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Abstract: Passingacrossanabruptjunctionfrom athick verticallybimodalwaveguideto athin-
nersinglemodesegment,guidedlight canundergo completedestructive interference,provided
that thegeometryandthephasesof themodesin the initial segmentareproperlyadjusted.We
proposeto employ this effect to realizea simple polarizercon�guration, usinga strip that is
etchedfrom a planarwaveguide.A beamof light is madeto passthestrip perpendicularly. The
light entersfrom the singlemodewaveguideoutsidethe strip into the strip segment,which is
con�gured to supporttwo modes. At the endof the strip, apartfrom re�ections, the amount
of power that is guidedin the following lower segmentdependson the local phasesof the two
modes.Thesephasesaredifferentfor TE andTM light, hencewe mayexpecta polarizationde-
pendentpowertransfer, resultingin polarizerperformancefor aproperlyselectedgeometry. The
paperdescribesin detail themodelingof thedevice in termsof rigorousmodeexpansion.De-
signguidelinesandtolerancerequirementsfor geometricandmaterialparametersarediscussed.
For typicalSi� N � /SiO� materials,ourcalculationspredictapeakperformanceof ��� dB polariza-
tion discriminationand �
	 � dB insertionlossfor a device with a total lengthof about �
��� m that
selectsTE polarizationat awavelengthof ��	 ��� m.

Keywords: integratedoptics,numericalmodeling,opticalinterferometer, opticalpolarizer
PACS codes: 42.82.–m42.82.Et

1 Introduction

Planaror quasiplanarwaveguidesbasedon higherrefractive index �lms betweensubstrateandcover layers
with lower refractive index form the basicelementfor most integratedoptical circuits. Even if the involved
materialsareisotropic,guided�elds of differentpolarizationspropagateat differentphasevelocities;hence
almostall devicesrelying on modeinterferencearesensitive to the light polarization.Whereanoptimization
aimingat a polarizationindependentperformance(e.g.by a compensationof polarizationeffects)or parallel
light processing(by applyingpolarizationsplitters)is complicated,impossible,or unnecessary, the device is
usuallyrestrictedto singlepolarizationoperation.Thisnecessarilyinvolvestheinclusionof polarizers.

Mostconceptsfor guidedwavepolarizersarebasedontrying to exclusively attenuateoneof thebasicTEor TM
modes.Amongthevarietyof proposalsareoverlaysof stronglyabsorbing,metallic[1, 2] or amorphous[3, 4]
materials,the inclusionof metallic thin �lms [5, 6, 7], or thin composite,highly dichromaticmetallic layers
[8, 9, 10], andhighly refractingor birefringenttransparentoverlays[11, 12, 13]. Alternatively, theoverlayscan
besubstitutedby parallelwaveguidesegments[14, 15]. A numberof interferometricconceptsfor polarization
splittersemploy directionalcouplers[16, 17], Mach-Zehnderinterferometers[18, 19], othermultiwaveguide
geometries[20, 21, 22], or recentlyabirefringentY-junction[23]. Besidesin termsof polarizationdiscrimina-
tion andinsertionloss,anintegrateddevicemustberatedwith respectto its length.Sinceapolarizeris usually
not meantasa device of its own, but asa componentof a larger circuit, the designshouldbe adaptableto a
largevarietyof basicmaterialsystems,requiringnoextramaterialsor complicatedprocessingstepsatbest.

In thispaperweaddressthetaskusingaparticularlysimplekind of interferometer. Figure1 sketchesthegeom-
etry of theplanarcon�guration andintroducesthe relevant dimensionalandmaterialparameters.Depending
on the technologicalframework, thedesignshouldbeanalternative to the formerly referencedconceptswith
respectto eitherof theabove criteria,providedthatonly polarizerperformanceis desired.

Following the introductionof somenotationandbasicrelationsin Section2, the analysisin Section3 starts
with a basicoverlapmodelof theinterferometerinvolving only forwardtraveling guidedmodes.In Section4
we take a closerlook at thetwo waveguidejunctionsby meansof a rigorousapproachthat includesre�ected�
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Figure1: The planarwaveguidecon�guration. � and � denotethe crosssectioncoordinateaxes,with the � -direction
normalto the�lm plane.Light propagatesalongthe � -direction,perpendicularlyto a widestrip thathasbeenetchedinto
theguiding�lm. � s, � f , and � c aretherefractive indicesof thesubstrate,the �lm, andthecover; thegeometryis �x ed
in termsof the total �lm thickness� , theetchingdepth � , andthe length � of the thick segment. RomannumbersI, II,
III, andi, ii identify thethreelongitudinallyhomogeneouswaveguidesectionsandthetwo junctionsat ����� and ����� ,
respectively.

andradiatedpartsof the �eld on a computationalwindow of suitableextension.Additionally, the resultsare
veri�ed by acomparisonwith timedomainbeampropagationsimulationsthatarecompletelyindependentfrom
theformermodeling.

Subsequently, Section5 considerstheentirestructureagain.Themodeexpansionon a �nite window canstill
be formulatedquite rigorously, if oneassumesthat only guidedmodesare responsiblefor the forward and
backwardpower transferbetweenthejunctions.Finally, Section6 sketchestheoptimizationprocedurefor the
polarizerandshows a simulationof theresultingdevice.

