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基于半环结构的法诺共振透射特性研究
郭媛,许雪梅,尹林子,丁一鹏,董莉荣

(中南大学 物理与电子学院,长沙410083)

摘 要:基于表面等离子激元理论提出一个由金属-介质-金属波导和半环切口组成的波导结构,应用时

域有限差分法研究了该结构的透射特性.仿真结果表明:透射光谱中产生一个类似法诺共振线形的共振

谷,该法诺共振由半环切口中连续态与离散态的相互干涉所致,其共振波长可以通过改变半环切口的结

构参量进行调节,该结构灵敏度约为575nm/RIU,品质因数可达5671.添加一个矩形谐振腔于该结构

上可产生多重法诺共振,品质因数为6555,此特征能为波导结构的设计提供极大的灵活性,有望在光学

集成回路、纳米传感器方面得到比较广泛的应用.
关键词:表面等离子激元;纳米传感器;时域有限差分法;法诺共振;半环切口;波导结构
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StudyontheTransmissionCharacteristicsoftheFanoResonance
BasedontheSemi-ringStructure

GUOYuan,XUXue-mei,YINLin-zi,DINGYi-peng,DONGLi-rong
(SchoolofPhysicsandElectronics,CentralSouthUniversity,Changsha410083,China)

Abstract:BasedonthetheoryofSurfaceplasmonpolaritons,aplasmonicstructureconsistingofametal-
insulator-metalwaveguideandasemi-ringstubwasproposedtoinvestigatethetransmissionpropertiesby
thefinite-differencetime-domainmethod.Simulationresultsshowthatthereisasharpandasymmetric
Fanoprofileintransmissionspectrum,whichoriginatesfromtheinterferencebetweenadiscretestate
andacontinuousstateinthesemi-ringstub.ThetuningoftheFanoprofileisrealizedbychangingthesize
ofthesemi-ringstub,andthesensitivityandfigureofmeritofthisstructureis575nm/RIUand5671.
Moreover,multiplefanoresonancesareinducedbysettingarectangularcavityinthewaveguide,afigure
ofmeritashighas6555,whichofferflexibilityinthedesignofthestructure.Thewaveguidestructure
mayfindwidespreadapplicationsinhighlyintegratedopticalcircuits,specialfornanobio-sensor.
Keywords:Surfaceplasmonpolaritons;Nanosensor;Finite-differencetime-domain method;Fano
resonances;Semi-ringstub;Fanoresonance
OCISCodes:240.6680;230.7370;230.4555;280.4788

0 Introduction
SurfaceplasmonPolaritons (SPPs)arechargedensitywavesthatareformedbytheinteraction

betweenfreeelectronsandincidentphotonsinametalsurfaceandpropagatealongthemetal-dielectric
interface[1].SPPsareregardedasthemostpromisingwayfortherealizationofhighlyintegratedoptical
circuits,duetotheircapabilitytoovercometheclassicalopticaldiffractionlimitandmanipulatelight
transmissionperformanceinthenanoscaledomain[2],whichprovidespossibilitytorealizenanoscaleoptical
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deviceswithextraordinarypropertyandcompactintegrationinfuture[3].Hence,photonicdevicesbasedon
SPPshaveextensiveapplicationsinsuper-resolutionimaging[4],non-linearoptics[5],subwavelength
opticalintegration[6],andbiochemicalsensors[7].

