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The available thermodynamic and phase equilibria data for the binary systems Zn-Te, Zn—Se and Zn-S have been analyzed
using an “associated solution model” for the liquid phases and considering the ZnTe, ZnSe and ZnS phases as line compounds. The
phase diagrams and thermodynamic properties calculated from the optimized phase parameters agree well with the experimental

data.

1. Introduction

The Zn-chalcogen systems (i.e. Zn-Te, Zn-Se
and Zn-S) are of considerable technological inter-
est due to the semiconducting properties of the
compounds ZnTe, ZnSe and ZnS. A knowledge of
the phase equilibria and thermodynamic proper-
ties of these systems is of importance for the
growth of zinc chalcogenide crystals by liquid
phase epitaxy (LPE) or by other means. Each of
these three binary systems, Zn-Te, Zn-Se and
Zn-S, is characterized by the formation of a single,
essentially stoichiometric, intermediate compound,
ZnX (X =Te, Se or S, respectively). These com-
pounds normally (i.e. at atmospheric pressure)
dissociate/ sublime at higher temperatures; how-
ever, they do melt congruently under high pres-
sures. The Zn-X phase diagrams as reported in
the literature or discussed herein are therefore
projections of the P-T—x diagrams onto the T—x
plane, P, T and x being pressure, temperature
and composition, respectively. However, the effect
of pressure on the condensed phase equilibria is

relatively small in the low-pressure range, and
hence pressure is not considered as a variable in
the subsequent discussion on the phase equilibria
and thermodynamic properties of condensed
phases in these systems.

There are numerous studies reported in litera-
ture [1-17] on the determination of phase di-
agrams of the three Zn-X binaries. The Zn-Te
phase diagram is relatively well-known over the
whole composition range, while the liquidus in the
Zn-Se and Zn-S systems is only known in the
Zn-rich regions. However, the melting points of
ZnSe and ZnS have been determined. The ZnS
phase exists in two allotropic forms; a-ZnS, stable
at low temperatures, transforms to B-ZnS at
1020°C, and B-ZnS melts congruently.

As for the thermodynamic properties of these
systems, the Gibbs energies of formation of ZnTe,
ZnSe and ZnS have been determined by a number
of investigators [18-39]. These data have been
assessed by Mills [40]. For the liquid phase, no
thermodynamic data are available for the Zn-Se
and Zn-S systems whereas for the Zn-Te system
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Brebrick [22,23] and Shiozawa et al. [41] have
measured the equilibrium partial pressures of Zn(g)
and Te,(g) along the liquidus.

In the present work, the Zn-Te, Zn-Se and
Zn-S phase diagrams have been calculated using
an associated solution model to describe the ther-
modynamic properties of the liquid phases and
considering ZnTe, ZnSe and ZnS to be line com-
pounds. The model parameters were obtained by
simultaneous optimization of the available phase
equilibria and thermodynamic data. The calcu-
lated phase diagrams agree well with the existing
literature data. Agreement between the calculated
thermodynamic properties of the liquid phases
with the available experimental data is also good.

2. Thermodynamic models
2.1. Liquid phase

An associated solution model is used to de-
scribe the thermodynamic properties of the liquid
phase. This model has been widely used in the
literature to describe the thermodynamic proper-
ties of the liquid phase in a number of metal-sulfur,
II-VI, IV-VI and III-V systems [42-49]. Schmid
and Chang [50] have recently made a review of the
associated solution model as applied to
metal-nonmetal melts. According to this model,
the binary liquid solution of Zn and X (where X
stands for Te, Se or S) is considered as a pseudo-
ternary solution of “Zn”, “X” and “ZnX” species,
governed by an internal equilibrium reaction [50]:

“Zn”(/) + “X”({) =“ann({), (1)
with an equilibrium constant given by:
DA
K= -—"—, (2)
(fl}’1)(f2)’2)

where f,, f, and f, are the activity coefficients
and y,, », and y, are the mole fractions, respec-
tively, of “Zn”, “X” and “ZnX” in the liquid
phase. The equilibrium constant K may, in gen-
eral, be expressed as a function of temperature as:

In K=A/T+B, (3)

where A and B are constants. The mole fractions,
y;, are related to the actual mole fractions, x,,
and xy of Zn and X, respectively, by the follow-
ing mass balance equations:

V1= Xza— Xx )3 (4)
Yo = Xx = Xzn)3- (5)

The excess molar Gibbs energy of the pseudo-
ternary solution is [50,51]:

3 3
AG*=RT X} Z > [wij+(wij—wji)yj
i=1j=1

_4Uijyiyj] Yi)is (6)

where w,;, v;;, etc. are the interaction parameters
of the solution and w;, = v, =0 and v,;=v;;. The
w,; and v,; are, in general, expressed as a function
of temperature as:

w,;=A4,/T+B,, (7)
v,;=C,;/T+D,, (8)
with 4,;,, B,;, C; and D,; as constants. The

activity coefficients f; of the species in the pseudo-
ternary solution are then [51]:

3
In f,= Z [%(W:‘j"’ wji) + (wij_ wji)(%yj_yi)
=1

3 3
—80,-,y,-yj]yj— )M [%ij
Jj=1p=1
(W =wo) 2 =60, 1 )
The activities of the “Zn” and “X” species are
given by:
ay = fiyr (10)
ay=hn, (11)

where a, and a, are the activities of “Zn” and
“X”, respectively, with Zn(¢) and X(¢) as stan-
dard states. Since the activities of the “Zn” and
“X” species are the same as those of the Zn and X
components, respectively [52],

aZn=.YanZn=al':f1.YI’ (12)
ax =YxXx =a=f, s, (13)
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where y,, and yy are the activity coefficients of
Zn and X in the binary solutions and are different
from f, and f,. Once the equilibrium constant K
and the interaction parameters w,; and v, are
known, the thermodynamic properties of the liquid
solution can be calculated by solving egs. (2)-(13).
The values of these parameters are determined by
simultaneous optimization of the phase equilibria
and thermodynamic data.

2.2. ZnX compound phases

The intermediate phases ZnTe, ZnSe and ZnS
are essentially stoichiometric and are therefore
considered as line compounds in this study. The
Gibbs energy of formation, 4;G° of the com-
pound ZnX (where X is Te, Se or S) from pure
Zn(¢) and X(¢) is then expressed as a function of
temperature as:

AG°=A"+B'T+C'TInT, 14
f

where 4’, B’ and C’ are constants.

3. Phase equilibria calculations
3.1. (L + ZnX) equilibrium

The liquidus for the compound ZnX may be
calculated using the following equation:
G+ Gx = Goux> (1s)
where G5, and G% are the partial molar Gibbs
energies of Zn and X, respectively, in the liquid,
and GY,y is the Gibbs energy function for the line
compound ZnX. Eq. (15) may be rewritten as:
°G%,+ RT In a5, +°G%+ RT In a% =G,
or
RT[In a, +1n a%] = G3.x —°G%, —°G%

=4 rGOan > (16)

where a5, and a} are the activities of Zn and X,
respectively, in the liquid with respect to pure

liquid Zn and X as the standard states, and A;GY
is the Gibbs energy of formation for the com-

pound ZnX from pure liquid Zn and X. Eq. (16)
can now be solved for the liquidus of ZnX if the
activities of Zn and X in the liquid and the Gibbs
energy of formation of ZnX are known.

3.2. (Zn + L) equilibrium

The mutual solid solubilities of Zn and X (X =
Te, Se or S) are essentially zero. Under these

circumstances the (Zn + L) equilibrium is given
by:

0~S _ AL _0L L
G2,=Gz,="Gz,+RT In az,,
or

—RT In ak =°GL -GS, =4,G%2Zn), (17)

where A, G°(Zn) is the Gibbs energy function for
the melting of Zn. Eq. (17) may be solved for the
liquidus of pure Zn when al, and 4,,G%Zn) are
known. A similar procedure is used to calculate
the liquidus for pure X.

