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Thermodynamics of Phase Equilibria for
Chemical Vapor Deposition of GaAsl-_xPx
S. A. Shaikh and L. F. Donaghey
inorgnnic Materials Research Division,
» - Lavwrence Berkeley Laboratory, and
‘I Department of Chemical Engineering;
University of California, Berkeley 94720

September 1973

Abstract .

The thérmodynamicé of phase equilibria in the G@-As-P—Cl—H systen
is studied for the chemical vapor deposition of GaAsl_xPx solid
solutions'frdm Ga(z) , Asué . PH3 , HCl and‘ H2 source chemicals.
The properties of reaction:equilibria and the predominant chemical
species are deduced for each zone of the :eactor.b_Analytical procedures
are described for calculgting multi~-component phase'géuilibria in térms
of redﬁced variables. The qompbsition of the GaAslfox alloy is
éalculated as a function of temperature and the arsine~phosphine ratio.
These calculations provide a basis for efficient III-V cqmpound reactor
design and operation. The results of experimental studies are reported

to provide confirmation of the phase equilibria for alloy cOPpositions

.near x = 0.4.



Introduction

The production of GaAs Py by chemical vapor deposition (CVD)
has become very important in the recent years.. 'Tne chief use of these
compounds is in the electronic industry vhere the compositions of ;
commercial applications are x = 0.4 _and 0;19. - The first_composition
" ig require&:fn'tbe manufacture of light emittiné'diodes_ and second in
solid stste heterojunction lasers. The expansion of commercial
applications of GaAs1 xP crystals and epitsxial thin films has
;been 80 great in recent yesrs thst the supply has become the
-limiting factor. The main reason why this compound.is preferred
over classes of electronic materials lies in its relatively easy
and low cost of synthesis and epitaxial growth on a supporting
substrate. -The industrial applications of epitaxial I1I-V compound
slloys.hss established a need for better understanding of the gas
phase, and gas-solid reactions and their equilibria. The purpose
'of'this work is to provide a comprehensive study of these reaction
equilibria in the Ga-As-P-Cl-H system as they-relate'to the GaAsi_xPx
chemical vapor deposition reactor. ’ o

| Although many experimental studies of III-V alloy growth by
.chemical vapor deposition have been reported, only recently has this
process been the subject of theoretical study. For example the growth
process for GaAs has been studied in great detail following the
inspiring work of Newman (1961) Reactors with varying designs were

employed in these experimental studies. However the theoretical

aspects:ofvthe growth process were not studied until



-2- . |
Hurle and Mnllin (1966) outlined s'general approaCh to the calculntion
of phase equilibria in the Ga-As-H-Cl system on the basis of which
the feasibility of the réaction could be assessed from thermodynsmic
| data. Seki and Araki (1967) and Seki et al. (19_68) uced a eimilar
.spprosCh to solve the system Ga-P-H-Cl. Later studies‘extended these
calculations to phase equilibria involving GaAs1 x?x by Seki'?nd.
EguchiV(1971) and Amron (1971). Kirwsnb(1970)-andfothers have aided
these calculations by measuring the equilibrium-constsnts'for reactiono
vhich can take plsce in the Gs-As-P—Cl—H systemt_ '

The GaAs controlled growth process has been studied by Goettler (1970)
vhose spprosch coupled the thermodynamic constraint with diffusion
proceseées in the deposition zonme to obtain the growth rate for ‘the

1-
by processes snslogous to that of GaAs and it is anticipated that

proceos. Chemical vapor deposition of GaAs x?x 'slloys is achieved

. future work will concentrate on analyzing more and more complen
.systems after sufficient experimental work has been reported.

The first study of GaAs,_ #va growth was reported by‘Finch and
Mehal (1969) and since then many experimentalists have grown this
"alloy in all compositions."However the thermodynamics of the system ‘
. were only recently analyzed by Hsnsbe (1972) and by'BIeicher (1972).

. These two,workers neglected-the‘growth process itseif and concentrated
more on phase equilibria in the reactor. Further.nnslysis of Chemical
vapor deposition‘is essential if the'optimum efficiency anq product
uniformity is to be achieved commercially, where the primary interest
is on lower cost and higher yield. 7

The- present study examines the overall chemical vapor deposition

process in three parts: In the first part, the reactions taking part

i



in the fotﬁation of the volatile gallium compound GaCl  fr liduid
galliuﬁ'and HCl in H2 is explored. 1In the pecéﬁd éart a
‘thermodynamic study of generai gas phase equilibria‘ih the Ga-Ao-P-Cl-H
system 1s presented. Finally, the gas solid-éduilium between the gas

phase and GaAs

l__xPx is examined toward deducidg.the various

eqﬁilibriumlpropertiea of the system. These calcgiatiohsiprovide a
basis from.whichbthé reactor can be designed ahd EhéAdriving.fongs
‘available for the depositioﬂ procesé can be predicﬁed. These thfee
~parts give a'compréhensive piCtu:evof the thermodynamics of the
cﬁeﬁical GAAal_xPx tedcﬁor through fundamental‘analysig of each
part of the reactor. The results ofvthe stud? qﬁdpld provide a

foundation for better reactor design, improved reaction control and

P solid solutions.

greater uniformity of the deposition of GaA‘sl_x %
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The Chemical Vapor Deposition Reactof'_

. i . i | ) . ' v“l_
Processes for the grgwth of epitaxial layers of GaAs" GaP and
-GaAsl xP', by chemical vapor deposition (CVD) have been known since the
early 1960'9, and are essentially the same for eithet of the two pure

conpounds or;their alloy, but different chem;cal rcactiong are 1nvolved;

Many cf these processes utilize chemicai tranapofcvteactions as developed -

by Schaefer (1964) but many of the consequences apply to chemical vapor
deposition ac well. - '

A béqic transporc process concicts‘ofAreécting liQuid gallium
_ (source) with anvoxidiziné agent to form a volatile camﬁound oé'galliun
vhich is mixed with a volatile form of arsenic and/cr phosphorous and
transpo;ted to a zone where the gas phase is supersaturated with respect
to the solid. Growth takes place at sutfcces whcre the gases react to
condenge the III-V compound. Because the number of volatile compounds
is large, sc is the numbervof possible ways of reacting them. Many
rcACtor cesigns have been developed to explore this'process.

