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Organometallicvaporphaseepitaxy(OMVPE) is often thoughtof asa kinetically-controlledprocess.In this papertherelationship
betweenthe compositionof the Ill/V alloy and the vapor from which it is grown is examined in detail for several systems.For
systemsof the type~ whereA andB are non-volatilegroup III elementsandtheV/Ill ratio in thevaporphaseis >> I the
solid—vapordistribution coefficient is approximatelyunity andcontrolled by diffusion of A and B to the growinginterface.For
mixing on thegroup V sublatticetwo casesare observed.WhenAsH

3 andPH3 are thegroupV sources,therateof pyrolysisof PH3
determinesthe distribution coefficient at low growth temperatures.Where the pyrolysis is essentiallycomplete the distribution
coefficient is found to be thermodynamicallycontrolled.Therelationshipbetweensolid and vapor compositioncanbe accurately
calculatedwith no adjustableparameters.

1. Infroduction termine the solid—vapordistribution coefficient,k,
in OMVPE systems.Perhapssurprisingly, we find

Oneof the major advantagesof organometallic that in severalcasesthe dependenceof solid corn-
vapor phaseepitaxy (OMVPE) is the ability to position on vaporcompositionis accuratelycalcu-
easily control solid compositionin such systemsas latedusingsimplethermodynamicmodelscontain-
Al~Ga1_~As.By LPE (liquid phaseepitaxy) the ing no adjustableparameters.This includes the
Al distribution coefficient is > 100 [1], making the predictionof miscibility gapsin the solid.
control of solid composition dependenton very
tight control of the liquid composition.In OMVPE
the Al distribution coefficient is approximately 2. Growth mechanism
unity [2,3]. An even more dramatic case is
Al~In1~Pwhere the very large Al distribution The characteristicof a crystal growth process
coefficient,calculatedto be greaterthan 10000[4] which best indicatesthe ratelimiting mechanismis
would make LPE growth very difficult, if not the temperaturedependenceof growth rate. The
impossiblefor reasonablythick layers.In OMVPE growth of GaAsusingTMGa andAsH3 is typical
we againexpect the Al distribution coefficient to of most Ill/V OMVPE systems.The growth rate
be unity [4]. However, the understandingof the is found to be nearly temperatureindependent
physical mechanismsdeterminingthe solid—vapor over the temperaturerangecommonlyused [6,7],
distribution coefficient, k, is not complete.Not all indicating that diffusion through the boundary
the distribution coefficients in OMVPE systems layer to the interfacedeterminesthe growth rate
are unity. In thesystemInAs,~P1- the phosphorus [4]. This is confirmed by the orientationindepen-
distribution coefficient is — 0.025 at 600°C[5]. denceof growthrate[8]. In this regimethe ratio of

The purpose of this paper is to explore the AsH3 to TMGa in the vapor phaseis typically
kinetic and thermodynamic factors which de- much greaterthan unity. The growth rateis pro-

portional to the TMGa molar flow rateandinde-
* This work was supported by the Department of Energy, pendent of the AsH3 flow rate [4]. Leys and
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gasmoleculespresentin theboundarylayer. They 3. Distribution coefficients
found only CH4, indicating that the TMGa is
completelydecomposedby homogeneousreaction For the growth of Al ~Ga ~As using TMGa
in the vapor phasebefore reachingthe interface, and AsH3, the distribution coefficient, i.e.. the
Knowing that the decompositionof AsH3 occurs ratio of X~,IA~to x~ Al/roAl + P~(;,) is
very slowly unless catalyzed by the GaAs solid found to be approximatelyunity [2.31.This can he
interface [10—12] we supposethe overall reaction easily understood in terms of the simple model

to be discussedabove. At the interfacePr., 0 and PAl

(or ~AI\ ) 0. The solid composition,x. will he
(CH3)3Ga(v) + ~H2(v) -~ Ga(v) + 3 C H~(v), (1)

J D P~1which occurshomogeneously. x = Al A A . (6)
~Ga +JAI D(l,P~~l(;,,+ DAlP~M,xl

AsH3(v)—~As4(v)+~ H2(v). (2)
If DAI , then kAl 1. This reasoningholds

which occursat thesolid—vaporinterface,and for all alloys wherethemixing occurson thegroup
Ga(v) + ~ As (v) GaAs(s) (3) III sublattice.The partial pressuresof Al. Ga and

