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  Abstract: Laterallygradedperiodic[Mo/B4C]60 multilayermirrorsforanEUVintervalof6.8-11.0nm
weredepositedbydirectcurrentmagnetronsputteringonsiliconsubstrate.Thestructurepropertiesandper-
formanceoflaterallygraded[Mo/B4C]60 multilayerswereinvestigatedbygrazingX-rayreflectivitymeasure-
mentsandsynchrotronradiationreflectancemeasurements.Theresultsshowthatthemultilayerperiodthick-
nessD-spacingvarieslinearlyfrom4.39nmto7.82nminthelongdirectionofthesample,indicatingtheaver-
ageD-spacinggradientof0.054nm/mm.Reflectanceofallmeasuredpointonthemirrorisabout10%atthe
incidentangleof45°.Spectralwidth(FWHM)ofthereflectancepeaksvariesfrom0.13nmto0.31nmwith
theincreaseofmultilayerperiodthickness.
  Keywords: EUV; laterallygradedperiodicmultilayer; Mo/B4C; magnetronsputtering; synchro-
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  EUVandsoftX-rayarepowerfulsourcesusedinmicroscopy,astronomicalobservation,biologicalsci-
enceandmaterialscience.However,theweakrefractionofEUVandsoftX-rayinallmaterials,coupled
withhighabsorption,makesconventionalrefraction-basedopticsnotsuitableforEUVandsoftX-rayre-
gion.Multilayermirrors,consistedofalternatelayerswithhighelectrondensitymaterials(Mo,W,Sc,

etc.)andlowelectrondensitymaterials(Si,C,B4C,etc.),canreflecttheEUVandsoftX-rayradiations.
Highelectrondensitymaterialsareselectedastheabsorberwhilethelowelectrondensityonesareusedas
thespacer.OnthebasisofBragg'sformula,highreflectancecanbeachievedwhenperiodthicknessofmulti-
layersatisfiestheBragg'sformulaeitherforaparticularwavelengthoraparticulargrazingangleduetothe
constructiveinterferenceofalltheinterfaces[1-3].
  AproblemforuniformmultilayermirrorswhenappliedinEUVandsoftX-rayregionisthesmallwork-
ingwavelengthrangeduetotheirsingleperiodthicknessstructure.Therearetwowaystosolvethisprob-
lem:depthgradedstructuredmultilayerandlaterallygradedstructuredmultilayer.Foradepthgradedstruc-
turedmultilayer,theperiodthicknessesvarywithdepthsothateachbilayeriseffectivelytunedtoadifferent
X-raywavelength.Itcanachievebroadbandreflectancealongthewholemultilayermirror[4-5].Foraparticu-
larwavelengthatafixedincidenceangle,onlyonebilayerperiodthicknesssatisfiestheBragg'sformulaina
depthgradedmultilayer.Thereby,thereflectanceisrelativelylowcomparedwithuniform multilayermir-
rors.Furthermore,duetotheaperiodicstructureofdepthgradedmultilayer,spectralbandwidthwillbe
