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六方氮化硼成核层减小 MOCVD外延生长氮化铝
薄膜的应力及裂纹
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摘 要:利用单层六方BN材料(hexagonalBN:hBN)作为成核层,用金属有机物化学气相沉积法生长

AlN薄膜,得到应力小裂纹少的外延材料。实验中,对hBN材料进行人为表面化学修饰,以增加hBN
的缺陷和后续AlN生长的成核中心。对比分析了有无hBN成核层时生长的 AlN薄膜质量,证实了

hBN有助于减少AlN外延层中的裂纹,空气孔隙及应力。研究了 V/III生长参数对 AlN薄膜表面形

貌、晶体质量和应力的影响,得到合适的生长窗口,获得完全无应力的氮化铝外延层,且其位错密度与蓝

宝石上生长的氮化铝相当.
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Abstract:MonolayerhexagonalBN (hBN)materialservedasthenucleationlayerinAlNepilayerby
metal-organicchemicalvapordeposition.ThroughthismethodboththestressandthecracksinAlNfilms
weregreatlysuppressed.ThemonolayerhBN materialwastreatedwithartificialsurfacechemical
modificationtoincreasethedefectsinhBNandthenucleationsitesforthesubsequentAlNgrowth.We
analyzedthequalityofAlNmaterialswith/withoutthehBNnucleationlayer.TheresultsshowthehBN
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layercanhelpdecreasethecracks,airvoidsandstressinAlNfilms.Meanwhile,theimpactsofdifferent
V/IIIratiosonthesurfacemorphology,thecrystalqualityandthestressinAlNfilmswerestudied.An
optimizedV/III-ratiorangewasobtained.Undertheoptimizedgrowthcondition,thestressintheAlN
layerwiththehBNnucleationlayercanbeeliminatedcompletely,andthecrystalqualityoftheAlNfilms
withahBNnucleationlayerwascomparablewiththatofAlNdirectlygrownonsapphire.
Keywords:AlNfilms;HexagonalBN;MOCVD;Defect;Stress
OCISCodes:160.2100;160.4236;180.5655;230.0250

0 Introduction
Deep-UltravioletLightEmittingDiodes(DUVLEDs)havewideapplicationsinwaterpurification,

sensing,polymerizationsolidificationandsoon[1-2].AlNmaterialsaspromisingbasematerialsforAlGaN-
basedDUVLEDshavegainedinterestrecently[3-5].Thus,theresidualstressissuesassociatedwiththe
heteroepitaxyofhigh-qualitycrystalsonforeignsubstratesderivingfromthelatticeandthermalmismatch
stilllimitthedeviceperformance[6-8].Severalapproacheshavebeenintroducedtoresolvetheabove
mentionedmajorissues[9-11].Amongvariousmethods,buffer-assistedmethodisperceivedasamajor
breakthrough[12].Thelow-temperature (LT)AlNthinfilmsservedasthetraditionalbufferlayers.
However,afterusingLT-AlNbuffersomestressstillexistsintheAlNepilayerduetotheinevitable
mismatchbetweenAlNandforeignsubstrates.

Two-Dimensional(2D)materialasanucleationlayerofIII-nitridedeviceshasattractedmoreand
moreattentionsinLEDsfieldowingtothevanderWaalsinteractionbetween2Dmaterialandepitaxial
layers[13-15].It’sapromisingmethodtorealizethefree-standingstructuresoftheLEDs[16-17].Among
various2Dmaterials,hexagonalBN(hBN)layerpossessesadvantagesasareleaselayertotransferLEDs
tosomeunconventionalsubstratesincludingmetal,glass,flexiblesubstratesandsoon[18-19].Inrecent
years,InGaN-basedvisibleLEDshavebeensuccessfullytransferredbytheaidofhBN[18-19].Moreover,it
hasbeenprovedtheresidualstraincanbecompletelyeliminatedusingthehBNlayer[20].However,
AlGaN-baseddeepultravioletLEDsusingahBN nucleationlayerhaveseldom beenreported.It’s
deservingtoclarifytheeffectsofhBNusedintheepitaxyofAlN materialsandfurtherrealizethe
applicationofhBNlayerinAlGaN-baseddeepultravioletLEDs.HerewereporttheAlNepitaxiallayerson
sapphirewithanoverlyinghBNnucleationlayerunderdifferentgrowthconditions.TheeffectsofhBN
nucleationlayeronthecrystalqualityandstressconditionsinAlNfilmswereinvestigated.

1 Experiment
ThemonolayerhBN materialsonthesurfaceofcopperfoilweresynthesizedinaLow-Pressure

ChemicalVaporDeposition(LPCVD)chamberwithatwo-heating-zonesystem[21].Borazanewaschosenas
theprecursorand H2 gasaccompaniedthedecompositiongasesofborazaneintothechamberwhose
temperaturewassetto1000℃.Theas-grownhBNlayerwastransferredfrom Cufoilontoc-plane
sapphiresubstratebyaPMMA-basedwetchemicaletchingprocess[22].ThenthehBNlayerwastreated
withO2plasmatohelpthenucleationofAlNmaterials.

