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Abstract　AnovellongＧrangedielectricＧloadedsurfaceplasmonpolaritonwaveguide LRＧDLSPPW structurebased
onthegoldenratioisproposed敭Transmissioncharacteristics likethenormalizedelectricfielddistribution mode
effectiveindex attenuationconstant propagationdistance modewidth figureofmerit FOM  andcoupling
lengthofthiskindofwaveguide havebeenanalyzedandnumericallycalculatedviathefiniteelementmethodatthe
telecomwavelengthofλ０＝１敭５５μm敭TheresultsshowthattheLRＧDLSPPWbasedonthegoldenratiohasalonger
propagationdistanceof１敭３６mmandasmallermodewidthof１敭３５μmcomparedtononＧgoldenratiowaveguides敭
WhentheheightＧwidthratioofthedielectricridgeisatthegoldenratiowithafixedareaof０敭９μm２ itsFOMhas
amaximumvaluelargerthan６敭１５×１０５敭Inaddition thecrosstalkcanbeignoredwhenthedistancebetweentwo
adjacentwaveguidesexceeds３μm敭Consequently thedesignedwaveguidehassignificantpotentialforapplications
indesignofhighdensityintegratedoptoelectroniccircuits敭
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基于黄金分割比的长程介质加载表面等离子
激元波导传输特性研究
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摘要　提出了一种基于黄金分割比的新型长程介质加载表面等离子激元波导(LRＧDLSPPW)结构,在通信波长

λ０＝１．５５μm情形下,运用有限元法对这种波导基模的归一化电场分布、模式有效折射率、衰减常数、传播长度、模
式宽度、品质因数和耦合长度等传输特性参数进行了仿真分析计算.结果表明,与不具有黄金分割比的类似波导

相比,基于黄金分割比的LRＧDLSPPW具有较长的传播长度１．３６mm和较小的模式宽度１．３５μm;另一方面,当介

质脊面积保持为０．９μm２ 不变且介质脊高宽比值取为黄金分割比时,其品质因数会出现一个超过６．１５×１０５ 的最

大值.此外,当相邻波导之间的间隔超过３μm时,相邻波导间的串扰可被忽略.显然,这种基于黄金分割比的新

型波导结构能够很好地应用于高密度光子集成回路的设计中.
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１　Introduction
　Overthepastdecadeorso plasmonicpolaritonwaveguideshavegainedextensiveattentionduetotheirabilityto
confineelectromagneticmodesonthesubＧwavelengthscale敭Hence theyprovidethepossibilitytofabricatehigh
densityintegratedphotoniccircuits １ 敭Surfaceplasmonpolaritons SPPs areelectromagneticwaves EMs 
propagatingattheinterfacebetweenadielectricandametalconductorthatcanconfinetheEMsatthesubＧ
wavelengthscalebeyondthediffractionlimit ２Ｇ４ 敭TheelectromagneticfieldsofSPPsrevealamaximumvalueatthe
metalＧdielectricinterfacethatdecaysexponentiallyawayfromit thusexhibitingastrongintrinsicconfinementin
thedirectionperpendiculartotheinterface ２ 敭BecauseoftheSPPfieldconfinementproperties agreatvarietyof
plasmonicwaveguidesbasedonSPPshavebeeninvestigatedandvalidatedoverthepastseveralyears敭These
plasmonicwaveguidesincludemetallicstripes ５  metallicnanowires ６  channelSPPwaveguides ７  dielectricＧ
loadedSPPwaveguides DLSPPWs whichplaceathindielectricridgeonthesurfaceofthemetal ８Ｇ１１  longＧrange
dielectricＧloadedSPPwaveguides LRＧDLSPPWs whichinsertathinmetallicstripeintothedielectricridge １２Ｇ１３ 

