchof theguidedpartsof the

elds, andconsequentlyhe fractionsof radiatedpower, aresubstantialn the con gurationswe areinterested
in. If the elds belongingto the openstructureareto beapproximatedit some -distance®n bothsidesof the

junction,alargercomputationalvindow is advisableandthisin turn requireso take morebasisfunctionsinto

account.

Another (serious)reasonfor placingthe arti cial walls far apartis the “windowing error” which leadsto a
oscillatingtype of convergence,if oneconsiderse.g.a plot of themodere ection coefcients, convergedwith
respecto the numberof modeterms,versusthe width of the computationalvindown. Theseoscillationsare
obseredwith the presenapproachseeRefs.[28, 24] for moredetails.

Our implementatiordoesnot employ ary kind of transparenbr absorbingooundaryconditions. Despitethe
computationakffort in termsof awide window andlarge basissets the (squaredpropagatiorconstanthave
to be searchedn the real axisonly. Hencethe algorithmis likely to be muchmore stableand ef cient than
onewhich searchesvavenumbersn the complex plane(this would be necessaryf complec refractive indices
areinvolved). However, simulatinga long structurerequiresspeci ¢ measuresasexplanedin Sectionb.

To verify the our analysis,we have appliedthe nite differencetime domainbeampropagationtechnique
describedn Ref.[27, 29] andfounda reasonablagreementTablel comparesheresults.The spatiallytwo-

dimensionakimulationsrely on regular meshesof points(TE) and points(TM), with
stepsize®f nm(TE)and nm (TM) for the -directionand nmforthe -direction. Theboundarie®of
thecomputationalvindow ( m m (TE), m m (TM), m m)

are tted with perfectlymatchedayers[29] to copewith the outgoingradiation.

S Cross strip interferometer: Rigorous mode expansion

As demonstratedby the plots of Figure 3, the nonguidedpartsof the eld thatinitiate from the junctionsat

rapidly leave the Im region with growing propagatinglistance . While in thereal openstructure
thereis no physicalreasonwhy this power shouldreturn,the boundariesntroducedfor the modeexpansion
will re ect theseelds backinto theregion of thewaveguide,if the modelwould be appliedunmodi ed to the
entireinterferometer

Observingthat sgmentll is usually muchlongerthan a typical distanceon which the radiationleaves the
waveguide,theobstaclecanbecircumwentedin thefollowing way. Theforwardtraveling eld ontheright side
of junctioni consist®f two guidedmodesandaremainderTheremainderrepresentinghediverging radiation
eld, is neglectedfor thesimulationof junctionii, whereonly thetwo guidedmodesareassumedo becoming
in from segmentll. Likewise,the backwardtraveling eld initiating from junctionii is splitinto a guidedpart,
which excitesjunctioni from theright, anda nonguidedpart, which crosseghe plane sufciently far
away from thewaveguide. Thusthesenonguidednodesarenggligible for thesimulationof junctioni. Notethat
droppingthe elds requiresa homogeneousiaveguide sggmentof a certainlengthbetweerthetwo junctions.
It is clearlynotapplicables.g.in thecaseof agrating,whereusuallytheperiodis in the orderof thewavelength
(cf. theremarksin [26]).

To checkthe approximationwe have summedthe intensity on the relevant vertical boundaries m
(a), m (b, c), m m, of the plots of Figure 3 with the amplitudesof the guided
modessetto zero.In all six casegherelative power relatedto thenonguidedelds closeto the waveguidewas
below , indicatingthatthese elds, if allowedto propagatdreely overtheentirelength of thestrip (see
Table2), wouldwell have left the -regionwhichis relevantfor thejunctionmodeling.

Theabove reasoningallows to applythe modeexpansiorntechniqueo thelong crossstrip. We have to simulate
thetwo junctionssimultaneouslywith separateadiation elds, but with the guided elds mediatingbetween
them.Usingthe notationof Section4, the eld in segmentd andlll is expandednto thelocal modes(5) with

relative amplitudevectors ', ', and "', "' which containthe modeamplitudesn the plane onthe
left sideof junctioni, andin theplane ontheright sideof junctionii, respectrely. For sggmentll, two
setsof amplitudes [\, 1, Iy, {n.and iy, i, iy i, collecttheamplitudesof theguided(index g) and

nonguidednodes(index r) on theright sideof junctioni (index i) andon the left sideof junctionii (index ii).