3.3. (L, + L,) equilibrium

Whenever there is a liquid miscibility gap, (L,
+ L,), in the system Zn-X, the equilibrium con-
ditions are given by:

Gy, =Gz, (18)
Gy =Gx. (19)

Eqgs. (18) and (19) are simultaneously solved for
the (L, +L,) equilibrium compositions from a
knowledge of the thermodynamic properties of the
liquid phase.

4. Optimized and / or assessed thermodynamic data

The thermodynamic data for the Gibbs en-
ergies of melting of the pure components as well
as those for the Gibbs energies of vaporization are
taken from the assessed values available in litera-
ture [53-55]. The data for the Gibbs energies of
formation of the Zn chalcogenide compounds are
based on the assessment of Mills [40]. Values of
the parameters for the associated solution model
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Table 1
Thermodynamic properties of pure components

Function Expression

Reference

4 fusGO(Zn) = OGlin - oGin
4 fusGo(Te) = OG’Ll'e - OGﬁ'e
4,,G°(Se) =°Gg, - °G5,
'k~ 104,

7322—10.572T (J/mol)
17489 —24.20T (J /mol)
6694.4—13.551T (J /mol)

log p%, (bar)
log p%., (bar)
log pg,, (bar)
log pg, (bar)

—5960/T +4.7195

—65357+165.396T —13.513T In T (J/mol)
—66784,/T +9.5787—-0.55407In T

—7712/T+19.346—-1.7055In T
~6828/T+17.279-14117In T

Hultgren et al. {53]
Hultgren et al. [53]
Hultgren et al. [53]
Sharma and Chang [43], JANAF [54]

Hultgren et al. [53]

Hultgren et al. [53]

Jelinek and Komarek [55]

JANAF [54], Sharma and Chang [43]

are obtained by simultaneous optimization of the
available thermodynamic data for the liquid phase,
the enthalpies of melting of the ZnX compounds,
and the available phase equilibria data. The opti-
mization is carried out using a non-linear regres-
sion subroutine. The final optimized/assessed
thermodynamic data are summarized in this sec-
tion.

4.1. Pure components

The enthalpies of melting of pure Zn, Te and
Se, assessed by Hultgren et al. [53), are used to
obtain the Gibbs energies of melting of these
components. The data for the partial pressures of
Zn(g), Te,(g), Se,(g) and S,(g) over Zn(¢), Te(4),
Se(£) and S(¢), respectively, are also taken from
the literature [53-55]. Table 1 gives the thermody-
namic data for the pure components.

4.2. Zn—chalcogenide compounds

The compounds ZnTe, ZnSe and ZnS are es-
sentially stoichiometric and are therefore taken as
line compounds in this study. ZnS exists in two
allotropic forms [14,40). The low temperature form
a-ZnS, transforms to B-ZnS at 1020°C (1293 K)
[14] which is stable to its melting point, 1718°C
[6].

The Gibbs energy of formation of ZnTe has
been determined by McAteer and Seltze [18] by an
EMF method and by Goldfinger and Jeune-
homme [19], Pashinkin {20], Lee and Munir [21]
and Brebrick [22,23] using dissociation pressure

measurements. The enthalpy of formation of ZnTe
was measured by Kubaschewski [24] and Pool [25]
by calorimetry. Demidenko and Mal’tsev [26] de-
termined the low temperature specific heat of
ZnTe. For the ZnSe phase, the Gibbs energy of
formation was determined by Woston and Geers
[27], Goldfinger and Jeunehomme [19], Pashinkin
[20], Sedgwick and Agule [28], Boev et al. [29] and
Flogel [30] from dissociation pressure measure-
ments and by Terpilowski and Ratajczak {31} by
an EMF method. The Gibbs energy of formation
of a-ZnS was determined by Makolkin [32] and
Larson and Elliott [33] by an EMF method and by
Curlook and Pidgon [34] and Gordeev and Kare-
lin [35] by a gas equilibration method. Goldfinger
and Jeunehomme [19], Hirschwald et al. [36] and
Munir and Mitchell [37] determined the Gibbs
energy of formation of the B-ZnS phase from
dissociation pressure measurements. Adami and
King [38] measure the enthalpy of formation of
B-ZnS by solution calorimetry. The enthalpy of
transformation from «-ZnS to B-ZnS at 1293 K
was determined by Kapustinsky and Chentzova
[39]. All of these data were critically assessed by
Mills [40].