Inrecent,theFanoresonancesinnano-plasmonicstructurearousedmoreattentionsforthereasonthat
SPPscanbreakthoughthediffractionlimitoflight[2].Fanoresonanceusuallytakesplacebetweena
discretestateandacontinuousstate,possessingatypicalsharpandasymmetriclineprofile[8].Thedevices
basedontheFanoresonanceoriginatingfromawaveguidestructuremayobtainvariousoptimalproperties
suchashighsensitivity,stronghigh-QandgreataFigureOfMerit(FOM).Duetothesedistinctivetraits,
ithasbeenwidelystudiedinnumerousphysicssystemsincludingsensors[9],switches[10],wavelength
demultiplexing[11],rings[12],photoniccrystal[13],planaroligomers[14]andMetal-Insulator-Metal(MIM)
waveguides[15].BecausetheMIMwaveguide’suniquefeaturessupportanacceptablepropagationlengthfor
SPPsandconfinelightatadeepsubwavelengthscale[16-17],theFanoresonancesarebroadresearchedby
usingtheMIMwaveguides.Inordertowelltailorthelighttransmissionspectra,itisextremelysignificant
tofabricateaprecisetuningFanoresonance.Uptonow,differenttypesofplasmonicstructureshavebeen
discussedtheoreticallyandexperimentally,suchasplasmonicnanoclusters[18],asymmetricT-shapesingle
slits[19],andanasymmetricstubpairinMIM waveguides[20].Theseresearchfindingscannotonlylead
peopletounderstandtheFanoresonancemoreprofoundly,butalsoprovidesafeasiblesolutionforthe
implementationofhighsensitivitysensor.

Inthispaper,anovelsymmetricplasmonicstructurewhichconsistsofanMIMwaveguideandasemi-
ringstubisproposedandinvestigatedbyusingtheFinite-DifferenceTime-Domain(FDTD)method.Itis
foundthattheFanoresonanceisgeneratedbytheinterferencebetweenadiscretestateandacontinuous
stateinthesemi-ringstub.Furthermore,theFanoresonanceasymmetricalprofileandthewavelengthat
thediprelyonthegeometricparametersofthesemi-ringstub,andthenanostructureisexpectedtowork
asanexcellentplasmonicsensorwithahighsensitivityofabout575nm/RIUandanFOMofabout5671.In
addition,multipleFanoresonancesareachievedbyplacingarectangularcavityabovethesemi-ringstub
horizontally.ThisnewFanoformationmechanism,basedonthedifferentstates,canbeusedinenhanced
bio-chemicalsensorsandhighlyintegratedcircuits.

1 Structureandsimulation
  TheMIM waveguidestructureisshownin
Fig.1,wheretheblueandwhiteareaspresents
metalanddielectric,respectively.Itismadeupof
asemi-ringstubinaMIMbuswaveguide,andthe
semi-ringstubsymmetricallylocatesataMIMbus
waveguide.Themainstructuralparametersarethe
width(h)ofthewaveguide,theouterradius(R)
andinnerradius(r)ofthesemi-ringstub.The
widthofthewaveguidefixedtobeh=50nm
throughoutthefulltext.Thetwopowermonitors
areusedatthepointsPinandPoutofthewaveguide

Fig.1 Schemediagramoftheplasmonicnano-sensor-based
MIMwaveguides

todetecttheincidentpowerandthetransmittedpower,respectively.Thetransmissionoftheproposed
structuresiscalculated by[21] T = Pout/Pin,andthetransmission characteristicsareinvestigated
numericallyandtheoreticallybyusingtheFDTDmethod.WeperformtheFDTDsimulationwithboundary
conditions(PML),dimensional(2D),meshsteps(dx=dy=5nm)andtimestep(dt=dx/2c,cisthe
velocityoflightinvacuum).

TheguidedmodesinsidetheMIM waveguidesaresignificantlyaffectedbytheeffectiverefractive
indexneff,whichcanbeobtainedfromthedispersionequation[22]

εm neff
2-εdtanh(

hπ neff
2-εd

λ
)+εd neff

2-εm=0 (1)

wherehisthewidthofthewaveguide,εmandεdarethedielectricconstantsofmetalanddielectric,
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respectively.εmisapproximatelydescribedbytheDrudemodel,whichisdefinedas[23]εm=ε¥-ωp
2/(ω2+

iωγ),whereε∞isthedielectricconstantattheinfinitefrequency,ωpisbulkplasmafrequency,ωisthe
angularfrequencyofincidentlight,andγistheelectroncollisionfrequency.Theparametersareε∞=3.7,
ωp=9.1eV,γ=0.018eV.BasedontheCoupled ModeTheory (CMT),Φisdefinedasthephase
differencebetweenthereflectedSPPsandthetransmittedSPPs,whichisdescribedas[24]ΔΦ=4πneffleff/λm

