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PREFACE

AlthoughInvestigationsonSiCasanewmaterialfor

semiconductordeviceshavelongbeenmadeforalmosttwentyyears,

SiCelectrondevicesoroptoelectronicdeviceshavenotyetbeen

developedtopracticaluse.Butalargenumberoflecturesand･

livelydiscussionsattheinternationa:LconferenceonSiCwhich

hasbeenheld七hreetimessince1959haveshownthatSichas

incessan七1ybeendrawingmuchattentionofa10tofresearchers

toitsattractiveproperties｡

Thepresen七investigationwascarriedoutduring七he

Doc七〇r'scourseonthebasisoftheauthor'spreviousinvestigation

(forthedegreeofMaster)onthecrystalgrowthofSicfroma

siliconmelt.Theoriginalpurposeofthepreviousinvestigation

wasafundamentalstudyforthefabricationof3C-SiCoptoelectronic

devices.(3C-SiCcrystals,whichhasthesmallestenergygap,usually

growbythesi]Liconmeltmethod.)Butinthecourseoftheinvesti-

gation,/fH-and6H-S1C,whichhavemuchlargerenergygaps,have

beenfoundtogrowundercertaingrowthconditions,andevenundoped

crystalsshowedintensevisiblephotoluminescenceatroomtempera-

ture(whichwasfoundtobeduetoboronacceptorslater).

Especia:Lly,/fH-SiCemi七七edbrilliantgreenluminescence.Being

charmedwithitsfascinatingcolor,theauthorhasbeenmoved

tos七art七hepresentinvestigationonluminescentcen七ersin

4H-and6H-SiCandonliquid-:phaseepitaxialgrowthtoutilize

thecentersinlight-emittingdevices｡

Thepresentinvestigationisafundamen七aloneforthe

fabricationofvariousSiClight-emi七七ingdevicesbyliquid-phase

epitaχialgrowthinthefu七ure,andhasshownfairlysatisfactory

results.Theproceduresofthephotoluminescencemeasurements

usedin七heinvestigationwereordinaryones,andthemeasurement

systemsdidnothaveanyspecialhighsensitivity.Nevertheless,

detailedstudieswereab:Letobedoneowingtotheveryintense

luminescence.Moreover,theblueelectroluminescenceoftheSIC

diodewassuccessfullyobservedevenfromthefirsttrialsample,
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andtheblue-light-emittingdiodeswereabletobefabricated

quitereproduciblyandrelativelyeasily.Fromtheseresults,

theauthorbelievesthattheliquid-phaseepitaxia:Lgrowthin

thepresentinvestigationhasabrightfutureforthepreparation

of.SiClight-emﾆLttingdevices.

AkiraSUZUK工

October,1976
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工NTRODUCT工ON

Siliconcarbide(SiC)isoneoftheoldestsemiconductors

his七〇rically.工七sphysicalhardnessandchemicalinertnesshave

longbeenutilizedasama七erialforabradant,refractory,heater.

andresistor.Butthephysicalandchemica:Lstablenessmakes

thecrystalgrowthandthedevicefabricationverydifficu:Lt.

工七waswhenJ.A.Lelyre:portedanewcrystalgrowthmethod

utilizingthesublimationofSiCin].955L1)th耳七researches

onSiCasamaterialforsemiconductorelectrondeviceswere

substantiallyinitiated.Bythismethod,relativelylargeand

puresinglecrysta:Lshavebeenabletobeobtained.Electrical

andopticalpropertiesofthecrystalshavebeens七udiedbya

numberofresearchers.Alloy,grown,anddiffusedp-n■junctions

werepre:paredusingthecrys七alsbytheLelyme七hod.工‘2)The

electricalcharacteristicsandtheelectroluminescenceofthe

junctionsweremeasured.

Atfirst,SiChadattractedconsiderablea七ten七ion

asapotentialsemiconductorforhigh-temperatureandhigh-power

electrondevicesbecauseofitsstablepropertiesevenathigh

temperatures.Later,SiCoptoelectronicdevices,especially

light-emi七七ingdiodesinthevisible-lightregion,havebeen

expected,becauseSiChasawideenergygap.SiCexistsina

largenumberofdifferentcrysta:Lstructuresreferredtoas

"polytypes".Sinceeachpolytypehasadifferentenergygap

(2.3-3.5eV),optoe:Lectronicdevicesoveraverywidewavelength

rangewi].1beabletobefabrica七ed.

However,althoughsemiconductortechnologyfor･Siand

工工ｴｰvcompoundshasachievedaremarkabledevelopment,and

light-emittingdiodesofGaASjGaP,etc.areusedpractically,

theresearchesfordevelopingSiCdeviceshaveshownquiteslow

progress.Andtheyareasyetinapreliminaryexperimen七al

stage.

Oneofthepredominantcausesisthatanycrystalgrowth

4
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methodanddevicefabricationtechniquesuitableforsystematic

researchesfortheSiCdevicedevelopmentarenotyetestablished.

ThecrystalgrowthbytheLelymethodandthedevicefabrication

bythea]Lloying(scarcelyusedrecentlybecauseofthepoor

junctioncharacteristics)andthediffusiontechniqueshave

greatdisadvantages.TheLelymethodusesextremelyhighgrowth

temperature(2300°-2500°C)andutilizesspontaneousnucleation

withoutanyseedorsubstratecrystal,whichraisesconsiderable

difficu:Ltiesincontrollingthecrystalgrowthandtheimpurity

doping.Thediffusionofdopantstothesecrystalsalsorequires

hightemperaturenear2000‘Candlongdiffusiontimearoundan

hour.Butsinceanyotherfabricationtechniqueinplaceofthe

Lelymethodandthediffusiontechniqueisnotes七ablished,

theyaremainlyusedfor七hefabricationofSICdevicesevennow.

Recently,epitaxialgrowthofSiConappropriatesubstrates

hasbeencarriedoutbyseveralresearchers,mainlytofabricate

light-emittingdiodes.Thevapor-phaseepitaxialgrowthhas

beendoneusingsi:Liconchlorideandcarbonchlorideorhydro-

carbon,'-''工゜6)andtheliquid-phaseepitaxialgrowthwitha

Sime]jﾉL7)(oraSi+TimeltL8))inagraphitecrucible｡

Sincethegrowthtemperatureislow(about1600*C),andthe

crys七algrowth,theimpuritydoping,andthedevicefabrication

arecontrolledmoreeasily,theseepitaxialgrowthmethodsare

muchexpectedtopromotethedevelopmentofSiCtechnology

rapidly｡

Theliquid-phaseepitaxialgrow七hwithaSimeltwhich

wascarriedoutsuccessfullybyBrandereta1.工゜7)tofabricate

visible-light-emittingdiodeshasbeenregardedasapromising

methodthatwi:LIapproachthe七echniquesusedforｴ:[:[-vsemicon-

ductorspractically.Buttheirexperimentswereconcernedonly

withtheepitaxialgrowthofn-SlC(6H)onap-SiC(6H)substrate

preparedbytheLelymethod,andp-typeepitaxiallayerswere

no七grown.Sincetheirseveralreportsin1969,theworkhas

notmadeanyfurtherprogress,andanyothersuccessfulworkhas
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notbeenreported.Onereasonmaybethattheirtechniqueused

fortheepitaxialgrowthwasinconvenien七tomanageandunsuitable

forsystematicstudiesofepitaxialgrowthanddevicefabrica七ion.

Moreover,therehavebeenveryfewstudiesonvisilDle-luminescence

centersinSiCgrownfromaSimelt.(Recently,boroncenters

in3C-SiCgrownfromaSime:Lthavebeenstudiedindetail,工゜9,1.10)

buttheemissionswerenear-infrared.)

Fromthesestandpoints,theau七horhasinitiatedfunda-

mentalinvestigationsforfabricatingSiCvisible-:Light-emitting

devicesbyliquid-phaseepitaxialgrowthwithaSimelt.The

purposesofthepresentinvestigationarethefollowingtwo:1)

detailedstudiesofradiativerecombinationprocessesofvisible-

luminescencecentersﾆinSiCgrownfromaSimelt(Chapter工工,工工工,

and工V);and2)preparationofSiCblue-light-emi七tingdiodes

byliquid-phaseepitaxialgrowthwiththedippingtechnique

(Chapterv).

工ntheluminescencestudies,photo:Luminescencesfrom

violettonear-infraredduetoA1,6a,andBcentersinifH-,6H-,

and3C-SiCbulksinglecrystalsaredescribed(Chapter工工).

Especially,thephoto]LuminescencesduetoAlandGainifH-SiC

(whichhasthelargestenergygapof3.2eVamongthethree

polytypes)arestudiedindetailundercontinuousandpulsed

excitations.Therecombinationprocessesarediscussed,and

theenergy:Levelsofthe]Luminescentcentersaredetermined

(Chapter工工工).Thedifferencesofluminescencespec七raand

energyleve:LsofAl,Ga,andBcentersamongthethreepolytypes

arediscussed(Chapter工V).

Oneoftheoriginalfeaturesof七hepresentinvestigation

isthatliquid-phaseepitaxialgrowthisdonebythedipping

techniqueinordertoavoidtheinconvenﾆienceencounteredin

Brander'sexperiments(Chapterv).Thedippingtechniquehas

alreadybeensuccessfullyusedforthe:Liquid-phaseepitaxial

growthofGaAsandGaP.工.11,工゜12)Bythistechnique,the

proceduresofepitaxialgrowthwi:LIbecarriedoutmoreeasily,

andsystematicstudiesfortheestablishmentofepitaxialgrowth

{
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conditionssmddevicefabricationtechniqueswillbeableto

bedone.工nthepresentinveistigation,bothp-andn-type

6H-SiCepitaxiallayersaregrown,andgrowthconditionssui七able

forpreparationoflight-emittingdiodeswithhighquantum

efficiencyareobtained.UsingAlasluminescentcenters,blue-

light-emittingdiodesarefabricated,andthediodecharacteristics

aremeasured.
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I工.SOLUT工ONGROWTHOFifH-,6H-,and3C-SiCFROMASiMELT,

ANDV:[S工BLEPHOTOLUM工NESCENCEDUETOA:L,Ga,ANDBACCEPrORS

工ntroduction

SiCexistsinalargenumberofdifferentcrystal

structuresreferredtoas"polytypes",Sinceeachpolytypehas

adifferentenergygap(2.3-3.3eV),SiCwi1:Lbeauseful

semiconductorforvariousvisib:Le-light-eraittingdevicesbya

combinationofpo:Lytypesandluminescentcenters.Aconsiderable

numberofSIClight-emittingdiodeshavebeenfabricatedupにo

date,buttheirluminescentefficiencieshavebeenlow.
工工.1)

Oneofthepredominantcausesisahightemperatureprocess

usedforthecrystalgrowthandtheimpuri七ydoping(above

2000'C),whichmakesitdifficulttoobtaincrystalsofgood

qualityandtocontrolimpuritydoping.

ThemethodofsolutiongrowthfromaSimelthasthe

advantageof10wgrowthtemperature(155011800'C).]:L2)By七his

method3C-SiCisusuallyobtained,whichhasthesmallest

energygap.ButBranderetal.succeededinliquid-phaseepitaχia:L

growthof6H-SiCby七heimmersiontechniqueusingasubstrate

ofthesamepolytype.工1.3)Theauthorhascarriedoutliquid-

phaseepitaxialgrowthof6H-SiCbythedippingtechnique

asdescribedinChapterv.Bo七hBranderetal.andtheauthor

preparedp-njunctionsbyeachownepitaxialtechnique,and

fabricatedblue-light-emittingdiodeswithefficienciesupto

1×10‾5photons/electrona七roomtemperatureusinga:Luminumas

luminescentcenters.11.3)

]:nthischaや七eritwi].1bedescribedthatsinglecrystals

of収1-ty:peand6H-type,whichhavelargeenergygaps,in

addition七〇3C-typecanbeob七ainedwithoutasubstratecrys七a1

1

y
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undercertaingrowthconditions.Andit;wi].1alsobeshownthat

aluminum(Al),gallium(Ga),andboron(B)acceptorsinthese

crys七alsactasluminescentcentersofintensevisiblephoto-

]Luminescencesat10wtemperatures.Thecoloroftheluminescence

variedfromvio:Lettoreddependingontheacceptorandthe

polytype.

2 CrystalGrowth

ThemethodofsolutiongrovfthfromaSimeltina

graphitecruciblehasbeenusedforthepreparationof3C-SiC

crystalsbyseveralresearchers.工工‘2゛工工再)Buttheauthorhas

foundthatsinglecrystalsofZfH-and6H-SiCinadditionto

3C-SiCwereobtainedwithoutanyseedcrystalwhenthefo1:Lowing

twoconditionsweresatisfied.1)The七emperatureoftheSi

meltshouldbehigher(aboutI8OO°C)thanusuallyusedforthe

growthof3C-SiC.2)The七emperaturegradientofthemelt

waskep七assmallaspossible(lessthan5'C/cm).工norderto

realizethecondi七ion2,thetemperatureofthebo七七〇mofthe

cruciblewassetslightlyhigherthanthatoftheupperpar七,

becausethebottomwasapttobecooledbythermalconduction

七hroughthegraphi七esupport.

ThearrangementforthegrowthisshowninFig.]:ｴ.1.

Thecruciblewasmadeofdenseandhigh-puritygraphite(a:pparent

density1.60g/cm-^,ashcontent0.02%).工tssizewas40mm

indep七hand25mmininnerdiameter.Agraphitelidwasused

toavoidevaporationofsilicon.Thecruciblewasbakedat

about1850°Cfor2-3hoursbyinductionheatingundertheflow

ofpureargongasbefore七hegrowth.工七wasfilledwitha26g

chargeofpurepolycrystallinesi]Liconandmaintainedatabout

1300°Cfor20minutes.Then,thetemperaturewasraisedto

thegrow七htemperatureof:l8oo*cinnomorethan15secondsto
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Fig.]:]:.:L.Arrangementforthesolutiongrowth
of/fH-,6H-,and3C-SiCsinglecrystalsfroma･Si
melt.
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(a)

(b)

(c)

Fig.工工.2.X-rayoscilla七ion工)hot.ographs

abou七七he〈○001〉axesofSiCbulkcrystals,

(a)ifH,(b)6H,and(c)3Cpo1ﾊﾟypes.