andsoon敭Severalplasmonicdeviceshavebeendesignedandmanufacturedbasedonthesewaveguides １４Ｇ１７ 敭
However forthesewaveguides thereisacommonobstacle i敭e敭thetradeＧoffbetweenthepropagationdistance
andthefieldconfinement敭Forexample DLSPPWshaveabetterfieldconfinement butthepropagationdistanceis
relativelyshort ９ １８ 敭Inordertoovercomethisproblem LRＧDLSPPWshavebeeninvestigated １０ １９Ｇ２０  whichcan
notonlyensureconsiderablepropagationdistance butalsohaveawavelengthscalemodeconfinement敭Therefore 
theycanbetterbalancebetweenthesubＧwavelengthconstraintandthetransmissionlossrelatedtothemetal敭
Furthermore thistypeofwaveguideprovidesanadditionalopportunitytocontrolplasmonicsignalsbymodifying
thepropertiesofthedielectricformingtheguide ２１Ｇ２２ 敭Currently LRＧDLSPPWsaremadeoflowindexdielectric
polymers ２３ 敭Lately inordertointegratethephotonloopintotheelectronicchip theDLSPPWtechnologyis
introducedintotheCMOSlogiccircuit敭Thehighrefractiveindexofthematerialsusedtomanufacturethe
DLSPPWsshouldbematchedwiththemanufacturingprocessoftheelectricchip敭Hence silicon asahigh
refractiveindexmaterial hasbeenmainlyused ２４ 敭Recently theLRＧDLSPPWtechnologyhasbeenappliedtothe
designoftheCMOSlogiccircuit thusanLRＧDLSPPWwithahighrefractiveindexthatcanbematchedwiththe
CMOSlogiccircuithasbeenproposedandinvestigated ２５ 敭
　InordertofurtheroptimizethetradeＧoffbetweenthepropagationdistanceandthemodewidthoftheLRＧ
DLSPPWthatcanbematchedwiththeCMOSlogiccircuit anovelLRＧDLSPPWstructurebasedonthegolden
ratioisproposed敭Theresearchonthefundamentalmodetransmissioncharacteristicsofthewaveguideiscarried
outatthetelecom wavelengthofλ０＝ １敭５５μm andthecharacteristicsincludethenormalizedelectricfield
distributionofthefundamentalmode modeeffectiveindex propagationdistance modewidth figureofmerit
 FOM  andcouplinglength ２６ 敭WhencomparedwithtraditionalLRＧDLSPPWsthatcanbematchedwiththe
CMOSlogiccircuit thiswaveguidedoesabetterconfinethefieldinthedielectricridge butalsohasalonger
propagationdistanceandhigherFOM敭Therefore thiskindofwaveguidecanofferahighervalueforpractical
applicationstofabricateplasmonicdevices敭Allsimulationsareperformedbyusingrigorousnumericalschemes
basedonthefiniteelementmethod FEM 敭ThebasicideaoftheFEMistodividethecomputationaldomaininto
manyfinitetriangleareasthroughtheweightedresidualquantitymethodandvariationprinciple敭Intheprocessof
solving weselectesomenodesineachgridasinterpolationpoints andthenrewritethevariablesofthedifferential
equationsintolinearexpressionsthatarecomposedoftheinterpolationfunctionsandthevariables′derivatives敭
Finally wesolvethedifferentialequationsusingtheweightedresidualquantitymethodandvariationprinciple敭For
thedesignedwaveguideinthispaper weselected forboundaryconditions aperfectmagneticconductorfield
aroundtheoutsideandinsideiscontinuous敭Atthesametime wesetupthecommunicationwavelengthatλ０＝１敭
５５μm andthefieldtypeandsolvingmethodsarethehybridＧmodewaveandmodeanalysis respectively敭

