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Abstract

An extensive survey of phase equilibria and thermodynamic data (AH, S, C,, AG) on solid
and liquid phases is presented for Ga—Sb, S—Ga and S—Sb subsystems which includes tables
of the limiting activity coefficients. The construction method for chemical potential diagrams
has been applied in the form of log[a(Ga)/a(Sb)] versus log[P(S,)/bar] plots, the usefulness
of which is discussed. The ternary phase diagram has been estimated. Using minimization of
Gibbs energy the equilibrium composition of coexisting phases in the S—Ga—Sb system has
been evaluated regarding the determination of the maximum level of sulphur doping in GaSb
single crystals grown by the Czochralski technique without encapsulant. The calculated
concentration of dissolved sulphur in GaSb solid was 10'°-10'7 atoms per cm?®, which is in
good agreement with the experimentally measured values of about 10'7 atoms per cm?. After
exceeding about 1.5 x 10'® atoms per cm® in the melt, the second phase (Ga,S) started to
separate spontaneously.

Keywords: Binary system; Phase equilibrium; Semiconductor; Solid solution; Ternary system;
Thermodynamics

* Presented at the Czechoslovak-French—Polish Conference on Calorimetry and Experimental Ther-
modynamics: Applications to Contemporary Problems, Prague, Czech Republic, 4-7 September 1993.
* Corresponding author.

0040-6031/94/$07.00 © 1994 — Elsevier Science B.V. All rights reserved
SSDI 0040-6031(94)01843-6



190 J. Sestik et al.{Thermochimica Acta 245 (1994) 189-206
1. Introduction

Recently gallium antimonide based crystals have come to represent an important
material for the production of various semiconductor devices [1]. GaSb and related
ternaries exhibit interesting optical properties for lasers and detectors in the range
up to 2.3 um wavelength. GaSb is required as a substrate material on which ternary
and quaternary alloys can be epitaxially fabricated [2] for optoelectronics or
high-speed electronic devices, among which are the low threshold (In, Ga,_,Sb)
Gunn oscillators [3], low noise (Al, Ga, _, Sb) APDs [4] for the 1.3 um band, LEDs
and LDSs based on Ga, ., Al As, _,Sb, [5] for the 1.7 um band, superlattices for
both the new kind of (AISb/GaSb) LDs [6] and the high speed (InAs/GaSb)
electronic devices [7]. However it seems unlikely that GaSb devices will prove to be
of significant interest for hot electron transistors, but the FET performance shows
some potential [1].

In the Prague Institute of Physics we have successfully studied [8,9] the deep
metastable centres (conventionally called the DX centres [10]) employing our own

Czochralski grown single crystals doped with sulphur. It is, however, necessary to
overcome many difficulties in order to nnhm|7e the annnmfmn procedure [11] and

to achieve good quality single crystals with tallored doplng ThlS has certamly
focused our attention on some thermodynamic aspects of both the growth processes
[11] and phase equilibria [12].

