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We use a newly developedoptimization algorithm, the “sticky trust region technique”. for Gibbs energy minimization to
determinethe gaseousspeciesand liquid and solid phasespresentduring the synthesisand crystal growth of GaSh. The growth
systeminvolvesalmost thirty speciescomprisinga gaseousphaseand nine condensedspecies.We model the systemasa function of

temperature,oxygen and hydrogenpressurein the presenceof an Si0
2 crucible. Ga,03 is identified as the most stable contaminant

compoundand is seen asa phasethat floats on the liquid melt during growth. This oxide often prevents the growth of high quality

crystals.We showthe effectson its thicknessof increasingthe ambienthydrogenconcentrationand determinethat the Sit)2 crucible

is not an importantsourceof thecontaminantoxygenexceptat high temperatures.The Gibbsenergyminimization methodcombined

with the newly-developedoptimization algorithm is shown to be an efficient tool for evaluating the problems of crystal growth.

materialssynthesisand purification.

1. Infroduction single crystal GaSb as a substratematerial for
Ill—V solid solution detectorsandfor heterostruc-

For thesolid statematerialsscientist,a descrip- ture lasers at wavelengthsfurther in the IR than
tion of the growth of most crystals typically en- InP-based systems [2], we decided to use this
tails numerous complex chemical equilibria in- system as a test vehicle. Our previous favorable
volving many chemical speciesin both condensed experiencein modeling the equilibria involved in

and gasphases.The numericalevaluation of the theoxidation of SiC14, GeC14,etc.in themodified
relative concentrationsof the componentspecies chemicalvapor depositionprocessusedto prepare

under equilibrium growth conditions can be dif- optical fibers suggestedthat thesetechniquescould
ficult, and as a consequence,crystal growth and usefully be applied to crystalgrowthproblems[11.
the variation of the relevant growth parameters Our calculationsare sufficiently flexible to ad-
tend to be approachedon a somewhatempirtcal dress such questions as the role of the silicon

basis.This paperaims to showthat a newlydevel- dioxide crucible as a potential source of con-
oped optimization technique,the “sticky trust re- tamination andthestability of variousnativeoxide
gion technique”,combinedwith theGibbs energy phasesthat result from ultra-low oxygenor water
minimization method [1,3], makes it easy to deal concentrationsin thegrowth ambientatmosphere.
simultaneouslywith many chemical species, and A comparisonof our equilibrium calculationsand
that once thermodynamicdataareassembledand someexperimentalobservationsabout the forma-
evaluated, modern computer techniquesmake it tion and persistenceof oxide film “scum” on the’
possible to estimatethe equilibria important to a liquid GaSbsurfacewill be discussed.
crystal growth problem and to model changesin
experimental conditions. Indeed, a software
packageuseful for crystalgrowth thermodynamic 2. Synthesisand growth — experimentalprocedure
calculationsof the sort we describehas been de- andobservations
veloped andis in useon machinesrangingfrom a
Cray to an AT&T-6300 PC. GaSb is typically synthesizedby melting to-

Becauseof our current interestin thegrowth of getherGa and Sb at a temperatureslightly above
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themelting point of GaSb(705 -~710°C)in a vitre- and forms at themelting conditions in thecrystal
OUS Si02 crucible. The generally used physical puller atti~osphere.If thehoulets sandhlastedand
conditions of synthesisand growth are listed in etchedto removetheoxides and remelted.negligi-

table 1. hle scum is thenobservedon themelt and a single
The slight excess of antimony is part of the crystal is normally pulled. This crystal usually has

standardgrowth “recipe” [2] to compensatefor Sb no matte regions. If the polverystalline houle is
volatilization and help preservethe stoichiometry remeltedwithout sandhlasting.scum ts again pre-
of the grown crystal. The higher number of H 2 sent on the liqutd melt anda singlecrystal usually
moles (1.1 14) assumes10 h of flow at the given cannot be obtainedeven on the secondpull. The
conditions. This requiresa rapid interdiffusion of time at themelting potnt for the ~‘ secondpull” is
gasesin the reactorchamber. The lower H esti- 510 h. During a typical synthesisor growth. the
mateassumesonly 1% of the H is effective as a crucible weight loss is negligible ( © 0.2 mg). The
reducingagentbecauseof poor mixing anda slow H2 carrier gas is passedthrough a Pd diffuse to