Owing to the high costs of reactants for the chemical vapor
deposition of GaAs xPx -~ and for other III-V compounds -- the
deposition reaction must be carriéd out in the diffusion—controlled
regime. Hot wail;reactors are used’fcr III-V coﬁpound dcposition in
order to prevent condensation of GaCl which is volatile only at high
temperatures. This choice 1is contrary to reactors used for silicon
. where the silane transport species are relativel§ more volatile at

lower temperatures and cold wall, heated substrate conditions can be

used.



P reactors are
1-x" x

open flow typeé'(cdnstant pressure). A sealed tubé reactor (constant-

Esseﬁtiélly'all of the GaAs , GaP or GaAs

volgme) ﬁé not usual dué'to the large number of reactants involved and
difficulﬁj in’cénfrolling the growth. The open'fioﬁ feactors’ate
semi-continuous batch tjpe,in which a number of substrates can be
f piaéed for epitaxial growth with an infinité‘choicé:of conditions.
Early reactors used both arsenic and gallium in the solid form
as étarting'mhterials but lafet .AsH3 or AsC13.vrépia§ed solid
arsénic as a transport species. The advantages of yintrodincinga
.gageous apécies at the.input instead of.a solid as a source of arsenic
~are so great in terms of ease and controllability ﬁhat few reactéi
»ptudies have used arsenic in the solid form.
ﬁ A3H3. is a gas at standard temperature and preésure and can be
introduced at precise flow rates. Therefore contfol of the growth
process is ﬁuch easler and ﬁrecise. Tietjen (1966) firgt usgd AsH3
as a source of arsenic in 1966 and reacted gallium with HCl to
form GaClr and GaCl3 .
Thus, the preferred source compounds are gasgous A3H3 ’ PH3
and HC1l passed over‘gallium to obtain GaCl ' and GaClé'."The
combined gases aré then transported to the subs;fafe:fof deposition.
Commercial reactors for CVD of GaAsl_xPx has;been-reported by
Ruherwein (1968) and by Pelser and Benzing (1972);f;Both of thesé
reactors employiné_ PH, , AsH, , HCl and Ga(l) as source chemicals

in this process.



Calculations of Phase Equilibria ] !
1 in the Ga-As-P-Cl-H System . .

The principles'of anelyais of.mdlticomponedt ﬁdifiphaoe equilibrin
" were established early in the development of chemical thermodynamica.
J. Willard Gibbs (1931) developed a fundamental differential form'of
' the conbined first and second laws, known as "Gibbs_equation 97,"
vend elod,'the celebraeed Gibbe phase rule. Eguiiisfia in high‘temperatdre
vgaees over solids or liquids'have-been'studied exteheivelylbi Gutry:(1950)
who developed teéhniqdea to establish limits for preceseee such as the
heat treatment of steel. | v |
 Lever (1964) applied these techniques to equiliﬁtia in the 51-u;c1
.ayoten important'to semiconductor processing. A genefal_analysia of
the Ga-As-H-Cl system important in the growth of -GaAs from the gae
phaae wasiletet outlined by Hurle and nuilin (1966). This approach vas
foliowod Seki and Araki (1%67) to calculate equi;ibrium progerﬁies of
the Ga-P~H-Cl system. . - - !
Ghemieal»reactions equilibria in the Ga-As-P-H-Cl system known

to take place in the gas phase and with Ga(%) and GaAsl_xPx(s)

alioys are sunmarized in Tdble I along with equilibriﬁm constants, Ki

and the reactor zone where the equilibrium is expected to apply. The
. , . ;
. 4
nagnitude of log K1 for these reactions is shown in Fig. 1 over the
. |
temperature range expected in the reactor for each of the three reactor

zones. i ‘ o I



A ochematic of the GaAsl_xPx reactor using AsH

3 R PH3 and
Ga(l)/HCL as reactants in a Hz carrier gas is shown ip Fig. 2.

‘When HCi‘ in ﬁz is introduced into a liquid gélli;m saturator, and

the préduéts.mixed wi;h AsH3' and PH3 ,.the gas-phase s?eciés appearing
as a‘rgsﬁlt of chemical reaction are shown in Fig. 2 for each of the
reactor zones. By a comparison of the relative ﬁggn;tudea of_;he‘b

equilibrium constants, the following species can be eliminated at the

temperaturé of interest:

" a. Cl, Cl2 in the gallium saturator zone o
b. Cl, Cl, , AsCly , PCl, , in the reaction zome

c. C1, 012 R A3013 s PCl3 . AsH3 . PH3 in the deposition zone.



Table I. Reaction equilibria in the Ga—As-P-n-Cl system
" Reaction Reaction 103101(i (atm units) IZOne Reference
numbér ‘ — K 2
N G&(£)+%Cl—2—*—GaCl( y 6. 46+3.6QXI03/T70.47 LnT Saturation a,b,c,d’ ;|
A8 ' . ‘ - (¢aléulated)
2 Ga(z)+%c12-»ca013( ) ~1.96+2.25x10%/7-0.17 aT Saturation s
- g o ' - ' : (calculated)
3 GaCl-O-Cl2 B GAC13( ) -8_.37+1.8'7XI0‘/T+O.30 faT S.aturation ef
& ‘ (calculated)
, R - - ) + '
4 GaC13+ZGa >3GaCl () 4.87-4 .56’<103/T Saturation b
g : ‘ (experimental)
. 1.1 . 3 t
5 3 H2 +3 012 HCl( y 2.79+4.56x107/7-0.31 ¢n T Saturation a
g S : (calculated)
6 GaCl ;+i, > GaCl+2HCL 13.95-9.58x10°/T-0.92 %n T Saturation calc. from
reactions 3&5
7 85, )" 2As.2'( ) 11.6 - 1.36x10%/T-0.43 2o T Reaction ','b,df ,
- ‘ g 8 . . : . - (calculated)
1 3 3. t
8 i As4+2H2 AsH3( ) 3.65-7.52x107/T-1.0 &n T Reaction . a,b,d -
8 ’f0;6X10‘3 T _(calculated)
9 ' —ll.—Asl. + g C1,~ AsCl, -_g,18+1.76x10‘/'r+0. 37 4n T Reaction a,b,’d’_r
: . o ' _ ST (cqlculated)
10. Ga(!.)+%Asa-> GaAs(s) —4.62%,158103/T+0.35810-3T . Deposition _ ‘a.b.f* .
S o g ' - (calculated)
11 26aCL+ 7 As, > 2Caks (o) 4CL,  -21.64+4.86x107/T+1.1 ta T Deposition &'