2 Mode expansion

Thestructureunderinvestigationconsistsof threelongitudinallyhomogeneouswaveguidesections.Hencethe
local electromagnetic�eld is assumedto bea superpositionof modes,i.e. electric � andmagnetic�elds  of
theform (in commoncomplex notation)�"!$#&%(')%+*+,.-0/1!$#�, ei 23*54 i 67' %  8!$#7%(')%+*(,9-0:;!$#�, ei 23*54 i 67'�< (1)/ and : arethecomplex electricandmagneticpartsof themodepro�le, 6 denotesthecorrespondingpropa-
gationconstant.Thefrequency 2 is usuallygiven in termsof thevacuumwavelength=1-?>A@ cB�2 , wherec is
thespeedof light in vacuum.Themodelingshallberestrictedto two spatialcoordinates,with thepermittivity
andthe�elds assumedto beconstantin the C -direction.A solutionof theMaxwell equationsin theform (1) is
calledaforwardtravelingpropagatingmode,if 6EDGF . A backwardtravelingpropagatingmodesatis�es 6EHGF .
Thecorrespondingmodepro�les canbechosensuchthatthetransversecomponentsIKJ , I�L , MNJ , and MNL are
real,while I�O and MPO areimaginary. Evanescentmodeshave imaginarypropagationconstants6Q-?4 i R , with
real R . Thosewith RSDTF , i.e. in positive ' -directionexponentiallydecreasing�elds, shallbecalledforward
traveling, otherswith RUHTF arecalledbackward traveling. Hereall electriccomponentsof themodepro�le
maybereal,while themagneticcomponentsarepurelyimaginary.

For conveniencewe collect the in generalsix componentsof a modepro�le into a single quantity VXWY . If
applicable,it is decoratedwith a superscriptZN[E\ I % II % III ] that identi�es thewaveguidesegmentto which the
modebelongs,andby a subscript̂ thatspeci�esthemodeindex. This notationtransfersto thepropagation
constant6 WY andto thepartsof themodepro�le. For thispaper, only con�gurationswith numerablesets\_V Ì ] ,\_V IIY ] , \_V IIIa ] , areof interest,eitherbecausethediscussionis restrictedto guided�elds, or becausethemode
spectrumis discretizedby usinga �nite transversecomputationalwindow.

For eachmodewith pro�le V andpropagationconstant6 a modecanbe constructed,which travels in the
oppositedirection. The pro�le V r hasthe I O , M J , and M L componentsmultiplied by 4cb , the propagation
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constantis 6 r -d4e6 . If relevant, forward andbackward traveling modeswill be given upperindicesf and
b, respectively. In thatcase,thenumberingshallbeappliedseparatelyto forwardandbackward propagating
modes,suchthat VfW ,bY -g!hViW ,fY , r.
Sincethisdealswith planarstructures,themodespectrumsplitsinto aTE part,whereonly the IiL , MjJ , and MPO
componentsarepresentin themodepro�les, andinto a secondTM part,wherethesecomponentsof themode
pro�les vanish.Occasionally, anadditionalindex TE or TM indicatesthepolarization.

For purposesof �eld decompositionandpower summation,we employ the following productof two general
electromagnetic�elds VT-T!k/1l�%m:?ln, and op-?!k/rqs%m:Uq_, :

!hVPtnoe,u-g!k/vl�%m:?l�tm/wqs%m:Sq_,3- bx y !hI �lzJ MPq{L�4�I �lzL Mjq{J�|}I�q{J~M �lzL 4�I�q{LsM �lzJ , d# < (2)

Heretheasteriskdenotescomplex conjugation.Notethat(2)combinesonly thetransverseelectricandmagnetic
components.

De�ning themodepowers

� WY -���� !hV WY t(V WY , � % if modê is propagating,� !hViWY t_!hVfWY , r , � % if modê is evanescent,
(3)

thefollowing orthogonalityrelationshold for uniformly polarizedmodesbelongingto thesamesegmentZ :
!hV W ,f` t(ViW ,fY ,9-0� ` Y � WY %!hV W ,b` t(VfW ,bY ,3-T4�� ` Y � WY %!hV W ,f` t(ViW ,bY ,3-?!hV W ,b` t(ViW ,fY ,3-�F�%f���� if modê is propagating,

!hV W ,f` t(ViW ,bY ,3-U� i � ` Y � WY %!hV W ,b` t(VfW ,fY ,3-U� i � ` Y � WY %!hV W ,f` t(V W ,fY ,9-?!hV W ,b` t(V W ,bY ,3-�F�% ���� if modê is evanescent.

(4)

� ` Y -db , if ��-�^ , otherwise� ` Y -�F . The statementsimply that productsbetweena propagatingandan
evanescentmodevanish.Theuppersignsin thefourthand�fth line of Eq.(4) applyto TE polarized�elds, the
lower to theTM case.

As a consequence,thetotal power � W - Re ��!h� W�� !� W , � ,�O d#�BA> (the integratedlongitudinalcomponentof
thePoynting-vector)attributedto themodesuperposition� � �� W !$#&%(')%+*+,9-U� Y�� WY b� � WY V W ,fY !$#�, ei 23*54 i 6 WY ' | � Y�� WY b� � WY V W ,bY !$#�, ei 23*�| i 6 WY ' (5)

in waveguidesegment Z is

� W - �Y�  propag.¡ � � WY � q 4 � � WY � q£¢ � i �Y�  evanesc.

!+! � WY , � � WY 4 � WY ! � WY , � , < (6)

Thisclari�es atleastthenaming'forward' and'backward' for thepropagatingmodes,whichareincludedin the
�rst summation.Forward/ backward traveling evanescentmodesarein thepositive ' -directionexponentially
decreasingor increasing�elds, respectively. A — longitudinally constant— contribution to the total power
doesonly arise,if bothtypesarepresentsimultaneously.

