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兼具低非线性和高功率限制的狭缝波导

胡述波,徐亚萌,李佳轩,孔梅
(长春理工大学 理学院 光电信息科学与技术系,长春130022)

摘 要:利用非线性效应的全矢量模型和狭缝波导的有限元模场求解法,系统地研究了狭缝波导结构和

包层材料对其非线性和功率限制特性的影响.研究结果表明,狭缝波导的硅臂宽度、狭缝宽度、硅层高度

和包层材料均影响其非线性和功率限制特性.对于空气包层狭缝波导,不同结构参数下的最高功率限制

因子对应的非线性系数均高于20W-1·m-1,而最低非线性系数6.5W-1·m-1均出现在模式截止附近,
泄露损耗较大,功率限制较弱,故空气包层狭缝波导无法同时实现低非线性和高功率限制;如果在狭缝

波导上包覆二氧化硅,则可以同时获得低非线性和高功率限制,非线性系数可低至4.12W-1·m-1,同时

功率限制因子可达42%.
关键词:集成光学;导波光学;有限元法;狭缝波导;导波结构;非线性;克尔效应
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SimultaneousLowNonlinearityandHighPowerConfinementinSlotWaveguides

HUShu-bo,XUYa-meng,LIJia-xuan,KONGMei
(DepartmentofOptoelectronicInformationScienceandTechnology,SchoolofScience,

ChangchunUniversityofScienceandTechnology,Changchun130022,China)

Abstract:Theeffectsoftheslotwaveguidestructureandcladdingmaterialonthenonlinearityandthe
powerconfinementweresystematicallyinvestigatedbyusingthefullvectorialmodelofthenonlinear
effectandthefiniteelementmodesolveroftheslotwaveguide.Theresultsshowthatthenonlinearityand
thepowerconfinementcanbesignificantlyaffectedbythesilicon-armswidth,theslotwidth,the
thicknessofthesiliconlayerandthecladdingmaterial.Fortheair-claddingslotwaveguideswithdifferent
structuralparameters,thecorrespondingnonlinearcoefficientsareallabove20W-1·m-1forthemaximal
powerconfinementfactors,andtheminimalnonlinearcoefficientsof6.5W-1·m-1areallobtainednear
thecut-offmode wheretheslotwaveguidessufferfrom theleakagestothesubstrate.Thelow
nonlinearityandthehighpowerconfinementcannotberealizedatthesametimefortheair-claddingslot
waveguide.Butthelownonlinearityandthehighpowerconfinementcanbeobtainedsimultaneouslyifthe
silicaiscoatedontheslotwaveguide,wherethenonlinearcoefficientcanbeaslowas4.12W-1·m-1and
thepowerconfinementfactorcanbeashighas42%.
Keywords:Integratedoptics;Guided-waveoptics;Finiteelementmethod;Slotwaveguide;Guided-wave
structures;Nonlinear;Kerreffect
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0 Introduction
Inthepastdecade,theslotwaveguide[1-3]hasattractedmuchattentionowingtoitscharacteristicof

localizingalargepartofguided-modefieldtothelow-refractive-indexslot,andtheslotwaveguidehasbeen
usedintheareasofmodulation[4,5],switching[6],sensing[7-9]andsoon.Subsequentresearchonimproving
nonlinearityoftheslotwaveguide[10-15]seemstobenaturalbyfillinghighnonlinearmaterialsintotheslot.
Onthecontrary,insomeapplications,waveguideswithlownonlinearityarenecessary.Forexample,
nonlinearityintheringresonatorofopticalgyroscopesshouldbeasweakaspossibletosuppress
Kerr-effectandthefakerotatefrequencydifference[16-18]causedbyit.Inaddition,lownonlinearwaveguides
canmaintainalineartransferfunctionandpreventtheguidedwavefrombeingdistorted,whichare
essentialforthedatacommunicationandbuildingblocksforintegratedopticalcircuits.Forexample,for
thesiliconwaveguidewithanonlinearcoefficientγof307W-1·m-1[19],thenonlinearlengthLNL=1/
(γP)[20]becomes3.3cmfortheopticalpeakpowerP of100mW.Ifthenonlinearcoefficientcanbe
reducedbytwoorders,thenonlinearlengthcanalsobeextendedbytwoorders.Becauseofguidinglightin
airorafillingdielectric,theslotwaveguidecanbeapromisingcandidatetodepressthenonlinearity.
Hence,thestudyoftheslotwaveguidewithamuchlowernonlinearitythanthatofthestripwaveguideis
greatlyencouraging.

