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Abstract 

LBL-224l 

The theraodynaudcs of phase equilibria in the Ga-As-P-Cl-H systOD 

is studied for the chemical vapor deposition of GaAsl-xPx solid 

solutions from Ga(l) , AsH3 ' PH3 ' HCl and H2 sQurce chemicals. 

The prop.rties of reaction equilibria and the predominant chemical 

species are deduced for each zone of the reactor. Analytical procedures 

are described for calculating multi-component phase equilibria in terms 

of reduced variables. The composition of the GaAsl~xPx alloy is 

calculated as a function of temperature and the arsine-phosphine ratio. 

These calculations provide a basis for efficient III-V compound reactor 

design and operation. The results of experimental studies are reported 

to provide confirmation of the phase equilibria for alloy c~positions 

near x· 0.4. 
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Introduction 

The ~roduction of GaAs P I-x x by chemical vapor deposition (CVD) 

has become very important in the recent years. The chief use of theae 

compo~ds is in the electronic industry where the compositions of 

commercial applications are x - 0.4 and 0.19. The first composition 
I 

is required in the manufacture of light emitting diodes and second in 

solid state heterojunction lasers. The expansion of commercial 

applications of GaAsl_xP x crystals and epitaxial thin films has. 

been so great in recent years that the supply has become the 

limiting factor. The main reason why this compound is preferr~d 

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 III-V compound 

a110ya has established a need for better understanding of the gaa 

phase, tmd 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-CI-H system as they relate to the 

chemical vapor deposition reactor. 

GaAs P I-x x 

Although many experimental studies of III-V alloy growth by 

chemical vapor deposition have been reported, only recently has this 

process be£n 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 of the growth process were not studied until 
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Hurle and Mullin (1966) outlined a general approach to the calculation 

of phaase equilibria in the Ga-As-H-Cl system on the baGi. of which 
I 

1 I 

I' 
the fea~ibility of the r~ction could be assessed from thermodynamic 

data •. Seki and Araki (1967) and Seki et a1. (1968) uaed a similar 

approach to solve the system Ga-P-H-Cl. Later studies extended thea. 

calculations to phase equilibria involving GaAs l P by Saki' and 
-x. x I 

Eguchi(1971) and Aaron (1971). Kirwan (1970) and others have aided 

theae cal.culations by measuring the equil1briumconstants for reactiona 

which can take place in the Ga-As-P-Cl-H system. 

The GaAs controlled growth process has been studied by Goettler (1970) 

whose approach coupled the thermodynamic constraint. with diffusion 

proceseeo in the deposition zone to obtain the growth rate for the 

prOCOOD. Chemical vapor deposition of GaAs l P alloys is achieved 
-x x 

by proccases analogous to that of GaAs and it is anticipated that 

future work will concentrate on analyzing more and more complex 

systems after sufficient experimental wor~ has been reported. 

The first study of GaAs l P -x x growth was reported by Finch and 

Mehal (1969) and since then many experimentalists have grown this 

alloy in all compositions. However the thermodynami.cs of .the system 

were only recently analyzed by Manabe (1972) and by Bleicher (1972). 

These two workers neglected the growth process itself and concentrated 

more on phase equilibria in the reactor. Further analysis of chemical 

vapor deposition is essential if the optimum efficiency and: product 

uniformity is to be achieved commercially, where the primary interest 

is on lower cost and higher yield. 

The present study examines the overall chemical vapor deposition 

process in three parts: In the first part, the reactions taking part 
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in the formation of the volatile gallium compound GaClfrr liquid 

gallium and HCI in H2 is explored. In the second part a 

theI1DOdynamic study of aeneral gas phase equilibria .in the Ga-Ao-P-CI-H 

system is presented. Finally, the gas soUdequilium between tho 140 

phase and GaAs
l 

P -x x is examined toward deducing the various 

equilibrium properties of the system. These calculations provide a 

basis from· which the reactor can be designed and the driving forces 

available for the deposition process can be predicted. These three 

parts Hive a comprehensive picture of the thermodynamics of the 

chemical GaAsl P reactor through fundamental analysis of each -x x 

part of the reactor. The results of the study should provide a 

foundation for better reactor design, improved reaction control and 

greater uniformity of the deposition of GaAs P solid solutions. l-x x· 
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The Chemical Vapor Deposition Reactor, 
, I I ' 

Processes for the growth of epi taxial . layers of GaAs' ~ GaP' and 

GaAs P by chemical vapor deposition (CVD) have been known since the l-x x 

early 1960' s, and are essentially the same for either of the two ,.pure 

cODPounds or their alloy, but different chemical reactiono are involved. 

