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Abstract

Thetravelingheatermethod(TⅡM),Whichisoneofthesoludongrow血techmiques,has
beenappliedtothesinglecrystalgrow血oftheI-III-VI2Chalcopyritesemiconductors･Itis

generauydilRculttogrowhighiPnlitysinglecrystalsoftheI-III-VI2COmpOunds舟omthe

stoichiometricmelts,becausemostoftheconTPOundsgrowthroughaperitecticreacdonor
asolidstatetranshonduringthecoolingprocess･Uptothistime,buksinglecrystalsof

CuGaS2,CuGaSe2,ChGaTb2,CuInS2,CuhSe2andCuInTb2ternaryCOmPOundshavebeen

obtainedbytheTI朋techmiqueusingInsoIvent･BuksinglecrystalsofCuGaxInl-XS2and
CuGaxInl_XSe2qtdernaryalloyshavealsobeengrownbytheTEMwithIn-SOludonzones,

inwhichthecompositionswerea(帥StedtodbtainhomogenousCryStalshavingintended

compositionsx.Furthemore,TI朋growthofAgGaS2andCu馳S2Singlecrystalshasbeen
performedbyusmgPbC12andCuIhalidesoIvents,reSPeCtively･

Keywords:Chalcopyritesemiconductors,Ⅰ-ⅡⅠ-VI2COmPOunds,Singlecrystalgrowth,
Tbelingheatermethod(TⅡM),Solutiongrow血,Copperinditmdiselemide
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1.Introduction

TheI-ⅠⅠⅠ-Ⅵ2COmPOundswithachalcopyritestruCturehavereceivedmuchatte血oninrecentyears･

Fig.1showsband-gq)energiesandlatticeconstantsoftheCu-ⅠII-Ⅵ2andAg-III-Ⅵ2COmPOunds【l】･The
compoundswithrelativelylargebandgapsareexpectedtohaveapplicationsforoptoelectromicdevicesinthe

short-WaVelengthregion[2-18],andtheCu-ⅠⅡ-VI2 COmPOundswithbandgapsofl･0～1･7eVhaveattracted

considerableiderestbecauseofpossiblephotovoltaicapplications[19-26]･Thethin-filmsolarcellswitha
CuGatInl_ISe2absotberhaNeaChievedconversionencienciesexceeding17%[27,28]･Inaddition,theAgG蝿

andAgGaSe2CryStalsarealreadyusedfornonlinearopticaldevices【29-31]･
CuAlS2andCuAlSe2havedonhandyp-tyPeelectricalconductivityandtheII-ⅥcompoundsZnSand

ZnSeshownormuyn-typeconduction,andthelattercompoundsarefhidywell加ice-nutChedtotheformer

ones,reSPeCtively.Hence,theheter句unCtionsbetweenthep-typeI-III-VI2andn-typeII-VIcompoundshave
promiseofhigh-qualityblue-1ight-emihgdevices･ZnSorZnSeepilayerscanbegrownatlowtemperatures
below3000C[32,33],butrelativelyhightemperatureSareneededforepitaxyofI-ⅠII-Ⅵ2COmPOunds[3-15]･
Hence,ePitaxyoftheⅡ-ⅥcompoundsontheI-III-Ⅵ2COmPOtmdsisdesirablerather血弧血tofI-III一Ⅵ20n

II-ⅥforfabricationoftheheterqJunCtions.Sincegrow血ofbulksinglecrystalsofCuAlS2andCuAlSe2is
d皿cultbecauseAlischemicallyacdve,theyhavebeengrownepitaxiallyonsdbstratesofII-VIandIII-V

compounds【10-12]･But,血erdihsionofbetweentheepilayerandthesd)Stratehasinducedunfhvorable
changeintheirproperties･TheternarycompoundsCuGaS2andCuGaSe2belonglngtOthesameI-III-Ⅵ2血mily
willbepreferableasaltemativesubstrates,inordertoreducethee飴ctofinterdihsionbetweentheepilayerand

thesdbstrate.Therefore,buksinglecrystalsofCuGaS2andCuGaSe2arerequiredfortheepita野OfCuAlS2and
CuAlSe2,reSpeCtively[34,35].
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Fig･1EnergygapsandlatticeconstantSOf

I-III-VI2ternaryCOmpOunds

I-III-VI2COmPOundshavingrelativelynarrOWbandgaps,CuInS2,CuInSe2andCuGaSe2ternary

COmP?undsandCuGatInl-ISe2[36]andCuIn(SxSel_Z)2[37]quaternaryalloys,arePrOmisingasmaterialsfor
heterq)unCtionsolarCellswithCd(Zn)Sand/orZnOwindowlayers･CuGaTb2andCuInTb2arealsoexpectedas
thealternativeabsorbersofthephotovoltaicdevices･Althoughmostofstudiesonthesecompoundshavebeen

COnCemedwithpolycrystallinethin創ms,Studiesonpropertiesofthebulksinglecrystalswillbehelpfu1for

improvementofthesolarCells.

