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Wedescribethefabricationandcharacteristicsofapnjunction

typelight-emittingdiode(LED)usingaporoussilicon(PS)and

microcrystallinesiliconcarbide(llc-SiC)heterOjunction.Thellc-

SiC/PSpnjunctionsshowedaclearrectificationbehaviouranda

unifOrmredELoveranareaoflcm2． FrOmtherelationship
betweentheELintensityandthefOrwardcunfent, theEL

mechanismisintelpretedastherecombinationofelectron-hole

pairsdoublyinjectedintothePSlayer. Nodegradationwas
observedintheELintensityduringthemeasurement・ These

resultsmeanthatn-typellc-SiCserveswellasanelecroninjector

toPS・ Furthennore, totunetheemittedwavelength,wehave

fabricatedPSanmizedwithUVillumination(UV-PS)andporous

SiC,andhavefbnnedjunctionswithlTO.WehavesuccessfUlly

observedgreenELfbrthelTO/UV-PSjunCtiOnandblueELfOr

thelTO/porousSiCjunction.

KEYWORDS:"roussilicon, lightemittingdiode,electroluminescence,pn
junction,microcrystallinesiliconcarbide, red,green,blue

mtroduCtiOn interesthasbeengiventoPS.§1．

Si is the dominant material for the

semiconductorindustry,becauselargewafers
(almost8inches)aI℃availablewithexcellent

qualityandlowcostanditsdevicetechnologyis
wellestablished・TherefbrE,theideaofreahzmg

optoeleclronicdevicesusingSihasalwaysbeen

highlyattractiveduetotheprOjectedbenefitsin

cost, reliabilityandfunctionality, although

compoundsemiconductorssuchasGaAsand

InPetc・arepredominantlyusedinSuChafie1d.

However, Si light-emittingdeviceshavenot

beenachievedyetbecauseofthepoorradiative

efficiencyoftheindir巳ctbandsmlcture.

1nl990,CanhamreportedthatporousSi(PS)
preparedbyelecUochemicalanmizationshows

strongphotoluminescence (PL) at room

temperature.1) ThisindicatesthatPShasa
potential toopenup theprospectsofSi

optoelectronicdevices,andsincethen,much

ThefirststepofSioptoelecronicdevices is

fabricatingalight-emittingdi"e(LED).We

havefabricatedLEDsusingapnjunctionof

microcrystallinesiliconcarbide(ILc-SiC)and
PS.2,3) AIso, severalauthorshavereported
visibleeleciroluminescence(EL)fromSchottky-

likejunctiontypeLEDssuchassemilransparent
Au/PS,4,5)andindiumtinoxide(ITO)/PS
junctions.6).However,takingpracticaluseinto
consideration, apnjunction typeLEDis

promising, particularly in Stability and

brightness,becausetheinjectionefficiencyinpn
junctions is superior to that inSchottky
junctions. In thispaper,wedescribe the

characteristicsoftheLEDusingaPSandILc-

SiCpnheterqjunction.

Infurtherapplications tocolordisplay

technology, itis importanttoknowabout the

opportunityoftuningtheemittedwavelength.
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Tocontrol theemittedwavelength,wehave
fabricatedrapidthermaloxidizedPS(RTO-
PS),7)PSanodizedwithUVillumination(UV-
PS)8)andporousSiC,9)andhaveobsewedblue
andgreenPLfiomthem.Then,toexaminethe

possibilityofgreenorblueLEDs,wehave
fabricatedsimpleLEDsbydepositinglTOon
thesePSlayers.AlthoughthelTO/PSinterface
seems tobeinferiortothatofllc-SiC/PS

jUnCtiOn,eSPeCiallyinminOrity-CalTierinjeCtiOn
andstability,anlTo/PSjunctioniSvclyeasyto
fabricateandsufficient fOr study into the

possibilityofgreenorblueLEDs. Inthispaper,
wealsodescribethegreenELfromthelTO/
UV-PSLEDandtheblueELfromthelTO/

porousSiCLED.

