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A critical assessment of thermodynamic and phase diagram data for the Ga~As and In-As systems has been performed by first
carrying out a complex chemical equilibrium analysis of the conditions of measurements, then performing a critical analysis of all the
experimental methods employed, and finally, after eliminating those results which seem erroneous or which show systematic deviation,
and reevaluating the experimental accuracies, by optimizing the retained data together. The best self-consistent values obtained are the
following: A H2(GaAs, s, 298 K) = —19.54 +0.30 kcal mol ~!, $5,,(GaAs, 5) =16.05+0.80 cal K~ mol ™!, L (GaAs,s >1)=27.0+
0.80 kcal mol ™! at 7; =1513.5+ 3 K, AHZ(InAs, s, 298 K) = — 14.29 +0.50 kcal mol ™!, $5,5(InAs, s)=17.84+0.80 cal K™ ! mol !,
L;(InAs, s 1) =19.04 + 1.00 kcal mol ™! at 7; =1212+ 3 K. The Gibbs energies of formation for the compounds are represented by
the equations: AGP(GaAs, s) = — 19537+ 1.8497 cal mol ™!, AG2(InAs, s) = — 14291+ 2.257T cal mol ~ . Optimized partial pressures

of In, Ga, As,, As,, InAs and GaAs molecules and phase diagrams have been obtained.

1. Introduction

A precise knowledge of the thermodynamic
properties and phase diagrams of III-V com-
pounds is very important for the monitoring of
single crystal growth, the control of liquid phase
epitaxy reactors and the calculation of chemical
vapor deposition processes. A theoretical evalua-
tion of the chemical processes may be performed
when the thermodynamic properties of the main
components are available. Moreover, a part from
this direct application to the manufacturing pro-
cess, if all thermodynamic properties are available,
the calculation of impurity concentrations is possi-
ble, and substrate degradation may also be avoided
by the choice of suitable atmospheric compositions
in the epitaxy furnaces. In addition, the vaporiza-
tion processes of III-V compounds can be well
described and the experimenter may thus calculate
flows of gaseous molecules in molecular beam
epitaxy as well as the flow conditions leading to
deposits on the targets.

The aim of this contribution is to establish by

means of an optimization technique the most con-
sistent set of thermodynamic and phase diagram
data resulting from selected experimental values
which are obtained from thermodynamic and
methodological analysis of the experiments. The
general method of analysis of the experimental
observations has been used previously for the In-P
and Ga-P systems [1] and will be applied here to
the In—As and Ga-As systems. The first step is an
analysis of the partial pressures of arsenic species
in the gaseous phase, since there is disagreement
concerning the composition of arsenic vapor.

2. Thermodynamics of the vaporization of arsenic

When As or its compounds vaporize, the main
gaseous species are As, and As,. The total pres-
sure of the gaseous phase in equilibrium with pure
solid As is accurately known, as shown by compar-
ing the values from different compilations [2-4];
however the tabulated composition of the gaseous
phase shows large discrepancies. Indeed, the dis-
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Table 1
Selected values for pure As

Species  AHP(298 K) Ssog H3pe— HS C,=a+bT+cT? +dT~?* (cal/mol)
(kcal /mol) (cal/K - mol) (cal /mol) b B 4

As,(g) 45,58 (+0.200) 57.546 2252 8.772 27511074 -1.21x1077 —4.241 x10*
[4) [3] 13

As,(g) 36.725 (£ 0.400) 78.232 4192 19.696 2.834x1074 —1.252x1077 —1.68x10°
(41 {31 i3]

As(s) 0 8.53 1223 5.55 1.298x1073 0 —-5.55x10°3
{4]

As(l) Our selected 6.95 0 0 0
value

N.B.: L(As) = 5842 cal (Kaufman et al. [10]) and T; =1090 K (Rau {9]).

sociation energy of As, into As, varies from 82.5
to 599 kcal/mol [3]. Recently Pottie and co-
workers [5,6] and Drowart et al. [7] redetermined
mass spectrometrically this energy and both found
a value close to 54.4 kcal /mol, while Vigdorovich
et al. [8] report a value of 52.7 kcal /mol obtained
from vapor density measurements. Drowart et al.’s
value 1s selected in this analysis (see table 1) and
allows the recalculation of the composition of the
vapor phase in equilibrium with the III-V com-
pounds from the total vapor pressure measure-
ments.

The partial pressure values needed up to the
melting temperatures of the compounds (GaAs
and InAs), and simultaneously above pure arsenic,
were derived from Rau’s total vapor pressure mea-

Table 2

Uncertainty in the partial Gibbs energy of mixing of As using
for the total pressure experimental accuracies 4 P/P = +10%,
and an uncertainty of +2000 cal for the dissociation energy of
As, = 2As,; application to the InAs compound

T 3P(Asy)/ SP°(Asy)/ 3(4G,,)

(K) P(As;) P°(Asy) (cal)
over In + InAs over pure As

1100 0.188 0.25 —156
0252 0.25 +5

1200 0.206 ® 0.24 -93
02352 0.24 -19

® These values are extreme values as deduced from published
total pressures of the gaseous phase in equilibrium with
In+InAs.

surements {9]. The value estimated by Kaufman et
al. [10] for the enthalpy of fusion of arsenic has
also been used. It is compatible with the value
derived from Rau’s measurements. The heat
capacity of liquid As was taken as constant, the
recalculated vapor pressure differing by a maxi-
mum of 6% from Rau’s determinations. The ther-
modynamic data are listed in table 1.

In the optimization procedure for phase dia-
gram and thermodynamic data, Gibbs energies of
mixing or activity data are used. Hence it is im-
portant to evaluate the influence of the uncertainty
associated with the equilibrium dissociation (As,
= 2As,) constant K on the final Gibbs energy of
mixing. At any temperature, the partial pressure of
gaseous As, in equilibrium with As, above the
compound or the pure arsenic is:

- K+ \K?+4KP,

5 , (1)

P(As,) =

where P. is the total measured pressure. The un-
certainty associated with K and Py is:

2KdK+4P.dK+ 4Kd P
dP(as,) = - 3K, L L

2 4/K* + 4KP;

)

As an example, in table 2 the uncertainty in the
partial Gibbs energy of As in the two-phase In +
InAs region is given at 1100 and 1200 K, assuming
an uncertainty of +10% when measuring P, and
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+ 2000 cal for the standard enthalpy of dissocia-
tion. This shows that the influence of the uncer-
tainty associated with the enthalpy dissociation is
negligible when optimizing phase diagram and
thermodynamic data. This uncertainty becomes
more important when recalculating the absolute
partial pressures of the As, and As, species above

the Ga—As and In-As systems.

3. Thermodyanic and phase diagram data

3.1. Vapor pressure and activity determinations

Partial pressures of As, and /or As, and tenta-
tively Ga or In have been measured by Knudsen-

423

cell mass spectrometry [6,11-17,30,31]. To analyse
the parasitic reevaporations, some authors used
cryogenic panels [13,15,16], shutter profiles [5,6] or
modulated beams with phase detection [15,16].
Total arsenic pressure measurements have been
performed by static methods such as dew point
techniques [18-20), also coupled with continuous
weighing [21,32], Bourdon gauges [8,22] and dy-
namic methods such as transport by H, flow
[24,25,33] or equilibrium with H, + AsH, flows
[26]. At low temperatures electro-chemical meth-
ods (EMF) were used to determine the activities of
Ga or In in the two-phase region GaAs—As or
InAs—As [27-29,34]. Tables 3 and 4 present the
experimental information for the Ga-As and
In—As systems respectively.