AgGaS2andAgGaSe2haveunlquenOnlinerin&aredopticalproperties,andcanbephasematched

throughrelativelywideportionsoftheirtransparencyranges･AgGaS2istranSParentfromO･45to13pmand

phasematchedforsecond-harmonicgeneration(SHG)forfundamentalwavelengthsfroml･8tollpm[38].
AgGaSe2istranSparentfromO･73to17pmandphasematchedforSHGforfundamentalwavelengthsfrom3.1

to13トIm【39】.
SinglecrystalsofI-III-VI2COmPOundshavebeengrownbyavarietyoftechniquesfromvqpor,meltand

SOlution･Thev叩OrPhasegrowth,WhichistypicallyiodinechemicalvaportranSpOrtteClmique,yieldssingle

CryStalsofratherhighquality,butthegrownCryStalsareSmallandirregularinshape･Forfabricationofthe

devicesanddetailedexaminationoftheopticalandelectricalproperties,itisnecessarytouselargebulksingle

CryStals･Tbblelshowsstudiesofthegrowthfrommeltandsolutioninordertoobtain1argebukI-III-VI2Single

CryStals･Inthisreview,WedescribetheslnglecrystalgrowthofI-III-VI2ternaryandquaternaryCOmPOundsby

THM.

2･PhasediagramandmeltgrowthofI-III-VI2COmPOunds

Forpreparationofbulkcrystals,informationaboutthephasediagramsisindispensable･Phasediagrams

forI-III-VI2ChalcopyritecompoundshaveusuallybeeninvestigatedalongtheI2VI-III2VI3pSeudobinarylines

[66-74]･Thegrowthmechanismsofchalcopyritecrystals&omstoichiometricmeltsandthetemperatureSOfthe

PhasetranSitionrelatedtothegrowtharesummarizedin1泡blel･WhileAgGaS2andAgGaSe2CryStalswith

Chalcopyritestructurearedirectlygrownbycoolingfromtheirstoichiometricmelts[41],thecompositionsofthe
Obtainedcrystalsdeviatefromstoichiometryowingtoincongruentmelting･MostofCu-basedchalcopyrite

COmpOunds(Cu-III-VI2)areproducedfromthemeltsthroughaperitecticreactionorasolidstatetransition
duringcoolingprocess･FortheCu-Ga-Sesystem,aPeritecticpointexistsatatemperature(Tp=10300C)below

themeltingpointofthestoichiometricCuGaSe2[67],andfortheCu-Ga-Tb,Cu-In-S,Cu-In-SeandCu-In-Tb
SyStemS,thechalcopyritecrystalsaregrownthroughasolid-StatePhasetransitionfromthezincblende-type

CryStals,aSSummarizedinThblel･ThedetailedphasediagramofCu-Ga-Ssystemisnotknown,butcrystals

grown丘･Omthe stoichiometric CuGaS2melts have offlstoichiometric compositions and considerablyhigh

temperatureisrequiredforthegrowth[66,75]･InordertoobtainbulksinglecTyStalswithouttheadversee能cts
associatedwiththemeltgrowth,thesolutiongrowthtechniqueispreftrable,SlnCethegrowthcanbeperformed

attemperaturesbelowthetransitionpolntS.
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Thblel.GrowthofthebulkI-III-VI2Singlecrystals

Compound Melting Growthmechanism TranSition Single growth

point(OC)ofchalcopyritefrom temp.(OC) Tbchnique* SoIvent Ref

stoichiometricmelt

AgGaS2 1040 direct(incongruent) M
E
C
甜

B
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T

【40,41】
【42】

PbC12 【43】

AgGaSe2 850

AgGaTe2 720
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eutecticreaction 680 BM
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CuInS2 1050 phasetrans.insolid 980 GF

THM

【54,55]

[56】
CuInSe2 粥6 PhasetranS.insolid 810 BM

ZM

LEC
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【23,24】
【23,57】
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CuGaxInl_XSe2 phasetranS.insolid THM In [36]

*BM:Bridgman(-Stockbarger)method,LEC:1iquidencapsulatedCzochralskimethod
THM:traVelingheatermethod,ZM:ZOnemeltingmethod,TSSG:tOp-Seededsolutiongrowthmethod

GF:gradientfreezingmethod,NF:nOrmal倉eezingmethod

Meltgrow血teclmiquehasbeenattemptedformanyI-III-VI2ternaryCOmPOunds,aSShownin1もblel.