(calculated)

_8—




Table I. (continued)

’ Reaction

Reaction log. K, (atm units) Zone ‘Refé‘re-nce :
1071 -
number — _ : - ,
12 3GaC1+%'- Asl." 2GaAs(s)+GaC13 -30.1+2.36!104/T+1,4 T »;. Deposition 8+.' o
‘ , 40.7x10"3T1 - (experimental)
13 GaCl+%— As 4*%“2 + GaAs+iCl -8.04+6.99x10%/T+0.22 4nT - Deposition h
+0.35x10-31 ' " (experimental)
14 P, ~ 2P, 11.5-1.21x10%/7-0.5 #n T Reaction b,i
, ' : (calculated)
' 1
15 % P4+% H, - PH, 4.88+1.47><103/T-1. 2mT Reaction b,1
: (calculated)
16 1p+3c1 -ra1 ~6.21+1.79x10°/T+0.25 2 T Reaction by £, 47 |
44 272 -3 :
_ (calculated)
17 Ga+-;'-P2-'GaP -5.36-!-9.41*103/T Deposition - if . o
‘ (experimental)
18 Ga+lP > GaP - - —2.46-!-6.38x10-3/T-0;13 n T Deposition @ Calculated from
474 - . _ ; : :
. o reactions 14 &17
19 - 2GaCl+2 P, » 2GaP+Cl ~18.00+5.39x103/T+0.68 fn T Deposition = Calculated from
2°4 o2 .
reactions 18 &12
20 BGaC1+% P, 2GaP-l-GaC§[3 -26.46+2.41 XIOI‘/ T40.98 in T Deposition Ca.lculated'_from
‘ : : ' reactions 19 &6
21 GaCH% P Wt %Hz - GaP+HC1 —6.08+7. ZSSX103/T+O.O3 nT Deposition ~ Calculated from

reactions 18,14

-6-
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Table I. (continued)

Reaction

number

Reaction

loglol(i (atn units)

Zone

22
23
24
25

26

——2 2

As,+P, > As,P

2-2

As P

oPy * 248P

2

ZASZPZ'*A83P + A8P3

Ga(2)+HCi:*GaCI+-:ﬁé

PN

~N

GaCl+2HC1 > GaCl. + H.

3 2

not determined

ndg determined

not determined

Rys= K /Ry

ST Ka"i

Reaction

Reactionb

Reaction

Saturation

Satqration'

» Calculated ftoﬁ
‘reactions 3&5

Calculated from

reactions 1&5

3

He TR MmO a0 oW

Furgusson and Gabor (1964)
Kelley (1960)
Quill (1950)

~Stull and Sinke (1956)
Bleicher (1972)
Perry (1963)
Kirwan (1970)

" Zengel (1965) , :
Rossini (1952) -

?
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There io ctfrently insufficient data to deiermine ﬁﬁé eqﬁilibria with
pblymc:s'éf arsenic and phdephorous. Howévér Banl(l921)'reported'that
the pdlymgfs'AbP, Absz, As3?; AsP, are present. ihe-fotai conccntfation
of thesec polyﬁéts'is about 10-20% of the totai'of'areeqic and phodphorouo
combined,fand’should becore significant at higﬁ{téppér;turea.  Theae
p§1y=§r5 are excldd@d in the.ptesent analysis, since in the deposition
-zone the totalucompénént partial pressﬁres ofiarsepic and phosphorous
present do not change significantly dﬁringbthe deposition process.

The calculation of phase equilibria required in the Ga-As—P—ﬁéCI
system réﬁuires kﬁowledge:of imﬁortant teacting épeqies, appropriate
-reactibnxconstanté, and donditioné for consetvation of_masa. A meashre
~ of thé nﬁmberiof.aystem constraints requiréd for équi;iﬁrium is the
| Gibbs phaﬁe:rule which.telates ﬁhe ﬁunber of degfeés of freedom of a
multicomponent, multiphase equilibrium, v;:io'fhé number of restrictions
r;‘and the variance n |

vent2-r .
The variance is the number of variables whose valués»must be assigned in
brder to specify completely‘the state of the system. Thus, for the five
coﬁponents Ga, As, P, ﬁ and Cl, and two phases_(galiium liquid and vapor,
or GaAsl_xPx solid and vapor), v = 5. If temﬁerafure and pressure are
two of‘the‘variables held constant, then three addigional vafiéblés must
be constent for'eéuilibtium. | If equilibrium in the gas‘phase alone is |
: considered, v -v6, and fourbconstraints are needed in addition to T and
P. Syeteﬁ ?roperties can then be defined as a funétidn'of T, P and the

cdnstraihta. q- Then for any system property we have,

system'property = f(P,T,ql,-~—qv;2). (2)
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The constraints can be deduced by requiring cdnsérvation of masco for

each of the component elements. If ﬁi denotes the moles of component
while nJ denotes the moles of speciésvj, then for I components and J

species the comnservation conditions are

m = 2 048y 1=1,20000 )
3=l | |
where “i J:lst.he stoichiometric number of components i in species j.
Additional constraints are supplied by the reaction:eQuilibria. “These
are éxptessed in terms of partial pressures of species i, Pi,~or in

tefms of nunmbers of molés, by :
-1 ' , =
Py = n,P ; a, - %)

j) | | (5?

and, thereforg,

K= f(rj) oxr K= f(n
! ‘ A _
Finally, the system constraints can be defined on the basis of a fixed

" total moles by the ratios,

q = my EE; m 1=1,2,-+v-2 - (®

!

|
In systems where one component, o,
can be made
24

I

q - )

B

The definitioﬁ of q in terms of a species molar ratio has been used

is in excess.

in équilibria involving I1I-V compounds where Hz

1
.

i

is in excesé, an alternate definition
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To eonvart_to a‘paftial presshre‘baeie, qug_(3).and (4) cen be

corbined to give }
J  \1 J

\jel J=1 SR :
| J | |
The total aystem moles, L nj, can be apecified by fixing the total
=1

‘ syotem voluze V, or alternately for an open system, the total volunottic
flov rate, and aesundng the 1dea1 gas law as the equation of otate for,”

" the gas phaee. Therefore . - . '
| Z i B T o ®

The following composition parameters can then be introduced:'