In the present investigation, A;HY;, S93., and
the (G%— HY;)/T functions of ZnTe, ZnSe and
ZnS, assessed by Mills [40], are used along with
the (G — Hjg)/T functions for Te from Mills
[40], for Zn and Se from Hultgren et al. [5S3] and
for S from the JANAF tables [54], to arrive at the
Gibbs energies of formation of these compounds
as a function of temperature. The data for the
Gibbs energy of formation of each compound
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Table 2
Thermodynamic properties of ZnTe, ZnSe and ZnS

ZnTe

A HYg = —119.2 k] /mol, S%4(ZnTe) = 77.8 J /K -mol
Zn(¢)+Te(£) = ZnTe(s)
4,G® = —147400+53.62T J /mol; 6001300 K

1573 K
ZnTe(s) = ZnTe(¢)
Ay H® =63.9 k] /mol

ZnSe

A H%g = —160.0 k] /mol, $%¢(ZnSe) = 70.3 J /K -mol
Zn(¢)+Se(£) = ZnSe(s)
A,G®= —179430 +45.514T J /mol; 600-1300 K

1799 K
ZnSe(s) = ZnSe(¢)
A, H®=51.9KkJ/mol

VAN

A H%: = —205 kJ /mol, S,g4(ZnS) = 57.74 J /K -mol
Zn(£)+18,(8) = a-ZnS
A,G° = ~274266 +103.472T J /mol; 600-1293 K

1293 K
a-ZnS = B-ZnS

AH %, =12857 I /mol
Zn(Z)+ 3S,(g) = B-ZnS
A,G° = 261409 +93.5287 J /mol

1991 K|
B-ZnS = ZnS(¢)
A, H® =59.7kJ/mol

were then fitted to the equation of the type given
by eq. (14) by the least squares method. The
results are summarized in table 2.

The enthalpy of melting of ZnTe was de-
termined by Kulwicki [3] from DTA measure-

ments as 64.7 (£ 5) kJ/mol. Our optimized value
is 63.9 kJ /mol which agrees well. The enthalpy of
melting of ZnSe has not been experimentally de-
termined. Kubaschewski and Evan [56] estimated
it as 52 kJ /mol. For the 8-ZnS phase, there is no
measured or estimated value for the enthalpy of
melting. We have estimated the entropy of melting
of B-ZnS phase to be ~ 30 J/K mol, based on the
entropy of melting of other II-VI compounds
with the same crystal structure. Using this as a
starting value, our optimized value for the en-
thalpy of melting of B8-ZnS is 59.7 kJ /mol (ZnS)
which yields a value 4, .S°=34.7 J/K mol. The
assessed / optimized values for the enthalpies of
melting for these compounds are also given in
table 2.

4.3. Liquid phase

There are no measurements on the thermody-
namic properties of the liquid phase in the Zn-Se
and Zn-S systems. For the Zn-Te system,
Shiozawa et al. [41] and Brebrick [22,23] measured
the partial pressures, p,y and pr.,, of Zn(g) and
Te,(g), respectively, along the liquidus, i.e., for the
ZnTe + liquid + gas three-phase equilibrium.
These data may be converted into the activities of
Zn and Te at the liquidus compositions and tem-
perature using the following relations:

Qzn =P2n/p%n, (20)
1/2
are = (PTez/p%‘ez) s (21)

where p)  and pJ,. are the equilibrium partial
pressures of Zn(g) and Te,(g) over pure Zn(¢)

Table 3

Associated solution model parameters for the liquid phases

Parameter Zn-Te Zn-Se Zn-S

In K —2.0177+10638.0/T —2.2293+15691.4/T —2.2292+20515.3/T
Wis 0.0+30375/T 0.0+1931.0/T —6.5625+17151.2/T
Wy —5.01324+12473.0/T —8.4145+18148.5/T Wi = W3

U3 = Uy 0.0+978.0/T 0.0 0.0

Was 0.0 —22184+5679.0/T 0.0—-7399.3/T

Wi 0.0+376.5/T Wiy =Wy 0.0+6694.6/T

Vy3 =13, 0.0 0.0 0.0

Wip =Wy 0.0 0.0 0.0

U1y =Uy 0.0 0.0 0.0
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and Te(¢), respectively. The optimum values of
the “associated solution model” parameters for
these three systems were obtained using the avail-
able thermodynamic and phase equilibria data.
These parameters are given in table 3.