Tillnow,theinvestigationsonreducingnonlinearityintheslotwaveguideareprettyfew.Inanearlier
work,byintroducingdifferentnumbersofslotsintoasiliconstrip,thenonlinearcoefficienthasbeen
reducedfrom120.05 W-1·m-1ofthesiliconstripwaveguideto16.11W-1·m-1,6.77 W-1·m-1and
4.66W-1·m-1forsingle-,double-andtriple-slotwaveguides[21],respectively.However,themultiple-slot
waveguidesaredifficulttobefabricated,especiallyforthenarrowslotswithuniformsmallspacing.
Furthermore,theextrasidewallsintroducedbythemultipleslotswouldbringaboutmorescatteringloss
duetosidewallroughness[22,23].Inaddition,thenonlinearityofthesingle-slotwaveguideisnotoptimized,
maybetheminimizednonlinearcoefficientforsingle-slotwaveguideiscomparablewiththoseofthe
multiple-slotwaveguides.Therefore,thereductionofthenonlinearityinthesingle-slotwaveguideneeds
furtherstudyanditsinherentdependencesonwaveguideparameterswaittobeexploited.

Inthispresentwork,weinvestigatetheinfluencesoftheslotwaveguidestructureandthecladdingon
thenonlinearcoefficientandthepowerconfinementfactorsystematically.First,westudytheeffectofthe
widthofthesiliconarms,theslotwidthandthethicknessofthesiliconlayeronthepowerconfinement
factor,effectivemodeareaandnonlinearcoefficient.Then,weincludeallinfluencefactorstoacquirethe
minimalnonlinearcoefficientandthemaximalpowerconfinementfactor.Consideringtheslotwaveguide
withanaircladdingsuffersfromtheleakagetothesubstrate,wediscussthenonlinearityreductionforthe
slotwaveguidewithasilicacladding.Basedontheinfluencerulesrevealed,weobtainsimultaneouslow
nonlinearityandhighpowerconfinementinslotwaveguidesfarawayfromthecut-offcondition.

1 Structureandnumericalmodel
  Aslotwaveguidebasedonastandardsilicon-
on-insulator wafer is assumed as the basic
structurediscussedinthispaper,whichisdepicted
inFig.1.Twosiliconarmswithathicknessof
220nmareseparatedbyanarrowairslotand
locatedonthetopofa2μmsilicaburiedoxide
layer.Inourmodel,therefractiveindicesofair,
siliconandsilicaat1550nmarechosenas1.0,
3.4764and1.444[21],andthenonlinearrefractive
indicesare4.5×10-18and2.6×10-20 m2·W-1[21]

forsiliconandsilica,respectively.

Fig.1 Schematicoftheslotwaveguide

  Thestrengthofthethird-ordernonlinearinteractioninawaveguideisdescribedbythenonlinear
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parameterγ,whichdependsonthewaveguidegeometryaswellasthenonlinear-indexcoefficientn2ofthe
nonlinearmaterial.Inordertoaccuratelyevaluatethenonlinearity,inthispaper,afullvectorialmodelis
employed,whichexpressesthenonlinearcoefficientofawaveguideinageneralizedformas[24]

γ=
2π
λ
·n2

Aeff
(1)

whereλistheoperatingwavelength,Aeffistheeffectivemodearea,andn2istheaveragednonlinear
refractiveindex.TheexpressionsofAeffandn2

[24]are

Aeff=∫E×H*( ) ·ezdxdy
2

∫ E×H*( ) ·ez
2dxdy

(2)

n2=
ε0
μ0
∫n2(x,y)n2(x,y)2 E 4+ E2 2( )dxdy

3∫(E×H*)·ez
2dxdy

(3)

