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Themelt compositionsof ZnS,CdS,ZnSe,ZnTe, CdSe,and CdTeduring crystal growth in a high-pressure
Bridgmanfurnacehavebeen investigatedby thechemicalanalysisof quenchedmelts.The following results
are obtained:(I) the melt compositionsare essentiallystoichiometricfor ZnS, Cd-rich for CdS, and chal-
cogen-richfor theselenidesandtellurides,and (2) themelt compositionsare very closeto stoichiometricfor
the sulfidesand selenides,but for the tellurides they deviateconsiderablyfrom the stoichiometriccompo-
sition.Theseresultshavebeen analyzedon the basis of a simple model which assumesthat thecomponent
gasesof the compounddiffuse Out of thecruciblecontainingthe melt slowly enoughfor three-phaseequili-
brium to bemaintainedinside the crucible.Accordingto this model the observedmelt compositiondepends
on the relativediffusion ratesof the metal and chalcogengasesand on therelationshipbetweenthe partial
pressuresof thesegasesand themelt composition.

1. Introduction In this study, the melt compositionsof six lI—Vl
compoundsin a high-pressurefurnace havebeen in-

The techniqueof melt growth undera highpressure vestigated under various conditions by using wet
of an inert gashasbeendeveloped1)for growing crys- chemical andelectronmicroprobetechniquesto ana-
talsof volatile materials.This techniqueis mostly ap- lyze quenchedboules.A semiquantitativeanalysison
plied to Il—Vi compounds,which have high melting the basisof a simplemodel accountsquite well for the
temperaturesand not insignificant vaporpressures.Of experimentalresults and gives a generalexplanation
thesecompounds,only CdTe (m.p. 1092 °C)can be of the variation in melt composition during crystal
grown by using a conventionalBridgmantechniquein growth in a high-pressurefurnace.
which the melt is sealedin a quartz ampoule.In ex-
tending this techniqueeven to ZnTe and CdSe, the 2. Experimental procedure
dangerof explosion is always present,becausetheir For ZnS,ZnSe,CdSandCdSe,thestartingmaterials
melting points (1290 and 1255 °C, respectively) arecommerciallyavailablepowdersof 99.999~purity.
exceedthe softeningpoint of quartz. ZnTe andCdTe are synthesizedfrom the elementsof

In the high-pressuretechnique,crystalsare grown 99.999~ purityin evacuatedquartzampoulesat 900 °C
from the melt by a Bridgmanmethod underan inert and then crushed.The powders are preheatedin a
gas pressureof the order of 100 atm. This pressure streamof either Ar or H

2 gasfor onehour at 800 °C
reducesthe diffusion of the compoundvapor from to 1300°C,dependingon the compound.
nearthe surfaceof the melt, thusdecreasingtheevap- The high-pressurefurnacehaving a graphiteheater
oration rateof the compound.The vaporovera ll—Vl is similarto theonedescribedin thereviewby Fischer

2),
compoundis dissociatedalmostcompletely into atoms but the graphitecrucible containingthe melt is moved

of the Group II elementandmoleculesof the Group from outsidethefurnaceby a magneticcouplingmech-
Vi element. Becauseof the difference betweenthe anism. Fig. I shows a cross sectionof a typical cru-
diffusion ratesof thesespecies,the compositionof the cible (a), with an exampleof the temperatureprofile
meltdoesnot in generalremainstoichiometricduring inside the furnace(b). The profile changessomewhat
growth. Since the melt composition significantly in- dependingon the temperatureand on the inert gas
fluencesthe growth processandthe characteristicsof pressure,but this changeis not largeenoughto havea
as-grown crystals, it is important to know how this significant effect on the results of the presentstudy.
compositionchangesduring growth. In eachrun, 30 to 40 g of compoundpoweris placed
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id good crystalline quality of region (2) might havere-
sulted becausethe cooling rateduring quenchingwas
not very fast, due to the heatcapacityof the system.

contamer— \ Region(3) is opaqueandvery fine-grained.For melts

\ that werenot stoichiometric,the electronmicroprobe

traceshowsthat the precipitatesof the excesselement
meit~- \ are much more highly concentratedin region (3) than

in region (2). Apparentlymostof the excesselementis
screw~ ) rejectedfrom region (2) during its crystallizationand