Many of these processes utilize chemical transport reactions as developed 

by Schaefer (1964), but many of the consequences apply to chemical vapor 

deposi tion as well. 

A basic transport process consists of reacting liquid gallium 

(source) with an oxidizing agent to form a volatile compound of galliUD 

which is mixed with a volatile form of arsenic and/or phosphorous and 

transported to a zone where the gas phase is superssturated with relJpect 

to the solid. Growth takes 'place at surfaces where the gases react to 

condense the III-V compound. Because the number of volatile compounds 

is large, so is the number of possible ways of reacting them. Many 

reactor designs have been developed to explore this process. 

Owing to the bigh costs of reactants for the chemical vapor 

deposition of GaAsl P -x x and for other III-V compounds -- the 

deposition reaction must be carried out iIi the diffusion-controlled 

regime. Hot wall ;reactors are used for III-V compound deposition in 

order to prevent condensation of Gael which is volatile only at high 

temperatures. This choice is contrary to reactors used for silicon 

where the. silane transport species are relatively more volatile.at 

lOwer temperatures and cold wall~ heated substrate conditions can be 

used. 
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Essentially all of the GaAs , GaP or GaAs
l

· P reactors are -x x 

open flow types (constant pressure). A sealed tube reactor (constant­

volume) i.8 not usual due to 'the large number of reactants involved aDd ' 
I 

difficulty in controlling the growth. The open flow reactors are 

semi-continuous batch type in which a number of substrates can be 

placed for epitaxial growth with an infinite choice of conditions. 

Early reactors used both arsenic and gallium in the solid form 

as starting materials but later AsH3 0r AsC1
3 

replaced solid 

arsenic as a transport species. The advantages of introducing a 

gaseous species at the input instead of a solid as a source of arsenic 

are so great in terms of ease and controllability that few reactor 

studies have used arsenic in the solid form. 

AsH 3 is a gas at standard temperature and pressure and can be 

introduced at precise flow rates. Therefore control of the growth 

process is much easier and precise. Tietjen (1966) first used AsH3 

as a source of arsenic in 1966 and reacted gallium with HCl to 

form GaCl and GaC13 • 

Thus, the preferred source compounds are gaseous AsH), PH) 

and HCl passed over gallium to obtain GaCl and GaC1
3 

. I The 

combined gases are then transported to the substrate for deposition. 

Commercial reactors for CVD of GaAs l P has been reported by -x x 

lluherwein (1968) and by PeIser and Benzing (1972) • Both of these 

reactors employing PH3 • AsH) • HCl and Ga(R.) as source chemicals 

in this process. 
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Calculations of Phase Equilibria 
I , , . 

in the Ga-As-P-Cl-H System 

The principles of analysis of multicomponent 1lU1tiphaue equilibrio 

were est&blished early in the development of chemical therRodynomics. 
I 

J • Willard Gibbs (1931) developed a fundaaental differential form I of 

the co::abi~ed first and second laws, known as "Gibb's equa tion 97., II 

and a100, the celebrated Gibbs phase rule. Equilibria in high temperAture 

gases over solids or liquids have been studied extensively by Gurry (1950) 

who developed techniques to establish limits for processes sUCh as tho 

heat treatment of steel. 

Lover (1964) applied these techniques to equilibria in the Si-8-Cl 

syutem importont to semiconductor processing. A general analysis of 

the Ga-As-8-Cl system important in, the growth of ,GaAs from the gas 

phaGe was later outlined by Hurle and Mullin (1966). This approach was 

follatlOd Seki and Araki (19
1

67) to calculate equilibrium pro~erties of 

the Ga-P-H-Cl system. 

Chemical reactions eqUilibria in the Ga-As-P-H-Cl aystem knOwn 
i 

to take place in the gas phase and with Ga(!) and GaAsl P (s) -x x 

alloyo are summarized in ~~ble I along with equilibrium constants, Ki 

and the reactor zone where the equilibrium is expected to apply. The 

magnitude of log Ki 
, I 

for these reactions is shown ,in Fig. lover the 

temperature range expected in the reactor for each of the three reactor 

zones. 

, 

I' 
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A Dchematic, of the GaAs
I 

P -x x 

Ga(R.)IHCI as reactants in a H2 

reactor using AsH) ,PH) and 

carrier gas is shown in Fig. 2. 

