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The availablethermodynamicand phaseequilibria data for thebinary systemsZn—Te, Zn—Seand Zn—S have beenanalyzed
usingan“associatedsolutionmodel” for theliquid phasesandconsideringtheZnTe,ZnSeandZnS phasesasline compounds.The
phasediagramsand thermodynamicpropertiescalculatedfrom the optimized phaseparametersagreewell with the experimental
data.

I. Introduction relatively small in the low-pressurerange, and
hencepressureis not consideredas a variable in

The Zn—chalcogensystems(i.e. Zn—Te, Zn—Se the subsequentdiscussionon the phaseequilibria
andZn—S) are of considerabletechnologicalinter- and thermodynamic properties of condensed
est due to the semiconductingpropertiesof the phasesin thesesystems.
compoundsZnTe,ZnSe andZnS. A knowledgeof There are numerousstudiesreportedin litera-
the phaseequilibria and thermodynamicproper- ture [1—17]on the determination of phase di-
ties of these systems is of importancefor the agramsof the threeZn—X binaries. The Zn—Te
growth of zinc chalcogemdecrystals by liquid phasediagram is relatively well-known over the
phaseepitaxy (LPE) or by other means.Eachof whole compositionrange,while theliquidus in the
these three binary systems, Zn—Te, Zn—Se and Zn—Se and Zn—S systemsis only known in the
Zn—S,is characterizedby theformationof a single, Zn-rich regions.However, the melting points of
essentiallystoichiometric,intermediatecompound, ZnSe and ZnS have been determined.The ZnS
ZnX (X = Te, Se or S, respectively).Thesecom- phaseexistsin two allotropic forms; a-ZnS,stable
pounds normally (i.e. at atmosphericpressure) at low temperatures, transforms to $-ZnS at
dissociate/sublime at higher temperatures;how- 10200C, and /3-ZnSmeltscongruently.
ever, they do melt congruentlyunderhigh pres- As for the thermodynamicpropertiesof these
sures.The Zn—X phasediagramsas reported in systems,the Gibbsenergiesof formationof ZnTe,
the literature or discussedherein are therefore ZnSeandZnShavebeendeterminedby a number
projectionsof the P—T—xdiagramsonto the T—x of investigators[18—39].These data have been
plane, F, T and x being pressure,temperature assessedby Mills [40]. For the liquid phase,no
and composition,respectively.However,the effect thermodynamicdataare available for the Zn—Se
of pressureon the condensedphaseequilibria is andZn—S systemswhereasfor the Zn—Te system
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Brebrick [22,23] and Shiozawaet al. [41] have whereA and B are constants.The mole fractions,
measuredtheequilibriumpartialpressuresof Zn(g) y1, are related to the actualmole fractions, ~
andTe2(g) along the liquidus. and ~ of Zn and X, respectively,by the follow-

In the presentwork, the Zn—Te, Zn—Se and ing massbalanceequations:
Zn—S phasediagramshavebeencalculatedusing
an associatedsolution model to describethe ther- Yi = — xxy3, (4)
modynamicpropertiesof the liquid phasesand Y2 = — xz,~y3. (5)
consideringZnTe, ZnSeand ZnS to be line com-

The excessmolar Gibbs energyof the pseudo-
pounds.The model parameterswere obtainedby
simultaneousoptimization of the availablephase ternarysolution is [50,51]:
equilibria and thermodynamicdata. The calcu- 3 3

lated phasediagramsagreewell with the existing L~GXS= RT>< ~ ~ [w,, + (w,~— w1,)y~
literaturedata. Agreementbetweenthe calculated t1 ~=1

thermodynamicpropertiesof the liquid phases —4vyy] y,y~,, (6)
with the availableexperimentaldatais also good.

wherew11, v~,etc. are the interactionparameters
of the solutionand w~= = 0 and v1j = v~.The