  InEq.(2)andEq.(3),EandH aretheelectricandmagneticfieldsofthepropagatingmode,
respectively,ezistheunitvectorpointinginpositivez-direction,whichisalsothepropagationdirectionof
theguidedmode,ε0andμ0arerespectivelythepermittivityandthepermeabilityofvacuum,andn(x,y)
andn2(x,y)arethelinearandnonlinearrefractiveindices,respectively.FromEq.(3),n2canbeviewed
asthenonlinearrefractiveindexaveragedoveraninhomogeneouscrosssectionweightedwithrespecttothe
fielddistribution.

AccordingtoEq.(1)andEq.(3),weneedtoenlargeAeffortodegradethepowerinthenonlinear
materialorboth,soastosuppressthenonlinearinteractionintheslotwaveguide.Itshouldbenotedthat
ahighpowerconfinementintheslotregionshouldbeguaranteedsoastobringoutthemeritoftheslot
waveguide.

2 Resultsofnonlinearityreductioninair-claddingslotwaveguides
2.1 Effectsofsilicon-armswidth

Consideringthestateoftheartofsilicon-on-insulatorcircuits,thewidthoftheslotissetas100nmat
firstwhilethewidthofthesiliconarmsisgraduallyvariedfrom200nmto400nmwithapaceof10nm.
ThepowerdistributionsineachregionofthewaveguidearegiveninFig.2(a).Whenthewidthofthe
siliconarmsisdecreased,theportionofpowerinthesiliconarmsdecreases,andtheportionofpowerin
thesubstrateincreases.Thatis,thereisanobviousandquickpowerexchangebetweenthesiliconarms
andthesubstrate.Meanwhile,thepowerconfinementintheslotregionchangesslowly,anditholdsa
maximalpowerconfinementfactorof17% whenthewidthofthesiliconarmsis250nm.Themode
profilesforWSiof200nm,230nm,250nmand350nmareshowninFig.2(c)~(f),respectively.Wecan
clearlyseethatthesiliconarmspossesslesspower,andmorepowerleakstothesubstratewhenthesilicon
armsarethinner,whichisinaccordancewiththevariationtrendinFig.2(a).

Fig.2(b)showsthattheeffectivemodeareaincreasesandthenonlinearcoefficientdecreaseswhenthe
widthofthesiliconarmsisdecreased.Especially,whenthewidthofthesiliconarmsissmallerthan
250nm,theeffectivemodeareahasasharpincreaseowingtomorepowerpenetratesintothesubstrate,
whichcanbeaffirmedbyFig.2(a)and(c).Bothalowpowerportioninthesiliconarmsandalarge
effectivemodearealeadtoalow nonlinearity.Itcan beseenthe minimalnonlinearcoefficient
(6.5W-1·m-1)isachievedwhentheeffectiverefractiveindexapproaches1.444,i.e.,thecut-offofthe
mode.Forefficientmodeguiding,theeffectiverefractiveindexshouldbelargerthantherefractiveindexof
silicatoreducetheleakagelossthroughthesubstrate.ThegreyregionsinFig.2(a)and(b)denotethe
situationthattheeffectiveindexisunder1.444.Inthefollowingdiscussion,thedatafortheslotwaveguide
withaneffectiveindexbelow1.444havebeenneglected.
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Fig.2 Thepowerdistributions,effectivemodearea,nonlinearcoefficientandmodeprofilesasafunctionofWSi

2.2 Effectsofslotwidth
Besidesthewidthofthesiliconarms,theslotwidthalsohasimpactontheopticalnonlinearityandthe

powerconfinementoftheslotwaveguide.Fig.3showstheeffectoftheslotwidthonthepower
confinementoftheslotwaveguide.Whentheslotisnarroweddown,theeffectiveindexoftheslot
waveguideisincreased.Thusthewholewaveguidecanconfinetheopticalfieldbetter.Especiallyforthe
slotregion,theopticalfieldisstrengthenedwhentheslotwidthisdecreased,whichcanbeconfirmedfrom
themodeprofilesfortheslotwidthsof50nm,100nmand150nmdisplayedinFig.3(a)~(c),
respectively.