Table 3
Published vapor pressure or activity measurements in the Ga-As systems
System Cell or crucible Method of measurement Temperature range Reference
material (K)
GaAs ¥ Graphite Knudsen-cell mass spectrometry 1030-1136 Drowart and Goldfinger [11]
GaAs Graphite Knudsen-cell mass spectrometry 1065-1165 Gutbier [12]
GaAs Quartz Knudsen-cell mass spectrometry 890-1190 Arthur [13]
GaAs Graphite Knudsen-cell mass spectrometry 1106-1197 De Maria et al. [14]
GaAs ? Knudsen-cell mass spectrometry 1030-1180 Foxon et al. [15]
and modulated molecular beam
GaAs ? Knudsen-cell mass spectrometry - Foxon et al. [16]
and modulated molecular beam
GaAs Graphite Knudsen-cell mass spectrometry 1035-1239 Pupp et al. [6]
with shutter profile
GaAs ? Knudsen-cell mass spectrometry 1000-1300 Rubinshteiin et al. {17]
GaAs Quartz and Dew point 1054-1508 Van den Boomgaard and
graphite Schol [18]
GaAs Quartz Vapor density and microscopic Melting temperature Folberth [19]
observation
Ga-GaAs  Quartz Dew point 1324-1469 Lyons and Silvestri [20]
Ga-As Quartz Dew point and continuous weighing 1448-1511 Rakov et al. [21]
Ga-GaAs Quartz Bourdon gauge 1316-1531 Richman [22]
Ga-GaAs  Quartz Bourdon gauge 1253-1353 Vigdorovich et al. [8]
Ga~-GaAs  Quartz+graphite  Transport of As, and As,ina H, 973-1273 Khukhryanskii et al.
+ molybdenum flow [24,25]
Ga-GaAs  Quartz Equilibrium with a H, + AsH, flow 1255-1435 Panish [26]
GaAs-As - Electromotive force (EMF) 637-741 Abbasov et al. [27]
measurements
GaAs-As - Electromotive force (EMF) 638-741 Krestovnikov et al. [28]
measurements
GaAs-As - Electromotive force (EMF) 683-743 Sirota [29]
measurements

® When measuring the vaporisation of the compound GaAs at high temperature, a nom:congruent evaporation occurs and the
pressure measurements are effectively performed over the Ga(l)+ GaAs(s) system.
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Table 4

Published experimental vapor pressure or activity measurements in the In-As system

System Container Method of measurement Temperature range Reference
material (K)

InAs @ Graphite Knudsen-cell mass spectrometry 1020-1060 Gutbier [30]

InAs Graphite Knudsen-cell mass spectrometry =1050 Gutbier [12]

InAs Graphite Knudsen-cell mass spectrometry 911-1159 Goldfinger and Jeunehomme (31]

In-InAs  Graphite Knudsen-cell mass spectrometry with a 918-1084 Pupp et al. [6]

shutter profile

InAs Quartzand  Dew Point 1004-1215 Van den Boomgaard and
graphite Schol {18}

In-As Quartz Dew point and continuous weighing 1149-1220 Karataev et al. [32]

InAs Quartz Vapor density and microscopic observation  Melting temperature  Folberth {19]

InAs Quartz + Transport of As, and As, in e H, flow 973-1100 Khukhryanskii et al. [25]
graphite

In-As Quartz + Transport of As, and As, in a H, flow 1058-1133 Khukhryanskii and
graphite Panteleev [33]

InAs—-As - Electromotive force (EMF) measurements 513-783 Abbasov et al. {34]

InAs-As - Electromotive force (EMF) measurements 633-784 Krestovnikov et al. [28]

2 The vaporization of the InAs compound being incongruent, the measurements performed on the InAs compound relate in fact to
two-phase In+ InAs mixtures.

logP(As ) Atm

2l

-10+

-12F

T T T

System: GaAs

In order to compare all the published results,
excluding those obtained at low pressure by mass
spectrometry or by EMF, the partial pressures of
As, and As, have been recalculated using the
basic data established previously, in section 2, for
As. This also allows total pressures derived from
dew-point determinations [18-21,32] to be re-
calculated. These corrected experimental results
are compared with each other in figs. 1 and 2. The
measurements relative to Ga—As are only slightly
scattered, whereas those fewer concerning In—As,
show large discrepancies.

3.2. Calorimetric and heat content determinations

Enthalpies of reaction, as well as enthalpy and
entropy values for the GaAs and InAs com-

Fig. 1. Logarithm of the As, vapor pressure in equilibrium with
the two-phase mixtures liquid phase+ GaAs compound: (1)
Foxon et al. [15]; (2) Arthur [13]; (3) Pupp et al. [6]; (4)
Drowart and Goldfinger [{11); (5) Khukhryanskii et al. {24,25];
(6) De Maria et al. [14]; (7) Panish {26); (8) Lyons and Silvestri
[20}; (9) Rakov et al. [21]; (10) Richman [22]; (11) Van den
Boomgaard and Schol [18]. The Ga and GaAs pressures are
also presented. The Ga pressure corresponds to the Ga-rich
side of the two-phase mixtures.



Table 5

Published experimental calorimetric and enthalpy data for the GaAs compound
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Thermodynamic data

Value

Experimental technique

Reference

Enthalpy of formation
(kcal mol ™)

Entropy
(cal K™ " mol ™)

Heat capacity
(cal K™ ' mol ™)

AHP(523 K) = —19.69+0.32
AHP(298 K) ~ —20.96 + 1

$%5=15.3440.1

C,=10.80+14.6X107*T
(298-1250 K)
C,=10.70+2.32x10°T
(310-980 K)
C,=11.33+16.63x107*T
(421-1513 K)

Calorimetric precipitation
O, calorimetric bomb

Thermometry
Thermometry

Drop calorimetry
Differential Scanning Calorimetry

Drop calorimetry

Martosudirjo and Pratt [35]
Sirota [29]

Piesbergen [36]
Holste {37]

Cox and Pool [38]
Dash et al. [39)

Lichter and Sommelet {40)

Enthalpy of fusion Li=2145 Differential Thermal Analysis Richman and Hockings [41]
(kcal mol ™) (T; =1518 + 5 K)
L;=2518+0.60 Drop calorimetry Lichter and Sommelet [40]
(T; =1513+ 1K)
Table 6

Published experimental calorimetric and enthalpy data for the InAs compound

Thermodynamic data

Value

Experimental technique

Reference

Enthalpy of formation
(kcal mol ™)

Entropy
(cal K" mol ™)

Heat capacity
(cal K™ ! mol ™)

Enthalpy of fusion
(kcal mol ™)

AHP(298 K) = —14.840.12 (s.d.)
AHP(298 K)= —13.840.8

555 =18.140.10

C,=106+2x107°T
(298-1200 K)
C,=11.822+2.026X107°T
(298-1200 K)

L;=18+6

(T, =1215+3K)
L, =17.5840.40
(T, =1210+ 1K)

Dissolution calorimetry
Calorimetric bomb

Thermometry
Thermometry

Drop calorimetry

Drop calorimetry

Differential Thermal Analysis

Drop calorimetry

Schottky and Bever [42]
Sharifov et al. [43]

Piesbergen [36]
Holste [37]

Cox and Pool [38]

Lichter and Sommelet [40}

Richman and Hockings [41]

Lichter and Sommelet [40]