2. Crystal growth and previous data treatments

on the esrowth of S-doned GaSb have previouslv been
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Previous data treatments
reported [13-15]. The behaviour of sulphur during the growth was mainly ex-
plained by sulphur evaporation from the melt because it is known that the solubility
of sulphur is very low (7.2 ppm) in the melt. Similarly it becomes convenient to
have a slight excess of antimony as part of the standard growth conditions to
compensate for Sb volatilization and help to preserve the stoichiometry of the
grown crystal. For a standard preparation of the GaSb single crystals [9] (grown
using the Czochralski method without encapsulant in an atmosphere of hydrogen)
the sulphur concentration (calculated from Hall measurements) reached a limited
value of 1 x 10'7 atoms per cm?® in the crystals though the starting amount of
sulphur in the melt exceeded about 2 x 10*° atoms per cm®. It seems that after the
sulphur solubility in GaSb melt is attained at about 7.2 ppm (0.0043 at.%) [9],
sulphur starts to evaporate. The concentrations of sulphur, however, were used in
the range 0.0035-1.112 at.% [9] so that the limiting solubility of sulphur in GaSb(l)
was substantially exceeded, and the Ga,S solid is supposedly created. Such a
relatively high concentration of sulphur was intentionally taken into account during
the mathematical evaluation in order to appreciate the behaviour of sulphur in the
case when sulphur cannot further dissolve in the melt. As a result, unwanted higher
mechanical stress and tension were found to be created on the solidification
interface which consequently disturbed single crystalline growth.
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Such a treatment was aimed at making a thermodynamic estimation of how
the distribution of sulphur between individual phases is carried out and what
evaluation method is convenient. For the growth of semiconductor GaSb single
crystals doped by sulphur we have evidently confined our activities to an extremely
narrow concentration region [12], which is not conventional in standard thermo-
dynamic evaluations. Therefore we would like to link our approach to existing
thermodynamic data over the whole concentration range. Two approaches will
be presented herewith, (i) the qualitative approach based on Yokokawa’s construc-
tion of isothermal diagrams of phase stability (chemical potential diagrams) [16,17]
and (ii) the quantitative approach using Vorika and Leitner’s standard calculation
of coexisting phases by minimization of the total Gibbs energy of the system
[12,18].

We have hence found it useful to present here a survey of existing input data
published to date. We do not treat data on the elements separately, because they
have been reported in various compendia [19-24] with negligible variations,
particularly regarding those elements which are dominantly included in the equi-
libria under question, i.e., Ga(l), Sb(l), Sb,(g), Sb,(g) or S,(g).

3. Thermodynamic data for the Ga—Sb—S binary edges
3.1. The Ga-Sb system

3.1.1. Phase equilibrium data and phase diagrams
Original articles dealing with phase equlibrium data can be found in Refs.
[25-33,77] while phase diagrams have been treated in Refs. [34-36,49].

3.1.2. Thermodynamic data on the solid phase

Recently experimental data on solid GaSb, particularly C,..(T), were given in
Ref. [38]; other information is available in standard tables [23,24,49]. Their data are
compared in Table 1.

Table 1
Thermodynamic data for solid GaSb
Ref. AHF(298.15 K)/ S§2(298.15 K)/ Com(298.15 K)/ AG? (985 K)/
kJ mol-! J K=" mol™! J K~ mol™! kJ mol~!
[49] —41.589 76.065 48.702 —15.062
[23] —43.932 76.065 48.59 —18.215
[24] —41.589 76.065 (24.348) » (—3242) =
[51,53] —14.207
[551 —16.475
[56] —15.734
[33] —17.606

2 Error in tabulated data.
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Table 2
Thermodynamic data for Ga-Sb liquid
Ref.  AGE/(J mol™") =f(x,T) T/K =985, xg, = x5, =0.5
AGL/ AR ASE/
Jmol™!  Jmol"! JK-! mol™!
[48] AGE = x5, x5, (19665 — 25.1T) — 1265 4916 6.275
[50] AHM = x5, xgp(531.41 — 21599.27xg, + 32175.13xg,2 —1487 —1049 0.445
— 15788.12x¢,%)
ASE = x5, x5 (4.849 — 14.456x, + 24.527xg,,°
— 15.786xg,%)
[51] AHM = x5, xg, 4184[1 + 12.35(xg, — 0.5)] —1520 —1046 0.481
ASE = x5, %5, 1.926[1 — 31.35(xg, — 0.5)]
[52] AHY = x5, x4, (4962x5, —9715xg,) —1045 —594 0.458
ASE = xg,x55(3.209x ¢, + 0.456xg,)
[53] Associated solution model —1427 —1046 0.387
[54] AHM = x5, x5, ( — 1179%g, — 6591 xg;,) —1445 -971 0.481
ASE = xG,xg5(5.297xg, — 1.445xg,)
[55] AGE = xg, xg,( — 3887 — 5.8357) —2409 —972 1.459
[56] AGE = xg,axgp (Way XGa + W12 X5, — 40X GaXsp) —-2197 —1120 1.093
[36] Wa [RT = —2221.6/T + 15.3011 —2.0160In T
wio/RT = —1657.6/T +9.6150 - 1.2631 In T
o/RT = 213.90/T +0.0435
[33] AGE =xg,xg[( —4300 —8.85T) — 1.33T(x;, — Xsp)  —3254  —1075 2212
[76] + (4500 — 0.79T )(xGa — Xsb) 7]
{571 AGE = xg, xgp(Axg, + Bxg, + XGaXss C) —2688 —1121 1.591
A =—134894+77.7709T — 10.2297T In T

