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Abstract

On the basisof a thoroughthermodynamicanalysisof theAl—As—Cl—H andAl—Ga—As—Cl—H systems,feasible
technologicalconditions for the depositionof the solid AlAs and Ga1_~A1~Asin hydride or chloride transport
systemswere determined.Undertheseconditions,thereis no undesirablepredepositionof the solid phase,which
complicatesthe use of the systemsfor the preparationof the layers and structurescontaining aluminium. The
calculatedresults were comparedwith the experimentallyobtainedvaluesavailable. Further, a thermodynamic
analysisof the Ga—As—Cl—H systemwas made. It follows, from a comparisonof the calculatedresults that the
different behaviourof the systemsgiven is predominantlyrelated to the different thermodynamicstabilities of
aluminium and gallium chlorides in the vapourphase.

1. Introduction depositionof the pseudobinarysolid solution of
Ga1~Al~Asin the systemof Al—Ga—As—Cl—H,

At present, the layered structuresof Ga1_~ noticeable attention was paid to deposition of
A1XA5/GaA5 arewidely usedmainly in optoelec- pure AlAs in the subsystemof Al—As—Cl—H [4—
tronics (LEDs, OW lasers, integratedoptoelec- 101 andsomedifficulties haveappeared.The first
tronical circuits) as well as in the microwave is more of technologicalnature and consistsin
technology(HEMTs). The techniquesmostly uti- the corrosionof quartzglassby the gaseousalu-
lized for their preparationare the LPE, MOCVD minium chloridesat commondepositiontempera-
and MBE methods. The hydride and chloride tures with a consequentcontaminationof the
transportsystems[1—4]wereusedfor the prepa- layerswith silicon [51.This is relativelyeasyto be
ration of the Ga1_~Al~As/GaAsstructureswith solved[4,6—10].The secondproblemis connected
somedifficulties as well, with relatively highoversaturationof the gaseous

In the studiesof the conditions suitable for phase,which leadsto the predepositionof the
solid AlAs on the reactorwall immediately after
mixing of the gaseousaluminium chlorideswith

_______ AsH3 or AsC13 [4—8].This predepositionalso
* Correspondingauthor, occurredin the caseof Ga1_~Al~Asgrowth[1—4].

0022-0248/94/$07.00© 1994 Elsevier ScienceB.V. All rights reserved
SSDI0022-0248(94)00586-9



2 J. Leitneret al. /Journalof CrystalGrowth 144 (1994) 1—8

The goal of the studyis to determine,on the Table 1

basisof a detailedthermodynamicanalysis,feasi- Substancesincluded into the equilibrium calculations and

ble conditions for the depositionof AlAs and sourcesof theappropriatethermodynamicdata

Ga1_XA
1XAS layersin hydride or chloride trans- SubstanceRef. Substance Ref. SubstanceRef.

port systems,andfurther, to elucidatethe differ- Al(g) 1131 AIHCI
2(g) [131 As4(g) [16]

ent behaviourof the Al—As—Cl—H and Ga—As— AIH(g) [131 Ga(g) [13] AsH3(g) [17]

Cl—H s tems AIH2(g) [13] GaH(g) [131 H2(g) [181
ys . AIH1(g) [13] GaCI(g) [14,151 H(g) [18]

AICI(g) [13] GaCI2(g) [14,15] C12(g) [18]
AICI2(g) [13] GaCI1(g) [14,15] Cl(g) 118]

2. Calculation method, system description, and AICI3(g) [13] Ga2CI2(g) [141 HCI(g) [18]

input thermodynamic data A12C16(g) [13] Ga2Cl4(g) [14] AlAs(s) [19]
AIHCI(g) [13] Ga2Cl6(g) [14,15] GaAs(s) [20]
AIH2CI(g) [13] As2(g) [16]

In order to calculatethe chemicalequilibrium
for the above-mentioned systems, a general
method,basedon minimizationof the total Gibbs
energyof the system,on a set of points satisfying tions, ideal behaviourof the gaseousphase as
the materialbalanceconditionswas used[11]. It well as of the Ga1_~Al~Assolid solution was
is a modified RAND method using the calcula- assumed.Substancesincluded in the calculations
tion algorithmdescribedpreviously [12], and the sourcesof appropriate thermodynamic