AgGaS2andAgGaSe2CryStals are grownbymeanS OfBridgmanmethodbyFeigelsonandRoute,andthe

ヲryStalswith37mmindiameterandseveralcentimeterinlengthwereobtained[41]･However,OWingto
lnCOngruentmelting,theobtainedAgGaS2andAgGaSe2CryStalsarealwaysafewpercentricherinGa2S3and

Ga2Se3thanthestoichiometriccompositions,reSpeCtively,SOthatmicroscopICSCatteringdefectsareinevitably

included･Inordertoremovethedefects,POStgrOW血heattreatmentwithAg2SorAg2Semustbeperformedfor

lOto15daysattemperaturesnearthemeltingpolntS.

CuInSe2SlnglecrystalshavebeenobtainedbyuslngVariousmeltgrowthtechniques,SuChasBridgman

(-Stockbarger)【23,24],gradient丘･eeZingandnormalfreezingmethods【22].Forthegrowthfromthemelt,the

CryStalswithchalcopyritestruCtureareformedthroughasolid-StatephasetranSition打omthezincblende-tyPe
CryStalsduringthecoolingprocess,aSdescribedintheprevioussection.Hence,thegrowthmustbeperformed

Withlowcoolingrates,tyPicallyl～20Cnl,downtOthetemperaturesbelow8100C[68]･
LEC(1iquidepcapsulatedCzochralski)techniquelSuSedforgrow也oflargebulksinglecrystalsof

many compound semlCOnductors.Tb ourknowledge,thereare tWO repOrtS Of LEC growth ofI-ⅠII-VI2

COmPOunds･The血stexperimentwasforAgGaS2[42],andtheotheronewasforCuInSe2[58].TheLEC-grOWn
AgGaS2WaS40mmin1engthand15mmindiameter,andmicrocracksandlamellartWinswereobservedinthe

CryStals･TheCuInSe2CryStalwas55mmindiameter,andthereweremanyCraCksinthecrystal.Nootherwork

COnCernlngtheLEChasbeenreportedinrecent20years.

33



34 Hideto MIYAKE,KoichiSUGIYAMA and Kazumasa HIRAMATSU

3･THMgrowthofI-III-VI2ternaryCOmPOunds

j･ノ｣ゐα〃J曙甜〆血乃相即W〟I

Thetravelingheatermethod(THM)isagrowthteclmiqueinwhichthezonemethodofmeltgrowthis
appliedtothesolutiongrowth,andisveryusefulforgrowlngfairlylargecrystalsandespeciallyforgrowlng

alloycrystalswithexcellentcompositionuniformity[76]･Fig･2showsschematicdiagramsofthebulkcrystal

growth･Fig･2(a)showsazonemeltingmethod･ApartOffeedpolycrystalAismeltedintothezoneAL,the
temperatureofwhichishigherthanthemeltingpointofA･CrystalA,isgrown舟omthelowerportionofthe

ZOneAL･Fig,2(b)exhibitsasolutionBridgmanmethod,Whichisakindofsolutiongrowthmethods.Feed
POlycrystalAandsoIventBareinsertedintoanampOule,andthentheampouleisheatedforformationof

SOlution(A+B)LbycompletedissolutionofAintoB･ThecrystalA,isざ0wnfromthesolution(A+B)Lby
lowerlngtheamPOule･ThegrowthtemperatureislowerthanthemeltingpolntOfA,butthegrowthtemperature

ChangeSduringthegrowthofcrystalA†becauseconcentrationofthesolutiondecreasesasthegrowthproceeds･

THMshowninFig･2(C)isagrowthmethod,WherethemeltALOfthezonemeltingmethodofFig.2(a)is

replacedwithsolution(A+B)LOfsoluteAandsoIventB･SincethemaximumtemPeratureissetatthemelting
POintofsolution(A+B)L,apartOffeedpolycrystalAdissoIvesinthezone.Whentheampouleisloweredinthe
THMfurnaCe,CryStalA,isgrownfromthezonesolution(A+B)L,andthesameamOuntOffeeddissoIvesatthe

upperpartOfzone･Therefore,theconcentrationandthetemperatureofthesohrtionarekeptconstantduringthe

THMgrowth.