２　Theoreticalanalysisandwaveguidestructures
　ThediagramoftheLRＧDLSPPWbasedonthegoldenratioisshowninFig敭１敭Thewaveguideiscomposedofa
thincopperfilm withthicknessh widthg andrefractiveindexn２ embeddedinagoldenrectangleridge with
thicknesst widthw areaS０ andrefractiveindexn１ whichiscomposedofsiliconnitride Si３N４ surroundedby
air withrefractiveindexn０  andtwosemiconductingdielectriclayers SiO２andSi whicharesupportedbya
２ＧμmＧthickSiO２layer withrefractiveindexn３ andasiliconsubstrate withrefractiveindexn４ 敭Furthermore 
theformedtopofSiO２isusedtothermallyoxidizetheSilayer敭ThethicknessoftheSilayerdecreaseswith
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increasingthicknessofthelayer butthereisarelativeratiobetweenthem i敭e敭１ silicon to２敭２７ SiO２  ２７ 敭If
wesettheinitialandfinalthicknessesofthesiliconlayertobet０andt１ respectively thethicknessoftheupper
SiO２layercanbesolvedbytheformulat２＝ t０－t１ ×２敭２７敭Inaddition severalfundamentalparametersareused
inthenumericalcalculationofthiswaveguideasfollows敭Forthegoldenrectangledielectricridge n１＝１敭９８ ２７  
forthecopperfilm n２＝０敭６０６＋８敭９２i g＝５００nm h＝１５nm ２７  fortheSiO２layer n３＝１敭４５ ２７  andfortheSi
layer n４＝３敭４８ ２７ 敭COMSOLMultiphysics asimulationsoftware isusedtoperformnumericalsimulationsand
thetelecomwavelengthisselectedasλ０＝１敭５５μmintheprocess敭

Fig敭１　DiagramofthecrosssectionoftheLRＧDLSPPWbasedonthegoldenratio

　InSPPwaveguides,thepropagationdistancecanbecalculatedbythefollowingformula:

LP＝
λ０

４πImneff( )
, (１)

whereIm neff istheimaginarypartoftheeffectivemodeindexneff敭Bettermodefieldconfinementcanensure
smallermodewidth andsmallermodewidthisgoodforhighdensityintegrationcomponentsintheintegrated
circuit whichfurthermorereducesthetransmissionlossofunitelements敭Themodewidthisthewidthofthepeak
atafieldvalueof１ e ２８ 敭Thecalculationofthemodewidthisusedtoclassifythefieldcolumnm andeachcolumn
getsnelectricfieldvalues敭Thenweaddtheabsolutevalueoftheelectricfieldofeachcolumn andusearray
A A＝ a１ a２   am  toexpresstheobtainedm data敭Secondly wefindthemaximumvalueofarrayA 
expressedbymax a１ a２   am  thenthedataintheoriginalarrayAisdividedbymax a１ a２   am 敭ArrayB
 B＝ b１ b２   bm  isusedtoexpresstheobtainednormalizedmdata敭Iftherearebpandbqwithavalueinthe
vicinityof１ e≈０敭６３７９inarrayB andtheirtransversecoordinatesarex１andx２ respectively themodewidth
wcanbewrittenasfollows 

w＝ x１－x２ ． (２)
　TheFOMofthewaveguidecanbedefinedbythefollowingformula[２９]:

fFOM＝L２p
λ０

Reneff( )w３
, (３)

whereRe(neff)istherealpartoftheeffectivemodeindexneff．

３　Simulationresultsanddiscussionoftransmissioncharacteristics
３．１　Normalizedelectricfielddistributionoffundamentalmodeofwaveguides
　InordertoinvestigatethetransmissioncharacteristicsoftheLRＧDLSPPWsbasedonthegoldenratio we
conductedthenumericalsimulationusingtheFEM敭Thenormalizedelectricfield normalizedwithrespecttothe
maximumvalueoftheinputelectricfield distributionofthefundamentalmodeofthewaveguideisshowninFig敭
２敭Thefieldisbetterconfinedintherectangleridge thetransmissionlossinthewaveguideisreduced andthe
propagationdistanceisimproved敭
３敭２　Influenceofdielectricridgeareaonmodeeffectiveindexandattenuationconstant
　Firstly inordertoinvestigatesomeofthebasicperformanceoftheproposednovelwaveguide wecarriedout
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Fig敭２　Normalizedelectricfielddistributionofthefundamentalmodeofthedesignedwaveguide