Only one solid substance(AlAs or GaAs or dataaresummarizedin Table 1.
pseudobinarysolid solution Ga1 ~Al~As) wasas-
sumed in equilibrium with the gaseousphase.
Solid or liquid elementsof Al, Ga and As were 3. Calculated results and discussion
not taken into account for the calculationbe-
cause, from the thermodynamicpoint of view, The calculationsof the equilibrium composi-
their presenceis impossible within the range of tion were carriedout for the temperaturerange
the reactionconditions studied.For the calcula- of 800—1400 K, at pressuresof 1 and 0.01 atm,

I I I p—o.oi atm, l
I I II A—tO

I B=3.5 I I I l

I II II

(a) I I I io6 (b) I I~ i I]
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Fig. 1. Temperaturedependenceof equilibrium amount of the solid AlAs depositedin theAl—As—Cl—H systemat differentvalues
of pressureandparametersA and B: (a)p = 1 atm, A = 10 and(b) B = 2 (dashedcurvesmeanthat thesolid phaseis not created
in the whole temperaturerangeof 100 K).
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andfor variousinitial compositionsof thegaseous 5~1o~ I

phase.Theinitial amountsof hydrogenn°(H2)=
o Iii 0 ASH , V/Ill = 5.0

1 mol, and of the group III elementsn (A ) =

iO~mol (A” = Al or Ga)were constantfor all 4~10~ ‘ • As4, v/Ill 6.8

the calculations.The As and Cl contentsin the ~ x)A1C13) = 4.4~1o~ blisS3)

systemswere characterizedby the parameters
A = n°(As)/n°(A”) and B = n°(Cl)/n°(A°”). 3~iO~ -

The valuesof the parameterswere varied in the
calculationswithin the rangeof 1 to 10 (for A)
and1 to 5 (for B). The aluminium contentin the 2x10 /
gaseousphasewas expressed,owing to the total

XAI(g)=n (AI)/(n (Al)±n (Ga)),whichvaluewas 1x10~ ‘

variedtn the rangeof 0 to 1 for the calculat,ons.

3.1. Al—As—Cl—I-Isystem 700 800 900 1000 1100 1200
T (K)

Fig. 2. Comparisonof the calculated amount of deposited
The temperaturedependenceof the equilib-

solid AlAs and the experimentallyfound growth rates in therium amount of solid AlAs in the Al—As—Cl—H systemsof AICI3—As4—H2 (curve a) and AICI3—AsH3—H2

systemat differentvaluesof pressureandparam- (curve b) in dependenceon temperature(for the calculation

eters A and B is plotted in Fig. 1. It is obvious of curveb the gaseousAs2 and As4 werenot considered).

that thereare two possibilitiesof depositionfor
solid AlAs in the system of Al—As—Cl—H. At
atmosphericpressurethe initial compositionis to e.g. for the valuesof A = 10, B = 2, I~= 1200 K
be chosento reacha relatively high valueof the (the systemis homogeneousat this temperature)
ratio B by supplying HC1 to the mixing zoneof and T, = 1000 K, solid AlAs will be formed and
the reactor. In this caseit is suitableto maintain theefficiencywill beapproximately51.7%. In this
the depositionzoneat higher temperature(T~,) casea further decreaseof depositiontemperature
than the source (or mixing) zone (temperature leadsto a decreasein depositionefficiency. The
J~),and the transportof AlAs is driven in the deposition under low pressurein hydride and
directionof increasingtemperature.Thus,e.g.for chloride systemswas successfullyapplied to the
valuesof A = 10, B = 3.5, 7~= 900 K (the system preparationof GaAs layers[21—24].The temper-
is homogeneousat this temperature)and Td = ature 1~in the source zone can be decreased
1100 K, a solid AlAs will be formed and the throughutilization of a lower valueof the param-
deposition efficiency defined as a(%)= 100>< eter A. The lower contentof As in the gaseous
n(AlAs, s)/n°(Al,g) will beapproximately12.5%-. phasecan, however,result in worsequality of the
Depositionefficiency could, in this case,be in- AlAs layers deposited due to a formation of
creasedby meansof a certainincreaseof deposi- vacanciesin the positionsof theAs atoms.In the
tion temperature.For the above-mentionedcon- extremecase(A <1), evendropletsof Al canbe
ditions and depositiontemperatureof Td = 1200 formed on the surfaceof the solid AlAs, which
K, the efficiency would be 22.5%. Further tem- considerablyaffectsthe morphologyof the grow-
peratureincrease(seeFig. 1), however,doesnot ing layers.
lead to an increaseof the AlAs amount de- Dependenceof the calculated equilibrium
posited,andat a temperatureof Td> 1300 K, the amount of the solid AlAs in the systemsof
depositionefficiency decreasesconsiderably. AlC13—As4—H2 andAlCl3—AsH3—H2 on temper-

