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Theinfrared(IR)absorptionandESRspectraoftheCulnSe2Crystals,grownbythenormalfreezingteclmique
andsubsequentlyannealedinvariousatmospheres,havebeenstudiedinconnectionwiththeannealing-induced
motionoftheFermi levelrelatil′etOtheenelgybandedges.Thedegeneraten-typecrystalsexhlbitedafree-
elecLronabsorption,whilethep-typecrystalsshowedbothaninter-valerlCe-bandandafree-holeabsorption,from
theanalysisofwhichtheenergypositionsoftheFermi levelhavebeenevaluated,andtheelectrlCalparameters
oftherespectivecrystalsestimated:theseresultswerethencomparedwiththeexperimentalresultsIIntheESR
spectrathesignalsfromironresidualimpurltyinbothdivalerltandtrivalentchargedstates,aswellasthesignals
arisingfromnativedefectsVcuandlncu,havebeendetected,theintensitiesoftheESRsignalsbeingdependent
onthecompositionofthesamplesandtheFermilevelposition.
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Ternarychalcopyrite-typesemiconductorCulnSe2has

beenextensivelystudiedasaverypromisingmaterial

forsolarcellapplicationsbecauseofitshighopticalab-

sorptioncoefficient(α>104cm~1)andfavorabledirect
bandgap(Eg-1･08eV),1)aSWellasitsversatileoptical
andelectricalpropcrticswhichcan,illPrinciple,betuned

forthespeci丘cneedsofaparticula∫devicestructule,

h ordertorealizethetuningOfthecharacteristicsof

CulnSe2itisvitaltoknowthedependenceoftheelec-

troopticalpropertiesofthismaterialontheFermilevel

ir.relationtothebandedges,sincethepositionofthe

Fermi leveldeterminesthephysicalpropertiesofsemi-

conductors,i.e.,theconductivitytypeandcarriercon-

centrations,aswellasthechargedstatesofdeepcen-

ters.,includingthoseformedbyresidualtransitionatom

ionsコ)ThepositionoftheFermilevelrelativetothe

bandedgescanbein月.uencedbythermaltreatmentsor

thematerialduetotheannealing-illducedchangesillthe

materialstoichiometry,aswellaschangesintheconcen-
trationsofintrinsicandextrinsicdefects.

InthisstudywereporttherTultsofinfrared(IR)

opticalabsorptionandelectronspinre?OnanCe(ESR)in-
vestigationsofCulnSe2SinglecrystalslnCOnneCtionwith

theannealing-inducedmotionoftheFermi 1evelrelative

totilebandedgesofCulnSe2.

2. Experimental

SinglecrystalsofCulnSe2Weregrownbythenormal
freezingmethodatScienceUniversityofTokyo.The

constituent･elements(Cu,In,andSeof99.9999%purity)
wereheatedtol1500Cwithsubsequentslowcoolingat

therateof5oC/h;thedetailshavebeenpublishedelse-
wherc･J)ThermalaJlnealingofthecrystalsinvacuum,

Se-vaporandinthepresenceofCuwascarriedoutroy
50hat650oC.
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Theobtainedcrystalswerecharacterizedbythether-

malprobeandfour-probemethodstodeterminetheir

conductivitytypeandresistivities,respectively,aSWell

aSbyelectronprobemicroanalysis(EPMA)todetermine
theircompositionuslngaJEOLtypeJXA-8900microan-

alyzer･Insomeofthelowresistivityp-typeandn-type

crystals,theHallmobilitiesweremeasuredbythevan

derPauwtechnique･Halldatacouldbeobtainedonly

inalimitednumberofcl･yStalssincesomeofthesam-

plesmeasuredweretoosmalltoobtaillgoodelectrical
contacts.