Fig.3 Dependencesofthemodeprofiles,thenormalizedintensityintheslotandthepowerconfinementfactoronWslot

  Fig.3(d)showstheimpactoftheslotwidthonthenormalizedintensityintheslot,definedasIslot=
Pslot/(Wslot×t),wherePslotisthenormalizedopticalpowerintheslot(thepowerconfinementfactor),
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Wslotandtarerespectivelythewidthandthethicknessoftheslot.Itcanbenotedthatthenormalized
intensityintheslotincreaseswhentheslotisnarroweddown.Taketheslotwidthsof50nmand100nm
forexample.Themaximalnormalizedintensityintheslotfortheslotwidthof50nmis18μm-2,whichis
twicelargerthan7.7μm-2fortheslotwidthof100nm.Meanwhiletheareafortheslotwidthof100nmis
twicetheareafortheslotwidthof50nmforthesamethicknessoftheslot.Sothemaximalnormalized
powerconfinedinthe50nm-slotislargerthanthatof100nm-slot.Themaximalnormalizedpower
confinedintheslotcanbeimprovedbynarrowingtheslot,whichisconsistentwiththevariationtrendin
Fig.3(e).Whenthewidthoftheslotisdecreasedfrom150nmto50nm,thepowerconfinedintheslot
keepsraisingforthefixedwidthofthesiliconarms.Themaximalpowerconfinementfactorisimproved
from14% (Wslot=150nm)to22% (Wslot=50nm).

Fig.4 VariationsoftheeffectivemodeareaandnonlinearcoefficientwithWslot

  ItcanbeseenfromFig.4(a),theeffectivemodeareasarealmostthesameforeachwidthofslotwhen
thefixedwidthofthesiliconarmsislargerthan340nm.Itisbecausethemodeismainlyconcentratedin
thewidesiliconarmsnow.However,theeffectivemodeareadecreaseswiththedecreasingoftheslot
widthforafixedwidthofthesiliconarmssmallerthan340nm.Thedecreaseoftheeffectivemodearea
resultsfromthestrongerconfinementoflightinthenarrowerslot.AccordingtoEq.(1),asmalleffective
modeareagivesrisetoahighnonlinearity.Forthefixednarrowsiliconarms,thenonlinearcoefficientofa
wideslotwaveguideislowerthanthatofanarrowslotwaveguide.WecanclearlyseefromFig.4(b)that
theminimalnonlinearcoefficientsfordifferentslotwidthsarealmostthesameandachievednearthecut-
offconditions.Inaddition,thecorrespondingnonlinearcoefficientsforthemaximalpowerconfinement
factorsfortheslotwaveguideswithdifferentwidthsofslotareallabove20W-1·m-1.
2.3 Effectsofthickness

Asiswellknown,thequasi-TEmode,whichhasadiscontinuityoftheelectricfieldperpendicularto
theinterfacesofthesiliconarmsandtheairslot,istightlyconfinedintheslot.Andtheslotisenclosedby
thetwosiliconarms.Sowebelievethatthickersiliconarmswillprovideanextraenhancementofpower
constraintintheslotregion.

Thethicknessofthesiliconarmsvaryingfrom300nmto600nmisconsideredhereandthewidthof
theslotisfixedat100nm.Fortheconvenienceofcomparison,thesituationofthewaveguideswith
220nm-thickarmsisalsoincluded.Fig.5displaysthevariationofthenormalizedintensityintheslotwith
thethickness.Itisclearlythatthemaximalnormalizedintensitiesintheslotfordifferentthicknessesare
allintherangefrom7.5μm-2to8.5μm-2.ThemodeprofilesintheinsetoftheFig.5alsoshowthe
thicknesshaslittleimpactonthenormalizedamplitudeoftheopticalfieldintheslot.Althoughthe
maximalnormalizedintensitiesintheslotfordifferentthicknessesofthesiliconarmsarealmostthesame,
themaximalnormalizedpower(Pslot=Islot×Wslot×t)stillcanbeimprovedthroughtheincreaseofthe
thickness.AsisshowninFig.6(a),itisobviousthatthepowerconfinementfactorhasbeengreatly
improvedwiththeincreaseofthesiliconlayerthickness.Themaximalpowerconfinementfactoris
increasedfrom17% (t=220nm)to45% (t=600nm).