broadenedandsignificantlyinfluencethespectralresolution.Asanalternative,laterallygradedmultilayer
mirrorhasbeenstudiedinpreviousarticles[6-7].Foralaterallygradedmultilayerstructure,periodthicknes-
sesvarycontinuouslyalongthehorizontaldirection.Eitherthedesiredworkingwavelengthorincidencean-
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glecanbesimplyachievedbytranslatingthelaterallygradedmultilayertothecorrespondingpositionwith
theparticularperiodicthickness.Laterallygradedmultilayernotonlysimplifiestheexperimentalignment
butalsoachieveshighreflectanceoverabroadworkingwavelengthwithhighspectralresolution.ChainLiu
etaldesignedtwodifferentmasksandfabricatedtwolinearlygradedW/Cmultilayerswithaveragegradient
of0.027nm/mmfortunableX-raydouble-monochromatorapplications[6].Transmittanceofthedouble-mul-
tilayermonochromatorwasmorethan50%inthe9.9to10.1keVrange.Usinggradedmultilayersina
double-monochromatorconfiguration,onecanconvenientlyadjustthebandpassandpeakpositionsofthe
transmittedbeams.Laterallygradedmultilayerprovidesanattractivewayforpolarizationstudiesonmagnet-
icmaterialsandusefulapplicationsinEUVmetrology,astronomyandmicroscopyinEUVandsoftX-ray
range[8].
  Thedesignoflaterallygradedmultilayerforsynchrotronradiationreflectorandpolarizationanalysisre-
quiresdeterminingthebestmaterialscombination.B4C-basedmultilayershaveshownrelativelyhightheo-
reticalreflectanceinthepreviousresearchesowingtothelowabsorptioncoefficientofBatwavelengthslon-
gerthantheB-Kedgenear6.6nm[9].Highertheoreticalreflectivitiesat1.5°offnormalincidentanglecan
beachievedwithLa/B4CandRu/B4Cmultilayersin7nmwavelength,whichare63.4%and43.5%respec-
tively.However,thereactionbetweenthelivelyLaandB4Cattheinterfaceandtheseriousdiffusionatthe
interfaceofRuandB4Ccausedadramaticlosstothereflectance[10-12].Mo/B4Cstackhasstablephysicaland
chemicalproperties.Itcanformmultilayerstructurewithsmoothinterfacesandgoodthermalstability[12-14].
Mo/B4CmultilayerwasmorewidelyusedinthepracticalmultilayerapplicationforsoftX-raynear7nm.In
thispaper,aMo/B4Clayeredsystemisdesignedforsynchrotronradiationasabroadbandreflectingmirror
forextremeultravioletwavelengthintervalof6.8-11.0nm.Laterallygraded[Mo/B4C]60multilayersample
waspreparedbymagnetronsputteringonsiliconwafer.Thequalityandopticalpropertyofthesamplearee-
valuatedbygrazingincidenceX-rayreflectivityandsynchrotronradiationreflectancemeasurements.