OptlCalabsorptionmeasurementswerecarriedoutat

roomtemperature(RT)usingaBOMEM TypeMBIOO

FourierTransform IRspectrometerwithafocuslngat-
tachmellttOensuretheopticalbeamdiameterorabout2

mm.ESRspectraweretakenat4.2KwithaJEOLJES-

RE2XX-bandspectrometerwiththemicrowavepower
or5mW,

3.Results:皿dDiscussion

3.1 SamplecharactertZatWn
Thecomposition and electricalpropertiesofthe

CuInSe2CryStals-as-grownaild annealed invarious

atmospheres-areshowninTableI.
Ⅰtcan beseen tllattheas-grown and Se-vapor-
annealed samplesbecomehighly conductivep-type,
whereasannealinginvacuum orinthepresenceofCu
rendersthem highlyconductiveorsemi-insulat】ng ll-

type,respectively.OnthebasisofEPMAresultsand

takingintoaccountthedefectcllemistrymodelofternary

compounds,4)thedeviationoftheactualcompositionof

oursamplesfrom theidealformulaCulnSe2hasbeen

describedbytwoparameters,△x- lCu]/[In]I1and
△y-2[Se]/([Cu]+3[In])-1(where[]isthetotalcon一
ccntrationofrespectiveatomsinthesample),whichde-
terminethedeviationfrommolecularityandvalencestol

lChiometry,respectively.

Allalysisoftheparameters△xand△ycombinedwith

thedataontheformationenergiesOfthedefect.sin

CulnSe25)allowsustodeterminethemostprobablena-

tivedefectsintheas一grownandannealedcrystals.These
majoritydefectsarealsoshowninTableI.Fromthese
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TableL Anneal-ng-inducedchangesinthecompositionandelectricalpropertleSOrCuhISe2Cl･yStalstogetherwith
theelectl･icallyactivenativedefectswiththelowestformationenergleSllkelytobeformedduetodeviationsFrom
molecularlty(△x≠0)andvalencestoichiometry(△y≠0).TheunderlineddefectshavebeendetectedbyESR･

samp･es As-gro"′n avnanceualend EnureaaFeodr aS:-ntza7eoS

Conductiontype

Resistiv-ty(ncm)

Cu(at･%)

In(at.%)

Se(at%)

△x(molecularlty)

p
10-】

26

24

50

>0

△y(stoichiornetry) ～0

1

25

28

47

<0

<0

∩

10-3

29

26

45

>0

<0

P
lo一l

23

25

52

<0

>0

MaJOrttydercct VTR,CuTn Vc｡,Incu,Vse VTn,Culn,Vsc. Vcu,lncu

Formationenergy(cV) 2･8,1.5 2.6,1.4,2.4 2.8,1.5,2,4 26,1.4

nativedefects,expectedfromthedefectchemistrycon-

siderations,wewereabletoidentifytwodefects,namely,

Vc｡andlncu･,fromtheESRspectradiscussedbelow･

Halleffectmeasurementsinp-typeandn-typecrystals

providedtheholemobilityof26cm2/vsonaverageand
theelectronmobilityor380cm2/vs,whicharem the
rangeofthosepreviouslyreportedforCulnSe2･5)car-

rierconcentrationsdiffered丘omsampletosample,the

typICalvaluesbeing-3×10】8cm-3and3･5×lolacm-3

forp-typeandn-typecrystals･respectively･Noreliable
dataWereobtainedinhigh-resistivitycrystals.Thesam-

plesinwhichthesetransportdatawereevaluateddonot

necessarilycorrespondtothoseusedtoobtaintheoptical

spectra･

3.2 IRabsorption
3.2.1 Generalobservatwns

ThetyplCalIRabsorptionspectraortlleaS一grOWnand

annealedCulnSe2CrystalsareshownillFig･1･Theas一

grownsamplesexhlbitabroadabsorption(A-band)peak

ata･bout3000cm~1(o･36eV),whichwasfoundtobe

quenchedbyannealinglnVacuumOrinthepresenceof
Cu.AnnealinginSe-vapor,ontheotherhand,resultsin

anenhancementoftheA-band,aswellasinanappear-

anceoranewabsorption(B-band)peakatlowerenergy

(1200cm~1-0･14eV)･
SinceuIeA-andB-balldswereobservedonlylnthe

llighlyconductivep-typesamples,andbyanalogywith
theresultsoftheIR absorptionstudiesorGe6)and

GaAs,7) weconsiderthatthesebandsorlglnatefrom
inter-valence-bandtransit,ionsbetweensubbandsoft,he

valencebandofCulnSe2,Splitbythenoncubiccrystal
丘eldandthespin-orbitinteraction.Existenceofinter-

valence-bandIRabsorptiollaround0.3eV inCulnSe2

hasalreadybeendiscussedbyNeumannetal･8)

Thesharpriseofabsorptionatthelow-energysideof

thespectra,ShowninFig,1,canbeattributedtothe

free-carrierabsorption.,whichisknowntobeobservable

insemiconductorsatsufncientlyhigh carrierconcentra-

tions.9)Indeed,wecouldnotobservethisabsorptionin

thesemi-insulatingsamples(Cu-annealed)duetothelow

concentrationoffreecarriersinthosesamples.