B = —20026.7 + 136.605T — 18.4754T In T
C = —7454.86 — 1.09227T + 0.01464x5, T

3.1.3. Thermodynamic data on the liquid phase

Activity data on liquid phases have been extracted from the e.m.f. [39-42,78] and
vapour pressure measurements [43,44] and also on the basis of the heat of mixing
(established by calorimetric measurements [45-47,50]). The results of simultaneous
optimization of phase equilibria and thermodynamic data were reported in Refs.
[33,36,48-57,76]. The known data are compiled in Table 2.

3.2. The Ga—S system
3.2.1. Phase equilibrium data and phase diagrams

Original reports on phase equilibria were published in Refs. [37,58—62] and the
phase diagram is available from the standard handbook [35].



193

J. Sestak et al.[Thermochimica Acta 245 (1994) 189-206

[s§1 ()aseD = (1)qS + (1)BD Uonoes1 10] Y 686 =L 18 (—N [ 1€8°0— =DV 0} P3Y Sem & Jo dNJeA .

vzl 0081-86C SIE0— 088°0— 866'0 60T°LST SITEsy 8Ipy'gE— 3)ts*qs
¥zl 0081-86C LTS0— 808°0— 909'1 008°901 08¢°90% 878'8C (8)%stqs
izd| 0081-862 8€5°0— Wwe0— 6£9°1 SILTIET VT Tey TLE6— (3)"s%qs
¥zl 0081867 ¥8v0— 169°0— L8Y'] 688'901 11860 099°611— (3)ts%qs
¥zl 0007 -867 L8SE 900 — €EL'TL YL61E 60L 61T 0LL'S8I— (3)sas
[8°+9] 9Z5°0 Y6701 8LTLOT 0781 6L~
€z £78-86T Ws09 6£8°101 $00°Z81 910°$07— (5)t8%qs
[y} 0002867 $T60— IST'1 £00°95 090°06C 026'0C (8)s7eD
[c2] £6£1-867 6LT LY 00506 95TTPI S0E91S ~ (s)*s7en
[c2] €121-86T 659'8L 9LTELI 80¥°65C 0SL°$86— (s)*s’en
[c2] 88C1-86T 069°S1 8¢E 1 6EL°LS 00T°60T— (s)seO
{£7] £€T1-86T 069°S1 ¥96'99 91t°001 €ILTST— (s)s%eD
[ss‘€T] $86-86T © £96'C1 0sEv¥ 90L'1L LhLTY— (s)9seO
[ez] 00T1-862 hTT— YLt 81£°081 (4811372 Y786 3)%s
[e7] 0021 -86C 8€0°T— 8vb'T TTIsst L69'LOY 174300 @)‘s
[e2] 00Z1-867 81— 205°0 T€T°CET 001'45€ 6TL°66 @)°s
[e7] 0002862 LLS'T— 6501 $€6'901 665°80¢ 66€°601 @)°s
[¢7) 0007862 081'1— 9.T°¢ 188°6L 665°01¢ 66LSP1 @)*s
[ez] 0007 -86C 690~ 1SEy I8L°€S 00$'692 798°8¢1 @)*s
[ez] 0007862 €67°0— T8¢ 790°s€ 991°87¢ 665'8C1 @)%
[e7] 0007867 £vel 6500 601V — YETHT 678°L91 9L6'9LT @)s
[¢T] L1L-86T 9¢9°9] — E0°Sh 6S'EE ¥zL0 s
[€Z] 0002 —86C 602°0— €100 ¥60°€8 601°0S€ 775790 (8)*qs
[e2] 000286 001°0— SOp'LE y16'PST LOT1€T 8)%as
0007106 PET'O wWo'l 90961
[ez] 06867 980T £92°081 916°697 (3)9s
[ez] 8681-867 08€'1€ 969°79 8TS°LI (Das
[ez] 000€ —86C 1S7°0 18€°1— 998°$T 626°891 L85°0LT @)en
8LYT—00L 89597
[eT] 00L—86C 01€0 £67T $REHT $TT 65 £LSS (Deo
a o) g 14
-low ¥ [ —low 3
s}y M/?8ues du | 2L To-01 + o L[D601 + Igc 01 + ¥ = (;_1ow _Y [)/*D /(A 860)5S /(A 8627) JHV aouelsqng