5-2003120



光 子 学 报

Fig.5 Normalizedintensityintheslotfordifferentthicknessesofthesiliconarms

  Fig.6showstheeffectofthethicknessvariationonthepowerconfinementfactorandthenonlinear
coefficient.InthehighpowerconfinementregionwhereWSiislowerthan250nm,itisclearlythatthe
nonlinearcoefficientincreasesalongwiththethicknessasfixingthewidthsoftheslotandthesiliconarms.
ItcanalsobediscernedfromFig.6(b)thattheminimalnonlinearcoefficientsmaintainthesamelevelfor
thedifferentthicknessofthesiliconarms.Fig.6certifiesthatthethicknessofthesiliconlayerplaysa
dominantroleinimprovingthepowerconfinementfactorwhilemaintainingthelownonlinearity.

Fig.6 Dependencesofthepowerconfinementfactorandthenonlinearcoefficientont

  Inconclusion,fortheair-claddingslotwaveguideswithdifferentstructuralparameters,theminimal
nonlinearcoefficientsarealmostthesame(6.5W-1·m-1)andevenlowerthan6.77W-1·m-1ofthe
double-slotwaveguide.However,theminimalnonlinearityisachievednearthecut-offcondition,which
increasestheleakagelossthroughthesubstrate.Inaddition,fortheair-claddingslotwaveguide,the
maximalpowerconfinementfactorisobtainedunderanoptimalwidthofthesiliconarms,andthewidthof
theslotandthethicknessofthesiliconlayercanbeusedtoimprovethemaximalpowerconfinementfactor
further.However,thecorrespondingnonlinearcoefficientsforthemaximalpowerconfinementfactorsfor
theair-claddingslotwaveguideswithdifferentstructuralparametersareallabove20W-1·m-1.Therefore,
thelownonlinearityandhighpowerconfinementcannotbeobtainedsimultaneouslyfortheair-cladding
slotwaveguide.

3 Simultaneouslownonlinearityandhighconfinementinslotwaveguides
Asanalyzedandconfirmedinthesection2,thewidthofthesiliconarms,theslotwidthandthe

thicknessofthesiliconlayerallaffectthenonlinearityandthepowerconfinementoftheslotwaveguide.
Comparedwiththethicknessofthesiliconlayer,thewidthsoftheslotandthesiliconarmsareeasiertobe
adjustedinthefabrication.Inaddition,theoptimalwidthofthesiliconarmscanbefoundforeachslot
widthtorealizethemaximalpowerconfinementfactor.Sotheslotwidthisprimarilyconsideredinthe
followingdiscussion.Thethicknessusedhereissetas500nm,whichisthesameasintheprevious
work[21]forthemultiple-slotwaveguides.Foreachslotwidth,thewidthofthesiliconarmsischosen
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accordinglytoachievethemaximalpowerconfinementfactorfortheslotwaveguide.
Accordingtotheresultsinsection2.2,fortheair-claddingslotwaveguide,thewideslotcanbe

employedtoreducethenonlinearcoefficient,butitalsodecreasesthemaximalpowerconfinementfactor.
Therootcauseisthattherefractiveindexofthecladding(air)issmallerthantherefractiveindexofthe
substrate(silica),thusthemodeprofileofthewaveguideisasymmetricandtendstodiffuseintothe
substrate.Whentheslotisbroadened,theleakagetothesubstrateaggravatesandleadstothedecreaseof
thepowerconfinementintheslot.Forpurposeofobservingtheleakageexplicitly,Fig.7(a)~(c)showthe
modeprofilesinlogscalefortheair-claddingslotwaveguidewiththeslotwidthof100nm,160nmand
240nm,respectively.Itisconfirmedthatthemodeprofileofthewaveguideisasymmetricandtendsto
diffuseintothesubstrate.Inaddition,theleakagetothesubstrateisindeedmoreseriousfortheslot
waveguidewiththewiderslot.