In thederivation of Eq. (6), onerewrites � W as � W -¤!h��%{ Ut(��%{ ¥, . Observingthatexpression!k>
, vanishes!hV TE; V TM ,3-0F with aTE �eld V TE andaTM �eld V TM inserted(evenif themodesdonotbelongto thesame
waveguide),this justi�es completelyseparatedsimulationsfor TE andTM polarization:TE andTM modesdo
not interfere, the powers relatedto both polarizationsmay be computedseparately, and addedafterwards.
While this appliesonly to homogeneoussegments,e.g.by readingthroughthe following paragraphsonecan
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quickly checkthattransisitionsbetweenadjacentwaveguidesectionscanbe(rigorously)expressedin termsof
products(2) betweenthelocal modeson bothsides.Hencethereis no interactionbetweenthepolarizationsat
thejunctionslikewise.

Naturally, themodeexpansiontechniqueinitiatedin thissectionresemblestheformulationsgivene.g.in Refs.
[24, 25, 26]. However, for a polarizerdesignwe necessarilyhave to considerbothpolarizations.Thepresent
formalismappliesto theTE andTM cases,which aredealtwith separatelyin the two latter references.The
moreabstractapproachin termsof generalmodesandproductsof modes,ratherthanhandlingthescalarbasic
componentsof TE andTM �elds, hasturnedout to bevery convenientfor thenumericalimplementation.In
particular, it enablesacompactformulationof thepropagatingmodeanalysisfor thelong crossstripsegment.

3 Cross strip interferometer: Overlap model

Assumingthat only the forward traveling guidedmodesarepresent,the total �elds in the threewaveguide
segmentsaregivenby expression(5), restrictedto thesingleinput andoutputterms V I¦ , V III¦ in sectionsI, III,
andto the two guidedmodesV II¦ , V IIl of thestrip segment(thesuperscriptf will be suppressedhere). Given
the input modeamplitude � I¦ in termsof the input power � I - � � I¦ � q , we are interestedin the intermediate
amplitudes� II¦ , � IIl , andin theoutputpower � III - � � III¦ � q .
Sincethe transverseelectricandmagnetic�elds arerequiredto becontinuouson theplanesof the junctions,
putting the local expressionsfor the adjacent�elds equalallows to extract the outgoingmodeamplitudesby
projectingon the incoming �elds. Note that only the # - and C -componentswhich are tangentialto the ' -
discontinuitymay be setequal. But only thesearerequiredto evaluate(2). Provided that the �elds on both
sidessatisfytheMaxwell equations,thecurl relationsimply thecontinuityof the ' -componentsof themagnetic
�eld andof thedielectricdisplacement.

For junctioni, theprojectionyields

� IIY - � I¦ !hV IIY t(V I¦ ,§ � IIY � I¦ % ^¨-�F©%�b < (7)

UsingidenticalmodesV III¦ -�V I¦ for theinputandoutputsegments,theoutputpowerevaluatesto

�ª-¥� III -¥� I ¡h« q¦ | « q l |p> « ¦ « l­¬£®
¯s!$6 II¦ 4°6 IIl ,�± ¢ with « Y - ²² !hV IIY t(V I¦ , ²² q� IIY � I¦ < (8)

� variesharmonically³ with the strip length ± , oscillatingbetweenthe maximumvalue � I ! « ¦ | « ln, q and
theminimum � I ! « ¦ 4 « l
, q with thehalf-beatlengthor couplinglength ± c -T@7B©!$6 II¦ 4�6 IIl , . Themaximum
(minimum)power is transferedif ± matchesaneven(odd)multipleof ± c.

Consequently, themodelpredictsavanishingthroughput,if onecandimensionthewaveguidessuchthat « ¦ -« l , which mustbeconsidereda majorrequirementfor theinterferometer. Accordingto Eq. (7), theincoming
power is thenequallydistributedbetweenV II¦ and V IIl at junction i. In the casesof extremalpower transfer,
thesemodesexcite junctionii with equalabsoluteamplitudes,but with zerorelative phasedifference,or with a
differenceof @ , respectively.

For a certainrangeof thicknesses* we have foundthata dimensioningaimingat « ¦ - « l is indeedpossible
by choosinga properetchingdepth ´ . The freedomin the strip thickness* can be exploited to optimize« ¦ | « l , i.e. themaximumpower throughput.Figure2 shows examplesfor the resultingmodepro�les and
therelevantsuperpositions.Notethatin generalthethicknesstuningis notpossiblesimultaneouslyfor TE and
TM polarizedlight.µ

Preciselythis variation hasbeenobserved in Ref. [2] in the framework of an investigationconcerningmetal clad waveguide
polarizers.But, regardedasanundesiredfeature,theeffect wasnot furtherexploited.
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Figure2: For structuresde�nedby thematerialparametersandwavelengthof Table2 with thicknessesandetchingdepths�����
	 ¶���·�·�� m, �K���¸	 �A¹�·_º�� m (TE, left column)and ���°�¸	�»�»_»¼º�� m, �½���
	 �_����·�� m (TM, right column):
Top: Basic �eld components¾9¿ (TE) and À�¿ (TM) of the modesÁ IÂ of the input/outputwaveguide,andthe pro�les
corespondingto Á IIÂ , Á IIÃ in thecouplingsegment.Bottom:With suitableamplitudesÄ"��Å IIÆ �ÈÇ É Æ �°�¸	 ¶�º_· (TE) and�¸	 ¶�·�� (TM), for unit input power, themodesof thethickerwaveguideform �elds Ä©ÊËÁ IIÂ½Ì Á IIÃÎÍ thatareorthogonalto the
outputpro�le, or �elds Ä©ÊËÁ IIÂÐÏ Á IIÃ Í thatarereasonablycloseto theoutputmodes.Theshadingindicatesthepermittivity
of thecouplingsegment,while theverticallinesmarktheboundariesof theinput/outputcore.