(Thearrows土nd土cate七hecen七erlines.)

-

- = 〃 I
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avoidcrackingofthecruciblearoundthemeltingpointof

silicon,ajidtheSimeltwaskeptatthattemperaturefor

8hours.(Thetemperatureatpoin七BinFig.工工.1wasset

10'-20*ChigherthanthatatpointA.)Thegasambientduring

thegrow七hwaspureargonatabout].50cm-^/min.

Afterthegrowth,thesiliconwasremovedwitha1:1

mixtureofHFandHN03°Alargenumberofsinglecrystalsof

SiCgrewontheinnerwa1:Lofthecrucible.Thetypicalcrystal

sizewas0.8xO'.8×0.2mm-^.Theinnerwa:IInearthebottom

wasfoundtobedissolvedawayslightly.

Thepolytypesofthecrysta:Lsinthecruciblewere

identifiedbyX-rayoscillationphotographsabouttheir〈0001〉

axes.
工工.5)

TheywerefoundtobesinglecrystalsofifH-,6H-,

and3C-type.Someexamplesofthephotographareshownin

Fig.工工｡2.Thequalityof6H-SiCcrystalsseemedtobepoorer

thanthoseof4H-and3C-SiC,becauseeveryspotinthephoto-

graphof6H-SiCwassomewhatdiffused｡

Ninekindsofsampleswere:preparedforthephotolumi-

nescencemeasurements,thatis,ifH-,6H-,and3C-SiCdoped

withAl,Ga,andB.Al-dopedandGa-dopedcrystalsweregrown

fromtheSimeltwith0,025-0.25at.%Almetalandlat｡%

Gametalinexcess,respectively.B-dopedcryista].swereobtained

usingB-do:ped(2xiO'3at.%)siliconasasourcematerial｡

TheimpuritiesofA:L,Ga,andBactasacce:ptorsinSiC,

butallthecrystalsweren-typecontainingunknowndonors

oftheorder･of1019'cm“3‘.Thedonorswereprobablynitrogen

introducedunintentionallyfromtheambientduringthegrowth｡

Theauthorprepared｡somecrystalsaddingBe,Zn,or工n

tothesiliconbylat.%,buttheydidnotshowanyremarkab:Le

photoluminescenceat77ぺ

3.Pho七〇luminescence

¢

f
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Tab:Le工工.:L.ColorsofphotoluminescencesfromSiC
ofthreepoly七ypes.Eachvalueisthewavelengthof
themaximumpeakat77K(unit:nm).

Polytype
A1

Luminescencecenter

l0

A
i
l
S
Z
…
u
Z
I
Z
〇
I
S
S
I
Σ
山

100

0
3
N
ｺ
4
Σ
ぼ
O
Z

1

H
H
4
v
o

3C

B

Violet
419

Blue
465

Orange

612

TEMPERATURE

400300200

△ﾑ△
*A

Eact

=240t20
meV

Eact

=520t20meV

AH-SiC

2 3 4

(K)

150

&&ﾑ△ﾑﾑ&&

Eact°160*20meV

5

1000/T

67

(K"')

8

Ga

-

Blue
431

Green
卵8

Red
646

B
-

Green-yellow
542

Yellow-orange

621

工nfrared
870

Fig.工工.3Temperature

dependenceoftheemis-

sionintensitiesofthe

Al-doped,theGa-doped,

andtheB-dopedifH-SiC･

9
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Bytheexcitationofuv]Light(36ﾗnm)fromahigh-

pressuremercury'lamp,photo]Luminescencesoftheseninekinds

ofcrystalswereobserved.At10wtemperatures,a:LIthesamples

emittedintensephotoluminescencesofvariouscolorsfrom

violetoneofIfH-SiC:Altoredoneof3C-SiC:Ga(Colorfrontis-

piece1).Only3C-SiC:Bemittednear-infraredphotoluminescence･

Thecolorofeachliiminescenceandthewavelengthofits

maximumemissionpeakat77KareshowninTable工工.1.The

luminescencesoftheAl-dopedandtheGa-dopedsampleswere

quenchedbelowroomtemperature.ButtheB-dopedsamplesshowed

intense:Luminescenceevenatroomtemperature,andthecolors

weremuchthesameasatlowtemperatures.

Thetemperaturedependenceoftheluminescenceintensities

oftheifH-SiCcrystalsisshowninFig.工工.3asafunction

ofreciprocaltemperature.TheemissionintensitiesofifH-SiC:A1･,

ifH-SiC:Ga,andZtH-SiC:Bdecreasedexponentiallyabove150K,

175K,and350K,withactivationenergiesof160120,2ifO:!ﾆ20,

and520120meV,respectively.Theemissionintensityof

ifH-SiC:BconsiderablyincreasedwithIncreasingtemperature

beforヽethethermalquench:ingoccurred.Theluminescencesof

6H-and3C-SiCalsoshowedsimilartemperaturedependences.

?heluminescencesoftheAl-dopedandtheGa-doped

ifH-SiCwi1:LbestudiedindetaﾆilinChapter:[工工.Theluminescence

spectraandrecombinationprocessesofallthesamplesincluding

ifH-SiC:Aland/fH-SiC:GawillbediscussedinChapter工V.

4.Summary

SinglecrystalsofLxK-,6H-,and3C-SiCweregrownfrom

aSimeltinagra:phitecrucible.Visiblephotoluralnescences

duetoAl,Ga,andBacceptorsinthesecrysta].swereobserved

atlowtemperatures.The]Luminescencecolorvariedfromviolet
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tonear-infrareddependingontheacceptorandthepolytype.
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III.RADIATIVERECOMB]:NAT工ONPROCESSESIN

Ga-DOPEDANDA:L-DOPED岬-SiC

1.]:ntroduction

:[thasbeenknownthataccep七〇rssuchasBe,ScjB,Al,

Ga,and工nactasradiativecentersofvisiblephoto:Luminescences

inSiC,工工工゜:L‘工工L3)PropertiesofAlaccep七〇rsasluminescent

centershavebeeninvestigatedindetailfor3C-,6H-,andifH-SiC

dopedwithNandAl.工工工轟“工工工‘9)TheseSiCcrystalswereprepared

byvapor-phasegrow七h.Recently,the:LiminesceiiceduetoBacceptors

hasbeenstudiedfor3C-SiCgrownfromaSimeltsaturatedwith

carbon,工工工.10,工工工.11)Thesestudieshaveshownthattheemissionsat

lowtemperatureswereduetodonor-acceptor:pairrecombination

betweentheNdonorsandtheBorAlacceptors.Theyalsoshowed

thattheemissionsat;hﾆighertemperatureswereattribu七edtothe

recombinationoffreeelectronswithboundholesattheacceptors.

Analyzingtheluminescencespectra,theyhavedeterminedthe

ionizationenergiesofthedonorandtheacceptors.Thevalues

obtainedfortheA:Lacceptorwere193meV,:I:]:ｴ｀5)250-260meV工]:ｴ゜ら

工工工゜6)fol｀3C-SiCj゛dﾘ0-180meV゛Eχ工工工゜8°工工工゜9)fol｀卵自゛d

6H-SiC.Eistheexcitonbindingenergyof4H-and6H-SiC,which
χTTTn1＼

isconsideredtobeoftheorderof10meV.]::I:I｡12)Ontheother

hand.Hal:L-effec七measurementshavegiven230-250meVforthe

Alacceptorin4H-and6H-SiC,工工工‘%工工工':L3)whichdidnotagree

withthoseobtainedbythe]Luminescencemeasurements,Theioniza-

tionenergiesof七heNdonorgivenbyHall-effec七measurements

were33meVfor/fH-SiCand95meVfor6H-SiC,工工工゜14)but七hoseby

the:Luminescencemeasurementswere45-120meVinde:pendentof

the:polytype.工]:ｴ゜沁工工工'らｴ:[工゜8゛工工工‘9゛工工工゜n]

AboutthepropertiesofBe,Sc,Ga,and工nas]Liiminescent

centers,verylittleisknown,andtheirenergylevelsinthe
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forbiddengapremainunknown.

Ga-dopedandAl-dopedifH-SiCcrystalspreparedinChapter

工工showedintenseblueandvioletphotoluminescencesatlow

temperatures,respectively.Thepurposeofthischapteristo

findrecombinationprocessesofthese]Luminescencesandtodetermine

theIoniza七ionenergiesoftheGaandtheAlacceptorsby

measuringluminescencespectraundercontinuousexcitationand

time-resolvedspectraafterpu:Lsedexcitation.Theionization

energyoftheNdonorwhichseemstoparticipateintherecombi-

nationprocesswi].1alsobegiven.

Propertiesofdonor-acce

gatedindetailbyThomaseta1｡

p七〇rpairemissionswereinvesti-

工工工.15)Theirtheoryagreedwe:L1

withtheirexperimentalresultsobtainedforGaP.Accordingto

theirtheorytheauthorsummarizes七hefeaturesofdonor-acceptor

pairemissionshere.Whentheenergylevelofeitherofadonor

oranaccep七〇risshallowandhydrogenic,thetransl七ionprobability

W(R)forpairswith七heseparationRisgivenby

W(R)゜WO°exp(-2R/Rg), (工工工.1)

whereWisaconstantandR-DistheBohrradiusofthecarrier

bounda七七hesha:Llowerimpurity.Equation[工工]:.1)showsthat

W(R)increasesexponentia:iiywithdecreasingpairseparationR.

TheenergyE(R)oftheemittedlightisexpressedby

E(R)゜Eg -(Ed゛Ea)゛e2/s隋 (工工工.2)

whereEdandE^aretheIonizationenergiesofthedonorandthe

acceptor,respectively,eistheelectroncharge,andsisthe

staticdielec七ricconstantofthematerial｡

Asaresul七jdonor-accep七〇rpairemissionsshowthe

followingfea七uresinthespectra.1)Emissionsfromthepairヽs

withverysmallseparationsappearasdiscretesharplines｡2)

Emissionsfromthepairswithrelativelylargeseparationsproduce

anon-discre七ebroadpeak.3)Thebroadpeakobservedunder
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continuousexcitationshiftstowardshigherenergieswith

increasingexcitationintensity.4)Thebroadpeaikbecomes

narrowerandshiftstowardslowerenergiesduringliiminescence

decayafterexcitation.5)Thetotalemissionintensitydecays

non-exponentiallyowingtothedistributionofRand,therefore,

ofW(R).

2 ExperimentalProcedures

Ga-dopedandAl-dopedZfH-SiCcrystalswerepreparedas

describedinChapter工工.

Forcontinuousexcitationa250Whigh-pressuremercury

lampwasusedasalightsource.Theuvlightof365nmwas

suitablyfi:Lteredandfocusedonasample.Thephotonnumber

onthesamplesurfacewasestimatedtobeabout5×10

cm

photons/
w--www-㎜JJ-‾･‾‾‾‾-'-
2･sec.工]:ｴ゜:L6)[E]Lectron-holepairsofabout7×lO^S/cm^･secwill

begeneratedsincetheabsorptioncoefficientofifH-SiCisabout
--皿--ゝ●

4×10cm “:Lfortheexcita七ion:Light.工工工)Luminescencefrom

thesamplewaspassedthroughagratingspectrometer(RitsuMC30)

anddetectedbyaphotomultiplier(HTVR592)｡

Fortime-resolvedspec七roscopyandluminescencedecay

measurementsafterpulsedexcitation,axenonflash:Lam:p(Ushio

USIQO)wasusedto:provideanexcitationlight.工七wasoperated

atarepeti七ionrateofoneortenpulsespersecondusingthe

storedenergyina1500pFcondenserchargedto10kV.Theemi七七ed

lighthadahalf-widthofabout1μsec.Thephotonnumberper

flashonthesamplesurfacewasabout7×1012photons/cm2｡工工工.16)

(Electron-holepairsofabout3×lO^Vcm^willbegenerated:per

flashpu:Lse.)Theoutputsignalsofthephotomultiplierwere

analyzedbymeansofaboxcarintegrator(NFBX530-A)toobtain

time-resolvedspectraanddecayじurves.
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3.1.Emissionspectraundercontinuousexcitation

Undercontinuousexcitationat10wtemperatures,blue

andvioletphotoluminescenceswereobservedfromtheGa-doped

andtheAl-dopedsamples,respectively.Luminescencespectra

at2KareshowninFig.工工]:.1.Thesetwoispectrawerevery

similarinshape,butthatoftheGa-dopedsampleappearedon

thelowerenergyside.Bothconsistedofseveralpeaks.The

highest-energype心Bq(at2.990eVfortheGa-dopedsample

andat3.067eVfortheAl-dopedsample)wasrelativelysharp･

Thepho七〇11energiesoftheo七herpeaksB.(i°1,2,,5)aregiven

inTable]:ｴｴ.1.EachpeakenergyoftheGa-dopedsamplewas

smallerthanthecorrespondingoneoftheAl-dopedsamplebyan

a:Lmos七constsmtvalue:77±5meV.Undopedsamplesshowedthe

sameluminescenceasthatoftheAl-do:pedsamplesincethey

曇
containedasmallamountofunintentionalAlimpurities.But

theluminescenceintensitywasmuchlower.