The IR absorption spectra ofthe as-grown (p-

type)andvacuum-annealed(highlyconducti､,en-type)
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curvatureoftheconductionbandandalowdensityof
statesnearitsbottom.

aS一grOWn
6.04.02.00∴
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1nadegeneraten-typesemiconductor･,theoptical

bandgapEiisgiVcnbyaseparationbetweenthelowI
cstunfilledlevelin theconductionbandEenlyingap-

proximatelyat4kBTbelow theFermi 1evelErn,and
thecorrespondinglevelEhninthevalencebandlylng

(mJmh)(Ecn-Ec)belowthetopofthevalenceband.10)
TheshirtoftheFundamentalabsorptionedgeisthen

givenby

△Eg-E三一Eg-
(1･=)

(Efn-Ec-4k･BT),(1)
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Fig2.IRabsorptionspectraortheas-grown(a)andvac-

uum-anTealed(b)crystalstogetherwithcomputcrfitsforthe
free-came一absorption.IntheInsetOr(a)thedlfrcrencebetwccn
theexperimentallymeasuredabsorptlOnCOemclentandthatcal-
culatedForthefree-carrierabsorpt10n,isshown,Thisdi汀erence
reprcsentstheinter-valence-bandabsorptionspectrum.

where
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E(T74)-E(T65)-△1

-一言(△cr+△so)十 三[(△cr+△so)2

一芸△cf△so]1′2っ
E(T75)-E(T65)-△ 2

-一言(△cf･△so)一言[(△cr･△so)12

1言△cr△50]1′2 (2)

where△｡[-0.006eVand△ 5. -0,233eV.

Thevaluesof△land△ 2.,evaluatedfromeq.(2)are

0.003eVand0.236eV.respectively,Thecrystal-field

splittingofthevalencebandin CulnSe2isverysmall･
whichisaresultofaverysmalltetragonaldistortionor

theCulnSe2Crystallattice(C/a-2.007),ll)
Sincethemomentum ofaphotonisnegligiblecom-

paredwitllthecrystalmomentum (themomentumofa

carrierinanenergyband),themomentumoftheelec-
tronshouldbeconservedinthephotoabsorptionprocess.

Theelectronwillthusundergotheverticaltransitionon

theenergyleveldiagram,ShowninFig.3(C).,withthe
initialstateandthe氏nalstatehavingthesamemomen-

tum 紅 Intheparabolicenergybandsapproximation7
whichisclearlythecaseinCulnSe2,5)Wecanwrite･for

theabsorptiollA-band,that

Ehp- 諾 (3)

EA - △ 1十 △ 2 - Ehp･ 詰 (4)

whereEh,IStheenergyofthelowestunfilledlevelin
thevalencebandforthep-typecrystals(theenergyof

thefinalstateoftheelectrontransition),andmhhand
msharetheeffectivemassesofholesintherespective

valencesubbands(seeFig･3(C)).Fromeqs･(3)and(4)
thefblloWlngequatioIlisderived;

EA - (△ 1+△2)-響 (去 -よ )

慧 (慧 -1)

-Ehp(慧 -1) (5)

UsingtheobservedtransitionenergyEA -0.36CVand
reportedvaluesofeffectivemass,mhh- 0･71mo and
msh-0･085m0,5)wccandeterminetheenergyposition
oflevelEhpInsidethevalellccbandas16meV･Now,
glVenthepositionofthefinalstateoftheinter-valence-

bandtransitions,wecanpredictthatthetransitionbe-

tweenT74andT65valencesubbandsshouldtakeplaceat

EB -.△ 1+諾 意 - △1･Ehp ( 慧 - 1)･(6)
Applylngmn-0.092motoeq,(6),wefindthetransition

energytobe014eV (～ 1130cm~1),whichisexactly

thespectralpositionofthepeakoftheB-bandsl10Wnin

K SATOetal

Fig.1.

