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摘 要:理论提出并研究了一种基于矩形腔的窄带金属-介质-金属波导滤波器.建立滤波器内电场的传

递矩阵模型,研究了矩形微腔与直通波导间耦合特性对器件滤波特性的影响.同时,研究了耦合长度、矩

形微腔腔长、传输损耗等因素对滤波带宽的影响.研究结果表明,对于不同的矩形微腔腔长,存在一个可

使器件滤波带宽达到最窄的耦合系数.此外,当微腔腔长越长且传输损耗越小时,滤波带宽也将越窄.该
研究为表面等离子体波导的研究与设计提供了一定的参考.
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Abstract:Anarrow-bandMetal-Insulator-Metal(MIM)waveguidefilterbasedonarectangularcavityis
proposedandinvestigatedintheory.Theinfluencesofthecouplingcharacteristicsbetweenthe
microcavityandthewaveguideonthefilteringcharacteristics,whichhavenotbeenclearlydemonstrated
before,arestudiedbyestablishingatransfermatrixtheoreticalmodelforthetransmissionofelectric
fieldsinthefilter.Theeffectsofcouplinglength,rectangularcavitylength,andpropagationlossonthe
filteringbandwidtharealsoanalyzed.Itisfoundthatfordifferentresonancecavitylengths,thereisan
optimalcouplingcoefficientatwhichthefilteringbandwidthisthenarrowest.Inaddition,thegreaterthe
resonancecavitylengthandthelowerthecavityloss,thenarrowerthefilterbandwidth.Thesewould
providesomereferencefortheresearchanddevelopmentofsurfaceplasmonpolaritonfilters.
Keywords:Surfaceplasmonpolarition;Metal-insulator-metal;Waveguidefilter;Microcavity;Transfer
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0 Introduction
SurfacePlasmonPolaritons(SPP)areelectromagneticwavescoupledtoelectronoscillationsand

propagatingattheinterfacebetweenaninsulatorandaconductor[1].BecausethefieldsofSPPdecay
exponentiallyinbothsides,SPPcanovercometheconventionaldiffractionlimitandmanipulatelightona
subwavelengthscale.Therefore,SPPhavepromisingapplicationsinhighlyintegratedopticalcircuits[2-3].
SeveralSPPwaveguidingstructureshavebeenproposedandstudied,suchasV-groovewaveguides[4],
dielectric-loaded waveguides[5], long-range waveguides[6], and Metal-Insulator-Metal (MIM )
waveguides[7],topropagateandcontrolSPPeffectively.Amongthesestructures,MIM waveguidecan
focusthelightintotheinsulatorcoreandallowthemanipulationandpropagationoflightatthenanoscale.
Hence,MIM waveguidehasattractedtremendousinterestsofresearchersinrecentyears,andvarious
devicesbasedonSPPhavebeenproposedanddemonstratedtheoreticallyandexperimentally,suchasbeam
splitters[8],couplers[9],Mach-Zehnderinterferometers[10],andfilters[11-14].

MIM waveguidefiltersareessentialcomponentsinSPPintegratedcircuits.Kindsoffilterswith
filteringbandwidthrangingfromtenstohundredsofnanometersbasedonresonanceinterferenceeffect
have been proposed,including the T-shape structure[13],ring cavity structure[14],Fabry-Perot
structure[15],andrectanglecavitystructure[16-17].Theeffectsofcavitystructureparametersonthe
resonancepeakandextinctionratiohavebeenstudiedaswell.Sincetheeasyfabrication,the MIM
waveguidefiltersbasedonmicrocavitystructurehavebeenwell-studied.However,filteringbandwidthof
thosefiltersisgenerallywide,thatisdifficulttomeettherequirementsofnarrow-bandwidthapplication.
Moreover,infact,thefilteringcharacteristicsofmicrocavitystructurefiltersarebasedonthecoupling
betweenthemicrocavityandthewaveguide,whichshowsthatthecouplingwillaffectthefiltering
bandwidthofthefilterindeed.Unfortunately,thereisnorelevantresearchonthisaspectatpresent.