ThesimilarityofthetwospectraoftheGa-dopedand

theAl-dopedsamplesmaysuggestthatbo七hemissionsoriginated

fromsimilarrecombinationprocesses.工nSectionif,itwil:Lbe

shownthattheyareduetodonor-acceptorpairrecombination

betweenanunknowndonorandtheGaorAlaccep七〇r°TheBOpeak

wi:LIbeexplainedasazero-:phononpeakandtheotherpeaksasits

phononreplicas.Theenergydifferenceof77±5meVbetween

thetwospectraisduetothedifferenceinionizationenergyof

thetwoacceptors.工nTable:E工工.1theenergydifferencebetween

theBOandtheBipeaksalsoisshown,fromwhichonecanfind

whatkindofphononscontributed七〇eachB.peak,aswillbe

describedinSection4.Thefollowingexperimentswi1:Lbeconcerned

main:lywiththeBOpeaks‘TheotherBipeakscanreasonablybe

expectedtobehaveinthesamemannerastheBOpeaks°

Wi七hdecreasingexcitationintensitydownto1/100at

蒼

Byspectroscopicanalysis｡
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Peakenergy
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2.990eV
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2.718(272)

ifH-SiC:A1

3.067eV
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phonon

U
m
一

LA十LO

2L0

LA+2LO

Numbersinparenthesesareenergydifferencesbetween
theBqpeakandtheotherpeaks゛
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2K,bothBQpeaksinFig°工工工.1shiftedtolowerenergiesbya

fewmeVasshowninFig.工工工.2fortheGa-dopedsamp:Le.Thisis

oneof七heevidenceofpairrecombination.

AthighertemperaturesanewpeaikAOappearedonthe

higherenergysideoftheBOpeak.Figure工工工.3showisthechange

inthespectrumoftheGa-dopedsamplewithincreasingtempera七ure.

WhilethermalbroadeningoftheBqpeakoccurred,thenewAO

peakwasfoundat3.025eVa七150K.Theenergydifference

betweentheA0and七heBOpe3｀kswasabout35meV‘工11thespectrum

oftheAl-dopedsamp:Le,theAOpeakseemedtoappearabovelZfOK,

buteachpeakcouldnotbedistinguishedbecauseofthermal

broadening.0ntheotherhand,thespectrumduetoAlinthe

undopedsamp:Lechangedremarkab:Lywithtemperatureasshownin

Fig.]:ｴｴ.4.TheAOpeakappeared゛t118Kandbecamedominant

withincreasingtemperature.工七waslocatedat3.:LO:LeVat129K.

ThewidthoftheAOpeakwasnarrowerthanthatoftheBqpeak.

TheenergydifferencebetweentheAqandtheBOpeakswasabout

30meV.

When七heexcitationintensitywasdecreasedto1/:L00,

thespectrumat118KinFig.工工工.4(duetoAlintheundoped

/fH-SiC)changedasshowninFig.工工工.5.TheBqpeakshifted

towardslowerenergiesasat2K,whiletheenergyoftheAOpeaik

didnotchange.ThetwopeaksoftheGa-dopedsampleinFig.工工工.3

alsobehavedin七hesamemanner.TheAqpeaks,七herefore,are

be:Lieved七〇beduetosomeotherrecombinationprocessthan

donor-acceptor:pairrecombination.AswillbedescribedinSection

if,theAOpeaksareattributedtotherecombina七ionoffree

electronswithboundholesattheacceptors.

Thetemperaturedependenceof七heluminescenceintensity

isshowninFig.工工工.6asafunctionofreciprocaltemperature.

TheluminescenceintensityoftheAl-dopedsampledecreased

exponentiallywithaquenchingactivationenergyof160:t20meV

above:L50K,whilethatoftheGa-dopedsampledecreasedwith

240±20raeVabove175K.
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3.2.Time-resolvedspectraanddecaycurves

Figure工工工.7showstime-resolvedspectraoftheBOpe°k

oftheGa-dopedsampleobservedatdifferentdelaytimes(七)

afterpulsedexcitation.Theyweremeasuredat2K,11K,and

135K.At2K,七heBOpeakwasverybroadat10μsecdelay°With

increasingdelaytime,itshiftedtolowerenergiesandthepeak

widthdecreasedgradually(Fig.工工工.7(a)).Thesefeaturesalso

showanotherevidencethat七heBpeakisduetopairrecombina-

tion.Theoriginofapeakappearingat2.96eVat7msecremains

unknown.

At77K,theBOpeakbehavedinthesamemannerasat2K,

andanewemissionwasobservedonthehigherenergysideofthe

BOpeakatlonge゛delaytimesthan500μsec(Fig.工工工.7(b))･

Withincreasingdelaytimeitbecameadistinctpeakanditspeak

heightreachedto2/3ofthatoftheBOpe心at7msec.工七was

locatedat3.021eVat7msec.At135K,thisnewpeakappeared

asahumpevenat50μsec(Fig.工工工.7(c)).工twaslocatedat

3.02与evat7msecanditsin七ensityexceededthatoftheBOpeak°

Fromthephotonenergy,thisnewpeakisconsideredtobe七he

sameAOpeakthatwasobservedat150Kundercontinuousexcitation

(Fig.工工工.3).Thefea七urethateachAqpeakhadmuchthesame

energyat;anydelaytimealsoshowsthat:itisnotduetopair

recombination.

工nthespectraat135K(Fig.工工I.7(0)),anothernewpeak

Alappearedat2.961eVat7msec.Sincetheenergydifference

of63meVbe七weenthispeakandtheAqpeakalmostagreeswith

66meVbetweentheB,andtheBOpeaks(Table:[工工.1]litmaybe

thefirstphononre:plicaoftheAOpeak°

Time-resolvedspec七raoftheAl-dopedsampleat2Kand77K

゛eshowninFig‘]:ｴｴ.8.TheBOpeakshowedthefeaturesof

donor-accep七〇rpairrecombina七ion.ThesameAqpeakobserved

undercontinuousexcitationwasfoundatlongerdelaytimesat

77KasinFig.工工工.8(b).工七speakenergywas3.106eVat4msec.

工七shouldbenoted七hatat77K,theAOpeakofboth
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Ga-dopedandA:L-dopedsampleswerenotfoundinthespectraunder

continuousexcitation,buttheyappearedinthetime-resolvedspectra.

Decaycurvesofthetotalluminescenceintensityare

showninFigs.工工工.9and工工工.10fortheGa-dopedandtheAl-doped

samples,respectively.Theyarenormalizedatthedelaytime

of10ixsec.A11thedecaycurvesat2K,77K,and:L35Kwere

non-exponential.Atlongerdelaysthanﾗｰ10msectheyvariedas

t'n.Thevalueofnisgivenoneachcurve.ThevalueswereO.9O

and0.84at2KfortheGa-dopedandtheAl-dopedsamples,respec-

tively.Theyincreasedwithincreasingtemperature,andthe

luminescencedecayedmorerapidly･

4.Discussion

if.l.Donor-acceptorpairrecombination

TheBOpeakoftheliominescencespectrumoftheAl-doped

sampleshowedthefeaturesofdonor-acceptorpairemissions

describedinSection1.Sincetheexcitationintensitywasnot

highenough,discreteemissionlinespeculiartopairrecombination

werenotobserved.TheotherBipeaksonthelowerenergyside

behavedinthesamemanneras七heBpeak.Luminescencefrom

SiCcrystalscontainingNdonorsandAlacceptorshasbeen

investigatedbyanumberofau七hors.工工工再“工工工‘9)Theyhaveshown

thatat:Low七emperaturesitwasa七七ributedtopairrecombination,

andthespectrumconsls七edofazero-phononpeakanditsphonon

replicas°ThephotonenergyoftheBOpeakof七heA:L-dopedsample

1nthe:presentstudyalmostagreedwiththatofazero-phonon

peakofZfH-SiCreportedbyGorban'etal.:[工L8]andHagenetal,
ﾛ:ｴ.9)UnknowndonorsoftheorderヽoflO-'-^cm“3inoursamples

areprobablynitrogenintroducedunintentionallyfromtheambient

duringthegrowth(aswillbedescribedinChapterv)でConsequently,

Nitrogenisveryap七tobeintroducedintoSiC.Oxygenmightbe
lin七roduceduninten七ionallyfromtheambient,buthowitactsas
adonororaluminescentcenterinSichasnotyetbeenstudied.
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theBopeakoftheAl-dopedsampleisazero-]phononpeakofthe

pairrecombinationbetweentheNdonorsandtheAlacceptors,

andtheotherB:L“B5:peaksareitsphononreplicas゛

Hagenetalreportedthepresenceofanotherdifferent

zero-phononpeakatabout50meVlowerenergythantheafore-

mentionedone.ButGorban'eta]L.didnotfindsuchapeak.Hagen

eta1.explainedthetwozero-phononpeaksasbeingduetotwo

kindsofNdonors:atthe"hexagonal"andthe"cubic"1a七tice

sitesofZiH-SiC.TheAl-doped/fH-SiCinthepresentstudyshowed

muchthesamespectralshapeasAl-doped3C-SiCpreparedinthe

samegrowthrun(Chapter工V).Since3C-Sichasonlyonekindof

latticesites,‘itisimprobablethatsomeoftheB].“B5:peaksof七he

Al-dopedifH-SiCmaybeanotherzero-phononpeakanditsreplicas.

The:LuminescenceoftheGa-dopedsamplealsowasfound

tobeduetopairrecombinationatlowtemperatures°TheBqpeak

canberegardedasazero-phononpeakofthepairrecombination

betweentheNdonorsandtheGaacceptors.Ascomparedwiththe

luminescenceoftheAl-dopedsample,thespectrumappearedon

thelowerenergysideby7715meV.Thiscanbeexplainedby

theassumptionthattheionizationenergyoftheGaacceptoris

largerthanthatoftheAlacceptorbysuchaquantity.

SincethespectraoftheGa-dopedandtheAl-doped

samplesresembledeachotherinshape,thesamekindofphonons

maycontributetothecorrespondingphononreplicasofthetwo

spectra.TheenergiesofphononsofifH-SiChavebeenreported

byotherauthors.工工工゛17)Theyobtained75.6meVforLAphonon

atthezoneboundary,while1:L9.5meVand103.9meVforLOphonons

atthezonecenterandatthezoneboundary,res:pectﾆLvely,Com-

paringthesevalueswiththeenergydifferencebetweentheBq

andBipeaksgiveninTable工工工゜1,theB:LandtheB2peaksare

foundtobeLAandLOphononreplicas,respectively.TheB3゛By

andB5peaksmaybeexplainedasLA゛LO,2L0,andLA゛2L0

phononreplicas,respectively.
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if.2.Recombinationbetweenfreeelectronsandboundholes

Emissionsduetotherecombinationoffreeelectrons

withboundholesatAlacce七〇rswerefoundin3C-SiCdopedwith

NandAlbyZanmarchi.工工工再

y

Recently,Gorbanleta1.have

reportedthepresenceofsuchemissionsinZfH-SiCdopedwithN

andA]..工工工.8)Similaremissionswereobservedfrom3C-SiCdoped

wi七hNandBinadditiontodonor-acceptorpairemissions.工工工.10,
E[Ln]Theseemissionsappearedonthe35-ifOmeVhigherenergy

sidethanthepairemissions.

TheAOpeaksofoursamp:Lesarethoughttobecausedby

七herecombinationoffreeelectronswithboundholesattheGa

orAlacce:ptorsbythefollowingreasons.:L)TheAOpe3‘ksappeared

inplaceoftheBOpeaksathighertemperaturesforbothsamples°

2)TheenergydifferencebetweentheAq£indtheB^peakswas30-35

meV.3)TheAqpeaksdidnotshowthefeaturesofdonor-acceptor

pairrecombina七ion.Sinceathighertemperatureselectrons

trappedatthedonorsareionizedthermallyintotheconduction

band,theAqpeaksbecomedominant.

TheresultthattheAq:peakduetotheAlacceptorof

theundopedsamplewasobservedatrelativelylowtemperatures

undercontinuousexcitationmaybeexplainedasfollows.Under

continuousexcitation,electronsandholesaregeneratedceaselesslv.

and七heyrecombinethroughthe:pairswi七hsmallpairseparations

onaccountoftheirlargetransitionprobabilities.Thenumber

ofsuchpairsisprobablymuchsma]Llerintheundopedsample

becauseofthesmallnumberoftheAlacceptors.¶rherefore,

evenatrelativelylowtemperatures,electronstrappedatthe

donorsareionized七hermallybeforetheyrecombine.Suchfree

electronscanrecombinewi七hboundholesattheacceptors.

Thethermalquenchingoftheliaminescenceintensity

showninFig.工工工.6isnotcausedbythermalionizationof

e:Lectronsatthedonorsbutlaythatofholesattheacceptors.

Thereasonsarethat1)evenatthetemperaturewheretheAO

peakbegantobedominant,thequenchingdidnotoccuryet,and
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2)thequenchingoftheGa-dopedsamp].ebeganathighertemperature

andshowedlargeractivationenergythan七hatoftheAl-doped

samp:Le.Theprobabilityoftherraa:Lﾆionizationofboundholesa七

theacce:ptorsmaybeexpressedass゛exp(“Ea/kT)3wheresisa

constantandEistheionizationenergyoftheacceptor,Then,

thequenching2cti7゛tiollenergyc?anberegarded゛sEa.工工工゛:L8)

Therefore,theactivationenergiesof160±20meVforthe

Al-dopedsamp:Leand2与0120meVfortheGa-dopedsamplemaybe

aroundtheionizationenergiesoftherespectiveaccep七〇rs.

WhentheprobabilityoftheradiativetransitionfortheAqpeak

andtheconstantsdonotdifferbetweentheGa-dopedandthe

Al-dopedsamples,thetemperaturewhere七herma:Lquenchingbegins

isinproportiontoEa.:[工工‘18]Theresultth゛七theluminescence-

oftheGa-dopedsamplebegantoquenchathighertemperature

(1乃K)thanthatoftheAl-dopedsample(150K)showssucha

tendency.

if.3.Time-resolvedspectraanddecaycurves

¶rhissectionwilldiscusstheresultthattheAq

peaksappearedatlongerde:Laytimesinthetime-reso:Lvedspec七ra

at77Kand135K.Suchaphenomenonhadbeenobservedat77K

in3C-SiCdopedwithNandAlbyLongeta1.
工工工.7)

Theyexplained

itastherecombinationoffreeelectronswithboundholesa七

theacceptorswhichwereisolatedorenteredthedonor-acceptor

I)a:irswithlargeseparations.Onthebasisof七heiridea,the

resu:Ltobtainedisexplainedasfollows,Sﾆincethephotonnumber

oftheexcitationlightwasnotlargeenough,alltheexcited

e:Lectronsandholesmaybeboundbythedonorsandtheacceptors.