0 bottom lid— Ab diffuses into region (3). In order to avoid errors due

to this inhomogeneity,a disk about 1 mm thick was
cut from the middle part of the quenchedboule, as
shownin fig. 2(a), to obtain samplesfor chemical ana-
lysis. The wholedisk was crushedin a mortarto about

/ I 400 mesh,and the crushedpowderwas homogenized
500 1000 1500

by mixing. The homogenizedpowdershouldhavetheTemperature ) C)

Fig. I. (a) Graphite crucible used in high pressurecrystal samecompositionas the melt because,in the middle
growth, and (b) typical temperatureprofile in the high-pressure part of the quenchedregion, the rejectionof the excess
furnace, element from the upperand lower endscan be neg-

in a crucible. Before raising the temperature,the fur- lectedandtheexcesselementmovesonlyin ahorizontal
nace is evacuatedand then flushed with Ar gas,and direction. This wasconfirmed by the fact that several

this procedureis repeatedseveraltimes. The furnace disks cut at different vertical positions in the middle
is then heated to 800°Cundervacuum and is kept part gave the samecomposition within the error of
evacuatedat 800 CC for half an hourto bakeout. After chemical analysis.
bakingout, the exhaustvalveis closedandthe heating The amount of Zn or Cd in the homogenizedpow-
poweris turnedoff. Thefurnaceis then filled with Ar derswasdeterminedby usingthe standardEDTA ti-
gas to about 100 atm and heated to the operating tration techniquewith 0.01 molar EDTA solution and

temperaturewithin 15 to 20 mm from about 300 CC. employingEBT solution as an indicator. The amount
Themaximumtemperatureis keptabout100 CC higher of Group VI elementwas determinedby difference.
than the melting point of the compound. After an Severalsamplesweretakenfrom eachpowder.Several
equilibrationtime of abouthalf an hour, the crucible otherswere taken from a crushedcrystal of the same
is loweredat the rateof 3 to 15 mm/h to start crystal- compound,andall sampleswereanalyzedat the same
lization of the melt. Whenthe crucible reachesa suit- time. It is believedthatundopedcrystalsof Il—Vi corn-
able position, the remaining melt is quenched by poundsare nearlystoichiometric,that is, that the atom
turning off the power and lowering the crucible at a ~ (3)

velocity of about 35 mm/mm. The temperaturegra- A_ll/2_~~-A

dient in the vicinity of the melting point is about60
~C/cm.It is difficult to estimatethe cooling ratein the L~1~:~sample

melt, but the temperatureinsidethe furnacedecreases ~ (2)

by 200 CC within 45 sec and by 300°Cwithin 80 sec I
after the power is turnedoff. (1)

The quenchedboule has, in general, the features ~“/‘ Horizontal

shownschematicallyin fig. 2. In thecaseof transparent Vertical (A—A)

compounds,region(2) looks as transparentas region (a) (b)

(I) which was crystallized before quenching, except Fig. 2. Cross sectionsof a quenchedboule. (I) Region crys-
tallized before quenching. (2) Large-grain region crystallized

that a considerablenumberof small precipitatesare duringquenching.(3) Quenchedregion.(4) Solid-liquid interface

found in region (2) by microscopicobservation.The just beforequenching.
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fraction of the Group II elementdiffers from one-half growth rate of the crystal. C and PN/ItM are a propor-

by less than io~.The measuredatom fraction of the tionality constantand a materialparameter,respec-
Group II elementin thecrystalsamples(x in II~VI1.,~) tively, usedin the calculationdescribedin section5.
wasthereforenormalizedto 0.500,andthe normaliza- The experimentalresultsobtainedby chemicalana-
tion factor wasusedto correctthe measuredvaluesfor lysis are summarizedas follows:
the amountof this elementin the quenchedsamples. (I) The melt is always stoichiometric within ex-
By this procedure,systematicerrors in the EDTA perimental error for ZnS, metal-rich (x > 0.5) for
analysisarecorrected,andthe valuex in the quenched CdS, and chalcogen-rich(x < 0.5) for the selenides
samplescan be determinedto an accuracyof Ax = andtellurides.