approach to equilibrium. The estimatedlevel of remove07 and H20.which arethen below I ppm.
oxygen ts given over a wide range becauseof From theabove,we haveestimatedin table I i.he
uncertatntiesin impurity levels. The sourcesof number of moles of the various constituentmole-
oxygen include water in the hydrogen ambient cules presentduring synthesisand crystal growth

gas.theresultof outgassingof surfaces,and oxygen conditions.
presentin the reactants.Ga and Sb. An estimate
of 10— molesof 0 assumesthemain sourceof 0
is H20 contamination in the H~. If the main 3. Modelling the system: Gibbs energy ruinimiza-
source of 0 is adsorbed0 in the system. the tion method, sticky trust region technique and
quantity is then hard to estimatehut is certainly choiceof componentsand species
much larger. We have taken 10_2 moles as an
upper limit. Melts are almost always observedto To calculate the concentrationof speciespre-
have a “scum” floating on their surface. Grown sent during crystal growth we have used the
crystal houlesafter one pull have approximately method of minimizing the Gibbs energy for the
half of their surfacecoveredwith a “matte finish” multi-phase system. The general mathematical
layer with the remainderof the surfacerelatively proceduresused before the presentwork to de-
shiny. The time at the melting point for the first termine equilibrium chemical concentrationsare
pull is 5—10 h. summarizedby Van Zeggerenand Storey [3J.All

Auger spectroscopyshows that a few tens of methodsof determiningchemical equilibria under
ângströmsof a surface film of gallium and anti- constantpressureconditions are ultimately alike
mony oxidescover theshiny region of the boule. in minimizing theGibbs energy:
This thin oxide layer is formed after growth by
exposureto the laboratory ambient atmosphere. 6 = gn,. (I)
About twice that thicknessoccurs in the “matte”

region. The “thick” oxide is mainly gallium oxide where G is the Gibbs free energy. g, is thechem-
ical potential of speciesi, and n, is thenumberof

Tshlc moles of each component in the system. The
_______________________________________________ familiar “equilibrium constantmethod”also mini-
Atmosphere H2: 1.114—0.01molesof H2 mizes G but it is unsuitable for our purpose.
Pressure 1 .68 atm . . . .While it is theoreticallypossibleto solve simulta-
I-i flow rate 45.0 cm/mm

o;ygen (impurity) 10 210- 5 mol neously the many chemical equations that are
Gallium 1.148i~sl requiredto describetheequilibrium of our system.
Antimony 1.149mol severeand ultimately controlling technical prob-
Sit)2 crucible 24.676g lems with the equilibrium constantmethod pre-
Pull rate 1.2 cm/h vent its application.
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The difficulties that constrain the useof the STRT”. The newlydevelopedmethodsignificantly
equilibrium constantmethod arise becausesolu- extends and supersedesour earlier use of the
tions are not possible if the concentrationof any “method of elementpotentials”, which we found
input speciesbecomes0. In modeling multicompo- effective for systemswith up to two phases.Be-
nentsolid—liquid systemsit is often not possible.a causeof the multiple phasesand componentsin-
priori, to know which specieswill haveprecisely volved in thecrystalgrowth of Ill—V semiconduc-
zeroconcentration.Of course,gasphaseequilibria tors, many species and equilibria need to be

do not pose a problem since small but finite consideredsimultaneously.
concentrationsof gaseousspeciesare always pre- The novelty of theSTRT, describedin detail in
dicted to occur. The problem arisesfor solid and ref. [5], lies in the computation of its trial steps.
liquid speciesin condensedphasesthat must be Briefly, a sequenceof iterates is computed,each
modeled in a crystal growth system, since some being a vector of valuesfor all the species,such