We,thcrcfore,attributetheexperimentallyobserved

A-andB-bandsintheIRabsorptionspectraofthep-

typecrystalstothetransitionsfrom t･heTi5andI7va-
lencesubbandstotheT65valencesubband(seeFig13).
SincethelevelEh,liesabout4=kBT(～100meV)below
theFermilevelforthep-typesamples,wecandetermine
theFermilevelpositionfortllep-typeSamplesa5being

Elp-4kBT-Ehp～84meVabovethetopofthevalence
band･TheFermi lcvel,therefore,liesinthebandgap,

i,C.,thep-typecrystalisnondcgenerate.
3.2.3 Free-car71erabsorption

Asv･,asdiscussedin§3･2.ll,fromtheopticalabsorption I

measurementsnearthebandedgeitwasfoundthatthe

Fermilevelinourhighlyconductivedegeneraten-type

samplesliesaboutlogmeV abovethebottom ofthe

condtlCtionband･KnowlngthepositionoftheFermi

levelinthedegenerateparabolicconductionband.aS

wellastheelectroneffectivemass,WeCanestimatethe

electronconcentrationinthesesamplesatRTuslngthe

expl･eSSion)2)

ne-- (筈 )3'2上
DD El/2

C1+exp
(

EIE

kBT )ラ

(7)

tobene～7×1018cm-3,Thisvalueisrelativelyclose

tothevalueof3.5×1018cm~3 determlnedbytheHall
mea.surement

Fortheconcentrationofholesinthep-typesamples,
whicharenondegenerate,Wecanwrite

np-2(空欝 )3'2exp(里謡 )

(8)

whereweintroducedthee庁ectivedensityofstateshole

massmh-(T'L3hf12+mph/2)2/3-0.73m"sincebothheavy-
holeandlight-holebandsareconsideredtobeequally

populatedatthetelTIPeratureusedinourexperiment

sincekBT(～25meV)greatlyexceedsthevalueof△1-3

′
切
-

.
i

..

L
.
1

~

T.clys'l:ro.:re,q_'ty(p82Taemo,7≡;inuthnepR～T5C76nCxenlt.rla7t?mn-3干し
Thisvalueisaboutoneorderormagnitudesmallerthan

thetypicalholeconcentrationofas-grownp-typecrystals

obtainedfromtheHalleHect73×1018cm-3.

Giヽrentheconcentrationsorca∫riersintherespective

energybands.wecancalculatethefree-carrierabsorp-

tioncoeLBcien'tα{usingtheclassical(Drude)formulaas
appliedtothedegenerateenergybandsinthe丘rstap-

Proximation13)

αr=
LJ2T 1

n.cEo(LL,T)I+1;
(9)

wheren｡istheindexofrefraction77･isthecarrier

relaxationtime,jisthefittingparameterandLL,, -

(nte2/m7(0)1/2istheplasmafrequencywithntandm-
(i-C,h)beingtheconcentrationsandeffectivenlaSSeSOf

thecarriersinrespectiveenergybands.Figure2shows

thebestAtsofα(,givenbyeq.(9),totheexperimentalIR

absorptionspectraroythedegeneratep-type(as-grown)

andn-type(vacuum-annealed)CulnSe2Crystals.From
thesecomputerfitswcdeducedthevaluesofthcfitting

parameteriandthecarrierrelaxationtimesforelec-
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tronsandholesasbeingjc- 2.139,7-C- 3.7×10I14
sand五 - 2.02,¶ - 1.3×10~14 S. Then,know-

ingtherelaxationtimesandusingtheclassicalexpres-

sionp--eTJm‥ Wecouldestimatetheelectronand
holemobilitiesinourcrystalsas′上e～733cm2/Vsand

FLh～31cm2/vs,respectively.Theestimatedvaluesare

illqualitativeagreementwiththemeasuredHallmobil-

itiesFie～ 380cm2/VsandFLh～ 26cm2/vs,forn-type

andp-typecrysta]S,respectively.Fromthevaluesofthe
fittingpal.ameteri -2forbothtypesofcarriers,wecon-

cludethat･thedominantmechanismofscatteringlnOur

samplesatRTisthescatteringbyopticalphonons,inac-
cordancewiththeresultsofelectricalmea5urementS.14)