Tem匹mture

Ti

A
丸
〃

↓

野■バl+

(q) (b) (c)

Fig･2･SchematicdiagramsoftemperaturePrOnlesofthefurnaCeSandgrowthfeaturesintheampoules･

(a)zonemelting,(b)solutiongrowthand(C)THM.A:fbedmaterial,A,:grOwnCryStal,B:SOIvent;

L(subscript):liquidphase･TA:meltingpointofA,TA8:1iquiduspointof(A+B).

AdvantageSOftheTHMgrowtharefo1lowlng;

1･Growthtemperatureislowcomparedwiththatofthemeltgrowth,SOthatdecreaseofthedensity

Oftheintrinsicdefectsisexpected･

2･LargerCryStalscanbegrownCOmparedwithaconventionalsolutiongrowthsuchasshownin

Fig･2(b),becausetheamountOfthesoIventforTHMgrow血isirrelevanttOthelengthofgrown
CryStalandislessthanthatfortheconventionalsolutiongrowth･

3･Impuritiesintroducedfromtheampoulematerialcanbedecreased.

4･Thegetteringe飴ctofthesoIventisexpected･

5･Sincetheconcentrationandthetemperatureofthezonesolutioncanbekeptconstantduringthe

growth,bulkalloycrystalswithauniformCOmpOSitioncanbegrown.

TheTHMtechniquehasbeenappliedtothesinglecrystalgrowthofseveralII-VI,III-Vcompoundsand

theiralloys【76]･AsfortheI-III-VI2COmpOunds,Mandelandco-WOrkersperformedzonegrowthofCuGaSe2
丘omCu2Se-enrichedmeltsusingahorizontalfurnaCe[48],Whichisconsideredtobethe血stexperimentofthe
THMgrowthofI-III-VI2COmpOunds,becauseexcessCu2SecanberegardedasasoIvent･Hsuandco-WOrkers

haveobtainedbulksinglecrystalsofCuInS2fromInsolutionbyTHM[56].
Thble2isalistforsolutiongrowthofCu-III-VI2COmpOunds･GaisnotadequateasasoIventbecause

CuGaS2andCuGaSe2ChalcopyritecrystalscannotbeprecipltatedfromtheGasolutionsuptotemperatureSnear

themeltingpoints【7,50,66].SincethesecompoundshavehighsolubilitiesinInsoIventandasinglesolidphase

WithchalcopyritestructurecanbegrownfromtheInsolutioncontalnlngStOichiometricI-III-VI2SOlute,indium
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WaSadoptedasthesoIventnotonlyforgrowthsofthecompoundscontainingindiumaSaCOnStituent,butalso

forthoseofCuGaS2,CuGaSe2andCuGaTb2.Recently,grOW也sofCuGaS2[46],CuGaSe2[49],CuGaTb2[53],

CuInSe2[59,60]andCuInTb2[64]singlecrystalsbyTHMwereinvestigatedusingInsoIvent･

Thble2.SolutiongrowthofCu-III-VI2COmpOunds

Solute SoIvent Grown stal Ref二

Ga (GaS)■
h CuGalhl_ISユ

Tb CuGaS2

Sn CuGaS2

Pb CuGaSユ

CdC12 CuGaS2

CdI2 CuGaS2

CuI CuGaS2

Ga (GaSe)'forT<9000C

CuGaS2 【66】

【77-79】

【80】
[Sl,S2]

【S2】
【S3】

【83】

【型L__
【7,50】
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【
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CuGaSe2forT≧9600C

(GatInl_ZSe)''forT<5800C,
CuGa.Inl_ISe2forT>5800C

(Cu2Ga4(SeTb),)"'

(SnSe-CuGaSe2)twophasemixture
CuGaSe2

CuGaSe2

CuGaSe2

CuInS2

CuhSち

CuInSeユ

(Cu2_tSe-CuInSe2)twophase

mixtureforT<6300C,

In

芸PbBi詮bBiCuS｡

CuGaSe2

担墟三】
【S8,89】
【S9】

【90】

CuInSe fbrT>6300C

詮

35
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Thephase diagramS OfCuGaS2-In[77-79],CuGaSe2-In[49,85],CuInS2-In[56,87]andCuInSe2-In