concentrationswill be zero when a phasedisap- that the correspondingtotal Gibbs free energy
pears.To model theconcentrationof a particular gets smaller and smaller. To obtain a new iterate
speciesby theequilibrium constantmethod, every (onethat reducestheGibbs energy),it is necessary
equilibrium involving that speciesmust be consid- to considerone or more trial iterates,eachbased
ered. In thepresentcrystalgrowth case27 species on a second-orderTaylor seriesmodel of the total
are requiredto model the relatively simple binary Gibbsenergyaboutthecurrentiterate.The iterates
system involved. Thus, a system of 27 nonlinear are chosento approximatelyminimize the Taylor
equationsin 27 unknownswould needto besolved, seriesmodel on the current trust region, a region
If the concentrationrepresentedby any unknown about the current iterate within which the al-
in that systemgoes to zero, then that equilibrium gorithm believes the model reliably approximates
must be dropped and the system redefined.The the Gibbs function. Trial iteratesare chosenby a
problemis that if severalconcentrationgo to zero strategy that allows several inequality constraints

one can not easily know in advancewhich equi- at once to becomeinactive and several othersto
libria to leaveout. becomeactive. An active constraint is one that

In addition, when one needs to considersolid holdsaconcentrationat boundduringan iteration
or liquid solutions such as we have describedfor — we impose a small lower bound on all

Si1_~.Ge~O2[1,4] andwhich arepervasivein Ill—V concentrations to prevent numerical difficulties
semi-conductorpreparation, then with the equi- (see eq. (4) below). The strategy is sticky (com-
librium constant method, x must be known a pared, say, with the quadraticprogrammingused
priori or one must deal with many successive in someother optimization methods)in that once
iterations. Casesof mutual solubility of the mdi- the trial step computationencountersa bound, it
vidual components in Ill—V crystal growth are no longerconsidersallowing thatconcentrationto
important anda flexible methodof handling them increaseagain(during the current step computa-
in thecalculationsis essential.As we shall see,this tion). It might appearthat degeneracy,i.e., linear
is easywhen theGibbsenergyis minimized by the dependenceof the gradients of the active con-
techniquethatwe now describe. straints, could lead the strategy to false conver-

As a superior alternative to the equilibrium gence,but this pitfall is avoided by a side compu-
constantmethod,we haveemployeda newoptimi- tation that makes a small step (well within the
zationtechniquethat appliesto any problemhay- current trust region) to movesomeof thespecies
ing linear equalityor inequality constraints(in our from their lower bounds.Thebeautyof themethod
casethesearethe atomic conservationequations), for theexperimentalistis that, once thesystem is
where the objective function (i.e. the Gibbs free formulated andgivenproperthermodynamicdata,
energy)hasa well-behavedsecondderivative. Ap- oneneednot be concernedover the sophisticated
plication of themethod to a multicomponentsys- convergencetechniquesemployed.
tern hasbeen recently described[~I. We call this As a preliminary step to modeling, one must
method the “sticky trust region technique [5], define the phases,componentsand speciesto be
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included andfor which thermodynamicdata must unavoidably entered the system are inclLidecl.
he obtained. In theGaShsystem we examinedthe Therefore,the fundamentalatomic speciesthatwe
literaturedescriptions,took into accountour own use as our basis set are Ga. Sb. H. 0. and Si. A
experimentalobservationsduring thesynthesisand total of twenty-sevencompounds of these dc-
crystal growth. and madepreliminary thermody- ments that we judged to be important were in-
namic calculations of phasestability. For Ill—V eludedin ourcalculations.
semiconductorssuchasGaSb.we find that for the Ourcalculationcan he describedin eqs.(2) and
stoichiometriccrystal. two andpossibly threecon- (3) below:

densedphasesshould be included at temperatures R7~
significantly less than the melting point. Thus for 1

the GaSb system we decided Ga( ~‘), Sb(() and p = . (2)
GaSh(s)should he consideredin equilibrium with — P//ti