ITO

pe lLc-SiCty

…

■

p-typec-Si
(100)substrate

一

I
ohmiccontact

Fig.1 SchematicsmlctulEofthe卜lC-SiC/PSpn
junCtiOn.

witha500Wtungstenlamp, becausethePS

layeranodizedwithvisiblelightshowssUonger
PL. Immediatelyafteranodization, samples

Wel℃廿ansferTedintoanECRCVDapparatus,

andthenn-typea-SiC(thickness,about20A)
andn-typellc-SiC(thickness,aboutl50-500A)
weredepositedontothePSlayersinsequence.

a-SiCservesasabufferlayerfbrthehydrogen

plasmadamage､14) TheECRplasmaCVD
apparamsweuSedisaconventionalone.13)The
depositionconditionsofn-typeトLc-SiCareas

fOllows; themicrowavepoweris3"W, the

depoSition temperature is 300oC, thegas

pressul℃isabout5mToIT,andthegasratiois
SiH4:CH4:PH3:H2=1:2:0.01:190. After

depositionofILc-SiC, ITO(thickness,600A)
wasevaporatedasatransparentelecbode. To

ensurethat thePSlayer isresponsiblefbra

luminescentlayerinthellc-SiC/PSjuncdon,we
confllrmedthatthelLc-SiCfilmshowednoPLat

roomtemperatuI℃whenitwasexcitedwithan

A:laser(488nm)whichhadlargerenergythan
itsoptical bandgap・ This isbecause the

hydrogencontentoftheﾄLc-SiCfilmsislessthan

sevemlpcrcent.15)
TYletypicalcurr℃nt-voltage(1-V)characteristic

ofthelLc-SiC/PSpnjunctionsisshowninFi9.
2． TheelecIrodeareaoflTOislcm2.The

forwarddirectioncorreSpOndS toapositive

potentialon thep-typec-Si substrate・ The

1℃ctifIcationbehaviourwasclearlyobservedfbr

allsamples,andtherectificationratioswelefrom

10tolO3at±5V.RedELwastypicallynoticed
withthenakedeyeatafbrwardvoltagelarger

thanabout l5V・However,athr℃sholdvoltage

andculTentoftheELshowedavalietyofvalues
froml5to30Vandfrom5to50mA/cm2,
respectivelyevenfbrthesampleswhichhada

§2. RedEL fromllc-SiC / PS pn
heterqjunctions

InfablicatingpnjunctionsusingPS,thereare
importantrequirementsfOrajunctionmaterial:
Theirpreparationprocessmustbebelow400･C
becauseofthedisappearanceofthePLduetothe
releaseoftheSiH2surfacespeciesofPSathigh

temperature.10)AIso,sincethebandgapofPS
isconsideredtobe larger thanabout 2eV,

junctionmaterialswithabandgapwiderthan
2eVaswellasahighconductivityal℃preferable
fbrtheeffectiveinjectionofminoritycaITiers.
Oneofthematerialswhichsatisfytheabove

requirements isn-orp-typemicrocrystalline
siliconcarbide(llc-SiC)pl℃paredbyelecUon

cyclotronresonanceplasmachemralvapour
deposition(ECRplasmaCVD).11-13)Then-or
p-typellc-SiChasastructureconsistingofSi
microcrystallitesembeddedinamolphoussilicon
carbide(a-SiC)andhasanopticalbandgapfrom

2.1to2.4eVandadarkconductivityfromlO-3
tolStm. ItsdepositiOntemperatm℃islessthan
3MoC.