$30UB)SQNS [ENPIAIPUT JOJ BIED OIWEUAPOULISY] SY) JO SIN[EA PI)da[as

£ Slqel



194 J. Sestak et al.{Thermochimica Acta 245 (1994) 189-206

3.2.2. Thermodynamic data on solid phases

Solid phases are collectively surveyed in Table 3, but the existence of Ga,S and
Ga,S; phases is still doubtful [37,64] despite their data having been presented in the
standard tables [23,24,63,85].

3.2.3. Liquid phase thermodynamic data
There is only article [60] reporting the activity of sulphur in dilute solution from
both e.m.f. and direct solid-liquid equilibrium measurements, see Table 4.

3.2.4. Thermodynamic data on gaseous substances
Recent experimental data on Ga,S gas can be found in Ref. [64] and also in
standard tables [23,24,63].

3.3. The Sb-S system

3.3.1. Phase equilibrium data and phase diagrams
Data on phase equilibria were published in the original articles [65—68] and the
phase diagram is presented in the handbook [69].

3.3.2. Thermodynamic data on solid phases
The Sb, S, solid phase was recently treated in Ref. [70] and is described in tables
and reviews [17,23,24,63]; see the compilation in Table 3.

3.3.3. Liguid phase thermodynamic data

Activity data were estimated by vapour pressure measurements [71], from
gas-liquid equilibrium measurements in dilute solutions [17-24] and also from the
heat of mixing through calorimetric measurements [68]. Limiting activity co-
efficients are shown in Table 5.

3.3.4. Thermodynamic data of gaseous substances

Gaseous substances SbS, Sb,S;, Sb,S,, Sb;S,, Sb,S; and also Sb,S,, Sb;S,,
Sb,S,, SbsS; have been described in Ref. [75] and relevant tables and reviews
[24,63].

Table 4
Temperature dependence of limiting activity coefficient of sulphur in Ga-S melt (AG for reaction

0.58,(2) = [Sla (at.%))

Ref.  AG/(J per g at. S) = RT In(7$g,)/100) In y§ga Method
(at T=985 K)
[60] —218810+126.31T —6.92 From EMF measurements
[60] —257776 + 78.70T —17.40 From equilibrium measurements
[60] —241160 + 51.9T —18.6 Estimation from AH{ of Ga,S(s)

[92] —375800 + 63.8T —-33.6 Estimation from AH{ of Ga,S(s)




J. Sestak et al.|Thermochimica Acta 245 (1994) 189-206 195

Table 5
Temperature dependence of limiting activity coefficient of sulphur in Sb—S melt (AG for reaction
0.58,(g) =[Slsy(at.%))