While optimizedfor avanishingminimumpower transfer, theparametersgivenfor Figure2 yield a maximum
relative throughput! « ¦ | « l
, q -Ñ!k>AÒ q , q of ÓAF¸Ô (TE) and Ó~Õ
Ô (TM). Onecanobserve, that theselossesare
muchlower for othermaterialparametersor basicgeometries,e.g.if oneformsthecrossstrip in a two layered
guiding �lm with a slightly increasedrefractive index of the top layerÖ . However, sincethe polarizerdesign
shouldbeassimpleaspossibleandadaptableto theunderlyingcircuit, wheretheadditionallayerwon't �t, for
thispaperwestick to thesinglelayercon�guration.

4 Waveguide junction: Mode expansion

Sincetotally neglectingthein�uence of radiationandre�ection at theabruptwaveguidejunctionsmaybeex-
pectedto be insuf�cient, we considerthe junctionsa secondtime, now including theseeffectsby expanding
into a larger modeset. For this purpose,the interestingregion on the # -axis is enclosedby a computational
window. The modespectrumbecomesdiscrete,if the basicmodecomponents( I½L for TE, MjL for TM po-
larization)areset to zeroon the window boundaries.If thesearesuf�ciently far apart,suchthat the guided
exciting andoutgoing�elds canwell beneglectedbeyondtheboundaries,in theplaneof thejunctionthetotal
electromagnetic�eld will be localizedaroundthewaveguide,with radiated�elds approachingtheboundaries
only at somedistancefrom the junction. By virtue of theorthogonalityrelations(4), onemayexpectcorrect
resultsfor the re�ection andtransmissioncoef�cients of the guidedmodesin the limit of many termsin the
modedecomposition,even with a �nite window. Closeto the junction, wherere�ections from the window
boundariesarenot relevant, the �eld computedin this way shouldbea goodapproximationto the�eld in the
openstructure.

Again the electromagnetic�eld on both sidesof junction i is searchedin the form (5), now with forward
andbackward, propagatingandevanescenttermspresent.Using (2) on the equatedtransversecomponents,
projectionontoeithersegmentI or segmentII allows oneto extract themodeamplitudes.Themodeoverlaps×

A two layeredstructuremadeof garnetmaterials(bottomlayer: refractive index Ø�ÙÛÚ+Ü
Ý , thicknessÞ_Ù ß£Ümß­à m, top layer: refractive
index Ø�Ù Ø
ÝnÜ , thicknessÞ�Ù Ü
Üná)à m, substrate:refractive index Ú
Ù á£Ü , cover: air, etchingdepth Þ_Ù â£Þ
Üãà m) allows for vanishingminimum
power transferwith a maximumthroughputof á
ä
å , for TM polarizedlight at a wavelengthof Ú
Ù æ)à m.
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arestoredin thematrices

!{ç Wè�é , ` Y -?!hV W   è` t(V W   éY , and !zê è�é , ` Y -?!hV II, è` t(V I, éY ,n% (9)

whereindices Z}- I % II specify the segment, ë3%mìT- f % b identify a propagationdirection, and ��%+^ extend
over the rangeof the termsin the modeexpansions.Puttingadditionally the modenormalizationsinto the
amplitudesí WY - � WY B � � WY , î WY - � WY B � � WY andcombiningtheseto amplitudevectors ï�W , ðÎW , one�nds
thelatterrelatedas� ï Ið I � -?ñ I

� ï IIð II � % � ï IIð II � -?ñ II
� ï Ið I � % (10)

with transfermatricesñ W givenby

ñ I -?!{ç I ,mò l ê � % ñ II -?!{ç II ,mò l êQ% for ç W - � ç Wff ç Wfbç Wbf ç Wbb � % êó- � ê ff ê fbê bf ê bb � < (11)

Heretheasteriskdenotestheadjointmatrix.

If oneconsidersthesinglejunctioni excitedby theforwardtravelingmodeson left segment,then ï I (theinput
amplitudes)is prescribed,ð I (there�ection coef�cients) and ï II (thetransmissioncoef�cients) areunknowns,
and ð II is zero(thereis no light comingin from theright). Splittingnow ñ W as

ñ W - � ñ Wff ñ Wfbñ Wbf ñ Wbb � % (12)

theunknown modetransmissionsandre�ectionscanbecomputed:

ï II - ¡(ô 4õñ II
fb ñ I

bf
¢ ò l ñ II

ff ï I % ð I -?ñ I
bf ï II % � WY - � � WY í WY % � WY - � � WY î WY < (13)

Notethatthis formalismdoesnot requirethenumberof expansiontermsin segmentsI andII to beequal[24],
in contrastto theformulationsin Refs.[25, 26].

Figure3 illustratestheresultsfor theparametersfoundto beinterestingin thelastsection(thedataof Figure2).
The planeof junction ii hasbeenshiftedto theorigin, wherewe have to stretchthenotationsomewhat with
respectto thenumberingof thesegments.Only theforwardtraveling guided�elds on theleft of thejunctions
are incident: � I¦ -db in (a), � II¦ -ö� � IIl -db_B~÷ > in (b) and(c), respectively; the remainingentriesin ï I

or ï II weresetto zero. For a morequantitative assessment,Table1 summarizestherelative modepowersof
there�ectedandtransmittedguided�elds. Themodeexpansionsimulationsuse

x F~F termson eachsideof the
junctions,onacomputationalwindow extendingfrom #ø-?4cb�ùúë m to #v-?b¼F5ë m. Thegivenvaluesarefound
to beconvergedwith respectto enlarging thewindow andto increasingthenumberof expansionterms.