1 Experimentaldetails
  Mo/B4Claterallygradedmultilayerfilmsof60bilayersweregrownonpolishedSi(100)wafers(30mm
wideand70mmlong)bydirectcurrent(DC)magnetronsputteringinargonof99.999%purity.Thebase
pressurewaswellbelow1.5×10-4Pa.Duringthedepositionprocess,a0.15Paargonpressurewasusedin
thedepositionchamber.Two4-inch(10.16cm)ringsputteringsourceswereused.Thetargetpuritieswere
99.95%forMoand99.5%forB4C.TheplasmadischargeswereestablishedwithaDCpowerof120Wfor
B4CtargetandaDCpowerof40WforMotarget.

Fig.1 Schematicdiagramoftheconfigurationused

  forthegradedsputterdeposition

  TheindividualMoandB4Clayerthicknessesinlat-
erallygradedmultilayerswereadjustedbytwospecially
formeddepositionfluxshapingmasksfixedonthetop
ofshieldcansanddirectlyabovethesputteringtargets.
Thefilmthicknessdistributionofmagnetronsputtering
andtheprofile-coatingtechniquehavebeenextensively
studiedinthepreviousstudies[7,15].Theprofileofthe
maskaperturewasdesignedaccordingtotherequired
thicknessprofile.For masksusedinthedeposition
process,thewidthoftheaperture(perpendiculartothe
substratemovingdirection)was110 mm,andthe
length(alongthesubstratemovingdirection)atdifferenttransversepositionswasdeterminedbycalculating
thetotalmaterialaccumulatedatthesepositionswhenthesubstratepassesovertheaperture.Asshownin
Fig.1,thesubstratewasmovinglinearlyataconstantspeedduringthedeposition.Thedistancefromthe
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targettothemaskwas60mmandfromthemasktosubstratewas10mm.Thesubstratefaceddownward
anditwasdrivenbyacomputer-controlledstepper-motortopasseachmagnetronsource.
  Afterdeposition,themultilayerswereinvestigatedwithgrazingincidenceX-rayreflectivity(GIXRR)on
afive-circlediffractometerwiththeCu-Kαlineat8.04keV(0.154nm).ThesizeofX-rayspotwas100μm
×2mm.GIXRRmeasurementsweremadeinθ-2θgeometryovertherangeof0°<θ<8°.FitstotheGIXRR
datawereusedtodeterminelayerthicknessesandinterfacialparameters.EUVreflectancemeasurements
wereperformedwithsynchrotronradiation(SR)byreflectivity-meterattheNationalSynchrotronRadiation
Laboratory(NSRL).ThereflectivitymeasuringdeviceandmeasuringmethodhavebeendescribedinRef.
[16].An1800L/mmmonochromatorgratingwasusedinthemeasurement.Thewavelengthresolutionwas
betterthan0.05nmandthesizeoffocusedX-rayspotwas1×5mm2.Thesamplestagewasplacedinavac-
uumchamberwithapressuregreaterthan1.5×10-4Pa.EUVreflectancemeasurementsofthemultilayer
sampleweremadeinthewavelengthrangeof6.0-11.0nmwithanincidentangleof45°.Thereflectance
measurementswereperformedevery5mmintervalalongthegradientdirectionofthemultilayersample.

2 Resultsanddiscussion
  TheresultsofgrazingincidenceX-rayreflectivitymeasurementsareshowninFig.2.Fortheconven-
ienceofcomparison,thereflectioncurveswere,inturn,translatedverticallybytwoordersofmagnitude.

Fig.2 GIXRRcurvesmeasuredat8.04keVof

differentpointlocationxalongthemirror

Fig.3 PeriodthicknessDofmeasured

locationxalongthesample

  Fig.2showsthattheBraggreflectivepeaksshiftmonotonicallytowardsthelargeangledirectionasthe
measuredlocationxchangesfrom5mmto68mm.ItcanbenoticedthatthehigherorderBraggpeaksare
spreadout.ThisisduetothefactthattheX-raybeamhasalateralsizeof2mmalongthedirectionoftheD-
spacinggradient.Hence,theX-rayeffectivelyprobesa2mmareawithspreadD-spacing,leadingtothe
wideningoftheBraggpeaks.Theanglepositionsofthepeaksaredeterminedbythemultilayerperiodthick-
nessandtheincidentX-raywavelengthaccordingtotheBragg’slaw.Therefore,itcanbeinferredfromthe
GIXRRcurvesthattheshiftofBraggpeaksrepresentsavariationofthemultilayerperiodthicknessatdiffer-
entlocationxalongthesample.BasedontheBragg’sformula,themultilayerperiodthicknessesDwerecal-
culatedaccordingtotheanglevalueoftheBraggpeaks.ThecalculatedresultsarelistedinTable1.
  Fig.3showsthedistributionofmultilayerperiodthicknesses.Thehorizontalaxisrepresentstheloca-
tionxalongthesampleinthelongdirection,andtheverticalcoordinaterepresentsthemultilayerperiod
thicknesses.Itcanbeconcludedthatmultilayerperiodthicknessesvarycontinuouslyalongthehorizontaldi-
rectionofthesamplefrom7.82nmto4.39nmwithanaveragegradientof0.054nm/mmasthemeasured
locationxincreasesfrom5mmto68mm.
  TheEUVreflectivityofmultilayerwasmeasuredbysynchrotronradiation(SR)attheincidentangleof
45°.Fig.4showsthemeasuredandfittedresults.Themeasuredreflectancedataareplottedasopencircles,
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Table1 MeasuredresultsoftheGIXRRshowninFig.2andthesynchrotronradiation(SR)showninFig.4