Bidirectionalprojectionrelatesthesequantitiesby transfermatrices ', " and ", "' wherethelatterare
theequivalentsof theoperatorsn Eq. (10)for junctionii. Splittingthetransfematricesinto suitablepartsthis

reads

g ig fgf fg
! i i i i ! ) frf frb |
r r 1,r 1,r
| 0 Lo I I i i | (14)
bfg bfy bbg bbr h We bgf bgb
[ I
i,r i,r brf brb
i Wt Tgb !
i | | i i weomeomen N
i,r firf frb r r i,r
] IIr IIr 1l 1l IIIg 11 IIIg 11 1l (15)
|I|I,g bgf bgb bfg bfr bbg bbyr |I|I,g
i,y {)Irf {)Irb i r
Additionally, the guidedmodeamplitudesat and are connectedy diagonalpropagation

matriceswhich includethe phasevelocitiesof therelevantmodes:

i -
I [ I [ e if =,
ii,g i,g ii,g ig where otherwise. (16)

Thedevice is to be excited by the guidedmodeof sggmentl, without arny otherincoming elds. Thisrequires

! Lot i ,and "' . Putting !  and {, implementsthe openstructure
for sggmentll, asdiscussedn the beginning of this section.Besidesn the remainingcoefcients of sgment
I, we areinterestedn the modeamplitudes ' and "' relatedto there ection andtransmissiorof the entire
device, andin particularin ' 1 and i - theguidedre ected andtransmitted

power.
Solvingthesystem(14), (15),and(16) with theabore constraintgesultsin the expressions

i ' and ! m | (17)
with
Lo
bl i, I
bfg fgf bixg byf
Lo
by frf
Tl (18)
for brf
e
i’ i e s
ffg fgb  fhg bgb

which aredirectly suitablefor a numericalimplementation.

6 Polarizer design

The discussiorshall be restrictedto a device that transmitsas much as possibleof the power relatedto TE
polarizednputlight, while it blocksTM throughput.Thepolarizerhasto becharacterizeth termsof thepolar
izationdiscriminationor extinctionratio ER TE ™ andtheinsertionlossLO TE
where TEand ™ aretherelatve TE andTM power transmissions.

For the crossstrip geometrywith given materialparameterandwavelength the designstartswith identifying
apropertotal thickness andlength of thestrip. The overlapmodelof Section3 predictsperiodicvariations
in the power transferas a function of ~ with different beatlengths [F and M. Polarizerperformance

9



requiresa (short) con guration, where is an even multiple of [E andsimultaneouslyan odd multiple of

M. For a differenceof onein the multiplicities, theseconditions x the optimumpolarizerlengthas ,

e M TE - IM By varying over the rangewheresegmentll supportstwo guidesmodesfor both
polarizationsevaluating , andcheckingfor aneveninteger , [E, onecanindeednd asuitablegeometry
Figure4 shavs theresultingdependencef thecharacteristiguantitieson thestrip length. At theproperlength

D IE M the transmissiorcurvesrelatedto TE and TM polarizationachieve their maximumor
minimum, respectrely. Notethata multiplicity differenceof onein the couplinglengthsdoesnot only lead
to the shortestpossibledevice, but alsoto the mostrelaxed fabricationtolerances.The allowed intenals for
parametedeviationsareroughlyinverselyproportionalto the overall device length,seeRef.[30].

Figure 4: TE and TM power transmissions
TE  TM ' polarization discrimination ER
andlossLO versusthe length  of the thick
sggment. Parametersireasstatedin Table?2.
The vertical line identi es the bestpolarizer

length p m, an integer multi-
ple of the beatlengths [E m and
M m.

The designproceedswith the searchfor a suitableetchingdepth . Figure5 comparesorrespondinglata
calculatedwith the approximatesxpression(8) on the one hand,and accordingto Eq. (17) on the other A

differenceis hardly visible on the linear power scale,but becomesapparenion the logarithmic scaleof the
extinction ratio. While the polarizationdiscrimitationis unlimited in the simplemodel( ™ and ™ be-
comeequal),accordingto the modeexpansionanideal polarizercannot be expected.However, the optimum
performancereachedor an etchingdepththatis slightly differentfrom the predictionof (8), is still quite
reasonable.

