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超小型带宽可调谐微环谐振腔

董文1,邹雨2,杜颖2,乐孜纯2

(1浙江工业大学 环境学院,杭州310014)

(2浙江工业大学 理学院,杭州310023)

摘 要:基于狭缝波导和热光学调制的耦合特性,提出一种尺寸为15μm×20μm的绝缘硅基底的超小

型微环谐振器,该器件可通过调节加热器功率调节其带宽.用时域有限差分法模拟其可调谐特性,结果

表明,当加热器功率从0mW增加至0.742mW时,1550nm入射光的TE模式在1900nm波长下的带

宽可调范围为2.5nm,TM模式在1543nm波长处的带宽可调范围为3.1nm.该器件尺寸小、驱动功率

低、可调谐带宽范围大,适用于动态集成光信号处理,如重构滤波和布线等.
关键词:集成光学;狭缝波导;时域有限差分法;微环谐振腔;热光调制
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Ultra-compactBandwidth-tunableMicroringResonator

DONGWen1,ZOUYu2,DUYing2,LEZi-chun2
(1CollegeofEnvironment,ZhejiangUniversityofTechnology,Hangzhou310014,China)
(2CollegeofSciences,ZhejiangUniversityofTechnology,Hangzhou310023,China)

Abstract:Basedonthecouplingcharacteristicsofslotwaveguidesandthethermo-opticalmodulation,an
ultra-compactmicroringresonatoronsilicon-on-insulatorwiththesizeof15μm×20μmisproposed,
whosebandwidthcanbetunedbyadjustingtheheaterpower.Thetunabilitycharacteristicissimulated
throughfinitedifferencetimedomainmethod,theresultdemonstrateswhenthewavelengthofincident
lightis1550nm,itsadjustablebandwidthrangeis2.5nmat1900nmwavelengthforTEmodeand
3.1nmat1543nmwavelengthforTM modebyapplyingtheheaterpowerfrom0mWto0.742mW.
Theproposeddevicewithsmallsize,lowdrivingpowerandwidetunablerangeofbandwidthisvery
promisingfordynamicintegratedopticalsignalprocessingsuchasreconfigurablefilteringandrouting.
Keywords:Intergratedoptics;Microringresonator;Finitedifferencetimedomain;Slotwaveguides;
Thermo-opticalmodulation
OCISCodes:230.5750;130.3120;130.7408;070.5753

0 Introduction
Thehigh-index-contrastinSilicon-On-Insulator(SOI)waveguidesallowssmallbendingradiuswith

lowpropagationlosses,whichleadstocompactMicroringResonator(MRR)andhighdensityintegration
ofmicro-photonicdevices.MRRisregardedasaversatilecomponentinawiderangeofapplicationssuchas
modulator[1],wavelengthdivisionmultiplexingfilter[2],wavelengthconverter[3]andswitch[4],etc.The
tunablebandwidthisthefirstpriorityforthedevicesusedindynamicnetworks,thusMRRwithatunable
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bandwidthwillbewidelyusedincommunicationsnetwork.Forexample,anadd-dropfiltercouldprovide
anadaptivecontrolwiththeabilitytotunebandwidthfordifferentchannelswithinoneresonanceinreal
timeinresponsetoareconfigurablechannelselectorfor WavelengthDivision Multiplexing (WDM)
systems[5].Severalapproacheshavebeenproposedtoobtainthetunablebandwidth.Forinstance,a
bandwidth-tunablefilterhasbeendemonstratedbyMicro-Electro-MechanicalSystem (MEMS)actuated
microdiskresonator[6],butahighactuationvoltageofnearly40Visneeded.Inanotherexample,the
bandwidth-tunableMRRhasbeendemonstratedusingsiliconmicroringsinaMach-ZehnderInterferometer
(MZI)withthermaltuning[7],butthestructureisrelativelycomplexandisdifficulttocontrolduetothe
introductionofMZI.Acompactmicroringresonator(radiusof10μm)onSOIplatform withtunable
bandwidthfrom0.1nmto0.7nmwasproposedusinginterferometriccouplersandthermaltuning[8].An
opticalfilterwithflat-topspectralresponseandtunablebandwidthbasedonasinglereflective-typeMRR
wasproposed[9].
Inthiswork,anultra-compactbandwidth-tunableMRRonSOIbycombiningaslotwaveguide[10]

withthermo-opticaltuningeffectwasdemonstrated.Byapplyingdifferentheaterpowers,therefractive
indexdifferenceinthecouplingregionistuned,andtheenergyinthegapbetweenthestraightwaveguide
andthemicroringischangedasaresult.TheFiniteDifferenceTimeDomain(FDTD)wasadoptedto
modulationforTEandTM mode,respectively.