- o 3. P
_ Pucr * Pcac1 * Pgac1, _  HCL
fa T P ) 9
- ot -
-, A84 + Asz + se 000 - - o :
9 — — - (10)
bp ' e P |
+2ﬁ o coece : P .
P P,
4 = —ta_ P2 N (11)

P | B N >

It will be seen later that these quantities are eoneetved hhxogahoﬁt the
ga']_.lium.aaturat_ion and reaction zonga. However a more ‘ugef\jl
parameter, which-is'independent of the deposition reaction can be deduced

- from the above three expressions
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q = (12)
‘GaAsP an _

"5
. . ‘ N . i

This parameter is very useful in determining the equilibria in the

depositicn zone -as this is satisfied by the materialsbglanée of species

Ga, As and P in the formation of GaAsl_*Pxf_

‘ A general solution to an equilibrium problem in terms of Eqs..(ﬁ),

(4), and (5), utilizes the following prbcédure:. |

1. After eliminating the species which are not.prea§nt in any'gteat
exteni relative to majoriﬁy specles, the systemfé fiye degrees of
freedbm can be completely specified by fixing temperature, pressure
and flow rates (composition parameters) of Asﬂs,‘PH3 and HCl relative
to that of HZ'

2. The system of equations for the equiiibrium cén bg gsolved by assuming
reactions 1, 5 in the ggllium saturator zone, reéctions 7; é, 14,

15 in the reaction zone,»reactions 3, 7, 13,»14; 21 in the deposition

zone (beaides the reactions for combination of GaAs and GaP).

Gallium Satutatipn Equilibria.

In the saturation zone Ga(%) reacts Qith HC1 ané H, gas to form
:volatile gallium cbmpounds,ﬁprincipally GaCl and GaCL3. The species
present in ;his Zone are Ga, Cl1 ande, and for Ga(l)-—vapor phase
equilibrium the Gibbs phase rule-requires three constraints for equilib-
rium e.g., ?; P and qu" A typical value for fhe:input qu,:denoted .
by qél ie 0.01 coftesponding fo an HCl partiai pressure in the
range of 10-2---1.0-3 atm in Hz. The majority species present at equilib-

rium in this zone are GaCl, GaCl

5+ HC1 and,Hz.f Therefore, in addition
) .



to’qc1, reactions 1, 2, and 5 in Table I and the‘tétdl pressure con-

straint (hore P=1 atm) are sufficient to sﬁecify the equilibfium. The

resulting sydteﬁ of equations for equilibrium are'then

91

Ga(L)+ ’Hél

| vca(z)+3ac1

: . = gq° =" o :
Puc1 * Peac1 * 3PGaCl3, 91 ™ Pucr
fact * Fac1, * Twcr * w,
i | | 1/2
L K .Pcac1Pu£-
GOCl + ‘2' Hz, i_ = —-—P———
o s Py |
. 3/2
| B K,  Peac1,PH
3 | )
GaCl, + - H_, —_— =
3 v 78 3 23
5 HCl

Q3

(14)

(15)

ae) .

A very good approximation is to assume that the partial pressure of

hydrogen 1s 1 atm. This is a very sound assumption in the region of

2 . -3

intereot since py., ~ 10 °~107" atm. The simplified expressions for

| equilibtium bécome,

Kg
Pyc1 ° EI Pgacl
o ) ;3 ) )3
GaCl 3 " Pyc1 ° T3 Pgaa
and . S L
i . K K .- . |
S | . 5 3
icy K " Poac1 * 1Pcac1 * 3 3" Peaci
. K K.
b5 2o
1+ xl') Pcac1 ¥ 3 3 ° Pgaca
‘ . Kl

Qan

a8

(19)
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Theoe three equations can be combined to give a sing1e équnt1on in the

variable Pgaci

Peact ¥ C1 Pgac1 * €291 = 0 - (20)

| On solving this equation by iteration, one finds at 850°C the fol-

lowing magnitudes for Pgac1® Pcacl and Puc1 in equilibrium fo;

3
‘pﬁc1 = 0.01 atm,
. - 0.995 p* . =102 atm
Pgac1 © V777 Pyy atm
- . S o -
= ° - X
PHCl_ 0.005 Pyc1 5“ 10 vatm . (21)
- _6 ° .n -8
Peac, 107 X pyey 10 ~ atm
and therefore
éﬂz = 0.99 atm.

These sample calculations show that virtually all of the HC1l fed

‘into this zone is converted to GaCl and that GaCl3 is‘bnly present at.

many orders of magnitude less than GaCl This 1is a sttong'ﬂroof that

ln

GaCl is the primary gallium compound reacting in the deposition process.

|
Another conclusion which can be drawn here is that the HCl con-

.version at equilibrium is essentially 100Z; thus, with a properly désigned

saturator, all the HCl can be utilized for growth in the form of GaCl.

Excess HCl can be introduced, however, by designing a saturator with

fractional efficiency, or introduced separately béyond‘the saturator.
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Anothor gfeat'advantage of deéigning the saturatof to ptoducc.
eqniiibriqn is that the comversion qf-HCl to GaCl is‘indopendent of torp-
orature 1n-t§e :ange of 750-900°C. Therefbre thezégcuratot teoperature
dﬁes not qffect tﬁe conversion efficiency to any.gre#t_extent'and-the
-temporntufe of gallium boat neced hot»bé reguiated to any great prqcioiﬁn.
This fact. is very impértant for a large-gallium satﬁ:utor'oince it in
Aifficult té'mgint#in a uniform temperathre over a iong distance without

coé;ly.furnéce_désign.

Roaction Zone Equilibria -

In :he,reaction zone the output from the saturator is mixed with an
inﬁut .PH3_, Asllj, Hz mixture, and three events tgke‘place:
1..'Henting”of the arsine-phoophine-hydrogen stream and the éallium

satu:ator output stteam to the reaction temperatufe,
2. decomposition of arsine and phoaphinev
3. mixing of the dééomposition produété by tufbuléni flow through

orifices. | |

The temperature in this zone is higher than fhat of the saturation
zone 8o that the_equilibrium f§r products of ghe gallium 'saturator will
change only slightly. Earlier studies by Zengel (1965) have indicated that no
reaction takes ﬁiace between GaCl and arsehic or pﬁééphorous in this |
:region possibly due to the absence of any nucleating éurface.' Thefefore,
the'only reactions taking placg in the teacfion zone are;reac§ions 7, 8,
14 and 15 in Table I. _ l

The'_gae.e:o'usb apeciés éxisting in this_zone are GgCl, vGaCll3, Asn3, Hé, HC1,

PH,, P, P,, As,, As, and for gas phase equilibria the Gibbs phase rule
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requires that four composition variables, one for each of the gas phaoe

species, be specified in addition to T and P.