2. Thermodynamicmodels w,, and v~are,in general,expressedasa function
of temperatureas:

2.1. Liquidphase w,1=A11/T+B,~, (7)

An associatedsolution model is used to de- v,~= C,1/T -I- D~, (8)
scribe the thermodynamicpropertiesof the liquid with A,~,B,~,C,1 and D,~as constants.The
phase.This model has beenwidely used in the activity coefficientsJ of the speciesin the pseudo-
literature to describethe thermodynamicproper- ternarysolution are then [51]:
tiesof theliquid phasein a numberof metal-sulfur,
Il—VI, IV—VI and Ill—V systems[42—49].Schmid
andChang[50]haverecentlymadea review of the ln f~= ~ [~(w,~ + w1~)+ (w1~— w1~)(~y~—y1)

j=1
associated solution model as applied to
metal—nonmetalmelts. According to this model, ~
the binary liquid solution of Zn and X (wherex — 8v11y1y1]ji1 — ~

j=1 p=

1

standsfor Te, Se or 5) is consideredasa pseudo-
ternarysolution of “Zn”, “X” and“ZnX” species, +(w~~— w~

1)y~— 6v~~y1y~]~ (9)
governedby aninternalequilibriumreaction[50]:

The activities of the “Zn” and “X” speciesare
“Zn”(e’) + “X”(e) = “ZnX”(t~’), (i) givenby:

with an equilibrium constantgiven by: a1 =f1y1, (10)

_________ a2=f2y2, (11)
(2)K= (f1YI)(f2Y2) where a1 and a2 are the activities of “Zn” and

“X”, respectively,with Zn(e) and X(~)as stan-
where 11, 12 and f~are the activity coefficients dard states.Since the activities of the “Zn” and
and Yi’ .Y2 and y3 are themole fractions, respec-
tively, of “Zn”, “X” and “ZnX” in the liquid “X” speciesare the sameas thoseof the Zn andX
phase.The equilibrium constantK may, in gen- components,respectively[52],
eral,beexpressedas a function of temperatureas: ~ = = a1 =f~y1, (12)

ln K=A/T+B, (3) a~=y~x~=a2=f2y2, (13)
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where YZn and ~ are the activity coefficientsof pound ZnX from pureliquid Zn and X. Eq. (16)
Zn andX in thebinary solutionsandare different cannow be solved for the liquidus of ZnX if the
from 11 and 12. Oncethe equilibrium constantK activitiesof Zn andX in theliquid and the Gibbs
and the interaction parametersw and are energyof formationof ZnX areknown.
known, thethermodynamicpropertiesof the liquid
solutioncanbecalculatedby solvingeqs.(2)—(13). 3.2. (Zn + L) equilibrium
The valuesof theseparametersare determinedby
simultaneousoptimizationof the phaseequilibria The mutual solidsolubilitiesof Zn andX (X =

and thermodynamicdata. Te, Se or 5) are essentially zero. Under these

circumstancesthe (Zn + L) equilibrium is given
2.2. ZnX compoundphases by:

The intermediatephasesZnTe, ZnSeand ZnS °G~n = = °G~~+ RT in a
are essentially stoichiometric and are therefore or
consideredas line compoundsin this study. The
Gibbs energy of formation, z1~G°,of the com- —RT ln 4,, =°G~~—°G~,,= ~fUSG(Zn), (17)
pound ZnX (whereX is Te, Se or 5) from pure
Zn(~)andX( �‘) is thenexpressedas a function of wherez~5~~G°(Zn)is the Gibbsenergyfunction for
temperatureas: the melting of Zn. Eq. (17) may be solvedfor the

liquidusof pureZn when 4,, and ~ IUSG (Zn) are
L~fG =A’ + B’T+ C’T ln T, (14) known. A similar procedureis used to calculate

the liquidus for pureX.
whereA’, B’ and C’ are constants.

3.3. (L, + L2) equilibrium

3. Phaseequilibria calculations .Wheneverthereis a liquid miscibility gap, (L1
+ L2), in the systemZn—X, the equilibrium con-

3.1. (L + ZnX) equilibrium ditions are given by:

The liquidus for the compoundZnX may be ~ = ~ (18)
calculatedusingthe following equation: 15 = (19)

Zn X — Znx’ ~ Eqs.(18) and(19) aresimultaneouslysolvedfor

where G~nand G~are the partial molar Gibbs the (L1 + L2) equilibrium compositions from a
energiesof Zn and X, respectively,in the liquid, knowledgeof the thermodynamicpropertiesof the
and ~ is the Gibbsenergyfunctionfor the line liquid phase.
compoundZnX. Eq.(15) may be rewritten as:

OGL RT 1 L OGL RT 1 L — G°Zn n
0Zn X ~i aX — ZnX’ 4. Optimizedand/or assessedthermodynamic data

or
The thermodynamicdata for the Gibbs en-

D’T’rl L 1 L1...c’O Oc’L O,-’L
jifl a’,, -r tfl ax] — ‘-‘ZnX — ‘-‘Zn — ‘-‘x ergiesof melting of the purecomponentsas well

= ~ G° (16) as thosefor theGibbs energiesof vaporizationareZnX’ takenfrom the assessedvaluesavailable in litera-

where 4,, and a~are the activities of Zn andX, ture [53—55].The data for the Gibbs energiesof
respectively,in the liquid with respect to pure formationof the Zn chalcogemdecompoundsare
liquid Zn andX asthestandardstates,and~ ~ basedon the assessmentof Mills [40]. Valuesof
is the Gibbs energy of formation for the corn- the parametersfor the associatedsolution model
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Table1
Thermodynamicpropertiesof purecomponents

Function Expression Reference

4 ~,,,G°(Zn)= — 7322—10.572T(J/mol) Hultgrenetal. [53]
4fU,G(Te)=°G~.,~°G~e 17489—24.20T(J/mol) Hultgrenetal. [53]
~ f~SG (Se) = — 6694.4—13.551T(J/mol) Hultgrenetal. [53]

— —65357+ 165.396T— 13.513Tin T (J/mol) SharmaandChang[43], JANAF [54]

log p°~,,(bar) —6678.4/T+9.5787—0.55407In T Hultgrenetal. [53]
log P~’e

2(bar) —5960/T+4.7195 Hultgrenetal. [53]
log p~2(bar) —7712/T+19.346—1.7055In T JeinekandKomarek[55]
log p~°2(bar) — 6828/T+17.279— 1.4117In T JANAF [54], SharmaandChang[43]

are obtainedby simultaneousoptimizationof the measurements.The enthalpyof formationof ZnTe
availablethermodynamicdatafor the liquid phase, wasmeasuredby Kubaschewski[24] andPool [25]
theenthalpiesof melting of the ZnX compounds, by calorimetry.DemidenkoandMal’tsev [26] de-
and the availablephaseequilibria data. The opti- termined the low temperaturespecific heat of
mization is carriedout usinga non-linear regres- ZnTe. For the ZnSephase,the Gibbs energy of
sion subroutine. The final optimized/assessed formationwas determinedby Woston and Geers
thermodynamicdataare summarizedin this see- [27], Goldfingerand Jeunehomme[19], Pashinkin
tion. [20], SedgwickandAgule [28], Boev et al. [29] and

Flogel [30] from dissociationpressuremeasure-
4.1. Pure components mentsandby Terpilowski and Ratajczak[31] by

an EMF method.The Gibbsenergyof formation
The enthalpiesof melting of pureZn, Te and of a-ZnS was determinedby Makolkin [32] and

Se, assessedby Hultgren et al. [53], are used to LarsonandElliott [33]by anEMF methodandby
obtain the Gibbs energies of melting of these Curlookand Pidgon [34] and Gordeevand Kare-
components.The data for the partial pressuresof lin [35] by a gasequilibrationmethod.Goldfinger
Zn(g), Te2(g),Se2(g)andS2(g) overZn(e), Te(~’), andJeunehomme[19], Hirschwaldet al. [36] and
Se(e) andS(~’),respectively,are also taken from Munir and Mitchell [37] determinedthe Gibbs
the literature[53—55].Table1 gives the thermody- energy of formation of the $-ZnS phase from
namic datafor the purecomponents. dissociationpressuremeasurements.Adami and

King [38] measurethe enthalpyof formation of
4.2. Zn—chalcogenidecompounds /3-ZnS by solution calorimetry. The enthalpy of

transformationfrom a-ZnS to $-ZnS at 1293 K
The compoundsZnTe, ZnSe and ZnS are es- was determinedby Kapustinsky and Chentzova

sentially stoichiometricandare thereforetakenas [39]. All of thesedatawere critically assessedby
line compoundsin this study. ZnS exists in two Mills [40].
allotropic forms[14,40].Thelow temperatureform In the presentinvestigation,L~fH~8,S2~8,and
a-ZnS,transformsto /3-ZnSat 10200C (1293 K) the (G~— H~8)/Tfunctions of ZnTe, ZnSe and
[14] which is stable to its melting point, 1718°C ZnS, assessedby Mills [40], are usedalong with
[6]. the (G~— H~8)/Tfunctions for Te from Mills