measuredlocation
x/mm

SRreflective

peakλ/nm
FWHM,

Δλ/nm
fittedperiodthickness

DbySR/nm
calculatedperiodthickness

DbyGIXRR/nm
5 10.60 0.31 7.98 7.82
10 10.12 0.29 7.57 7.44
15 9.67 0.27 7.19 7.03
20 9.25 0.27 6.83 6.74
25 8.80 0.26 6.47 6.47
30 8.41 0.23 6.10 6.16
35 8.05 0.20 5.86 5.83
40 7.69 0.19 5.59 5.56
45 7.39 0.18 5.34 5.33
50 7.09 0.17 5.11 5.10
55 6.79 0.16 4.88 4.88

Fig.4 Synchrotronradiationmeasuredreflectivitydata(open

circles)atNSRFfordifferentlocationxalongthemirrorwith

interval5mmandtheirfittedcurves(lines)byIMDsoftware

andsolidlinesrepresentthefittedcurves.The
measuredresultsindicatethatdifferentlocation
alongthegradientdirectiononthemultilayermir-
roriseffectivelytunedtoadifferentX-raywave-
lengthinreflectinggeometry.Thereflectionpeak
islocatedat10.6nmneartheedgeofthemirror
wherelocationx=5mm,andithasthetrendof
shiftingtoshortwave-lengthdirectionwhenthe
locationxalongthemirrorincreases.Ultimately,

thereflectionpeakshiftsto6.79nmasxincreases
to55mm.Reflectivitiesofallmeasuredpointson
themirrorareabout10%.FWHM (fullwidthat
halfmaximum)ofthereflectancepeaksvaries
from0.13nmto0.31nmwiththeincreaseofmultilayerperiod.
  ThemeasuredsynchrotronradiationreflectancecurveswerefittedusingtheIMDsoftwaretodetermine
thelayerthickness[17].ThefittingresultsarealsolistedinTable1.Bycomparison,itcanbenoticedthatthe
multilayerperiodthicknessescalculatedfromSRandGIXRRmeasurementsaredifferent(offsetbetween0
and0.16nm).Thiscanbeexplainedasthatthemeasuredlocationswerenotstrictlythesamefortwodiffer-
entmeasurements.

3 Conclusion
  Insummary,linearlylateralgraded[Mo/B4C]60 multilayersamplewasdepositedbyDCmagnetron
sputteringmethodonsiliconsubstrate.GIXRRanalysisdemonstratesthatthesamplehasaperiodthickness
(D)varyinglinearlyfrom4.39nmto7.82nmwithanaveragegradientof0.054nm/mminthehorizontal
direction.EUVreflectancemeasurementindicatesthatthemultilayerachieveshighreflectivityoverawave-
lengthrangeof6.8-11.0nm.Moreover,FWHMofthereflectancepeaksvariesfrom0.13nmto0.31nm
withtheincreaseofmultilayerperiodthicknesses,indicatingahighspectralresolutionforthemultilayer
sample.
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磁控溅射法制备极紫外6.8~11.0nm波段
Mo/B4C横向梯度多层膜
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  摘 要: 用直流磁控溅射法结合掩模板控制膜厚的方法在Si衬底上制备了工作于6.8~11.0nm波段的[Mo/B4C]60横向

梯度多层膜。利用X射线掠入射反射测试以及同步辐射反射率测试对梯度多层膜的结构及性能进行了测试。X射线掠入射反

射测试结果表明,多层膜周期厚度沿着长轴方向从4.39nm逐渐增加到7.82nm,周期厚度平均梯度为0.054nm/mm。对横向

梯度多层膜沿长轴方向每隔5mm进行了一次同步辐射反射率测试,结果显示,横向梯度多层膜在45°入射角下的反射率约为

10%,反射峰的半高全宽介于0.13nm到0.31nm之间。

  关键词: 极紫外; 横向梯度多层膜; Mo/B4C; 磁控溅射; 同步辐射
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