When HCI in H2 is introduced into a liquid gallium saturator, and 

the products mixed with AsH) and PH), the gas phase species appearing 

as a reault of chaRical reaction are shown in Fig. 2 for each of the 

reactor zones. By a comparison of the relative magnitudes of the 

equilibrium constants, the following species can be eliminated at the 

temperature of interest: 

a. CI , Cl2 in the gallium saturator zone 

b. CI , Cl2 ' AsCI) , PCl3 ' in the reaction zone 

c. CI , Cl2 t AsCI) , PCl3 ' AsH) , PH) in the deposition zone. 



Table I. Reaction equilibria in the Ga-As-P-S-Cl system 

Reaction Reaction loglOKi (at. units) Zone Reference 
number -- - - ----c:f 

-------]:- Ga-(l)+~C~~-GaCl(g) 6_.46+3.69 xl03/T;-0.47 inT Saturation a,b,c;d 
(taleulatod)' 

Ga(l)+ fC12 -+ GaC13(g) -1.96+2.25)(104/T- 0 •17 faT Saturation 
t 2 e 

(calculated) 

-8. 37+1. 87xl0
4

/T+O. 30 lnT' t 3 GaCl+C12 -+ GaC13 (g) Saturation e 
(calculated) 

4 GaC13+2Ga -+ 3GaCl (g) 4~87-4.66X103/'t Saturation b
t 

(experimental) 

! 82 + ~C12 -+ HC1 (g) 
3 t 5 2.79+4.56xlO /T-0.3l 1n T Saturation a I 

(calculated) 00-
I 

6 GaC1
3 

+Il2 -+ GaCl +28Cl l3.95-9.58xl03/T-0.92 ln T Saturation calc. from 
reac tiona 3&5 

As4 (g) -+ 2As 2 (g) 
4 

b dt 7 11.6-1.36)(10 /T-0.43 .tnT Reaction , 
(calculated) 

8 
1 - 3 3.65~7.52x103/T-l.O .tnT t 4" As4 +2"82-+ AsH3 (g) Reaction a.b.d 

- +O.6xlO-3 T (calculated) 

tAs4 +~C12'" AsC13 -.t.18+1. 76)(104 /T+O. 37 1n T Reaction t 9 a,b,d 
(calculated) 

Ga(.t)+i As 4 -+ GaAs (a) -4.62+6 • 15)(103/T+O. 35x10-3 T t 10 Depositi.QIl __ a,b,£ 
(calculated) 

11 2GaCl+i As4'" 2GaAs(a) +C12 -21.64+4.86x103/T+1.i .toT Deposit ion 
t a 
(calculated) 

... 
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Table I. ~continuecl~ 

Reaction Reaction log10Ki (atm units) Zone lteference 
number 

3GaC1+f As4 -+ 2GaAs (s) +GaC13 -30.1+2. 36)(104 /T+1. 4 tn T DepOsition-
t 

12 g 
+0.7)(10;..3 T (experi_nta1) 

13 GaC1 +! As 4 + f ~ -+ GaAs+HC1 -8.04+6.99)(103/T+O.22 tnT DepOsition bt 

+0. 35)(10-3T (experimental) 

14 P
4 

-+ 2P
2 11.5-1. 21)(104/T-o. 5 1n T lteaction b,it 

(calculated) 

15 t p4 +i~ -+ PH3 4.88+1.47X103/T-1.2 RA T lteaction b,it 

(calculated) 

16 t p4+ ~ C12 -+ PC1 3 -6.21+1. 79X104 /T+O.25 tn T 
t I Reaction b,f,i \D 

(calculated) I 

17 1 
-5. 36+9.41 x103/T Deposition it , Ga+-P -+GaP 

2 2 
(experimenta1l 

18 1 
- -2.46+6. 38x103/T-0 .13 1n T Deposition Calculated from Ga+-P -+GaP 

4 4 
reactions 14 &17 

19 2GaC1 + t P 4 -+ 2GaP+C12 -18.00+5. 39)(103/T+O. 68 tn T Deposition Calculated from 
reactions 18 &12 

20 3GaC1 + t p 4 -+ 2 GaP+GaCl-3 -26.46+2. 41 x10
4

/T+O. 98 1n T Deposition Calculated_from 
reactions 19 &16 

21 GaC1 + t P 4 + i H2 -+ GaP+HC1 -6.08+7 • 255 x103 /T+O.03 tn T Deposition Calculated from 
reactions 18,14 
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Reaction Reaction 
number 