Ref. AG/(J per g at. S) = RT In(y3s1)/100) In y§sp) Method

(at T=985K)
[73,92] —69900 + 17.2T —1.86 From equilibrium measurements
[74] —79981 + 7.60T —4.25 From equilibrium measurements
[60} —99110 + 12.7T —597 Estimation from AHF of Sb,S,(s)
[92] —86550 + 11.8T —4.54 Estimation from AHZ of Sb,S,(s)
Table 6
Selected values of thermodynamic data for dilute solution of sulphur in Ga—Sb melt
AGE(Ga—Sb) = xg,xs,( — 3887 — 5.835 x T) in J mol ™! [55]
RT In y§Gay = —235000 + 116.37 in J per g at. S Selected
RT In y§spy = —79981 +7.6T in J per g at. S [74]

Selected data for dilute solutions of sulphur in the Ga—Sb melt are shown in
Table 6.

A collective diagram of the binary edges in the Ga—Sb-S system {35,36,69,88,89]
is shown in Fig. 1.
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Fig. 1. S—Ga, S-Sb and Ga-Sb binary phase diagrams.
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4. Construction of chemical potential diagrams

Methods for calculating thermodynamic equilibria can be classified according to
the use of either (i) independent reactions and their equilibrium constants as
stoichiometric, or (ii) linear equations in terms of the chemical potentials as
nonstoichiometric [80,81].

Recent developments in evaluating complicated chemical equilibria and also
phase diagrams [82] have revealed that the nonstoichiometric approach bears a
certain advantage in solving equilibrium problems [83]. However, the chemical
potential diagram was initially constructed using the stoichiometric method because
of the manually draw diagrams, while for the advanced automatic constructions the
combined nonstoichiometric and convex-polygon method was found to be more
appropriate. A recently written computer program [84] enables one to treat all
elements in an equivalent manner and makes it possible to construct various types
of chemical potential diagram in metal-metal-nonmetal systems. For oxides [16] it
has been shown that a log(a, /a,) versus log P(O,) plot is very useful and the use
of log(a,/a,) makes it possible to treat the two metallic elements (1 and 2)
equivalently. Such a diagram consists of the stability areas of elements, binary
oxides and double oxides; similarly, this is applicable to sulphides, but has not yet
been used. Since the local equilibria concerning the particular compound can be
represented as a polygon and its neighbours, whole areas of stability can be viewed
globally.

The thermodynamic properties employed in this treatment of the S-Ga-Sb
system are listed in Table 3 (as originally compiled from the thermodynamic
database MALT2 [85] which is mainly based on the NBS tables [86] and other
related databooks [17,87]). The computer program CHD [84] employed can provide
any choice of the axis variables. For the present study the log{a(Ga)/a(Sb)] versus
log[P(S,)/bar] plot was selected because the sulphur particle pressure is one of the
major controlling factors in crystal growth experimentation.

In these plots (see Fig. 2) the stability polygon of GaSb has a certain range of the
sulphur potential which corresponds to different states of the S-doped GaSb.
Although these diagrams are constructed by using only the thermodynamic data of
compounds, stability regions of the respective compounds bear certain information
about the third component within the approximation of an infinitely dilute solution.
This means that each point of the polygon of GaSb indicates implicitly its dopant
level of sulphur. When the thermodynamic effect of doping is to be explicitly
considered, the GaSb polygon is slightly modified so that the three-phase GaSb—
Ga,S—Sb junction moves to the higher sulphur potential region. In other words, the
high sulphur potential side corner of the GaSb polygon will be extended in the
direction of Ga,S. In Fig. 2 the stability polygons of GaSb and Ga,S are separated
by several orders of the sulphur potential. Because the effect of extension of the
stability polygon by the explicit treatment of the solid solution is of the order of
log(0.1) or less, it is expected that the solubility limit of sulphur is small and
therefore highly S-doped GaSb will decompose into Ga,S and Sb at high sulphur
potential regions.
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Even when the solid and/or liquid solutions are formed they are treated as
stoichiometric. This can be illustrated on a schematic plot of T versus logla(Sb)/
a(Ga)] (Fig. 3) and its comparison with the normal phase diagram for the Ga—Sb
system (cf. Fig. 1). For example, at 800 K there are liquid Ga and solid GaSb and
Sb. The phase diagram tells us that Ga(1) contains several percent of Sb. However,
this effect does not appear explicitly in the chemical potential diagram, which is
understandable in view of the standard plot of the Gibbs energy against composi-
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Fig. 2. (a)-(b).
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Fig. 2. Series of computer print outs of the chemical potential diagrams in the S—Sb-Ga system for
temperatures from (a) 512°C, (b) 612°C, (c) 712°C to (d) 812°C using data listed in Table 3 (for Sb,S,
the first line with AHZ = —205.02 kJ mol~! [24]).

