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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: ~H~’(GaAs, s,298 K)= —19.54±0.30kcal mol ~, S~

8(GaAs,s)~16.05±0.80cal K
1 mol’, L

1(GaAs, s -.1)= 27.0±
0.80 kcal mol~

1at Tf ~1513.5±3 K, ~H~’(InAs, s,298 K)= —14.29±0.50kcal mo11, S
2

0
95(InAs, s)=17.84±0.80cal K’ mol~,

L~(InAs, s -.1) = 19.04 ±1.00 kcal mol ‘ at Tf = 1212±3 K. The Gibbs energies of formation for the compounds are represented by
the equations: L~G~’(GaAs,s) = —19537 + 1 .849T cal mol ‘, ~G~(InAs, s) = — 14291 + 2.257T cal mol ‘. Optimized partial pressures
of In, Ga, As2, As4, InAs and GaAs molecules and phase diagrams have been obtained.

1. Introduction meansof an optimization techniquethe mostcon-
sistent set of thermodynamicand phasediagram

A precise knowledge of the thermodynamic data resulting from selectedexperimentalvalues
propertiesand phasediagrams of Ill—V corn- which are obtained from thermodynamicand
poundsis very important for the monitoring of methodologicalanalysisof the experiments.The
singlecrystal growth, the control of liquid phase general method of analysisof the experimental
epitaxy reactorsand the calculationof chemical observationshasbeenusedpreviouslyfor theIn—P
vapor depositionprocesses.A theoreticalevalua- and Ga—Psystems[1] and will be applied here to
tion of the chemical processesmay be performed the In—As andGa—Assystems.Thefirst step is an
when the thermodynamicpropertiesof the main analysisof the partial pressuresof arsenicspecies
componentsare available. Moreover,a part from in the gaseousphase,since there is disagreement
this direct application to the manufacturingpro- concerningthe compositionof arsenicvapor.
cess,if all thermodynamicpropertiesareavailable,
the calculationof impurity concentrationsis possi-
ble, andsubstratedegradationmayalso beavoided 2. Thermodynamics of the vaporizationof arsenic
by the choiceof suitableatmosphericcompositions
in the epitaxy furnaces.In addition, the vaporiza- WhenAs or its compoundsvaporize,the main
tion processesof Ill—V compoundscan be well gaseousspeciesare As4 and As2. The total pres-
describedandthe experimentermay thuscalculate sureof thegaseousphasein equilibrium with pure
flows of gaseousmoleculesin molecular beam solid As is accuratelyknown,asshownby compar-
epitaxy as well as the flow conditionsleading to ing the valuesfrom different compilations[2—4];
depositson the targets. howeverthe tabulatedcompositionof the gaseous

The aim of this contribution is to establishby phaseshows large discrepancies.Indeed,the dis-
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Table I
Selected values for pure As

Species ~H,°(298 K) S
2

0
98 H2

0
95— H0° C,, = a + bT + cT

2 + dT2 (cal/mo!)
(kcal/mol) (cal/K.mol) (cal/mol) a b c d

As
2(g) 45.58 (±0.200) 57.546 2252 8.772 2.751 X iO~ —1.21 X 10~ —4.241 X 1O~

[41 13] [31

As4(g) 36.725 (±0.400) 78.232 4192 19.696 2.834x10
4 —1.252x107 —1.68><~0~

[41 [3] 13]

As(s) 0 8.53 U23 5.55 1.298 X 1O~ 0 —5.55 x iO~
[4]

As(l) Our selected 6.95 0 0 0
value

N.B.: L,(As) = 5842 cal (Kaufman et a!. [10]) and 7~= 1090 K (Rau [9]).

sociationenergy of As
4 into As2 variesfrom 82.5 surements[9]. The valueestimatedby Kaufmanet

to 59.9 kcal/mol [3]. Recently Pottie and co- al. [10] for the enthalpyof fusion of arsenichas
workers [5,6] and Drowart et a!. [7] redetermined also been used. It is compatible with the value
massspectrometricallythis energyandboth found derived from Rau’s measurements.The heat
a valueclose to 54.4 kcal/mol, while Vigdorovich capacityof liquid As was takenas constant,the
et al. [8] report a valueof 52.7 kcal/mol obtained recalculatedvapor pressurediffering by a maxi-
from vapordensitymeasurements.Drowart et al.’s mum of 6% from Rau’s determinations.The ther-
valueis selectedin this analysis(see table1) and modynamicdataarelisted in table 1.
allows the recalculationof the compositionof the In the optimization procedurefor phasedia-
vapor phasein equilibrium with the Ill—V corn- gramand thermodynamicdata, Gibbsenergiesof
poundsfrom the total vapor pressuremeasure- mixing or activity dataare used. Henceit is im-
ments. portantto evaluatetheinfluenceof theuncertainty

The partial pressurevalues neededup to the associatedwith the equilibrium dissociation(As4
melting temperaturesof the compounds(GaAs 2As2)constantK on the final Gibbs energyof
and InAs), andsimultaneouslyabovepurearsenic, mixing. At any temperature,the partialpressureof
werederivedfrom Rau’s total vaporpressuremea- gaseousAs2 in equilibrium with As4 above the

compoundor the purearsenicis:

Table 2 —K+
Uncertainty in the partial Gibbs energy of mixing of As using P(As2)= ,~ , (1)
for the total pressure experimental accuracies ~ P/P = ±10%, L

and an uncertainty of ±2000 cal for the dissociation energy of where ~T is the total measuredpressure.The un-
As4 2As2 application to the InAs compound certaintyassociatedwith K and~T is:
T ~P(As2)/ 8P°(As2)/ &(IIGA)
(K) P(As2) P°(As2) (cal) dP(A ~ — — + 2KdK+ 4PTdK+ 4KdPT

over In+InAs over pure As S2j — 2 4)/~i~Ti~Pc

1100 0.188a) 0.25 —156
0.252 a) 0.25 + 5 (2)

1200 0.206~’~ 0.24 —93
0.235 a) 0.24 —19 As an example, in table2 the uncertaintyin the

~ These values are extreme values as deduced from published partial Gibbsenergyof As in the two-phaseIn +
total pressures of the gaseous phase in equilibrium with InAs regionis givenat 1100 and1200 K, assuming
In+ InAs. an uncertaintyof ±10% whenmeasuring~T and
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±2000 cal for the standardenthalpyof dissocia- cell massspectrometry[6,11—17,30,31].To analyse
tion. This shows that the influence of the uncer- the parasitic reevaporations,some authors used
tainty associatedwith the enthalpydissociationis cryogenicpanels[13,15,16], shutterprofiles[5,6] or
negligible when optimizing phasediagram and modulated beams with phase detection [15,16].
thermodynamicdata. This uncertainty becomes Total arsenic pressuremeasurementshave been
more importantwhen recalculatingthe absolute performedby static methodssuch as dew point
partial pressuresof the As4 andAs2 speciesabove techniques[18—20],also coupled with continuous
the Ga—AsandIn—As systems. weighing [21,32], Bourdon gauges[8,22] and dy-

namic methodssuch as transport by H2 flow
[24,25,33] or equilibrium with H2 + AsH3 flows

3. Thermodyanicandphasediagramdata [26]. At low temperatureselectro-chemicalmeth-
ods(EMF) were usedto determinetheactivities of

3.1. Vaporpressureandactivity determinations Ga or In in the two-phaseregion GaAs—As or
InAs—As [27—29,34].Tables 3 and 4 presentthe

Partial pressuresof As2 and/or As4 andtenta- experimental information for the Ga—As and
tively Ga or In havebeenmeasuredby Knudsen- In—As systemsrespectively.