22 As2+P2 ~ As2~2_ 

23 As2
P2 ~ 2AsP 

24 2As2P 2 ~ As3P + AsP 3 

25 Ga< 1) +HCI ~ GaCl + .~-H~ 

26 GaCl +2HCl ~ GaCl3 + 112 

t a Furgusson and Gabor (1964) 
b Kerley (1960) 
c Quill (1950) 
d Stull and Sioke (1956) 
e Bleicher (1972) 
f Perry (1963) 
g Kirwan (1970) 
h Zenge1 (1965) 
i Rossini (1952) 

f 

------"-.--

Table I. ~cont1nuecl~ 

l08l0Ki <ata units) Zone Befereact! 

not dete!'1Dined Reaction ---
not determined Reaction 

not determined Reaction 

- ~5- K/K5 
SaturAtion Calculated from 

reactions 1&5 

K26- K3/~ Saturation Calculated from t 
recctione 3&5 1-' 

or 

.-
- "-'-- .-.. -~.--- _. -.---
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There io currently insufficient data to determine the equilibria with 

polymers of arsenic cmd phosphorous. However Ban. (1971) reported that 
. " . 

the polymsrs AsP, As2P 2' As3P, AsP 3 are present. The total conccmtration 

of theso polymsrs is about 10-20% of the total of arsenic and phoophorouo 

combined,', end should bec01l!.2 significant at high 'temperatures. thODe 

polyars are exclUded in the present analysis, s'ince iil the depooit1on 

zone the total component partial pressures of arsenic and phosphorous 

present do not change significantly during the deposition process. 

The calculation of phase equilibria required in the Ga-As-P-B-Cl 

system requires knowledge of important reacting species, appropriate 

reaction,constants, and conditions for conservation of mass. A measure 

of the number of system constraints required for equilibrium is the 

Gibbs phase rule which relates the number of degrees of freedom of a 

multicomponent, multiphase equilibrium, v, to the number of restrictiono 

r, and the variance n 

v-n:+2-r (1), 

The variance is the number of variables whose values must be assigned in 

order to specify completely the state of the system. Thus, fair the five 

components Ga, As, P, H and Cl t and two phases (gallium liquid and vapor, 

or GaAsl P solid and vapor), v - 5. If temperature and pressure are -x x 
two of the variables held constant, then three additional variables must 

be constant for equilibrium. If equilibrium in the gas phase aloae is 

conSidered, v - 6, and four constraints are needed in addition to T and 

P. System properties can then be defined as a function of I, P and the 

coustrainee. qi' Then for any system property we have, 

system property - f(P,I.q1.···~~2). (2) 
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Thcconstraints can be deduced by requiring conservation of maDO for 

eAch of the component elements. If mi denotes the moles of C01!lpODeIlt i 

while nj deno~es the moles of speciesj. then for I compooenta ODd J 

species the conservation conditions are 

i CI 1.2···1 (3) 

wheM Clij :is the stoichiometric number of components i in species j. 

Additional constraints are supplied by the reaction equilibria. Theae 

are expressed in terms of partial pressures of species i. Pi'· or in 

terms of numbers of moles. by 

P
j -uj\t uj r (4) 

and. therefore. 

(5) 

Finally. the system constraints can be defined on the basis of a fixed 

total moles by the ratios. 

i - l.2.···v-2 (6) 

I 
In systems where one component. nI • is in excess. an alternate definition 

. can be made 

(7) 

The definition of q1 in terms of a species molar ratio has b~en used 

in equilibria involving III-V compound6 where H2 1s in excess. 

.. ·1 
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To cOllvert to a partial pressure basis, Eqs. (3) and (4) can be 

coEbiaadto give 

(3') 

J 
The! total systOlD moles, t n

j
, can be specified byfildng tho totol 

jal . 
syota volllElS V, or.altematoly for all open system, the total wlucotric 

fl(J;f rete, and assuming the ideal las law 48 the equation of otate for 

the gas phase. Therefore 

J 

Lnj 
j-l 

PV 
a -

RT 

The followilll composition poram2ters can then be introduced: 
pO 

Hel 

p 

o . 
J..t.> p P AsIL.· 

_ ,., As4 + . As2 + 0 0 0 0 oj 

qAs --"'--------- .. 
P p 

Itpp + 2~p + 00000 

4 2 .. 
p p 

(8) 

(9) 

(10) 

(11) 

It vi11 be seen later that these quantities are conserved ~~¥dbout the 

8811i\ll1 QaturatiOl1 and reQcC;t.Qn zOQOO 0 However a more useful 

parameter, which is independent of the deposition reaction can be deduced 

from the above three expressions 
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qGaAsP = q -q -q . Ga As P 
(12) 

I 

This parameter is very useful in determining the equilibria in the 

deposition zone as this is satisfied by the material balance of specieo 

Ga, As and P in the formation of GaAsl_xPx ' . 