The Gibbs energy of formation of ZnTe has [40], for Zn and Se from Hultgrenet al. [53] and
beendeterminedby McAteerandSeltze[18]by an for S from the JANAF tables[54], to arrive at the
EMF method and by Goldfinger and Jeune- Gibbs energiesof formationof thesecompounds
homme [19], Pashinkin [20], Lee and Munir [21] as a function of temperature.The data for the
and Brebrick [22,23] using dissociationpressure Gibbs energy of formation of each compound
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Table 2 mentsas 64.7 (±5)kJ/mol. Our optimizedvalue
Thermodynamicpropertiesof ZnTe,ZnSeandZnS is 63.9kJ/mol which agreeswell. The enthalpyof

melting of ZnSe has not beenexperimentallyde-
ZnTe termined. Kubaschewskiand Evan [56] estimated

4fH~°~
8= —119.2 kJ/mol, S~8(ZnTe)=77.8 J/K.mol it as 52 kJ/mol. For the /9-ZnS phase,thereis no

Zn(t’)+Te(t’) = ZnTe(s) measuredor estimatedvalue for the enthalpyof
4fG

0 = —147400+53.62TJ/mol; 600—1300K melting. Wehaveestimatedthe entropyof melting
1573 K

ZnTe(s) ZnTe(t’) of /3-ZnSphaseto be — 30 J/K mol, basedon the
4

1,,,H°=63.9kJ/mol entropy of melting of other Il—VI compounds
with the,samecrystal structure.Using this as a

ZnSe starting value, our optimized value for the en-

4 = —160.0 kJ/mol, 52938(ZnSe)= 70.3J/K.mol thalpy of melting of /3-ZnSis 59.7 kJ/mol (ZnS)
Zn(~’)+Se(t)=ZnSe(s) which yields a value~~fUSS°= 34.7 J/K mol. The
~ rG°= —179430+45.514TJ/mol; 600—1300K assessed/optimizedvalues for the enthalpiesof

1799K
ZnSe(s) ZnSe(e) melting for thesecompoundsare also given in

table2.
4fUSH° = 51.9 kJ/mol

ZnS 4.3. Liquidphase

4 = —205 kJ/mol, 5298(ZnS)= 57.74J/K. mol There are no measurementson the thermody-
Zn(e)+’~S2(g)=a-ZnS
4~G°= —274266+ 103.472TJ/mol; 600—1293K namicpropertiesof the liquid phasein the Zn—Se

1293 K and Zn—S systems. For the Zn—Te system,
a-ZnS $-ZnS Shiozawaet al. [41]andBrebrick[22,23]measured
4H~9~= 12857J/mol the partial pressures,p ZN and PTe2’ of Zn(g) and
Zn(t) + ~S2(g) = ~-ZnS Te2(g), respectively,along the liquidus,i.e., for the
4~G°= — 261409+ 93.528TJ/mol ZnTe + liquid + gas three-phase equilibrium.

1993K

/3-ZnS ZnS(I) Thesedatamay beconvertedinto theactivities of
= 59.7 kJ/mol Zn andTe at the liquidus compositionsand tem-

peratureusingthe following relations:

were then fitted to the equationof the typegiven at,, = p (20)
by eq. (14) by the least squaresmethod. The aTe= (PTe2/P~’e2)

1”2’ (21)
resultsare summarizedin table2.

The enthalpy of melting of ZnTe was de- where p~ and P~e
2are the equilibrium partial

termined by Kulwicki [3] from DTA measure- pressuresof Zn(g) and Te2(g) over pure Zn(t~’)