5. Results and discussion
5.1. Phase diagrams

The calculated Zn-Te, Zn-Se and Zn-S phase
diagrams are in good agreement with the experi-
mental data as given in figs. 1 to 6.

For the Zn-Te system, the melting point of
ZnTe was determined as 1239°C by Kobayashi
[1}, 1300°C (+10) by Mason and O’Kane [2],
1290° C (+10) by Kulwicki [3], 1295°C (£ 15) by
Carides and Fischer [4] and 1300°C (410) by
Sysoev et al. [6]. In the present study the melting
point of ZnTe is taken to be 1300 ° C. The liquidus
in the Zn-Te system was determined by Kobayashi
{1], Kulwicki [3], Carides and Fischer [4], Rey-
nolds et al. [5] and Steininger et al. [7]. The
liquidus data on the Te-rich side have consider-
able scatter. The calculated liquidus agrees better
with the recent determinations by Kulwicki [3],
Carides and Fischer [4] and Steininger et al. [7].
On the Zn-rich side, Kulwicki [3], Carides and
Fischer [4] and Steininger et al. {7] have con-
cluded, based on their experimental data, that the
liquid miscibility gap and the resulting monotectic
reaction do not exist. However, after a careful
review of their experimental data, we believe a
liquid miscibility gap does exist, resulting in the
formation of monotectic reaction as given in the
calculated phase diagram in fig. 1. Our rationale is
given below. According to Carides and Fischer [4],
the liquidus temperature increases from 1214 to
1220° C between 10 and 30 at% Te. This repre-
sents only a rise of 6°C over a concentration
range of 20 at% Te; yet their experimental uncer-
tainty is + 20 ° C. For the same composition range,
Kulwicki [3] obtained an increase in the liquidus
temperature from 1208 to 1223°C, a rise of 15°C
with an experimental uncertainty of +10°C.
Steininger et al. [7] determined the liquidus tem-
perature at 30 at% Te as 1215.5° C, which is about

150C T T T T T T T T T
1400 I~ (178, 1340) T
1300 -
1200 .
1100 -
O
o _ 1000 .
[
5
® 900 B
L
o
g- 800 | L +aZnTe La+aZnTe .
@ »
| 700 - -
a4 Kobayashi
600 |- ® Kulwicki
+ Carides et al.
| © Steininger et al.
500 ~449
~ 419.58
400 99.73)
(Zn)+aZnTe aZnTe+(Te)
300 -
200 1 t t 4 ) 1

| .
O 10 20 30 40 50 60 70 80 90 100
At % Te

Fig. 1. Comparison between the calculated and experimental
Zn-Te phase diagram.

the average temperature of the liquidus between
10 and 30 at% Te as determined by Kulwicki [3]
and Carides and Fischer [4]. These results, there-
fore, suggest that within the experimental error
the liquidus temperature is virtually constant at
~1215°C between 10 and 30 at% Te. Further-
more, Kulwicki [3] observed double DTA peaks in
samples containing 40 and 45 at% Te which they
attributed to the inflection in the liquidus and
relatively flat liquidus. This explanation is not
very convincing. These double DTA peaks can be
readily explained by the phase diagram given in
fig. 1; one corresponds to the monotectic invariant
and the other to the liquidus. However, the extent
of the miscibility gap is not known accurately
since it is based entirely on the calculation. Fig. 2
shows a comparison between the calculated and
experimental data (of Reynolds et al. [5]) for the
solubility of ZnTe in liquid Zn at lower tempera-
tures. Reynolds et al. [S] obtained the solubility at
these temperatures by dissolving ZnTe crystals in
liquid Zn and then determined the solubility either
from the weight loss of the crystals (open circles in
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Fig. 2. The solubility of Te in liquid Zn at lower temperatures;
comparison between the calculated and experimental data.

fig. 2) or by chemical analysis of the liquid (filled
circles in fig. 2). In the present authors’ opinion,
the data obtained by chemical analysis of the
liquid are likely to be more accurate and hence
more weight is given to these data. Keeping in
mind the experimental difficulties in determining
very low solubilities, the agreement between the
experimental and calculated low temperature
liquidus in fig. 2 is reasonable.