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 a) Graphite Knudsen-cell mass spectrometry 1030—1136 Drowart and Goldfinger [Ill
GaAs Graphite Knudsen-cell mass spectrometry 1065—1165 Gutbier [12]
GaAs Quartz Knudsen-cell mass spectrometry 890—1190 Arthur [131
GaAs Graphite Knudsen-cell mass spectrometry 1106—1197 De Maria et al. [141
GaAs Knudsen-cell mass spectrometry 1030—1180 Foxon et a!. [151

and modulated molecular beam
GaAs ? Knudsen-cell mass spectrometry — Foxon et al. [161

and modulated molecular beam
GaAs Graphite Knudsen-cell mass spectrometry 1035—1239 Pupp et al. [6]

with shutter profile
GaAs 7 Knudsen-cell mass spectrometry 1000—1300 Rubinshteiin et al. [171

GaAs Quartz and Dew point 1054—1508 Van den Boomgaard and
graphite Schol [181

GaAs Quartz Vapor density and microscopic Melting temperature Folberth [191
observation

Ga—GaAs Quartz Dew point 1324—1469 Lyons and Silvestri [201
Ga—As Quartz Dew point and continuous weighing 1448—1511 Rakov et a!. [21]
Ga—GaAs Quartz Bourdon gauge 1316—1531 Richman [221
Ga—GaAs Quartz Bourdon gauge 1253—1353 Vigdorovich et al. [8]

Ga—GaAs Quartz+graphite Transport of As2 and As4 in a H2 973—1273 Khukhryanskii et al.
+ molybdenum flow [24,25]

Ga—GaAs Quartz Equilibrium with a H2 + AsH3 flow 1255—1435 Panish [261

GaAs—As — Electromotive force (EMF) 637—741 Abbasov et al. [27]
measurements

GaAs—As — Electromotive force (EMF) 638—741 Krestovnikov ci a!. [28]
measurements

GaAs—As — Electromotive force (EMF) 683—743 Sirota [291
measurements

a> When measuring the vaporisation of the compound GaAs at high temperature, a noir’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 Goldfingerand Jeunehomme[31]
In—InAs Graphite Knudsen-cell mass spectrometry with a 918—1084 Pupp et a!. [6]

shutter profile

!nAs Quartz and Dew Point 1004—1215 Van den Boomgaard and
graphite Schol [18]

In—As Quartz Dew point and continuous weighing 1149—1220 Karataev et a!. [32]
lnAs Quartz Vapor density and microscopic observation Melting temperature Folberth [19J
InAs Quartz+ Transport of As

2 and As4 in H2 flow 973—1100 Khukhryanskii eta!. [25]
graphite

In—As Quartz+ Transport of As2 and As4 in a H2 flow 1058—1133 Khukhryanskii and
graphite Panteleev [331

InAs—As — Electromotive force (EMF) measurements 513—783 Abbasov ci a!. [34]
InAs—As — Electromotive force (EMF) measurements 633—784 Krestovnikov et a!. 1281

a) The vaporization of the InAs compound being incongruent, the measurements performed on the InAs compound relate in fact to

two-phase In+ InAs mixtures.

In order to compareall the publishedresults,
excludingthoseobtainedat low pressureby mass

O9P(4s ~ A~m2, —————-- spectrometryor by EMF, the partial pressuresof

2~- ~ystem GaAs As2 and As4 have been recalculatedusing the
basicdataestablishedpreviously, in section2, for
As. This also allows total pressuresderivedfrom

0 dew-point determinations[18—21,32]to be re-

8 ~ calculated. These corrected experimental results
-2 are comparedwith eachother in figs. 1 and2. The

7~ measurementsrelativeto Ga—As are only slightly
1 -~ 0 scattered,whereasthose fewer concerningIn—As,

1 show largediscrepancies.

-6 3.2. Calorimetricandheat contentdeterminations

5 Enthalpiesof reaction,as well as enthalpyand
-8 entropy values for the GaAs and InAs corn-

-10 Fig.1. Logarithm of the As2 vapor pressure in equilibrium with
“N 2, the two-phase mixtures liquid phase+GaAs compound: (1)

Foxon Ct al. [151; (2) Arthur [13]; (3) Pupp et a!. [6]; (4)
—12 Drowart and Go!dfinger [11]; (5) Khukhryanskii ci a!. [24,25];

(6) Dc Maria et al. [14]; (7) Panish [26]; (8) Lyons and Si!vestri
[20]; (9) Rakov ci al. [21]; (10) Richman [22]; (11) Van den LI

___________________________________________ Boomgaard and Schol [18]. The Ga and GaAs pressures are
6 8 10~/ 10 12 also presented. The Ga pressure corresponds to the Ga-rich

‘~T (K) side of the iwo-phase mixtures.
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Published experimental calorimetric and enthalpy data for the GaAs compound

Thermodynamic data Value Experimental technique Reference

Enthalpy of formation ilH,°(523K) = — 19.69±0.32 Calorimetric precipitation Martosudirjo and Pratt [35]
(kcal mo! ‘) ~ H~’(298K) — —20.96±1 02 calorimetric bomb Sirota [29]

Entropy ~2°95 = 15.34±0.1 Thermometry Piesbergen[36]
(cal K’ mo! — 1) Thermometry Ho!ste (37]

Heat capacity C,, = 10.80+ 14.6 x 10
4T Drop calorimetry Cox and Pool [38]

(cal K’ mo!~) (298—1250 K)
C,, = 10.70 + 2.32 x 10 3T Differential Scanning Calorimetry Dash ci a!. [39)
(310—980 K)
C,, = 11.33 + 16.63 x 104T Drop calorimetry Lichter and Sommelet [40]
(421—1513 K)

Enthalpy of fusion L, = 21 ±5 Differential Thermal Analysis Richman and Hockings [41]
(kcalmol’) (T,=1518±5K)

L, = 25.18 ±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 ~1H~(298K) = — 14.8 ±0.12 (s.d.) Dissolution calorimetry Schotiky and Bever [42]
(kca! mo!~‘) ~ H~(298K) = —13.8±0.8 Calorimetric bomb Sharifov et a!. [43]

Entropy S~= 18.1±0.10 Thermometry Piesbergen[36]
(cal K ‘ mol ‘) Thermometry Holste [37]

Heat capacity C,, = 10.6 + 2 x 10 3T Drop calorimetry Cox and Pool [38]
(cal K~moi’) (298—1200K)

C,, = 11.822 + 2.026 X 10 3T Drop calorimetry Lichter and Sommelet [40]
(298—1200 K)

Enthalpy of fusion L, = 18±6 Differential Thermal Analysis Richman and 1-lockings [41]
(kca1mol~) (T,=1215±3K)

= 17.58±0.40 Drop calorimetry Lichter and Sommelet [40]
(T, =1210±1K)

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

2 flow Heterogeneous equilibrium and Hal! [45]
single-crystal weight loss

0.5 1518±5 Quartz Differential Thermal Analysis Richman and
Hockings [41]

0—0.4 973—1473 Quartz Filtration technique Rubenstein [46]
0.3—0.6 1448—1511 Quartz Dew point with continuous weighing Rakov et a!. [21]
0—0.03 1013—1121 Quartz+ graphite Heterogeneous equilibrium in a Liquid Sol et al. [47]

+ H2 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

+ H2 flow reactor and weight loss of a single Fonstad [48]
crystal

0.0056—0.058 965—1173 Quartz+H2 flow Visual observation of crystals Dutartre [591
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log P(A52) A~m T(K)

Sys~eminAs

1200
0 ITe=1004±1K V 90K

~ 1004 K V(~00 ___
-2~ 1000/ -~

j: 80O~’~’600

428K
-8~ _______400

‘T~12l5±3K -~ 0.5 As
-10 ~ XAS~

Fig. 4. In—As phase diagram as experimentally determined:
(x) Hall [45]; (0) Perea and Fonstad [48]; (S) Liu and Peretti
[49]; (+) Karataev et a!. [32].