At2K,theboundelectronsandholesarenotionizedthermally

beforetheyrecombﾆinetogeneratepairemissions.Sinceelect:rons

andho:Lesatthepairswithlargerseparationsrecombinemore

slowly,longdecaycurvescharacteristicof:pairrecombination

wereobservedat2KasshowninFﾆigs.工工工.9and工工工.:LO.At
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highertemperatures,boundelectronsajidholeswithsma].1e『

pairseparationsrecombineinshor七erdelaytimes,butelectrons

largelyseparatedfromtheholesareionizedthermallybefore

theyrecorabine.(Theionizationenergyofthedonorismuchsmaller

than七hatoftheacceptorasdescribedinthefo:Llowingsection.)

Thesefreeelectronsrecorabinewithboundholesandproduce

theAqpeakatlongerdelaytimesinthetime-reso:Lvedspect:ra

evenatsuchlowtemperaturesas77K.Withincreasingtemperature,

thee:Lectronsbegintobeﾆionizedinshorterdelaytimeasin

Figs.工工工.7and工工工.8.

Thenormalizeddecaycurveathighertemperaturefalls

morerapidlyatlongerdelaytimesasinFigs.工工工.9and工工工.10,

becauseelectronslargelyseparatedfromtheholesareionized

muchfaster.At135K,onlytheAOpeakanditsphononreplicas

maybeobservedatlongerdelay七iraesthan7msecfromthe

spectraat].35KinFig.工工工.7(c),buttheluminescenceintensity

didnotdecayexponential:Lybutast‾nduring七hesedelaytimes

at135K.Thissuggeststhatthethermalionizationandthe

recombinationprocessesoftheelectronsarenotsimple.

Undercontinuousexcitation,electronsandholesare

generatedceaselessly,andtheyrecombinethroughrapidrecombi-

nationprocesses,thatis,throughthepairswithsma].1separations

at10wtemperaturessuchas77K.Therefore,theAOpeaks,which

appearedinthetime-resolvedspectraatlongerdelaytimes

owingtothepairswithlargesepara七二ions,werenotobservedin

七hespectraundercon七inuousexcitation.

k.k.工onizationenergiesoftheNdonorandtheGa,Alacceptors

FromtheenergyhpAoftheAOpeak,theionization

energyof七heacceptorcanbeobtainedbythefollowingrelation
工工工.19).

Ea°gx十EX+kT“hpA゛ (工工工.3)



whereE

-kO-

゛ExjandkTaretheexcitonenergygap,theexciton
-bindingenergy,ajidthethermalenergyofthefreeelectron

respectively°Thesumof^SxandExistheenergygapEg‘Using

thevaluesofhpA obtainedundercontinuousexcitationandin

thetime-resolvedspectra(Egx

(工工工.3)gives

＼°168 !3meV

fortheAlacceptor,and

Ea =2与9

十EX

2:3meV゛EX

isgivenbyRef.工工工.20),Eq.

(工工工.4)

(工11.5)

fortheGaacceptor.

TheionizationenergyoftheAlacceptorgivenbyEq･

(:[工工.与]almostagreeswith].80raeV+EbyGorban･etal.工工工.8)

and150meV゛EbyHagenetal.工工工.9)≒hen13.5meVisusedfor

Eχ(reportedfo73C-SiC工工工'12))j]-8213meVisobtained゛s

theionizationenergy.Thisvalueissmallerthan230-250meV

obtainedbyHall-effectmeasurements.ﾛ:ｴ.9μ工工.13)

TheionizationenergyoftheGaacceptorhasbeenfound

tobe249±3meV゛Eχbythepresentstudyfor七hefirsttime.

Theenergyis81raeVlargerthanthatoftheAlacceptor.When

13'5meVisusedforEχjtheioniza七ionenergyis263±3meV.

BothionizationenergiesoftheAlandtheGaacceptors

arefoundtobea:Lmos七inagreementwiththeactivationenergies

of七hethermalquenchingoftheluminescenceinFig.工工工.6

(160±20meVand240±20meV,respectively),ashasbeen

expectedinSection4.2.

Thephotonenergyhw(R)ofthepairemissionwith七he

separationRisexpressedby

hP(R)ﾆEgx･゛EX‾(Ed↑Ea)゛e2/s馬 (工工工.6)

whereEdistheﾆLonizationenergyofthedonor,andeandsare



-4:L-

theelectronchargeandthestaticdielectricconstantofthe

material.工工工゜15)Then,fromthephotonenergyh1?｡｡dueto七he

pairwithextremelylargeseparation,onecanobtainEd十＼

byEq.(工工工｡6):

Ed 十Ea
一

一

^gx 十Eχ“hy°゜
(工工工.7)

Theenergyh1?゜゜canbeestimatedfrom七hepeakenergyhVgand

thehalf-width^EoftheBOpeak(thezero-phononpe°k)under

continuousexcitationasdescribedinRef.:[工工.21.Sincethe

excitationintensitywasnothighenough,ourexperimental

conditioncorrespondstotheunsatura七edlimitinRef.工工工.21.

Thus,

h‘゛QQ°h陥'(1/0.76)yE (工工工.8)

Using七hevaluesofhyB゛dSegiveninTable工工工.2and3.265eV

fol゛Egx衣2Kj[工工゜20]Eqs.(工工工.7)and(工工工.8)give

Ed゛Ea°227meV゛EX

fortheAl-dopedseanple,and

Ed゛Ea°300meV゛Eχ

(工工工.9)

(工工工.10)

fortheGa-dopedsample.Usingthevaluespreviouslydetermined

fol｀Ea(Eqs.(工工工.k)and(工工1.5)),oneobt°ins

Ed
-

- 5913meV

fortheAl-dopedsample,and

Ed°5113meV

(工工工.11)

(工工工.12)

fortheGa-dopedsample.Since七hedonorsinbothsamplesare
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Table工]::I:゜2°Ed+Eajhpo°jandRcalculated

fromthepeakenergyh^>3andtheha:Lf-widthSEof

theBOpeakat2K゛

Sample

4H-SiC:Ga

4H-SiC:A1

hμB

(ev)

2.990

3.0印

JE°

(ev)

-

O.019

0.022

hμ｡｡

(ev)

2.965

う.038

(

y
ﾀﾞ

ｰ

ﾂ

Ed十Ea

(mev)

う00゛

227゛

χ
χ

E
E
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probab:lythesamenitrogen,theionizationenergyoftheN

donorisdeterminedtobe55にﾌraeVfromEqs.(工工I.11)and

(工工工.12).Thisvaluemaybecomparedwith65meVfromthe

:LuminescencedatabyGorban'e七a:L.工工工.8)and33raeVbyHall-

effectmeasurements.工工工゜10

ThepairseparationRmakingthemostcon七ribution

t;o七heBOpeakisderivedfl｀o

x

Eqs.(工工工.6)and(工工工.7)by

h}゛(R)ﾆ即B"

Rp
=e
2

/s(h%“h4).

Using:LOass,工工工゜22) 50Aand卵Aareobtainedforthe

Al-dopedandtheGa-dopedsamples,respectively.

k.Summary

(工工工.13)

工nordertofindtherecombinationprocessesof七he

blueandthevio:Letpho七〇luminescencesfromtheGa-dopedand

theAl-dopedifH-SiC,luminescencespectraundercon七inuous

exci七ationwereobservedatvarious七emperaturesandexci七ation

intensi七ies,andthetemperaturedependenceofthetota:L

luminescenceIntensitywasmeasured.工naddi七ion,time-resolved

spectraanddecaycurvesafterpulsedeχcitationwereobserved

atdifferenttemperatures.Asaresult,theluminescencesat

2Kwerefoundtobedonor-acceptorpairemissionsbetween

theNdonorsand七heGaorAlacceptors.The:Luminescence

spectraofthetwosamplesresembledeacho七herinshape,and

consistedofazero-phononpeakanditsphononreplicas.The

con七ribu七ingphononswerefoundtobeLA,LOphononsandtheir

combinations.Athighertemperaturesanotheremissiondueto

therecombinationoffreeelectronswithboundholesatthe

GaorAlacceptorswasobserved.
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Fromtheenergiesofthezero-phononpeaksofthese

twokindsofemissions.theionizationenergiesof55±7meV,

^k^±3meV゛Eχj°md168±3meV4‘Eχweredeterminedfor

theNdonor,theGaacceptor,andtheAlacceptor,respectively･

Whenthevalueof13｡5meVobtainedfor3C-SiCisusedas

theexcitonbindingenergyEX゛thelattertwoare26313meV

and182;t3meVjrespectively.TheionizationenergyoftheGa

acceptorwasdeterminedby七hepresentstudyforthefirsttime.
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工V.COMPAR工SONSOFTHEPHOTOLUM工NESCENCESPECTRADUETO

Al,Ga,ANDBACCEPTORS工NZfH-,6H-,AND3C-S1C

1.:Introduction

AshasbeendescribedinChapterII,Al,Ga,andB

acceptorsin2fH-,6H-,and3C-SiCactedwe1:Lasvisib:Le-photolumi-

nescencecentersatlowtemperatures(Table工工.1).SiCcrystals

dopedwithBshowedintenseluminescenceevenatroomtempera-

ture(Fig.工工.3).ThecolorofthelumﾆInescencewasfoundto

dependontheacceptorandthepolytype.Radiativerecombinatﾆion

processesinvolvingAlandGainkE-SlChavebeendescribed

indetailinChapter工工工,andtheionizationenergiesofthe

NdonorandtheAl,Gaacceptorswerede七ermined.

:I:nthischapter,recombina七ionprocessesofthephoto-

luminescencesduetothethreeaccep七〇rs(Al,Ga,andB)in

thethreepolytypes(/fH,6H,and3C)wi:LIbediscussedintermsof

theluminescencespectra.TheionizationenergyoftheBacceptor

in･/fH-SiCWi].1beestimatedinaddi七iont;othoseoftheAl

andtheGaacceptors.Differencesinionizationenergyamong

thethree:polytypeswillbediscussedforthethreeacceptors

andtheNdonor.

2.PhotoluminescenceSpectra

Photoluminescences:pectraweremeasuredusingahigh-

pressuremercurylamp.aspectrometer(RitsuMC30),aphoto-

mu:Ltiplier(HTVR636),andalock･inamplifier(NFLｴｰ572B).

Figure工V.1showsliiininescencespectradue七〇thethree
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differentcenters(Al,Ga,cindB)inifH-SiCat77K.Comparisons

ofthespectraduetothesamecenterinthethreedifferent

polytypes(it-H,6H,and3C)areshovminFigs.工V.2,工V.3,and

工VA.ThespectrumoftheB-dopedifH-SiCatroomtemperature

isshowninFig.工V.5ascomparedwiththatatlowtemperatures.

Fromthesespectra,thefollowingsixfeaturesmaybepointedout.

:L)Thespectraof6H-and5C-SiCduetothesamekindofcenters

wereonthelowerenergysidethanthatofZfH-SiCby250-300

meVand850-950raeV,respectively[Figs,]:V.2,]:V.3,and工V.4).

2)ThespectrヽaduetoGaandBwereonthelowerenergyside

thanthespectrumduetoAlby50-100meVand500-700meV,

respectively,forthethreepolytypes(Fig.工V.I).3)Allthe

spectraduetoAlandGa,excep七6H-SiC:Ga,almostresembled

inshape.Eachspectrumhadseveralpeaks,amongwhich七he

highest-energyone(B^)wasl｀e:Lativelysharp(Figs.:rv.2゛ld

工V.3).k)ThespectraduetoBwere"be1:L一白haped"oneswith

averybroadspec七ralwidth.Thatof6H-SiC:Garesembledthese

spectra(Fig.工V.4).5)Thespectrumof/fH-SiC:Batroom

temperaturewasobservedathigherenergythanatlowtempera-

turesbyabout60raeV(Fig.工V.5).6)Eachpeakinthespectra

of6H-SiCwasali七七1ebroaderthantha七〇fZtH-SiCand3C-SiC.

Luminescencespec七raobservedat2Kweremuchthe

sameasat77K,buteachpeakwasalittlesharper.The

spectrumof6H-SiC:Bshowedtwohumpsonthehigherenergy

sidea七2Klikethespec七rumofZfH-SiC:Bat77Kshownin

Fig.工V.4.

Theenergyofthehighes七-energypeakorhump(BO)of

eachspectrum,andtheenergydifferencesbetweentheBqpeak

andtheo七herpeaksonthelowerenergyside(B,-Bg)aregiven

inTable工V.1fromthedataat2K.Thepeakwithanunderlined

valueinTable]:V.1hadthemaximumheightineachspectrum.

ThepeaksB3皿dB4of6H-SiC:Alcouldnotberesolved.The

peakofthebroadspectrumof6H-SiC:Bmaycorrespondtothe

peakB6asshowninTable工V.I.(For3C-SiC:B,theda七areported

byYamadaandKuwabara工V°1゛工V°2)wereadopted.Theircrystals
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Table工V.:L.Photonenergyofthezero-phononpeakBO゛

andenergydifferencesbetweenBqanditsphononreplicas

Bi[i°]り2,,6)at2K.

4H

A1

-

6H 3C
4H

Ga

-

6H 3C 4H

B

-

611
3C

Contributini;
phonon

1
2
K
ﾉ
4
I
f
ﾉ
6

B
B
B
B
B
B

(2V)

112-

16之

223

268

Q
″
7

こ
7
1
1
1
2

O
O

Q
m
(
)1
2

270

L
T
i
J
-
O
J
6

6
8
2
0
一
8
3
9
4

1
1
2
2
3

1
5
9
9

6
2
1
8

7
一
3
9
9
3

1
1
2
2
37

Q
/
~
ﾉ

6
6
m
6
2
7
1
1
2
２

9
6
5
1

1

0
5
7
1
6

6
1
7
3
8-
1
2
2

mm

_:Maximumpeak,():byYamadaetal.(Ref.ﾆLV.･)

(69)

(116*)

Tab:Le工V.2.Pho七〇nenergyoftheAO:peak.