1 Structuredesignandanalysis
Theschematicdiagramofthebandwidth-tunableMRRisshowninFig.1.Thegapbetweenstraight

andringwaveguidesisexpressedasΔ,andtheradiusofthemicroringresonatorisR (measuredfromthe
centerofmicroringtothecentral-lineofringwaveguide).Theclose-upcross-sectional(C-C)diagramof
thewaveguideisshowninFig.1(b).AandBrepresentstraightandringwaveguide,respectively.The
widthaandheightbofAandBwaveguidearedesignedtobe0.3μmandRis5μm,whichisshownin
Fig.1(a),andΔis0.05μm.A1μmthickness(tSiO2)bufferlayerofSiO2isusedtoformtheupper
claddingofthewaveguidesforopticalisolationbetweenthethermalelementandthesurfacedefectscreated
duringfacetpolishing.Aheaterlayerwith0.1μmthickness,4μmwidth(w)and1μmlength(L)is
depositedonthetopofSiO2forthermal-opticaltuninginthecouplingregions.Thestructureandsizeof
couplingregionsfordropandthroughportsinthebandwidth-tunableMRRisanidenticaldesigninorder
toobtainaminimuminsertionlossattheresonancewavelength.

Fig.1 Schematicdiagramofthebandwidth-tunablemicroringresonatoranditsclose-upcrosssectional

  Theinteractionsinthecouplingregionscanbewrittenusingthefollowingmatrices[11]
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whereE1,E3,E5,E7andE2,E4,E6,E8,aretheinputandoutputelectricfieldsinthecoupling
regions,respectively.tandkaretheself-andcross-couplingcoefficientsthatdescribedthecoupling
intensity.Δθ=2πLΔneff/λ,whereL,λarethelengthoftheheaterofoneportandtheresonance
wavelength,respectively,Δneffisthedifferenceoftheeffectiveindexofsiliconmaterialduetothethermo-
opticaleffect.E5andE3alsocanbeexpressedasE5=e-(γ+jβ)(πR-2L)E4andE3=e-(γ+jβ)(πR-2L)E6,whereβ
andγ standforthepropagationconstantandtheamplitudelosscoefficientintheringwaveguide,
respectively.Ifonlyawaveinthebandwidth-tunableMRRpropagatesclockwiseandthereisnoinput
signalintheaddport,thenE6=0.Thespectralresponseatthethroughportthereforecanbeexpressedas
follow

T 2=
E2

E1

2

=
t2 1+(κ2+t2)2·α2-2α(κ2+t2)cos

4π
λ
[neff(πR-2L)+LΔneff]{ }

1-2αt2cos
4π
λ
[neff(πR-2L)+LΔneff]+α2t4

(3)

Thespectralresponseatthedropportcanbeexpressedasfollow

D 2=
E8

E1
=

κ4α

1-2αt2cos
4π
λ
[neff(πR-2L)+LΔneff]+α2t4

(4)

whereα=exp[-2γ(πR-2L)]≈exp(-γ2πR)isentitledastheinnercirculationfactor.InFig.2,the
electricfiledamplitudeprofileinthecouplingregionisshownbyusingFDTDsimulation.Thetransmission
isenhancedonthegapregionbetweenstraightandringwaveguideduetothecouplingeffect.Theinitial
refractiveindexdifferenceΔnbetweencorelayer(nSi=3.48)andcladdinglayer(nSiO2=1.46)is2.02.

Fig.2 Contourandthree-dimensionalsurfaceplotoftheelectricfieldamplitude

  ThebandwidthoftheMRR (Δλ)isdefinedasthefullwidthathalfmaximumoftheresonant
wavelength.InordertoobtainthemaximumΔλ,theFreeSpectrumRange(FSR)iscalculatedfirstly,
whichcanbeexpressedbyEq.(5)accordingtoresonancecondition.