At low pressureof 0.01 atm (see Fig. ib), the atureis plotted in Fig. 2. Curveb was calculated
transportof the solid AlAs can be carriedout in underthe assumptionthat the only gaseoussub-
the direction of decreasingtemperature.Thus, stancecontaining As was AsH3 (As2 and As4
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Fig. 3. (a) Comparisonof the equilibrium amountsof solid AlAs in theAl—As—Cl—H systemand solid GaAs in the Ga—As—Cl—H
systemin dependenceon temperature.Curve a: p = 1 atm, A = 10, B = 1; curve b: p = 1 atm, A = 10, B= 3; curve c: p = 0.01
atm, A = 1, B = 1 (dashedcurvesmean that the solid phase is not created in the whole temperaturerange of 100 K). (b)
Comparisonof equilibrium concentrations(mole fractions)of gaseousAl andGa chlorides in theAl—As—Cl—H and Ga—As—Cl—H
systemsin dependenceon temperature,p = 1 atm, A = 10, B= 3.

werenot takeninto accountfor the calculations). reaction betweenAsH3 and AlCl3 is likely to
This approach,which wasalso usedby Kobayashi occur on the surfaceof the substrate.Because
et a!. [10], fits betterto the courseof the deposi- As2 and As4 are the dominantAs bearingcorn-
tion in the reactorwith a cold wall whena direct ponentsof the gaseousphase,omitting of them

I I I I I

104 XMA Blf

10~° - t ~B3 \‘ 82 B~2.5

B=3.5\ \ / \ 0.2 . (b)
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10_S I I I I I
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Fig. 4. Temperaturedependenceof equilibrium amount (a)and composition(b) of solid Ga1_5Al~Asfor variousvaluesof B;
p = 1 atm, XAI(g) = 0.5 (dashedcurvesmeanthat thesolid phaseis not createdin thewhole temperaturerangeof 100 K).
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leads during the calculationsto highervaluesof The decreaseof the overall pressurein the
the AlAs amount deposited.Experimentaldata system down to the value of 0.01 atm has a
of AlAs layergrowth rates[10] aregiven in Fig. 2 significant influenceon the courseof the depen-
too. It is clear that the experimentally found dence investigated.The pressuredecreaseleads
increaseof depositionrate within the rangeof to a substantialdecreaseof thermodynamicsta-
higher temperaturesis adequatefor the increase bility of the solid arsenides,especiallyat higher
of the calculatedequilibrium amount of AlAs temperature.Cooling down of the gaseousphase
depositedas the result of the decreasedstability to temperaturesbetween800 and1000 K leadsto
of the gaseousAlCl3. the formation of solid Ga,_~Al~Ashaving vari-

able contentof aluminium within XA,As = 0.003—
3.2. Ga—As—Cl—Hsystem 0.95.