Sample
Photonenergy
(ev)

Temperature
(K)

Ｍ

1 0

LA+LO

2L0

LA゛2L0

3L0

4H-SiC:Al

4H-SiC:Ga

4H-SiC:B

6H-SiC:Al

3C-SiC:Al

3.101

3.025

2.644

2.801

2.150

129

148

126

132

120
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werepreparedbyasimilarmethodtothatwasusedinthe

presentstudy.)

Above77K,anotherpeak(Aq)appearedon七hehigher

energysideoftheBopeak,ajiditbecamedorainan七with

Increasingtemperature(whichhasalreadyshowninFigs.工工工.3

and工工工.4forifH-SiC:GaandifH-SiC:A]..).Theenergiesofthe

A^peaksobtainedforseveralsamplesaregiveninTable工V.2.

3.Discussion

3.1.Comparisonsofthe]Liimlnescencespec七ra

Theunknowndonorscontainedinthecrystalsmaybe

nitrogenintroducedunintentionallyfromtheambientduring

thecrystalgrow七h.Thevio:Letandtheblue:Luminescences

fromtheAl-dopedandtheGa-dopedifH-SiChavebeeninves七igated

indetailinChapter工工工.Atlow七emperatures,theywerefound

tobeduetodonor-acceptorpairrecombinationbetweenthe

Ndonorsand七heAlorGaacce:p七〇rs.Athighertemperatures,the

emissionsduetotherecombinationoffreeelectronswith

boundholesattheAlorGaacceptorswerefound.Eachspectrum

duetothesetworecombinationprocessesconsistedofazero-

phononpeakandi七sphononreplicas｡

Luminescencefrom3C-SiCdopedwithNandAlhasbeen

investigatedbyseveralauthors.:rv.3-:EV.6)Thespectraobtained

bythemalmostagreedwiththatof3C-SiC:Alinthisstudy.

Recently,studiesontheluminescencesfrom4H-and6H-SiC

dopedwi七hNandAlhavebeenreported.:V.7,IV°8)These:Lumi-

nescencesfromthesethreepolytypeswereexplainedasdonor-

acce:ptorpairemissionsbetweentheNdonorsandtheA:Lacceptors

atlowtemperatures.YamadaandKuwabaraobservednear-infrared
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luminescencefrom3C-SiCdopedwithNandBatlowtemperatures｡

工V'‘1μV‘2)Theyalsoshowedthatitwasduetopairrecombi-

nationbetween七heNdonorsandtheBacceptors,butthe

zero-phononpeakwasweakascomparedwiththatofthe:Luminescence

duetoA:L.Athighertemperatures,inbothluminescencespectra

duetoA:LandB,differentemissionpeakswerefoundowing

totherecombina七ionoffreeelectronswithboundholesat

theAlorBacceptors,andtheybecamedominantwithincreasing

temperature｡

Thesixfeaturesoftheluminescencespectramentioned

intheprecedingsectionoffersomepropertiesofthethree

acceptorsinthe'threepolytypes.Fromthefeature3,allthe

liiminescencesduetoAlandGamaybedonor-acceptorpair

emissionsbetweentheNdonorsandtheAlorGaacceptors.

Eachrelativelysharppeak(BO)onthehighestenergyisa

zero-phononpeakandtheothers(B.)areitsphononreplicas゛

SincethespectraduetoBresembledthatof3C-SiCdoped

withNandBreportedbyYamadaandKuwabara,theyalsomay

bepairemissionsbetweentheNdonorsand七heBaccep七〇rs.

Thefirsthump(BO)on七hehighes七energycanberegardedas'

azero-phononpeak°A11theAOpeakswhichwereobservedon

thehigherenergysideoftheBOpeaksathighertemperatures

arethoughttobeduetotherecombinationoffreee:Lectrons･

withboundholes｡

Theenergydifferencesamongthespectraofthethree

:polytypes(七hefeature1,Figs.工V.2,:[V.3,and]:V.if)are

accountedforbythedifferenceoftheenergyga:p.(Theenergy

gapsat2Kare2,390eV゛E,3.023eV゛E,and3.265eV+E

for3C-,6H-,and/fH-SiC,respectively√rv'゛9jwhereEisthe
x

exci七〇nbindingenergyoftheorderof:LOmev.工V.10j)

Theenergydifferencesamongthespectraduetothe

threeacceptors(thefeature2,Fig.工V.:L)maybeattributed

tothedifferentenergylevelsof七heacceptors.Therefore.

theionizationenergyoftheGaacceptorisali七七1elarger

thanthatoftheAlacceptor,whi:LethatoftheBacceptoris
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muchlarger･

Eachpeakof6H-SiCwassomewhatbroaderthanthat

of/iH-and3C-SiC(thefeature6).Thismightberelatedto

therelativelypoorqualityof6H-SiCcrystalsasshownin

Fig.工工.2.

3.2.SpectraduetotheBacceptors

Thebell-shapedspectrawithaverybroadspectral

widthoftheB-dopedsamples(thefeature4,Figs,:I:V.4and

工V.5)arepresumablycausedbythedeepenergylevelofthe

Bacceptor.工七hadbeenshownbyKeil工V.12)thatwhena

localizedcenterparticipatesﾆinanop七ical七rajisition,the

spectrumiscomposedofaweakzero-phononpeakandanumber

ofitsphononreplicaswi七れsimultaneousemissionsofmultiple

phononsbecauseofthestronglattice-impurityinteraction.

Recently,Tajimaeta1.工V°137工V'14)havesuccessfullyexplained

thespec七rumofdonor-acceptorpairemissionsinGaPinvolving

adeepcentersuchasGeorBionthebasisofthetheoretical

mode:LofKeil,Theyhaveshownthatforadeeperimpuritylevel

thela七七ice-impurityinteractionwasstrongerandreplicas

emitting:Largernumbersofphononsweredominantinthespectrum.

Thespectraof4でH-SiC:Band6H-SiC:BshowninFig.工V.4can

beregardedasacaseofas七ronglattice-impurityinteraction,

becausetheenergyleveloftheBacceptorhasbeenfound

tobelocateddeeplyin七heforbiddengap.:Itisduetothis

stronginteractionthatthemaximumemissionpeaksof

theB-dopedsamplesweretheB6peaks,whilethoseofthe

Al-doped゛1dtheGa-dopedsamplesweretheB2orB3peaks

asinTable工V.1｡

SiChastwokindsoflatticesi七es,namely,Si-sites

andC-si七es.Ana:lyzingthediscreteline-spectraofpair

emissionsfrom3C-SiC,Choykeetal.工V.4)andYamadaetal.工V.I)

haveshowntha七NandBsubsti七utethesamekindofsites,
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whileAltheotherone.Accordingtotherelativeatomicsizes,

NcindBprobablyoccupy七heC-sites(whichhasbeenconfirmed

byESRstudies:EV゛15)),WhileAlandGatheSi-sites.This

mayberelated七〇theresultthat七heBacceptorhasmuch

largerionizationenergythantheA:LandtheGaacceptors.

ThespectrumofifH-SiC:Ba七roomtemperature(300K)

appeared.athigherenergythanthatatlowtemperatures(2K

and77K)byabout60meV(thefeature5,Fig.I:V.5).Since

theforbiddengapatroomtemperatureis30-ifOmeVsmaller,工V°9)

thepeakshiftof90-100meVoccurredtowardhigherenergies･

Theshiftisaccountedforpartlyby七hechangeintherecombi-

nationprocessfrompairrecombinationtothatbetweenfree

electronsandboundholes.

LuminescencedecaycurvesofifH-SiC:Bafterpu:Lsedexci-

tationweremeasuredbythemethodmentionedinCha:pter工工工.The

curvesatvarioustemperaturesareshowninFig.工V.6.They

arenormalizedat:LOμsecdelay.Theluminescenceat2Kand

77Kshowedextremelyslowdecays.Theemissionwasvisible

oversevera:Lsecondsaftertheapplicationofanexcitation

pulse.(ThepairemissionsbetweentheNdonorsandtheAl

orGaacceptorsshowedmorerapiddecaysasinFigs.工工工.9and

工]:ｴ.10).Thedecaycurvesat200Kand300Kdifferedconsiderably

fromthoseat2Kand77K.Thenormalizedintensitya七earlier

than5msecwaslargeratthehigher七eraperatures(200Kand

300K)thanatthelowertemperatures(2Kand77K).Moreover,

theabsoluteintensityat10|isecdelayincreasedwi七hincreasing

temperatureabove150K.Fromtheseresults,rapidradiative

recombinationisfoundtoincreaseathighertempera七ures.

A:Lthoughthedecaybecamerapidgraduallyw土七hincreasing

tempera七ure,itwasfairlyslowevenat300K.Thecurvesa七

200Kand300Kwerenon-exponential,andatlongerthan5msec

theyvariedast‾○゜6and七‾:*,respectively.

Thetotalemissionintensi七yofUH-SiC:Bundercontinuous

excitationincreasedgraduallywithincreasingtemperature

from150Kto300KasshowninFig,工工.3.Thismaybecaused
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bytheincreaseofrapidrecombinationprocessesshownbythe

decaymeasurements,becauseundercontinuousexcitationelectrons

andho:Lesaregeneratedceaselessly,andtheyrecorabinethrough

rapidrecombinationprocesses.

3.3.Phononreplicas

Muchthesamedispersioncurveshavebeenreported

forthesamemodeofphononsofeverypolytype.
]:V.20,]:V.21)

InTableIV'13thesameBi:peakofeverypolytypeisseparated

fromeachzero-phononpeakBqbyanalmostconstantvalue

independentofpolytypesandaccep七〇rs.Thismayindicate

thatthesamemodeofphononcontributes七〇thesameB.peak

ofeverysample.FromthevaluesinTable工V.1andthephonon

energiesofSiC,theB:Laxid七heB2peaksarefoundtobeLA

andLOphononrep:Llcas,respective:ly.Theo七herreplicasmay

beduetocombinatﾆionsofthese七womodesasgiveninTable

:[V.I.ThephononenergiesoftheBreplicasareali七七1e
,1

smallerthan七hevalueofLAphononatthezoneboundary

(75-80meV),whi:LethoseoftheB^replicasarenearthevalue

ofLOphononatthezonecenter(119-121meV)ratherthanat

thezoneboundary(102-105mev).

3.k.工onizationenergiesof七hedonorsand七heacceptorsin

thethreepo:lytypes

工nChapter工工工,fromthedetailedinvestigationon

the]LiiminescencesofifH-SiC:AlandZfH-SiC:Ga,theionization

energiesof55ﾆt7meV,168±3°eV゛Eχjand24913meV゛EX

weredeterminedfortheNdonor,theAlaccep七〇r,andtheGa

acceptor,respectively｡

:[thasalreadybeendescribedthatfromsomeof七he

othersamplestheemissionpeaksa七七ributed七〇therecombina七ion
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offreeelectronswithboundholesattheacceptorswereobserved

athigher七emperatures.工nthesamemannerasinChapter工工工,

from七hephotonenergyhpAof七hezero-phononpeakAq,the

ionizationenergyEoftheacceptorcanbeobtainedbythe

followingrelation:≒V'16)

＼°"gx十EX十kT爽hFAI (工V.1)

whereEgx゛EX゛andkTaretheexci七〇nenergygap,theeχciton

bindingenergy,andthethermalenergyofthefreeelectron

respectively.ThesumofEgxand＼is七heenergygap゛

Thephotonenergyln>ofthezero-phononpeakof

donor-acceptorpairemissionisexpressedby

hJ'g°gx゛EX゛(Ed゛Ea)゛＼' (工V.2)

whereEistheionizationenergyofthedonorandEisthe

Coulomb

d

energytermﾉV'17)FromEqs.(工V.:I)and(工V.3),one

gets

EdﾆhpA‾hpB‾kT+E(? (IV.3)

whereTisthetemperatureatwhich七heApeakisobserved°

Using七hevaluesofhpAinTable工V°もhpginTable工V°1,and
E
gxgiveninRef.工V.9,oneobtainsEandE,byEqs.(工V.I)

and(IV.3).TheresultsthusobtainedareshovminTable:[V.3

inadditionto七hevaluesob七ainedfor4H-SiC:Aland/|H-SiC:Ga

inChap七er工工工.

Since七hevalueofEχis13｡5meVfol｀3C爽SiCjv‘10)

theioniza七ionenergyofA:Lin3C-Sicisobtainedas262meV,

whichisingoodagreemen七with260ﾆt]｡5meVobtainedfrom

thedetai:LedluminescencestudybyLongetal.:EV°5)(Their

crystalswerepreparedbyvapor-phasegrowth.)Thevalueof

168raeV+EforAlini;H-SiCmaybecomparedwith150meV゛E

byHageneご゛1ﾝEV°8)゛1d180meV゛EχbyGorban'etal.:I:V‘7)゜c
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Table:1:V.3.工oniza七ionenergiesofAl,Ga.andB
acceptorsandNdonor(unit:mQV).

4H

-
A1

4H

-
Ga

4H

-
B

4H

-
A1

6H

-
A1

168゛Ex249゛EX628゛EX168゛EX231゛EX

59 51 23゛Ec59 16゛E
C

E:theioniza七ionenergiesof七heaccep七〇『
dandthedonor,respec七ively･
theexcitonbindingenergy･

theCoulombenergyterm｡

3C

-

A1

2484'yχ

7ﾌﾞ'c
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(Theircrysta:Lswerea:Lsopreparedbyvapor-phasegrowth.)

Preciseva:LuesofEχforifH-and6H-SiCareunknown‘When＼

isassumedtobeof七hesameorderinthethreepo:Lytypes,

theionlzationenergyofA:LinifH-SlCis60-80meVsmaller

thanthosein6H-and3C-SiC.工七isquitepossible七hatEχ

differssubs七an七iallyamongthethreepolytypes.Butsince

＼doesno七probablyexceedEd(55±7meV),thedifference

of60-80meVcanno七beaccountedforonlybythedifference

inEX°WhenEaisob七ainedfromEq.(工V.I),thevalueofthe

excltonenergygapEisused.SolongasEforvarious

polytypesobtainedbj
x

Choykee七a1.工V‘■"isused,thesmaller

ioniza七ionenergyofAlmaybeessentialtoifH-SiC.TheGa

andtheBacceptorsinZiH-SiCalsoseemed七〇showsomewhat

sma]Llerionizationenergiesthanthosein6H-and3C-SiC.