Table 7
Experimental techniques used to determine the Ga—As phase diagram
Concentration range  Temperature range  Cell or crucible Experimental technique Reference
(mole fraction As) (K) material
0-1 300-1511 Quartz Differential Thermal Analysis Goldsmith in Koster
and Thoma [44]
0-0.07 685-905 - - Hsieh [23]
0-0.1 723-1300 Quartz+H, flow  Heterogeneous equilibrium and Hall [45]
single-crystal weight loss
0.5 1518+5 Quartz Differential Thermal Analysis Richman and
Hockings [41]
0-04 973-1473 Quartz Filtration technique Rubenstein [46]
0.3-0.6 1448-1511 Quartz Dew point with continuous weighing Rakov et al. [21]
0-0.03 1013-1121 Quartz + graphite  Heterogeneous equilibrium in a Liquid  Sol et al. [47]
+H, flow Phase Epitaxy (LPE) reactor and
weight loss of a single crystal
0-0.22 1253-1353 Quartz Bourdon gauge and vapor density Vigdorovich et al. (8]
0-0.003 879-915 Quartz + graphite  Heterogeneous equilibrium in a LPE Perea and
+H, flow reactor and weight loss of a single Fonstad [48]
crystal .
0.0056-0.058 965-1173 Quartz+H, flow  Visual observation of crystals Dutartre [59]
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Fig. 2. Logarithm of the As, vapor pressure in equilibrium with
the two-phase mixtures liquid phase+ InAs compound: (1) Van
den Boomgaard and Schol [18]; (2) Karataev et al. [32]; (3)
Pupp et al. [6]; (4) Khukhryanskii et al. [25]; (5) Goldfinger and
Jeunehomme [31]. The dashed lines with arrows are corrections
applied to values from refs. [4] and [5] as explained in sections
4 and 5 of the text. The In and InAs pressures are also
presented. The In pressure corresponds to the In-rich side of
the two-phase mixtures.

T Ky—r————
1600} 1

1400r /' \\. 1

1200} N

-
(@}
163]
3%
%

1000

8004

Ga ' 05 As

XAS—)

T(K) T r ™ T T T ~r T
WZOOL JPURL o 1
o .“'++
e + 1090IK
L /./ -
000} 4 B
qu
8o0f{
600[‘ 1
F
428K
400¢ »
in 0.5 As
XAs"_)

Fig. 4. In-As phase diagram as experimentally determined:
() Hall [45); (O) Perea and Fonstad [48]; (@) Liu and Peretti
[49]; (+) Karataev et al. {32].

pounds, have been derived from calorimetric mea-
surements [29,35-46]. Tables 5 and 6 list the de-
rived heats of formation, entropy and heat content
values together with the experimental techniques
used. For the GaAs compound, three determina-
tions of the heat capacity show large discrepancies.
For the InAs compound the results of Cox and
Pool [38] and Lichter and Sommelet [40] are slightly
different when approaching the melting point.

3.3. Phase diagram determinations

The Ga-As and In-As phase diagrams are
characterized by the existence of the congruent
melting compounds (when melting under their own
pressure) GaAs and InAs, and virtually no mutual
solubility between the pure solid constituents. The
liquidus temperature has been determined up to
the melting point by various techniques, as listed
in tables 7 and 8. The results show general agree-

Fig. 3. Ga—As phase diagram as experimentally determined:
(X) Hall [45]; (®) Rubenstein [45]; (©) Koster and Thoma
[44]; (+) Vigdorovich et al. {8]; (a) Rakov et al. [21]; (a) Sol et
al. [47}; (O) Perea and Fonstad [48}; (@) Dutartre [59]; (D)
Hsieh [23].
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Table 8

Experimental techniques used to determine the In—-As phase diagram

Concentration  Temperature range  Cell or crucible Experimental technique Reference

range in x, (K) material

0-1 429-1215 Vycor+Ar atm. or  Differential Thermal Analysis and Liu and Peretti [49]
sealed quartz X-ray analysis

0-0.16 673-1024 Quartz+ H, flow Heterogeneous equilibrium and weight ~ Hall [45]

loss of a single crystal

0.35-0.74 1149-1220 Quartz Dew point and continuous weighing Karataev et al. [32]

0-0.08 849-929 Quartz + graphite Heterogeneous equilibrium in a LPE Perea and Fonstad [48]
+H, flow reactor and weight loss of a single

crystal

ment, except for the the Ga-As results deduced
from Koster and Thoma [44], as shown in figs. 3
and 4. Generally, the compositions close to pure
As have not been investigated.

4. Thermodynamic analysis of the data and of their
conditions of measurements

An analysis of the vapor pressure measure-
ments by means of the 2nd and 3rd laws of
thermodynamics leads to mean values of S5y, and
A HP 45 for the compounds InAs and GaAs. These
values are then used in a complex equilibrium
calculation in order to analyse the actual measure-
ments in relation to their environmental condi-
tions, i.e. to determine whether parasitic chemical
reactions or transport phenomena occur. These
different steps are described below.

4.1. Application of the 2nd and 3rd laws of thermo-
dynamics

The chemical equilibria studied in the Ga-As
and In—-As systems are the following:

As,(g) =2As,(g), (3)
Ga(l) + 3As, (g) = GaAs(s), (4)
Ga(l) + 1 As,(g) = GaAs(s), (5)
Ga(l) = Ga(g), (6)
Ga(ss) + As(s) = GaAs(s), 7
In(1) + 1As, (g) = InAs(s), 8)

In(1) + ;As,(g) = InAs(s), (9)
In(1) = InAs(s), (10)
In(ss) + As(s) = InAs(s), (11)

where (g) is used for gas, (1) for liquid, (s) for solid
and (ss) for solid solution.

Since the heteronuclear molecules whose ther-
modynamic properties have been determined un-
der different experimental conditions (GaAs [14]
and InAs [50]), also exist, the corresponding equi-
libria:

pure GaAs(s) = GaAs(g),
pure InAs(s) = InAs(g)

were calculated. As may be observed in figs. 1 and
2, these molecules do not modify the total pressure
measurements significantly, but their presence can
be detected by mass spectrometry when vaporizing
GaAs or InAs.

An analysis by means of the 2nd and 3rd laws
involves a knowledge of the thermal functions for
As, and As, as calculated previously (section 1).
Hultgren et al.’s data [3] were selected for In (s), (1)
or (g) and for Ga (s), (1) or (g). For the GaAs and
InAs compounds the thermal functions are estab-
lished from heat capacity measurements:

- GaAs: a good agreement between refs. [39,40]
and [36] is observed, but a difference remains
between the values of these authors and those of
Cox and Pool [38]. No explanation is apparent.
The discrepancies may be due to interaction be-
tween As and the Ta container, as indicated by the
appearance of a compound in the phase diagram,
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Table 9
2nd and 3rd law analysis of vapor pressure and EMF measurements in the Ga-As system

Reaction Temperature A Hy (2nd law) AHSs (kcal mol ™) AHP(298 K) (3rd law) Reference

