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质子注入掺镱磷酸盐玻璃平面光波导的近红外特性
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(3西安航空学院 电子工程学院,西安710077)

摘 要:在能量为(0.5+0.55)MeV和剂量为(1.0+2.0)×1016ions/cm2的条件下,通过氢离子注入制备

了掺Yb3+ 磷酸盐玻璃波导,并研究了该波导在近红外波段的特性.棱镜耦合法测量的离子注入波导的

导模的有效折射率与反射计算法计算的有效折射率基本吻合.通过模拟辐照引起的空位分布,探讨了离

子注入平面波导的形成理论.利用FD-BPM对波导中的传播模式进行了模拟,结果表明高能量的氢离子

注入掺Yb3+磷酸盐玻璃能够制备出近红外波导结构.
关键词:波导;近红外波段;离子注入;掺镱磷酸盐玻璃;折射率分布
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Abstract:TheYb3+-dopedphosphateglasswaveguidesbythehydrogen-ionimplantationunderthe
conditionofenergiesof(0.5+0.55)MeVanddosesof(1.0+2.0)×1016ions/cm2werefabricated,and
characteristicsofthewaveguidewerestudiedinthenear-infraredband.Thechangeofrefractiveindex
aftertheimplantationwasmeasuredbytheprismcouplingmethod,whichcorrespondedwellwiththe
calculatedeffectiverefractiveindexbythereflectivitycalculationmethod.Theformationtheoryofthe
ion-implantedplanarwaveguideswasdiscussedthroughsimulatingthevacancydistributioninducedbythe
irradiation.ThepropagationmodeoflightinthewaveguidewassimulatedbyusingtheFD-BPM,which
suggestedthatthenear-infraredwaveguidestructurecouldbefabricatedbyirradiatingtheYb3+-doped
phosphateglasswiththeenergetichydrogenions.
Keywords:Waveguide;Near-infraredband;Ionimplantation;Yb3+-dopedphosphateglass;Refractive
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0 Introduction
Opticalwaveguidesareknownasimportantinformationtransmissioncarriersintheinformationera[1].

Theyarealsothebasiccomponentsinintegratedcircuitsandoptoelectronics[2].Awaveguideconsistsof
onelayerwithhighrefractiveindexandtwolayerswithlowrefractiveindex[3].Suchspecialstructure
enablesitselftoconfinelightpropagationaccordingtothetotalinternalreflection[4].Varioustechniques
including diffusion of metal materials[5],ion exchange[6],femtosecond laser writing[7],ion
implantation[8],chemicalvapordeposition[9]areappliedtofabricatewaveguides.Amongthesetechniques,
ionimplantationshowsitspriorityinlowerexpenditureinwholeprocessandispronetobecontrolled[10].
WhenionsareimplantedatenergiesofdifferentkeVandMeV,amajorityofdamageoccursattheendof
theiontrackinsidethesubstrates,whichaccountsforthedecreaseinphysicaldensitybymeansofvolume
expansion[11].Itissuchdeclineindensitythatcausesthedecreaseinrefractiveindex[12].Ionimplantation
techniqueiswildlyusedinwaveguidefabricationforitsensureduniformirradiationoversamplesurface[13].

Yb3+-dopedPhosphateGlass(YDPG)isintriguingforfabricatingwaveguides,owingtoitsexcellent
materialfeatures.Yb3+-dopedphosphateglasshaslongfluorescencelifetime,whichisconducivetoenergy
storage.ThethermalloadofYb3+-dopedphosphateglassisrelativelylow.Evenathighpumppower
density,thetemperaturechangeinthematerialissmall.Moreover,theYb3+levelstructureisrelatively
simple,sothereisnoexcitationstateabsorptionatthepumpwavelengthandthesignalwavelength.
Opticalconversionefficiencyisveryhigh[14].Yb3+-dopedphosphateglasshasadvantagesoverotherglass
systems.Itsabsorptionbandisinthewavelengthrangeof800~1100nm.Thechoiceofpumpsourceis
moreflexible,andthewideemissionbandisbeneficialtotherealizationoflaseroutput[15-18].

Althoughresearchershaveappliedionimplantationtechniquestofabricateopticalwaveguideson
Yb3+-dopedphosphateglasses[19],theopticalpropertiesoftheion-implantedwaveguidesinnear-infrared
waveguideshavenotbeenreported.Inthiswork,wefabricatetheplanarwaveguideintheYDPGviathe
double-energyprotonimplantation.Thepropertiesoftheopticalwaveguideincludingthedark-modecurve
andtherefractiveindexprofilearestudiedindetailinthenear-infraredregion.