Figure1 showsaschematiCsructureofllc-
SiC/PSpnjunctions.Alwasusedasanohmic
contactmaterial. Thefabricationprocedureof

thepnjunctionswasasfbllows; thesubstrates
were(100)oriented,p-typecrystalline(c-Si)
wafers,andtheirresistivitieswex℃0.2-0.4or3.4-

4.5Qcm. ThePSlayersweI己fbrmedfOr3-5
minbyelectrochemical anodization inHF-
C2H50Hsolution(HF:H20:C2H50H=1:1:2)

usingaconstantanodiccunBntof20mA/cm2.
Duringanodization,c-Siwaferswe1℃illuminated
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Fig.4 ELspecUumfromthellc-SiC/PSpn

junction. Forcomparison,aPLspectrumofthe

similarPSisalsoshown. Theexcitationlight
sourceinthePLmeasurementisanAr+laser

(488nm).

Fig.2Typicall-Vcharacteristicoftheﾄlc-SiC/

PSpnjunction.

fOrwardcurrentandfbrwardvoltagewere20

mA/cm2and29V, respectively. TheEL
exhibitedaverybroadspecmlmfrom580to820

nmwithapeakof700nm,whichisroughly
similartothatofthePL.Thisindicatesthatthe

radiativerecombinationprocessoftheELis

almostequaltothatofthePL,nomatterwhether
therecombinationoccurs in thecrvstallite

interiororitssurface､16,17) "
Figul℃5showstherelationshipbetweenthe
ELintensityandthefOrwardculTent. TheEL

intensityincreasedasthesquareofthefbrward
CunBnt,suggestingthattheELisnotdominated

bythemOnOmOlecularrecombinatiOn, but is

dominatedbytherecombinationofelectron-hole

pairsdoublyinjectedintothePSlayer.Thatis,it
isfOundthatn-typellc-SiC/PS/p-typec-Si

junctionsaresimilartopinjunctionsandthat
electronsandholesar℃injectedtothePSlayer

fromn-typeトLc-SiCandp-typec-Si subslrate,

respectively. Wealsoconfinnednolight
emissioninthereversedirectionevenat the

breakdownvoltageofabout60V,whichalso

supportsthattheI℃dELisnotduetoaninmnsic

type,butduetoaninjectiontype.
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Fig.3PhotographofredEL・Thelightemitting
areaislcm2.

similarfabricationprocess・ ItiSthOughtthatthiS
isprobablyduetotheextentofnaturaloxidation

ofthePSsurface. FigulE3showsaphotograph
oftheIEdEL. Thefbrwardcurrentandfbrward

voltagewere20mA/Cm2and29V,r巳spectively.
Thelightemittingareais lcm2,whichisthe
largestLEDusingPSasfarasweknow.

TheELspectrumisshowninFi9.4, inwhich

fOrcomparison,aPLspectrumofthePSwhich
wasfOrmedonasimilarsubsUatewiththesame

anodizationcondition is alsoshown. The
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10
considerablylow(<10-4%). Transmission
electronmicroscope (TEM)measurements

revealedthatthetopsurfaceofthePSlayeronly
wascoveredwithllc-SiCandajunctionwasnot
fOrmedinsidethePSlayer.Therefbre,themain
reasOn fbr thepoorquantumefficienCy is
probablythatthelightemittingarea(thatis, the
junctionregion)islimitedtothetopsurfaceof
thePSlayer. InfaCt,inuSingaqueOuSelecUOlyte
asajunctionmaterial, thequantumefficiency
showsaratherhighvaluebecausetheaqueous
electrolytesoaks intotheinnerPSlayerand
suffiCigpt contactarea is the light emitting
area.18) TherefblB, toimprOvethequantum
efficiencyinanLEDwithasolid-stateelecmcal

contact, it is important todevelophowto
impregnatethePSwithajunctionmateria1.
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§3. GreenELfromITO/UV.PSjunCtions
Iflightemissionisattributedtothequantum

confinementoftheSicrystallitesinPS,theEL
wavelengthdependsontheirsize・ Inthiscase,

oneoftheattemptstotunetheELwavelengthis
toprepareaPSlayerwithsmallerSiclystallites.
ThemethOdtofbrmthePSwithsmallerSi

crystallitesisan"izingn-typec-SiunderUV
illumination. Thebasicideaisasfbllows: For

thePSfbrmation,holesarenecessarybecause
theinnersurfaceofPSiscovel℃dwithhydrogen
andtheSisurfacesaturatedbyhydrogenisinert
againstfUrtherattackofnuorideionsaslongas
noholes areavailableat theSi electrode.