±0.002. (2) Thedeviationof the final melt compositionfrom
the stoichiometriccompositionis always small for the

3. Experimental results sulfides and selenides.For samplesof one of these

The preheatedstarting powderof each compound compoundsthe deviationdependsonly slightly on the
wasalso analyzedby EDTA titration. Typical results growth conditions(two samplesof ZnSe are listed in

arelisted in table I. The startingpowdersof ZnSeand table2 to illustrate this). In caseof the tellurides, on
CdTecontaina little excessmetal, but the othercorn- the other hand,the final deviation is comparatively
pounds are stoichiometric within the experimental large and dependsstrongly on the growth conditions
error. (three samplesof ZnTe are listed as an illustration).

TABLE I Observationson the quenchedsampleswere also

Typical compositionsof starting powders made with an electron microprobe analyzer. The
- _____________ - - —- resultsare shownin fig. 3, which includesphotographs

Compound Atom fractionof . .

Group ll~element~ for each compoundobtainedwith the characteristic
__________ ______- -- —- —~ X-rays of(a) the Group II elementand (b) the Group

VI element.In thesephotographsbrighterregionsare

ZnSe 0.512 enriched in the elementwhose characteristicX-rays

CdSe 0.499 were used,and darkerregions contain lower concen-

trations of that element. In order to obtain intensity
— standards,microprobe photographswere also taken

Two to five quenchedsamples(boules)of eachcorn- for a melt-grownsinglecrystalof eachcompound.The
poundwere investigatedfor a variety of experimental photographsin fig. 3 show that the ZnS samplecon-
conditions.Table2 givesone or moreexamplesof the tains only one phase,while eachof the othersamples
melt compositionsmeasuredfor each compoundby consistsof two phases.By comparisonwith the single
chemical analysis. In this table, X~is the final melt crystal photographs,the major phasein eachsample
composition,A1 andAf are respectivelythe initial and is foundto be stoichiometricwithin the accuracyof the
final quantitiesof melt, tg is thegrowth time,and v the microprobe.The secondphaseis Cd-rich in CdS, Se-

TABLE 2

Experimentalresultsand parametersusedin calculationson quenchingof li—Vt melts

Compound Sample xc Af A, t~ U C fIN/PM

(mole) (mole) (h) (mole/h) (mole/h atm OK!!

2)

ZnS #1 0.499 0.185 0.513 4.5 0.025
CdS #1 0.504 0.254 0.415 6.3 0.007 0.00068 4.0
ZnSe #1 0.487 0.065 0.338 7.3 0.016

#2 0.488 0.085 0.381 9.0 0.014
CdSe #1 0.497 0.035 0.418 5.3 0.034 0.0020 0.59
ZnTe #1 0.408 0.152 0.425 6.5 0.018 0.0025 1

#2 0.390 0.073 0.301 6.7 0.014 0.0019 ~‘ 0.091
#3 0.359 0.074 0.301 7.0 0.014 0.0023

CdTe #1 0.414 0.056 0.208 5.5 0.010 0.013 0.25
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Fig. 3. Electron microprobephotographs( ~ 170) of quenchedsamplesobtained by using characteristicX-rays of (a) Group II
and (b) Group VI elements.

rich in ZnSeandCdSe,andTe-rich in ZnTe andCdTe. factors which limit the growth rate.When the growth
In each case the excesselement identified by micro- velocity exceeds8 mm/h, highly polycrystallineboules
probeanalysisis thesameas the onefoundby chemical are obtained instead of single crystals. Melts of the
analysis.However, the fraction of the excesselement sulfidesare nearlystoichiometric,so that the necessity
in the secondphasewasnot determined,becauseit is of rejectingthe excesselementat the interfaceshould
not easyto measurethis quantitativelyby microprobe be less influential in limiting the growth rate. This
analysis. might accountfor the successof Kozielski3)in growing

ZnS crystals in a high-pressurefurnaceat the velocity
4. Ef(ect of melt composition on crystal growth and of about60 mm/h.