The polymer species AsP , As3P,.AsP3 andvAsztz'should also be

taken into sccount, but the lack Of_qufficiéﬂt thernodynanic!datn'ptevonto

. . ! .
this. Howcver, it can be estimated that the combined entropies oflréaction

for reactiopn 22, 23 and 24 in Table 1 are near zero since the nu:tér
of boﬁda broken on one side of each reaction equdtion'gqunls the nurbor
" of bonds formed on the other, and since the vibrntioﬁnl and rotational
mode oncrsiéa for the tetrzrers is only slightly less than thét of the
dimers. The,polymera reaction equilibria shohld thérefore change slowly
with temperature in the gas phase. This contention is supportod bj the
sinilar reactions 2P2 - P& and 2A82 - As4 whose reaction constants

(Klk' and K7 respectively in Table I) change slo&ly with temperature.

The significant gaseous species, neglecting As-P polymers, are HCl,

3

. we require ten equations. These are obtained from reactions 7,'8, 14,

AsH,, PH,, P,, P,, As,, As,, H,, GaCl and GaCl,. For ten ugknowns,

15 in Table I,from the composition constraints, Ugr 9p» 9gq° and 9cp»

and the total pressure constraints. . The solving eqﬁations are then,

[



K, . .pGaCI3PH2, 

(22)

© GaCl4+2HCL = GaCl Hl, — 5
| ’ KK Pgac1Pucy
L o 'p H :
1 3 - Ao 3 . o . '
& 247 71y = Aoty S Tz
' _Pl. + 3 Hz ‘PH3, ‘ K15 Y . | _. ('24) |
Py p
Pp, Pu,
. | o2,
‘Am  ® : kit Lo '
as, =28, K, = —2— @)
7, 22, . Ky, —= o (26)
| P,
Q. =Py =Py +4p,. +2p S @
ae ” Pash, " Pash, * “Pas, T “Pus, ‘
Gy = DPgy =P + 4p, + 2p | _ o o (28)
p pu, ~ Pem, p, ¥ P, ; -
Ugg = 9-995 Pyey * Pggcy * Pacl, ‘ (29)
~ %a " Pwa1 " Pacr ¥ Peact * *Pact, (30)
‘and - ' ' '
(31)

1ep, . o 40y 400 4D, P, W1 Peacs PucrtPy -
A8H3 _?83 P4 PZ_Aslo Asz GaCl Gan13.vHC‘1 112

It can be shown from these equations that arsenic and phosphorous
equilibria are totally independent of each other and hence separately solv-

‘able.
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Arcenic equilibria, can be calculated from Eqs. 23, 25 ond 27. Upon

‘corbining these equations, and simplifying, we obtain

172
Ky an, % ws 1

2 PAB4+.4-PA3 .

-+ l;quﬂo S |(32)

.

- from which it follows that, at 900°C,

(33)

Fron thinvcalqulatibn, it is‘appargnt ;hat most oflthe arsine is con-

verted to As,, the tetramer ratherlthan the dimer. |
Phoeph?rousvequilibria‘ia calculable from Eqs; 29; 26, 28. The

equations.a;é combined in a similar manner to that for arsenic to solve

for a single partial pressure unknown. At 900°C,rthe-part1ai pressureg

of phosphorous polymers are, \ |

= l-qp X 0.99

P
Pa“v 4

v ”
= q X 10
3 P

Agnin the_tetramer is the majority phosphorous component. Although the

Ppy

magnitude of P2 and_PH3 are higher than those of Asz and AsH3 they are

safely negligible at this temperature.
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| In con_.clusion, virtually all of arsine 1'3 cot;vet?:ed to “4 in the
reaction zone qnd all phosphine converted to Plo’ 'I'he unnssesséd partial
ptéqa\?ré of'An'sz. e.hould‘be similar, be l;xjge compa:{ed to that _of AsP
Theréfore, in spite of the large number of group V polﬁers, on.‘ly'vthe_
tetvram.e!r.s enter the deﬁosition zone'making the éoiq_tion of gas phasao

equilibria in that zone easier. ‘These majority gas species leaving the -

reaction zone are then H,, Ga_Cl, Asvav,- P and probably As,P,.
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Deposition Zone Equilibria

‘This 16 by far the most important phase equilibrium in the reactor,
~ and oloo the most difficult to calculate. The analysis of equilibria in
the gallium saturation zone and the reactor zone show that only édrtain
gaseous species enter this zone. Once in contact with solid GaAs, P,
however, other species can appear in quantities which can affect the rate
of deposition of solid, as will be shown in Chépter IV. The agulyaie of
eqﬁilibfi@'dt the solid-gas interface will enable us to predict the
driving fofées for deposition, the composition of the alloy.solid and
the éffecto»of various parameters on the growth raﬁes, e.g. temperature
and flow rates of input gases. - |

As shown earlier, the gases entering thisvzoﬁe are principally Hz.
GaCL, Asé, P4 and traces of other species. But once the gases come into
contact with the solid‘substrate, the gas phase composition changgs by
selective evaporatioﬁ of the solid, or condensation. It will be shown
.that the poasible gaseous specles which exist in this region
are - be Hz. HCl, GaCl, GaCl3, Asa,‘Asz, P4' PZ’ besidés the polymers of
arsenic and phosphorous, neglected here. V

The Cibbs phase ruyle forvspecies Ga, As, P, Cl and H, and for
vapor and solid phases gives a variance of five, requiring that T, P,
and three composition functions be heid constant for equilibrium. The
eight unknowns, however, require eight equations to solve the equilibrium