TherehavebeenveryfewreportsaboutGaaccep七〇rs

inanypolytypeuptoda七e･.Preciseelectricalmeasurements

aboutGaaccep七〇rshavenotbeencarriedout,either.The

ﾆionizationenergyoftheGaaccep七〇rinSiCwasobtainedby

七hepresentstudyfor七hefirsttime.Theionizationenergyof

theBacceptorhasbeenfound七〇be390meVfor6H-SiCby

Ha:Ll-effec七measurements.工V°:L8)Kuwabaraeta1.haverepor七ed

much:Largerionizationenergyof735meVforBin3C-SiCby

111yn4y､⌒..､⌒y､･⌒･4-､､.14⌒⌒y､⌒.､⌒.､4-1､.工V●2)mt､.､...､1､､--rごno､...､TT･luminescencestudiesrecent:Ly.工V'2 Theva:Lueof628meV+EX

forBin与H-SiCbythepresentinvestigationalmostcoincides

with七heirresult,

TheCoulombenergytermEcobtainedfor4H‾SiC:A1and

UH-SiC:Gawere29and25meV,respectively[inSection4.4in

Chapter]:ｴｴ).工fthesevaluesareusedasE^inTable工V°3j

it8-52meVisob七alnedasE^for/fH-SiC:B.Thisvalueisin

agreemen七wi七h59and51raeVfori4H-SiC:Aland4H-SiC:Ga,

respective:ly.Therefore,onekindofdonorwiththeionization

energyof55±7meV,namely,nitrogenpar七icipatesin七he

recombinationprocessesofthe七hreekindsofiiH-SiCsamples

withthedifferentacceptors.Similarly,41-45meVfor6H-SiC:A1

and32-36raeVfor3C-SiC:A:LareobtainedasE .Theseare･a
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]Littlesma]LlerthanthevalueforifH-SiC.Since6H-SiCand3C-SiC

have:Largerabsorp七ioncoefficien七sfor七heexcitation:Light

owingtotheirsmal:Lerenergygaps,theexcitationispossibly

doneinasmallervolumenearthesamplesurface.Thismayproduce

thesameeffectthatisbroughtaboutbytheincreaseofexcitation

intensity.Then,thepairseparationmaking七hemostcontribu-

tionto七hepair-emissionpeakBObecomessmall,andthe

CoulombenergytermEbecomeslarge(Eqs.(ｴ:[工.6]and(工V.2)).

工V°17)Thel｀efol｀ejEd701｀6H‘and3C-SiCwillbeabletoapproach

thevalueforifH-SiC.

Theva:Lueof5517meVfortheNdonorinifH-SiC

canbecomparedwiththoseobtainedbyotherresearchers.

thatis,118,:[V再]与6,工V'5)55meV]:V°2)for3C-SiC,65工V‘?)

and80meV工V.8)for卯-SiC,and].00mev工V‘8)for6H-SiC.

Hall-effectmeasurementsgavetheionizationenergiesde:pendent

ﾂﾞﾂ潔肋ご匠辻ぞごとﾔ乙竺ﾔﾔご
ifH-SiC, Theresu:Ltsinthepresentstudydidnotshow

sucha七endency.工七shouldbenotedthatE

usedwhenEd isob七ainedbyEq.(工V.5).
gx

3.5.Thermalquenchingoftheluminescences

andEarenot

ThethermalquenchingshowninFig.II｡3maybebrought

aboutbythethermalre:Leaseofboundholesattheacceptors

intothevalenceband,because七heluminescencesdue七〇the

threeacceptorsbegan七〇bequenchedatdifferenttemperatures

withdifferentactivationenergies.Theprobabilityof七hermal

ionizationofboundholesa七theacceptorsmaybeeχpressed

ass‘exp(-E/kT),wheresisaconstantandE^istheioniza七ion

energyoftheacceptor.Then,thequenchingactivationenergy

canberegardedasEa.工V°11)Theac七ivationenergiesof:L60土20,

240土20,and520±20meVobtainedforthe:Luminescences

duetoA:L,Ga,andBin4.H-SiC[Fig.]:I.3)almostagreewith

theionizationenergiesoftherespec七iveaccep七〇rsdetermined
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above[Table]:V.3).Moreover,iftheprobabilityoftheradiative

recombinationbetweenfreeelec七ronsandboundholesat七he

acceptors,andtheconstantsdonotdifferamongthethree

differentsamplesofZfH-SiC,thetemperaturewherethequenching

beginsisinproportiontoEa.工V°n)Thetemperaturesof150K1

175K,and350Kobtainedforthethreesamplesarealmost

insuchrelationshiptotheionizationenergies｡

k.Summary

工n/fH-,6H-,and3C-SiCgrownfromaSimelt,Al,Ga,

andBacceptorswerefoundtoactasvisible-luminescence

centersatlow七emperatures.The:Luminescencecolorvaried

fromviole七tonear-infrareddependingontheenergylevel

0ftheacceptorandtheenergygapofthepolytype.The

luminescencesa七10w七emperatureswereduetodonor-accep七〇『

recombinationbetweentheNdonorintroducedunintentiona:iiy

andtheA:L,Ga,orBaccep七〇r.Eachspectrumconsistedofa

zero-phononpeakanditsphononreplicas.Thecontributing

phononswereLA,LOphononsand七heircombinations.Athigher

七empera七ures,anotheremissionappearedowingtotherecombi-

nationoffreeelectronswith■boundholesattheacceptors｡

From七heluminescencespectraandthetemperature

dependenceoftheemissionintensityduetothe七hreeacceptors,

theioniza七ionenergyofGawasfoundtobealittlelarger

thanthatofAlinthethreepolytypes,whileBhadmuchlarger

ionizationenergy.Theioniza七ionenergiesofAl,Ga,andB

inifH-SiCwere168raeV゛Eχ3249meV゛Eχ1and628meV゛Eχ1

respectively,whereExistheeχci七〇nbindingenergyofthe

orderof10meV.TheionizationenergyoftheNdonorwas

55こと7mev｡

Owingtothedeep:LeveloftheBacceptor,thespectra
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weredifferentfromthoseduetoA:LandGa,andphononreplicas

emittinglargernumbersofphononsweredominantbecauseof

thestronglattice-im:purityinteraction.The:Luminescence

duetoBbegan七〇bequenchedaboveroom七emperature,while

thoseduetoAlandGadidbe:Lowroomtemperature｡

TheﾆLOnizationenergiesoftheAlacceptorin6H-SiC

and3C-SiCwere23:LmeV゛

Evenifthedifferencein

χ
χ

E
E s‘nd248meV゛Eχ3respectively.

amongthepolytypesistaken

intoconsideration,thevalueforAlinUH-SiCwassmaller

than七hosein6H-SiCand3C-SiC.
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V.LIQU工D-PHASEEPITAX:I:ALGROWTHOF6H-SiCBYTHEDIPPINGTECHNIQUE

FORPREPARAT工ONOFBLUE-L工GHT-EM工TT工NGD工ODES

]..]:ntroduction

Althoughlight-emittingdiodesofGaP,GaAlAs,andGaAsP

havebeenusedpracticallyasredandgreenlamps,blue-light-

emittingdiodeswithhighquantumefficiencieshavenotbeen

realizedyet.Wideforbiddengaps(morethan2.5eV)arenecessary゛

forsemiconductorstoemitbluelight.Successiveeffortshave

beenmadetoobtainblue-light-emittingdiodesofGaN,ZnS,

andZnSewithhighefficiencies.Butthesesemiconductorshave

thedisadvantagethatp-typecrystalsarenoteasilyobtained

owingtotheself-compensationeffect.Themaximumexternal

quantumefficienciesforM工Sstructureswere2×10‾4and5×10'4

photons/electronatroomtemperatureforGaNV°1)andZnS,V'2)

respectively.

SinceSiChasawideforbiddengap(3.0eVfor6H-polytype)

andbothp-andn-typecrystalscanbeobtainedbyappropriate

impurity-doping,considerableattentionhaslongbeengiven

toSiCasamaterialforblue-light-emittingdiodes,Thediodes

havebeenfabricatedmainlybydiffusiontechniqueusingcrystals

:preparedbytheLelymethod.°33V‘4)Buttheirquantumefficien-

cieshavebeenlow(く1×10‾5pho七〇ns/e:Lectronatroomtemperature).

Oneofthepredominantcausesmaybeahightemperatureprocess

(above2000°C)usedforcrys七algrowthandimpuritydiffusion.'

whichmakesitdifficulttoobtaingoodcrystalsandtocontrol

impuritydoping.

Liquid-phaseepitaxialgrowthof6H-SiCfromaSimelt

inagraphitecruciblewascarriedoutsuccessfullybyBrander

eta]..V.%V.6)Theirmethodismoreusefulforpreparationof
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light-emittingdiodeswithhighefficiencies,becausethelower

growthtemperature(1600°-1700°C)caneasilycontrolgrowth

processes,impuritydoping,andpolytypes｡

Usingaluminumasaluminescentcenter,theyfabricated

blue-light-eraittingdiodeswithexternalquantumefficienciesup

七〇1×10'5photons/electrona七roomtemperature.'-''V°6)Since

七heyfixedthesubstratecrystalonastockintheSimelt,

theyhad七〇takeoutthegrowncrystalsbycuttingthecrucible

andetchingthesiliconafterthegrowth.Moreover,theymentioned

thatgrowncrystalstendedtobedsimagedbyinducedstresses

whenthemo1七ensiliconsolidified｡

工nordertosolvetheseproblems,theauthorhasattempted

liquid-phaseepi七axialgrowthbydippingasubstratecrystal

intotheSime1七.Theconditionsofepitaxialgrowthandimpurity

dopingforprepara七ionofblue-light-emi七七ingdiodesaredescribed

inthischapter.Current-voltagecharacteristics,luminescence

spectra,andexterna:Lquan七umefficienciesofblue-light-emi七七ing

diodesfabricatedby七hisdipping七echniquealsoarepresented.

2.Liquid-PhaseEpitaxialGrowth

2.1.Proceduresofthedippingtechnique

Thearrangemen七forthegrowthisshowninFig.V.I.

Thecruciblewasmadeofdenseandhigh-puritygraph:ite(apparent

density1.60g/cm-^,ashcon七ent0.02%).工七ssizewas53mmin

heightandkOmmindepth.Theou七erandinnerdiameterswere

35mmand25mm,respec七ively.工nordertoavoidevaporation

ofsilicon,agraphi七e:Lidwithacenterholeof10ramwasused,

Thecruciblewasheatedindue七ively,andthetempera七ureofits

wallwasmeasuredwi七hanopticalpyrometer.

SiCcrystalsusedforsubstrateswerepreparedbythe
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Achesonmethod.Theywereidentifiedassinglecrysta]｡sof

6H-polytypebyx-rayoscillationphotographsabouttheir〈000:L〉

axes.Thetwo{0001}faces(theSifaceandtheCface)ofthe

crys七alwerelappedwithSiCpowderandpolishedwithdiamond

paste.工七wascutintopiecesof:1x7mm?(Thethicknesswas

0.2-0.ifmm.)Thesurfacepolari七ieswereexciminedbyetchpits

ofHpgasat1550°Cfor20minutes.Afterbeingrinsedwith

七richloroethy:Leneanddeionizedwater,thesubstratewasput

intotheslitsontheendofthegraphiteholder.The{0001}

facesweresetparalleltothesurfaceoftheSimelt｡

Thecrucib:Leandthesubstra七eholderwerebakedatabout

1800°Cfor2hoursundertheflowofpureargongasbeforethe

growth.Then,七hecruciblewasfilledwitha26gchargeof

purepolycrystallinesilicon.Afterbeingmaintainedat:L300‘C

for15minutes,1七washeatedu:ptoagrowth七em:peratureof

1500°-1650°C.(Thetemperaturewasraisedrapidlyaroundthe

meltingpointofsilicon七〇avoidcrackingofthecrucible.)

Thesubstra七ewasdippedin七〇theSimeltandkeptat七hat

七empera七urefor5hours.Thegasambientduringthegrowthwas

pureargonatabout200cm/min｡

Afterthegrow七h,thesubstratewaspulledupfromthe

Simeltbeforetheme:Ltwascooled.Residualsilicononthegrown

:Layerswasremovedwitha1:1mixtureofHFandHN03'Bythis

dippingtechnique,七hecrucib:Leandsiliconcouldbeusedseveral

times｡

Since七hepurposeofthepresentinves七iga七ionisto

preparelight-erai七七ingdiodeswithhighefficienciesbythis

method,aseriesofexperimentshasbeendonetoobtainepitaχial

layerssatisfying七hefollowingconditions.1)Thepolytypeof

thegrownlayershouldbethesame6H-typeasthesubstrate.

2)Thesurfaceofthegrownlayerisflatandsmooth.3)The

growthtempera七ureisaslowaspossible｡

2.2.Resul七sofepitaxialgrowth

Atfirst,七hesubstratewasfixed七〇theholderwith
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the{0001}facesperpendiculartotheSimelt.Epitaxiallayers

of6H-SiC20-:L40μmthickweregrownonthe{OOOl)facesafter

5hoursgrowthat:L550°-1750‘CasshowninFig.V.2.Butthegrown

layerswerenotflat,thatis,muchthickernearthesurfaceof

theSimelt.Therefore,the(OOOl)facesweresetparallelto

thesurfaceoftheSimeltasshowninFig.V.1｡

工neveryexperimen七,twosubstratesmadefromthesame

crystalwereputsidebysideontheholder,Oneofthemwas

setwiththeSifaceupward,whiletheotherwiththeCface

upward.Butnoconsiderabledifferencebetweentheupwardand

thedownwardgrownlayerswasfound｡

Epitaxialgrowthwascarriedoutat1500°-1650°Cfor5

hourswiththesubs七rateatthemiddleoftheSimeltandwithout

temperaturegradientofthecrucible.Grownlayersup七〇10011m

thickwereobtainedalmostuniformlyoverthesubstrate.The

]LayerontheCfacewasthﾆickerthanontheSifacewithevery

growth.GrowthratesobtainedareshowninFig.V.3asafunction

ofgrowthtemperature.Thegrow七hrateincreasedwithincreasing

growthtemperature.Between1550‘Cand1650‘C,itvariedas

c･exp(-E/RT)jwhere･cwasaconstantandEwasabout140kcal/mo:Le.