numericalsimulationsforthisstructureusingtheFEM method敭Thecurvesofthemodeeffectiveindexandthe
attenuationconstantversusthedielectricridgeareaaregiveninFig敭３敭Itcanbeobservedthatthetotaldielectric
ridgeareavariesfrom０敭６μm２to１敭４μm２敭Itcanbediscoveredthatthemodeeffectiveindexincreaseswith
increasingdielectricridgearea andthesmallertheheightＧwidthratioofthedielectricridgeis thelargerthemode
effectiveindexiswhentheareaofthedielectricridgeisfixed敭Thisisbecausethemodeeffectiveindexisrelatedto
thedielectriconthesurfaceofthemetal敭WhentheheightＧwidthratioofthedielectricridgedecreases the
correspondingdielectricridgewidthalsodecreases whichcausestheweakconfinementofthefield敭
　Inaddition wealsofindthattheattenuationconstantfirstdecreasesandthenincreaseswiththeareaincreaseof
thedielectricridge敭Hence foreachofthecurvesoftheheightＧwidthratio thereisaminimumvalue andforeach
ofthecurves thecorrespondingareaisdifferentforeveryminimumvaluepoint敭Moreover thefieldattenuationis
thesmallestintheareadistribution敭

Fig敭３　Curvesofthemodeeffectiveindexandtheattenuationconstantversus
theareadistributionofthedielectricridge

３敭３　Influenceofdielectricridgeareaonpropagationdistance modewidth andFOM
　AccordingtoFig敭３ wecancalculatethepropagationdistance modewidth andFOMofthewaveguideatthe
telecomwavelengthofλ０＝１敭５５μm andthesecurvesversustheareadistributionofthedielectricridgeareshown
inFig敭４敭
　Fig敭４ a isthecurveforthepropagationdistance敭Fromthecurves wecanseethat whenotherparameters
arekeptconstant thepropagationdistanceinitiallyincreaseswiththeincreaseoftheareaofthedielectricridge 
butwhenthedielectricridgeareareachesacertainthreshold thepropagationdistancerapidlydecreasesandfor
eachofthecurves thedielectricridgeareacorrespondingtothemaximumpointofthepropagationdistanceis
different敭ThedielectricridgeareathresholdshiftsrightalongwiththedecreaseoftheheightＧwidthratio敭Thisis
becauseofthelossoftheplasmonicwavesinthepropagation whichisrelatedtometalabsorptionloss敭Thelarger
theheightＧwidthratioofthedielectricridgeis thefastertheattenuationincreases敭Thelargerattenuationconstant
correspondstoasmallerpropagationdistance whichisconsistentoftheattenuationconstantcurveinFig敭３敭
　Fig敭４ b isthecurveofthemodewidthversusthedielectricridgearea敭Wecanobservethatthemodewidth
increaseswiththeincreaseofthedielectricridgeareaforeachofthecurvesoftheheightＧwidthratioofthedielectric
ridge andforafixeddielectricridgearea thesmallertheheightＧwidthratioofthedielectricridgeis thelargerthe
modewidthis敭Thisisbecauseoftheincreaseofthedielectricridgewidth敭Thedielectricridgeforthefieldis
weaklyconfinedwhenthedielectricridgeareaconstantiskeptconstantandtheheightＧwidthratioofthedielectric
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Fig敭４　Variationrelationshipbetweenareadistributionofthedielectricridge
and a propagationdistance  b modewidth  c FOM

ridgeissmaller敭
　Fig敭４ c isthecurveofFOMversusdielectricridgearea敭Wecanseefromthefigurethatthetendencyfor
FOMisinitiallyincreasingandthendecreasingasthedielectricridgeareacontinuestoincrease敭Whentheridge
areais９敭０μm２ theheightＧwidthratioofthedielectricridgeis０敭６１８敭Thisdielectricridgeisagoldenrectangle 
andthemaximumvalueofFOMexceeds６敭１５×１０５敭Therefore forfurtherstudyofthetransmissionperformance
ofthefundamentalmodeoftheproposedwaveguide allsimulationsarebasedonthegoldenrectangleinwhichthe
dielectricridgeareais９敭０μm２敭
３敭４　InfluenceofheightＧwidthratioofdielectricridgeonmodeeffectiveindexandattenuationconstant
　WeinvestigatedtheinfluenceoftheheightＧwidthratioofthedielectricridgeonthemodeeffectiveindexandthe
attenuationconstantwhenotherparameterswerekeptconstant敭Therelevantcalculationresultsareshownin
Fig敭５敭Wecanobservefromthecurvesthatthemodeeffectiveindexincreasesinitially thendecreaseswith
increasingheightＧwidthratioofthedielectricridge andreachesamaximumvaluewhentheheightＧwidthratioof
thedielectricridgeisabout０敭３５敭Additionally theattenuationconstantinitiallydecreasesandthenincreaseswith
increasingheightＧwidthratioofthedielectricridge andaminimumvalueisobtainedwhentheheightＧwidthratioof
thedielectricridgeisabout０敭５敭Atthispoint thefieldattenuatesslowly whichisoneoftheadvantagesinthe
wavetransmission敭