Table3
Associatedsolutionmodel parametersfor theliquid phases

Parameter Zn—Te Zn—Se Zn—S

ln K — 2.0177+ 10638.0/T — 2.2293+ 15691.4/T — 2.2292+20515.3/T
w13 0.0+ 3037.5/T 0.0+ 1931.0/T — 6.5625+ 17151.2/T
w31 — 5.0132+ 12473.0/T — 8.4145+ 18148.5/T w31= w13
v13=v31 0.O+978.0/T 0.0 0.0
w23 0.0 — 2.2184+ 5679.0/T 0.0— 7399.3/T
w32 0.0+376.5/T w32 = w23 0.0+6694.6/T
V23 V~ 0.0 0.0 0.0
W12=W21 0.0 0.0 0.0
V12= 021 0.0 0.0 0.0
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and Te(i), respectively.The optimum values of 150C I I I I I I

the “associatedsolution model” parametersfor 400

thesethreesystemswereobtainedusingthe avail- (78, 1340) 300

able thermodynamicand phaseequilibria data. 300 L
1 /~T~\L2 ~

Theseparametersaregiven in table 3. ~ q~•~

1100

5. Resultsanddiscussion 0~ ~

~9OO

5.1. Phasediagrams
800 L1+aZnTe L2+aZnTe

The calculatedZn—Te, Zn—Se andZn—S phase 700 ‘

diagramsare in good agreementwith the experi- Kobayashu
600

mentaldataas given in figs. 1 to 6. + Cardes at a).

For the Zn—Te system, the melting point of 500 0 Steininier at al.

ZnTe was determinedas 1239°C by Kobayashi 400 4958 99.73

[1], 1300°C(±10) by Mason and O’Kane [2], (Zn+aZOTe aZnTe+(Te)

1290°C(±10) by Kulwicki [3], 1295°C(±15) by 300

Caridesand Fischer [4] and 1300°C(±10)by 200 I I I I

Sysoevet al. [6]. In the presentstudy the melting 0 0 20 30 40 50 60 70 80 90 00

pointof ZnTeis takento be 1300°C.Theliquidus At % Te
in theZn—Tesystemwasdeterminedby Kobayashi Fig. 1. Comparisonbetweenthe calculatedand experimental

[1], Kulwicki [3], Caridesand Fischer [4], Rey- Zn—Te phasediagram.
nolds et al. [5] and Steininger et al. [7]. The
liquidus data on the Te-rich side haveconsider-
able scatter.The calculatedliquidus agreesbetter the averagetemperatureof the liquidus between
with the recent determinationsby Kulwicki [3], 10 and30 at% Te as determinedby Kuiwicki [3]
Caridesand Fischer [4] and Steiningeret al. [7]. and Carides andFischer[4]. Theseresults, there-
On the Zn-rich side, Kulwicki [3], Carides and fore, suggestthat within the experimentalerror
Fischer [4] and Steimnger et al. [7] have con- the liquidus temperatureis virtually constantat
eluded,basedon their experimentaldata, that the — 1215°C between10 and 30 at% Te. Further-
liquid miscibility gapandthe resultingmonotectic more, Kulwicki [3] observeddouble DTA peaksin
reaction do not exist. However, after a careful samplescontaining40 and 45 at% Te which they
review of their experimentaldata, we believe a attributed to the inflection in the liquidus and
liquid miscibility gap doesexist, resulting in the relatively flat liquidus. This explanationis not
formation of monotecticreactionas given in the very convincing.ThesedoubleDTA peakscanbe
calculatedphasediagramin fig. 1. Our rationaleis readily explainedby the phasediagramgiven in
givenbelow.Accordingto CaridesandFischer[4], fig. 1; onecorrespondsto the monotecticinvariant
the liquidus temperatureincreasesfrom 1214 to andthe otherto the liquidus. However,the extent
1220°C between10 and 30 at% Te. This repre- of the miscibility gap is not known accurately
sents only a rise of 6°C over a concentration since it is basedentirely on the calculation.Fig. 2
rangeof 20 at% Te; yet their experimentaluncer- shows a comparisonbetweenthe calculatedand
tainty is ±20°C.For the samecompositionrange, experimentaldata (of Reynoldset al. [5]) for the
Kulwicki [3] obtainedan increasein the liquidus solubility of ZnTe in liquid Zn at lower tempera-
temperaturefrom 1208 to 1223°C, a rise of 15°C tures.Reynoldset al. [5] obtainedthesolubility at
with an experimental uncertainty of ±10°C. thesetemperaturesby dissolvingZnTe crystalsin
Steiningeret al. [7] determinedthe liquidus tern- liquid Zn andthendeterminedthesolubility either
peratureat 30 at% Teas1215.5°C, which is about from the weight lossof thecrystals(opencircles in
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-2.5 900C 800’C 700C 600C 500C only up to 9 at%Se.No liquidus dataare available
I I Reynolds et al. for higher Se concentrations.Fig. 3 gives the