Inthisstudy,anMIMwaveguidefilterbasedonarectangularcavityisconstructed,andthefiltering
characteristicsofthistypeoffilterarestudied.First,atransfer matrixtheoreticalmodelforthe
transmissionofelectricfieldsinthefilterisestablished.Theeffectsofthecouplinglength,rectangular
cavitylength,andpropagationlossonthefilteringbandwidtharestudiedandanalyzed.Finally,the
narrow3-dBfilteringbandwidthofthefilterisobtainedbyoptimizingthecouplinglengthandthe
rectangularcavitylengthwithlosscompensationwiththeintroductionofagainmedium.Thisworkmay
providesomereferencefortheresearchanddevelopmentofSPPfilters.

1 Theoreticalmodel
Fig.1showsthestructureoftheMIM waveguideSPPfilter.ThefilterismadeofastraightMIM

waveguideandarectangularcavity-basedMIM waveguide.Thereasonforchoosingrectangularcavityas
resonancemicrocavityisthatontheonehand,itisconvenienttochangethecouplinglengthbetween
cavityandstraightwaveguidetostudytheinfluenceofcouplingeffectsonfilteringcharacteristics.Onthe
otherhand,thestructureofrectangularcavityissimpleandeasytomanufacture.Thewidth(d)ofboth

Fig.1 StructureoftheMIMwaveguidefilter
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thewaveguidesis50nm.Themetalusedinthewaveguidesissilver,andtheintermediateinsulatorlayeris
poly(methylmethacrylate)(PMMA).TherelativepermittivitiesofthesilverandPMMAareεmandεd=
2.25,respectively.εmcanbeobtainedfromtheDrudemodel[17]

εm(ω)=ε¥-ω2
p/(ω2+iωγ) (1)

Here,ε¥=3.7istheinterbandtransitioncontribution,ωistheangularfrequency,ωp=1.38×1016Hzis
theplasmonoscillationfrequencyofthefreeelectronsinthemetal,andγ=2.7×1013 Hzisthedamped
oscillationfrequency.Wandhdenotetheoutsidewidthandheightoftherectangularcavity,respectively.
Thedistance(t)betweentherectangularcavityandthewaveguideis10nm.Toreducethepropagation
lossoftheSPPintherectangularcavityandimprovetheQvalueofthecavity,weusedarectangular
cavitywithasmoothbendstructureontheouterportion[18].Theradius(r)ofthearcis50nm.Whenthe
initialSPP(theelectricfieldisEin)areincidentatPort1ofthestraightwaveguide,aportionoftheenergy
isdirectlyoutputtedfromPort2(theelectricfieldisEout),andtheremainingportion(theelectricfieldis
E2)istransmittedcounterclockwiseafterbeingcoupledtotherectangularcavityviathecouplingregion
withalengthofW.AfterbeingtransmittedforalengthofL1=[(W-d)+(h-d)]×2,theSPP(the
electricfieldisE1)intherectangularcavityinterferewiththeincidentSPPthroughthecouplingregion.
Accordingtotheprincipleofthetransfermatrixtheory[19],atheoreticalmodelforthetransmissionof
electricfieldsintheMIMwaveguidefiltercanbebuilt.TheelectricfieldEoutcanbeexpressedasfollows
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whereκisthecouplingcoefficientofthecouplingregion,andτisthetransmissioncoefficient.κ+τ<1
becauseoftheexistenceoflossinthecouplingregion.AccordingtotheMaxwellequations,E1andE2

shouldsatisfythefollowingrelationship
E1=E2exp -iβL1( ) (3)

Here,βisthepropagationconstantoftheSPPmodeintheMIMwaveguide.AccordingtoEq(2)and(3),
thetransmittanceofthefiltercanbeexpressedasfollows
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Thepropagationconstantβcanbecalculatedfromthedispersionrelationship
[13]
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wherekd= β2-εdk20andkm= β2-εmk20arethelongitudinalpropagationconstantsofthedielectricand
metal,respectively.k0=2π/λisthepropagationconstantinvacuum,andλisthewavelength.Eqs(2)~
(5)arethemodelsforthepropagationofelectricfieldsintheMIMwaveguidefilter.Theyshowthatthe
transmissivityisrelatedtothetransmissionlength,couplingsplittingratio,loss,andpropagation
constant.Thetransmissivitypropertiesofthedevicearethenstudiedandanalyzedbyconductinga
numericalsimulation.