(2πR-2L)neff+2Lnt=mλ (5)
TheFSRcanbeexpressedasfollow

FSR=
λ2neff
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wherentistheeffectiverefractiveindexofsiliconafterthermo-opticalmodulation,andneffistherefractive

indexofsiliconbeforethermo-opticalmodulator.nt
dneff

dλ -neff
dnt
dλcanbeapproximatelyconsideredaszero

,

andngisthegrouprefractiveindexofsilicon.FSRiscanalsobeexpressedas

FSR=
λ2neff

2πRneff+2LΔneff( )ng
(7)

Theexpressionoffinesseisshownas[12]
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F=
FSR
Δλ =

π αt2

1-αt2
(8)

SothebandwidthoftheringresonatorcanbeinferredfromEqs.(7)and(8)

Δλ=
λ2neff(1-αt2)

2πng αt2 πRneff+LΔneff( )
(9)

Duetothesmallgapof0.05μmbetweenthestraightwaveguideandthemicroring,theslotwaveguide
effectappears.Theenergydistributioninthecouplingregionwillchangeandthereismoreenergyis
constrainedinthelow-indexgapbetweenthestraightwaveguideandthemicroring,whichisshowninFig.2.
Duetotheslotwaveguideeffect,theusualassumptionκ2+t2=1isnolongervalid,actually,κ2+t2<1.
ThereforeanenergyfactorKisdefined,inwhichK2=κ2+e2gap.ItisclearthatΚ2+t2=1accordingto
energyconservation,andegapisrelatedtotheenergyconstrainedinthegap.Κ2+t2=1issubstitutedin
Eqs.(3),(4)and(9)
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Δλ=
λ2neff[1-α(1-K2)]

2πng α(1-K2)πRneff+LΔneff( )
(12)

FromEq.(9),wecanseethebandwidth-tunableMRRcanbeachievedbychangingtherefractive
indexofneffinthecouplingregion.However,thetunablerangeofbandwidthwillbeverysmallbecauseof
thesmallinductivechangeofneff.BycomparisonEq.(12)withEq.(9),thechangeoftheenergyinthe
gap(relatedtoK)duetotheslotphenomenonproducesthebandwidth-tunableofMRR,whichcanbe
attainedbychangingnofSiduetothethermo-opticaleffectinthecouplingregion.Therefore,amuch
largertunablerangeofbandwidthcanbeachievedbythecombinationofslotwaveguidesinthecoupling
regionwiththermo-opticaltuning.

2 Simulationsresultsanddiscussion
ByusingFDTDmethod,thecouplingeffectbetweenthestraightwaveguideandmicroringwaveguide

isstudiedbyinjectingacontinuouswaveattheinput-portforagivenwavelengthof1.55μm.Thespectral
responseofTEandTM waveoftheMRRisshowninFig.3.Itisconcludedfromthesimulationresults
thatagoodcouplingeffectofbothTEandTMwavescanbeobtained.

Fig.3 Simulationresultsofelectricfielddistributionformicroringresonator

  Thesimulateddispersioncurvesoftheeffectiveindicesforboththequasi-TEmodeandthequasi-TM
modehavebeenshownintheearlypaper[13]usingthefull-vectorialfinite-differencemode.Thegood
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agreementbetweenthesimulatedandtheexperimentalresultsshowedthatwhentheslotwasintroduced,
theeffectiverefractiveindexofthequasi-TEmodesignificantlydecreasedwhilethatofthequasi-TMmode
wasonlyslightlyaffected.Thisphenomenonprovesthat,forthequasi-TE mode,lightisindeed
concentratedinthelow-indexregionbecauseofthefielddiscontinuity[13].

TostudythepropertyofslotwaveguidedesignedinFig.1,thesimulatedrefractiveindicesforboth
quasi-TEandquasi-TMmodesoftheslotwaveguideareshowninTable1,whichhavebeenverifiedbythe
experimentsinRef.[13].Thesimulationisalsobasedonthefull-vectorialfinite-differencemode.

Table1 ThevalueofneffandngforTEmodeandTM mode

Mode TE(1.91μm) TM(1.55μm)

Value
neff
1.56

ng

2.12
neff
1.76

ng

3.24

  Withtheincreaseofheatingpowerinthecouplingregion,thesiliconrefractiveindexnincreasesso
thattherefractiveindexdifferenceΔnbetweencore(Si)andcladding(SiO2)increasesaswell.The
enhancedelectricfieldinsidethegapraisesbecauseoftheincreaseofrefractiveindexdifferencechangesthe
energyinthegap.Table1givesthevaluesofneffandthegroupindexng.Thechangeofrefractiveindex
differenceΔncausedbythermo-opticaleffectisdependentonthechangeoftheeffectiveindexofΔn=(dn/
dT)SiΔT,in which (dn/dT)Si= +1.84×10-4K-1isthethermo-opticalcoefficientofsilicon[14].
Accordingly,atemperaturechangeofΔT=54.35KisneededtoobtainaΔnchangeof0.01.Heaterpower
canbecalculatedby[15]