Basedonthediscussionabove,itisbelievedthatasymmetricmodeprofilecanalleviatethepower
leakagetothesubstrate,thusthemaximalpowerconfinementfactorcanbemaintainedwhentheslotis
broadened.Themodeprofilesofthesilica-claddingslotwaveguidewiththeslotwidthof100nm,160nm
and240nmaregiveninFig.7(d)~(f),respectively.Asexpected,themodeprofileissymmetricandthe
leakagetothesubstrateisalleviated.Whentheslotisbroadened,themodespreadsoutinalldirectionsof
thewaveguide,sotheleakagetothesubstrateisnotparticularlyincreasedandthemaximalpower
confinementintheslotwouldbemaintained.Therefore,thewideslotcanbeemployedtoreducethe
nonlinearcoefficientwithoutdecreasingthemaximalpowerconfinementintheslot.

Fig.7 Modeprofilesinlogscalefortheair-claddingandthesilica-claddingslotwaveguides

  TheeffectoftheslotwidthonthenormalizedintensityintheslotisprovidedinFig.8(a).The
maximalnormalizedintensitydecreasesalongwiththeincreaseoftheslotwidth.Taketheslotwidthsof
100nmand200nmforexample.Themaximalnormalizedintensityintheslotfortheslotwidthof100nm
is8.5μm-2,whichistwice4.25μm-2fortheslotwidthof200nm.Whenconsideringthattheareaforthe
slotwidthof200nmistwicetheareafortheslotwidthof100nm,themaximalnormalizedpower
confinedintheslotisnearlyunchangedfordifferentslotwidths,whichcanbeseenfromFig.8(b).

Next,theeffectoftheslotwidthonthenonlinearcoefficientisdiscussed.Whentheslotisbroadened,
theareaofthesiliconarmsisnotaffected,butthenormalizedintensityinthesiliconarmsdecreasesas
showninFig.8(a).Sothenormalizedpowerconfinedinthesiliconarmsdecreases.Meanwhile,the
broadenslotbringstheincreaseoftheeffectivemodeareaasshowninFig.7.Thedecreaseofthepowerin
thesiliconarmsandtheincreaseoftheeffectivemodearearesultinthedecreaseofthenonlinear
coefficient.ThenonlinearcoefficientdecreaseswiththebroadeningslotasshowninFig.8(b).

Tillnow,theinfluenceofthesilicacladdinghasbeenrevealed.Asexpected,thesilica-claddingslot
7-2003120
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waveguidehasasymmetricmodeprofileandtheleakagetothesubstrateisalleviated.Itisprovedthatthe
slotwidthhaslittleimpactonthemaximalpowerconfinementfactorandcanbeutilizedtoreducethe
nonlinearcoefficient.Therefore,thesimultaneouslownonlinearityandhighpowerconfinementcanbe
achievedinthesilica-claddingslotwaveguide.

Fig.8 Effectoftheslotwidthonthenormalizedintensity,thepowerconfinementfactorand
thenonlinearcoefficientofthesilica-claddingslotwaveguide