At1500‘C,thegrowthratewasconsiderablylargerfortheCface,

andverylittledeposi七ionwasfoundontheSiface｡

Theappearanceofthegrown]Layerswasquitedifferen七

betweentheSiandtheCfacesasshowninFig.Y.k.Theformer

wasrelativelysmoothandshowedawavy:pattern,whereasthe

latterwascomposedofmanygrowthsteps.Withincreasinggrowth

temperaturefrom1500'Cto1650°C,flatnessandsmoothnessof

thegrown]Layersonbothfaceswereimproved.Especially,those

ontheSifacesat1600°Cand1650*Cwerefairlygoodasshown

inFig.V.if.Allthelayersweretransparentwithabluishco:Lor｡

ThereasonwhySiCdepositedonthesubstratewi七hout

anytem:peraturegradientandanycooling:processmaybethat七he

tem:peraturearoundthesubstratewasprobab:lylowerowingto

therraa]Lconductionthroughtheholder.Carbondissolvinginthe
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Simeltfromthecruciblewalltravelledto.thesubstrate.There,

theSimeltwassupersatulatedwithcarbonowingtothelower

temperature,andSiCwascrystallized.Theincreaseingrowth

rateathighergrowthtemperatureshowninFig.V.3maybedue

totheincreaseofsolubilityofcarbonintheSimelt.

Toidentifythe:po:Lytypesofthegrownlayersisimportant,

becausewhenasubstratecrystalisnotused,SiCcrystallizes

inonly3C-type(whichhasthesmallestenergygap)bythis

solutionmethodatthesegrowthtemperatures.V°7)Theauthor

determinedthepolytypesbytakingx-rayoscilla七ionphotographs

aboutthe〈0001〉aχesofthegrownlayers'andmeasuring

photoluminescencespectraofthelayersat11K.Asavisible-

luminescencecenter,aslightamountofpurealuminummetal(about

:LO‾2at.%)wasaddedtothesiliconinthecruciblebefore

thegrow七h.Aliiminumactsverywe].1asavisible-:Luminescence

centerat10wtemperaturesandthepho七〇nenergyoftheluminescence

dependson七hepolytype,ashasbeendescribedinChapter工V.

Bytheseanalyses,thegrownlayersat1550‘-1650°Cwerefound

tobe6H-typesinglecrystalsgrownepitaxiallyonthe.10001}

facesofthesubstrates.At1500°Cacertainpartofthedeposited

layerwas3C-SiC.Thisseemstohavecausedthedeviationfrom

thestraightlineofthegrowthrateat1500°CinFig.V.3.

Then,someexperimentsweredoneinordertofindhow

thepositionofthesubstrateintheSime:Ltinfluencedgrown

layers.Figurev.ﾗshowsgrowthratesat1600‘Cfor5hours

growthasafunctionofthepositionofthesubstrate.Temperature

gradientofthecruciblewassetassmallaspossibleagain.

Thenumbersindicatingthepositionsarethedistancesfrom

thesurfaceoftheSimelt.ThedepthoftheSimeltwasabout

20mm.Thegrowthratethusobtainedwaslargernearthesurface

oftheSimelt(atthedistanceof2mm)andthebottomofthe

crucible(17mm)thanthatatthemiddleoftheSimelt(8mm).

Butflatnessandsmoothnessofthegrownlayersfortheformer

twocaseswereconsiderablypoorer.

Figurev.6showsthechangesingrowthratewhensome
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temperaturegradientwassetonthecrucible.Thesubstratewas

maintainedatthemiddleoftheSimelt.Whenthetemperatures

ofthecruciblewere1600‘CnearthesurfaceoftheSimelt

and1570°Ca七七hebottom(thetemperaturegradientof15°C/cm),

thegrowthrateincreasedbyafactorofthreetofour.But

thesurfacesofthegrownlayerswerefoundtoloseflatnessand

smoothness.

Asaresultofa:L:Ltheseexperimen七s,itwasconcluded

thatepitaxiallayerssatisfyingtheaforementionedthreeconditions

wereobtainedontheSifaceat1600°Cwhenthesubstratewas

setatthemiddleoftheSimeltwithoutanyintentionaltemperature

gradient.Allepitaxiallayersusedfore:Lectricalmeasurements,

impurity-dopingstudies,andpreparationoflight-emitting

diodesdescribedinthefollowingsectionswerepreparedunder

thisgrowthcondition(withtheSifaceupward).

2.3.工mpuritydoping

Inblue-light-emittingdiodesdescribedinthefollowing

sections,aluminumwasusedasacceptorsandluminescentcenters,

andnitrogenasdonors.A:Luminum-dopedepitaχiallayerswere

obtainedbytheadditionofpurealuminummetaltothesilicon

inthecrucible.Ni七rogen-dopedoneswerepreparedwithpure

nitrogengasaddedtotheflowofargongas.The･resistivity,

carrierconcentration,andmobilityofundoped,aluminum-doped,

andnitrogen-dopedlayersweremeasuredat80-340KbyHall-effect

measuremen七susingvanderPauwlsmethod.V.9)Ohmicelectrical

contactsweremadebyalloyingofagold-tantalumalloy(99:1)

forn-typelayersandanaluminum-siliconalloy(89:11)for

p-typelayers.Thealloyingwascarriedoutat1220'Cforafew

minutesinpurelargonornitrogenatmospherefortheformer

andat930°Cforafewminutesunderthevacuumlowerthan]10-5

Torrforthela七七er.Thicknessoftheepitaxiallayerswere

15-30μLin,andthemeasurementswerecarriedoutwiththesubstrate
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behindthem.Sinceallthesubstratesweren-typecrystals,

everyn-type:Layerforthemeasurementswasgrownonap-type

layer15-30μmthickwhichwaspreparedonthesubstrate.

Atfirst,undopedlayerspreparedbytheprocedures

describedinSection2.1weren-typewithahighcarrierconcen-

trationofabout5×1019cmat300K.Maindonorsmaybenitrogen

introducedunintentionallyfromtheambientduringthegrowth,

becauseitisknowntobeveryapttoenterSiCaisadonor*

(TheairinthegrowthsystemshowninFig.V.1wasexhausted

toavacuumlevelon:Lyobtainedbyarotarypump(≧10‾2Torr)

beforetheintroductionof:pureargongas.)

工nordertodecreaseacarrierconcentrationofanundoped

layer,thefollowingproceduresweretaken.1)Beforethegrowth,

thecrucibleandthesubstrateholderwerebakedat1800゛Cfor

2hoursunderthevacuumof10‘5Torrorless.2)Thesubstrate

crystalwhichwasrinsedwithtrichloroethy:Leneanddeionized

waterwereimmersedinHFacidformorethan8hoursbeforethe

growth.3)SurfacesofsourceSicrystalswerec:Leanedlayetching

witha1:5mixtureofHFandHNO-,.(Aluminumalsowasetched

withHClacid.)4)Thecrucib:Lefilledwiththesilicon(and

a:luminum)washeatedatabout600゛Cforanhourunderthevacuum

of10‾5Torror]Lessbeforepureargongaswasintroducedand

thecruciblewasheatedu:ptothegrowthtemperatureof1600'C.

Asaresult,thecarrierconcen七rationofundoped:Layers

wasdecreasedto6.3x工017cmづ.Mobi:Litiesupto130cm/Vsec

at300Kwereobtained.Theproceduresland4seemedtobe

mosteffective.ResultsofHall-effectmeasurementsforseveral

typicalsamplesinC:Ludingaliiminum-dopedandnitrogen-dopedones

areshowninTablev.1((a)300K,(b)80K).The七emperature

dependencesoftheresistivity,carrierconcentration,andmobili七y

ofatyicalundopedlayerwithlacarrierconcentrationof

]L.ifx:

typ

cm爽-^at300K(sampleU2)areshowninFig.V,7.The

carrierconcentrationincreasedeχponentia].1ywithdecreasing

reci:procaltemperaturebe七ween:L50Kand340K,Theactivation

energywas66meV,whichagreedwiththeionizationenergyof

゛WhetheroxygenisintroducedintoSiCfromtheambientornot

andhowit;ac｀七sasadonororaluminescentcen七erhaveno七yet

beenstudied.
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Tab:LeV.I(a).Electricalpropertiesofepitaxial
layersat300K.

Sample

曇
2
1
2
1
2
3
4
に
ﾉ

U
N
N
I
I
I
I
I

A
A
A
A
A

Conduction
type

n
n
n
n
n
p
p
p
p

Addedimpurity
AlN2

(ato%)(vol%)

0
0
0
0
1

00

0

2

5

10

Tablev.1(b)

]Layersa七80K.

Sample

2
1
3

U
N
I

A

6

5

0

0

Conduction
type

n
n
D
i

0
0
1

0

2
0
0
0
0
0

0

Carrier

concentration

(cm‾3)

6.3×1017

1.4×1018

5.1×1019

9.0×1019

3.9×1017

4.らX1019

2.2×1016

Mobility

(cm2/vsec)

4.8×10

1.2×10

2.2×10

9.4×10

-

1.3×10

1.0×10

7.0

Resistivity

(Acm)

9.5×10'2

1.0×10-2

3.2×10‾3

1.7×10“1

1.6×1018

4.5×1018

5.2×1018

Mobility

3.0×102

1.2×10

8,7

3.1×10‘1

1.4×10'1

1.7×10'1

曇Thevacuumpreparedbeforethesrowthwasratherpoor(3.'t×10｀4Torr).

Electricalpropertiesofepi七axial

Resistivity

(Acm)
-

1.2×10‾2

3.うX10
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50-70meVforthenitrogendonorreportedbyotherresearchers.°10゛
V.:L1)

Nitrogengasof0.1-0.2vol.%addedtotheareongas

broughtabouthighly-dopedn-typelayerswithcarrierconcentra-

七ionsof(5.1-9.0)x1019cmasinTableV.I.By七headditionof

morethan0,5at.%aluminummeta]Ltothesi]Licon,p一七ypeepitaxial

layerswereobtained.Thelayersshowedcarrierconcentrations

u:pto5｡2×1018cm‾3at300KasinTableV.I.Mobi]Litiesofthe

p-layerwere7-13cm/Vsecat300Kandchangedlittlewith

decreasing七emperature｡

Thegrowthrateandappearanceoftheundopedandnitrogen-

dopedlayerswerethesameasdescribedintheprecedingsection.

Butthegrowthra七eofthealuminum-dopedoneontheSiface

increasedwithincreasingaluminum,whilethatontheCfacedid

notchange.Consequently,thedifferenceingrowthratebetween

bothfacesbecameverylittle.Thep-typelayersobtainedby

theadditionofmorethan5at｡%a]Liuninumhadpoortransparency

andsurfaceflatness.Anumberofdefec七sa]LSOwerefoundonthe

surfaces.Therefore,thoselayerswereunsui七ablefor:Light-

emi七七ingdiodes｡

Aluminum-dopedlayersshowedintensebluephoto:Luminescence

at77Kbytheexcitationwithuvlight(365nm)fromahigh-

pressuremercurylam:p.:EtstypicalspectrumisshowninFig.V.8･

Thisluminescenceisthoughttobeduetodonor-acceptorpair

recombinationbetweennitrogendonorsanda:Luminumacceptors

f如mdetailedluminescencestudiesaboutbulkcrystalsof6H-SiC

bytheauthor(describedinChaptersｴ:ﾛ:and:[V]andother

researchers.V°1もV゛13)Ascomparedwi七hthespectrumof6H-SiC:Al

inFig.工V.も七hepeakBOof与48nmise°cplained゛s゛zero爽phonon

peak.Theotherpeaksandhumpson七helowerphoton-energyside,

includingB1(46211幻゛dB2(47811司ﾀ゛eitsphononreplicas･



3.Light-EmittingDiodes

3.1.Diodefabrication

-78-

Theblue:pair-emissionsbetweennitrogendonorsand

aliiminiimacceptorsshowninFig.V.8wereutilizedforb:Lue-light-

emi七七ingdiodespreparedbyliquﾆid-phaseepitaxialgrowthby

thedi:ppingtechnique.Byanovercompensationprocedure,p-and

n-layersofthe.diodeweregrowncontinuouslyinonegrowthrun.

ThediodestructureisshowninFig.V.9.Sincesubstrate

crystalsobtainedbytheAchesonmethodwerea:IIn-type,ap-type

layer(P,)forattachinganelectricalcontactwasfirstgrown

ontheSifaceofthesubs七rateintheSimeltwith5at.%

aluminum,Afterthegrownlayerwaspolishedslightly,itwas

partia].1ycoveredwithasmall:pieceofSiCandfixedtothe

holder.工ntheSimeltwith2.5at.%aluminum,thesecond

p':Layer(Pp)wasgrownepitaxially°Then゛withoutchangingthe

temperatureandmovingtheholder,nitrogengaslessthan0.1

vo:L.%beingintroducedintotheflowofargongastoover-

compensatealumintimacceptors,thelastn-layer(N)wasgrown

onthesecondp-:Layercon七inuous:Ly.EachlayerwasgrownatﾋL600°C

for5hours.ThicknessofeachlayerisgiveninFig.V.9.工n

ordertoremoven-SiCslightlyde:positedundertheSiCcover,

七hesurfacesofthesamp:Lewereetchedat500°Cforhalfaminute

witha].::LmoltenmixtureofNa202andNaN02°Then,thesample

wascutin七〇thesizegiveninFig.V.9.