Fig敭５　CurvesofthemodeeffectiveindexandtheattenuationconstantversustheheightＧwidthratioofthedielectricridge

３敭５　InfluenceofheightＧwidthratioofdielectricridgeonpropagationdistance modewidth andFOM
　InordertofurtherinvestigatethecharacteristicsofthewaveguidewithrespecttotheheightＧwidthratioofthe
dielectricridge therelationshipsbetweenpropagationdistance modewidth FOMofthewaveguideandthe
heightＧwidthratioofthedielectricridgearecalculatedandshowninFig敭６敭
　Fig敭６ a showsthecurvesofthepropagationdistanceversustheheightＧwidthratioofthedielectricridge敭We
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canseefromthecurvesthatthepropagationdistanceincreasesinitiallyandthendecreaseswithincreasingheightＧ
widthratioofthedielectricridge andreachesamaximumvaluewhentheheightＧwidthratioofthedielectricridge
isabout０敭５ correspondingtotheattenuationconstantwhichhasaminimumvalueatthispoint敭Accordingtothe
definitionofthepropagationdistance thelowertheattenuationis thelongerthetransmissionis敭

Fig敭６　Relationshipbetween a propagationdistance 
modewidth  b FOMandtheheightＧwidthratioofthedielectricridge

　ThecurvesofthemodewidthversustheheightＧwidthratioofthedielectricridgeareshowninFig敭６ a 敭We
findthatthemodewidthdecreaseswithincreasingheightＧwidthratioofthedielectricridge敭Thisisbecausethe
widthofthedielectricridgedecreaseswithincreasingheightＧwidthratioofthedielectricridgewhenthedielectric
ridgeareaiskeptconstant whichcausestheweaklyconfinedfield敭
　Inaddition Fig敭６ b showsthecurveofFOMversustheheightＧwidthratioofthedielectricridge敭Itis
observedthatFOMinitiallyincreasesandthendecreaseswithincreasingheightＧwidthratioofthedielectricridge 
andthemaximumvalueisobtainedwhentheheightＧwidthratioofthedielectricridgeisabout０敭６１８敭Takinginto
considerationthatFOMisakeyfactortoestimatetheoverallperformanceofthewaveguides whenitobtainsits
largestvalue asillustratedintheproportionrelationship thiswaveguidehasoptimalcomprehensiveperformance敭
Thispointisaveryusefulreferencevaluefordesigningandprocessingplasmonicwaveguidesandoptoelectronic
devices敭
３敭６　Relationshipamongmanyparameterstoevaluatewaveguideperformance

Fig敭７　Curvesof a propagationdistanceversustheattenuationconstant  b FOMandpropagationdistance
versusmodewidth  c threeＧdimensionalscattermapofFOMversusmodeeffectiverefractiveindexand