In will all be essentiallyzeroat thegrowing inter-

The input partial pressuresaredenotedP°andthe faceat normal growth temperatureswith V/Ill>>
near equilibrium partial pressuresare denotedP, 1. This is observedexperimentallyfor systemsof
For temperaturesabove 550°Cand P~/P~MG. this type. as illustrated in fig. I for the system
>~ 1, the TMGa is thought to decomposetotally. Al,Ga1 ~As. Ga~In1_~AsandAl~Ga1 Sb.
The flux of Ga to the surfaceis then For the growth of alloys with mixing on the

group V sublatticethesituation is somewhatmore
= D0a(P~a — P~,)/dhRT. (4) complex. Therate of pyrolysisof AsH3 wasshown

wheredh is theboundary layer thicknessand D0., aboveto besluggishat low temperatures.The rate
is the diffusion coefficient for Ga in the vapor of pyrolysis of PH3 is significantly slower. Mass
phase. Reaction (I) goes to completion at equi-
librium, thus P~ ~~M(;a~ At the growing inter-
facethemassaction expressionmay be written I 0 /

0 Al~Go _~s (Mon *1 al. 1981) /
S / p P’~

4— K 15) I n

5Ga _~As(Ludowise *101., 1981) /
aGaAs/ Ga Asa — (iaA~ ‘ / /

08 ~0 Al5 Ga15Sb (Cooper el a), 1980)

The reactiongoes essentiallyto completion, and o /
since ‘~TMGa ~< P~11,P0., 0. Thus from eq. (4),
J(j~cr ~TMG~,’ in agreementwith experimentaloh- 06 - 0

servation.Frolov et al. [13] observedthat rotation
of the pedestal on which the substratesits in-
creasesthe growth rate dueto thedecreasein dh. 0 4 - .5:,” n

The growth rate versus temperaturebehavior
for OMVPE growth of GaAs using TMGa plus
AsH3 in the low temperatureregionis also signifi- 0.2 - ~

cant. For T< 580°Cthe growth rate decreases
with decreasingtemperatureandis proportional to
the AsH3, rather than the TMGa. flow rate. 0 I I I

0 02 0,4 0.6 0.8 10
Krautle et al. [12] interpret this to be due to the
heterogeneouspyrolysis of AsH3 being the rate

Fig. I. Solid versusvapor concentrationfor the Ill/V alloys:
limiting kinetic step in the growth processat low (0) Al,Ga1 - ,As (data from Mon and Watanahe [3]): (~)

substratetemperatures.This will be referred to In ,Ga1 — ~As (datafrom Ludowiseet al. [14]): (0) Al ,Ga1 ~Sh

below. (data from Cooperet al. [15]).
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Fig. 2. Solid versus vaporcomposition for the Ill/V alloys: Fig. 3. Solidversusvaporcompositionfor thealloy InAs
1 _aSb~.

(0) lnAs1...~P~at 600°C(Fukui and Horikoshi [5]); (~) The data are from thework of Fukui andHonkoshi [19]. The
GaAs1~ at 750°C (Ludowise and Dietze [17]); and solid line was calculated as described in the text using no
GaAs1~ at 650°C(i)’ 700°C(U), 750°C(v), 800°C(A) adjustableparameters.
and 850°C(•) (Samuelsonetal. [18]).

Fukui andHorikoshi [19] areplottedin fig. 3. The
spectrometricstudies[16] show that PH3 passed thermodynamiccalculationof the Sb distribution
througha hot VPE reactordecomposesslowly. At coefficient is quite simple. We assumethat the
900°Cthe decompositionwas 85% complete. At pyrolysisof TEIn, TESbandAsH3 is complete.In
600°Conly 25% of the PH3 was pyrolyzed. As addition,weassumeequilibriumat thesolid/vapor
discussedabove AsH3 pyrolysis is much more interface,which yieldsthe two massactionexpres-
rapid. In fact, the pyrolysisratenormally controls sions
the phosphorusdistribution coefficient in As and

S 1/4
P containing alloys grown by OMVPE. This is alflsb/PIflPSb KiflSb, (7)
shown in fig. 2 where x~,isplotted versus4 for a~flAS/PIflP~

4= KIflA,. (8)
InAs

1~P~and GaAs1.~P~at various substrate .

temperatures.At 600°Ca very large ratio of PH3 Two additional conservationconstraintsare im-
to AsH3 is required to produce alloys with a posed,oneon composition
significant P content.As the substratetemperature
increasesthe P distribution coefficient increases x = (P~b— P5h4) ( PSb.— ~Sb4 + ~ — —

due to the more rapid PH3 pyrolyis. It becomes
approximatelyequalto unity for a temperatureof
850°C in the GaAs1_~P~system.Thermodynami- andone on stoichiometry
cally, the phosphides are more stable than the
arsenides,thus k shouldbegreaterthanunity. — ~Ga = 4(1~s4— PAS)+ 4( ~Sb — Psb). (10)

For Ill/V alloyswheremixing is on the group
V sublatticeand the pyrolysisis rapid, thermody- Together we have four equationsand four un-
namics controls the distribution coefficient. An knowns, X, ‘