Figure5: TE and TM power transmissions
TE M polarization discrimination ER
andloss LO versusthe etchingdepth , for
structuresgiven by the parametersof Ta-
ble 2. The dottedlines arethe resultsof the
rough overlap model; rigorous mode expan-
sionleadsto the continuouscurves.

LO [dB]

Table2 summarizeshe parameter®f the resultingpolarizerproposal. For the tuneddevice, a simulationas
describedn Sections with 400expansiortermsonawindow m m for eachsegmentpredicts
relative power throughputof TE and ™ . This amountgo a polarizationdiscrimination
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ER dB andaninsertionlossLO dB. Relative guidedpowersof (TE) and (TM) are
re ected. Plotsof thecorrespondingelds in Figure®6 illustratethe behaiour of theinterferometer

S f c
m m m m
nm nm m nm
nm nm m nm
Table2: Structuralparameters andtolerances for a planarpolarizerassketchedin Figurel. ( ) corre-

sponddo limits for extinctionratioandlossof dBand dB( dBand dB). Seethetext for aconcisenterpretation
of thefabricationtolerances.

Thetolerancegyivenin Table 2 indicatethatthe polarizershouldstill achieze an extinction ratio higherthan

dB ( dB) andsuffer from lossesbelov dB (  dB), if a single parametedeviatesfrom the optimum
value by notmorethan . Theselimits areestimatedwith the help of Eq. (8). A changein altersthe
overlaps  only, while achangen affectsthe propagatiorconstants "' aswell. Hencethe device turnsout
to bemoresensitve with respecto thetotal thicknesgandthestrip length ) thanwith respecto the etching
depth.

TE
1
| — e R i—
1 TE

™

l
= 0

1 ™

3 2 1 0 1 2 3 4 9 10 11 12 13 14 15

z [mm] z [mm]

X [mm]

Figure6: Simulationof the light propagatiorthroughthe crossstrip de ned by Table2, for TE (top) and TM polarized
input(bottom).For TE polarizationalmosttheentirepowerpasseshedevice smoothly while thesecongunctionscatters
TM polarizedwavesinto the surrounding.

E.g.from Ref.[31] onecanobtainhintsregardingthe criticalnessof thethickness , the geometricparameter
with the narravesttoleranceintenal. Typical growth ratesfor Silicon Oxynitride layersareabout nm ,
with anonuniformityaslow as ona cm cmareajmplying deviationsof about nmfor m.
Demandinghethicknesgo bewithinthe nmintenal thatis statedn row of Table2 seemgeasonable.

Cascadinghe crossstripsmay be a meango relaxthe tolerancerequirementsRow of Table2 canbe
interpretedn thatway. Disregardingre ectionsandassumingsufcient distancebetweerthem,asequencef
two polarizerstripswith  dB extinctionratioand  dB lossshouldperformlikeasingle dB/ dB device.
With the exceptionof (herethe lossis thelimiting constraintseeFigureb), the tolerancerequirementgor
thesinglestripsareindeedconsiderablyelaxed, while the overall lengthcanbestill small,say m.

In termsof the interferometeperformancediscussedn Section5, the geometryis suboptimalfor both TE

and TM polarizations:If ~ would be allowed to vary, then ™ reachesup to only, while TE does
not fall belov . Hencea TM-transparenpolarizerrequiresa resizedgeometry(suitabledimensionsare

m, m, and m for otherwiseunchangegarametershot only amodi ed
length.

The materialparameterasstatedn Table2 resembldypical valuesfor Silicon-Nitride/ Silicon-Oxidewave-
guides[31]. Usuallythesearegronn on a Silicon substrate Providedthatthe SiO buffer layeris sufciently
thick, onemay neglect the presencef the Silicon belov the waveguide,aswe have donebefore. Note that
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the presenceof the real substratds not likely to affect the polarizerperformance:The largestpart of the

downwardsradiated elds disappearslirectly into the high index Silicon. There ected partmay reenterthe

waveguideregion, but, beingcomposeaf modeghatareorthogonato theguidedoutputmode the elds cross
the waveguideanddissapeainto the cover. Or the power is againre ected into the directionof the substrate.
Providedthatthe outputsegmentis of a sufcient length,the power throughputshouldbe indeedequalto the

coefcient "

An extensionof the presenplanardesignto channelwaveguideswill be a subjectof futureresearchSuitable
annealingor etchinga shallav rib couldbe meando createa laterally weakly con ning waveguideacrosshe
strip. This seemdo be unlikely to disturbthe propertiesof theinterferometesigni cantly.