tion, where chemical potential change between the non-solubility and several
percent solubility of Sb is evidently insignificant. Above the eutectic temperature of
862 K, the Sb-rich liquid appears between GaSb(s) and Sb(s) the composition
width of which increases rapidly with temperature while that of the chemical
potential diagram is rather narrow.
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Fig. 3. Schematic plot of the Ga—Sb chemical potentials as a function of (a) temperature and (b) strictly
respecting the stoichiometric assumption.

Figure 3(b) illustrates the phase relations obtained under the stoichiometric
assumption which, strictly speaking, is not appropriate here as it does not repro-
duce satisfactorily the phase relations associated with eutectics. As a first order
approximation, however, the diagram reproduces well the main feature of a proper
diagram as the difference between the two figures is of the order of log[a(Sb)/
a(Ga)] <0.5. The stability field of GaSb(l) gives rise to physically unreliable
boundaries between GaSb and both Sb and Ga components. However, the stability
region of GaSb(l) indicates well where the 1:1 composition of a liquid is located in
the diagram. As an illustration, estimated forms of the corresponding chemical
potential diagrams at 612 and 712°C are given in Fig. 4(a) and 4(b) which show an
essential change of the solubility (dashed) areas. This strongly indicates the merit of
using chemical potential diagrams even when data are not available for solution
phases.

5. Evaluation of equilibrium composition of coexisting phases

The chemical equilibrium in the S—Ga-Sb(-H) system was calculated using a
general method based on minimization of the total Gibbs energy of the system for
a set of points satisfying the material balance conditions [12,18]. The calculation
program makes use of a modification of the RAND method [18] accounting for
twenty cight chemical species. The sources of thermodynamic data are shown in
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Fig. 4. Chemical potential diagrams in the S—-Sb-Ga system including probable solubility regions
(hatched) and showing the effect of two-fold [24,87] input data on Sb,S, (both values in Table 3)
(broken lines) for temperatures (a) 712°C and (b) 812°C (cf. Fig. 2(b) and 2(c)).

Table 3. The model of a regular solution with a temperature dependent interaction
parameter Qg, /] = —3887 —5.883 x T/K [55] was used. Ideal behaviour of
sulphur in the melt was supposed according to Henry’s law. The limiting activity
coefficient of sulphur depending on the composition of the melt was estimated on
the basis of a regular solution model following the equation

RT In V$(Ga-sb) = XgaRT In y§iga) + Xsp RT In ygisp) — Qga_spXGaXsb (H
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where xg, and xg, are the mole fractions of components Ga and Sb, respectively;
Y&Gays Yisb)» ¥ &Ga_sp) are the limiting activity coefficients of sulphur in Ga(1), Sb(1)
or GaSb(1), respectively; T is the temperature; and R is the gas constant.