range (K) (kcal mol™ 1) ond law  3rd law (kcal mol ™ ")
Ga(l)+ } As,(g) 1291-1435 —2498 (1362 K) —25.64 —43.53+1.12 —20.74 Panish [26]
= GaAs(s) 976-1269 —35.80 (1123 K) -3583 —4367+09 —2088% Khukhryanskii {24]
1135-1170 —44.22 (1096 K) —44.18 —43.13+0.29 -—-20.34 Foxon et al. [15]
1019-1238 —4414 (1134 K) —4420 —-4344+0.05 —20.65 Pupp et al. [6]
1324-1469 —77.61 (1401 K) 7838 —41.76+1.32 —1897% Lyons and Silvestri [20)
1031-1136 —3487 (1087 K) —34.81 —4331+052 —20.52 Drowart and Goldfinger [11]
888-1190 —46.20 (1049 K) —46.05 —43.84+022 -21.05 Arthur {13]
1358-1511 —-70.83(1459 K) —71.77 —41.41+1.02 —18.65% Richman [22}
1358-1511 —69.99 (1450 K) —61.90 —41.33+0.86 —18.54% Richman [22)
1412-1508 -73.03(1472K) —74.00 —41.10+0.85 —1831% Richman [22]
1435-1512 —110.53 (1487 K) —111.56 —40.09+1.55 —17.30% Rakov et al. [21]
1000-1300 —842 (1150K) -84z Rubinshteiin et al. {17]
1054-1458 —2431(1393 K) —25.65 —38.44+1.72 —15.65% Van den Boomgaard
and Schol {18]
1106-1197 —37.51 (1152 K) —38.85 —4420+0.28 —21.41 De Maria et al. [14]
Ga(l)+ As,(g) 1324-1469 —-64.47 (1401 K) —64.71 —28.15+1.31 -18.97% Lyons and Silvestri [20]
= GaAs(s) 1031-1136 —17.87 (1087 K) —-1743 -26.04+0.37 —16.86 Drowart and Goldfinger {11}
888-1190 —31.61 (1093 K) —31.17 —28.59+0.14 —19.41 Arthur [13]
1358-1511 —55.57 (1459 K) —5595 —27.83+0.97 —18.65% Richman {22]
1358-1511 —48.20 (1450 K) —48.55 —27.77+086 —18.59% Richman [22)]
1412-1508 —59.80 (1472 K) —6021 —27.54+0.84 —1836% Richman {22}
1435-1512 —9593 (1487 K) —96.37 —26.52+1.53 —17.34% Rakov et al. [21]
1000-1300 —88.5 (1150K) —88.1 Rubinshteiin et al. [17]
1054-1458 "—11.04 (1393 K) —12.37 —24.84+174 —15.66% Van den Boomgaard
and Schol [18]
1106-1197 —16.99 (1152 K) —18.33 —-26.50+0.31 -17.32 De Maria et al. [14]
As,(g) 1324-1469 52.54 (1401 K) 5469  54.46+0.28 Lyons and Silvestri [20]
=2 As,(g) 1031-1136 67.98 (1087 K) 69.51 69.08 + 0.94 Drowart and Goldfinger [11]
888-1190 56.74 (1093 K) 58.28  60.65+0.57 Arthur {13}
1358-1511 61.05 (1459 K) 63.32  54.44+0.76 Richman [22]
13581511 51.16 (1450 K) 5340 54.24+0.12 Richman {22}
1412-1508 59.80 (1472 K) 62.09  5421+0.12 Richman [22]
14351512 58.39 (1487 K) 60.69  54.29+0.22 Rakov et al. [21]
1106-1197 79.0 (1152 K) 80.65  70.76 +0.45 De Maria et al. [14]
1054--1458 53.08 (1393 K) 5523  54.36+0.14 Van den Boomgaard
and Schol [18]
54.4042.00 Our retained value (section 2)
Ga(l)= Ga(g) 1135-1170 63.07 (1141 K) 64.72 £ 0.02 Foxon et al. {15]
1019-1238 62.07 (1126 K) 64.18 +0.06 Pupp et al. [6]
888-1190 63.42 (1033 K) 65.35+0.12 Arthur {13]
Compilation value - - - 65.0+05 - Hultgren et al {3]
Ga(ss)+ As(s) 637- 741 —1991 (689 K) —1857 —1747+0.15 —17.47+0.15 Abbasov et al. [27]
= GaAs(s) 638— 741 —-21.31 (684K) —19.97 —-16.83+0.15 —16.83+0.15 Krestovnikov et al. {28]
683— 743 —2212 (713K) -20.78 Sirota [29]

® These high temperature measurements were not used to calculate the mean value of the standard enthalpy of formation for GaAs,
the activity of Ga being far from unity.
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Table 10
2nd and 3rd law analysis of the vapor pressure and EMF measurements in the In-As system

Reaction Temperature range A HS (2nd law) A H3y, (kcal mol ™) AHP(298 K) Reference

-1
(K) (kealmol ™) 304 3rd law
In()+ ) As,(g) 918-1083 —40.15 (1000 K) —40.63 —37.37+0.21 ~14.58 Pupp et al. [6]
= InAs(s) 1136-1215 —1212(1192 K) —13.11 —19.48+0.12 —10.31 Karataev et al. [32]
1004-1201 +1.76 (1156 K) +0.98 —31.74+210 -8.95 Van den Boomgaard and Schol [18]
942-1098 —~42.93 (1027 K) —43.48 —40.30+0.27 —17.51 Goldfinger and Jeunehomme [31]
In(h+ | As,(g) 1136-1215 —-12.79(1192 K) —12.24 —19.48+0.12 —10.30 Karataev et al. [32]
= InAs(s) 1004-1201 —13.39 (1156 K) —11.91 —1816+2.04 —8.98 Van den Boomgaard and Schol [18]
As,(g) =2 As,(g) 1136-1215 53.60 (1192 K) 5533  54.50+0.06 Karataev et al. [32]
1004-1201 48.85 (1156 K)  50.51  54.3240.61 Van den Boomgaard and Schol [18}
544420 - Selected value (see section 2)
In(ss)+ As(s) 513- 783 —12.82 (648K) —12.04 —13.72+0.37 —-13.72 Abbasov et al. [34]
= InAs(s) 633-- 784 —12.36 (707K) —11.58 —12.60+0.04 —12.60 Krestovnikov et al. [28]

and by analogy with the observation of Cox and
Pool [38] in the case of liquid InAs. The value of
Sseg» from Piesbergen [36], 15.34 + 0.1 cal mol ™'
K ™!, has been selected, as well as the mean value
for C, determined by Dash et al. [39] and by
Lichter and Sommelet [40]: C, = 5.507 + 9.974 x
10T cal mol~ " K.

— InAs: high temperature C, values [40,38] differ
by about 9% at 1200 K. Just as for GaAs, Cox and
Pool’s [38] values are lower than those of Lichter
and Sommelet [40], whose values were used to
calculate the InAs thermal functions.

The 2nd and 3rd law analyses for reactions
(3)—-(11) are presented in tables 9 and 10. The
calculations were performed on the recalculated
original values or those obtained by EMF and
mass spectrometry as presented in tables or graphs
in original publications. The mean values for the
enthalpies of formation of GaAs and InAs, ob-
tained for rather low temperatures where the Ga
or In activities are close to unity, are compared
with calorimetric determinations as presented in
tables 5 and 6. The values are generally in close
agreement with values obtained by dissolution
calorimetry. Finally, the calorimetric values of
Martosudirjo and Pratt [35] are retained for GaAs,
AH? (GaAs, s, 298 K)= —19.52 kcal /mol, and
those of Schottky and Bever [42]) for InAs,
AHP(InAs, s, 298 K)= —14.8 kcal/mol. These

values enable a preliminary set of thermodynamic
functions to be established for GaAs and InAs for
use in complex equilibrium analysis.

4.2. Complex equilibrium calculations for reactors

For measurements performed under static con-
ditions such as vapor pressure measurements using
a Bourdon gauge, or DTA with samples contained
in sealed Si0O, vessels, it is easy to analyse the
contribution due to parasitic chemical reactions
such as:

2 GaAs(2) + SiO, (s)
=2 AsO(g) + 2 Ga(l,s) +Si(l, s),

or
GaAs(s) + SiO, (s) = AsO(g) + SiO(g) + Ga(l, s).

The JANAF data are used for SiO,(s), SiO(g) and
Si. In addition, the thermal functions for AsO(g)
and the thermodynamic properties of Ga-Si or
In-Si solutions are quoted in refs. [S1] and [52]
respectively. At 1500 K, for example, the calcu-
lated AsO gas pressure will be about 10~ atm.
The vapor pressures of SiO gas or other species
have already been investigated [62] to explain the
Si contamination of GaAs compounds. These
pressures are very low. Thus we conclude that in
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Fig. 5. Gaseous phase composition in equilibrium with the
compound GaAs and a H, carrier gas at 1 atm: (1) tempera-
ture range of Khukhryanskii et al's measurements [24,25]; (2)
Panish’s flow technique [26]; (3) Hall’s determinations [45].

static methods, no parasitic chemical reactions with
the SiO, container can significantly modify the
measured pressures.