8 10 10~ 12
K)

Fig. 2. Logarithm of the As2 vapor pressure in equi!ibrium with
the two-phase mixtures liquid phase + InAs compound: (1) Van pounds,havebeenderivedfrom calorimetricmea-
den Boomgaard and Schol [18]; (2) Karataev et al. [32]; (3) surements[29,35—46].Tables5 and 6 list the de-
Pupp ci a!. [6]; (4) Khukhryanskii ci a!. [25]; (5) Go!dfinger and rived heatsof formation,entropyandheatcontent
Jeunehomme [31]. The dashed lines with arrows are corrections values togetherwith the experimentaltechniques
applied to values from refs. [4] and [5] as explained in sections used.For the GaAscompound,three determina-
4 and 5 of the text. The In and InAs pressures are also
presented. The In pressure corresponds to the In-rich side of tionsof the heatcapacityshow largediscrepancies.
the two-phase mixtures. For the InAs compoundthe resultsof Cox and

Pool[38]andLichterandSommelet[40]areslightly
_______________________________ different whenapproachingthe melting point.

T(K’—~
1600 3.3. Phasediagramdeterminations

~eø~’~
The Ga—As and In—As phasediagrams are

1400
characterizedby the existence of the congruent// melting compounds(whenmeltingundertheirown
pressure)GaAsandInAs, andvirtually no mutual
solubility betweenthe puresolid constituents.The

1200 1083K liquidus temperaturehas beendeterminedup to

1000 the melting point by various techniques,as listed

in tables7 and8. The results showgeneralagree-

800
Fig. 3. Ga—As phase diagram as experimentally determined:
(x) Hall [45]; (~)Rubenstein [45]; (0) Koster and Thoma

Ga 0 5 As [44];(+) Vigdorovich et al. [8]; (A) Rakov ci a!. [211;(~)So! et
a!. [471;(0) Perea and Fonstad [48]; (•) Dutartre [591;(0)
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 XAO (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
2 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]

+ H2 flow reactor and weight loss of a single
crystal

ment, except for the the Ga—As resultsdeduced In(l) +~As4(g) InAs(s), (9)
from Koster andThoma [44], as shown in figs. 3 In(l) InAs(s) (10)
and 4. Generally,the compositionsclose to pure
As havenot beeninvestigated. In(ss)+ As(s)9=’ InAs(s), (11)

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

4. Thermodynamic analysisof the data and of their Since the heteronuclearmoleculeswhosether-
conditions of measurements modynamic propertieshavebeendeterminedun-

der different experimentalconditions(GaAs [14]
An analysis of the vapor pressuremeasure- and InAs [50]), also exist, the correspondingequi-

ments by means of the 2nd and 3rd laws of libria:
thermodynamicsleadsto meanvaluesof S2

0
98 and

~H?29SK for thecompoundsInAs andGaAs.These pureGaAs(s) GaAs(g),
values are then used in a complex equilibrium pureInAs(s) InAs(g)
calculationin order to analysethe actualmeasure-
ments in relation to their environmentalcondi- werecalculated.As may be observedin figs. 1 and
tions,i.e. to determinewhetherparasiticchemical 2, thesemoleculesdo not modify the total pressure
reactions or transport phenomenaoccur. These measurementssignificantly, but their presencecan
different stepsare describedbelow, be detectedby massspectrometrywhenvaporizing

GaAsor InAs.
4.1. Applicationof the 2ndand3rd lawsof thermo- An analysisby meansof the 2nd and 3rd laws
dynamics involvesa knowledgeof the thermal functionsfor

As2 and As4 as calculatedpreviously (section1).
The chemical equilibria studiedin the Ga—As Hultgrenet al.’sdata[3] wereselectedfor In (s), (1)

andIn—As systemsare the following: or (g) andfor Ga (s), (1) or (g). For the GaAsand
/ .. / \ / .. InAs compoundsthe thermal functionsare estab-

As4~g)s=s2As2~g), ~3)
lishedfrom heatcapacitymeasurements:

Ga(l) + ~As2(g) GaAs(s), (4) — GaAs: a good agreementbetweenrefs. [39,40]

Ga(l) +~As4(g) GaAs(s), (5) and [36] is observed,but a difference remains
betweenthe valuesof theseauthorsand those of

Ga(l) Ga(g), (6) Cox and Pool [38]. No explanationis apparent.

Ga(ss)+ As(s) GaAs(s), (7) The discrepanciesmay be due to interactionbe-
tweenAs andtheTa containeras indicatedby the

In(l) + ~As2(g) InAs(s), (8) appearanceof a compoundin the phasediagram,
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Table 9
2nd and 3rd law analysis of vapor pressure and EMF measurements in the Ga—As system

Reaction Temperature ~1H~ (2nd law) ~H
298 (kca! mo!~) L~H~

9(298K) (3rd law) Reference
range (K) (kcal moY1) 2nd law 3rd law (kcal mol~)

GaO)+ As
2(g) 1291—1435 —24.98 (1362 K) —25.64 —43.53 ±1.12 —20.74 Panish [26]

GaAs(s) 976—1269 —35.80 (1123 K) —35.83 —43.67±0.9 —20.88 a) Khukhryanskii [24]
1135—1170 —44.22(1096K) —44.18 —43.13±0.29 —20.34 Foxoneta!.[15]
1019—1238 —44.14(1134K) —44.20 —43.44±0.05 —20.65 Puppets!. [6]
1324—1469 —77.61 (1401 K) —78.38 —41.76 ±1.32 —18.97 a) Lyons and Silvestri [201
1031—1136 —34.87 (1087 K) —34.81 —43.31 ±0.52 —20.52 Drowart and Goldfinger [11]

888—1190 —46.20 (1049 K) —46.05 —43.84±0.22 —21.05 Arthur [13]
1358—1511 —70.83 (1459 K) —71.77 —41.41 ±1.02 —18.65 a) Richman [22]
1358—1511 —69.99 (1450 K) —61.90 —41.33 ±0.86 —18.54 a) Richman [22(
1412—1508 —73.03 (1472 K) —74.00 —41.10±0.85 —18.31 a) Richman [22]
1435—1512 —110.53 (1487 K) —111.56 —40.09 ±1.55 —17.30 a) Rakov et al. [21]
1000—1300 —84.2 (1150 K) — 84.2 Rubinshteiin ci al. [17]
1054—1458 —24.31 (1393 K) —25.65 — 38.44±1.72 —15.65 a) Van den Boomgaard

and Schol [18]
1106—1197 —37.51 (1152 K) —38.85 —44.20±0.28 —21.41 De Maria et al. [14]