normalizedattenuationconstant

　Wecanseefrom Fig敭７ a thatthepropagationdistancedecreaseswithincreasingnormalizedattenuation
constant敭ThisisconsistentwiththetheoryofSPPwavepropagation i敭e敭thesmallertheattenuationis the
longerthepropagationis敭FromFig敭７ b  wecanobservethatFOMandthepropagationdistancefirstincrease
andthendecreasewiththeincreaseofthemodewidth andFOMdecreasesfasterthanthepropagationdistance敭
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ThisisbecauseFOMisproportionaltothesquareofthepropagationdistance andisinverselyproportionaltothe
cubeofthemodewidthfromthecomputationalformulaforFOM敭Additionally fromFig敭７ c  wedrawthe
threeＧdimensionalscattermapofFOMversusthemodeeffectiverefractiveindexandthenormalizedattenuation
constant inwhichwecanseetherelationshipamongthethreevariables敭FOMremainsalmoststableintherange
０敭５５≤h w≤０敭７ anditachievesthemaximumvalueatthepointofh w＝０敭６１８敭
３敭７　Couplinglength
　Inadditiontothebasiccharacteristicsofthewaveguideintheprecedingresearch thereiscrosstalkbetweentwo
adjacentwaveguidesinactualprocess敭Therefore inordertointegratethephotoncomponentsintoachip the
couplinglengthbetweentheadjacentwaveguidesneedstakingintoconsideration敭Thisisduetothefactthatthe
couplingefficiencybetweenthetwowaveguidesdependsonthespatialfielddistributionratherthanthemode
width敭Therefore thecalculationofthecouplinglengthisdefinedbythemodeeffectiveindexdifferencebetween
thesymmetricandtheasymmetricmodes ２５  

Lcoupl＝
λ０

２× N＋－N－( )
, (４)

whereN＋ andN－ arethemodeeffectiverefractiveindexesofthesymmetricandtheasymmetricmodes 
respectively敭Thecouplinglengthcalculationincludestwocases whicharewaveguide′shorizontalplacementand
verticalplacement respectively敭Becauseasubstratestructurewithdoublelayersofsiliconandsilicaisused the
waveguideisasymmetricintheverticaldirection敭Hence thecouplinglengthcalculationoftheproposedwaveguide
usesthewaveguide′shorizontalplacement １８ 敭ThecurveofthecouplinglengthversustheseparationdistanceS
betweentwoadjacentwaveguidesisshowninFig敭８敭Thecalculatedresultsindicatethatwhenthedistanceofthe
twoadjacentwaveguidesismorethan３μm thecouplinglengthisover５timesofthepropagationdistance敭The
crosstalkcanbeignored whenthecouplinglengthislargerthan５timesofthepropagationdistance ２４ 敭
Consequently theproposedwaveguideshaveamuchbetterisolationdistance敭

Fig敭８　CurvesofthecouplinglengthoftwoadjacentwaveguidesversusthecenterＧtoＧcenterseparationdistanceS

４　Conclusion
　AnovelLRＧDLSPPWbasedonthegoldenratioisproposed andthenumericalsimulationsareconductedatthe
telecomwavelengthλ０＝１敭５５μmbyusingtheFEM敭Theresultsindicatethatthisstructuredoesnotonlyconfine
themodefieldinthegoldenrectangleridge butalsohasbettertransmissioncharacteristics敭Whenthedielectric
ridgeisthegoldenrectangle meaningthattheheightＧwidthratioofthedielectricridgeisthegoldenratio and
whenthedielectricridgeareais０敭９μm２ thiswaveguidehasarelativelylongerpropagationdistanceLp＝１敭３６mm
andarelativelysmallermodewidthof１敭３５μm敭Inthissituation thewaveguidealsohasamaximumvaluefor
FOMthatexceeds６敭１５×１０５敭DuetothefactthatFOMisakeyfactortoestimatetheoverallwaveguide
performance thiskindofwaveguidehasbettertransmissioncharacteristicswhencomparedwiththedielectricridge
ofothershapes敭Finally thecouplinglengthofthetwoadjacentwaveguidesisalsocalculatedanditindicatesthat
thecrosstalkbetweenthetwowaveguidescanbeavoidedwhenthedistanceofthetwoadjacentwaveguidesislarger
than３μm敭Consequently theproposedLRＧDLSPPWbasedonthegoldenratiodoesnotonlyhaverelativelybetter
transmissioncharacteristics butalsohassignificantpotentialforapplicationtothedesignoftheplasmonic
waveguidecomponentsandhighdensityintegratedoptoelectroniccircuits敭
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