For dynamic measurements, flows of H, or
H, + AsH, mixtures may be transformed by
chemical reactions with the container materials
(Si0O, or graphite) or also by chemical decomposi-
tion of some gaseous species. The influence of
these different reactions may be tested or directly
evaluated by using complex equilibrium calcula-
tions, the results being shown in figs. 5 and 6.
These calculations are performed under equi-
librium conditions which are theoretically ob-
tained when the carrier gas flows reach a zero
value. On the other hand, when high flow values
are used, we can also qualitatively estimate the
mass loss of the sample. From calculations carried
out for InP or GaP compounds [1], we can con-
clude by analogy that:

(i) The assumption of Khukhryanskii et al.
[24,25,33] that As, is the main vapor species is
erroneous since As,, AsH;, AsH, and AsH gas
also transport the As component. For the study

logP;
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Fig. 6. Gaseous phase composition in equilibrium with the
compound InAs and a H, carrier gas at 1 atm: (1) temperature
range of Khukhryanskii et al’s measurements [25]; (2) Hall’s
determinations [45].

relative to InAs [25], from the results shown in fig.
6, the mole ratio of arsenic transported by As,
versus the total arsenic transported by As, + As,
+ AsH, + AsH, + AsH is 0.886 at 973 K and
0.742 at 1073 K. For the GaAs compound [24,25],
this ratio varies from 0.15 at 973 K to 0.97 at 1200
K and 0.976 at 1273 K. These variations are not
proportional to 7 and the enthalpies derived from
a second law analysis contain a summation of at
least three partial vaporization reactions. These
enthalpies are necessarily erroneous. As no experi-
mental values are published, we cannot correct the
original measurements with a complex equilibrium
calculation to include them in the optimization
analysis. For the activity of As[33], the situation is
even worse, because when this quantity decreases,
the As, pressure decreases more rapidly than the
AsH, pressure. For these reasons the measure-
ments of Khukhryanskii et al. [24,25,33] were dis-
carded.

(i1) The vapor pressure measurements using the
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Fig. 7. Optimized partial pressures of As,, As,, Ga and GaAs
gaseous species along the liquidus in the Ga-As system and
selected experimental data: (1) Van den Boomgaard and Schol
[18]; (2) Rakov et al. [21]; (3) Richman [22]; (4) Foxon et al.
[15]); (5) Pupp et al. [6]; (6) Arthur [13); (7) Panish [26]; (8)
Drowart and Goldfinger [11].

H, + AsH; flow technique [26] were interpreted
by the authors taking into account total decom-
position of AsH, into As, + As, and H, gases. In
this temperature range, the AsH,, AsH molecules
and residual AsH, are always = 1%. Thus, it is not
necessary to correct these original values. From a
kinetic point of view as already evidenced by Ban
[64], Panish’s [26] measurements may be over-
evaluated. In fact, two reasons seem to indicate
these measurements are performed close to equi-
librium conditions. First, the flow rates in Panish’s
experiments were much smaller than those used by
Ban (20 to 100 times). Second, Panish’s [26] results
finally will not be very different from other re-
tained values (see fig. 7). We conclude that the As,
and As, pressure values are not significantly over-
evaluated in Panish’s [26] work.

(i11) Liquidus determinations in the Ga-As and
In-As systems [45] may be erroneous due to As

loss. This As loss comes from the reaction of H,
flow with the sample and the bath producing the
supplementary AsH,, AsH, and AsH molecules.
So, the total flow (AsH; + AsH, + AsH + As, +
As,) of arsenic, when rising along the laboratory
tubing, is produced mainly as AsH; + H, flow,
since the temperature decreases. Then, burning the
outcoming gases, the main part of the As is lost in
the atmosphere, while some residual As is de-
posited at the end of the tubing as observed by
Hall [45]. Nevertheless, the loss of material is not
so important as observed in the same apparatus
with InP or GaP as reported by the author [45],
but the liquidus composition may be slightly shifted
towards the compounds. This shift will be larger in
the Ga-As system, the As, pressure being higher
in the temperature range of the measurements.
These observations will be used later to evaluate
the experimental uncertainties.

(ii1) Schottky and Bever [42] made calorimetric
measurements of a solution of InAs and an In + As
mixture and suggested that the maximum uncer-
tainty was due to monatomic arsenic vaporization
during the calibration run. In fact the pure As
vaporizes mainly as the tetra-atomic form As,(g).
Taking into account this vaporization, the maxi-
mum error will lead to a more negative value of
the enthalpy of formation AH, (InAs, 298 K)=
—14.8 —0.60 = —15.4 kcal/mol. This error will
be partly compensated (10% to 20%) by the
vaporization of As, during the dissolution of the
InAs compound. So the value -15.1 + 0.7
kcal /mol has been chosen. This value is in agree-
ment with the value measured by means of a bomb
calorimeter [43]: —13.8 + 0.8 kcal /mol.

5. Ciritical analysis of the methods of measurements

In all the different experimental techniques
which have been used, some systematic errors may
occur. As in the case of the In-P and Ga-P
systems [1] these techniques are analyzed and the
results which have been obtained are compared.

5.1. Knudsen-cell mass spectrometric measurements

The effect of parasitic phenomena and difficul-
ties encountered with mass spectrometric measure-



432 M. Tmar et al. / Critical analysis and optimization of thermodynamic properties

ments were respectively analyzed for the parasitic
reevaporation of arsenic, the dissociative ioniza-
tion of As, into Asy, the reversibility of the
evaporation process and the calibration of the
mass spectrometer. A discussion of the experimen-
tal difficulties has been presented previously [1].
The general results of our analysis will be dis-
cussed together with the main observations made
by different authors.

Parasitic reevaporation occurs mainly with the
As, species, as shown by Foxon et al. [15], who
used a modulated beam and a phase detection
technique, by Arthur [13] with a cold trap, and by
Pupp, Murray and Pottie [6] with both a cold trap
and a shutter profile. By displacing the shutter,
Arthur observed that evaporation of As, occurs in
the ionization source. The As, source background
is very difficult to eliminate as discussed previ-
ously [1]. The shutter profile used by Murray,
Pupp and Pottie [5] ensures that the two species
As, and As, do not have the same behavior. We
have studied [53] the response of the ion source of
a mass spectrometer shutter profile and demon-
strated that it is very difficult to obtain quantita-
tive values for reevaporation processes [53]. Com-
paring Pupp, Murray and Pottie’s shutter profiles
with our previous study [53], we can deduce that
some parasitic contribution to As, and As, molec-
ular flows occurred from the outer surface of the
Knudsen-cell or from the shields. these contri-
butions are quite large for As,. This conclusion is
probably valid for all the experimental investiga-
tions.

Dissociative ionization has been shown to occur
during studies of the vaporization of pure As
[6,54,30), and amounts to 7% to 18%, with the
1onizing electron energy ranging from 40 eV to 70
eV. This contribution of As,(g) to the As; ionic
current will be lower when the As, flow, mainly
due to reevaporation is reduced. This will be the
case when using a narrow cold trap around the
source [13,6,15,16], the observed As, flow becom-
ing lower than the As, flow.