0 Weight loss calculatedZn—Se phasediagramalong with the
-3.0 - \ • Chemical analyses - experimentaldata.The diagramat concentrations

8 \ higher than about 10 at% Se is entirelybasedon

- the calculations,with no experimentalphasedi-
-3.5 - agramdata input into the optimization process

• a exceptthe meltingpoint of ZnSe.The liquid mis-
-4.0 - - cibility gap in theZn—ZnSeregionis predictedby

2 •• the model. Fig. 4 comparesthe calculated and
\ experimental liquidus in the Zn-rich region at

I-. ~.5 ‘ lower temperatures,and the agreementis very
good.

.2 50 ‘ \ • . In the Zn—S system, the melting point of ZnS
\ wasdeterminedas between1600 and1700°Cby

Friedrich[13], between1800and1900°Cby Tiede
5.5 and Schleede[15], 1830°C(±20) by Addamiano

~ /T (K) and Dell [16] and 1718°C (±10) by Sysoevet al.
[6]. In the presentstudy, the value of 1718°C

Fig. 2. Thesolubility of Te in liquid Zn at lower temperatures; determinedby Sysoevet al. [6] is accepted.The
comparisonbetweenthecalculatedandexperimentaldata. Zn—S phasediagramis calculatedusing the ther-

modynamicdatagivenin table1—3 andis given in
figs. 5 and 6. As shown in thesediagramsthe

fig. 2) or by chemicalanalysisof the liquid (filled
circles in fig. 2). In the presentauthors’ opinion,
the data obtained by chemical analysis of the
liquid are likely to be more accurateand hence 1800 I I I I

more weight is given to thesedata. Keepingin
mind the experimentaldifficulties in determining 600 - 526 L2

very low solubilities, the agreementbetweenthe Li ,‘ \
1400- ...-L+L -..

expenmental and calculated low temperature ~ — L.~ —

~9.2 1360 38.1liquidus in fig. 2 is reasonable. {
Jordan[46] and Szapiro[48] havealso calcu- 200 -

lated the Zn—Te phasediagram using a regular - \
associatedsolution model.Bothinvestigatorsgot a f 1000 -

reasonablefit with experimentalliquidus datafor ~ L
1 + a ZnSe a ZnSe + L2

higher Te concentrations;however, they did not ~ 800 -

usethe low temperatureliquidus dataof Reynolds i!

et al. [5] in the Zn-rich region. Jordan [46] and 600 -

Szapiro[48Jbothpredicteda liquid miscibility gap —419.5 : K

andresultingmonotecticreactionin theZn—ZnTe 400 -

region. —221

In the Zn—Sesystem,the meltingpoint of ZnSe 200 - (Zn) +aZnSe aZnSe + csei -

was determinedto be 1515°C(±20) by Fischer I I I

[8] and1526°C(±10) by Sysoevet al. [6]. The 0 0 10 20 30 40 50 60 70 .80 90 100

liquidus in the Zn—Se systemwas determinedby Zn At % Se Se

Ozawa and Hersh [10], Kuzhelev et al. [11], Fig. 3. Comparison betweenthe calculated and experimental
Rubenstein[9] and Kikuma and Furukoshi [12] Zn-Se phasediagram.
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________________________________________________ 1500 I I I I I I I I
200 I I I I

1400 -

U - 1300 -1100 ~L,+aZnSe
0 0

S
1000 -

1200 -

~$ZnS

/ 1100a E~900~
1020

I. -____________________I—
• Rubenstein 1000

800 -

0 Kikuma - L
1+aZnS

a Ozawa • Rubenstein
900

— —— Kuzhelev eta).
I I I I I I I I

700 800 I I I I I I I I I
0.0 0.2 0.4 06 0.8 1.0 0 0.1 0.2 0.3 0.4 0.5 0.6 - 0.7 0.8 0.9 1.0

Zn At%Se Se At%S

Fig. 4. The Zn-rich region of the Zn—Se phase diagram; Fig. 6. TheZn-rich region of the Zn—S phasediagram; com-
comparisonbetweenthecalculatedandexperimentaldata. parisonbetweenthecalculatedand experimentaldata.