P_, requiring

problem.i'An additional unknown“is X in the compound GaAsl_x x

a ninth. equation. The required equations are given by reactions 7, 14,

13, 21, 3 in Table I, the composition parameters ey the

and Qgapsp
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ratio of phoaphorus to arsenic in the gas phaae. qp; and an 1ndependent
P+As

expreﬂsion for x deduced from the activities of the group V. elements in

the aplid, aGaAs and a..p* The rgquired‘set of_equqtionq are,then,
o ' - 2 -1
P, = 2Py %16 " Pp 7 Pp, : 35)
As, = 2As, K, = pt pt | (36)
4 = “h8» 7 " Pas, Pas, .
_ 2 8 | -
@aC142HC1 = GaCl 48 R /K2 = g P Py Pos vp 2 (37
: bl 3/ BeCl1, nz cec1PuCl
1, . L . . L -1 -1/4 -1/2.
CaClizha, + ';'nz = Gals (,+iC1 *13 = Pac1Pcac1Pas, Pu, (38)
10,10 o ocep | A1 12
GaCl+7 P +5H, = GaP ) +iCl K21 = PuciP cacﬂ’ra P, (39)
%1 Pact © Peact * *Peact, * Puc1 (60)
Ugaasp = 0:993 Py - pAsH3 - pPH3 . (41)
= Pn.~ytP - =4p,, -4p, -2p, -2p
Gac1'Peacl,™Pp, " Pas, PP, P,
p;ﬂ o l.pp +2pp *‘p; ’ .
: 3 D S T
Gpgp = —— - - , —  42)
, Ppu,Pasn, Py, s J92(0p SRy, VORHRY,

O : o . _ A
qh%re p; and p:s are defined as the partial pressutés'of phosphorous and

arsenic equivalent to the amount of these compphenté'in the solid

: GaAsl th.

:13vand.21:1n Tab;e I, gnd.the agtivities éGaAs ané'acgp'

The expression for x can be deduced from reactioms

If the fraction
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x of reaction 21 is added to the fraction (1-x) of reaction 13, the

following reqction equation results: | : L
' l ' ‘ ‘ . i

P, +1E 4 = xGaP + (1-x)GaAs + HCl

1
GaCl + = 4 A \s, + E’Hz

p.3
4

OF = xAF,| + (L-x)AF, (43)

21 13 Ea

where AF& = -RT %n Ki the free energy change for the reaction. To this

‘equation must be added the free energy of mixing'of'the alloy

xGaP + (1-x)GaAs = GaAsl_xPx,' -
' AF = RT{x 2n aGaP+(1-x)2n LIy ]
Since the alloys of III-V compounds are known to be regular, the activities

can be expressed in terms of x by a regular solution model:

a - x exp[a(l-x)ZIRT]

GaP
45)

Gaas™ (1-x) exp[aleRT]. | .1

The heat of mixing coefficient a has been reported by Bleicher (1972)
to be 1 kgal/mole, #nd consequently the ratio o/RT << 1, for

temperatures near 700°C. The equilibrium constant for the sum of reactions

given in Eqs. 43 and 44 is
' |

aX l-x p
(l-x) 8caP?caAsPHCI
. K51K13 X A-0/k 177 (46)
| GaCl ?, Asa - h,
|
i
And finally, the fmplicit expression for x is
' -1 -1/4 '
tn | K. a Py P P -1/2 ]
[ 13 "GaAs*HCl"GaCl As) pHZ'

X = — — 47

K a Pp, 1/4
zn'[(Klz)(aGaAs) ) ]
: 13 %caP - Pas,
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~ A very good assumption for initihl estimates is to neglect the

gaseous species GaCl, altogether and set P, = 0. The pressure of
: 3 GaCl3 ‘ -

GaCl, does not exceed 107 atm at typical conditions whereas the pres-
sures of GaCl and arsenic, etc. are on the ordei of 10-2 atm. By
substituting Pca 013 = 0 and eliminating pAsz’ ppa, pP2 from Eqs.

in Eq. 41 s the following equation is obtained: '

| 13 /2 K3V | 172
Yaack * Poacr™ (Kn) | 2| & "*142( ) Pas,
| (48)

Alternately this equation can be written as

el - A _p o 112
9GaasP © Pgacl Prs, A Pas 4 (49)
where ‘
-
_ ( K13)4
_A = 4|1 + r
_ 21

1/2

: 1/2< . )]
K .‘. — R
Y7 Y s\ x, |

!

1/2 » we obtain - !

Then solving Eq. 49 for Pus

'1/2'1‘[,5 o -
“4 2A’ B -4 Aq , o+ 48P - B& . (50)

o s
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A simple equation in PGaCl is finally obtained by sub;tithting Eq. 50

in Eq. 38 and simplifying with the help of Eq. 40 :.

' 1/2 , ,
- : 2 . V2A ,
£ pGaCl[t Ve ~6A dga pep. 44 Pgcy '3] Y x, (pGachCl) (5D

Equation 51 can now be solved 1te;ative1y for pG;él;-

A gnd D are functicns of temperature which 1is held constant, as are
only dcy and 9GaAsP’ vwhich are &etermined by the initial coﬁditidnS'of
‘gas flow to the reactor. o

The equilibria of gases as well as value of x can now be detefmined
from Pgacl by substitution. This approach allows é direct solution which
is easier to calculate than a simultaneous set of non-linear equationms,
yet the accuracy of the calculation is maintained. One parameter can
be wvaried at a timg with the otﬁers_kept'constant té expmiﬁe its effects

" on the equilibrium.
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Results |
The reaction model presented above was explored in numerical
simulation studies to deduce 6ptimal design and operation conditions

P_ reactors. In addition, experimental

fqr 1ndusttial GaAsl_x x

studies were performed to tgét the p;edictedicdnditions for controlled

depbsitioﬁ éf desired'alloy ﬁompoSitibns._ Bécausé:ohly thetmodyhamic

equilibria were considere& in the numefiéal sfudies;-the kiﬁeﬁic o

limitatidﬁs'that occur at low temperatures are'négiectedvin the results.
Figures 3 to } summarize the results of thé compuﬁhtional

method outlined above in which Eq; 15 is solved by iteratioﬁ with

constant substrate temperature and input flow rates. In Figs; 7a,

3b and 3c the gas phase equilibrium partial pressures are shown

plotted versus suﬁstrate temperature for fixed al;oy compositions,

and for the value composition parameter qG#AsP equal to -0.01, 0

and +0.01, réspectivelyl It can be seen from these figures that

1 , . X
the partial pressures of P, and P, are more than an order of

2 4
magnitude lower than those of A82 and ASA' for x = 0.4 , indicating
that phosphorus has a much lower activity in‘thé GaAs'l_xPx élloy

than does arsenic. Also, the equilibrium partial'preéshfe of As4
. o | .

becomes greater than the input value at températures in excess of

850°C, indicating that etching of the substrate occurs in that
v ' l
Figure 4 shows the' dependence of the alloy composition of the
deposited layer on substrate temperature under steady state conditions.