The reversibility of the evaporation reaction is
guaranteed only when the evaporating surface is
large compared to the effusion area. This condi-
tion is fulfilled in the studies of De Maria et al.
{14] and of Pupp, Murray and Pottie {6] but no

details are given by Foxon et al. [15] and Arthur
[13]. Goldfinger and Jeunehomme [31] vaporizing
InAs and Drowart and Goldfinger [11] vaporizing
GaAs, used an open crucible with a collimator
diaphragm. Lou and Somorjai [55] measured an
evaporation coefficient (a =1/6) with a GaAs
single crystal, but we cannot rule out the possi-
bility of some coefficients being < 1 with grounded
InAs or GaAs samples in these crucibles. The a
values might be higher, because the non-congruent
vaporization of these compounds produces Ga or
In droplets or layers which can catalyze the
vaporization, as already discussed by Gutbier [30].

The calibration of the mass spectrometer has
been carried out using the As, ionic intensity
integration and mass loss of the cells {11,13,6,14].
As the As, gaseous species is the most important,
this calibration is probably the most accurate, and
the reevaporation of As, is avoided. Goldfinger
and Jeunehomme [31] and De Maria et al. {14]
have calibrated their apparatus taking into account
the two ionic species Asy and Asy. If it is as-
sumed that their As] ionic intensity is signifi-
cantly overestimated due to parasitic reevapora-
tion, such a calibration is erroneous. This excess of
As; is demonstrated by the deduced value of their
equilibrium dissociation constant (As, =2 As,)
which 1s far from the selected value in section 2.
Recalculating the calibration constant with their
sensitivity values, Goldfinger and Jeunehomme’s
value [31,32] are corrected, assuming As, as the
main gaseous species, by a factor of 6.3 at 1000 K
and 2.2 at 1100 K. These values are shifted to-
wards Pupp, Murray and Pottie’s [6] determina-
tions. The same correction would pertain to De
Maria et al.’s [14] values, decreasing the difference
between these values and other determinations. As
not enough information is available however, fur-
ther corrections are not possible, and these values
have not been retained. Foxon et al. [16] assumed
that the sensitivity values are the same for Ga and
As,. This assumption is reasonable to within
+50%.

In conclusion, we think that the determinations
of As, pressures are the most accurate when using
effusion cells and As, mass loss calibration as
carried out by Arthur [13] and by Pupp, Murray
and Pottie [6]. The estimate of Foxon et al. [16]
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gives values which lie fortuitously in the range of
other selected values. Goldfinger and Jeune-
homme’s [31] corrected values seem to be low
when compared with Pupp, Murray and Pottie’s
results [6], probably because of an evaporation
coefficient a < 1, especially at high pressures with
resulting high evaporating flow rate. Drowart and
Goldfinger’s [11] determinations over GaAs do not
seem to be affected by such a process when com-
pared with other determinations.

5.2. High pressure measurements

Higher pressure measurements are obtained
mainly from dew-point techniques [18,20,19,32].
Richman [22] used quartz spoon gauges and dif-
ferential manometers, and Vigdorovich et al. [23] a
dynamic method with a quartz manometer. The
dew-point technique presents certain difficulties,
as has been indicated by these authors: the As
may exist, at the dew-point site, in different allo-
tropic states, the GaAs or InAs compound may
form a layer at the surface of the liquid metal and
the dew-point temperature, which is at a lower
temperature, may be difficult to measure correctly,
a good heat exchange being obtained only by a
good contact of the thermocouple with the vessel.
A comparison of the results for the Ga—As system,
shows good agreement between the various authors,
except on the Ga-rich side, where the measure-
ments of Van den Boomgaard and Schol [18] were
discarded. The same observation applies to the
In-As system. On the In-rich side of this system
Karataev et al.’s measurements [32] do not agree
very well with Pupp, Murray and Pottie’s extrapo-
lated values [6]. At high As content, Van den
Boomgaard and Schol [18] and Karataev et al. [32]
agree very well, the total pressure being higher at
the dew-point temperature. We have therefore dis-
carded the metal-rich values of Van den
Boomgaard et al. and Karataev et al. for the
In-As system.

5.3. The EMF measurements

The reproducibility of the EMF measurements,
which is generally about 2 X 10 %, is only 2 X 1072

for the GaAs and InAs measurements [27,28,34].
This poor stability may be due either to diffusion
and surface phenomena on the two-phase mixtures
(GaAs + As or InAs + As), or to unknown para-
sitic reactions with the electrolyte. In tables 9 and
10, the third law values are systematically higher
than the calorimetric determinations and this can-
not be explained by the possibility of the existence
of low valence states of chlorides in the electrolyte.
Lower values of the Gibbs energy could be ob-
tained by Ga or In surface migrations. In the
optimization analysis, it was not found that a good
convergence was never obtained when these EMF
values were used with all the other retained experi-
mental data. Therefore, in the final run, all the
EMF values were discarded.

5.4. Calorimetric and heat content measurements

For the InAs compound (table 6), the two [42,43]
available enthalpy of formation values differ by
10%. For GaAs, two values are also available
[29,35] and these differ by 5%. An accuracy of
+5% is allocated to all these values.

The low temperature heat capacities available
are from Piesbergen [36]. For these, the maximum
uncertainty is estimated to be +5%. The high
temperature C, values are mainly determined by
drop calorimetric measurements [38,40]; the values
lie within +5% of each other for InAs and GaAs.
For the GaAs compound, Dash et al. [39] rede-
termined the heat capacity by differential scanning
calorimetry. Their value agrees with those of
Lichter and Sommelet [40] and Piesbergen [36] at
300 K. Hence the mean value between Lichter and
Sommelet [40] and Dash et al. [39] was retained.

The observation is made for the two com-
pounds that the available heat content values al-
ways agree to within 10%. This is generally the
accuracy of calorimetric measurements, and indi-
cates that there are probably no parasitic phenom-
ena associated with the determinations.

The enthalpies of fusion have been measured by
drop calorimetry [38,40] and deduced from dif-
ferential thermal analysis [41]. The latter value has
been discarded because of the large uncertainty
given by the authors.



Table 11
Selected vapor pressure and activity measurements over GaAs and their estimated accuracies

Reference Method of Estimated Origin of the uncertainty  Estimated Origin of the uncertainty
measurement AP(As,)/P(As,) AT
(%) (K)
Drowart and Knudsen-cell mass +30 Estimated from mass loss +10 Authors’ estimate
Goldfinger [11]  spectrometry calibration and unknown

evaporation coefficient

Arthur [13] Knudsen-cell mass +20 Estimated from mass loss  +10 Author’s estimate;
spectrometry with a calibration and residual calibration with a
cold trap around the reevaporation in the pyrometer
ion source source

Foxon et al. {15] Knudsen-cell mass +30 Estimated from +10 Estimated from author’s
spectrometry with a calibration of the mass calculations (+ 3 K)
cold trap around the spectrometer and residual and regulation (+1 K)
ion source and a mole- reevaporation in the ion
cular beam modulator source

Pupp et al. [6] Knudsen-cell mass +20 Estimated from +10 Estimated from authors’
spectrometry with a calibration procedure and calibration against In
cold trap and a residual reevaporation and Pb vapor pressure

shutter profile

Lyons and Dew point method +20 Estimated from the +3 Estimated from authors’
Silvestri  [20] authors’ uncertainties estimate
Van den Dew point method +20 Only high dew point +3 Authors’ estimate
Boomgaard and pressures are retained
Schol [18) (for Tyey point = 569°C)
in table IT of ref. [18]
Rakov et al. [21] Dew point method and +20 Estimated; the same experi- +3 Estimated; twice authors’
continuous weighing mental conditions as in ref. {18} estimate
Richman [22] Bourdon gauge +20 Estimated +3 Author’s estimate
Panish [26] H, +PH; flow method +20 Estimated +10 By analogy with InP

study as estimated in ref. [1]