The equilibrium composition of the solid
The resultsof equilibrium calculationsfor the Ga,_~Al~Aswas comparedwith the valuescal-

Ga—As—Cl—H systemwere publishedby a num- culatedby BachemandHeyen[1] and,moreover,
berof authors,e.g.Refs.[23—29].In thisstudywe with the availableexperimentalresults[1—4].Re-
used newly publishedvalues of the thermody- strainedto just the dominantcomponentsof the
namic data for the gaseouschloridesof gallium gaseousphase,the compositionof the solid solu-
[14,15] as well as for the solid GaAs [201.The tion of Ga,_~Al~Asis determinedby the value
differencesbetweenthe systemsof Ga—As—Cl—H of the standardGibbsenergy~iGr°of the reaction
and of Al—As—Cl—H (see Fig. 3) is connected
with different thermodynamicstabilities of the GaAs(s)+ AICI3(g) + H2(g)
gaseousgallium andaluminium chlorides. In the = AlAs(s) + GaCl(g)+ 2 HC1(g).
low temperatureregion, the concentration of
A1CI3 is greater than that of GaCl and thus a The valueof LIG°r= 145.7kJ at a temperatureof
higheramountof the solid GaAsis createdin the 1000 K follows from the data of Bachemand
systemof Ga—As—Cl—H comparedto the amount Heyen [1], and 135.7 kJ from our selecteddata.
of AlAs in the systemof Al—As—Cl—H. At higher This differenceis the causethat the composition
temperaturethe concentrationof GaCI is, on the of the solid Ga,_~Al~Ascalculatedby Bachem
contrary, greaterthan that of the Al chlorides andHeyenis quite differentfrom our results.
andthusthe amountof GaAsdepositedis lower The dependenceof the AlAs content in the
than that of the AlAs in this temperaturerange. solid phaseon depositiontemperatureis plotted

andcomparedwith the experimentalvalues[1] in
3.3. Al—Ga—As—Cl—Hsystem Fig. 5. The temperatureof the source (2~)in

which thegaseousAl andGa chloridesareformed
The dependenceof the equilibrium amount by the reaction of the Al—Ga melt with the

and the composition of solid Ga,_~Al~Ason gaseousHC1 is the parameterhere. The input
temperature at atmosphericpressure is illus- thermodynamicdata for the liquid Al and Ga
trated in Fig. 4. The temperaturedependenceis were taken from the JANAF Tables[18] for the
somewhatcomplex becauseof different thermo- calculations of the gaseousphase equilibrium
dynamic stabilities of the gaseouschlorides of composition in the source. In order to describe
aluminium and gallium. At relatively high values the non-ideal behaviour of the melt, the
of the parameterB the homogeneousgaseous Redlich—Kisterequationwas employed and the
phaseis thermodynamicallystableat higher tem- appropriateconstantsweretakenfrom the paper
peratures.The oversaturationcanbe attainedby of Watson[30]. Relatively good quantitative ac-
the gaseousphasecooling down, resulting in the cordancebetweenthe calculatedandexperimen-
formationof the solid phase;however,it is obvi- tally found compositionof the solid Ga1_1Al~As
ous from Fig. 4b that under theseconditions for deposition temperaturesabove 1000 K was
practicallypure GaAsis deposited. obtained.
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The calculated content of aluminium in the 0.6

solid phaseshows highervalueswhen compared lb

with the experimentaldatapublishedby Deschler
et al. [2] (see Fig. 6). The absolutedifferenceof
the value of XAIAS is equal to 0.15—0.20. The
dependenceof XA,As on p°(AsH3)calculatedby
Deschleret al. [21on the basis of the diffusion CA1AS

model is also plotted in Fig. 6. In this case the
calculation gives a lower Al content in the solid
phase; however, the quantitative agreementis 0.4 - -

better — the absolutedifference of the value of I

XAIA,, is in the rangefrom 0.05 to 0.10.
The valuesof XAIAS calculatedby us are, on

the contrary, considerably lower when plotted o
0

againstthe experimentaldatapublishedby Yam- 0.3 - Aif fasto 0 -

aguchiet al. [4]. At atmosphericpressure,deposi- e

tion temperatureof 873 K and gaseousphase ~‘

— — -

initial compositionof n°(AlC13)= 5.7x 10~mol,
n°(GaCI3)= 3.4 x 10—6 mol, n°(AsH3)= 3.7X