This figure shows that £he temperatufe of the substrate should greatly
. - {
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1nf1uénce the cdmposition of the deposited layer for fixed flow rates
to the feaé;or. A change in 'x from 0.35 ﬁo.0;45 is possible for
a subéttaté tempér#tute.change from 75050 tov800°C. Therefore,v
in order to grow an epitaxial layer of fixed composition the
mainten;nce of very strict temperature control 1§ required.

The effect of varying the phosphorus fraction inAthe teaétor
gas phasé is shown in Figa: 5a, 5b and S5c in which.the alloy compositon
x 1is plotted as‘a function of the ratio of input Pﬂ3 to thé to;ai
input of PH, and AsH

3 37 £OT Qganep _
respectively. Because of the approximations utilized in the

equal to -0.01, O and +0.01

computations these figures are accurate only over the limited range
of 0.2 <x<0.8 , and are in agreement with the results of
Manabe (1972).

Figures 6a, 6b amd 6c shoﬁ the effect of chang;ng the input
flow rates of HCl to the gallium saturator on the equilibrium
partial pressures at the suBsttate. The equilibrium partiél pressures
of the arsenic and phosphorus species are fqund to decrease fo a
minimum at a critical value for the HCl flow rate. Thesé figures

show that the lowest partial pressures over the substrate, and thus
, . i

the greatest deposition efficiency are obtained at this minimum,
corresponding to a value of 9GaAsP somewhat less than zero. Also,

o I
the greatest utilization of the group V compounds is achieved at this

denoted by

value of 9caAsP ,.corresponding to a value of 90 .

qu(max) . Figure 7 shows the dependence of qu(max) on.sgbstrate

temperature aé derived from Eq. 6. Therefore, Figs. 6 and 7.prov1de
|
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a means for estimating the inlet flow fates of HCl needed for
maximum deposition efficiency as well as for maximum utilization
of the group V reactants in the design of 1ndue;rial GaAsi_#Px
reectors{ | | |

' Experimenﬁei studies were conducted to explore the predieted‘
éas-sdlidiphaee'equilibria. The experimentel reactor was a vertical;
three-zone reactor with independent tempetature control of the
| gallium saturator and GaAs substrates.i In 1nd1vidual experiments
the subetrafee wete first‘exposed to 172 HC1 in 5?2 to cleaq the
suffece by ges-phaee etching. The inpdt gas compesition required for
deposition)of GaAs. was then esﬁablished for a fifteen minute pe;iod.

' The flow rate of PH, was then slowly increased at a constant rate

3
to the value predicted from the theory for deposition of GaAso'6P0 4 °

then held constant for deposition of a homogeneous epitaxial alloy
layer. The substrates were then sldwly cooled in“pure hydrogen
and examined for‘epitaxial‘growth characteristics. The composition

~of the ' GaAs alloy layer was_determined from the peak in the

1- x
photoluminescence specgrum. - o - ',',

The re;ults of.exmerimental studiee direCted towafd‘deposition
of the alloy GaAso.éPd.a are.summarized in Tabie I. |The growth
rate of the epitaxial layer tende to increase with inc*easing
temperature 'in the temperature range from.760 to 780°C because of
lburface kinetic limitations at low temperatures, and te decrease

at higher temperatures 'where the group V component phréial pressures

'Become large. The comgoeition parameter 9GaAsP was'varied through



TaBle I
_ : : | [
Substrate " Composition ‘Alloy Composition Relative
Temperature (°C) Parameter qg ... x - Deposition Rate i
760 -0.005 0.408 ~ moderate
762 0.0 0.410 moderate
770 -0.005 0.405 ‘high
780 -0.005 0.402 " high
780 -0.006 0.35 . high
790 -0.005 0.395 = moderate
792 0.0 10.385 very ‘low
800 -0. 004 0.393 | very low
802 -0.006 0.389 very low
825 -0.0065 0.375 very low
825 -0.005 0.383 | (slow etching)
850 40.006 - 0.387 _ (slow etching)
850 ~0.004

0.379 (moderate etching)
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small, negative values from 0 to -0.0065. More negative,va1ues
- of q:-lfp ‘caused a decrease 1in the composition.of.the epitaxial
layer whereas positive values of qG ASP caused a decrease in

growth rate, and promoted the growth of surface defects
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Discussion
The conditions for phase equilibria and meiho&s'of calculation
outlined above permit an assessment of equilibtiuﬁ partial pressures

of the gas phasé species throughout the GaAsl_xP¥ reactor uti}izing‘_
arsiné, phosphine and liquid gallium as source chemicals. When EHZ
carrier gaé is fhe majority apécigs; the halide reactant "HC1 1is
almost completeiy converted to GaCl in the gallium saturator.
Therefore, unless additional HC1 gas is added af;er the saturator,

the reaction zone will confain'principaliy H, , GaCl and the arsine

2
and phosphine-aecompositiqn products A84 and'iPa’, and in addition

the minor species HC1 , P, , 4s, , GQCl3 and other group V

compouﬁds. By far, the most complex equilibrium is the gas-solid
equilibrium in the deposition zone, and the deposition rate and
efficiency will depend strongly on this equilibrium.in relation io

the simpléf reaction 2zone equilibrium.

The numefiéal study provides several importantjcriteria for
successful reactor operation.v Figure 5 shéwé that the alloy composition
x varies linearly with the phosphorus fraction of the gfoup v,
cdmponent partial‘pressures for a fixed subsiraté temperature and
that the péz;ortionality constant incréases‘aé'the substrate
teﬁperatute is incréased. From Fig. 4 it can be concluded that
greateqt control of the epitaxial alloy layer composition is obtainable
when the substrate temperature is lesé than 800°C, and ﬁh?reas_ x

3 3

. temperature range above 800°C. The greatest control of x 1is thus

is most sensitive to the ratio of PH? to (AsH® + PHS) in the

[ l
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achieved‘for. qé@AsP parameters slightly lesé‘than 0.0. At
temper#tufes below 750°C there is very little chﬁnge in x with
gas phhoe composition, but siow growth kinetics prevent'succesﬁful
operation of the deposition reaction 1n'tﬁis'fénge.