+φ,whereφisthephaseshiftcausedbythereflectionofSPPsonthemetal-dielectricinterface,λmisthe
resonancewavelength,andleffistheeffectivelengthofSPPsinplasmonicstructure.leffcanbeobtainedby
thefollowingexpression:

leff=π(R+r)/2 (2)
WhenresonanceconditionissatisfiedΔΦ=2m·π(misapositiveintegerandcorrespondstothe

orderofresonancemode).ThewavelengthoftheFanoresonancedipwillbedeterminedbythelengthof
theslotcavities.Itcanbeexpressedas[24]:

λm=4neffleff/(2m-φ/π) (3)
Moreover,FOMasakeyfactoriswidelyusedtoevaluatetheperformanceoftheFanoresonance.The

FanoresonancedetectsratherarelativeintensitychangedI(λ)/dn(λ)atfixedwavelengthλ0,andthen
FOMisdefinedas[25]

FOM=maxdI
(λ)/dn(λ)
I(λ)

(4)

dI(λ)/dn(λ)istherelativeintensitychangeatfixedwavelengthinducedbyarefractiveindexchange
dn.I(λ0)correspondstotheintensitywhereFOMreachesamaximumvalue.

2 Resultsanddiscussions
Fig.2showsthetransmissioncharacteristicsoftheproposedstructures.ThebluecurveinFig.2(a)

representsthetransmissionspectrumofthesemi-circlestructurewithR=150nm,r=0nm,andthe
semi-ringstructurewithR=150nm,r=50nm,respectively.Itisobviouslyobservedthatasharpand
asymmetricprofileemergesinthetransmissionspectrum.Thissharpandasymmetricprofileusuallyterms
asFanoresonanceprofile[26].Besides,theFanoresonancedipat579nmandpeakat635nm,themagnetic

Fig.2 Transmissionspectraandmagneticfielddistributionswithdifferentstructure
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fielddistributionsofthesemi-circlestructureat579nmisshowninFig.2(b).Figs.2(c)~(d)showthe
magneticfielddistributionsoftheFanoresonancedipat579nmandpeakat635nm.Whentheinnerradius
ofthesemi-ringstubr=0nm,asasemi-circlestructure,mostoftheSPPsistransportedout.Whenthe
innerradiusofthesemi-ringstubr=50nm,asasemi-circlestructure,almostalloftheSPPsisconfined
inthesemi-ringstub,andnoSPPsistransportedout.Whenanincidentlightinjectsalongthex-axisinthe
waveguide,aSPPswiththetransverse-magneticmodecanbeexcitedonthemetal-dielectricinterfaceand
confinedinthewaveguide.OnepartoftheSPPspropagatealongthex-axisandpassthroughthe
waveguide,andtheotherpartoftheSPPsreflectbackandforthinthesemi-ringstub.Therefore,the
Fanoresonancewillbegeneratedbecauseoftheinterferencebetweenadiscretestateandacontinuousstate
inthesemi-ringstub.AscanbeseenfromFigs.2(c)~(d),at579nm,SPPsarealmostblockedatthe
semi-ringstub,actedasthe“off”state.Whileat635nm,SPPscanpassthroughthewaveguidetothe
outputport,servedasthe“on”state.Intheallopticalcommunicationsystem,Fanoprofileisgenerally
usedtorealizeall-opticalplasmonicswitches[27],andtheproposedstructureachievedasharpand
asymmetricFanoprofile,whichhasawideapplicationinthenano-sensingarea.
We first investigate the transmission
characteristics of thesemi-ring structure with
differentouterradius(R)whenr=50nm.By
definingR as130,140,150and160nm,we
obtainthetransmissionspectrain Fig.3.The
asymmetricalprofileofthetransmissionspectrum
presentsanobvioustransformationbyincreasing
R.Specifically,therightsideoftheresonant
valleymaintainsahightransmittanceandincreases
rapidlywiththeincreasesofR.However,the
Fanoresonancedip withoutobvious movement.
ThisphenomenoncanbeexplainedbyEq.(1)and
(2),theeffectiverefractiveindex(neff)decreases