Ga(l)+ ~As4(g) 1324—1469 —64.47 (1401 K) —64.71 —28.15±1.31 —18.97 a) Lyons and Si!vestri [20]
GaAs(s) 1031—1136 —17.87 (1087 K) —17.43 — 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) —55.95 —27.83 ±0.97 —18.65 a) Richman [22]
1358—1511 —48.20 (1450 K) —48.55 —27.77 ±0.86 —18.59 a) Richman [22]
1412—1508 —59.80 (1472 K) —60.21 —27.54±0.84 —18.36 a) Richman [221
1435—1512 —95.93 (1487 K) —96.37 —26.52 ±1.53 _17.340) Rakov eta!. [21]
1000—1300 —88.5 (1150 K) —88.1 Rubinshteiin eta!. [17]
1054—1458 —11.04 (1393 K) —12.37 — 24.84±1.74 —15.66 a) Van den Boomgaard

and Schol [18]
1106—1197 —16.99 (1152 K) —18.33 —26.50 ±0.31 —17.32 Dc Maria ci a!. [14]

As4(g) 1324—1469 52.54 (1401 K) 54.69 54.46 ±0.28 Lyons and Silvestri [20]
2 As2(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]
1358—1511 51.16 (1450 K) 53.40 54.24±0.12 Richman [22]
1412—1508 59.80 (1472 K) 62.09 54.21 ±0.12 Richman [22]
1435—1512 58.39 (1487 K) 60.69 54.29 ±0.22 Rakov eta!. [21]
1106—1197 79.0 (1152 K) 80.65 70.76 ±0.45 Dc Maria eta!. [14]
1054—1458 53.08 (1393 K) 55.23 54.36±0.14 Van den Boomgaard

and Schol 118]

54.40 ±2.00 Our retained value (section 2)

Ga(l)� Ga(g) 1135—1170 63.07 (1141 K) 64.72±0.02 Foxon ci al. [15]
1019—1238 62.07 (1126 K) 64.18 ±0.06 Pupp eta!. [6]
888—1190 63.42 (1033 K) 65.35 ±0.12 Arthur [13]

Compilation value — — — 65.0±0.5 — Hultgrenet al[3]

Ga(ss)+ As(s) 637— 741 —19.91 (689 K) —18.57 —17.47 ±0.15 —17.47 ±0.15 Abbasov ci a!. [27]
GaAs(s) 638— 741 —21.31 (684 K) —19.97 —16.83 ±0.15 —16.83 ±0.15 Krestovnikov et a!. [28]

683— 743 —22.12 (713 K) —20.78 Sirota[29]

a> These high temperature measurements were not used to calculate the mean va!ue of the standard entha!py 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 ~ H~(2nd law) ~lH
29, (kcal mo! ‘) ~1H~(298K) Reference

(K) (kcal mo!’) 2nd 3rd law

In(l)+ As2(g) 918—1083 —40.15(1000K) —40.63 —37.37±0.21 —14.58 Puppetal. [6]
InAs(s) 1136—1215 —12.12 (1192 K) —13.11 — 19.48±0.12—10.31 Karataev eta!. [32]

1004—1201 + 1.76 (1156 K) + 0.98 —31.74 ±2.10 —8.95 Van den Boomgaard and Schol [18]
942—1098 —42.93 (1027 K) —43.48 —40.30±0.27—17.51 Go!dfinger and Jeunehomme [31]

In(!)+ As4(g) 1136—1215 —12.79(1192 K) —12.24 —19.48 ±0.12 —10.30 Karatacv et a!. (32]
InAs(s) 1004—1201 —13.39 (1156 K) —11.91 —18.16 ±2.04 —8.98 Van den Boomgaard and Schol [18]

As4(g)a=~2 As2(g) 1136—1215 53.60 (1192 K) 55.33 54.50±0.06 Karataevet a!. [32]
1004—1201 48.85 (1156 K) 50.51 54.32 ±0.61 Van den Boomgaard and Scho! [18]

54.4±2.0 — Selected value (see section 2)

ln(ss)+ As(s) 513— 783 —12.82 (648 K) —12.04 —13.72 ±0.37 —13.72 Abbasov ci a!. [34]
InAs(s) 633-- 784 —12.36 (707 K) —11.58 — 12.60±0.04 —12.60 Krestovnikov et al. [28]

and by analogywith the observationof Cox and valuesenablea preliminaryset of thermodynamic
Pool [38] in the caseof liquid InAs. The valueof functionsto be establishedfor GaAsandInAs for
Sf95, from Piesbergen[36], 15.34±0.1 cal mol

t usein complexequilibrium analysis.
K — ~, hasbeenselected,as well as the meanvalue
for C,,, determinedby Dash et al. [39] and by 4.2. Complexequilibrium calculationsfor reactors
Lichter and Sommelet[40]: C,, = 5.507 + 9.974X
104T cal mol~Kt. For measurementsperformedunderstatic con-
— InAs: high temperatureC,, values[40,38] differ ditions suchasvaporpressuremeasurementsusing
by about9% at 1200 K. Justas for GaAs,Cox and a Bourdongauge,or DTA with samplescontained
Pool’s [38] valuesare lower than those of Lichter in sealedSi0

2 vessels,it is easy to analysethe
and Sommelet [40], whose values were used to contribution due to parasitic chemical reactions
calculatethe InAs thermalfunctions, suchas:

The 2nd and 3rd law analysesfor reactions
(3)—(11) are presentedin tables 9 and 10. The 2 GaAs(2)+ Si02(s)
calculationswere performedon the recalculated 2 AsO(g)+ 2 Ga(l,s)+ Si(l, s),
original values or those obtained by EMF and
massspectrometryas presentedin tablesor graphs or
in original publications.The meanvaluesfor the GaAs(s)+ Si02(s) AsO(g) + SiO(g) + Ga(l s).
enthalpiesof formation of GaAs and InAs, ob-
tained for rather low temperatureswhere the Ga The JANAF dataare used for Si02(s), SiO(g) and
or In activities are close to unity, are compared Si. In addition, the thermal functions for AsO(g)
with calorimetric determinationsas presentedin and the thermodynamicpropertiesof Ga—Si or
tables 5 and 6. The valuesare generally in close In—Si solutions are quoted in refs. [51] and [52]
agreementwith values obtained by dissolution respectively.At 1500 K, for example, the calcu-
calorimetry. Finally, the calorimetric values of lated AsO gas pressurewill be about 10—14 atm.
MartosudirjoandPratt[35]are retainedfor GaAs, The vapor pressuresof SiO gas or other species
z~H~°(GaAs, s, 298 K) = —19.52 kcal/mol, and havealreadybeeninvestigated[62] to explain the
those of Schottky and Bever [42] for InAs, Si contamination of GaAs compounds.These
L~H~(InAs,s, 298 K)== —14.8 kcal/mol. These pressuresare very low. Thus we concludethat in
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Fig. 5. Gaseous phase composition in equilibrium with the —14
compound GaAs and a H2 carrier gas at I atm: (1) tempera- -
lure range of Khukhryanskii et al’s measurements [24,25]; (2) 900 1000 1100 1200 T(K
Panish’s flow technique [26]; (3) Hal!’s determinations [45]. Fig. 6. Gaseous phase composition in equilibrium with the

compound InAs and a H2 carrier gas at 1 atm: (1) temperature
range of Khukhryanskii et al’s measurements [25]; (2) Hall’s
determinations [45].

staticmethods,no parasiticchemicalreactionswith
the Si02 container can significantly modify the
measuredpressures. relativeto InAs [25], from theresultsshownin fig.