The gxperiméntai"atudy confirms the variétion in eﬁitaxiéi
1§yer compositidn'on substrate tqmperatufe. Althoughba chan;e.in
x. from 0,48 to 0.32 was calculated for a change from 750°C to 800°C
in subs;rgte temperatufeitﬁe'experiﬁentally measured change Qas
_fromv0.410'to 0.375 for the same temperature.interQal; In actual
' reactor operation, therefore, the temperatureistability tequired
to guarantee uniformity in the alloy composition is less than

predicied by the theoretical study.

The requirement of precise temperature control can be circumvented

for low values of the alloy composition x . Consider the dependence
of x on the parameter qAaP as shown in Figsi 5a, b, c. These
figuréo stréngthen’the conclusion that a very rapid.chénge in the
alloy composition takes place with a slight chénge in temperature

| or in the ratio of arsine tp phosphine only for high vglues of # .

- However the;change wifh arsine to phosphine‘ratib i; nét large for

x < 0.2, and particularly for temperatures between 800 and 850°C.

This is a very important conclusion as oné alloy compo@itién important
in device applicationa is J.; 0.19. For this particuaar composition,
'slight changes in flow rates of incoming gases or temerature of the
substrate do not significantly affecf the composition of the alloy.

The simulation study shows that the As4 equilib%ium partial
i ) |

'p:eaaure over GaAsl_xPx increases rapidly with tempe{ature in the

L
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temperature range studied. Thus, at temperaturesﬁabove 8§0°C Fpe
'equilibrium partiél pressure exceeds thé ambiept ﬁértial gtesahre
for an  AsH, inmput flow rate of lzuﬁhich‘imﬁiies.ﬁhét eichins of |

the substrate will occur instead of epitaxial gt&wﬁh,’#nd that the

ailoy will tend to become depleted slightly in Arsénic. This result

is vatified‘by the experimental study for which the input flow rate
of AsH, was held in ‘the range of iz.

The prediction of an optimuﬁ HCl flow rate té the reactor -
saturator is highly important to successful 1ndus£fia1 re&ctot operation.
The experimental results of_Table 1 support Ehis.pfédiction in that
an increase in the HC1 flow rate at 790°C caugéd a‘decrease in the
observed growth rate. The predicted optimal HCI’;fiow rate tends
to increase as the substraté temperature is ra;sed, and thié-variation
is also consistant with the experimental resultg; Part of the
observed grqwth of etching réte dependence on anA;P could have
been caused by incomplete conversion of HCl1 t§ GaCl 1in the .

saturator but the general results support the desired objective

of operatihg the reactor at maximum deposition effidiency.

Conclusions
In‘summary, the following conclusions can bg made for:the phase
equilibrium propértiés of the GaAs, P reactor: . !
1. Temperature variations of the substrate, and changés-ip flow rates
of the gases will greatly affect the copposifidn of thé alloy |

deposited, with the greatest effect occurring_&hen the composition

" variable x >> 0.2 , and with limited effect for x = 0.2 .
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The HC1 flow to the gallium saturator should be set to a

- critical value in order to achieve maiimum chemical vapor

deposition efficiency. The exact value can be estimated from

the‘theoretical study but varies greatly with the température

.of the substrate.

Temperétures above 850°C will result in the groﬁth of nearly

pure GaP due to the high value of P:: above that temperature,

and causes etching of GaAs fbr 1Z HCl input'partial piessures
to the gallium saturator.
Arsine should alwvays be in excess of the arsenide fraction

desired by a proportionality factor which increases with the

‘substrate temperature.

The presence of the minority species (i.e., 69013 , Cl , C12)
do not appeér to significantly affect the equilibrium calculations

of phase equilibria.
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. activity of component 1 in solid GaAs, P

'numbér of restrictions in the Gibbs phase rule
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Nomenc lature -

_'nuﬁber of components in the gﬁs phase L _ !

number of species in the gas phase‘:‘ 

- equilibrium constant for reaction 1

substrate temperature (°C)

'molar volume of the vapor phasé

1-x x
moles of component 1 -
variance in the Gibfs phase rule
moles of species J
total pressure of the vapof phase‘(atm)

pa:tiél'pressure of species 1 1in the vapor phase (atﬁ)g

‘reactor input partial pressure of species'-i.vin the vapor

| phase (atm)

ratio of moles of component i "to moles.of éomponent I
S |

mole fraction of GaP 1in the alloy GaAsl_xPx

ﬂumber of degrees of freedom in the Gibbs phase rule

heat”of mixing coefficient 1

atoichiometric number of components i in spepies h|

&
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~ Fipure Captions |
Fig. 1. vnopgndence of roaction equilibriun copotanto in tha Ga-Ao-P-Cl-H
| syoten on tomperature. _ o :
Fig. 2. Schenntic of the GaAnl P roactor util:l.zing ato:l.no. phooph:l.no }
ond galliun cource chormicals with ECl/H .t_ranopprt‘.‘, m.jor ]
' gaocous opocics are showm in cach zome. |
Mg. 3. -Pnrtial precsurco of gnaeoua species in equilibtiun with
‘GaAnl x as a function of temporatura. '_
8) gy = 0.0L, qgg, p = 0.002, q%/pHas = 0.250
b) qc1 = 0.01, Qoapsp = 20T, qp/P+Ao = 0.200
c) 9y © b 01, q,,.p © ~0.002, qp/P+As = 0.167
Fig. 4. Dapendance of x in GaAnl P_on tenpernture.

Fig. 5. Dapendence of x in GaAs for fined

1-xFx °® Ppy /pPH3+ PAan3'

tonpernture and n) q01 = 0.01, qG AP = 0.002, } _
b) "qCI =.0._0.1,. qG ASP = 0 »c) P i 0. 01, anAnP =0.002.
Fig. 6. Partial pressures of gaseous species in equilibtium_vith
' GaAsl_xPx'ae a function of the.ihput HCl partial pressure at
Q3/P+hs = 0.20 &) T = 750° b) T = 800°C «c) T = 850°C. -
- Fig. 7. Dependence of the input partial ﬁreashresfof HCl1 corresponding

‘to maximum efficiency of group V elements deposition on

temperature.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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