2 Resultsanddiscussions
WefirstcalculatedthepropagationconstantoftheSPPmodeintheMIMwaveguide.Withoutlossof

generality,weassumethatthewavelengthis1550nmandthatthewaveguidesupportsonlyoneSPP
modewithapropagationconstantβ=(8.26×106+2.5×104i)m-1,whichiscalculatedusingEq(5).We
conductedanumericalsimulationandanalysiscombined withafiniteelement method (FEM)to
investigatethepropertiesofthecouplingregion[9].Fig.2(a)showsthevariationinthecouplingcoefficient
κandtransmissioncoefficientτwiththecouplinglengthW.τtendstodecreasefirstandthenincrease
periodicallywiththeincreaseinW.However,thetrendistheoppositeforκ.Moreover,κ+τ<1,andthe
sumvaluekeepsdecreasingwiththeincreaseinthecouplinglength,indicatinganincreaseintheloss.On
thisbasis,westudiedtheinfluencesoftheheighth oftherectangularcavity onthefiltering
characteristics.ForW=300nm,Fig.2(b)showsthetrendinthefiltertransmissivityfordifferentheighth
oftherectangularcavitysimulatedusingtheestablishedtheoreticalmodel;theresultssimulatedusingthe

3-1003220



光 子 学 报

FEMarealsoincluded.

Fig.2 Characteristicsofthefiltervaryingwiththeh

Thefigureshowsthatwiththeincreaseinhfrom100to1000nm,threefilteringdroppeaksare
observedath=190,570,and950nm,andthecorrespondingtransmissivityvaluesare0.23,0.18,and
0.12,respectively.Thisindicatesthat1550nmSPPachieveresonanceinthecavityatthethreeheights.
Toclearlyshowtheresonancecharacteristics,wegivethedistributionofthez-directioncomponentofthe
magneticfield(Hz)simulatedusingtheFEMforh=190,570,and950nm,asshowninFigs.2(c)~(e).
Forh=190nm,thelengthoftherectangularcavityisequaltothewavelengthoftheSPPmode,asshown
inFig.2(c),andthissatisfiestheconditionsofconstructiveinterference.Forh=570and950nm,the
transmissionlengthisincreasedby760nm,andthelengthofonewavelengthoftheSPPmodeisaddedat
thesametime(asshowninFigs.2(d)and(e)).Withthepropagationconstantβ,theSPPwavelengthλSPP

isfoundtobe760nm(2π/βR),andβRistherealpartofthepropagationconstant,whichisequaltothe
increasedtransmissionlength.Theresultsobtained usingthetwotheoretical methodsarehighly
consistent,thusdemonstratingtheaccuracyoftheproposedmodel.

Thecouplinglengthsignificantlyinfluencesthefilteringcharacteristics,particularlythefiltering
bandwidth.ThesumofhandWisfixedat870nm,whichcorrespondstoatotalpropagationlengthL1of
1540nmintherectangularcavityandensuresthelengthoftwiceSPPwavelengths(asshowninFig.2
(d)).Thevariationinthetransmissivityspectrum withthecouplinglengthWisstudied,asshownin
Fig.3.ThetransmissivityspectrumofthefilterisdifferentfordifferentW.WiththeincreaseinWfrom
200to550nm,the3dBfilteringbandwidthnarrowsfirstandthenwidens.WhenWisequalto250nm(κ
equals0.36),thetransmissivityspectrumhasthenarrowestfilteringbandwidthof40nmandanextinction
ratioof23dB(asshowninFig.3(b));whenWequals400nm(κequals0.6),althoughtheextinctionratio
isashighas36dB,thefilteringbandwidthreaches100nm (asshowninFig.3(d));whenWisgreater
than500nm,thefilteringbandwidthandextinctionratiodecreasetoaverylowlevel,andtheresonance
peakwavelengthshiftstothelongerwavelengthregion(Figs.3(e)~(f)).Thisshowsthatalthoughthe
couplingcoefficientincreasesgraduallywiththeincreaseinW,thereisanoptimalcouplinglengthatwhich
thenarrowestfilterbandwidthcanbeachieved.Thisphenomenoncouldbetheresultofthecombined
influenceofthecouplingcoefficientandloss.Inthecaseofresonance,whenthecavitylossis
approximatelyequaltothecouplingcoefficient,theelectricfieldcoupledtothewaveguideandtheincident
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electricfieldinthewaveguidecaninterfereperfectlywitheachother,andthebandwidthisthenarrowest
(Fig.3(b)).Whenthecavitylossislessthanorgreaterthanthecouplingcoefficient,thetransmittance
increasesandthefilterbandwidthwidens.