For dynamic measurements,flows of H2 or 6, the mole ratio of arsenic transportedby As2
H2 + AsH3 mixtures may be transformed by versus the total arsenictransportedby As2 + As4
chemical reactions with the container materials + AsH3 + AsH2 + AsH is 0.886 at 973 K and
(Si02 or graphite)or alsoby chemicaldecomposi- 0.742at 1073 K. For the GaAscompound[24,25],
tion of some gaseousspecies. The influence of this ratio variesfrom 0.15 at 973 K to 0.97 at 1200
thesedifferent reactionsmay be testedor directly K and 0.976 at 1273 K. Thesevariationsare not
evaluatedby using complex equilibrium calcula- proportionalto T andthe enthalpiesderivedfrom
tions, the resultsbeing shown in figs. 5 and 6. a secondlaw analysiscontain a summationof at
These calculations are performed under equi- least three partial vaporization reactions.These
librium conditions which are theoretically ob- enthalpiesare necessarilyerroneous.As no experi-
tamed when the carrier gas flows reach a zero mentalvaluesare published,we cannotcorrect the
value. On the otherhand, when high flow values original measurementswith a complexequilibrium
are used,we can also qualitatively estimatethe calculation to include them in the optimization
masslossof the sample.From calculationscarried analysis.Forthe activity of As [33], the situationis
out for InP or GaP compounds[1], we can con- evenworse,becausewhen this quantitydecreases,
dudeby analogythat: the As2 pressuredecreasesmorerapidly than the

(i) The assumptionof Khukhryanskii et al. AsH3 pressure.For these reasonsthe measure-
[24,25,33]that As2 is the main vapor speciesis mentsof Khukhryanskii et al. [24,25,33]weredis-
erroneoussince As4, AsH3, AsH2 and AsH gas carded.
also transport the As component.For the study (ii) Thevaporpressuremeasurementsusingthe
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log Pj (Atm) loss. This As losscomesfrom the reaction of H2
flow with the sampleand the bath producingthe

2~ As4 supplementaryAsH3, AsH2 and AsH molecules.
So, the total flow (AsH3 + AsH2 + AsH + As2 +

0 2 As2 As4) of arsenic,when rising along the laboratory
1 tubing, is producedmainly as AsH3 + H2 flow,

since thetemperaturedecreases.Then,burningthe-2
outcominggases,the main part of theAs is lost in

4 I 7 the atmosphere,while some residual As is de-
posited at the end of the tubing as observedby

so importantas observedin the same apparatus

-: GaAs ~ © Hall [45]. Nevertheless,the lossof material is not
with InP or GaP as reportedby the author [45],

Ga but theliquiduscompositionmay beslightly shiftedtowardsthe compounds.Thisshift will be largerinthe Ga—As system,the As2 pressurebeing higher______ in the temperaturerange of the measurements.1513

-12 (op~m~zed) As4 Theseobservationswill be used later to evaluatethe experimentaluncertainties.IN
____________________ (iii) Schottkyand Bever[42] madecalorimetric

6 8 4 10 12 measurementsof a solutionof InAs andan In + As10
mixture and suggestedthat the maximumuncer-

Fig. 7. Optimized partial pressures of As2, As4, Ga and GaAs tainty wasdueto monatomicarsenicvaporization
gaseous species along the liquidus in the Ga—As system and during the calibration run. In fact the pure As
selected experimental data: (1) Van den Boomgaard and Scho!
[18]; (2) Rakov et al. [21]; (3) Richman [22]; (4) Foxon et a!. vaporizesmainly as the tetra-atomicform As4(g).
(15]; (5) Pupp et a!. [6]; (6) Arthur [13]; (7) Panish [26]; (8) Taking into account this vaporization, the maxi-
Drowart and Goldfinger [11]. mum error will lead to a more negativevalue of

the enthalpy of formation L~Hf(InAs, 298 K) =

— 14.8 — 0.60= —15.4 kcal/mol. This error will
H2 + AsH3 flow technique[26] were interpreted be partly compensated(10% to 20%) by the
by the authors taking into accounttotal decom- vaporizationof As2 during the dissolution of the
position of AsH3 into As2 + As4 and H2 gases.In InAs compound. So the value — 15.1 ±0.7
this temperaturerange,the AsH2, AsH molecules kcal/mol hasbeenchosen.This valueis in agree-
andresidualAsH3 arealways 1%. Thus,it is not mentwith the valuemeasuredby meansof abomb
necessaryto correct theseoriginal values. From a calorimeter[43]: —13.8±0.8 kcal/mol.
kinetic point of view asalreadyevidencedby Ban
[64], Panish’s [26] measurementsmay be over-

5. Critical analysisof the methods of measurements
evaluated.In fact, two reasonsseemto indicate
these measurementsare performedclose to equi- In all the different experimental techniques
librium conditions.First,the flow ratesin Panish’s which havebeenused,somesystematicerrorsmay
experimentsweremuch smallerthan thoseusedby

occur. As in the case of the In—P and Ga—P
Ban (20 to 100 times).Second,Panish’s[26] results systems[1] thesetechniquesare analyzedand thefinally will not be very different from other re- resultswhich havebeenobtainedare compared.

tamedvalues(seefig. 7). We concludethat the As2
andAs4 pressurevaluesare not significantlyover- 5.1. Knudsen-cellmassspectrometricmeasurements
evaluatedin Panish’s[26] work.

(iii) Liquidusdeterminationsin the Ga—As and Theeffect of parasiticphenomenaanddifficul-
In—As systems[45] may be erroneousdue to As tiesencounteredwith massspectrometricmeasure-
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mentswere respectivelyanalyzedfor the parasitic details are given by Foxon et al. [15] andArthur
reevaporationof arsenic, the dissociative ioniza- [13]. Goldfingerand Jeunehomme[31] vaporizing
tion of As4 into Ask, the reversibility of the InAs and Drowart andGoldfinger[11]vaporizing
evaporationprocess and the calibration of the GaAs, used an open crucible with a collimator
massspectrometer.A discussionof the experimen- diaphragm.Lou and Somorjai [55] measuredan
tal difficulties has beenpresentedpreviously [1]. evaporation coefficient (a 1/6) with a GaAs
The general results of our analysis will be dis- single crystal, but we cannot rule out the possi-
cussedtogetherwith the main observationsmade bility of somecoefficientsbeing <1 withgrounded
by different authors. InAs or GaAs samplesin thesecrucibles. The a