ResultsofHall-effectmeasurementsforeachlayerare

giveninTab:LeV.2.Thesecondp-layer(Pp)sho＼″edmuchhigher

carrierconcentrationthanwasanticipatedfromthedatain

TableV.I.Asaresult,undertheforwardbias,freeholesin

thep-layerareexpected七〇bein･jectedintothen-layerand

torecombinewithelectronsinthen-layer.Thismaybefavourable

forthedonor-acceptorpairemissionsbecausealargenumberof
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AuWIRE

-Au-TaALLOY

ﾄﾞE

ぐ¬
SUBSTRATE

(ヽ300μm.n-TYPE)

Fig.V.9.Diode
structure.

Layer

N
P
l
｡
C
u

TableV.2.Electricalpropertiesofeachlayer
ofthediodeat300K.

Conduction
type

Substrate

n
p
p
n

Addedimpurity
A1

(ato%)
-

2.5

2.5

5.0
-

N2

(v01%)

く○ 1
0
0

Carrier
concentration

(cm“3)

5.1×1018

3.3×1019

4.5×1018

101乙1018

Mobility

(cm

2/vsec)

7｡0

3.0

1.0×10

-

Resistivity

(Acm)

1.8×10‾1

6.4×10‾2

1ぶ1o-1

-
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aluminumacceptorsarecorapensa七edbynitrogendonorsinthe

n-layerandmayactaslumﾆinescentcenters｡

OhmicelectrﾆLealcontactswithlowresistanceweremade

byalloyingofagold一七antalumalloy(99:1)forthen-layer

andanaluminum-si]Liconalloy(89:11)forthep-layer.The

alloyingwascarriedou七at1220°Cforthego:Ld-tantalumalloy

andat930°Cforthealuminum-siliconalloyforafewminutes

inpureargonatmosphere.

3.2,Electroluminescence

Current-voltagecharacteristicsandelectroluminescence

ofthediodewerestudiedat300K.Electroluminescencespectra

weremeasuredusingagratingspec七roraeter(RitsuMC30)anda

photomultiplier(HTVR636).Externalquantumefficienciesofthe

luminescencewereobtainedbyanintegratingspheremethod｡

Acurrent-voltagecurveinthelow'app]Liedvoltagerange

isshowninFig,V.IO.Therectificationcharac七eristicwas

rather:poor,andconsiderableleakagecurrentswereobservedin

thereversebiasregion｡

Bytheapp:Lica七ionofpulsevoltages(frequency1KHz,

pulsewidth100μsec),electro:LiiBiinescencewasmeasuredat

forwardcurrentsrangingfrom10mA(appliedvo1七age3.5V)七〇

600mA(32V),Theforwardcurrentincreasedalmos七inproportion

七〇thesquareoftheappliedvoltage.At七hecurrentof10mA

(3.5V),blueluminescencewasobservedatthejunctionnearthe

aluminum-siliconcontact(seeFig.V.9).Theareaemittingthe

luminescencespreadfromthelefttotherightinFig.V.9.

Above200mA(20V)the:Luminescencewasemi七七edfromthewhole

junctionarea,andhadenoughbrightnessunderroomlight(Co:Lor

frontispiece2).Pol:ishingonesideofthediodeandobserving

thelumin･escencefromthesidewith.amicroscope,theemission

wasfoundtooriginatefromthep-njunction(Colorfrontispiece

3).Atreversecurrentsn0luminescencewasobserved.
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Theluminescencespec七raa七300KareshowninFig.V.ll.

Thespectralwidthdecreasedwi七hincreasingcurrent.Thes:pectra

wellresembledthatofthephotolurninescenceofaluminum-doped

epitaxial:LayersshowninFig,V.8thoughthermalbroadeningof

eachpeakoccurred.Atlowtempera七ures(100-150K),severalhumps

appearedcorresponding七〇thepeaksin七hephotoluminescence

spec七rum,andthespectrumshif七ed七〇wardshigherphoton-energies

withincreasingcurrent.Therefore,七heluminescencewasprotab:Ly

thesamepairemissionbetween七henitrogendonorsandthe

aluminumacceptors,At300K,itmayincludetheemissiondueto

therecombinationoffreeelectronswithboundholesatthe

aluminumacceptors.

Figurev.:L2showsemissionintensityandexternalquantum

efficiencyoftheelectroluminescenceat300Kasafunctionof

diodecurrent.Themaximumefficiencyof]..0×10-5photons/electron

wasobtainedat:L00mA(15V).At77K,thesameluminescence

intensityasat300Kwasobtainedatthecurrentofonetenthor

less,andtheefficiencywas1.5×10‾与photons/electrona七5raA

(65V)and2.0×10‾4photons/e:Lectronat0.15raA(13V).Thewhole

resistanceof七hediodeincreasedbytwoto七hreeordersat77K.

4.Summary

Blue-light-emittingdiodeswithconsiderablebrightness

underroomlightatroom七eraperaturewereabletobepreparedby

liquid-phaseepi七aχialgrow七hwiththedippingtechniquebyan

overcompensationprocedure.Theexterna:Lquantumefficiencyof

l.Ox:LO爽5pho七〇ns/electronat300Kwasoneofthehighestvalues

forSicblue-light-emit七ingdiodesreporteduptoda七e.For

comparison,somediodeswithap-nJunctionpreparedbytwogrowth

runsinsteadoftheovercompensationprocedurewerefabricated.

Buttheiremissionintensitieswerelowerbytwoorders.
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Thefollowingtwopointsfortheimprovementsarepointed

out.1)Al七houghtheblue:Iiiminescencewasemittedfromthewhole

junctionarea,itsintensitywasnotuniformover七hearea.This

maybeduetotheunevendistributionofthenitrogendonorsand

thealuminumacceptoris.Arotationofthesubstrateholder

duringthegrowthwillreducethisunevenness.2)Thecomp]Licated

diodestructureprobablycausedtheconsiderableleakagecurrents

underthereversebiasandthe:Largeappliedvo1七ages(above20V)

toobtaintheluminescencefromthewholeJunctionarea.The

emissiononlyfromthepartnearthea]Luminum-sillconcontactat

].0wvoltagesmaybeduetothelargesheetresistanceofthe

lowerthinp-layer(P-,inFig.V.9).Thisdiodestructurewas

emp:Loyedforlackofp-typesubstratecrysta].s.工fap-type

substrateisused,adiodecanbepreparedinonlyonegrowthrun

byanovercompensationprocedure,andtheelectricalcontactfor

thep-:Layercanbeattachedtothesubstrate.

Aconsiderableincreaseoftheefficiencywillbeob七ained

bythewell-controlledimpurity-dopinginadditiontothese

improvements,andthediodewillbeoperatedatmuchlowerapplied

vo1七ages.

Thesubstra七ecrystalsinthepresentinvestigationwere

preparedbytheAchesonmethod.Thismethodisusuallyusedfor

preparationofrawmaterialsforabradantSiC.Thecrysta].s･

obtainedbythismethodcontainagreatnumberofunknownim-

purities,andarenotsuitableforthesubs七ratecrys七alsof

epitaχialgrowth.Muchpurercrys七alspreparedbyanyo七hermethod

shouldbeused.Buttheresultthatblue-light-emi七七ingdiodes

withconsiderablyhighefficiencywereabletobefabricatedeven

usingsuchimpuresubstratecrystalsmaysugges七thatliquid-

phaseepitaxialgrowthfromaSime:Ltbythedippingtechniqueis

apromisingmethodforSiClight-emit七ingdevicefabrication.
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V工.CONCLUS工ONS

Thefollowingconclusionswereobtainedbythepresent

investﾕ-gat]Lons.

:L):I:ni+H-,6H-,and3C-SicgrownfromaSimelt,Al,Ga,and

Bacceptorsactasefficientcentersofvisibleluminescences

atlowtemperatures.Theluminescencecolorvariesfromviolet

七〇reddependingon七heenergyleve:Loftheaccep七〇randthe

energyga:pofthe:po:lytype･

2)The:Luminescencesatlowtemperaturesaredonor-acce:ptor

pairemissionsbetweentheNdonorandtheA:L,Ga,orBacceptor.

(TheNdonorisIntroducedunintentionallyduringthecrysta:L

growth.)Eachspectrumconsistsofazero-I)hononpeakandits

phononreplicas.ThecontributingphononsareLA,LOphonons

and七heircombinations.Athighertem:peratures,anotheremission

duetotherecombinationoffreeelectronswithboundholesat

theaccep七〇rsappearsinplaceofthepairemission｡

3)工n七hethreepo:Lytypes,theionizationenergyofGaisa

]Litt].elargerthan七hatofA:L,whileBhasmuchlargerionization

energy｡Owingto七hedeeplevel0ftheBacceptor,thespectra

aredifferentfromthoseofA:LandGa,andphononrep:Licas

emittinglargernumbersofphononsareintensebecauseofthe

strongla七七ice-irapurityinteraction.Moreover,theluminescences

duetoBarequenchedaboveroom七empera七ure,whi:Lethosedue

toA:LandGabelowroomtempera七ure.

4)TheionizationenergiesofAl,Ga,andBinifH-SiCare

16813meV゛Ex'24913meV゛Eχj628meV゛＼'respectively,

whereE^is七heexcitonbindingenergyof七heorderof10meV.

(TheionizationenergyoftheGaacce:p七〇rhasbeenunknown

七土:L1七hepresentinves七iga七ion.)Theionizationenergyof七he

Ndonoris55±7meV.TheionizationenergiesoftheAl

accep七〇rsin6H-SiCand3C-SiCare251meV゛Eχand24'8meV゛Eχ3

respective:3-y.EvenifthedifferencesinE^amongthepolytypes

1
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aretakenintoconsideration,theionizationenergyofAlin

kE-SlCissmallerthanthosein6H-and3C-SiC.

5)Byliquid-phaseepitaxialgrowthwiththedippingtechnique,

epitaxiallayersof6H-SiCupto100lamthickaredepositedon

the{000討facesof6H-SiCsubstrateby5hoursgrowthatgrowth

temperaturesbetween1500‘Cand1650°C.At1500°C,acertainpart

ofthedepositedlayeris3C-SiC.Layersgrownon七heSi･facesat

1600°Cand1650°Chavefair:lyflatandsmoothsurfaces.Undoped

layersshown-typeconductionwithatypicalcarrierconcentration

of6.3×1017cm‾3andmobilityof130cm^Vsecat300K.N-and

p-layersofhighercarrierconcentra七ionsareob七ainedbythe

dopingofnitrogenandaluminum,respectively･

6)Ap-njunctionpreparedinoneepitaxialgrowthrunbysin

overcompensationprocedureusingAlasaluminescentcenter

showsbluee:Lectro:Luminescenceundertheforwardbias,which

hasenoughbrigh七nessunderroomlightatroomtemperature.

(Thepeak171avelen叶his卵5nm.)Theexternalquantumefficiency

is1.0×10‾5:photons/electronat300K,whichisoneofthe

highestvaluesforSicb:Lue-light-emittingdiodesreportedup

七〇date.

Asaresultofthepresentinvestigations,liquid-phase

epitaxialgrow七hfromaSimeltbythedippingtechniquehas

beenfoundtobeanextremelyusefulmethodforpreparation

ofvisible-light-emittingdevicesoverawidewavelengthrange･

Thequantumefficiencyof七he6H-SiCblue-light-eniittingdiodes

fabricatedinthepresentinvestigationwi].1beincreased

bytheseveralimprovementsdescribedinChaptervand七he

well-con七rolledimpuri七y-doping.Thediodewi].1beopera七ed

atmuchlowerappliedvoltages.工nthepresentdiode,Alhas

playedtworoles,七hatis,ofap-typedopantandofaluminescent

center.But,七houghAl(orashalloweracceptor)serveswell

asap-typedopan七,adeepercenter,GaorB,isbetterasa

:Luminescentcenter,because七hephotolurainescencedue七〇Al

isentirelyquenchedbelowroom七emperature.工nordertoobtain

shor七-■wavelengthligh七,suchasgreenorblue,light-emitting
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diodeswithGacentersarestronglydesiredtobefabricated

bythisepitaxialmethod｡

Oneofthemajorproblemsyettobesolvedinthe

futureishowtopreparemuchpurersubs七ratecrystalssuitable

fortheepitaxialgrowth.工七isnoexaggerationtosaythatthe

develo:pmentofSiCelectrondevicesandlight-emittingdevices

dependsonwhetheranewmethodofthewe1:L-controlledgrow七h

(includingthecontro:Lofpolytypesandimpuri七ies)ofpure

andlargesingleSiCcrys七alsforthesubs七rateisestablished

ornot.Thoughitmayno七beeasytodeviseanewgrowthmethod.

theauthoremphasizesthatthesolutionmethodusingaSimelt

willbeaverypotentia:Lonebysuitablemodification,because

ifH-,6H-,and3C-SiCsinglecrystalshavebeenfound七〇grow

uptoarelativelylargesizewithoutanyseedorsubstrate

crystals.Apureandlargesinglecrystal0fadesiredpolytype

amongthesethreewillbeobtainedusinganappropriateseed

crystal｡

ifH-SiC･hasbeenreportedtogrowepitaxia:Liyona

UH-SiCsubstratebyliquid-phaseepitaxialgrowthwithaSi

meltj)Theepitaxialgrowthof3C-SiCwin･beab:Letobedone

ona3C-SiCsubstra七ea七rela七ively10wgrowthtemperatureless

than1600°C.Since/j-H-SiChasawiderenergygapthan6H-SiC,

blueluminescencewillbeobtainedevenusingGaacceptorsas

luminescentcentersinlight-emi七七ingdiodes,Whenpuresubstrate

crysta].softhesepolytypescanbeeasilysupp:Lied,awide

varietyofinvestigationsonSiC:Light-emittingdevicesover

thewholevisible-wavelensthregionwillstarttomakeagreat

advance.

}

11

あ
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゛)W.F.Knippenberg:Privatecommunication.Thetechniquewas
considerablydifferentfromthedippingtechnique･
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