The Ga-Sb-S solid solution was presumed to be pseudobinary solution of
components GaSb and S. The value of the limiting activity coefficient of sulphur in
this solution was estimated by the Kroger equation [90]

AG(S) o
In YSts) = In Ysen T _—R‘T— —Ink S(GaSb) 2)

where AGT(S) is the molar Gibbs energy of sulphur fusion and kg, is the
equilibrium distribution coefficient of sulphur in GaSb, which can be deduced
from the condition of a thermodynamic equilibrium between solid and liquid
phases. The value y&;,, corresponds to the stoichiometric composition of the melt
(xGa = X5, = 0.5). For the case of the melting of pure sulphur the temperature
dependence of AGE (S) was calculated by the standard equation

Gy — GSy = —1015.47 +44.544 x T —7.033x TIn T (3)

In order to calculate the activity coefficient of sulphur in the solid phase the
distribution coefficient of sulphur (kgGasy, = 0.06) was utilized.

Previously, such calculations of the GaSb equilibrium were conveniently carried
out at a temperature of 985 K and atmospheric pressure. The starting substances
used were Ga(l) (n°=0.4995 mol), Sb(l) (»°=0.5005 mol), S() (n°=10"* to
5 x 10~2 mol) (and H,(g), n® = 1.5 mol). These values corresponded to the usual
experimental conditions employed for the growth of S-doped GaSb single crystals.
The most important results of the calculation are as follows:

(i) In the case of all initial amounts used for sulphur in the system in question,
there exist four phases in the equilibrium: gas phase, melt, GaSb-S solid solution
and solid Ga,S. According to the Gibbs phase rule, this system does not have any
degree of freedom and therefore the composition of multi-component phases is not
dependent on the starting amount of sulphur. The starting amount of sulphur,
however, has affected the equilibrium amount of the individual phases and the
distribution of sulphur among them. There are substantial differences in stoichiome-
try for GaSb equilibrium liquid caused by formation of Ga,S solid.

(ii) For determining the sensitivity of the calculated results on the used thermo-
dynamic data used, the equilibrium calculations were carried out using both the
highest and the lowest values of the limiting activity coeflicient of sulphur in the
S—Ga and S-Sb systems, collectively shown in Tables 4 and 5. In addition,
equilibrium distribution coefficients in GaSb, kg.sn, = 0.1 and 0.01, were applied
[9,11]. From the comparison and the indefiniteness of initial thermodynamic data it
follows that the calculated results concur but are a rough estimate only.

(iii) The thermodynamical calculation is in good agreement with our previous
experiments when growing the S-doped GaSb single crystals [9]. The maximum
attainable concentration of sulphur in the single crystalline bowl was about 10'7
atoms per cm®, After exceeding this value, the crystals became either polycrystalline
or twinned. For this reason it seems that the second Ga,S phase started to separate
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spontaneously from the melt, which resulted in impaired single crystalline growth.
The so-called constitutional supercooling was not mentioned because it was not
likely to occur under our growth conditions and consequent calculations. We can
see that the thermodynamically calculated values of sulphur concentration in the
GaSb solid (10'® to 10'7 atoms per cm®) correspond satisfactorily with the experi-
mental measurements [9,11]. '

(iv) For the (Te,S) doubly doped GaSb we have already analysed [91] the
quaternary system S—Ga—Sb-Te in six binary subsystems Ga—-Sb, Ga—Te, S-Ga,
Sb-Te, S—Sb and Te-S. It seems that the most important subsystems are Sb—Te,
Te-S and the above-mentioned S—Sb. In the case of the S—Sb subsystem and
within the region of used concentrations of the elements it became evident that
sulphur exists below its melting temperature in the form of Sb,S;, i.e. sulphur can
only be bound with great difficulty in the GaSb structure without creating any
second phase. However, tellurium can form two solid solutions with antimony from
a concentration of about 3 at.% Te. The Te—S pseudobinary cut shows the
boundary line of solid solutions as a sulphur concentration of about 15 at.%. For
this reason, if the concentration of sulphur exceeded this value, Te—S solid solution
appeared and no Te nor free S atoms existed to form a second phase. It is necessary
to add that, if the concentration of tellurium increased above the value of 12 at.%
without exceeding that of sulphur, the calculated concentrations of dopants were
identical to those based upon measurements. However, when the concentration of
sulphur exceeded 12 at.% the calculated and measured concentrations exhibited
different values independent of the tellurium concentration.