A general solution to an equilibrium problem in terms of Eqs. (3), 

(4), and (5), utilizes the following procedure: 

1. After eliminating the species which are not present in any great 

extent relative to majority species, the system's five degrees of 

freedom can be completely specified by fixing temperature, pressure 

and flow rates (composition parameters) of AsH3 , PH
3 

and HCl relative 

to that of H2 " 

2. The system of equations for the equilibrium can be solved by assuming 

reactions 1, 5 in the gallium saturator zone, reactions 7, 8, 14, 

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

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

Gallium Saturation Equilibria 

In the saturation zone Ga(~) reacts with HCI and H2 gas to form 

volatile gallium compolUlds, prinCipally GaCl and GaCl3• Thespecies 

present in this zone are Ga, Cl and H, and for Ga(~) - vapor phase 

equilibrium the Gibbs phase rule-requires three constraints for equilib-

rium e.g., ~, P and qCl' A typical value for the input qCl' denoted 

by qCl ie 0.01 corresponding to an HCl partial pressure in the 

-2 -3 range of 10 -10 atm in H2 • The majority species present at equilib-

rium in this zone are GaCl, GaCl 3, HCl andH2 , Therefore, in addition 
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to qCl' ronctions I, 2, and 5 in Table I and the total preo8ure con-

8traint (hare P-l otm) are oUfficient to specify the equilibrium. Tho 

reaultina oyotem of equations for equilibrium are then 

GO(t,)+UCI CI GeCI + ~ H2 , 

Ga(l,)+3HCl CI GaC13 + ~U2' 

PUCI 

3/2 PGACl Pu 3 2 

(13) 

(14) 

(15) 

(16) 

A vory good approximation is to assums that the partiol presaureof 

hydro,en i8 I atm. This is a very sound as8umption in the region of 

-2 -3 intoreot Dinco PRCI - 10 -10 atm. The simplified oxproooioDO for 

equilibrium become, 

and 

K5 
PUCl CI KI PGaCI 

~ P a _ • 

GaCl3 l~ 
5 

3 
PGaCI 

(17) 

(18) 

(19) 
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Thcoe throo equatioDB can be combined to give a single GqUlltion in the 

V&\rinb1c PGQC1 

(20) 

On solving this equation by iteration, one finds at 850°C tho fo1-

lowing 1Dtlpitudes for PGaC1' PGaC1 and PRCI in equilibrium for 
3 . 

PUCl CI 0.01 atm, 

O 995 ° ~ 10-2 
PGaCl CI. PHC1 - atm 

-5 
PHCl CI 0.005 PiCl • 5 X 10 atm 

and therefore 

PH - 0.99 atm. 
2 

-8 10 atm 

(21) 

These sample calculations show that virtually all of the HCl Ifed 

into this zone is converted to GaCl and that GaC13 is. only present at 

many orders pf magnitude less than GaCll • This is a stroulProof that 

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

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

version at equilibrium is essentially 100%; thus, with a properly designod 

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

Excess RCI can be introduced, however, by designing a satura~or with 

fractional efficiency, or introduced separately beyond the saturator. 
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Another great advantage of designing the saturator to produce 

equilibr1,um io that the conversion ofHCI to GaCI is inclo~ndent of teEp­

orature in the range of 7S0-900·C. Therefore the saturAtor tocporaturo 

does not affect the convoraion efficiency to any great extant and tho 

temperature of gallium boat need not be regulated to any groat procioion. 

This fact, ,is very impertant for, a larse pllium saturator oince it io 

difficult to maintain a UIlifora temperature over a long distance without 

costly furnace desian. 

Boaction Zone Equilibria 

In t::he reaction zone the output froll the saturator is 1Dixed with an 

inputPB), AsH), H2 mixture, and three events take place: 

1. Heating of the arsino-phouphine-hydrogen stream and the gallium 

saturator output stream to the reaction temperature, 

2. decompoSition of arsine and phosphine 

). mixing of the decomposition products by turbulent flow through 

orificea. 
I I 

The temperature in this zone is higher than that of the saturation 

zone so that the equilibrium for products of the galliumlsaturator will 

change only slightly. Earlier studies by Zengel (196.5) have indicated that no 

reaction takes place between Gael and arsenic or phosphorous in this 

region posoibly due to the absence, of any nucleating surface., 'lberefore, 

the only reactions taking place in the reaction zone are reactions 1, 8, 

14 and 15 in Table I. 