  ThecolouredpointsinFig.8(b)denotethecorrespondingnonlinearcoefficientofthemaximalpower
confinementfactorsfordifferentWslot.Throughbroadeningtheslot,wecanreducethecorresponding
nonlinearcoefficientforthemaximalpowerconfinementfactortothelevelsofthenonlinearcoefficientsfor
thedouble-slotandtriple-slotwaveguides[21],whicharerepresentedwiththedottedanddashedlines.For
clarity,thenonlinearcoefficientsandthepowerconfinementfactorsfordifferentslotwaveguidesare
displayedinTable1.Forthesingle-slotwaveguideinthiswork,itcanbeclearlyconcludedfromTable1
thatthenonlinearcoefficientdecreaseswiththebroadeningslotwhilethepowerconfinementfactoris
maintained.Comparedwiththesingle-slotwaveguideinRef.[21],thenonlinearcoefficientislowerand
thepowerconfinementfactorishigherinthesingle-slotwaveguideinthiswork.Furthermore,the
nonlinearcoefficientcanbelowerthanthoseinthedouble-andtriple-slotwaveguideswhenthewidthof
theslotislargerthan160nmand220nm,respectively.From whathasbeendiscussedabove,the
simultaneouslownonlinearityandhighpowerconfinementintheslotwaveguideinthisworkiscomparable
withthoseinRef.[21].Inadditiontothis,thesingle240nm-wideslotiseasytobefabricatedincontrast
withtheequallydistributed50nm-wideslotsforthemultiple-slotwaveguides.Besides,thesingle-slot
waveguideinthisworkhasalargetolerancetothefabricationerror.Forthewidthoftheslotfrom100nm
to240nm,wecanalwaysachievesimultaneouslownonlinearityandhighpowerconfinement.Lastly,the
silica-claddingwouldreducethescatteringlossbysmoothingthesidewallroughness[25,26] whilethe
multipleslotswouldbringaboutlargescatteringlossonaccountofadditionalsidewalls.

Table1 Performancesofthenonlinearityandthepowerconfinementfordifferentslotwaveguides

Structure
Parameters Performances

Cladding Wslot/nm t/nm γ/(W-1·m-1) Γ
Ref.

Single-slotwaveguide Silica

100
120
140
160
180
200
220
240

500

11.28 43%
9.21 43%
7.73 43%
6.63 43%
5.78 43%
5.10 43%
4.57 42%
4.12 42%

Inthiswork

Single-slotwaveguide
Double-slotwaveguide
Triple-slotwaveguide

Air
100
50/50
50/50/50

500
16.11 40%* [21]
6.77 48%* [21]
4.66 — [21]

* Thesedataarecalculatedbasedontheinformationderivedfrom Ref.[21].Andthemissingvalueforthetriple-slot
waveguideisduetothelackofstructuralparameters.
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4 Conclusion
Asawhole,thesingle-slotwaveguidecanachievesimultaneouslownonlinearityandhighpower

confinementwhichareevencomparablewiththoseofthemultiple-slotwaveguides.Wehavestudiedthe
effectsofthegeometryandthecladdingconditiononthenonlinearityandthepowerconfinementofthe
single-slotwaveguide.Fortheair-claddingslotwaveguidewithdifferentstructuralparameters,the
minimalnonlinearcoefficientisachievednearthecut-offconditionandalmostthesame.Themaximal
powerconfinementfactorcanbeimprovedbynarrowingtheslotorthickeningthesiliconlayer.However,

thelownonlinearityandhighpowerconfinementcannotbeobtainedsimultaneouslyfortheair-cladding
slotwaveguide.Bycoveringthesingle-slotwaveguidewithsilica,asymmetricmodeprofileisachievedand
thepowerleakagetothesubstrateisalleviated,thusthewideslotcanbeutilizedtoreducethenonlinear
coefficientwithoutdecreasingthemaximalpowerconfinementfactor.Simultaneouslownonlinearityand
highpowerconfinementisachievedinthesilica-claddingslotwaveguide.

Theperformedstudyinthispapershowsthattailoringthegeometryandthecladdingconditionallows
optimizingandrealizingaslotwaveguidewithbothlownonlinearityandstrongpowerconstraintatthe
sametime.Especially,thenonlinearcoefficientcanbelowerthanthereportedvaluesofmultiple-slot
waveguides,andthefabricationdifficultyandextrasidewallscatteringlossofthemultiple-slotwaveguides
canbeavoidedaswell.Insteadofintroducingadditionalslotsintothesingle-slotwaveguide,workinthis
paperprovidesanothereffectivewaytoreducethenonlinearcoefficientandimprovethepowerconfinement
factorinslotwaveguidessimultaneously,whichwouldprovideguidanceforthedesignoflinearintegrated
opticalcircuitsanddevicesutilizingslotwaveguides.Theslotwaveguidewithbothlownonlinearityand
strongpowerconfinementwouldbebeneficialtomanyapplications,suchasopticalsensingandfiltering.
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