1 Experiments
TheYb3+-dopedphosphateglasswaspreparedbythemelt-quenchingtechniqueattheXi'anInstitute

ofOpticsandPrecisionMechanicsofChineseAcademyofScience.Aftercutting,grindingandpolishing,
severalglasssampleswithsizesof10mm×5mm×2mmwerechosenforthepropertymeasurementand
waveguidepreparation.TherefractiveindicesoftheYDPGare1.5344at632.8nmand1.5210at
1539nm,respectively.

Inordertoformanopticalwaveguidestructure,H+ionswithenergiesof(500+550)keV were
implantedintooneofthepolishedsurfaces(10mm×5mm)oftheYb3+-dopedphosphateglassatroom
temperatureaccordingtothedesiredthicknessoftheopticalwaveguide,asshowninFig.1.The
correspondingdoseswere(1.0+2.0)×1016ions/cm2inconsiderationofthedamageratio.Toprevent
thermaleffectsduringtheimplantationprocess,theionbeam wascontrolledwithin0.9μA.Theion

Fig.1 SchematicoftheprotonimplantationintotheYb3+-dopedphosphateglassandtheinsetistheglassphotograph
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implantationwasperformedonanionimplanterattheInstituteofSemiconductorsofChineseAcademyof
Sciences.

Theion-implantedYb3+-dopedphosphateglasseswereopticallymeasuredbyusingModel2010prism
couplertostudythedarkmodeproperties.Theprismcodewas1004.4andtherefractiveindexofthe
prismwas1.9346at1539nm.Asemiconductorlaserwithawavelengthof1539nmwasequippedinthe
prism-couplingsystemtoserveasaworkingsource.Duringthemeasurementprocess,thelaserbeamwith
awavelengthof1539nmwascoupledintothewaveguidelayerthroughthebottomoftheprism.Then,
theguidedmodewasexcitedandtheintensityofthereflectedlightwasreduced.Therefore,arelationship
curvebetweentheeffectiverefractiveindexoftheincidentlightandtheintensityofthereflectedlightwas
obtained.Therefractiveindexcorrespondingtothedipinthecurvewastheeffectiverefractiveindexofthe
guidedmode.

2 Resultsanddiscussion
Fig.2showsthevacancyprofilesofthe500and550keVprotonsimplantedintotheYDPG,whichwas

calculatedbythestoppingandrangeofionsinmattercode(SRIM2013)[20].AsshowninFig.2,amajority
ofthevacancywasintroducedattheendoftheiontrackinsidethetargetglass.Inotherwords,mostof
thevacancieswereconcentratedatthedepthof4.48mm.Thephysicaldensityinthevacancydeposition
regionwouldbedecreasedbyvolumeexpansion,andhenceanopticalbarrierwithreducedrefractiveindex
occurredatthesamearea.

Thedark-modecurvewasmeasuredbytheprismcouplingsystem,whichcancalculatetherefractive
indexofthepropagationmodeinthewaveguide.Fig.3showstherelationshipbetweentheintensityof
reflectedlightandtheeffectiverefractiveindex.Thexaxisdenotestherefractiveindexandtheyaxis
suggeststherelativeintensity.Thedipinthedark-modecurverepresentsastimulatedopticalpropagation
mode,denotingthatphotonsenterintothewaveguidelayer.WecanseefromFig.3thattherearethree
dipsinthedark-modecurveoftheYb3+-dopedphosphateglasswaveguideat1539nm.Thefirstdipis
relativelysharpandhenceindicatestheguidedmode.Withtheincreaseoftheordinalofthepropagation
mode,thedipgraduallybecomeswider.Itindicatesthatthewaveguidehasaworseabilitytoconfinethe
higherordermode.Inaddition,therefractiveindicesofthethreedipsaresmallerthanthatofthe
substrate,whichsuggeststhattheH+ionimplantationintotheYDPGproducesanopticalbarrierwith
reducedrefractiveindexattheendoftheionrange.