The gaseous species existing in this zone are GaCl, , GaCI) , AsH), H2, HC1, 

PH), P 2'P 4' As2 ' As 4 and for gas phase equilibria the Gibbs phase rule 
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requireo that four composition variables, one for each of the IAOphooo 

opecioo, be specified in addition to T and P. 

The polym2r specieo AsP , As3P, AsP 3 and As2P2 ' should Bloo bo 

takon into ~CCOUllt, but the lack. of 

this. Bowover, it CGll bo estimated 

sufficient ther£Odynamic~ data prOVCDto 
. " I 

that the. combinod entropies oflreaction 
I 

for rooctiooa 22, 23 ODd 24 in Table I arc near zero sinco tho nucber 

of bonda broken on one sida of each reaction equationaqua1s tho nUEbor 

of bondo formsd on tho other, GIld since the vibrational and rot4tionol 

IItOde onorpes for the tctr'llDSra is only sliptly less than that of tho 

dimsra. The polymers reaction equilibria should therefore chango slO8ly 

with taaperotnre in the gas phase. This contention is supported by tba 

sim1la~ reactions 2P2 ~ P4 and 2As2 • As4 whose reaction constanta 

(K
14 

and ~ respectively in Table I) change slowly with temperature. 

The oignificant goeeous species, neglecting As-P pol~rs, are BCl. 

AsH3 , PHJ , P4 , P2 ' AD4 , As2 , H2 • GaCl and GaC13" For ten unknowns, 

we require t.en equations. These are obtained from reactions 7. 8. 14. 

15 in Table I, from the composition constraints. qAs' qp' qGa' and qCl' 

and the total pressure constraints. The solving equations are then. 
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GaC1+2RCl D GaCl3 iB2 
K2 PGaC13PJi2 

(22) D 

. 2 2 
K1KS. PGaC1PHCl 

1 3 PAtJH) 
. (23) 4 AtJ4+ 2"H2 - MH3_ KS D 

1/4 3/2 
P AtJ·PH 4 .·2 

1 3 
PPR 

K1S -
3 (24) 4' p 4 + 2' H2 - PH3-

1/4 3/2 
Pp PH 
. 4 2 

2 

M4 D 2M2 K .. D 
PA82 

(25) 7 P . As4 
, 

2 

P4 .. 2P2 K14 -
PP2 

(26) 
Pp 

4 

(27) 

(2S) 

(29) 

(30) 

and· 

It can be shown from these equations that arsenic and phosphorous 

equil1briaare totally independent of each other and hence separately solv-

able. 
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Araonic equilibria, can be calculated from Eqs. 23, 2S O1ld 27. Upon 

co1!b1nill8 these equa~io1l8, 

11(1/2 
7 

PAs + .,--
4 

and simplifying, we obtain 

1/2 + K8 1/4 1 
PAD TPAs ,- 4 qAs ... 0 

4 4 

from uh1ch it follows that, at 900·C, 

a! 1 
PAs 7; qAs 

4 

PAs a! ! x 10-3 
2 qAs 

2 

-7 
PAsH a! qAe X 10 • 

3 

(32) 

(33) 

From thio calculation, it is apparent that most of the aroine is con­

verted to As4 ' the tetr .. r rather then the d1msr. 

Phosphorous equilibria is calcu1abl.ofrom Eqs. 29, 26, 28. The 
I 

equati0D8 Are combined in a similar maDDer to that for arsenic to solve 

for a single partial pressure un.known. At 900·C ,thepartia1 pressurea 

of phosphorous polymers are, 

1 
,Pp • 4 ~ X 0.99 

4 

p ... q X 10-4 
PH3 P 

Agd.n thtl. -tetramer is the mjority phosphorous component. Although tho 

magnitude of P 2 andPH3 are higher than those of As 2 and AsH3 they are 
I 

safely negligible at this temperature. 

1\ 
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In conclusion, virtually all of arsine is converted to As
4 

in the 

reaction lione and all pbosphine converted .to P 4' The Ullll8sesoed particl 

press'trc of M 2P 2 ohould be similar, be large compared to that of AsP. 
! . 