Ga(g), Sh(g). Sb2(g) and Sb4(g). In our own

synthesisexperimentswe observeliquid gallium
when GaSbis heatedbelow themelttng point and

the calculationsof Zakharov and Mirgalovskaya u = ,, g + RT In P + In
[6] suggest the formation of a liquid phasecom- , ~ gm~e.. /1,

prisedof antimoneydissolvedup to the soluhility / ° g~tse~

limit in gallium at temperaturesbelow themelting + n (~ + ~ P)
point alongwith solid GaSb,Ga and Sb vapors. ~

In the present study, we decided to neglect
correctionsto the Gibbs energyof GaShresulting + /1 ~ + ~ ,~ + RT ln—-———-~-—-——

from defect structuressuchasVan der Meulen [71 ~ ~

hasreported.This effect is not expectedto appre- mn Imi~mnsi.

ciably changethespeciesor phaseconcentrations + Ci (3)

we predict. at leastat higher temperaturesnearthe ‘°‘ -

melting point of GaSbwheregasphaseconcentra- where G is theGibbs energy of thesystem,which
tions areprobably largecomparedto solid defect will he minimized by STRT as describedabove.
concentrations. However, modeling the defect G~ is the excess Gibbs energy of mixing. dis-
structurewould he useful in that theconcentration cussedbelow. P is the total pressure, T is the
of defects controls the carrier concentration in temperature. V is the total volume, n, is the
undoped material and thermodynamic models number of moles of species i: p is the molar
connecting defects to experimental parameters volume of condensedspeciesI. and g,°theGibbs
would be helpful to theexperimentalistendeavor- energy of a speciesunderstandardconditions.
ing to control conductivity. In future work we Note that the ln(n,/~,n1) termsof eq. (3) are
plan to addressthis problem.Our presentthermo- the familiar mixing entropy. The liquids in (3)
dynamic model includes the condensedphases include only Ga(() and Sb(m~).i.e.. SiO2(() is
GaSh(s), and a solution of Gall) containing treatedas a solid in (3), sincethe SiO.,crucible is a
Sb(rc). Currently, we believe our calculations of glass and its weight loss is significant. The liquid
vaporpressureto be accuratewithin a factor of 2. entropy of mixing thus representsthe “mixing”
We would need more accurate thermodynamic contribution to G from Ga(() solutions contain-
data to increasethis reliability. ing Sh(/~): ~5h1 /) is the amount of Sb in the Ga

Becauseof the likelihood of crucible reactions solution.

during synthesisandgrowth,we haveincludedthe G~is defined in Panishand Ilegems[8]. In the
reactionsof elementspresentin the crucible as caseat hand, it takesthe form
well as in the carrier gasesin our model. Both
hydrogen (the ambient gas), silicon and oxygen = ~

(from the crucible) and oxygen and H-,O that fl(;~~~-~+
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where a is a function of temperature:~ = a(T) = Brebrik, Kaufman,andcoworkers[9] have fur-
A — BT. We obtained A and B by fitting the ther studied liquidus composition in Ill—V corn-

solubility dataof severalauthorsthatareshownin pounds. However, we have chosen to use the
ref. [81:we found A = 3619.89cal andB = 5.95174 experimentaldatacollectedby Panishand Ilegems
cal/K, which is in reasonableagreementwith the [8] becausewe could directly verify their derived
values derived by Panish and Ilegems (A = data by comparing it with the measured data
4700. B = 6) usingthe entropy of fusion equation. points they plotted in ref. [8].
The calculationsfor figs. 2—5 did not includeG

5~ To obtain the concentrationof all speciesunder
they weredone beforewe madeprovision for G~, equilibrium conditions, we minimize the function
andwe believeG,~would have little effect on figs. G of eq. (3) subjectonly to the constraintsthat
2—5, sinceour calculationsshow that liquid Ga is
not stablein the presenceof 0. P15 ~ 10 moles (4)

Table 2

Species Mol.wt. Enthalpy 50 H — H° Gibbs References

of formation (cal/mol. K) (kcal/mol) energy
(kcal/mol) at 1000 K

(kcal/mol)