Fig.2 Vacancyprofileasafunctionofirradiationdepthfor
(500+550)keVprotonsimplantedintotheYDPG

Fig.3 Dark-modecurveoftheYDPGwaveguide
at1539nm

Itisessentialtoknowtheprofileoftherefractiveindexinawaveguidestructure,becausethatthe
refractiveindexdistributionplaysadecisiveroleinthepropagationcharacteristicsofanopticalwaveguide.
However,therefractiveindexprofileisdifficulttomeasuredirectly.Therefore,thereareseveraldifferent
techniquesfor calculating the refractiveindex profile,such asthe parameterizedindex profile
reconstruction[21],theinverse Wentzel-Kramers-Brillouin[22]andthe Reflectivity Calculation Method
(RCM)[23].Amongthesemethods,RCMismoresuitableforsimulatingtherefractiveindexdistributionof
anopticalwaveguideproducedbythetechniqueofionimplantation.DuringthesimulationbasedonRCM,
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therefractiveindexprofilecanbeapproximately
describedbytwoSemi-Gaussiancurves.Foraset
ofgivenparameters,adigitalprogramcanbeused
tocalculatetherefractiveindex oftheguided
mode.Therefractiveindexprofilecanbeadopted
whenthestandarddeviationbetweenthecalculated
and measured effective refractive index is
minimized.Fig.4showsthattherefractiveindex
profilereconstructedbyusingRCMfortheYb3+-
dopedphosphateglasswaveguidemanufacturedby
theprotonimplantationat1539nm.InFig.4,
thereis an optical barrier whose depth and
refractive index reduction determine the
performancesofthewaveguidetosomeextent.
Thedepthoftheopticalbarrierisdependentonthe

Fig.4 RefractiveindexdistributionoftheH+-ionimplanted
Yb3+-doped phosphate glass waveguide at the
wavelengthof1539nm

Table1 Thecomparisonofthemeasuredandcalculatedeffectiverefractiveindicesfortheprotonimplanted
waveguideintheYb3+-dopedphosphateglass

Mode
Effectiverefractiveindex

Exp. Cal. Diff.
TE0 1.5065 1.5086 -2.1×10-3

TE1 1.4864 1.4861 3.0×10-4

TE2 1.4450 1.4455 5.0×10-4

energyoftheimplantedion.Thehighertheenergy,thedeeperthedepthofthebarrier.Aswecansee
fromFig.4,theopticalbarrierisatadepthofapproximately4.5μm.Ontheotherhand,therefractive
indexreductionoftheopticalbarrierisrelatedtothedoseoftheimplantedion.Thegreaterthedoseis,
themoretherefractiveindexdecreases.Therefractiveindexoftheopticalbarrierisreducedby0.045with
respecttotherefractiveindexofthesubstrate,asshowninFig.4.Itisworthmentioningthatthevariation
oftherefractiveindexis-0.0053inthenear-surfaceregion.Therefore,awaveguidelayerisformed
betweentheairandtheopticalbarrierlayer.Inaddition,Table1comparestheeffectiverefractiveindices
ofthecalculatedmodeswiththemeasuredones.Aswecanseethatthecalculatedindicesareinagreement
withthemeasuredvalues.Therefore,theprofilecurveinFig.4canaccuratelydescribetherefractiveindex
distributionofthewaveguide.
  The Finite-difference Beam Propagation
Method(FD-BPM)isoneofthe mosteffective
techniquesfordealingwiththepropagationoflight
wavesinopticalwaveguidedevices[24].Fig.5shows
thenear-fieldintensitydistributionoftheH+-ion
implanted Yb3+-doped phosphate glass planar
waveguidesimulatedbytheFD-BPM.Thelightis
limitedmostlyinthewaveguideregioninFig.5.
Fromthefigurewecanobservethatthelineis
continuousandgenerallyuniform,whichindicates
thatthelightfieldstructureinthe waveguide
regionisrelativelygood .Itisshownthatthe

Fig.5 Near-fieldintensitydistributionoftheYDPG
waveguideformedbytheH+-ionimplantation

planarYb3+-dopedphosphateglasswaveguidecanconfinethepropagationoflightwithawavelengthof
1539nmintheverticaldirection.

3 Conclusion
Thenear-infraredplanarwaveguideintheYb3+-dopedphosphateglasswasproducedbytheH+ion

4-1003240



LÜJing-yan,etal:Near-infraredPropertiesofOpticalPlanarWaveguidesFormedbyH+Ion
ImplantationinYb3+-dopedPhosphateGlasses

implantation.Thewaveguidecontainsthreemodesfromthem-linecurvemeasuredbytheprism-coupling
system.Therefractiveindexprofileofthewaveguideisawell-known“barrier”-typemodel.Therefractive
indexdifferencebetweenthewaveguidelayerandtheopticalbarrierwasontheorderof10-2accordingto
theRCM-simulation.ThemodeprofilecalculatedbytheFD-BPMsuggeststhatthewaveguidecanconfine
thelightwithawavelengthof1539nm.
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