TherefOre, fbrann-typesubstrate, thelight
illuminationisindispensabletofbnnPSbecause
ofthegenelationofholes.AccoldingtothePS

fbnna!ipnmechanismprOposedbyV.Lehmann
etal.,19)thebandgapbffhePSlayerincreases
duetothequantumsizeeffect,dependingonthe
decreaseofthesizeofSicrystallites, as the
etchingprocessproceeds.Thelefbre, fOrn-type
substrates,whenthebandgapbecomes larger
thantheenergyoftheilluminatedlight, the
etchingprocessautomaticallystopsbecausethe
lightcannotgenerateholesanymo妃． Thatis,

thesizeoftheSicrystallitesdependsonthe
energyoftheilluminatednght.
Thesubsbatesusedinthisexperimentwere
(100)oriented,n-typec-Siwafers,andtheir
resistivitieswerel.25-1.75Qcm.Alwasusedas

anohmiccontactmaterial. ThePSlayerswere
fOrmedfOr5minbyelectrOChemicalanodization

1

1 10 100

FORWARDCURRENT(mA)

Fig.5RelationshipbctweentheredELintensity

andthefbrwardcun℃ntofthelLc-SiC/PSpn
junction.
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Fig.6RedELintensityasafUnctionoftime

Figure6showstheELintenSityasafunction

oftime.Nodegradationwasobservedduringthe
measul℃mentover8hourS.Thesel℃sultsshown

inFigs.2-6implythatn-typellc-SiCservesvery
wellasanelectmniniectortoPS.
As for thequantumefficiency, itwas
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40
filteringthelightfromal50WHg-Xelamp.
TheUV-PSshowsagreenPLwhosespectrumis
from450to650nmwithapeakof550nmjust
afteranodization,howeveritrapidlyshiftstothe
lowerenergysideasfarasthepeakof650nm

whentheUV-PSisexposedtoair.8)Thus,the
PLspectrumoftheUV-PSafterfabricatingthe

junctionisfiom550to750nmwithapeakof
650nm. Thejunctionwas producedby
depositinglTO(thickness,6"A)ontotheUV-
PSlayer・ThelTOaI℃awas5x5mm2.
Figure7showsatypicalcuITent-voltage(1-V)
chamcteristicofthelTO/UV-PSjunctions.The
samplesdidnot showtheaclearrectification

behaviour. Similarly,greenELfromthewhole
elecUodeareaof5x5mm2wasobservedfor

bothpolaritieswiththenakedeye. Figure8

showsaspeclrumofthegreenELatareverse

voltageof42VandareverseculTentof20mA.

Itwasfrom350to750nmwithapeakof520

nm. TherelationshipbetweentheELintensity
andthereversecurrentisshowninFig.9． The

ELintensityincreaseslinearlywiththecurrent,

suggestingthat theELisdominatedbythe
mOnomolecularl℃combination.

Asmentionedabove,wehavesucceededin

observinggreenELbypreparingtheUV-PS.
However,tounderstandtherelationshipbetween
theELwavelengthandthesizeof theSi

crystallites, fUrtherexperimentsarenecessary,
becausetheexperimentalresults, fOrexample
poorrectificationbehaviour,theELobservedfOr

bothpolaritiesandthelineardependenceofthe
ELintensityonthecun℃nt,possiblySuggestthat
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Fig.7Typicall-VcharacteristicofthenO/

UV-PSjunction.