Despiteits simplicity, the predictionsof the overlap model of Section3 turn out to be surprisinglygood:
At junction i (a), the modesV II¦ and V IIl receive almosthalf of the incomingpower each. If the symmetric
superpositionof thesemodesarrivesat junction ii (b), this leadsto constructive interferencewith mostof the
powerremainingguidedin segmentIII. In bothcases(a)and(b) only verysmallamountsof powerarere�ected
into theguided�elds. Theantisymmetricsuperpositioncausesdestructive interference(c). Herethelargestpart
of thepower is radiatedaway from thecorein segmentIII, dominantlyinto thesubstrateregion. Anotherpart
radiatesbackwardsinto segmentII. And acertainamountis re�ectedinto thebackwardtravelingguidedmodes,
whichwill have to playa role in thefollowing section.

Thenumberof
x F~F expansionterms,chosento generatesoundreferencevalues,mayseemto beunnecessarily

large. If interestis in there�ection andtransmissioncoef�cients of theguidedmodesonly, thenindeeddigits
like thosegivenin Table1(c),TM canbeproducedwith a muchsmallercomputationalwindow of 4�> < x ë m û#?û¤> < >úë m andonly >AF termsin the modeexpansions(which includesalready b~b ( b¼F ) evanescentmodes
for the thin (thick) segment). On the otherhand,plots like Figure3(c) drawn from that computationappear
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Figure3: Simulationsof the light propagationthroughthe separatedwaveguidejunctionsi andii, with parametersas
givenfor Figure2 andTable1. The left andright comlumnsdisplayTE andTM polarized�elds, wherethegrayscale
levelscorrespondto the squarerootof the � -componentof the local Poynting vector. (a): TransitionI ü II; Input: the
singlemodeof thethin segment.(b): TransitionII ü III; Input: thepositivesuperpositionof thetwo modesof thethick
segment(seeFigure2). (c): TransitionII ü III; Input: thesuperpositionwith thenegative sign. In caseof two initially
excitedmodes,theterm'input' meansthatthetwo modesarelauchedto arriveat thejunctionwith properamplitudesand
phases.

(a) Junctioni, Å IÂ �p� :
TE, ý þ IÂ ý � TE, ý Å IIÂ ý � TE, ý Å IIÃ ý � TM, ý þ IÂ ý � TM, ý Å IIÂ ý � TM, ý Å IIÃ ý �

ME ¹
	 � ÿ_�n� � � �
	 ��¶ �
	 ��· ��	 ��ÿ��n� � � �
	 ��¶ �
	�¹��
FDTD ¹
	 �3ÿ��
� � � �
	 �A» �
	 ��º ��	 ��ÿ��n� � � �
	 �s¹ �
	�¹_�

(b) Junctionii, Å IIÂ �p� � Ç � , Å IIÃ �}� � Ç � :

TE, ý þ IIÂ ý � TE, ý þ IIÃ ý � TE, ý Å IIIÂ ý � TM, ý þ IIÂ ý � TM, ý þ IIÃ ý � TM, ý Å IIIÂ ý �
ME �Î	 · ÿ_�
� � � �_	 º�ÿ��n� � � �¸	 ·s¹ �_	 �3ÿ��
� � � »~	 ¹.ÿ��n� � � �
	 ·_¶
FDTD �¸	 º ÿ_�
� � � �
	�¹ ÿ��n� � � �¸	 ·_� �_	 �3ÿ��
� � � º¸	 · ÿ��n� � � �
	 ·��

(c) Junctionii, Å IIÂ �G� � Ç � , Å IIÃ � Ì � � Ç � :

TE, ý þ IIÂ ý � TE, ý þ IIÃ ý � TE, ý Å IIIÂ ý � TM, ý þ IIÂ ý � TM, ý þ IIÃ ý � TM, ý Å IIIÂ ý �
ME ·¸	 ¹.ÿ_�
� � � ¹~	 ¶�ÿ��n� � � ¹
	 ��ÿ_�n� � � �
	 �3ÿ��
� � � ��	 ¶ ÿ��n� � � ¹~	 �eÿ��n� � �
FDTD ·
	 �5ÿ_�
� � � ¹~	 �eÿ��n� � � ��	 ��ÿ_�n� � � �
	�� ÿ��
� � � ��	 ¶ ÿ��n� � � ¹~	�¹ ÿ��n� � �

Table1: Relative guidedmodepowersfor thesimualtionof isolatedwaveguidejunctionscorrespondingto theplotsof
Figure3. ME indicatesthe valuescomputedwith the modeexpansiontechniqueasformulatedin this paper, the rows
FDTD containtheresultsof �nite differencetime-domainbeampropagationsimulations[27]. For (a), theoverlapmodel
Eq.(7) predicts ý Å IIÂ ý � �óý Å IIÃ ý � ���
	 �A» (TE) and �¸	 �sº (TM), correspondinglyý Å IIIÂ ý � ���¸	 ·s¹ (TE), and �
	 ·_¶ (TM) for (b),
and ý Å IIIÂ ý � ��� for (c).

poorly, dueto thearti�cial re�ections from thewindow boundaries.>AF expansiontermsis alsonot enoughto
adequatelydecomposetheadjacent�elds in theplaneof the junction: discontinuitiese.g.in the longitudinal
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componentof thePoyntingvectorareclearlyvisible in 'f-�F . Notethatthemismatchof theguidedpartsof the
�elds, andconsequentlythefractionsof radiatedpower, aresubstantialin thecon�gurationswe areinterested
in. If the�elds belongingto theopenstructureareto beapproximatedatsome' -distanceson bothsidesof the
junction,a largercomputationalwindow is advisable,andthis in turnrequiresto takemorebasisfunctionsinto
account.

Another (serious)reasonfor placingthe arti�cial walls far apartis the “windowing error” which leadsto a
oscillatingtypeof convergence,if oneconsiderse.g.a plot of themodere�ection coef�cients, convergedwith
respectto the numberof modeterms,versusthe width of the computationalwindow. Theseoscillationsare
observedwith thepresentapproach;seeRefs.[28, 24] for moredetails.