3.3 ESR

3.3.1 ccneralobserlノations

ESR spectrainchalcopyTite-typecompoundshave

beenintensivelystudiedespeciallyinwide一gapLⅠⅠLVI2

crystalssuchasCuAIS2andCuGaS2.MostoftheESR

studiesareconcernedwithtransitionatom impurities

whichareknOwntobeeasilyincorporatedintothelat-

ticeasresidualimpuritieswhichleadtocolorationof

crystals･15) ofthesetransitionatoms,Feisknownto

bethedominantone,WithCrandNibeingsecondand

thirddominantcontaminants,respectively.Theseele-

mentsaremoreeasilyincorporatedintoiodine-transport

(IT)crystalsthanintomelt-grown(MG)ones･Thetyp-
icalanalyzedconcentrationorresidualFeimpurityln

ITcrystaliSabout100ppm,whereasthatinMGcrys-

talisbelowthedetectionlimitoftheEPMAsystem (a

few 10ppm)andcanbedetectedonlybyESR mea-
StlrementS.ThesetraJISitionatomsarebelievedtobe

introducedfromthesourcematerialsa5Wellasfromthe

environmentduringcrystalgrowthexperiments･nan-
Sitionatomsaremultivalentinsemiconductors,which

enablesustoestimatethepositionofFermilevelsfrom

ESRmeaSurementS.ESRisalsoknowntobeapowerful
toolfordetectionofdefectssuchasvacanciesinsemicon-

ductors,WehavealreadyreportedESRsignalsrelated

tothecoppervacancyinCuAIS216)andCuAISe217)crys-

talsJnthepresentstudywealsoutilizetheESRsignal

ofdefectstochecktheconsistencyoftheFermilevelPOI
sitionandthedefectstates.

3.3.2 Assignmenlofsignals

Thet･ypicaユESRSpectraOfthea5-grownandannealed
CulnSe2CrystalsareshowninFig.4.Thespectrumof

theas-grownSampleexhibitsacomplexsignalmarkedI.
consistingofbothisotropicandanisotropiccomponents.

Thesignaliscenteredong-4.3andisbelievedtobe
originatedfrom Fe3+inastrongnoncubicligandfield･

TheHamiltonian oftheFe3+ion(6S5/2)inthenoncubic
crystalfieldreads18･19)

〟-gpHS+D(sz2-喜S(S+1))+E(SH ),(10)
whereDandEzueparametersoftheaxialandrhombic
componentsofthecrystal丘eld,respectively.

Boththeaxialandrhombiccomponentsoftheligand

fieldcausethesplittingofthesixfold-degenerateground

state6S5/20fFe叶 intothreeKramersdoublets,resulting
inthepossibilityofobservlngtheESRsignal.Thesolu-
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ThehighlyanisotropicII-slgnalwiththepeak-toIPeak

linewidth△H,p-4mT,theeffectiveglfactorofwhich

takesitsmaximumvalueofgcrl//-28･7whenthetetrag-
onalC-axisofthecrystalissetparalleltotheexternal

magneticBeld,hasalsobeenobservedinbothCuAIS221)
andCulnSe222)byotherresearchers,andhasbeenat-

tributedtothesubstitutionaldivalentironimpurity,
thesignalorwhichorlginatesfromthemagneticallyal-
lowedmicrowavetransitions2⇔ -2withinthelowest

M s- 士2non-Kramersdoublet.

ThepresenceofFe2+invacuum-annealedcrystalsof

CulnSe2Wa5alsoconBrmedbyIRabsorptionspectraof

highlycompensatediodine-transportcrystals,inwhich
abroadabsorptionrangingbetweell2000cm~land

4500cm-1withapeakaround3300cm~1(o･41eV)
wasobservedandassignedtothecrystal-fieldtransi-

tion5E⇒5T2inthe3d6 manifoldorFe2+inTd Sym-

metry･23)Thisresultprovidedthecrystal-Beldparame-

terofapproximatelyDq- 330cmll.However,such
Fe2十一originatedabsorptionisnotclearlyresolvedinthe

IR spectrum ofthemelt-growncrystalshowninFig.