【88,89]pseudobinary systemsare ShowninFigs.3(a)～(d)･There existmiscibilitygapsin saturatedln

SOlutions.Thedetailsforthesystemaredescribedinthefo1lowlng･

Fig.3(a)showsthephasediagramofCuGaS2-Inpseudobinarysystem･IndiumSOlutionssaturatedwith

stoichiometricCuGaS2SOlutesattemperaturesabovelO200CareSinglephase(adoublelineregioninFig･3
(a)).However,thosesaturatedbelowlO200CareSeParatedintotwoliquidphases(miscibilityg叩),andthe

grownCryStalsfromthesolutionsalwaysbecomepolycrystals,becausetheheavierliquidphase(thesecondary

phase),Whichisde鮎ientinsulfurandfromwhichchalcopyritecrystalscannOtbegrown,remainsatthebottom
intheampouleanddisturbsthesinglecrystalgrowth[91]･Therefore,inordertoobtainasinglecrystalfromIn

solutioncontainingstoichiometricCuGaS2SOlute,thegrowthtemperatureShouldbekeptabovelO200C･There

existsasimilarmiscibilitygapforsaturatedInsolutionsattemperaturesbelow8500CintheCuGaSe2-Insystem,

asshowninFig.3(b)[49,85].ForCuInS2-InandCuInSe2-Insystems,temPeratureSOftheboundarybetween
single-Phaseand two-Phaseliquidsare730and6200C,reSPeCtively[86-88]･Recently,CuGaTb2-Inand
CuInTら-Insystemswerestudied,andthetemperaturesoftheboundaryare700and5100C,reSPeCtively[53,64]･
InconsiderationofthepresenceofaperitecticreactioninCuGaSe2andphasetranSitionsinCuGaTe2,CuInS2,

CuInSe2andCuInTe2inadditiontothemiscibilitygaps,thetemperaturerangeSOf850～1030,780～700,730～

980,620～810and670～5100CarefavorableforsolutiongrowthsofCuGaSe2,CuGaTe2,CuInS2,CuInSe2and

CuInTら,reSPeCtively.

j.j(プrow〟Iク和Ce血柁〆ねr乃αワCO〝甲0〟〃ゐ
TheTHMgrowthsofCuGaS2,CuGaSe2,CuGaTb2,CuInSz,CuInSe2andCuInTb2havebeenperformed

byusingaverticalTHMfurnaCeWiththreecoilheaters(Fig,4)･Thepre-heaterwasusedtopreventdepositionof

gaseousspeciessuchassulfurorindiumsulndeontheinnerwalloftheampoule･ThespeCiesarelikelyto
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Fig.3.Phasediagramsofpseudobinarysystems.

(a)CuGaS2-In,(b)CuGaSe2-In,(C)CuInS2-Inand(d)CuInSe2-Insystems.Theliquidimmiscibilityregion
isi11ustratedinthediagramas"2phases一一.Thetemperaturerangescorrespondingtotheportionsofliquidus

linesillustratedbyuslngdoublelinesarefavorableforsolutiongrowthsoftheI-III-VI2Singlecrystals･

evaporatefromthezonesolutionandthe fヒedingotandtodepositonthecoldpolntSOfthewall･Forthe

growth[65],apOintedcarbon-COatedquartzampouleoflOmmindiameterwasused.IndiumingotsofO･8～2･O
gforthezonesoIventandapolycrysta11inelngOtOf10～15gfortheftedwereinsertedintotheampoule,aS

ShowninFig.5(a).ARerevacuationtoapressureof4xlO-4pa,theampoulewassealedoffwithalengthof6～8
CmandthenwasplacedintheTHMfurnaCe.AnexampleofthetemperaturePrO丘1eofthefurnaCealongthe

axis,meaSuredwithouttheampoule,isshowninFig.5(b).ThemaximumtemperatureofthefurnaCeWaSSettO
atemperaturewheretheInsolutionbecomesaslngleliquidphase,andthetemperaturegradientatthepointof

growth was about40～800C/cm.At the position ofmaximumtemPerature(19･5cmin Fig･5(b)),the
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Fig･4･VbrticalTHMfumaceswiththreecoilheaters,皿dthetemperaturecontrouersof

thefumaces･mCinnerdiameterOftheRmacesis20mm,皿dtheTHMamp山eis

loweredataspcedof4mm/daybyasteppingmotor.

ten匹r独汀eSm飽r血eimer伊仙or血e札mace(20mmID)w併e80～1500Cbigbe∫血皿血加水也ecenteェFig.6
ShowsalongitudhalcTOSSSeCtionofasamplefortheTHMgrow血ofCuGaSe2,Whenthegrowthwasstopped

hal知ay.TheshBLPCOfinte血ebetweenthesollItionzoneandthegrowlngCryStalwassecntobeconvextoward

thesolution,Ⅵ血ichisfavorableforthegrow血ofsinglecrystals.Thecrystalgrow也wasnorma11yperfoⅢledby
loweringtheampouleataspeedof4mm/dayforlOdays.