AlNfilmsweregrownonsapphiresubstrateswith/withouthBNnucleationlayerbyalow-pressure
verticalshowerhead Metal-OrganicChemicalVaporDeposition (MOCVD).Thestructureschematic
diagramsoftheAlNfilmsonthetwosubstrateswereshowninFig.1.Trimethylaluminum (TMAl)and
NH3wereusedasAlandNprecursors.H2waschosenasthecarriergas.PriortotheAlNgrowth,the
substrateswerethermalcleanedat1000℃inH2richambientfor2minutes.ALow-Temperature(LT)
AlNlayerwasdepositedonthesubstratesat650℃for5minutes.Thenthetemperatureroseto1200℃,
high-temperatureAlNfilmsweregrownfor1hourwiththeV/IIIratiosof500/750/1000.Thepressure
waskeptatabout50torrduringthewholegrowthprocess.Thesampleswithtwodifferentsubstrateswere
underthesamegrowthparameters.

ThesurfacemorphologiesofthehBNandAlN materialswerestudiedbyScanningElectronMicroscopy
(SEM)(HITACHIS-4800)andtappingmodeAtomicForceMicroscopy(AFM)(VeecoD3100).Thechemical
compositionsofhBNmaterialswerecharacterizedbyJOBINYVON-HORIBAHR800Ramanspectroscopeusinga
532nmlineofsemiconductorlaserat1-mWpowerastheexcitationsource.ThecrystalqualityofAlNwas
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analyzedbyaBedeX-raymetrologydoublecrystalhighresolutionX-raydiffractionrockingcurves(XRCs).And
RamanspectroscopewascarriedouttoestimatethestressconditionsintheAlNfilms.

Fig.1 ThestructureschematicdiagramsoftheAlNfilmsonthetwosubstrates

2 Resultsanddiscussion
WetransferredthehBNlayerfromCufoilontoc-planesapphiresubstratesandtreateditwithO2

plasma.SEMandAFM werecarriedouttocharacterizethemorphologyoftheas-transferredhBN.The
hBNlayershowsacontinuoussurface,asshowninFig.2(a).However,therearemanynanoparticles
formedbecauseitwasdifficulttocontrolthegrowthprocessofthehBN.Theycouldinfluencethe
subsequentgrowthofAlNmaterials.AswecanseeinFig.2(b),theAFMimageisconsistentwiththe
SEMimage,andtheRMSroughnesswas3.88nmfor(5×5)μm2.ThesurfacemorphologyofhBNlayer
andthenumberofnanoparticlesalmostremainedunchangedevenaftertheO2plasmatreatment.The
RamanspectraofhBNbeforeandaftertheO2treatmentwerecarriedouttoobtaintheircompositionsand
defectproperties,asshowninFig.2(c).Inbothofthesamples,theRamanspectrafeaturepeaksareat
about1370cm-1 and1600cm-1 attributedtothevibrationofB—N bondsandC=C bonds,
respectively[23].Thepeakintensityin1372cm-1inthespectrumofhBNaftertheO2plasmatreatmentis
weakerandnoisierowingtothedefectscausedbyO2plasmatreatment.Thesedefectscanserveasthe
nucleationsiteforthesubsequentgrowthofAlN[24].Thepeakin1600cm-1 mayberelatedtothe
impurityoriginatingfromthegrowthprocessofhBNinLPCVD.Exceptforthetwopeaks,anotherRaman
featurepeakat1500cm-1showedaftertheO2plasmatreatment,whichmaybeascribedtothebindofO
atomsintheatomstructureofhBN.Thesechangesofchemicalpropertiesfrom O2treatmentcouldbe
favorofthenucleationofAlN[24].

Fig.2 ThemorphologyandchemicalcompositionsofhBNmaterialsonsapphiresubstrates
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  AlNfilmswiththicknessof1.5μm were
grownonthesubstrateswith/withoutthehBN
nucleationlayer.Figure3showstheSEMresults
ofAlNgrownonthetwosubstrateswiththesame
V/IIIratioof500.SEMimageofAlN directly
grownonsapphirepresentsdensecracksonthe
surfaceresultingfromthelattice mismatchand
thermalmismatchbetweenAlNandsapphire,as
showninFig.3(a).Thenumberofcracksinthe