Parasiticreevaporationoccurs mainly with the valuesmight be higher, becausethe non-congruent
As4 species,as shown by Foxon et al. [15], who vaporizationof thesecompoundsproducesGa or
used a modulatedbeam and a phasedetection In droplets or layers which can catalyze the
technique,by Arthur [13] with a cold trap, andby vaporization,as alreadydiscussedby Gutbier [30].
Pupp,Murray andPottie [6] with botha cold trap The calibration of the massspectrometerhas
and a shutterprofile. By displacing the shutter, been carried out using the As2 ionic intensity
Arthur observedthat evaporationof As4 occursin integration and masslossof the cells [11,13,6,14].
the ionization source.The As4 sourcebackground As the As2 gaseousspeciesis the most important,
is very difficult to eliminate as discussedprevi- this calibrationis probably the mostaccurate,and
ously [1]. The shutter profile used by Murray, the reevaporationof As4 is avoided. Goldfinger
Pupp and Pottie [5] ensuresthat the two species and Jeunehomme[31] and De Maria et al. [14]
As4 and As2 do not havethe samebehavior.We havecalibratedtheir apparatustaking into account
havestudied[53] the responseof the ion sourceof the two ionic speciesAs~and As~1.If it is as-
a massspectrometershutterprofile and demon- sumed that their As~ ionic intensity is signifi-
stratedthat it is very difficult to obtain quantita- cantly overestimateddue to parasitic reevapora-
tive valuesfor reevaporationprocesses[53]. Corn- tion, sucha calibrationis erroneous.This excessof
paringPupp, Murray and Pottie’sshutterprofiles As~is demonstratedby the deducedvalueof their
with our previousstudy [53], we can deducethat equilibrium dissociationconstant(As4 2 As2)
someparasiticcontributionto As4 andAs2 molec- which is far from the selectedvalue in section 2.
ular flows occurredfrom the outer surfaceof the Recalculatingthe calibration constantwith their
Knudsen-cell or from the shields. these contri- sensitivity values, Goldfinger and Jeunehomme’s
butionsare quite largefor As4. This conclusionis value [31,32] are corrected,assumingAs2 as the
probably valid for all the experimentalinvestiga- main gaseousspecies,by a factor of 6.3 at 1000 K
tions. and 2.2 at 11100 K. Thesevalues are shifted to-

Dissociativeionization hasbeenshownto occur wards Pupp, Murray and Pottie’s [6] determina-
during studies of the vaporization of pure As tions. The samecorrection would pertain to De
[6,54,30], and amounts to 7% to 18%, with the Maria et al.’s [14] values, decreasingthe difference
ionizing electronenergy rangingfrom 40 eV to 70 betweenthesevaluesandotherdeterminations.As
eV. This contributionof As4(g) to the As~ionic not enoughinformation is availablehowever,fur-
current will be lower when the As4 flow, mainly ther correctionsare not possible, and thesevalues
due to reevaporationis reduced.This will be the havenot beenretained.Foxon et al. [16] assumed
case when using a narrow cold trap around the that the sensitivity valuesare the samefor Ga and
source[13,6,15,16],the observedAs4 flow becom- As2. This assumption is reasonableto within
ing lower than the As2 flow. ±50%.

The reversibility of the evaporationreaction is In conclusion,we think that the determinations
guaranteedonly when the evaporatingsurface is of As2 pressuresare the mostaccuratewhen using
large comparedto the effusion area.This condi- effusion cells and As2 mass loss calibration as
tion is fulfilled in the studiesof De Maria et al. carriedout by Arthur [13] and by Pupp, Murray
[14] and of Pupp, Murray and Pottie [6] but no and Pottie [6]. The estimateof Foxon et al. [16]
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gives valueswhich lie fortuitously in the rangeof for the GaAs and InAs measurements[27,28,34].
other selected values. Goldfinger and Jeune- This poor stability may be due eitherto diffusion
homme’s [31] correctedvalues seem to be low andsurfacephenomenaon thetwo-phasemixtures
when comparedwith Pupp, Murray and Pottie’s (GaAs+ As or InAs + As), or to unknown para-
results [6], probably becauseof an evaporation sitic reactionswith the electrolyte.In tables9 and
coefficient a < 1, especiallyat high pressureswith 10, the third law values are systematicallyhigher
resultinghigh evaporatingflow rate. Drowart and than the calorimetricdeterminationsandthis can-
Goldfinger’s[11]determinationsoverGaAsdo not not be explainedby thepossibility-of theexistence
seemto be affectedby sucha processwhen com- of low valencestatesof chloridesin the electrolyte.
paredwith otherdeterminations. Lower values of the Gibbs energy could be ob-

tained by Ga or In surfacemigrations. In the
5.2. High pressuremeasurements optimizationanalysis,it wasnot foundthat a good

convergencewasneverobtainedwhen theseEMF

Higher pressure measurementsare obtained valueswereusedwith all theotherretainedexperi-
mainly from dew-point techniques[18,20,19,32]. mental data. Therefore,in the final run, all the
Richman [22] used quartzspoongaugesand dif- EMF valueswerediscarded.
ferentialmanometers,andVigdorovich et al. [23] a
dynamic method with a quartz manometer.The 5.4. Calorimetric and heatcontentmeasurements
dew-point techniquepresentscertain difficulties,
as has been indicated by these authors: the As
may exist, at the dew-pointsite, in different allo- FortheInAs compound(table6), the two [42,43]
tropic states,the GaAs or InAs compoundmay available enthalpyof formation values differ by
form a layerat the surfaceof the liquid metal and 10%. For GaAs, two values are also available
the dew-point temperature,which is at a lower [29,35] and these differ by 5%. An accuracyof
temperature,may be difficult to measurecorrectly, ±5% is allocatedto all thesevalues.
a good heat exchangebeing obtainedonly by a The low temperatureheatcapacitiesavailable
good contactof the thermocouplewith the vessel, are from Piesbergen[36]. For these,the maximum
A comparisonof theresultsfor the Ga—Assystem, uncertainty is estimated to be ±5%. The high
showsgoodagreementbetweenthevariousauthors, temperatureC,, values are mainly determinedby
except on the Ga-rich side, where the measure- dropcalorimetricmeasurements[38,40];the values
mentsof Van den BoomgaardandSchol[18] were lie within ±5% of eachother for InAs andGaAs.
discarded.The same observationapplies to the For the GaAs compound, Dash et a]. [39] rede-
In—As system. On the In-rich side of this system terminedthe heatcapacityby differential scanning
Karataevet al.’s measurements[32] do not agree calorimetry. Their value agrees with those of
very well with Pupp,Murray andPottie’sextrapo- Lichter andSommelet[40] and Piesbergen[36] at
lated values [6]. At high As content, Van den 300 K. Hencethe meanvaluebetweenLichter and
BoomgaardandSchol [18]andKarataevet al. [32] Sommelet[40] andDash et al. [39] wasretained.
agreevery well, the total pressurebeing higherat The observation is made for the two com-
the dew-pointtemperature.We havethereforedis- poundsthat the availableheatcontentvaluesa]-
carded the metal-rich values of Van den ways agreeto within 10%. This is generally the
Boomgaardet al. and Karataev et al. for the accuracyof calorimetric measurements,and mdi-
In—As system. catesthat thereare probablyno parasiticphenom-

enaassociatedwith the determinations.
5.3. TheEMF measurements Theenthalpiesof fusion havebeenmeasuredbydrop calorimetry [38,40] and deduced from dif-

ferential thermal analysis[41].Thelatter valuehas
The reproducibilityof the EMF measurements, been discardedbecauseof the large uncertainty

which is generallyabout2 x iO~,is only 2 x 102 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 ~IP(As