electrical properties The melt compositionsduring the crystal growth of

Thecharacteristicbehaviourof the melt composition II VI compounds in a high-pressurefurnace also

of each compoundduring crystal growth in a high- affect the electrical propertiesof the as-growncrystals,
pressurefurnacewill influencethegrowth processesand becausethese propertiesare determinedby the crys-
also the electrical propertiesof as-growncrystals. In tals’ deviationsfrom stoichiometryas well as by their
the growth of telluride crystals, the melt composition impurity content.The native defects associatedwith
becomesincreasinglyTe-rich with increasing growth excessmetal(chalcogenvacanciesor metal interstitials)
time, and a largeamountof excessTe mustbe rejected are donors, while those associatedwith excesschal-
at the interface betweenthe growing crystal and the cogen (metal vacanciesor chalcogeninterstitials) are
melt. Thereforethe growth rate for tellurides cannot acceptors.With rareexceptions,the compoundsother
exceedthe rate at which the excessTe can be rejected than CdTe exhibit only oneconductivity type, so that
without causingconstitutional supercooling.We ob- changesin composition and therefore in defect con-
serve that when the growth velocity exceeds5 mm/h centrationchangethe resistivity but not thetype.Thus
the crystal boule becomesvery polycrystallineand a donor-dopedor nominally undopedZnS, ZnSe, CdS,
largesinglecrystal cannotbeobtained,It also appears and CdSeare alwaysn-type; the resistivity is relatively

that the final stageof growth maybe taking placefrom low for metal-saturatedsamplesbut extremelyhigh for
Te-rich solutions,sincedendritesare frequently found chalcogen-saturatedones.(In a few casesp-type con-
at the top of the crystals. ductivity has been reported in acceptor-dopedZnSe

For selenidemelts,the deviationsfrom the stoichio- samples.)ForZnTe the situation is reversed:undoped
metric compositionare small comparedwith thoseof or acceptor-dopedcrystals are always p-type, with
telluride melts. Nevertheless,the rejectionof theexcess higher resistivitiesfor Zn-saturatedsamplesthan for

Se from the growing crystalsmight still be one of the Te-saturatedones. For CdTe, nominally undoped
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samplesare generally n-type if Cd-saturatedand p- The secondbasicassumptionis that the solid, liquid,
type if Te-saturated. and gasphaseswithin the crucible are in equilibrium

In view of these characteristicsof the li—VI com- amongthemselvesat the liquidus temperatureT. The
pounds, the electrical propertiesof crystalsgrown in partialpressuresof the componentgasesPM andPx are

a high-pressurefurnaceare in most casesconsistent thereforedeterminedby T and by the compositionof
with the melt compositionsdeterminedby chemical the liquid x. (The suffixesM and N indicatethe Group

analysis.As-growncrystalsof CdS, bothundopedand II and Group VI element,respectively.)We can now
donor-doped,are n-type with low resistivities of the write the rateof changeof the total numbersof moles

order of 10 ohm cm or below, while high-resistance of metal [MI and of chalcogen[N] which are present
crystals are easily obtainedby heat treatmentin S in the liquid and vaporphasesin the crucible,

vaporafter growth. On the other hand,both donor- d[M]/dt = c, (DMpM/T)—v, (2a)
dopedand undopedZnSecrystalsare n-type but usu-
ally havehigh resistivitiesabove IO5 ohm cm, which d[N]/dt = C

1 (2D~p~/T)—v, (2b)
caneasily be decreasedby heattreatmentin Zn vapor, where v is the crystal growth rate in moles per unit
Thesepropertiesarereasonablyexpectedfrom themelt time, and C1 is a proportionality constant.The vapor
compositions,sinceCdS meltsare Cd-rich, while ZnSe speciesare assumedto be metal atomsand diatomic
melts are Se-rich.As-growncrystalsof undopedZnTe chalcogenmolecules.(The factor 2 in eq. (2b) results
andCdTearep-typeandusuallyhavelow resistivitiesof becausethechalcogenmoleculeis diatomic.)
the orderof 10 ohm cm or below, asexpectedbecause Because the amount of either component in the
the melt compositionsof ZnTe andCdTe are always vaporphaseis very small comparedto the amountin
Te-rich. As-growncrystalsof ZnS aren-typewith resis- the liquid phase,[M] and[N] in eq.(2) areapproxima-
tivities exceeding108 ohmcm. Since heattreatmentin tely equalto the values in the liquid:
Zn vaporis not as effective for ZnS as for ZnSe,it is M’ — A -

tN’ — A (I — ) (3
not clearwhetheror notthe high resistivity arisesfrom I I — x
the essentiallystoichiometricmeltcompositionof ZnS. whereA is definedasthe total numberof molesof both
En the caseof CdSe,as-growncrystalsare n-typewith componentsin the liquid. Unfortunately, we have
low resistivitiesof the order of 10 ohmcm. However, neitherexperimentaldatanor theoretical expressions
this is unexpectedbecausethe melt compositionis Se- for D in the presentsystem. However, accordingto
rich, and some otherfactors may be dominant, the classicalexpression,