2(b).Subtractionofthefreecarrierabsorption(dotted

curve)fromtheexperimentalcurveleadstothepresence
ofabroadabsorptionbandextendingfrom 1000cm~1

to7000cm-1･webelievethattheFe2+-orlgillatedab-

sorptionisburiedinthebroadabsorptionband,since
thetotalironconcentrationinthemelt一growncrystalis

severalordersofmagnit,udesmallerthanthatintheIT

crystalinwhichresidualFeconcentrationorashigha5
0.01at.%wasdetected.

ThespectralpositionortheFe2+-orlglnatedabsorp-

tion23)wasroundtobeclosetothatpreviouslyob-

servedinotherbinaryandternarysemiconductors,I.e.,
2700cm~1(znse),10)3000cm~】(CdS),2:i)3400cm~1

(ZnS),25)3200cm-i(CuGaS2)26)and3200and3900

cm~1(CulnS2).27)crystal一Beldtheorypredictsthevalue

ofg//tobegL,-8kA｡/10Dq,28) wherekisthecova-
1encyreductionfa.ctorandgeisthefree-electrong-factor.

Therefore,wecanobtainthevalueofa//usingthe
valueofDq- 330cm-Ifrom theIR absorptionre-

sults･Usingk-0･8and入｡ニ ー100cm-1weobtain

g//-2･194･Next,sinceunderH//ctheresonancecon-
ditionforthetransitionwithintheMs-士2doubletis

(hu)2-(4g〟βH)2十α2(wherec!isthecubicfieldsplit-
tingparameterandhL/isthemicrowaveenergy),28)we

calculatedthevalueofαfromtheknownvaluesofgcff//

andg//usingtheexpression

gc""-4g"[1-(a)2]-1'2 (ll,

andtheobtainedvalueofαwaslcyl-0･28cmll,which

iscomparabletothatforCuAIS2,21)wherelαl-0.4=5
cm~1,Furtherstudiesarenecessarytoobtainmorecon-

vincingexperimentalevidencetocorrelatetheESRsig-

nalofgefl-28.7withtheIRabsorptionat0,41eV.

TheisotropICIH-signalwith9-2･12and△H,,-10
mT hasbeenattributedtothesignalfrom thehole

trappedbythecopper､′acancy,andthesignalisbroad-

enedbythehyper丘neinteractionwithlnnuclei(nuclear

spinI-9/2)inthesecondshellsurroundingtheVcu-
defect.Thisslgnalisassignedonthebasisofthere-

K SATOetaL

portedresults,22,29)andisinagreementwiththefact
thatthissignalwasobservedonlyinCu-deficientsam-

ples(vacuuml0rSe-annealed)with△x<0(seeTableI)･
SincetheIV-andV-signals,ShowninFig.5andwith

isotroplCg-factorsofg7V -2.023andgv-2･002,Were

observedonlyinthehighlyconductiven-typesamples,
theyarebelievedtoorlglnatefrom electrons.Weten-

tativelyassigntheIV-signaltoelectronsinasclenium-

depletedphaseOfCuln2Se35,22)andtheV-signaltoelec-

t∫onstrappedbylnc｡-donors.Thelatterasslgnmentis

inagreementwiththepreviouslyreportedresults,29)as
wellaswiththedefectchemistryconsiderations,since,
forthevacuum-annealedsamples(△ごく0),wecanex-
pectahighcollCentrationoH nc｡-defects(TableI)･

ThenarrownessoftheIV-andV-signals(AH,p-0.5

mT)indicatespresenceofexchangeinteractioneffects
and,therefore,ahigh concentrationofdonors,whichis

alsoinagreementwiththeIRabsorptionresults,show-
lngthatourvacuum-annealedsamplesaredegeneraten-

type.ItshouldbepointedoutthatneitheroftheIV-or

VISignalscouldbeattributedtofree(mobile)electronsL
since,duetothelargevalueorthespin一〇rbitsplittingof

thevalencebandonCuInSe2,Weexpectthefree-electron

signaltobenotaround9-2(thecaseofconduction

electronsinSi),butatamuchsmallerg-valueofabout
o･7･30)However,Wewerenotabletodetecttheslgnal

with9-017inourexperiment.

3.3.3 EHectoftheFen71ilevelmotion

TheobservedchangesintheESR spectraorthe
CulnSe2Crystals,Causedbythermaltreatmentsinvar-

iousatmospheres,canbeexplainedbytheannealing-

inducedmotionoftheFermilevelrelativetotheenergy

bandedges.