3Ga’ ~sb
4 and for a given tempera-

exampleis the systemInAs1~Sb~.The data of ture and input gas flow rates. The only further
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considerationis the treatmentof the non-ideality solid alloyscannotbe grown at 600°C.Gratton et
of the solid. We simply use the regular solution al. [24] haveshownthat a miscibility gap exists in
model where this system. The thermodynamiccalculation,per-

formedas describedabovewith K(;,A~= 440 from
a~= x~exp[( 1 — x~)2~l/RT]. (II) the data of Panish and Ilegems [1] and Stull and

where Q is the interaction parameterdetermined Sinke [22] and K~~,Sb = 260 from the data of

by fitting the liquid—solid phasediagram [I]. In Brebrick [21] and Stull and Sinke [22] yields the
caseswhereS2 is not availableit can be calculated solid lines shownin fig. 4. The brokenline repre-
from theDLP model [20]. sents thecalculatedmiscibility gap at 600°C.The

For the InAs,,Sb1, system,Q is found to be agreementwith the experimentalresults is quite

2250 cal/mole [1]. Thevaluesof Kiflsh andKi~A, satisfactory.
were determinedfrom the compilationof Brebrick It appearsthat the thermodynamicmiscibility
[21], correcting for the fact that the vapor as gap prevents the growth of certain alloys by

opposedto the liquid is in equilibrium with the OMVPE. The kinetically controlled MBE process
solid [22]. Thevaluesusedfor 500°CwereKlflsh = apparentlyallows thegrowth of alloys throughout
244 and KI,AS = 638. The solid curve in fig. 3 is the rangeof immiscibility [25].

calculated with no adjustableparameters.It fits A quaternary system which shows the same
the data extremelywell, indicating that the ther- general behavior is InP~As~Sb1 where all
modynamic considerationscontrol alloy composi- mixing is againon thegroupV sublattice.Dataof
tion in this system. Fukui and Horikoshi [26] show a large region of

A somewhatmore complex andinterestingsys- solid immiscibility. The thermodynamiccalcula-
tern is GaAs1- 5.Sb,. The experimental data of tion of the extent of the miscibility gap (the hi-

Cooper et al. [23] are shown in fig. 4. The data nodal) has been performed [27] and agreeswell
show a range of solid composition over which with theexperimentalresults.

The existenceof thesemiscibility gapsin Ill/V
alloys has not been thoroughly studied, hut ap-

.0 “ parently representsa significant problem. For the
0 Cooper et al.,(1982)

(OMVPE) / system GaJn1— 5.As,P1 ~, perhaps the most
T ~600°C 0 widely usedquaternaryIll/V alloy, themiscibility

- 0 / gapis quite largeat ordinary growth temperatures
0 / [28]. Preliminary experimentaldata confirm that

0 0 / in certain rangesof composition.LPE growth is
0.6 - / quite difficult [29].

/
(0
0 /
ID /

0.4 - / 4. Conclusions
/

The solid—vapor distribution coefficients in
0.2

systematically.Three general classesof behavior

I Ill/V alloys grown by OMVPE havebeenstudiedare observed.(1) For alloys of the type A ,B1 —

0 0 2 0 4 0 6 0 8 I 0 where A and B are groupIII elements,when the
~°TESb/I~°TESD+~°ASH3l V/Ill ratio is large, thecompositionis determined

by the relativediffusion rates of A and B to the
Fig. 4. Solid versus vapor composition for the al(oy
GaAs1 - ~Sb~Thedata arefrom the work of Cooperet al. [23]. growth interface.Since their diffusion coefficients
The solid line representsthe calculation describedin the text, are approximatelyequal, k — 1. (2) For alloys of
Thebrokenline representstheextentof thecalculatedmiscibil- the type AC~D1— ,~whereC andD arethegroupV
ity gap. elementsAs and P obtainedby pyrolysis of AsH
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and PH3, the distribution coefficientof P is found [9] MR. Leys andH. Veenvliet, J. Crystal Growth 55 (1981)

to be small,especiallyat low temperatures.In this 145.

caseK is determinedby the rate of pyrolysis of [10] R.H. Moss and J.S. Evans, Electronic Materials Conf.,
Fort Collins, CO. 1982, paperI-I.

PH3. (3) For alloys of the typeACXDI_X whereC [II] IA. Frolov, EM. Kitaev, B.L. Bruz and E.B. Sokolov,

and D are group V elements,not involving PH3, Russ.J. Phys.Chem. 51(1977)651.
thedistribution coefficient is found to be thermo- [12] H. Krautle, H. Roehle,A. Escobosaand H. Beneking, J.
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ing the stability of the solid solution using the [13] l.A. Frolov, PB. Boldyrevskn,B.L. Druz andE.B. Soko-
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