Gases-

Ar 39.948 0 42.995 3.487 —0.395E+02 [Ill

Ga 69.720 66.332 47.871 4.296 0.228E+02 [121

Ga20 155.439 —22.766 82.186 8.238 —0.967E-1-02 [131

GaO 85.720 66.802 64.504 5.376 0.767E+01 [121

GaOH 86.727 —27.390 75.964 9.321 —0.940E+02 [131

H 1.008 52.103 33.404 3.487 0.222E+02 [111
H2 2.016 0 39.700 4.943 —0.348E+02 [11]

H20 18.015 —57.795 55.600 6.214 —0.107E+03 [111

O 15.999 59.554 44.618 3.552 0.185E+02 [111
02 31.999 0 58.190 5.426 —0.528E+02 [Ill

01-1 17.007 9.318 52.492 5.004 —0.382E+02 [til
Sb 121.750 63.230 49.070 3.487 0.176E+02 [161

Sb-, 243.500 55.260 71.600 6.220 —0.IOIE+02 [161

Sb4 487.000 49.360 107.436 13.824 —0.443E+02 [161

SbH3 124.774 43.681 67.509 6.886 —0.169E+02 [12]

Si 28.086 107.700 46.296 3.562 0,650Es-02 [151
56.172 141.000 66.178 6.713 0.815E+02 [151

Si3 84.258 152.000 81.134 10.035 0.809E+02 [151

SiH4 32.118 8.200 67.062 11.254 —0.476E-s-02 [151

SiO 44.085 —24.300 60.038 5.610 —0.787E+02 [15]
Si02 60.085 —72.700 69.698 8.940 —0.133E+03 1151

Condensedspecies
Ga(ei’) 69.720 0 21.955 5.831 —0.161E+02 [161

Ga,0(s) 187.438 —260.301 46.935 15.441 —0.292E+03 [121

GaSb(E’) 191.470 —9.990 49.320 24.718 —0.346E+02 [17]

Sb(i’) 121.750 2.087 32.386 5.264 —0.250E+02 (161
Sb(s) 121.750 0. 24.060 9.454 —0.146E+02 [12.161

Sb204(s) 307.498 —216.898 63.548 19.224 —0.261E+03 1121
Sb20(s) 323.495 —232.290 112.820 48.091 —0.297E+03 [12,14]

Sb406(s) 582.996 —338.695 117.441 34.012 —0.422E+03 [121
Si02(e’) ~ 60.084 —215.740 28.550 10.341 —0.234E+03 [151

.0 Excluding log( P) terms.

m Data usedfor amorphousSiO, crucible.
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for all speciesi and that the numberof atoms of K (deg)

eachelementbe constant. 1200 1000 900 800 700 600

4 -

4. Thermodynamic data ~sb. -

Table 2 lists thespeciesused in our calculation -- Sb

4

as well asour sourcesfor thethermodynamicdata. \
All the data can be considered to be of high \ ~—TH)SWORK

quality, except perhaps the data from refs. [13] -6 - \ ~
and[14], which we havebeenunableto verify. The — \ \ Sb

datalisted for Ga203(s)areof special importance \ \ \
since of all the oxides included in our study we - \ \ /
find that compoundto he favored. Argon is ~ Ga_...~\\/\ ~sb4

eluded in our calculations to allow an easy de- \ \ I -

terminationof thechangein volume of thesystem \ \ ‘~

during the calculation. It plays no chemical role. 8 - \\ \
Ionizedspeciesareignoredsincethey arefound to ~ \~~\1 -

be unimportant at the temperaturesof crystal
growth (— 1200 K). \\\\

The literature hasother sourcesfor the data in
table 2. We based our selection of sourceson
comparative evaluation, verifiability, discussions - 10

with colleagues.and ourown judgements.
I I L .~ I

08 09 10 II 12 13 (4 15 16 17 18

5. Results 1O~/T(51)

- -. Fig. 1. The vapor pressureof Sb. Sh. Sb4 and Ga above
). 1. Vaporpressureof GaSh . , - -(,aSh(s,t) calculated for an equimolar mixture of (ja and Sb.