Our implementationdoesnot employ any kind of transparentor absorbingboundaryconditions.Despitethe
computationaleffort in termsof a wide window andlargebasissets,the(squared)propagationconstantshave
to besearchedon the realaxisonly. Hencethealgorithmis likely to be muchmorestableandef�cient than
onewhich searcheswavenumbersin thecomplex plane(this would benecessaryif complex refractive indices
areinvolved).However, simulatinga longstructurerequiresspeci�c measures,asexplanedin Section5.

To verify the our analysis,we have appliedthe �nite differencetime domainbeampropagationtechnique
describedin Ref. [27, 29] andfounda reasonableagreement.Table1 comparestheresults.Thespatiallytwo-
dimensionalsimulationsrely on regular meshesof ÕAF~F � x F~F points(TE) and > x F � x F~F points(TM), with
stepsizesof b�� nm (TE) and b�Ó nm (TM) for the # -directionand >AF nm for the ' -direction.Theboundariesof
thecomputationalwindow ( 4�> < �úë m ûp#1ûó> < Õúë m (TE), 4cb < Óúë m ûp#1ûó> <�� ë m (TM), 4 x ë m ûó'jû x ë m)
are�tted with perfectlymatchedlayers[29] to copewith theoutgoingradiation.

5 Cross strip interferometer: Rigorous mode expansion

As demonstratedby the plots of Figure3, the nonguidedpartsof the �eld that initiate from the junctionsat'°-ÑF rapidly leave the �lm region with growing propagatingdistance��' . While in the real openstructure
thereis no physicalreasonwhy this power shouldreturn,the boundariesintroducedfor the modeexpansion
will re�ect these�elds backinto theregion of thewaveguide,if themodelwouldbeappliedunmodi�ed to the
entireinterferometer.

Observingthat segmentII is usuallymuch longer than a typical distanceon which the radiationleaves the
waveguide,theobstaclecanbecircumventedin thefollowing way. Theforwardtraveling �eld ontheright side
of junctioni consistsof two guidedmodesandaremainder. Theremainder, representingthedivergingradiation
�eld, is neglectedfor thesimulationof junctionii, whereonly thetwo guidedmodesareassumedto becoming
in from segmentII. Likewise,thebackwardtraveling �eld initiating from junctionii is split into a guidedpart,
which excitesjunction i from the right, anda nonguidedpart,which crossestheplane '1-ÑF suf�ciently far
awayfrom thewaveguide.Thusthesenonguidedmodesarenegligible for thesimulationof junctioni. Notethat
droppingthe�elds requiresa homogeneouswaveguidesegmentof a certainlengthbetweenthetwo junctions.
It is clearlynotapplicablee.g.in thecaseof agrating,whereusuallytheperiodis in theorderof thewavelength
(cf. theremarksin [26]).

To checkthe approximation,we have summedthe intensityon the relevant vertical boundaries'È- > < ùúë m
(a), 'X- 4�> < ùúë m (b, c), 4cb < ùúë m H8#GH�b < ùúë m, of theplotsof Figure3 with theamplitudesof theguided
modessetto zero.In all six casestherelative power relatedto thenonguided�elds closeto thewaveguidewas
below F < F
> , indicatingthatthese�elds, if allowedto propagatefreely over theentirelength ± of thestrip (see
Table2), wouldwell have left the # -region which is relevantfor thejunctionmodeling.

Theabove reasoningallows to applythemodeexpansiontechniqueto thelongcrossstrip. Wehave to simulate
thetwo junctionssimultaneously, with separateradiation�elds, but with theguided�elds mediatingbetween
them.Usingthenotationof Section4, the�eld in segmentsI andIII is expandedinto thelocalmodes(5) with
relative amplitudevectorsï I, ð I , and ï III , ð III , which containthemodeamplitudesin theplane 'X-?F on the
left sideof junctioni, andin theplane 'j-8± on theright sideof junctionii, respectively. For segmentII, two
setsof amplitudesï II

i,g, ï II
i,r, ð II

i,g, ð II
i,r, and ï II

ii,g, ï II
ii,r , ð II

ii,g, ð II
ii,r collecttheamplitudesof theguided(index g) and

nonguidedmodes(index r) on theright sideof junctioni (index i) andon theleft sideof junctionii (index ii ).
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Bidirectionalprojectionrelatesthesequantitiesby transfermatricesñ I, ñ II , and � II , � III , wherethelatterare
theequivalentsof theoperatorsin Eq.(10) for junctionii. Splitting thetransfermatricesinto suitableparts,this
reads

� ï Ið I � - � ñ I
ffg ñ I

ffr ñ I
fbg ñ I

fbrñ I
bfg ñ I

bfr ñ I
bbg ñ I

bbr 	�
��
 ï
II
i,gï II
i,rð II
i,gð II
i,r

����� % 
��
 ï
II
i,gï II
i,rð II
i,gð II
i,r

����� - 
���

ñ II

fgf ñ II
fgbñ II

frf ñ II
frbñ II

bgf ñ II
bgbñ II

brf ñ II
brb

������ � ï Ið I � % (14)


��
 ï
II
ii,gï II
ii,rð II
ii,gð II
ii,r

����� - 
���

� II

fgf � II
fgb� II

frf � II
frb� II

bgf � II
bgb� II

brf � II
brb

������ � ï IIIð III � % � ï IIIð III � - � � III
ffg � III

ffr � III
fbg � III

fbr� III
bfg � III

bfr � III
bbg � III

bbr 	 
��
 ï
II
ii,gï II
ii,rð II
ii,gð II
ii,r

����� < (15)

Additionally, the guidedmodeamplitudesat 'p-öF¸| and 'p-ö±�4 areconnectedby diagonalpropagation
matriceswhich includethephasevelocitiesof therelevantmodes:

ï II
ii,g -�� � ï II

i,g % ð II
ii,g -�� ò ð II

i,g % where !����3, ` Y -�� e� i 6 IIY ± % if � = ^ ,F otherwise.
(16)

Thedevice is to beexcitedby theguidedmodeof segmentI, without any otherincoming�elds. This requiresí I¦ - § � I B � I¦ , í IY -SF , if ^��-8F , and ð III -ªF . Putting ð II
i,r -ªF and ï II

ii,r -ªF implementstheopenstructure
for segmentII, asdiscussedin thebeginningof this section.Besidesin theremainingcoef�cients of segment
II, we areinterestedin themodeamplitudesð I and ï III relatedto there�ection andtransmissionof theentire
device,andin particularin � � I¦ � q - � I¦ � î I¦ � q and �T- � � III¦ � q - � III¦ � í III � q , theguidedre�ectedandtransmitted
power.

Solvingthesystem(14), (15),and(16) with theabove constraintsresultsin theexpressions

ï III - ¡ ç�4���� ò l���¢ ò l ¡! |��"� ò l"#�¢ ï I and ð I -�� ò l�� ï III |$� ò l"# ï I (17)

with ��- ô 4õñ I
bfr ñ II

frb %� -?ñ I
bfg � ò � II

fgf |Uñ I
bbg � � � II

bgf %# -?ñ I
bfr ñ II

frf %çE- ô 4%� III
fbr � II

brf % -&� III
ffg � � ñ II

fgf |'� III
fbg � ò ñ II

bgf %�i-(� III
ffg � � ñ II

fgb |�� III
fbg � ò ñ II

bgb %
(18)

whicharedirectlysuitablefor anumericalimplementation.

6 Polarizer design

The discussionshall be restrictedto a device that transmitsasmuchaspossibleof the power relatedto TE
polarizedinputlight, while it blocksTM throughput.Thepolarizerhasto becharacterizedin termsof thepolar-
izationdiscriminationor extinctionratioER -Tb¼F*)Ë®,+ l ¦ � TE B�� TM andtheinsertionlossLO -T4cb¼F*) ®,+ l ¦ � TE,
where� TE and � TM aretherelative TE andTM power transmissions.

For thecrossstrip geometrywith givenmaterialparametersandwavelength,thedesignstartswith identifying
apropertotal thickness* andlength ± of thestrip. Theoverlapmodelof Section3 predictsperiodicvariations
in the power transferas a function of ± with different beat lengths ± TE

c and ± TM
c . Polarizerperformance
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requiresa (short)con�guration, where ± is an even multiple of ± TE
c andsimultaneouslyan odd multiple of± TM

c . For a differenceof onein themultiplicities, theseconditions�x theoptimumpolarizerlengthas ± p -± TE
c ± TM

c B©!h± TE
c 4ó± TM

c , . By varying * over the rangewheresegmentII supportstwo guidesmodesfor both
polarizations,evaluating± p andcheckingfor aneveninteger ± p Bs± TE

c , onecanindeed�nd asuitablegeometry.
Figure4 showstheresultingdependenceof thecharacteristicquantitiesonthestrip length.At theproperlength± p - x ± TE

c -¨ùA± TM
c , the transmissioncurvesrelatedto TE andTM polarizationachieve their maximumor

minimum, respectively. Note that a multiplicity differenceof onein the couplinglengthsdoesnot only lead
to the shortestpossibledevice, but alsoto the mostrelaxed fabricationtolerances.The allowed intervals for
parameterdeviationsareroughlyinverselyproportionalto theoverall device length,seeRef. [30].
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Figure 4: TE and TM power transmissions- TE,
- TM , polarization discrimination ER

andlossLO versusthe length � of the thick
segment.Parametersareasstatedin Table2.
The vertical line identi�es the bestpolarizer
length � p � �
�~	��~�
º�� m, an integer multi-
ple of thebeatlengths� TE

c �0�
	 ��¹���� m and� TM
c ���
	 ���_��� m.

The designproceedswith the searchfor a suitableetchingdepth ´ . Figure5 comparescorrespondingdata
calculatedwith the approximateexpression(8) on the onehand,andaccordingto Eq. (17) on the other. A
differenceis hardly visible on the linear power scale,but becomesapparenton the logarithmicscaleof the
extinction ratio. While the polarizationdiscrimitationis unlimited in the simplemodel ( « TM¦ and « TMl be-
comeequal),accordingto themodeexpansionanidealpolarizercannot beexpected.However, theoptimum
performance,reachedfor an etchingdepththat is slightly different from the predictionof (8), is still quite
reasonable.
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Figure 5: TE and TM power transmissions- TE,
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and loss LO versusthe etchingdepth � , for
structuresgiven by the parametersof Ta-
ble 2. The dottedlines arethe resultsof the
roughoverlapmodel; rigorousmodeexpan-
sionleadsto thecontinuouscurves.

Table2 summarizestheparametersof the resultingpolarizerproposal.For the tuneddevice, a simulationas
describedin Section5 with 400expansiontermsonawindow 4cb�ùúë m ûp# ûUb¼F5ë m for eachsegmentpredicts
relative power throughputsof � TE -UÓ~Õ
Ô and � TM -SF < F
Õ~ù
Ô . This amountsto a polarizationdiscrimination
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ER -?Õ x dB andan insertionlossLO -gF < Õ~Õ dB. Relative guidedpowersof F < F � Ô (TE) and ù < Ó
Ô (TM) are
re�ected.Plotsof thecorresponding�elds in Figure6 illustratethebehaviour of theinterferometer.