5. Analysis D~= C
2 (T

312/P
0)p~, (4)

To interpret the experimentalresults on melt corn- where C2 is anotherproportionality constantand Po

position,an analysiswas attemptedon the basisof two is the pressureof the inert gas, which is usually two
fundamentalassumptions.The first assumptionis that ordersof magnitudehigherthan those of the compo-
the crystal is grown from the melt in a crucible which nentgases.The materialparameterp~is a propertyof
is not gas-tight,so that the componentgasesof the the gas atom or moleculebut independentof the ex-
compoundslowly diffuse out into the inert gas space perimentalconditions.
through the crucible wall or through small gaps be- If we substituteeq. (3) for [M] and [N] and (4) for
tweenthecontainerand thelids. Theleakagerate Y, of D, in eq. (2), we obtain rateequationsfor A and x:
eachcomponentgasis proportionaltoits concentration dA/dt = —CT

112 {p~,+2 (PN/,-~M)PN} — 2v, (5a)
n~(the numberof atomsor moleculesperunit volume

‘-‘ IA — A’ ~CT~2~‘ — P +2v ~ /
in the crucible) and to its diffusion coefficient D~, ux

1ut — 1JX )PM ‘RN/PM! PNJ
+(2x—l)v], (5b)

Y. x D.n. c’~D.p./T, (I)
I whereC = C1C2PM/PO.

wherep~is the partial pressureof the componentgas To integrateeq. (5) numerically,we needanalytical
and T is the absolutetemperature.The derivation of expressionsfor T, PM andPN asfunctionsof x. The ex-
eq. (1) will begiven in the appendix. pressionsgiven by Jordan

4)wereusedfor this purpose.
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Growth time hr: . . . .Fig. 5. Time variation of melt composition.v for CdS. CdSc,
Fig. 4. CalculatedA(r) and.v(t) curvesfor threeZnTe samples, andCdTe.

The values of the parametersto be used in theseex- pies of ZnTe, wherethe circles indicatethe experirnen-
pressionswere determinedby using the experimental tally determinedA

1 andx~.Fig. 5 showsthe calculated
.v—T and p—T relations obtained for ZnTe by Kul- time dependenceof x for one sample eachof CdTe,
wicki

5) and Shiozawaet al.6), for CdTe by Lorentz7) CdSeandCdS.A, of course,continuesto decreasewith
andJordanand Zupp8),for CdSeby Reismanet al.9) time in all cases.According to these calculations .v
and Burmeister and Stevenson’0),and for CdS by reachesaconstantvaluewithin thefirst severalhoursfor
Woodbury~)and Shiozawaand Jost’2). Theserela- CdS and CdSe,whereasit continuesto decreasemdc-
tions havenot beendeterminedfor ZnS or ZnSe. In finitely for thetellurides.Theresultsof thecalculations
the calculationsof A(t) and x(t),the measuredquan- may not be too accuratefor CdS andCdSe,sincetheir
tities characterizingthe experimental conditions are .v valuesare so closeto 0.5. In this region, thep—x rela-
the composition.v~and total amountA~of the starting tion is not exact enoughto be usedfor a quantitative
powder,the growthtime t

5, andv, which for simplicity calculationbecausethe accuratemeasurementof the
is assumedto be constantwith time. The values ob- p—T relation is very difficult near the stoichiometric
tamedas experimentalresults for the quenchedmelt composition.In addition the measureddeviation of x
are ~ and A1. Both C and (I~N/1LM) are treated as from 0.5 is not much larger than the experimental
adjustableparameterswhose values are selected to errorAx. ThecalculatedA(t)andx(t) curves,therefore,
makethe calculatedvaluesof .v1 and A1 agreewith the are only qualitatively valid for CdS and CdSe.On the
experimentalones.Theratio (PN/PNI) mustbe the same other hand,the accuraciesof both the calculatedand
for all samplesof a given compound.The value of C experimentalvaluesshould be good for the tellurides,
is expectedto changesomewhatfrom run to run be- becausetheir .v values pass through the inaccurate
cause it dependson how tightly the crucible lid is region(roughly 0.49 < x < 0.51)within the first hour
fastened,even if the samecrucible and inert gas pres- of growth.Thefact that for threesamplesof ZnTethe
sureare used. calculatedvaluesof A1 and .v,-, which wereobtainedby