inHF-C2H50Hsolution(HF:H20:C2H50H

=1:1:2)usingaconstantanodicculTentoflO

mA/cm2.Duringanodization,n-typec-Siwafers
wereilluminatedwiththeUVlight(wavelength,
from2"to400nm),whichwasproducedby
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Fig.8ELspectrumfmmthelTO/UV-PSjunction.
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20
havebeenfabricated. However,duetothe

indirectbandgapcharacter, theintensityofthe
LEDs isVerylow(thequantumefficiencyis
about lO-4inRef.20)andimprovementofthe
intensityissironglydesiredfOrapplicationssuch
asdisplaydevices. Recently,wefOundthat
porous SiCpreparedby electrochemical
anodizationshowsmuchsUongerbluePLthan
singlecrystalline6H-SiCwafers.9)TherefOre,
wehaveinvestigatedthepossibilityofnewblue
LEDsusingporousSiC.

Thesubstratesusedinthisexperimentwere
(0001)oriented, n-type (0.1Qcm,nitrogen-
doped)6H-SiCwafersgrownbytheAcheson
method､21)ThinNifilmswere~evaporatedon
thebacksideoftheSiCwaferstofbnnohmic

contacts.ThepomusSiClayerswerefbnnedfbr
60minutesbyelecUochemicalanodizationin
HF-C2H5OHsolution (HF:H20:C2H50H

=1:1:2)usingaconstantanodiccurrentof30

mA/cm2. Duringanodization,n-type6H-SiC
waferswereilluminatedwithlightfTomal50W
Hg-Xelampwithoutafilfr.ThePLintensityof
theporousSiCwasaboutonehundredtimes

srongerthanthatofthen-type6H-SiCwafers.

However, thepeakwavelengthofthePL(about
470nm)wasslightlybelowthebandgapofthen-
type6H-SiC(430nm)andthiSwasdifferent

fromwhatisexpectedaccordingtothequantum
confinementseffeCt,9)Afteranodizatibn, ITO
(thickneSs,600A)wasevaporatedinanareaof5
X5mm2.

FigurelOshowsatypicalculTent-voltage(1-V)
charactelisticoftheITO/porousSiCjunctions.
ThefOrwarddirectioncolTespondstoapositive
potentialonanlTOlayer. Therectification
behaviourwasclearlyobtainedfbrallsamples.
BlueELfromthewholeelecrodeareaof5x5

mm2wastypicallyobservedwiththenakedeye
fromafbrwaldbiasofabout30V.TheblueEL

isobservedinthefOrwarddir℃ctiononly. The
ELspectrumisshowninFig、 11,inwhichfbr
companson,aPLspecmlmoftheporousSiC
whichwasfbnnedonasimilarsubstratewiththe

sameanodizationconditionisalsoshown. The

fbrwardvoltageandfOrwardcun℃ntwere40V

and23mA, respectively. TheELexhibiteda
verybroadspectmmfrom350to750nmwitha

peakof470nm,whichisroughlysimilartothat
ofthePL・ This indicates that theradiative

recombinationprocessoftheELisroughlyequal
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Fig.9 Relationshipbetween thegreenEL
intensityandthefbrwardcun℃ntofthelTO/
UV-PSjunction.

themechanismoftheELisduetohotcalTiers.

(InthecaseofhotcalTiers,weimaginethat
carriersmaybeacceleratedinthea-Si:H:Olayer.
ThisisbecausetheTEMmeasurementsreveal

that Si crystallites in theUV-PS layerare
completelyisolatedfromeachotherandthat

individual Si crystallites arecoveredwith

amorphous siliconoxyhydride(a-Si:H:O).8))
However, ifit isassumedthat thegreenPL
observedjustafteranodizationoriginatesfrom
thecoI℃oftheSicrystallitesandthattheredPL
afterexposuretoairoriginatesfromthesurface

oftheSicrystallites,7)thereisapossibilitythat
thegreenELreflects the sizeof theSi

crystallites. Inthiscase, blueELmightbe
obtainedbypreparingthePSwithevensmaller
Sicrystallites.