Fig.3 Transmissionspectraofthesemi-ringstructurewith
differentR whenr=50nm

Fig.4 RelationbetweenrandthewavelengthwhenR=150nm
duetothewidthofthesemi-ringstubincreasesasRincreases,andtheeffectivelength(leff)increasesas
Rincreases.Therefore,accordingtoEq.(3),theresonancewavelengths(λm)increasesarenotvery
significant.Meanwhile,weexplorethetransmissioncharacteristicsofthesemi-ringstubwithdifferent
innerradius(r)whenR=150nm.ThetransmissionspectrawithvariousraredepictedinFig.4(a).The
Fanoresonancedipwavelengthsare524.7,550.2,578.9,and604.1nmwhentheinnerradiusofthesemi-
ringstubare40,45,50,or55nm,respectively.ItisworthwhilethattheFanoresonancedipcausesa
redshiftasrincreases.Thisphenomenacanbeexplainedthattheresonancewavelength(λm)growsbythe
risingoftheeffectiverefractiveindex(neff)andtheincreaseoftheeffectivelength(leff)withincreaseofr,
inaccordancewithEq.(1),(2)and(3).Fig.4(b)givesananalysisonthewavelengthvariationswith
respecttotheinnerradiusofthesemi-ringstub,withtheincreaseofrfrom40to55nmwithastepof5
nm.Itisfoundthatthedifferencebetweentheresonantpeaksanddipsdecreaseswiththeinnerradiusr
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increasing,whichmayattributetotheinternallossdecreaseswhenthewavelengthincreases.Accordingto
thesimulationresults,theFanoresonancewavelengthscanbeeasilymanipulatedbyadjustingtheinner
radiusofthesemi-ringstub.

Lastly,weresearchtheinfluenceofthematerialembeddedinthesemi-ringstructureontheFano
resonancewavelength.Theresonantwavelengthhasaredshiftwhenincreasingtherefractiveindexfilledin
thecavity.Figure5(a)depictsthetransmissionspectrafordifferentrefractiveindexes(n)whenR=
150nmandr=50nm,whichindicatesthatthedipwavelengthsandthepeakwavelengthsareat578.9and
635.7nm,or607.1and668.1nm,or635.7and699.9nm,or664.4and732.7nm,or693.1and764.2nm
whenn=1.00,1.05,1.10,1.15,and1.20,respectively.AscanbeseenfromFig.5(b),itisfoundthat
boththetransmittedpeakanddipwavelengthhaveanearlylinearrelationshipwiththerefractiveindex.As
aresult,onecansimplymanipulatetheFanoresonancewavelengthbyfittingthematerialwithappropriate
refractiveindexinthesemi-ringstructure.Thesensitivity(nm/RIU)isdefinedastheshiftintheresonant
wavelengthperunitchangeofrefractiveindex[25],as:Δλ/Δn,andthesensitivityoftheproposed
plasmonicnanosensorisabout575nm/RIU.Tobetterevaluatetheperformanceoftheplasmonic
nanosensor,theFOMisfurtherstudied.BasedonEq.(4),theFOM ofourdesignedplasmonic
nanosensorisabout5671bychangingtherefractiveindexfrom1.00to1.20.