Jordan [46] and Szapiro [48] have also calcu-
lated the Zn-Te phase diagram using a regular
associated solution model. Both investigators got a
reasonable fit with experimental liquidus data for
higher Te concentrations; however, they did not
use the low temperature liquidus data of Reynolds
et al. [5] in the Zn-rich region. Jordan [46] and
Szapiro [48] both predicted a liquid miscibility gap
and resulting monotectic reaction in the Zn-ZnTe
region.

In the Zn-Se system, the melting point of ZnSe
was determined to be 1515°C (+20) by Fischer
[8] and 1526°C (£ 10) by Sysoev et al. [6]. The
liquidus in the Zn-Se system was determined by
Ozawa and Hersh [10], Kuzhelev et al. [11],
Rubenstein [9] and Kikuma and Furukoshi [12]

only up to 9 at% Se. No liquidus data are available
for higher Se concentrations. Fig. 3 gives the
calculated Zn-Se phase diagram along with the
experimental data. The diagram at concentrations
higher than about 10 at% Se is entirely based on
the calculations, with no experimental phase di-
agram data input into the optimization process
except the melting point of ZnSe. The liquid mis-
cibility gap in the Zn-ZnSe region is predicted by
the model. Fig. 4 compares the calculated and
experimental liquidus in the Zn-rich region at
lower temperatures, and the agreement is very
good.

In the Zn-S system, the melting point of ZnS
was determined as between 1600 and 1700°C by
Friedrich [13], between 1800 and 1900 ° C by Tiede
and Schleede [15], 1830°C (+20) by Addamiano
and Dell [16] and 1718°C (+10) by Sysoev et al.
[6]. In the present study, the value of 1718°C
determined by Sysoev et al. [6] is accepted. The
Zn-S phase diagram is calculated using the ther-
modynamic data given in table 1-3 and is given in
figs. 5 and 6. As shown in these diagrams the

1800 T T T T T T T T 1
1600~ 1526 N
L /‘\\L2
| - /
1Moo sThitla T | 7
9.2 1360 38l ~-
~

1200 N
[ N\
2
[ L' + aZnSe aZnSe + L2
]
2 800 - ~
3
¥ eool- g

* Rubenstein
~419.5
a00 E © Kikuma _
~22)
200 |- (Zn) +aZnse =
aZnSe + (Se)
0 i 1 i 1 f | 1 |
0O 10 20 30 40 S0 60 70 .80 90 100
Zn At % Se Se

Fig. 3. Comparison between the calculated and experimental
Zn-Se phase diagram.
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Fig. 4. The Zn-rich region of the Zn-Se phase diagram;
comparison between the calculated and experimental data.

calculated liquidus at low sulfur concentrations,
ie. <0.6 at% S is in agreement with the only
experimental data, that of Rubenstein [17]. The
monotectic temperature for the ZnS-S subsystem

T T T T T T T T
1800 |- 1718 'l T
L /4/_’1'_"52:_\ =T\ ‘2 | l|
1600 |- // 17.77 1670 44.22 \ l H
// \ ' L2 + Lz
1400 \ l 5
L, +82ns \ ,l
1200 I- \ | 1
L \|
2 i020 ] 1000
3 1000 [ — s =a
- 61.6 93.9
®
3
[
g sool T
° L+ azZns
[ aZnS+Lz
600 ]
~419.58
400 1= ® Rubenstein |
aZnS +(8S)
200 |- (Zn+azns 1522 / -
| i T ] — i 7
0 10 20 30 40 50 60 70 80 90 100

At % S
Fig. 5. The calculated Zn-S phase diagram.
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Fig. 6. The Zn-rich region of the Zn-S phase diagram; com-

parison between the calculated and experimental data.

is arbitrarily fixed at 1000°C so that it is lower
than the critical point of S, 1040 ° C [45]. Since the
values of the solution parameters for the liquid
phase are derived from the thermodynamic data
of ZnS and the liquidus data of Rubenstein [17] at
low sulfur concentrations, there are large uncer-
tainties associated with the thermodynamic values
of the liquid phase used in the present study.
Consequently, the calculated liquid miscibility
gaps and the monotectic temperatures are subject
to rather large uncertainties.