� � � . � s � f � c/ �¸	 ·�¶���� m �
	�¹¼�s·�� m �
�
	 �
�nº�� m �_	 ��� m �_	�¹ �
	 � ��	 �0 /21 Ã43 º nm ¶_� nm �
	 �
¹�� m ��� nm �¸	 �¸�n¶ �
	 ���_¶ �
	 �_¶_�0 /21 � 3 �nº nm ��� nm �
	 �_·�� m ¶�¹ nm �¸	 �_��� �
	 �s»~� �
	 �n·��
Table2: Structuralparameters/ andtolerances

0 / for a planarpolarizerassketchedin Figure1.
0 / 1 Ã43 (

0 / 1 � 3 ) corre-
spondsto limits for extinctionratioandlossof �_� dB and � dB ( �
� dB and �
	�¹ dB). Seethetext for aconciseinterpretation
of thefabricationtolerances.

The tolerancesgiven in Table2 indicatethat thepolarizershouldstill achieve an extinction ratio higherthan>AF dB ( b¼F dB) andsuffer from lossesbelow b dB ( F < ù dB), if a singleparameterdeviatesfrom the optimum
value 5 by not morethan �7685 . Theselimits areestimatedwith thehelpof Eq. (8). A changein ´ altersthe
overlaps« Y only, while achangein * affectsthepropagationconstants6 IIY aswell. Hencethedevice turnsout
to bemoresensitive with respectto thetotal thickness(andthestrip length ± ) thanwith respectto theetching
depth.
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Figure6: Simulationof the light propagationthroughthecrossstrip de�ned by Table2, for TE (top) andTM polarized
input(bottom).For TE polarization,almosttheentirepowerpassesthedevicesmoothly, while thesecondjunctionscatters
TM polarizedwavesinto thesurrounding.

E.g. from Ref. [31] onecanobtainhints regardingthecriticalnessof thethickness* , thegeometricparameter
with thenarrowesttoleranceinterval. Typical growth ratesfor Silicon Oxynitridelayersareabout ù nmB:9<;>= ,
with anonuniformityaslow asF < ù
Ô ona > cm � > cmarea,implyingdeviationsof aboutù nmfor *u-�F < Ó,�~>úë m.
Demandingthethicknessto bewithin the b�� nminterval thatis statedin row 6<5@? lBA of Table2 seemsreasonable.

Cascadingthecrossstripsmaybea meansto relax the tolerancerequirements.Row 685C? qDA of Table2 canbe
interpretedin thatway. Disregardingre�ectionsandassumingasuf�cient distancebetweenthem,asequenceof
two polarizerstripswith b¼F dB extinctionratioand F < ù dB lossshouldperformlike asingle >AF dB/ b dB device.
With theexceptionof ´ (herethe lossis the limiting constraint,seeFigure5), the tolerancerequirementsfor
thesinglestripsareindeedconsiderablyrelaxed,while theoverall lengthcanbestill small,say ùAF5ë m.

In termsof the interferometerperformancediscussedin Section5, the geometryis suboptimalfor both TE
andTM polarizations:If ± would be allowed to vary, then � TM reachesup to E~ù
Ô only, while � TE does
not fall below b < Ó
Ô . Hencea TM-transparentpolarizerrequiresa resizedgeometry(suitabledimensionsare*�-ªF < E � F5ë m, ´1-8F < ù,EAF5ë m, and ±õ-TÕ x < b�ùAF5ë m for otherwiseunchangedparameters),not only a modi�ed
length.

Thematerialparametersasstatedin Table2 resembletypical valuesfor Silicon-Nitride/ Silicon-Oxidewave-
guides[31]. Usuallythesearegrown on a Silicon substrate.ProvidedthattheSiOq buffer layer is suf�ciently
thick, onemay neglect the presenceof the Silicon below the waveguide,aswe have donebefore. Note that
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the presenceof the real substrateis not likely to affect the polarizerperformance:The largestpart of the
downwardsradiated�elds disappearsdirectly into thehigh index Silicon. The re�ected partmay reenterthe
waveguideregion,but, beingcomposedof modesthatareorthogonalto theguidedoutputmode,the�elds cross
thewaveguideanddissapearinto thecover. Or thepower is againre�ected into thedirectionof thesubstrate.
Providedthat theoutputsegmentis of a suf�cient length,thepower throughputshouldbeindeedequalto the
coef�cient � � III¦ � q .
An extensionof thepresentplanardesignto channelwaveguideswill bea subjectof futureresearch.Suitable
annealingor etchinga shallow rib couldbemeansto createa laterallyweaklycon�ning waveguideacrossthe
strip. This seemsto beunlikely to disturbthepropertiesof theinterferometersigni�cantly.

7 Conclusions

A thicker, bimodalsegmentof speci�c lengthandheightbetweentwo singlemodesectionsof a planarwave-
guidecanserve asa simpleinterferometer. Dependingon thephasegainof thetwo modesin theintermediate
region, the �elds interferealmostcompletelydestructively, or constructively with relatively low losses.The
structureuni�es somefeaturesof a two-dimensionaldirectionalcouplermissinga gap,andof a multimode
interferencedevice involving only two modes.

Consideringonly overlapsof forward propagatingmodesgivesa basicinsight into the behaviour of the in-
terferometer, andallows oneto isolatesuitableparametersets. We have assessedandoptimizedthe device
performancein termsof a rigorousmodeexpansionmodel, including radiationand re�ection. Despitethe
abruptwaveguidediscontinuities,we have foundonly moderatelevelsof re�ectionsfor tunedcon�gurations.

Suchacrossstrip interferometercanbedimensionedto performasaveryshortintegratedopticalpolarizer. We
have simulateda device that suppressesTM polarizationin Silicon-basedwaveguides;the proposalis easily
transferableto othermaterialsandto TE suppression.
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