7 Conclusions

A thicker, bimodalsegmentof speci ¢ lengthandheightbetweernwo singlemodesectionsof a planarwave-

guidecansene asa simpleinterferometerDependingon the phasegain of thetwo modesin theintermediate
region, the elds interferealmostcompletelydestructiely, or constructrely with relatively low losses.The

structureuni es somefeaturesof a two-dimensionalirectionalcouplermissinga gap, and of a multimode
interferenceadevice involving only two modes.

Consideringonly overlapsof forward propagatingmodesgives a basicinsightinto the behaiour of the in-
terferometerand allows oneto isolate suitableparameteisets. We have assessednd optimizedthe device
performancen termsof a rigorousmode expansionmodel, including radiationandre ection. Despitethe
abruptwaveguidediscontinuitieswe have foundonly moderatdevelsof re ectionsfor tunedcon gurations.

Sucha crossstrip interferometecanbedimensionedo performasa very shortintegratedoptical polarizer We
have simulateda device that suppresse$M polarizationin Silicon-basedvaveguides;the proposalis easily
transferableo othermaterialsandto TE suppression.

Acknowledgment

The authorswould like to thankF. P. H. van Beckum,E. van GroesenandH. J. W. M. Hoekstrafor mary
fruitful discussions.

References
[1] M. A. SlettenandS. R. SeshadriThick metalsurface-polaritorpolarizerfor a planaropticalwaveguide. Journal of
the Optical Societyof AmericaA, 7(7):1174-11841990.

[2] M. Saini,E. K. SharmaandM. Singh. Strongeffectof outputcouplingontheperformancef metal-cladvaveguide
polarizers.OpticsLetters, 20(4):365-3671995.

[3] D.L. Veass, R. K. Hickernell,D. R. Larson,andT. E. Batchman.Waveguidepolarizerswith hydrogenate@mor
phoussilicon claddings.OpticsLetters, 16(10):717—7191991.

[4] D. L. Veass, D. R. Larson,and|. Veigl. Waveguide polarizersprocessedy localizedplasmaetching. Applied
Optics 33(7):1242-12441994.

[5] W. JohnstoneG. Stewart, T. Hart,andB. Culshav. Surfaceplasmonpolaritonsin thin metal Ims andtheirrolein
ber optic polarizingdevices. Journal of LightwaveTechnology, 8(4):538-5441990.

[6] K. ThyagarajanS. Diggavi, A. K. Ghatak,W. Johnstone(. Stavart, andB. Culshav. Thin-metal-cladvaveguide
polarizers:analysisandcomparisorwith experiment.OpticsLetters, 15(18):1041-103,1990.

[7]1 T. Nakano,K. Baba,andM. Miyagi. Insertionlossandextinction ratio of a surfaceplasmon-polaritorpolarizer:
theoreticalnalysis.Journal of the Optical Societyof AmericaA, 11(10):2030—20351994.

[8] M. J.BloemerandJ.W. Haus.Compacthigh-extinction waveguidepolarizerghatuselocalizedsurfaceplasmons.
OpticsLetters, 17(8):598—6001992.

12



[9] M. J.BloemerandJ. W. Haus. Versatilewaveguide polarizerincorporatingan ultrathin discontinuoussilver Im.
AppliedPhysicd etters, 61(14):1619-16211992.

[10] M. J. BloemerandJ. W. Haus. Broadbandwaveguide polarizersbasedon the anisotropicoptical constantsof
nanocompositdms. Journal of LightwaveTednology, 14(6):1534—-15401996.

[11] T. Findakly, B. Chen,andD. Booher Single-modeéntegrated-opticapolarizersin LINbO andglasswaveguides.
OpticsLetters, 8(12):641-6431983.

[12] K. Thyagarajans. D. SeshadriandA. K. Ghatak. Waveguide polarizerbasedon resonantunneling. Journal of
LightwaveTechnology, 9:315-3171991.

[13] C.S.Pérez,A. Morand,P. BenechS. Tedjini, D. Bosc,andA. Rousseaul.ow costintegratedoptical polarizerwith
an hybrid structureof birefringentpolymerandion-exchangedjlasswaveguide. In G. C. Righini andS. . Naja ,
editors,IntegratedOpticsDeviceslll , volume36200f SPIEProceedinggagesl 18-1251999.