TI-se dashed lines are calculations of Zakharov and Mirga-
We have considered the equilibrium that is lovsk~i~i[6]

obtainedfrom thecompoundslisted in (5): -

GaSh(s),Gay), Sb(~/).Ga(g),

Sh(g). Sb(g). Sb4(g). (5) At the melting point the total Sb pressureis
- about 3.6 >< 10 ~ Torr and Ga is less than 10 ~

Fig. I shows thevapor pressuresof thevolatile Torr. This suggeststhat Sb vacanciesare much
speciesover GaSh. Our Ga and Sb4 pressures more likely in the solid than Ga vacancies.The
agreeonly approximatelywith ref. [6] up to about vapor pressureof GaSb may be affected, as dis-
1000 K. Zakharov and Mirgalovskaya [6]. how- cussed in section 3. by the detailed effects of
ever, neglected Sb2. which is the major species defect structures(non-stoichiometry)and surface
(exceptbetween1000 and 1100 K). and Sb, which energetics.
has significant pressure;thus we think our pres-
suredataaremore reliable. Chaoand Mo [10] also 5.2. Effectsof oxygenon theconcentrationof Ga-,O~
measuredwhat appearsto be the total pressureof
Sb at threetemperaturesbetween950 and1050 K: Fig. 2 shows how oxygen impurity affects the
their points fall almost exactly on our Sb4 pres- products associated with crystal growth. The

sure curve. We could find no other experimental Ga/Sb ratio is that used in all our synthesisand
vaporpressuredata. growth experiments.H is set at the highest level
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likely to representactual growth conditions. The ing point of GaSb. GaO(g) is formed but at too

O level is the midrange of our estimateof that low a concentrattonto he seen in the present
impurity. Ga-,O(s)is thesignificant solid product figure. It is important to realize that in the pres-

and persiststo temperaturesclose to the melting enceof hydrogenandoxygen the total pressureof
point of GaSb, while oxides of antimony are not Sb is higher at themelting point than in theclean
thermodynamicallystableunderany of thecondi- system shown in fig. 1. In addition, the melt will
tions of growth listed in table 1. Our modeling be slightly poor in Sb(s)becausespeciessuch as
shows that the oxygen level must he increased Sb4(g) and Sb7(g) are presentin larger amounts
severalorders of magnitudebeforetheconcentra- than Ga2O(s) and Ga2O(g). No oxides of anti-

tions of antimony oxidesare at all significant. The money arepredicted.
calculationsshow that the presenceof oxygen at
the level of 0.001 moles and above can have . .5.3. Effectsof oxygenfrom the silica crucihleduring
serious effectson crystal growth. For example,if GaShcrystal growth
0.001 moles of oxygen atoms in all forms are
present(6 >< iO~ mole fraction in theentire sys-
tem), and the temperatureis 1000 K, then the Both silicon and oxygenare present,of course,
amount of Ga2O produced corresponds to a in significant amountsin thecrucible. Thermody-
thicknessof the Ga703(s)surfacelayer of about namics offers a direct way to assesshow both
50 A on the melt. If the oxide so formed is atomsaffect crystal growth. The methodwe have
incorporated as an oxide on the entire crystal used is to repeatthecalculation of fig. 2 (oxygen
surfacethe thicknesswould be about 10 A. This is atom impurity level 0.001 moles)with the addition
the sameorderof magnitudeas theobservedfilms of i0~ moles of silicon dioxide. Ga, Sb and H
of oxide formedon thegrown crystals.Such films are at the levels of fig. 2. The amount of 0 is
causepolycrystallinegrowth. The situationis even 3 X 10~moles,which is 0.001 moles more than
worseat higheroxygen levels and lower H levels, the 0 introducedby SiO2. The amountof SiO, is
aswe will showbelow in figs. 4 and5. setat a level to makeSiO2 a stableoxide phase,as

Examinationof the fig. 2 showsthat a strongly is observed.Indeedtheamountchosenis probably
temperature-dependentequilibrium of the gallium more than actually involved since the crucible
oxides and hydrogenoccurs and that Ga2O(s)is weight loss is about IO~ moles of SiO2. With
reducedto Ga2O(g)and GaOH(g)near the melt- theseassumptions.it is possible to seethe effects