Itwasdeterminedfrom theIR absorptionmeasure-
mentsthatintheas-grownCrystalstheFermilevelis

situatedolllyabout80meVabovethetopof■thevalence

bandand,hence.,mostprobablybelowtheFe2+/Fe3+
demarcationlevel(Fig･3(C),Erp)ITherefore,wecould
observethe∫-signalfromFe3+intheESRspectraofthe

as-grownSamples.

AnnealinglnVacuum OrCu-atmosphereleadstothe

changeoftheconductivitytype,whereinthesamplesare

convertedintothedegellerateOrSemi-insulating∩-type

ones,respectively.TheseresultsindicatethattheFermi

levelisshiftedupwardsandispositionedinsidethecon-

ductionband(vacuum-annealedsamples,Fig13(a),Eln)
orinthemidstofthebandgapabovetheFe2+/Feュ+
demarcationlevel(Cu-annealedsamples,Fig･3(b),Etn)･
Therefore,weobservethequenchingoftheFe3+signal
andanappearanceoftheII-signalfromFez+,Anneall
lnglnVacuum alsoresultsinadrasticincreaseinthe
concentrationoftheVcu-andIncu-defects(Table I),
whichleadstoanappearanceofthesignalsfromcar-
rierstrappedbythesedefects.

Annealing111theSe-vaporresultsinareverseprocess,
whereintheFermilevelisshifteddowntowardstheva-

lenceband(andbelowtheFe2+/Fe3+demarcationlevel),
whichresultsinthehighlyconductivep-typeconductiv-
ityandinthequenchingoftheESRsignalfromFC2+･
ItshouldbepointedoutthattheILsignalcausedby
Fez+wasfoundtobequenchedtoaboutone-halfofits
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original intensityuponilluminationwithinfraredlight

(a1.06Jim lineoftheYAGlaserwasusedasanexcita-

tionsource)inthesemi-insulatingn-typesamples(Cu-

annealed)･,butthedegeneraten-typesamples(vacuum-

annealed)exhibitnochangesofthesignalunderthe

sameillumination.Thisphenomenoncanbeexplained

assumingthattheFe+/Fe2+demarcationlevelisinresl

onancewiththeconductionbandofCulnSe2,i.e,一ies

insideoftheconductionband(Fig･3)･Then,inthe

semi-irLSulatingcrystals,underIRlightexcitationsome

oftheFez+ionscaptllreelectronsfromthevalenceband

andbecomemonovalent,i.e.Fe2++e-⇒ Fe+,which
resultsinthequenchingoftheFez+ESR signal･The
la.stphoto-ionizationprocess,however,becomesimpos-

sibleindegeneraten-typesamplesiftheFe+/Fe2十de一

marcationlevelissituatedbelow levelEen (ng,3)1n
theconductionband,sinceelectronictraJISitionstothe

completely丘lledstatesareimposslble.Therefore,webe-

lievethattheFe+/Fell+demarcationlevelisinresonance

withtheconductionband,incontrasttotheFe"/Fe3+

demarcatiorllevelwhichissituatedinthebandgapof

CulnSe2.

4. ConcltlSiDnS

Wehavestudiedthem absorptionandESRspectraof

theCulnSe2Crystalsinconnectionwiththeannealing-

inducedmotionoftheFermilevelrelativetotheenergy

bandedges･Thedegeneraten-typecrystalsexhibited

aflee-electronabsorption,whereasthep-typecrystals
showedbothaninter-valence-ba_ndandafree-holeab-

sorption,fromtheanalysisofwhichtheenergypositions

oftheFermilevelhavebeenevaluated,andtheelectri-

calparametersoftherespectivecrystalshavebeenesti-
mated.

IntheESR spectra,thesignalsfrom Fe2+andFe3+

impurities,aswellasthosearisingfrom nativedefects

VcuandIncu,havebeendetected,andtheintensities

oftheESR signalshavebeenfoundtodependonthe

compositionofthesamplesandtheFermilevelpositioIl.

Animportantconclusiondeducedfrom theseresults

isthatwecanlocallychangethechargedstateofFe

impuritythroughappropriatecontroloftheFeTmilevel,
whichindicatesthepossibilityofrealizingnovelmemory
devices.
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