Fig.3 TheSEMimagesofAlNonsapphireand
hBN/sapphirewiththeV/IIIratioof500

AlNfilmswiththehBNnucleationlayerismuchlessthanthatinAlNdirectlyonsapphireduetotheweak
interactionbetweenhBNandAlN,asshowninFig.3(b).However,therearestillseveralcracksonthe
surfaceofAlNonhBN/sapphire.ThesecracksmayascribetothedamageofO2plasmatreatmentonhBN
materials,whichmaycausetheexposureofsomesapphireregions.Furthermore,thestressinAlNdueto
themismatchbetweenAlNandsapphireintheexposedregionformed.Therearemanyblackpitsonthe
surfaceoftheAlNonhBN/sapphire,whichareAlNpolycrystalregionsresultingfromsomenanoparticles
onthehBNlayer,asabovementioned.TofurthercharacterizethequalityoftheAlNfilms,SEMimages
withsmallerscalewereobtained.ThevoidscanbeobservedclearlyinAlNfilmsonsapphire,whilethe
AlNfilmsonhBN/sapphireexhibitasmoothsurface,asshowninFig.3(c)andFig.3(d).TheSEMresults
haverevealedthathBNmaybeinfavorofthenucleationofAlNmaterialsandhigh-qualityAlNepilayer
couldfurtherbeachievedonhBN/sapphire.Additionally,thehBNinterlayercouldreleasestrainstressin
theAlNfilmsandsuppresscracks.
  ThenweinvestigatedtheeffectofV/IIIratiosonthequalityofAlNonhBN/sapphire.Aswecansee
inFig.4,theRMSandthevoidsnumberofAlNfilmsincreasedastheV/IIIratiosincreased.What’s
more,whentheV/IIIratiosareintherangeof500-750,theatomstepscanbeseenclearly.However,
whentheV/IIIratiosroseto1000,theatomstepsareblurrywhiletheporousstructurebecomes
apparent,whichindicatetheAlNgrainscan’tmergecompletely.TheresultsindicatetheV/IIIratioshave

Fig.4 AFMimagesofAlNonhBN/sapphirewithdifferentV/IIIratios(thewhitenumberistheRMSvalue)

impactonthemergingofAlNislands.SowemustcontroltheV/IIIratiosintherangeof500~750to
achievehigh-qualityAlNfilms.

Thethreadingdislocationdensity(TDD)includingmix(screw+edge)andedgedislocationsisthe
mostimportantpropertyfortheperformanceofDUVLEDs[25].WeestimatedtheFWHMvaluesof(0002)

and(101
_

2)reflectionsofXRCsforthe6samplestoevaluatethedensitiesofscrewdislocationsandedge
dislocations,respectively.AsshowninFig.5,theTDDofAlNonhBN/sapphirewascomparabletothatof
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AlNonsapphirewhentheV/IIIratiowasintherangeof500-750,whichisconsistent[3]withtheAFM
images.ThecrystalqualityofAlNonhBN/sapphiredecreasedastheV/IIIratiosweregreaterthan750.
Amongthesesamples,thebestonewasundertheV/IIIratioof750.TheXRCsFWHMvaluesof(0002)

and(101
_

2)reflectionsinthissamplewere951arcsecand1459arcsec,respectively.Asestimatedfromthe
XRDFWHMs,thedensitiesofscrewandedgedislocationsareabout1.97×109cm-2and1.99×1010cm-2,
respectively[26].TheresultshowstheAlNonhBN/sapphireachievedinourexperimentispromisingtobe
usedasthebasematerialsforDUVLEDs.

Fig.5 TheFWHMvaluesofX-rayrockingcurves(XRCs)of(0002)and(101
_

2)diffractionsforAlNfilmsonhBN/sapphire
andsapphirewithdifferentV/IIIratios

  To further analyze the residual stress
conditionsin AlN films,weinvestigated the
Ramanspectraoftheas-grownAlNfilms.TheE2
(high)RamanshiftvaluesforAlNfilmsonhBN/
sapphireandsapphirewithdifferentV/IIIratios
areshowninFig.6.Thetensilestressderivesfrom
thecoalescenceprocess,whichprovesthecomplete
mergingofAlNgrainsonthetwosubstrates[3].
ThetensilestressinAlNfilmsgrownonhBN/
sapphirearemuchlessthanthetensilestressin
AlNfilmsonsapphirewhentheV/IIIratioswere
intherangeof500-750.Therefore,theresults
confirm hBN nucleationlayercansuppressthe
residualstressinAlNfilms,whichisconsistent

Fig.6 TheE2(high)RamanshiftvaluesforAlNfilmson
hBN/sapphireand sapphire with different V/III
ratios

withtheSEMimages.Inaddition,wehavefoundthestresscanbecompletelyremovedinAlNfilmswith
ahBNnucleationlayerwhentheV/IIIratiowas750.It’spromisingtoovercomethecrackissuesand
electricleakageofDUVLEDsinthefuture.

3 Conclusion
OurstudysuggeststhatthehBNnucleationlayercansuppressthestressanddecreasecracksinAlN

filmsresultingfromlatticemismatchbetweensapphireandAlNinappropriategrowthconditions.We
foundtheV/IIIratioshadcrucialimpactonthemergingofAlNgrainsonhBN/sapphire.TheRMSofAlN
onhBN/sapphireincreasedastheV/IIIratiosincreased.ThecrystalqualityofAlNonhBN/sapphire
decreasedasV/IIIratiosweregreaterthan750.Thus,weachievedhigh-qualityAlNfilmsonhBN/
sapphireundertheV/IIIratioof750.ItscrystalqualitywascomparablewiththatofAlNonsapphire,but
noresidualstressremained.Moreover,AlN materialswithlowerstressandlesscrackscanprovide
excellentfoundationfordevelopingefficientdeepultravioletoptoelectronics.
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