6. Discussion and conclusion

On the basis of above treatments involving chemical potential diagrams we can
proceed to estimate the S—Ga-Sb ternary system, see Fig. 5. Because there is no
experimental information available we had to make certain estimates on the phase
relations including the liquid solutions. The phase relations between the solid
compounds were based on the thermodynamic calculations which had been applied
in constructing the chemical potential diagrams (see Fig. 2) and then compared
with the proposed chemical potential diagrams at 885 and 985 K (see Fig. 4),
actually accounting for solubility regions. Since the composition of the liquid phase
changes with temperature, the appearance of the phase diagram changes dramati-
cally, while the same features appear without large differences from those obtained
under the stoichiometric assumptions. We just have to remember that the order of
the differences between the two treatments is about 0.5 which is quite a small value
compared with the scale of the chemical potential diagram of a ternary system even
when the data on solution phases are lacking.

The above tabulated values of heats and entropies of formation of GaSb(s) (298
K) were derived from the temperature dependence of AG7 for the reaction
Ga(l) + Sb(l) = GaSb(s) published [55] in the form AGZ /RT =5.37 —7950/T +
0.1 In 7. The GaSb(s) temperature dependence of C, as found in tables [23] and
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a85 K
(b)

SbySa- based liquid

Ga Sb

liquid

Fig. 5. Hypothetical S—-Sb—Ga ternary phase diagrams proposed on the basis of chemical potential
diagrams (cf. Figs. 4(a) and 4(b)) for temperatures (a) 712°C and (b) 812°C.

the constant B in the standard equation C, = A4 + BT was fitted in such a way
that AC, = —0.831 J K~ at the GaSb melting point (985 K). This modification
produces a decrement of a mere 0.8% at 298 K.

Data for gallium sulphides were transferred from tables [23] but were originally
published in Ref. [63]. The existence of Ga,S and Ga,S; is still in doubt, the latter
being thought either to decompose at 832°C or to reach a distectic point at 960°C.
The origin of Sb,S; data is again Ref. [23] having been transferred from Ref. [64].
The tables [24] and database [84,85] contain data from Ref. [87] where the value
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given for formation enthalpy is quite different, i.e. —141.796 kJ mol~! as against
—205.016 kJ mol~' [23,63]. Because the Sb,S; melting temperature of 823 K is the
same in both tables, and our treatment is applied above this temperature range of
885-985 K, the above mentioned AH difference becomes unimportant (see Fig. 4)
which illustrates that this discrepancy does not affect the thermodynamic features of
GaSb and related phases. The data for gaseous sulphides were compiled from Ref.
[24] having been transferred from Ref. [87].

For the description of nonideal behaviour of the Ga—Sb melts the model of a
simple solution containing only two adjustable parameters was applied. According
to Ref. [55] the model is capable of reproducing the published experimental data
with an accuracy comparable with the other multiparameter equations [51-54],
particularly when applied within the 0.4 < xg, < 0.6 concentration region.

The experimentally established values of the limiting activity coefficients of
sulphur in the binary systems S—Ga and S-Sb exhibit a rather high dispersity,
similarly to the values estimated on the basis of empirical correlations. The
presented relations represent only rough estimates, the refinement of which is a
matter of further experimental and theoretical studies.

Both approaches presented above, either the construction of chemical potential
diagrams [16] or the direct calculation of the equilibrium composition of coexisting
phases by Gibbs energy minimization [18], were found to be valuable for better
understanding of phase stabilities in the S—-Ga-Sb system.
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