Fig.5 RelationbetweennandthewavelengthwhenR=150nm,r=50nm

Fig.6 Schematicdiagram,transmissionspectrumandmagneticfielddistributionsofthemultipleFanoresonancestructure
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Furthermore,oneinterestingphenomenonisalsofoundandstudied.AsshowninFig.6(a),the
proposedFanostructureinFig.1canbeextendedtoamultipleFanoresonancesstructurebysettinga
rectangularcavityinthewaveguide,whichishorizontallyplacedaboveonthesemi-ringstub.Bydefining
thelengthL=180nmandwidthw=50nmoftherectangularcavity,andthecouplingdistanced=10nm
fromtherectangularcavitytothesemi-ringstubwithh=50nm,R=150nmandr=50nm,wecanalso
obtainthetransmissionspectruminFig.6(b).ThefirstFanoresonancedippresentsatabout600nm,
whichiscalledFR1inthefollowingarticle.ThesecondFanoresonancedippresentsatabout660nmand
iscalledFR2inthefollowingarticle.Figs.6(c)~(d)showsthemagneticfielddistributionsofthesecond
Fanoresonancedipat660nmandpeakat675nm.Obviously,afterlighttransmittingintothesemi-ring
stub,SPPswillbecoupledintotherectangularcavitywithnarrowbandspectralresponses.Sincethesemi-
ringstubstructureprovidesbroadpassband,thesecondFanoresonancewillthenbegeneratedbecauseof
theinteractionoftwomodes.

Theinfluenceofthestructureparametersonthetransmissionspectrumisstudiedindetailandthe
resultsareshowninFig.7.Figure7(a)depictsthatthepositionofFR1canbetunedbytheinnerradius
(r)ofthesemi-ringstub.AsshowninFig.7(a),withrincreasingfrom45nmto60nm,thepositionof
theFR1changesfromabout547nmtoabout627nm,andsimultaneously,almostnochangeinthe
positionofFR2(<2nm).Figure7(b)depictsthatthepositionoftheFR2canbetailoredbythelength
oftherectangularcavityL.AsshowninFig.7(b),withincreasingLfrom180nmto210nm,theposition
oftheFR2changesfrom660nmto737nm.Atthesametime,thechangeinFR2positionissmall,only
about2nm.DuetotheindependenttenabilityofthenarrowstatesofFR1andFR2,thetwoFano
resonancescanbetunedindependently.WhentheparametersofthestructureareL=180nm,w=50nm,
d=10nm,h=50nm,R=150nmandr=50nm,asshowninFig.8,withtheincreasingofnfrom1.00to
1.20,thedipsofFR1andFR2arebothredshift.ThedipsofFR1redshiftsfromabout600nmto
718nmandthedipsofFR2redshiftsfromabout660nmto790nm.Ourresultsdeeplyexplorethe
dispersionprincipleofMIMwaveguide.Furthermore,FOMisprovidedtoinvestigatetheperformanceof
thesensorbychangingtherefractiveindexfrom1.00to1.20.TherearetwodipswithFOMof6555and
145atthewavelengthsof600and660nm,respectively.

Fig.7 TransmissionspectraofthemultipleFanoresonancestructurewhenR=150nm,w=50nm,d=10nm

Fig.8 TransmissionspectraofthemultipleFanoresonancesstructurewithdifferentnwhen
R=150nm,r=50nm,L=180nm,w=50nm,d=10nm
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3 Conclusion
Insummary,thetransmissioncharacteristicsoftheproposedstructure,whichconsistsofaMIM

waveguidewithasemi-ringstub,areanalyzedandinvestigated.Simulationresultsshowthatasharp
transmissiondipwasachievedatabroadwavelengthrange.Theasymmetricallineshapeandtheresonance
wavelengthcanbemanipulatedbychangingtheouterradiusandinnerradiusofthesemi-ringstub,
respectively.ThesensitivityandtheFOM were575nm/RIUand5671.Inaddition,multipleFano
resonancesareattachedbyplacingarectangularcavityabovethesemi-ringstubhorizontally.Inthiscase,
thetwoFanoresonancescanbetunedindependentlythroughchangingthelengthoftherectangularcavity
andtheinnerradiusofthesemi-ringstub,respectively.Inourdesignedstructure,thehighestFOM
reachedto6555.Somechallengesthatwemaybefacedifthedevicewasactuallymadetothepractical
applications.Wewilldoourbesttorealizesuchathinfree-standingstructureatathicknessof10nm,and
toavoidtheinfiltratedfluidsdamagingthethinAgspacersinthecontextofthecurrenttechnology.
Anyhow,theproposedstructureachievedasharpandasymmetricFanoprofile,whichhasawide
applicationintheplasmonicnano-sensingarea.
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