The calculations were performed for all samples using the same value of (RN/PM), agreewell with the
except thoseof ZnS and ZnSe.The valuesof C and experimentalvaluessuggeststhat for this compound

(RN/PM) usedare listed in table2. Fig. 4 showsthe cal- the presentanalysisis valid not only qualitatively, but
culatedtime dependenceof A and x for severalsam- also quantitatively.
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compositionx, lies betweenxi andx~,asit doesin the

20 I_0.5 I 1 growth experiments,the melt compositioneventually

1 ~oZ\ PN/PM<~ / reachesx~and thenremainsconstant.

~ )‘~. . ~. ~ / (2) If(dx/dt)> Oatx = 0.5,x~> 0.5(metalexcess);
— / 7~ / / if(dx/dt) < Oat x = 0.5, x~<0.5 (chalcogenexcess).

// i/ / Since PM =
2PN at x = 0.5, accordingto eq. (Sb) the

2 J~,/ ‘ / / signof(dx/dt)atx = 0.5 is positive if (RN/PM) > I and
,,/ / ~‘ /

/ negativeif (RN/PM) < 1. Thereforex~> 0.5 if (RN/PM)
-4 . /.~I \ // > 1, but x~< 0.5 if (RN/PM) < I; the latter case is

~ / / shownin fig. 6. Thus the melt becomesenrichedin the
4 . PM moreslowly diffusing component.

3 . P~ (3) If the growthratev exceedsa valuedesignatedas

2 . ~-21’~3K~3 Vmax, the third term in eq. (Sb) becomesso largecom-

pared to the first two that thereis no longera stable
1 ~ ~ point, and the melt compositionmoves indefinitely in
C

0 0.5 i onedirection.

X For the tellurides, the sum of the first two terms in

Fig. 6. Schematiccurvesof A(dx/dt) and partial vapor pres- eq. (Sb) is lessthan the third term exceptat very low
suresasfunctionsof compositionx for a Il—Vt compound. growth rates. Under the presentexperimentalcondi-

tions,for example,Vmax is estimatedto be about0.002
6. General features of the variation in melt composition mole/h(1 mm/h) for ZnTe and0.005 mole/h(2 mm/h)

In this section,we shall considerthe generalfeatures for CdTe. (The growth rate v of 0.0025 mole/h cor-
of the variation in melt compositionthat follow from respondsapproximatelyto the growth velocity v’ of
the rateequation(Sb) andthe characteristicp—x rela- I mm/h for the crucible used in the presentstudy.)
tions for Il—VI compounds.Theserelationsalongthe The calculatedcurvesof A(dx/dt)for CdTe are drawn
liquidus curve are shown schematicallyin the lower in fig. 7. Since the growth velocity usedfor the tellu-
part of fig. 6. As x increasesfrom 0.5, PM initially in- rides is in the rangefrom 3 to 10mm/h,wherenostable

creasesbecausethe activity of M atomsin the melt in- point can exist, the final melt composition deviates
creases,butPM reachesa maximumand then decreases considerablyfrom x = 0.5 and dependsstrongly on
becausethe saturatedvaporpressureof the puremetal the growth conditions. In contrastwith the telluride
p~,decreasesas the temperaturedecreasesalong the case,Pse increasesrapidly as x decreasesbelow 0.5 in

liquiduscurve.As x decreasesfrom 0.5, a similarvaria- the Cd—Se system.Therefore,when v’ = S—10 mm/h,
tion is obtainedfor PN’ For0 < x < 0.5, PM increases the secondterm in eq. (Sb) is much larger than the
monotonicallywith increasingx; for 0.5 < x < 1, PN ________ _____

decreasesmonotonically with increasing x. At all ~ 1
pointsalong the liquidus curve,PM andPN are related ‘~~—=~-

throughthe equilibrium constantK~= PM\/PN. ,,/~‘\ C .013
~ -2 .e~ PN/PM=.25

1The upper part of fig. 6 shows schematicallythe 1
A(dx/dt)versus x curvescalculatedby using eq. (Sb) -~ .~ ,/=.