[14] U. HempelmannH. Herrmann,G. Mrozynski, V. Reimann,andW. Sohler Integratedoptical protonexchanged
TM-passpolarizersin LINbO : modelling and experimentalperformance. Journal of Lightwave Technology,
13(8):1750-17591995.

[15] M.-C. Oh,S.-Y. Shin,W.-Y. Hwang,andJ.-J.Kim. Poling-inducedvaveguidepolarizersin electroopticpolymers.
IEEE PhotonicsTechnolagy Letters, 8(3):375—-3771996.

[16] K. G. Han,S. Kim, andS. S. Choi. Controllableintegrated-opticpolarizationsplittercombiner Optics Lettels,
15(2):108-1091990.

[17] L. Bersiner U. Hempelmannand E. Strale. Numericalanalysisof passve integrated-opticabolarizationsplit-
ters: comparisorof nite-elementmethodandbeam-propagatiomethodresults. Journal of the Optical Societyof
AmericaB, 8(2):422—-4331991.

[18] Y. Shani,C. H. Henry, R. C. Kistler, andK. J. Orlowsky. Four-portintegratedoptic polarizationsplitter Applied
Optics 29(3):337—-3391990.

[19] K. G. Han,D. H. Kim, J.C. Jo,andS. S. Choi. Ti:LiNbO polarizationsplittersusingan asymmetrichranching
waveguide. OpticsLetters, 16(14):1086-108,1991.

[20] K. Thyagarajarand S. Pilevar. Resonantunnelingthree-vaveguide polarizationsplitter Journal of Lightwave
Technolagy, 10:1334-13371992.

[21] U. Trutschel,F. Ouelette,V. Delisle, M. A. Duguay G. Fogarty andF. Lederer Polarizationsplitter basedon
antiresonante ecting opticalwaveguides.Journal of LightwaveTechnology, 13:239—-2431995.

[22] M. Lohmeyer, N. Bahlmann,O. Zhuromsky, and P. Hertel. Radiatvely coupledwaveguide polarizationsplitter
simulatedby wave-matchingbaseccoupledmodetheory Optical and QuantumElectronics 31:877-8911999.

[23] S.S.Lee,S.GarnerW. H. Steier andS. Y. Shin. Integratedoptical polarizationsplitter basedon photobleaching-
inducebirefringencen azodye polymers.AppliedOptics 38(3):530-5331999.

[24] C.Vassallo.Optical WaveguideConcepts Elsevier, Amsterdam1991.

[25] G.SztefkaandH. P. Nolting. Bidirectionaleigenmodepropagatiorfor largerefractive index steps.|EEE Photonics
Technolagy Letters, 5(5):554-5571993.

[26] J.Willems, J.Haes,andR. Baets. The bidirectionalmodeexpansionmethodfor two-dimensionalvaveguides:the
TM case.Optical and QuantumElectonics 27:995-10071995.

[27] R. Stoffer, H. J. W. M. Hoekstra,R. M. de Ridder, E. van GroesenandF. P. H. van Beckum. Numericalstudies
of 2D photoniccrystals:Waveguides,couplingbetweenwaveguidesand Iters. Optical and QuantumElectronics
32:947-9612000.

[28] G.H. BrookeandM. M. Z. Kharadly Scatteringoy abruptdiscontinuitieson planardielectricwaveguides. IEEE
Transaction®n MicrowaveTheoryand Techniques MTT-30:760-7701982.

[29] A. Taove. ComputationalElectodynamis: The Finite Difference Time Domain Method Artech Houselnc.,
Norwood,MA, USA, 1995.

[30] M. Lohmeyer, N. Bahlmann,andP. Hertel. Geometrytoleranceestimationfor rectanguladielectric waveguide
devicesby meansof perturbatiortheory OpticsCommunicationsl63(1-3):86—941999.

[31] K. Worhoff, P. V. Lambeck,H. Albers,O. F. J.NoordmanN. F. vanHulst,andTh. J. A. Popma.Optimizationof
LPCVD Silicon Oxynitride growth to large refractve index homogeneityandlayerthicknessuniformity. In O. M.
Parriaux,E. B. Kley, B. Culshav, andM. Breidne,editors,Micro-optical Technolagiesfor Measuement,Sensas,
andMicrosystemdl, volume30990f SPIEProceedinggpage257-268,1997.

13