T(●C)
600 ∝》l()∝)

Fig.5.(a)SchematicdiagramOfaTHM血mace

withthreecoilheaters.O))TbmperattuePrOfileof
血e血mcewi也outanampode.
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Fig･6･Photographofcross sectionofanlngOtfor

TI{M grow血of CuGaSez,a鮎rthe growth was

StOPpCdhalfway･Theinterhcebetweenthegrowlng

CⅣS仏1肌d也eひneisconvexupward.
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TheTIJMgrow血ofCuGaS2WaSCarriedoutatazonetemperatureabovelO500C[46].TheInsolution

OfthezonewassaturatedwithastoichiometricCuGaSzsoluteduetopartialdissolutionofthefeedingot,andthe

COnCentrationofCuGaS2intheI血SOlutionwasestimatedtobearound60mol%録omtheliquiduscurve,aS

ShowninFig･3(a)･Thegrowncrystalswerecutalongoracrossthegrowthdirection,andvisualinspeCtionof
thecrystals11血cesandthecrosssectionswasusedforidenti五cationofsinglecrysta11inity.Figs.7(a)and(b)

ShowexampJesofcrosssectionsandwafbrsoftheobtainedsinglecrystals.Thedimensionsofthesinglecrystals
WerelO･5mmindiameterand25～40mminlength.Thecoloroftheobtainedcrystalswasdarkbrownordalk

Orange･Thevariationofcolormightbeduetoopticalabsorptionbyincorporatedimpurities,butthedetailsare

notunderstood･Thecrystalswereasce血inedtobesinglephasewithachalcopydtestruCturefrompowderX･ray
di飴actionmeasurements.TheatomicfiactionratiosofconstituentelementsI:Ⅲ:Ⅵinthegrowncrystalswere

l:1:2,andthegroⅥlCryStalswerealsoshowntObeCuGalInl.]S2auOySwithl-X=0.02～0.03.Sincelnisa

domjnantCOmPOnentinthe2=One,thecrystalsshouldinevitablybecomeC11Ga,hl.IS2alloys.Thevariationof

molefractionl-XOfCuhS2alongthegrow血directionisshowninFig.8.Mole丘actionl-Xisalmostconstant

withvaluesofO･02～0･03fromthetiptotheendofthecrystal.

Asforthegrow血ofCllGaSe2andCuGalもbytheTfIMusingInasthezonesoIvent,theobtained

CryStalswerealsoCuGazlnl.ISe2andCuGa.Inl_.Tb2alloyswiththevaluesofl-X=0.04～0.07a皿dO.07～0.1,

respectivelyt49,531.
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Fig.9showsaneXamPleofcrosssectionsoftheTIIM-grOWnCuhSelSinglecrystals[59]･Thegrowth

WaSCarriedoutatazonetemperattmofabout7500C,imdthedimensionswerelOmmiJldiameterand30～35

mminlength.Figs.10血dllshowthecompositionsofthecrystalalongandacrossthegrowthdirection･ltcan

beclearlyseenthatthecompositionofthecrystalisunifbrmandstoichiometnc･

CulnSe2

芝
Fig.9.PhotographofaneXamPleofcrosssectionsoftheTHM-grOwn

C血Se】Slnglecヮs也1s.
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Fig,10,CompositionsofaTW-grOⅥ1CuhSe2 Fig.11.Compositions ofa THM-grOWn CuInSe2

Slnglecrystalalongthegrow血direction. slnglecrystalacrossthegrow血direction.