§4． BlueELfromITO/porousSiC
junctions

Usingsinglecrystalline6H-SiC,blueLEDs
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Fig.10Typicall-VcharacteristicofthelTO/
porousSiCjunCtion.
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(b)

Fig.11 (a)ELspectmmfiomthelTO/porous
SiCjunction. (b)PLspecEumofthesimilar
porousSiCTheexcitationlightsourceinthe
PLmeasul℃mentisaHe-Cdlaser(325nm).

tothatofthePL. ForthePLmechanismin

porousSiC, theresults inthePLspectraand

picosecondPLdecaymeasurementssuggestthat

theoriginofthesUongPLispmbablyduetothe
luminescentsurfacestates.9)Thatis, inthePL
the carriers photo-generated in the SiC

clystallitesbansferfromthecorecrystalpartto

thesulfaceoftheSiCcrystallitesandrecombine

radiativelyatthesurface. TherefOre, inELas
well, thecarTiersareconsideredtorecombine

throughthesulfacestaにsoftheSiCclystallites.
Figurel2ShOwsthe1℃lationshipbetweenthe
ELintensityandthefbrwardcurrent・ TheEL

intensitylinearlyincI℃aseswiththefOrward

Cun℃nt,whichsuggeststhattheELisdominated
bythemonomolecularI℃combination.However,

theporousSiC/ITOjunctionshowsaclear
1℃ctificationbehaviour, theELobservedinthe

fOrwarddirectiononlyandtheELspectrum
roughlyequal tothatofthePL. Theseresults

indicatethat theELisaninjectiontypeand
injectedminoIitycalTiersleadstotheemissionof

aphoton. Therefbre,webelieve that the
mechanismof theblueELisdue to the

1℃combinationatthesurfacestatesoftheSiC

crystallitesbetweentheelectronsintheporous
SiCand theholes injectedfromthe lTO
elecUode.

§5. COnCluSiOnS

WehavedeScribedthefabricationprocedure,
structure, electrical properties andEL

charactelisticsoftheLEDbasedonapnjunction
ofn-typelLc-SiCandPS. Thellc-SiC/PS
junctionsshowedaclearrectificationbehaviour,
andaunifbnnredELoveranaI℃aoflcm2ata

fbrwardvoltagelargerthanaboutl5V.TheEL

intensityincreasedasthesquareofthefbrward
cuITent, suggeStingthattheELisnotduetothe
monomolecularrecombination,buttothefree

〆渉
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Fig.12 RelationshipbetweentheblueEL

intensityandthefbrwardcurrentoftheITO/

porousSiCjunction.

calTierbimolecularrecombination. TheELwas

stableandnodegradationwasrecognisedinthe
ELintensityduringthemeasurementsover8

hOurS・These1℃sultsmeanthatlLc-SiCisuseful

asajunctionmaterialfOrPS. Inadditiontothe
redEL, toconUol theemittedwavelength,we

havefabricatedlTO/UV-PSjunctionsandlTO/

porousSiCjunctions. Asaresult,wehave

successfUllyobservedgreenELfromthelTO/

UV-PSjunctionandblueELfromtheITO/

porousSiCjunction.

AlthoughtheperfomanceofporOuSSiLEDs

is still too lowfOrpractical applications,

continuouspmgresshasbeenmadeespeciallyin

improvingthequantumefficiencyandstability

andinunderstandingtheELmechanism・We

hopethatpomusSiLEDswillbewidelyusedin

theoptoelecn･onicfield.

Acknowledgements
Theauthorsar巴indebtedtoDr,K・Kitamuraand

Dr.Y.OhtafOrthefruitfuldiscussionandto

Messrs.Y.Nak2muraandT・OsawafOr the

samplepreparation. Oneoftheauthors(Y.K.)

wouldliketothanktheOgasawaFoundationfOr

thePrOmotionofScienceandTeChnologyfbr