2)/P(As2)
(%) (K)

Drowari and Knudsen-ce!! 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 a!. [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 (±I K)
ion source and a mole- reevaporation in the ion
cu!ar beam modulator source

Pupp ci a!. [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 a) [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 T40~~,,,,, ~ 569°C)

in table II of ref. [18]

Rakov ci a!. [21] Dew point method and ±20 Estimated; the same experi- ±3 Estimated; twice authors’
continuous weighing mental conditions as in ref. 118] estimate

Richman [22] Bourdon gauge ±20 Estimated ±3 Author’s estimate

Panish [26] H2 + PH3 flow method ±20 Estimated ±10 By ana!ogy with !nP
study as estimated in ref. [I]

a) 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 ~P(As2)/P(As2)

(%) (K)

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

Van den Boomgaard Dew point method ±20a) Only high dew point ±4 Authors estimate
and Schol [18] pressures are retained

(for Td0~~,,,, ~ 826 K)
in table I of ref. [18]

Karataev ci a!. [32] Dew point method ±20 a) By analogy with ref. [18] ±2 Estimated; twice
and continuous we retain only the total authors’ estimate
weighing pressures for

~ 826 K

a) 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 vaporizationof As2 andAs4 or the reactionwith
techniques H2 to produceAsH3 will theoreticallyslightly shift

the liquidus valuesof Hall [45], PereaandFonstad
All the liquidus determinationsagreewith each [48] and Sol et al. [47] towards the compounds.

otherandno analysisof the different techniquesis The sameshift occurs with the filtration method
neededto explain the very small differencesbe- [46] since some small crystalsmay be retainedin
tweenthe data. Wethink that the main difference the liquid. These observationswill result in an
will be revealedwhen the accuracyof the different error which is larger than the author’s estimate
determinations is evaluated. For example, the (seesection6).

Table 13
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 i H~’(298K) = —19.69 ±1.0 This work (±5%)
Pratt [35] precipitation (kcal mol_i)
Sirota [29] 02 calorimetric bomb ~H~’(298 K) = —20.96 ±1.0 Author’s estimate

Piesbergen [36] Thermometry Entropy S2°~8= 15.34 ±0.8 This work
Holste [37] Thermometry (cal K moF i) (±5%)

Dash et al. [39] Differential Scanning Heat capacity

Calorimetry (cal K_i moFi) C 5.507+9.974 10
4T +5% This workLichier and Drop calorimetry —

Sommelet [401

Richman and Differential Thermal Entha!py of fusion Lf = 21 ±5 Author’s estimate
Hockings[41] Analysis (kcal mol_i)
Lichter and Drop calorimetry L, = 25.18 ±1.3 This work
Sommelet [40] (±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 ~ H~(298K) = — 15.1 ±0.7 This work
flever [42] (kcal mol — i) (see text)
Sharifov and Synthesis in a ~H~’(298 K) = —13.8 ±1.0 This work: possi.
Gadzhiev [43] calorimetric bomb bility of its vaporiza-

tion during synthe-
sis

Piesbergen [36] Thermometry Entropy S
2

0
98 = 18.1 ±0.9 This work

Holste [37] Thermometry (cal K
1 mol_i) (5%)

Lichter and Drop calorimetry Heat capacity Cj,, = 11.822 + 2.026 X 10 3T ±5% This work
Sommelet[40] (cat K1 moF1) (298—1215 K)

Cox and Drop calorimetry Enthalpy of fusion L, =18.4 ±1.8 This work
Pool [38] (kcal mo!_i) (±10%)
Lichter and Drop calorimetry L

1 =17.58 ±0.9 This work
Sommelet [40] (5%)
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6. Optimization of thermodynamic and phasedia- log P
1 (Atm)

gram data
As4

QI
The analysisof the experimentalresultsenables (~) T~=1014K(ophmized)

a selectionof raw datawhich are combinedwith ° 1°

phase diagram information in an optimization 2 I
proceduredeveloped by Lukas et a!. [56] and
basedon a least squaresanalysis.The optimized _i,

coefficients of the excess Gibbs energy of the
liquid phase,as well as those for the compounds
InAs andGaAsare therebyobtained. I --

The Gibbs energy of formation of the corn- I
pound is given by the following equation: -8 N In As2

dT
2 e

= a — bT+ cT(1 — In T) —~ — —. (12) -10
2 2T

The excess Gibbs energy of the liquid solution T~l212K A~ In
—12 ~

phaseis describedby the generalexpression: (opllmized)”\\________ ________

8 10 12 10~(K)

= x(1 — x) ~ a~(1— 2x)~. (13)
Fig. 8. Optimized partial pressures of As

2, As4, In and InAs
gaseous species along the liquidus in the In—As system and

When p = 0 the expressioncorrespondsto that selected experimental data: (1) Van den Boomgaard and Schol

derived from the regular solution model. More- [18]; (2) Karataev ci a!. [32]; (3) Pupp ci a!. [6].

over, if a0 is temperaturedependent,~GXS will
describethe thermodynamicpropertiesof mixing
accordingto a ‘simple solution model’ [58]. Xe=O.

976
The thermodynamicpropertiesof pure In and 09 X~ 1 —107

Ga are taken from Hultgren et al’s compilations 0 ‘

[3]. In the experiments,it is thepartial pressuresof ___________________________Co
As

2 or As4, or the total pressure,which has been
measuredin equilibrium with InAs or GaAs.Ac- 0
tivity datamay therefore be derivedeither from —1
the directly measuredAs2 or As4 pressures,or
from thosederivedfrom total pressuredetermina-
tions. As the As2 pressuresseemmoreaccurateat
low pressures,thesewereusedto recalculateactiv-

z:ity data in the whole temperaturerange of themeasurements.The optimization procedurewas made using0 ~ p ~ 2. The criteria for the best choice of v isthe ratio between experimental accuraciesand
calculated uncertaintiestogether with the con- 1000 ‘1200 1400 ‘ T(K)
vergencycoefficient. This coefficient is the stan-
darddeviationfor all the data,eachof them being Fig. 9. Optimized phase diagram of the Ga—As system andselected experimental data: (x) Koster and Thoma [44]; (S)
weightedby its experimentalestimatedaccuracy. Rakov et at. [21]; (+) Rubenstein [461;(0) Vigdorovich et a!.

As a generalrule, the minimumset of parameters [8J; (~)Hall [45]; (A) Hsieh [231,(U) Sol ci al. [47]; (~)Perea
is preferable.The experimentalaccuraciesare pro- and Fonstad [48].
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Table 15
Selected phase diagram determinations for the Ga—As system and their estimated accuracies

Reference Method of measurement Estimated Origin of the uncertainty Estimated Origin of the
uncertainty uncertainty
LIxA,/xAS (K)

Goldsmith in Differential Thermal Analysis ±0.01 Weightof 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
a!. [21] weighing raturedistribution in the the authors’

vessel and the choice of estimate
K~(As

4 2 As2)

Vigdorovich et al. [8) Bourdon gauge and vapor density ±0.01 This work ±10 This work

I-Ia!! [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 ci al. [47] Heterogeneous equilibrium in ±0.01 This work ±5 a) This work
a LPE reactor and single crystal
weight loss

Perea and Heterogeneous equilibrium in ±0.01 This work: twice authors’ ±5a) 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

a) See ref. [11.