with various crystal growth rates and with (RN/PM) Ii
less than I. (Since A is always positive, (dx/dt) and 6 ,~‘ II

A(dx/dt)always have the same sign.) The important . / 1

featuresof thesecurvesare as follows:
(1) For sufficiently low but non-zerogrowth rates, 1C

0 ! ! 0.5 to

(dx/dt) crosseszero at three points denoted by x,,
x, andx . The centralpoint x is the only one of the . .Fig. 7. Calculatedcurvesof A(dx/dt) asa functionof composi-
threeat which (d/dx) (dx/dt) is negative.If the starting tion x for CdTe.
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third one. For the presentconditions,V’~,axfor CdSeis 7. Conclusions
estimatedto be about 70 mm/h: at the growth velo-
cities usuallyused,thereexistsa stablepoint .v~which Two principal conclusionscanbe drawn concerning
is close to 0.5. CdS behavessimilarly, with V’Th!X esti- the melt composition during the crystal growth of
matedto be about 2300mm/h. Unfortunately, there Il—VI compoundsin a high-pressurefurnace:
are no experimentaldatafor thep—.vand the T—.v rela- (I) The direction of the melt’s deviation from the
tions of ZnS and ZnSe. However, their melting tern- stoichiometric composition is fixed by the difference
peratures(1720 0C for ZnS and 1530CC for ZnSe)are betweenthe diffusion coefficients of the metal vapor
very high comparedto thoseof ZnTe andCdSe.This atomsandchalcogenvapormolecules.
means that the saturatedvapor pressureof a pure (2) If the partial pressureof the less rapidly diffusing

elementp° in Jordan’sexpressionis very high around componentgas increasesrapidly enough as the melt
= 0.5. In addition, the vaporpressuresof ZnS and deviatesfrom the stoichiometriccomposition,the melt

ZnSe are high at temperaturesnearthe melting points composition has a stable point even at high crystal
(morethanseveralatmospheres)even if x is veryclose growthrates,asin the caseof the sulfidesandselenides.
to 0.5. For these compounds,therefore,at the usual If not, thereis nostablecompositionevenat low growth
growth ratesthe third term in eq. (Sb) is expectedto rates, and the melt continuesto deviate increasingly
haveonly a slight effect on d.v/dt, and the stablecorn- from the stoichiornetriccompositionduring growth,as
position x

0 is likely to beverycloseto 0.5and will still in the caseof the tellurides.
exist even if v becomesquite large. When the melt composition is not stoichiometric,

From table 2 and the general featuresof the melt theexcesselementmustbe rejectedinto the melt at the
composition described above, we obtain the experi- solid—liquid interface, making crystal growth more
mentally determinedorder for the materialparameter difficult. The large deviations observed in the melt
/1 as compositionsof the telluridesmight be one of the fac-

tors which limit their growth ratesto ratherlow values.
LL~,Rz, > Pcd > PS~> PTC
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Appendix: Derivation of equation (1)
where Sc is the effectivecollision crosssection,and in

and in0 are respectivelythe massesof the component In the presentcase,the diffusion equation
gas atoms or moleculesand of the inert gas atoms. ~,,

Among either the Group ‘

1b elementsor Group Vib ~ = D ~ ,2 (Al)

elements, p should be increasedby decreasingthe
atomicmass,which decreasesthe atomicor molecular canbe solved underthe following conditions,
diameterand thereforeSc. This is consistentwith the
experimentalresults.Weneedfurther investigationsof . = 0, (A2)
/1 or D itself to predict the relationshipof p for the (1

Group 11b elementto that for the GroupVIb element. n = n,, at t’ = 0, (A3)
However it should be mentionedthat amongall five

n = 0 at ~‘ = ci, (A4)
elements the experimentally determinedp Increases
with decreasingmass of the component gas species, where n is the numberof atomsor moleculesof the
if we assumethe speciesto be monatomicanddiatonlic componentvapor in unit volume, n~is this number

for the Group 116 and the Group VIb elements,res- insidethe crucible,y is the distanceandc/is theaverage
pectively. thicknessof the crucible wall or the averagelength of
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