J.5G和WJ力q/Jer柁αり′COJ甲0〟I血卸mけ〟∫王将血Jfゐ∫0ルe乃J
Forthe THM growthofCuGaS2and CuGaSe2uSing h soIvent,the crystals becomeinevital)ly

CuGatlnl_ZS2and CuGatInl_.Se2quatemaryalloys(1-Ⅹ=0.03一刀.05)byi皿COrPOralion ofIn atoms舟omthe

SOIvent,aSdescribedintheprevioussection.However,PureCuGaSzcrystalswith10･5tnmindiameteraJld25～

30mminlengthwereobtainedbyTHMusingCuIsoIvent[47Landwcreshowntohavcnearlythesameoptical

propcrtiesasthoseofiodine-CVT-grOⅥⅦCryStals【84].Fig.12showsthecompositionofthecrystalalongthe
grow血direction.1tcanbeclearlyseenthatthecomposltionisuniformandstoichiometricandthatincorporation
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Ofiodineatomsisnegligible･Thegreenishyellowcrystalswereobtained&omCuIzonesolutioncontainlngGa-

excesssolute,butthecrystalsgrown丘omCuandGa-eXCeSSSOlutionshowedyellowappearanCe･

THMgrowthofAgGaS2SinglecrystalshasbeenperformedbyusingPbCl2SOIvent[43].
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Fig･12･CompositionsofaCuGaS2Singlecrystal,WhichisgrownbyTHM

uslngCuIsoIvent,alongthegrowthdirection.

4･SinglecrystaIgrowthof CuGaIInl_IS2andCuGalInl●ISe2alIoysbyTHM

4･ノGrowJカタ和Ce血柁〆q〟αJe川αワαJJり昔
ThegrowthofI-III-VI2alloycrystalsisalsooftechnicalinterestbecauseofpossibilityoftailoringband-

gap energleS andlattice parameterS,aSinthe case ofII-VIandIII-V compounds･The quaternary a1loy

CuGao.6Ino.4S2islattice-matChedtoZnS,andisconsideredtobesuitableasasubstrateforepltaXyOfn-ZnSlayer,

Whichisexpectedtobeusedforfabricationoflattice-matCheddevicesintheshort-WaVelengthregion[65].For
thesubstrateofepitaxy,thebulkalloycrystalswithawell-de丘nedhomogeneouscompositionarerequired･

AnotherquaternaryalloyCuGatInl_tSe2hasreceivedconsiderableinterestforphotovoltaicapplication,because

itsbandgapcanbeaqjustedtoobtainanOPtlmummatChwiththesolarspectrum.Studiesofgrowthandcharac-
terizationofbulkCuGaxInl_ISe2CryStalswillprovideusefu1inR>rmationforimprovementofthethin丘1msolar

Cells.

TheTHMtechniquehasbeenemployedforobtain1ngthehomogeneousbulkalloycrystals.1nthealloy

growth,the composition offeed materialshould be the same as that ofthe required alloy crystal.The

COmPOSitionofzonesolutionshouldbechosensuchthatthecrystalgrown&omthezonesolutionhasthealloy

COmpOSition.InthesteadystateoftheTHMgrowth,therateofdissolutionoftheftedcrystalattheupper

interfaceofthezoneisthesameasthatofcrystallizationatthelowerinterface,andhencethecompositionsof

ZOneSOlutionandthegrownalloycrystalarekeptconstantduringthegrowthrun.

Figs.13and14show solidus curvesfor theIn solutions containlng60mol%CuGaIInl_1S2and

CuGaIInl_ISe2SOlutes(x〒P～1)[92,93].Inorderto obtainCuGalInl_XS2andCuGatInl_ISe2Singlecrystalsof

uniformCOmpOSitions x by THM,theIn solutions containing CuGayInl-yS2and CuGayInl-ySe2SOlutes of

COmpOSitionycorrespondingtoxmustbeusedforthezones.

ForTHMgrowthofthealloyswithx,Insolutionscontaining60mol%CuGaylnl-yS20rCuGayInl-ySe2

WerePreparedwithO.8～1.OgofelementalInas asoIvent,andthenthe solutionswerequenchedtoroom

temperature･Theobtainedingotwaschargedaszonematerialatthebottomofanampoule,andpolycrystalline

CuGalInl_IS20rCuGaIInl_1Se2aSafeedmaterialwasputonit.Forthegrowthofsulnde,aSmallamountof

Sulfur(0.1～0.3g)wasaddedintheampouleinordertosuppressevaporationofsulfurfromthezoneandfeed･
Thevacuum-SealedampoulewasplacedinaverticalTHMfurnaCe,andtheTHMgrowthwasstarted.
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Fig･14･Solid朋 CuYe Or CuGa.hl_.Se】-In
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CuGayhl-ySe2pSe11do-SOlute,is shownaS a

functionofyofthesolute.