2 As these determinations are far from optimized values, they were discarded in the final treatment.

Table 12

Selected vapor pressure and activity measurements over InAs and their estimated accuracies

Reference Method of Estimated Origin of the uncertainty  Estimated  Origin of the uncertainty
measurement AP(As,)/P(As,) AT

(%) (K)

Pupp et al. [6] Knudsen-cell mass  +50 Estimated from +10 Estimated from authors’
spectrometry with calibration procedure, calibration against In
acold trap and a residual reevaporation and Pb vapor pressures
shutter profile and instabilities

Van den Boomgaard Dew point method ~ +20 Only high dew point +4 Authors estimate

and Schol [18] pressures are retained

(for Tyey, point > 826 K)
in table I of ref. [18]

Karataev et al. [32] Dew point method ~ +20 ¥ By analogy with ref. [18] +2 Estimated; twice
and continuous we retain only the total authors’ estimate
weighing pressures for

Tdew point > 826K

2 After optimization, the calculated statistical uncertainty is very often close to 20%, and sometimes larger. We thus conclude that the
consistency of the selected raw data is not very good.
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5.5. Phase diagram determinations: experimental
techniques

All the liquidus determinations agree with each
other and no analysis of the different techniques is
needed to explain the very small differences be-
tween the data. We think that the main difference
will be revealed when the accuracy of the different
determinations is evaluated. For example, the

Table 13

vaporization of As, and As, or the reaction with
H, to produce AsH, will theoretically slightly shift
the liquidus values of Hall [45], Perea and Fonstad
[48] and Sol et al. [47] towards the compounds.
The same shift occurs with the filtration method
[46] since some small crystals may be retained in
the liquid. These observations will result in an
error which is larger than the author’s estimate
(see section 6).

Selected experimental thermal data for the compound GaAs and their estimated accuracies

Reference Method of measurement Thermodynamic data  Value for the compound  Uncertainty Origin of the
uncertainty
Martosudirjo and Calorimetric Enthalpy of formation A Hf(298 K)= —19.69 +1.0 This work (£5%)

Pratt [35] precipitation (kcal mol ™)
Sirota [29} O, calorimetric bomb

Piesbergen [36] Thermometry Entropy

Holste [37) Thermometry (cal K™! mol™ ")

Dash et al. [39] Differential Scanning
Calorimetry

Drop calorimetry

Heat capacity
(cal K~! mol ™"y
Lichter and
Sommelet [40]

Differential Thermal
Analysis
Drop calorimetry

Richman and
Hockings {41]
Lichter and

Sommelet [40]

(kcal mol™!)

Enthalpy of fusion

AHP(298 K) = —20.96 +1.0 Author’s estimate

Ssog =15.34 +0.38 This work
(£5%)
C,=5507+9974107*T +5% This work

Li=21 +5 Author’s estimate
L;=2518 +13 This work
(+5%)

Table 14

Selected experimental thermal data for the compound InAs and their estimated accuracies

Reference Method of measurement Thermodynamic data Value for the compound InAs Uncertainty Origin of the
uncertainty

Schottky and  Dissolution calorimetry Enthalpy of formation 4 H{(298 K) = —15.1 +0.7 This work

Bever [42] (kcal mol ™) (see text)

Sharifovand  Synthesis in a AHP(298 K)=—13.8 +10 This work: possi-

Gadzhiev [43] calorimetric bomb bility of its vaporiza-
tion during synthe-
sis

Piesbergen [36] Thermometry Entropy S59s =18.1 +0.9 This work

Holste [37) Thermometry (cal K™ ' mol ™) (5%)

Lichter and Drop calorimetry Heat capacity C,=11.822+2.026 X10~ T +5% This work

Sommelet [40) (cal K™ mol™?) (298-1215 K)

Cox and Drop calorimetry Enthalpy of fusion L, =184 +1.38 This work

Pool [38) (kcal mol~!) (+10%)

Lichter and Drop calorimetry L,=17.58 +0.9 This work

Sommelet [40]

(5%)
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6. Optimization of thermodynamic and phase dia-
gram data

The analysis of the experimental results enables
a selection of raw data which are combined with
phase diagram information in an optimization
procedure developed by Lukas et al. [56] and
based on a least squares analysis. The optimized
coefficients of the excess Gibbs energy of the
liquid phase, as well as those for the compounds
InAs and GaAs are thereby obtained.

The Gibbs energy of formation of the com-
pound is given by the following equation:

2

AG? =a—bT+cT(1—1In T)-d—g——Q—eT. (12)
The excess Gibbs energy of the liquid solution
phase is described by the general expression:

y=n

AG* =x(1—-x) Y a,(1 -2x)". (13)

When » =0 the expression corresponds to that
derived from the regular solution model. More-
over, if a, is temperature dependent, AG™ will
describe the thermodynamic properties of mixing
according to a ‘simple solution model’ [58].

The thermodynamic properties of pure In and
Ga are taken from Hultgren et al’s compilations
[3]. In the experiments, it is the partial pressures of
As, or As,, or the total pressure, which has been
measured in equilibrium with InAs or GaAs. Ac-
tivity data may therefore be derived either from
the directly measured As, or As, pressures, or
from those derived from total pressure determina-
tions. As the As, pressures seem more accurate at
low pressures, these were used to recalculate activ-
ity data in the whole temperature range of the
measurements.

The optimization procedure was made using
0 < » < 2. The criteria for the best choice of » is
the ratio between experimental accuracies and
calculated uncertainties together with the con-
vergency coefficient. This coefficient is the stan-
dard deviation for all the data, each of them being
weighted by its experimental estimated accuracy.
As a general rule, the minimum set of parameters
is preferable. The experimental accuracies are pro-
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Fig. 8. Optimized partial pressures of As,, As,, In and InAs
gaseous species along the liquidus in the In-As system and
selected experimental data: (1) Van den Boomgaard and Schol
[18]; (2) Karataev et al. {32]; (3) Pupp et al. [6].
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Fig. 9. Optimized phase diagram of the Ga-As system and
selected experimental data: (X) Koster and Thoma [44]; (@)
Rakov et al. [21}; (+) Rubenstein [46]; (O) Vigdorovich et al.
[8}; (@) Hall [45]; (a) Hsieh [23], (O) Sol et al. [47]; (®) Perea
and Fonstad {48).
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Selected phase diagram determinations for the Ga-As system and their estimated accuracies
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Reference Method of measurement Estimated  Origin of the uncertainty Estimated Origin of the
uncertainty AT uncertainty
Axas/Xas (K)
Goldsmith in Differential Thermal Analysis +0.01 Weight of the initial +10 Estimated from
Koster and components and As in the possibility of
Thoma [44] vapor phase undercooling
Richman and Differential Thermal Analysis +0.01 Weight of the initial +5 Authors’ estimate
Hockings [41] at the melting point of components and As in the
GaAs (1518 K) vapor phase
Rubenstein {46] Filtration technique +0.01 Author’s estimate and +10 This work
(+0.05) possibility of retaining
-0.10 some small crystals
Rakov et Dew point and continuous +0.01 Uncertainties in the tempe-  +3 This work: twice
al. [21] weighing rature distribution in the the authors’
vessel and the choice of estimate
Kp(As, =2 As,)
Vigdorovich et al. [8}) Bourdon gauge and vapor density +0.01 This work +10 This work
Hall [45] Heterogeneous equilibrium and +0.01 Possibility of As loss by +10 Author’s estimate
single crystal weight loss (£0.02) vapor phase
-0.03
Sol et al. [47] Heterogeneous equilibrium in +0.01 This work +5% This work
a LPE reactor and single crystal
weight loss
Perea and Heterogeneous equilibrium in +0.01 This work: twice authors’ +5% This work
Fonstad [48] a LPE reactor and single crystal estimate
weight loss
Hsieh {23] - +0.01 This work +10 This work
Dutartre [59] Visual observation of crystals +0.02 This work +3 Author’s estimate
* See ref. [1].
Table 16
Selected experimental phase diagram determinations for the In—-As system and their estimated accuracies
Reference Method of measurement Estimated Origin of the uncertainty Estimated  Origin of the
uncertainty AT uncertainty
Axps/Xas (K)
Liu and Differential Thermal Analysis +0.01 Xas < 0.5: As loss by vapor +5 Authors’ estimate
Peretti [49] (£0.03) and possibility of
-0.05 undercooling
+0.01 X g > 0.5: this work
Karataev et Dew point and continuous +0.01 Uncertainty in the tempera- +2 Estimated: twice
al. [32] weighing ture distribution and error the authors’
in the Kp(As, = 2 As,) estimate
Hall [45] Weight loss of a single crystal +0.01 Possibility of As loss by +3 Author’s estimate
(+0.02) the vapor phase
—0.03
Perea and Heterogeneous equilibrium in a +0.01 Estimated: twice the +5 This work