0.2—~ I
i0” mol, n°(H2)= 3.33 >< iO~mol and n°(He) 2 5 ~ 20 00

~

0As11

3 (bar)

Fig. 6. Comparisonof calculatedand experimentallyfound [2]
0 compositionof solid Ga1_5Al~Asin dependenceon initial

c T= 1023 K partial pressureof AsH3 p = I atm, 7~= 1015 K, T4 = 1046 K:
1023 K sourcezone: 150 mI/mm HCI/H,, p°(HCI)=2X 10_2 bar;

~ = 6.56 X iO~mol, the aluminium content in the0 T= 1053 K• T5~ deposition zone: 450 mI/mm AsH3/H, +150mI/mm H,.
0.4 - layers preparedwas XAIAS = 0.7 [41,while the

XAlAs equilibrium composition calculatedwas .vAIAS =

0.03.
From a comparisonof the calculatedand the

- - experimentally found compositionsof the solid0.2

Ga1_~Al~Asit follows that the agreementof
theseresults is qualitative only. As given previ-
ously, all the experimentalresultsdiscussedhere
wereobtainedunder the conditionsthat the for-
mation of the solid phaseoccurredimmediately

0 I after the gaseouschlorides of Al and Ga were
9.5 10.0 mixed with AsH3 (or with As2 + As4), i.e. before

10

4/0

4)K

1( reachingthe substrate.The predepositionof the
Fig. 5. Comparisonof calculatedand experimentallyfound [1] solid phasecanaffect both B and XAI(g) consider-
compositionof solid Ga

1_4AI5Asin dependenceon deposi- ably in the vicinity of the substrate.An increase
tion temperature; p = 1 atm; source zone: 150 mI/mm of B results in a decreaseof the value of XA,As,

HCI/H2, p°(HCI)= 3>< 102 bar, 1 = 1023, 1053 and 1083
K; depositionzone: 150 mI/mm AsH,/H2, p°(AsH3) = 4 ~< and an increase of the value of XAI(g) in an
10-2 bar, +750mI/mm H,. increaseof the value of XA,As. Under the condi-
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tions utilized in the depositionof Ga,— ~Al As 4. Conclusions
layers by Deschler et al. [2] (see Fig. 6), the
calculatedequilibrium composition of the solid It follows from the results of the thermody-
phase(xA,AS = 0.47—0.58) doesnot differ much namic analysisof the Al—As—Cl—H and Al—Ga—
from the experimentallyusedvalueof XA,(g) = 0.6. As—Cl—H systemsthat hydride or chloride trans-
Therefore,mainly the first factor is important for port systemscan beutilized for the depositionof
the resultingcompositionsof the epitaxial layers. epitaxial layersof AlAs or , _~Al~Ashaving
Under the conditions for the deposition of variable aluminium content in the rangeof XA,As

Ga,_~Al~Asused by Yamaguchiet al. [4], the = 0—1 at decreasedpressure(0.01 atm) andat a
valueof X,~(g)is 0.94 and the calculatedequilib- suitablychoseninitial compositionof the gaseous
rium composition of the solid phaseis XA,As = phase(B = 2). Undesirablepredepositionof the
0.03. It is likely that in this case,the predeposi- solid phaseon the reactorwall doesnot occur
tion significantly increasesthevalueof XAI(g) near undertheseconditions.The oversaturationof the
the substrate,and especiallythe secondfactor is originally homogeneousgaseousphase can be
the importantone for the resulting composition attainedby its cooling down from the tempera-
of the epitaxial layers. ture of the sourcezoneof ca. 1100 to 1200 K to

Another factor which can considerablyaffect the temperatureof the depositionzoneof Ca. 800
the accordancebetweenthe calculatedandexper- to 900 K.
imentally obtained XA,As values is the influence
of transport and kinetic phenomenawhich are
not takeninto accountin the equilibrium model. Acknowledgment
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