P=ΔTkSiO2L w/tSiO2+0.88( ) (13)
WherekSiO2=1.4W m·K( ) -1isthethermalconductivityofSiO2layerwiththethicknessoftSiO2=1μm.
Thewidthoftheheaterisw=4μm.Therefore,theheaterpowerofP=0.371mWisneededforΔn=
2.03,whileP=0.742mWisneededforΔn =2.04.

ByusingFDTDmethod,thecouplingeffectbetweenthestraightwaveguideandmicroringisstudied
byinjectingacontinuouswaveattheinput-portforagivenwavelengthof1550nm.Theself-coupling
coefficientt,energyfactorKandinnercirculationfactorαareaccordinglyobtained.Thevaluesoft2and
K2relatedtothedifferentvalueofΔnareshowninTable2.

Table2 Valuesoft2andK2relatedtothedifferentvalueofΔn,whichiscalculatedbyFDTDmethod

HEAT 0 0.371mW 0.742mW
Δn 2.02 2.03 2.04
t2 0.522 0.505 0.485
K2 0.478 0.495 0.515
α 0.97 0.98 0.99

  Nowapulsedlightwiththegivenwavelengthof1550nmisinjectedintotheinput-port.Fig.4shows
themonitorvalueofTM moderesponseforwavelengthwiththeheatsourceof0,0.371mWand0.742mW.
ForTMmode,withtheheatpowerincreasing,thecentralwavelengthremainstobe1542.8nm,whilethe
bandwidthoftheMRR(Δλ)variesfrom634.1nm (with0power)to635.6nm (with0.371mW)and
finallyto637.2nm(with0.742mW).ThebandwidthoftheMRR(Δλ)canbetunedfrom1.5nmwith
0.371mWto3.1nmwith0.742mWheatpowerwithafixedcentralwavelengthof1542.8nm.

Fig.5showsthemonitorvalueofTE moderesponseforwavelengthwhenapplyingdifferentheat
source.FromFig.5,withtheheatpowerincreasing,thecentralwavelengthvariesfrom1900.2nm,to
1905.8nmand1906.6nm.ItindicatesthattheMRRhasgoodpolarizationcharacteristicswithacentral
wavelengthof1542nmforTEmodeandthatof1900nmforTMmode.Inaddition,thebandwidthofthe
MRR(Δλ)variesfrom1257.2nm(with0power)to1258.5nm(with0.371mW)andfinallyto1259.7nm
(with0.742mW).Basedonthethermo-opticalmodulation,forTEmode,thecentralwavelengthofMRR
canbeadjustedfrom1900nmto1906.6nm,andtunablerangeofitsΔλisfrom1.3nmto2.5nm.
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Fig.4 MonitorvalueofTMresponseforwavelength

Fig.5 MonitorvalueofTEresponseforwavelength
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3 Conclusion
Anultra-compactmicroringresonatoronsilicon-on-insulatorwiththesizeof15μm×20μmis

proposedandnumericaldemonstrated.ItindicatedthattheMRRisapolarizedopticaldevicewiththe
centralwavelengthof1900nmforTE modeandthatof1543nmforTM modebasedonthe
characteristicsofslotwaveguides.Bythethermo-opticalmodulating,thebandwidthofMRRcanbetuned
effectively.ForTM mode,withtheheatpowerincreasing,thebandwidthoftheMRR(Δλ)canbetuned
from1.5nmwith0.371mWto3.1nmwith0.742mWheatpowerwithafixedcentralwavelengthof1542.8nm.
Inaddition,forTEmode,thecentralwavelengthofMRRcanbeadjustedfrom1900nmto1906.6nm,
andtunablerangeofitsΔλisfrom1.3nmto2.5nm.Withfurtheranddeeplyresearchessuchasstudying
theeffectofheater’stemperatureuniformityontheperformanceofdevice,howtherespondingspeedof
deviceisaffectedbythatofheater’sthermaleffectandtheaccuracylimitofresonator,etc.,themicro-
devicewillbeverypromisingfordynamicintegratedopticalsignalprocessing.
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