Fonstad [48]

LPE reactor and weight loss of
a single crystal

authors’ estimate

2 See ref. [1].
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Optimized values for the liquidus composition and vapor pressures along the liquidus in the Ga—As system

Temperature Molar fraction Vapor pressures (atm)
(&) Of As, x5 As, As, Ga Total
(at%)
800 0.0308 447x10° 1 2.00x10°% 2.11x10° 12 2.15x10° 12
850 0.0859 1.53x 1072 3.05x107 18 224x10° 1 239x10~ 1
900 0.213 424x10" 1 403x10°'¢ 1.84x1071° 2.26x1071°
950 0.478 5.12x1071° 2.33x107 14 1.18x107° 1.69x10°
1000 0.976 9.44x10™° 9.98x 1013 6.25x10°° 1.57x107%
1050 1.83 9.79%10® 2.96x10™ ! 2.83x1078 1.26x1077
1100 3.15 7.98x1077 6.35x10° ' 1.08x1077 9.06x1077
1150 5.03 4.58 107 7.05%x107°% 3.75%x1077 497x107°
1200 7.52 226x107° 6.46x10® 1.17x107¢ 2.39%10°°
1250 10.61 1.01x1074 5.20%x107"7 3.14x10°° 1.05x10™4
1300 14.33 4.10x10™% 3.84x107°¢ 8.05x10°¢ 421x10%
1350 18.72 1.56 x1073 3.01x10°° 1.83x1073 1.61x1073
1400 23.97 6.37x1073 2.15%x107* 3.58x1073 6.59x107°
1450 30.60 2.67x1072 1.89x1073 6.18x10°° 2.68x1072
1500 41.10 0.154 3.35%x1072 8.75x1073 0.188
1513.5 50.00 0.457 0.248 7.01x10°° 0.705
1500 58.90 0.957 0.774 3.52x1073 1.73
1450 69.40 1.51 6.08 820%10°° 7.59
1400 76.03 1.58 13.21 227%10°° 14.79
1350 81.28 1.35 19.32 6.22x1077 20.67
1300 85.67 1.12 28.97 154x107 30.09
1250 89.38 0.836 35.73 3.44x10°8 36.57
1200 92.48 0.562 39.81 7.43x107° 40.37
1150 94.97 0.343 40.18 1.36x107° 40.52
1100 96.85 0.191 36.48 221x107 1" 36.67
1079 (eut.) 97.60 0.150 29.85 3.55x 10" ! 30.00
1090 100.0 0.176 37.47 0.0 37.65
AT=456K? Axp=09%% AP/P=40%"

® This mean deviation corresponds to the statistical maximum uncertainty for each of the parameters 7, x or P when the
uncertainties of the two others are set equal to zero.

]OC]X,\ nog
0 s XE=ovoTI090
Mg
Te=1014K 1212
At
1
oL ]
Syst: InAs
-3} :
500 700 900 'I'IOOI T(K)

vided either by the author, or have been estimated
in this work, as presented in tables 11 to 16. The
raw data which are retained for the optimization
are selected according to the thermodynamic and
methodological analysis described in sections 3
and 4. In this analysis, the equations describing
the heat capacity of GaAs and InAs were selected
from calorimetric determinations after noting that
calculation of the coefficients a, b, ¢ and d of eq.
(12) by the optimization procedure led to less

Fig. 10. Optimized phase diagram of the In-As system and
selected experimental data: (X) Liu and Peretti [49]; (a)
Karataev et al. [32]; (O) Hall [45]; (@) Perea and Fonstad [48].
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Table 19
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Optimized values for the liquidus composition and vapor pressures along the liquidus in the In-As system

Temperature Molar Vapor pressures (atm)
(K) Z’fa:;OZA As, As, In Total
(at%)
600 0.0734 824x10° 1 481x10"% 5.43x1071¢ 5.44x1071°
650 0.219 2.09x107'® 9.77x10 22 206%x107 208x107 1
700 0.550 2.34x1071 6.52x107 1" 471x10° 13 494x10° 13
750 1.197 1.50x 10712 2.00x107'¢ 7.00x 10712 8.50x 1012
800 2.301 5.48x 1071 3.01x1071 7.31x107 1 1.28x1071°
850 397 1.41x107° 2.60x10712 6.03x10710 2.01x107°
900 6.267 2.58x107# 1.48x107'° 3.68x10°° 2.96x10 %
950 9.212 3.51x1077 5.64x107° 1.87x10°*® 3.75%1077
1000 12.83 3.78x10°¢ 1.61x1077 7.55%x107¥ 402x107°
1050 17.21 3.68x1073 4.09x107¢ 227%1077 412x107°
1100 22.57 2.98x10°% 211x107° 8.00x10°7 3.20x107¢
1150 29.50 1.87x1073 2.19x107°3 201x107¢ 3.06%x1073
1200 40.87 1.57x1072 3.09x1072 3.90%x10°¢ 4.66x1072
1212 50.00 3.62x1072 0.208 326x107¢ 0.244
1200 59.13 9.23x1072 1.07 1.61x10°° 1.16
1150 70.50 0.116 4.57 2.56%1077 4.69
1100 71.43 9.27x1072 8.11 454x1078 8.20
1050 82.78 4781072 6.87 7.45x10° 6.92
1014 (eut.) 86.37 2.51x1072 6.68 1.68x10°° 6.70
1090 100 0.176 37.47 0.0 37.65
AT=+10K® Ax=+27%% AP/P=+25%9

2 This mean deviation corresponds to the statistical maximum uncertainty for each of parameters T, x or P when the uncertainties of

the two other are set equal to zero.

satisfactory results. This selection corresponds in
fact to AC, ~ 0. The analysis shows that the ther-
modynamic behavior of the liquid solution can be
described by a “simple solution model” {58]. Table
17 presents the optimized set of data, consistent
with the phase diagram, for both systems. Figs. 7
to 9 shows the vapor composition in equilibrium
with the compounds and the phase diagram result-
ing from the optimization. For the Ga—As system,
the set of raw data is highly consistent. The experi-
mental values already selected by Shaw {63] for the
GaAs compound have also been selected as raw
data in our analysis. So these values are close to
our optimized one. For the In—As system, the raw
data are scarce, and more complete determina-
tions, especially at intermediate temperatures, are
needed. Discrete values along the liquidus are pre-
sented in tables 18 and 19.The small differences
from the results obtained previously by Dutartre
et al. [59-61] for Ga—As arise from the fact that as

a result of discarding the raw vapor pressure data,
their set of basic data was more limited.
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