Therefore, in spite of the lArge number of group V polymers, only the 

tetramsrs enter the deposition zone making the solution of gas phoso 

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

reAction zone are then 82 , Gael, As4 _P4 , and probably As2P2 • 
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D3position Zone Equilibria 

Th10 18 by far the most important phase equilibrium in the reactor, 

&Dd 4100 the most difficult to calculate. The analysis of equilibria in 

the gallium saturation zone and the reactor zone show that only cortain 

aaseoua species enter this zone. Once in contact with solid GaAa1 P, . -x x 

however, other species can appear in quantities WhiCh can affect the rate 

of deposition of solid, &8 will be ohown in Chapter IV. The anAlYSis of 

equi1ibri~ at the solid-gas interface will enable us to predict the 

driving forces for deposition, the compoo1tion of the alloy solid and 

the effecto of various parameters on the growth rates, e.g. temperature 

and flow rates of input gases. 

As Ghown earlier, the gases entering this zone are principally 82, 

Gael, As4 ' P4 andtt-aces of other specios. But ODce the gases C0122 into 

contact with the solid substrate, the gas phase composition changes by 

selective evaporation of the solid, or condensation. It will be shown 

that the possible gaseous species which exist in this region 

are. be 82 , Hel, Gael, GaC13, As4 ' As2 ' P4 , P2, besides the po1ymsrs of 

arsenic and phosphorous, neglected here. 

The Cibbs phase rule for species Ga, As, P, Cl and H, and for 

vapor and solid phases gives a variance of fiY~, requiring that T, P, 

and three composition functions be held constant for equilibrium. The 

eight unknowns, however, require eight equations to solve the equilibrium 

problem.· An additional unknown is ~ in the compound GaAsl_xPx ' requiring 

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

13, 21, 3 in Table I, the composition parameters qCl and qGaAsP' the 
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ratio of pho8pboru8t() ar8enic in the gas phase, qpP+As and an indopenckmt 

expreu8ion for x deduced fr()m the activities of the group V elements in 

the Do1id. aGaAs and a
GaP

• The required set of eqUAtions are then, 

2 -1 
K- • P • Pp (3S) -~4 P 4 

2 -1 K • P p. (36) 7 As
2 

As
4

· 

(40) 

(41) 

(42) . 

! . 

I' s s 
wh~rG pp and PAs are defined as the partial pressures of phosphorous and 

ar.enic equivalent to the amount of these components in the solid 

GaAsl P. -x x The expression for x can be deduced from reactions 

13 and 21 in Table It and the activities aGaAs and 8 GsP • If the fraction 



I 
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x of reaction 21 is added to the fraction (l~x) of reaction 13, the 

following reqction equation results: 
I I 

GaCl + : P4 +l;X As4 + ~ B2 • xGaP + (l-x)GaAs + BCl 

I 

III • xflF2l + (l-x)IlF13 ~ ~(43) 

where! 6Fi co -Rl'Ln Iti the free energy chsnge for the reaction. To this 

equation IllU8t be added the free energy of mixing of the alloy 

xGaP + (l-x)GaAs • GaAsl P, -x x 
(44) 

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: 

2 aGaP • x exp[a(l-x) /RT] 

2 aGaAs- (l-x) exp[ax /RT]. 

(45) 

The heat of mixing coefficient a has been reported by,Bleicher (1972) . 

to be 1 kcal/mole, and consequently the ratio a/RT « 1, for 

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

given in Eqs. 43 and 44 is 

And finally. the 

P1'4 1/4J (-) 
PAs 

4 

(46) 

(47) 



-25-

A vary goOd assumption for initial estimates is to neglect the 

laseous species GaC13 altogether and set PGaCl • O.The pressure of 
. -6 3 

GaC13 docs not exceed 10 atm at typical conditione whereas the pres-

-2 sures of GoCl and aroenic, etc. are on the order of 10 atm. By 

substi~utina PGaC1
3 

IS 0 end eliminating p As
2

' Pp 4' Pp 2 from Eqs. 

inEq. 41 • the following equation is obtained: 

Alternately this equation can be written as 

where 

1/2 
qGaAsP IS PGaCl - A PAs - B PAs 

4 4 

B • 2 r Kl/2 + Kl/2( K13)2] . L 7 I 14 K21 

Then solving Eq. 49 1/2 
for PAs • we obtai~ 

4 

(48) 

(49) 

(50) 
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A simplo equation in PGaCl i8 finally obtained by substituting Eq. 50 

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

f CI (51) 

Equation 51 can now be solved iteratively for PGaC1 •. 

A aDd Dare fuocticns of temperature which is held constant, as are 

only qC1 and qGaAsP' which are determined by the initial conditions of 

8as flow to the reactor. 

The equilibria of gases as well as value of x can now be determined 

from PGaC1 by substitution. This approach allows a direct solution which 

is easier to calculate thm a simultaneous set of non-linear equations, 

yet the accuracy of the calculation is maintained. One parameter can 

be varied at a time with the others kept constant to examine its effects 

on the equilibrium. 