Fig.3 VariationoftransmissivityspectrumwithdifferentcouplinglengthsWwhenL1is1540nm

WestudiedthefilteringcharacteristicsofthefilterincaseswhenthepropagationlengthL1isequalto
oneandthreetimestheSPPwavelength,asshowninFigs.2(c)and2(e).ThesumsofhandW werefixed
at490and1250nm,andthepropagationlengthswere780and2300nm,respectively.Weinvestigated
thetransmissivityspectraforL1=780and2300nmfordifferentW.Theresultsshowthatfordifferent
L1,thenarrowestfilteringbandwidthisachievedwhenW =250nm,asshowninFig.4(a).ForL1=
780nm,thefilteringbandwidthis70nm,andtheextinctionratiois20dB,whereasforL1=2300nm,
thefilteringbandwidthisonly30nm,andtheextinctionratiois25dB.Therefore,thefilteringbandwidth
ofthefilterdecreasesgraduallywiththeincreaseintheresonancelengthoftherectangularcavity,andthe
couplinglengthcorrespondingtothenarrowestfilterbandwidthremainsunchanged.Fig.4(b)showsthe
distributionoftheabsolutevalueoftheelectricfield(E )inthefilterforawavelengthof1550nmwhen
thenarrowestfilteringbandwidthisachievedatresonancelengthsof780,1540,and2300nm.Thefigure
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showsthatthefilterrealizesahighextinctionratiofilteringat1550nmforthethreestructural
parameters.

Fig.4 Transmissivityspectraandelectricfieldofthefilter

Thepreviousanalysisshowedthatinadditiontothecouplingcoefficientκ,thepropagationlossofthe
SPPintherectangularcavityaffectsthefilteringbandwidthofthedevice.Tofurtherrealizeafilterwitha
narrowerfilteringbandwidth,weintroducedanopticalgainmediumtocompensateforthepropagation
loss.Leadsulfide(PbS)quantumdotswereusedasthegainmediumforthe1550nmSPP[20].Theywere
dopedintothePMMA materialattheintermediatelayeroftherectangularcavity.Assuch,thePbS
quantumdotsprovidedgainfortheSPPundertheexternalpumpinglight,thusovercomingtheproblemof
widefilteringbandwidthduetoexcessivecavityloss.Fig.4(c)showsthetransmissivityspectraofthefilter
beforeandaftertheintroductionofthePbSquantumdotsasthegainmediumwhenL1=2300nmand
W=250nm.WeassumethatthedielectricconstantofthePMMAchangesfromarealnumberεd=2.25to
acomplexnumberεd =2.25+0.01·i(theimaginarypartisεi

d =0.01)whenthegainmediumis
introduced.Thefigureshowsthatasthecavitylosscouldbepartiallycompensatedbyintroducingthegain
medium,thefilteringbandwidthbecomesnarrower,i.e.,from30to15nm.Thisindicatesthatthe
filteringbandwidthofthefilterbasedonthecavitycanbefurthernarroweddownbyintroducingagain
medium.
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3 Conclusion
ThefilteringcharacteristicsofanMIMwaveguidefilterbasedonarectangularcavityareinvestigated

inthisstudy.Atransfermatrixtheoreticalmodelforthetransmissionofelectricfieldsinthefilteris
established,andtheeffectsofthecouplinglength,rectangularcavitylength,andpropagationlossonthe
filteringbandwidthareanalyzed.Thesimulationresultsindicatethatfordifferentresonancecavity
lengths,thereisanoptimalcouplingcoefficientatwhichthefilteringbandwidthisthenarrowest.
Moreover,thegreatertheresonancecavitylengthandthelowerthecavityloss,thenarrowerthefilter
bandwidth.Foranoptimumcouplinglengthof250nmandarectangularcavitylengthof2300nm,the
3dBfilteringbandwidthoftheMIMwaveguidefilterisfoundtobe30nmatawavelengthof1550nm.
Thefilteringbandwidthcanbenarroweddownto15nmbyintroducingPbSquantumdotsasthegain
mediumintotherectangularcavitytocompensateforthepropagationloss.Thispapermayprovidesome
referencefortheresearchanddevelopmentofSPPfilters.
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