2 -- —~ _________________ 2

GaSb)c,I) GaSbIcu
H2

5102(S)

soc 900 1000 1100 1200 1300

TEMPERATURE 1K) TEMPERATURE (K)

Fig. 2. The molar concentrationof variousspeciesvs tempera- Fig. 3. The molar concentration of the samespecies plotted

ture plolted for Ga. Sb, H, 0 equal to 1.148. 1.149, 2.228 and with Ga, Sb, H, 0, and Si equal to 1.148. 1.149, 2.228.0.003.
0.001 moles, respectively. The pressureis 1.68 atm and the 0.001 respectively. Observethat the presenceof Sit)2 doesnot

molarconcentrationof silicon is zero.All speciesexceptGa203 alter the production of Ga,0(s) as comparedwith fig. 2. All
aregases. speciesexcept Ga20 aregases.
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of the introduction of Si0 into the system. as IO~ -

shown in fig. 3. Careful examinationof the figure

shows that, exceptat high temperatureswhere SiO
forms, the effect of SiO-, is negligible. SiO-, does

~ i~)oslntg~stha~ ~~SOU~st2UK ~GaSh. This is not surprising since the element ~potential of oxygen (determined from the Gibbs ~.

energy of table 1) is much more negativewhen it ~° -

combines with Si thai-s with Ga. Around 1200 K ~
the increasingpresenceof SiO implies a reaction
with the crucible hasoccurred and consequently
theconcentrationsof various speciesarechanged.
The value of the thermodynamic calculation is I I

that it gives a quantitative limit (1200 K) to the
temperaturethat can he safely usedwithout risk- ~ —- _________

ing significant reactionof container components. I0~ so

Similar calculations can predict the safe silica MOLES H

crucible temperatures for other semiconductor Fig. 5. The reductionof (ia
203(s) asa function of Ie!llper.sture

materials. We should point out, however. that and ambient hydrogen is shown. Theconcentrationsof species

sinceaccuratethermodynamicdatato describethe other then hydrogenare equal to thoseof fig. 2.

incorporationof Si and 0 in GaSh(s)arelacking,
we cannot model their incorporation, which may 5.4. Ga705 dependenceson oxygenimpurltr /c’ce/
he of great importancein determining theelectri-
cal propertiesof GaSh. The quantitative formation of Ga703(s) from

impurity oxygen is shownin fig. 4 asa function of

temperaturenear the melting point. For our cx-
perimentalconditionsit should he noted that 10 -i

I ~ moles of atomic oxygen correspondto a film of
- - Ga203(s)roughly 50 A thick on the melt at 1000

,‘ K. This thicknessis calculatedfor thecasewhere
I0’ - ,/ - theambienthydrogenis 2.228 moles. Fig. 4 shows/ “ I that oxygen impurity eat-s produce unfavorable

growth conditions. We experimentally observea
I0~ - Ga-,0-s layer of about 50 A; this suggeststhat tile

eoomt-— - 0 level is about 10 ~ moles. At themelting point
- - an oxygen level of 10 2 moles would produce

.3 900K

a 10 - about 10 timesmore Ga203 while at-s oxygen level
1000K — of 10 ~ moles would produceabout 10 times less

IO~ - Ga20,.
I ( 5.5. Effectof hydrogenamhienton Ga-,O~Jormation

IO~ - ~ 1 ~ I Fig. 5 shows how hydrogen affects the forma-
I0~ I0~ MOLES 0 .0 .0 tion of Ga2O3. At 2.228 moles of H (our upper

Fig. 4. The molar concentrationof Ga,O,(s) as a function of limit estimate)Ga203 is well below 10 moles,
osvgen level and temperature.The levels of elementsother i.e., not observable.At themeltingpoint with H at
then oxygen areidentical to thoseof fig. 2. 0.02 nloles, about 3 ~ iO~ moles of Ga 02 are
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produced.Thus if only a small fraction of the H2 Acknowledgement
passingthrough the crystal puller is effective in
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