calculatedliquidus at low sulfur concentrations, is arbitrarily fixed at 1000°Cso that it is lower
i.e. <0.6 at% S is in agreementwith the only than the critical point of S, 1040°C[45]. Sincethe
experimentaldata, that of Rubenstein[17]. The values of the solution parametersfor the liquid
monotectictemperaturefor the ZnS—Ssubsystem phaseare derived from the thermodynamicdata

of ZnS andthe liquidus dataof Rubenstein[17]at
low sulfur concentrations,thereare large uncer-
taintiesassociatedwith the thermodynamicvalues

I I I I I I I I I of the liquid phase used in the presentstudy.
800 ‘ , Consequently,the calculated liquid miscibility

1718

L1 ~ ~ L 2 gapsandthe monotectictemperaturesare subject
600 - 7.77 1670 44.2 to ratherlargeuncertainties.

/ L~+L3/
I400~

L1 +~ZnS \ I
1200 - 5.2. p—Tdiagrams

P __________ ‘1
• 1020 _4 — UDO0 — —.

1000 - 6.6 999 Figs. 7 and 8 show the calculatedequilibrium
partial pressures,pz~ and PTe2’ of Zn(g) and

E 800 L1 + aZnS Te2(g), respectively, along the liquidus in the
4~ aZn S + L3 Zn—Te system.Also shownin thesefiguresare the600 - experimental data of Brebrick [22,33] and

________________ Shiozawa et al. [41] and the agreementis, in— 4)9.58
400 • Rubenstein - general, very good. Similar diagrams for the

aZnS+(~S) calculatedpartial pressures~ and p~2along
200 (zu~1+aZnS —115.22 / - the liquidus in the Zn—Se system, and ~ and

I I I i ~ ?ZCSt(aSl Ps2 along the liquidus in the Zn—S systemare
0 0 20 30 40 50 60 70 80 90 00 given in figs. 9 to 12. No experimentaldataare

At % s available in the Zn—Se and Zn—S systemsfor
Fig. 5. The calculatedZn—Sphasediagram. comparison.
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1200°C 1100°C 900°C 800°C 700°C
2.0 I I I I I

1000°C 1500°C 1300°C 1100°C 900°C 80db
2 I I I I

1.0 + +
I -

0-
~ ~ ~ 1200°C iooo°c

- L21~

- aZnSe-1.0 aC
aN N L

20. 0. —2-

0)
a)2 -2.0- - .9

—3 -

-3.0
-4 -

40 I I I I I
6 7 8 9 10 II 5.0 6.0 7.0 8.0 9.0 10.0

io
4iToo 104lT(K)

Fig. 7. The equilibrium partial pressure,pz,,, of Zn(g) along
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5.3. Thermodynamicpropertiesof dilute liquid solu- congruentmeltingpoint of /3-ZnS.
tions

The thermodynamicpropertiesof dilute solu-
tions are normally expressedin termsof the activ- where‘y~is the activity coefficientof X in liquid
ity coefficient at infinite dilution and Wagner’s Zn at infinite dilution and ~ and p~,*)are the
self-interactionparameters[57]. Sharma[58] has first and second order Wagner self-interaction
recently derivedthe relationshipsbetweenthe as- parameters,and all other terms are as defined
sociatedsolution model parametersand the dilute previously.
solutionparameters.Accordingly, for dilute X (X Theactivity of X, ax, in liquid Zn is thengiven
= Te, Se or S) in liquid Zn, we get: by:

ln y~= w33 — ln K, (22) ln a~= ln x~+ ln ~ + e~x~+ ~ (25)

= 2 + 2w13 — 4w31 — 8v13, (23) The respectivedilute solution parametersfor Te,
Se and S in liquid Zn obtainedfrom eqs.(22) to

= 2 — w13 — w31 + 16v13, (23) (24), are summarizedin table4.

Table4
Thermodynamicpropertiesof dilute solutionsof Te, Se and S in Zn

Parameter Zn—Te Zn—Se Zn—S

in -y~ — 2.9955+ 1835/T — 6.1852+ 2457.1/T — 4.333— 3364.1/T
22.0523— 51641/T 35.6580— 68732.0/T 15.125— 34302.0/T

(X)
7.0132+ 137.5/T 10.4145— 20079.5/T 15.125— 34302.0/T
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