5.2. p—T diagrams

Figs. 7 and 8 show the calculated equilibrium
partial pressures, pz, and pr.,, of Zn(g) and
Te,(g), respectively, along the liquidus in the
Zn-Te system. Also shown in these figures are the
experimental data of Brebrick [22,33] and
Shiozawa et al. [41] and the agreement is, in
general, very good. Similar diagrams for the
calculated partial pressures pz, and pg., along
the liquidus in the Zn-Se system, and p,, and
Ps, along the liquidus in the Zn-S system are
given in figs. 9 to 12. No experimental data are
available in the Zn-Se and Zn-S systems for
comparison.
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Fig. 8. The equilibrium partial pressure, pr.,, of Te,(g) along
the Zn-Te liquidus; comparison between the calculated and
experimental data. The larger solid circle indicates the con-

gruent melting point of a-ZnTe.
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Fig. 11. The calculated equilibrium partial pressure, pg,, of
Zn(g) along the Zn-S liquidus. The solid circle indicates the
congruent melting point of 8-ZnS.

5.3. Thermodynamic properties of dilute liquid solu-
tions

The thermodynamic properties of dilute solu-
tions are normally expressed in terms of the activ-
ity coefficient at infinite dilution and Wagner’s
self-interaction parameters [57]. Sharma [58] has
recently derived the relationships between the as-
sociated solution model parameters and the dilute
solution parameters. Accordingly, for dilute X (X
= Te, Se or S) in liquid Zn, we get:

1700°C  1300°C 1100°C _ 800°C 800C
] ) ] 1
1000°C |4

1
1500°C

Lz

a ZnS

(bars)

log p

104/ T (K)

Fig. 12. The calculated equilibrium partial pressure, ps,, of
S,(g) along the Zn-S liquidus. The solid circle indicates the
congruent melting point of B-ZnS.

where vy is the activity coefficient of X in liquid
Zn at infinite dilution and € and P’ are the
first and second order Wagner self-interaction
parameters, and all other terms are as defined
previously.

The activity of X, ay, in liquid Zn is then given
by:

- 0 (X) (X).,.2
nyl=wy—InK, (22) In ay=In xy +In vy + %% + p55x%.  (25)
€X =24+ 2w, — 4wy — 8uys, (23) The respective d}lute soluugn parameters for Te,

% Se and S in hiquid Zn obtained from egs. (22) to
P =2— w3 —wy +160;;, (23) (24), are summarized in table 4.
Table 4
Thermodynamic properties of dilute solutions of Te, Se and S in Zn
Parameter Zn-Te Zn-Se Zn-S
In vy —2.9955+1835/T —6.1852+24571/T —4.333-3364.1/T
0 22.0523—51641,/T 35.6580—68732.0/T 15.125—34302.0/T

Pt 7.0132+137.5/T

10.4145-20079.5/T

15.125—-34302.0/T
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6. General discussion

In the foregoing calculations, the optimum val-
ues of the associated solution model parameters
for the liquid phases are arrived at by simulta-
neous optimization with respect to all the availa-
ble phase diagrams as well as thermodynamic
data. A minimum’ number of parameters, that
adequately describe the experimental data are
used. These parameters are quite sensitive to the
phase equilibria as well as thermodynamic data.
Since, in these systems, the thermodynamic infor-
mation for the liquid phases is very limited or
non-existence, in addition to phase diagram data,
the minimum thermodynamic information
required to obtain a optimal set of parameters for
the liquid phases are the Gibbs energies for the
formation and melting of the intermediate com-
pounds.
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