イ･プG川W〃Cワ∫Jα血q/曾紺JerJWγα′ゆ

Figs･15(a)and(も)showazleXamPleofCuG礼`1n｡..S2SinglecrystalsobtainedbytheTHMgrow虹

WhosezoneTaShsolutionwith60mol%CuGao37hh63S2SOlute,anditsIongitudinalcr?SSSeCtjon,reSpeCtivel)
【65]･Thevanationofmole丘actionxofCuGaS2inCuGa.lnl_,S2alongthegrow血directlOnisshoⅥ1inFig.16

(a)･ThevalueofxisneNlyconstantwithx=0.6録omthetipto25mmalongthegrowthaxis,butithasa

tcndencytodecreaseintheendregion.Thisindicatesthatthebalancebetweencrystal1izationfromthezone
SOlution皿ddissolutionofthe蝕dcrystalwaskeptd血1gthegrow血process11ptOdissolutionofthewhole

fecdingot･AftwexpenJnentSOftheTHMgrow也,WhereonlylnwasinitiaJlychargedatthebottomofthe

(a) (b)

¢

`

0

0

X

(
∈
∈
)

○巾

Fig･15･photo訂apb or exmples o一 也e
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Fig･16･Wation of composltlOn XinTtIM-grOwn

CtlGathl_]S2CryStalsalongthe growthdirections.The

initialcompsitions ofsolutesinthe zonc師1utions

We代(可CuG恥."Ilk8Sl且nd(b)CuG軋血一S】,and也e
血d山solロteCOnCen血tionsⅦ60mol%.
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ampouleasazonematerialandafeedingotofCuGao.`Ino.4S2POlycrystalswasplacedonit,WaSreformedfor

COmparison･ThegrowthtemperatureWaSlOlOOConthebasisoftheliquidustemperatureforInsolutions

COntaining60mol%CuGao.6Ino.4S2SOlute[92]･ThevalueofxintheobtainedcrystalisshowninFig.16(b).The

COmpOSitionxislargeinthetipportion(x>0･8),anddecreasesgraduallyalongthegrowthaxisandseemsto
approachastead-StateValueinthemiddleportionoftheingot･Thesoluteinthezoneattheinitialgrowthstage

isconsideredtobeCuGao.占Ino.4S2,becauseitwaspreparedonlybypartialdissolutionofthefeedcrystal･

CuGaIInl.ISe2SinglecrystalshavealsobeenobtainedbytheTHMgrowth[36].Vおiationofmole
fractionxofCuGaSe2inCuGaIInl-ISe2alongthegrowthdirectionisshowninFig･17･Thevalueofxisnearly

COnStantWithintendedcompositionxIfrommiddletonear-endportionalongthegrowthaxis,howeverithasa

tendencytodecreaseintheendportion･ThisindicatesthatthebalanCebetweencrysta11izationfromthezone

SOlutionanddissolutionofthefeedcrystalwaskeptduringthegrowthprocessuptodissolutionofthewhole

feedingot,andthataftercompletedissolutionoftheingot,thegrowthchangedintoa"normal"solutiongrowth･
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Fig･17.Vおiation ofcompositionxin THM-

grownCuGalInl_ISe2CryStalsalongthegrowth

directions･Theintendedcompositionsx†are

O.2,0.4,0.7andl.

5.Conclu5ion

ThebulksinglecrystalsofI-III-VI2ChalcopyrlteternaryCOmpOundsarerepOrted･LargebulkAgGaS2,

AgGaSe2,andCuInSe2SlnglecrystalshavebeengrownbytheBridgmanmethod･BulkCuGaS2,CuGaSe2,

CuGaTb2,CuInS2,CuInSe2andCuInTe2SlnglecrystalshavebeengrownbymeansoftheTHMteclmiqueuslng

InsoIvent･TheTHMtechniquecanavoidperitecticreactionandsolid-Statephasetransition,Whicharegenerally

encounteredduringgrowthprocessfromtheirstoichiometricmelts･THMgrowthofAgGaS2andCuGaS2Single

CryStalshasalsobeenperformedbyuslngPbC12andCuIhalidesoIvents,reSPeCtively･

The THM teclmiqueis also suitablefor growthofbulk alloy crystals withgood compositional

uniformity･GrowthofsinglecrystalsofCuGatInl_IS2andCuGaIIn._1Se2alloyshasbeenperformedbyusingthe
THMteclmique,andtheobtainedcrystalswereascertainedtohavetheuniformintendedcompositions･
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