Table 16
Selected experimental phase diagram determinations for the tn—As system and their estimated accuracies

Reference Method of measurement Estimated Origin of the uncertainty Estimated Origin of the
uncertainty uncertainty
~xA,/xAS (K)

Liu and Differential Thermal Analysis ±0.01 XA, < 0.5: As loss by vapor ±5 Authors’ estimate
Peretti [49] (±0.03) and possibility of

—0.05 undercooling

±0.01 xA,>O.S: this work

Karataev et Dew point and continuous ±0.01 Uncertainty in the tempera. ±2 Estimated: twice
al. [32] weighing lure distribution and error the authors’

in the K~(As4 2 As2) 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 a) This work
Fonstad [48] LPE reactor and weight loss of authors’ estimate

a single crystal

a) See ref. [1].
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Table 18
Optimized values for the liquidus composition and vapor pressures along the !iquidus in the Ga—As system

Temperature Molar fraction Vapor pressures (atm)
(K) of As, XAS As

2 As4 Ga Total
(at%)

800 0.0308 4.47 x 10 i4 2.00 x 1020 2.11 x 10_i2 2.15 x 10 i2

850 0.0859 - l.53x10_i2 3.05x10’
8 2.24xlO~

900 0.213 4.24xlO~
403~l0i6 l.84xlO~ 2.26x10’°

950 0.478 S.l2xlO°
3

233~lO_i4 1.18x10
9 1.69x109

1000 0.976 9.44x109 9.98x10’3 6.25x109 1.57x108
1050 1.83 9.79x108

2.96xlO~i 2.83x10
8 1.26x107

1100 3.15 7.98x107 6.35x10~° 1.08x107 9.06x107
1150 5.03 4.58x106 7.05x109 3.75x107 4.97x106
1200 7.52 2.26x105 6.46x108 1.17x106 2.39x105
1250 10.61 1.OlxlO4 5.20x107 3.14x106 1.05x104
1300 14.33 4.lOxlO4 3.84x106 8.05x106 4.21x104
1350 18.72 1.56 x 10~ 3.01 x 10~ 1.83 x i0~ 1.61 x i0~
1400 23.97 6.37x103 2.15x104 3.58x105 6.59x103
1450 30.60 2.67x102 1.89x103 6.18x105 2.68x102
1500 41.10 0.154 3.35 x 10—2 8.75 x i0~ 0.188
1513.5 50.00 0.457 0.248 7.OlxlO5 0.705
1500 58.90 0.957 0.774 3.52x105 1.73
1450 69.40 1.51 6.08 8.20x106 759
1400 76.03 1.58 13.21 2.27x106 14.79
1350 81.28 1.35 19.32 6.22x107 20.67
1300 85.67 1.12 28.97 1.54x107 30.09
1250 89.38 0.836 35.73 3.44><10~ 36.57
1200 92.48 0.562 39.81 7.43 x 10~ 40.37
1150 94.97 0.343 40.18 1.36x109 40.52
1100 96.85 0.191 36.48 2.2lxlO°3 36.67
1079 (cut.) 97.60 0.150 29.85

3.SSXlO~~ 30.00
1090 100.0 0.176 37.47 0.0 37.65
LIT=±5.6Ka) LIXA,=0.9%a)

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

uncertainties of the two others are set equal to zero.

log XAS xerQ.86 1p90

o videdeitherby the author,or havebeenestimated

Te1O14K ~ in this work, as presentedin tables11 to 16. The
— ~.Y” raw datawhich are retainedfor the optimization

are selectedaccordingto the thermodynamicand
—1 methodological analysis described in sections3

and 4. In this analysis,the equationsdescribing
/ the heatcapacityof GaAsandInAs wereselected

/ from calorimetricdeterminationsafter noting that
—2 / calculationof the coefficientsa, b, c andd of eq.

sysI~l,A,s (12) by the optimization procedureled to less

—3 / Fig. 10. Optimized phase diagram of the In—As system and
/ selected experimental data: (x) Liu and Peretti [49]; (A)

Karataev et a!. [32J;(0) Hall [45]; (•) Perea and Fonstad [48].

500 700 900 ‘1100 1(K)
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Table 19
Optimized values for the liquidus composition and vapor pressures along the liquidus in the In—As system

Temperature Molar Vapor pressures (atm)
(K) fraction As

2 As4 In Total
of As, XA~

(at%)

600 0.0734 8.24x 10 i9 4.81 x 10_25 5.43 x 10 16 5.44x 10i6

650 0.219 2.09x10~
6 9.77x1022 2.06x10~4 2.08x10’4

700 0.550 2.34x10 i4 6.52 x 10—19 4.71 x 10 i3 ~ X
750 1.197 l.

5OxIO_i2 2.00x10~
6 7.00x10’2 8.5Ox1O~2

800 2.301 5.48 x IO° 3.01 x
10i4 7.31 x 10 1.28 x 10 ~

850 3.971 1.41 x 1O~ 2.60x 10_)2 6.03 x 10~° 2.01 x io~
900 6.267 2.58 x 108 1.48 x 10b0 3.68 x 10~ 2.96x i~--~
950 9.212 3.51 x i0~ 5.64x 10~ 1.87x i0~ 3.75x 10~

1000 12.83 3.78x 10~ 1.61 x10
7 7.55 x 10’ 4.02x 106

1050 17.21 3.68 x i0~ 4.09x 10—6 2.27x 10~ 4.12 x iO~
1100 22.57 2.98x iO~ 2.11 x105 8.00x107 3.20x io~
1150 29.50 1.87x l0~ 2.19x i0~ 2.01 x 106 3.06>< 10~
1200 40.87 1.57x102 3.09x102 3.90x106 4.66x102
1212 50.00 3.62x102 0.208 3.26x106 0.244
1200 59.13 9.23x102 1.07 1.61 x106 1.16
1150 70.50 0.116 4.57 2.56x107 4.69
1100 77.43 9.27xl02 8.11 4.54x108 8.20
1050 82.78 4.78x102 6.87 7.45x109 6.92
1014 (cut.) 86.37 2.51 x 10—2 6.68 1.68 x 10~ 6.70
1090 100 0.176 37.47 0.0 37.65
LIT=±lOKa) LIx=±2.7%a) LIP/P=±25%°~

a) 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.

satisfactoryresults.This selectioncorrespondsin a result of discardingthe rawvaporpressuredata,
fact to LtC,, — 0. The analysisshows that the ther- their set of basicdatawasmorelimited.
modynamicbehaviorof the liquid solution canbe
describedby a “simple solutionmodel” [58]. Table
17 presentsthe optimized set of data, consistent Acknowledgements
with the phasediagram,for bothsystems.Figs. 7
to 9 shows the vaporcompositionin equilibrium The authorsare grateful to Dr. L. Lukas for the
with thecompoundsandthe phasediagramresult- use of this optimizationprogramand to Dr. M.
ing from the optimization. For the Ga—As system, RandandDr. P.J.Spencerfor their fruitful discus-
the setof rawdatais highly consistent.Theexperi- S~Ofl5.

mentalvaluesalreadyselectedby Shaw[63] for the
GaAs compoundhavealso been selectedas raw
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