", 

II , 
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Results 
, 

The reaction model presented above was explored in numerical 

simulati.on etudies to deduce optimal design and operation conditions 

for industrial GaAs P l-x x reactors. In addition, experimental 

studies were performed to test the predicted.conditions for controlled 

depoSiti~ of desired alloy compositions. Because only thermodynamic 

equilibria were considered in the numerical studies, the kinetic 

limitations that occur at low temperatures are neglected in the results. 
\ 

Figures 3 to 7 summarize the results of the computational 

method outlined above in which Eq. 15 is solved by iteration with 

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

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

plotted versus substrate temperature for fixed alloy compositions, 

and for the value composition parameter qGaAsP equal to -0.01, 0 
. I 

from these figures that 
I 

and +0.01, respectively. It can be seen 
I 

the partial pressures of P2 

magnitude lower than those of 

and are more than an order of 

and 
I 

As 4 for X" p.4 , indicating 

that phosphorus has a much lower activity in the GaAs l P -x x alloy 

than does arsenic. Also, the equilibrium partial press\u-e of As 4 
I 

becomes greater than th~ input value at temperatures in excess of 

850°C, indicating that etching of the substrate occurs In that 

temperature range. 

Figure 4 shows the'dependence of the alloy composition of the 

deposited layer on substrate temperature under steady state condi tions. 

I 
This figure shows that the temperature of the substrate should greatly 
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influence the composition of the deposited layer for fixed flow rates 

to the reactor. A change in x from 0.35 to 0.45 is pOD sible 'for 

a substrate temperature change from 750°C to 800°C. Therefore, 

in order to grow an epitaxial layer of fixed composition the 

maintenance of very strict temperature control is required. 

Thtl effect of varying the phosphorus fraction in the reactor 
, 

gaa phase ia ahown in Figa. 5a, 5b and 5c in which the alloy compoaiton 

x ia plotted as a function of the ratio of input PH
3 

to the total 

input of PH3 and AsH37 for qGaAaP equal to -0.01, o and +0.01 

reopectively. Because of the approximations utilized in the 

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 and 6c show the effect of changing the input 

flow rates of HCI to the gallium saturator on the equilibrium 

partial pressures at the substrate. The equilibrium partial pressures 

of the arsenic and phosphorus species are found to decrease to a 

minimura at a critical value for the HCI flow rate. These 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 qGaAsP somewhat less 'than zero. Alao, 
I 

the greateat utilization of the group V compounds is achieved at thia 

value of qGaAsP' corresponding to a value of qCl denoted by 

qCl(max). Figure 7 shows the dependence of qCl(max) on substrate 

temperature as derived from Eq. 6. Therefore, Figs. 6 and 7 provide 
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a means for estimating the inlet flow rates of HCl needed for 

maxtmumdeposition efficiency as well as for maximum utilization 

of the group V reactants in the design of industrial GaAsl P -x x 

reactors. 

Experimental studies were conducted to explore the predicted 

gas-solid phase equilibria. The experimental reactor was a vertical, 

three-zone reactor with independent teDiperaturecontrol of the 

gallium saturator and GaAs substrates.· In individual experiments 

the substrates were first exposed to 1% HCl in .~ to clean the 

surface by gas phase etching. The input gas composition required for 

deposition of GaAs was then established fora fifteen minute period. 

The flow rate of PH3 was then slowly increased at a constant rate 

to the value predicted from the theory for deposition of GaAsO•6PO•4 ' 

then held constant for deposition of a homogeneous epitaxial alloy 

layer. The substrates were then slowly cooled in pure hydrogen 

and examined for epitaxial growth characteristics. The composition 

of the. GaAsl-xPx alloy layer was determined from the peak in the 

photoluminescence spectrum. 
) 

The results of experimental studies directed toward deposition 

of the alloy GaAsO•6PO•4 are summarized in Table I. IThe growth 

rate of the epitaxial layer tends to increase with inc teasing 
I 

temperature lin the temperature range from 760 to 780°C because of 
I 

Isurface ki~et1c lim! tations at low temperatures, and to decrease 
. I 

I I 
at higher temperatures 'where the group V component par~ial pressures 

become large. The composition parameter 
I 

was varied through 
I 
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Table I 

Substrate Composition Alloy 
Temperature (OC) Parameter qGaAsP 

760 -0.005 

762 0.0 

770 -0.005 

780 -0.005 

780 -0.006 

790 -0.005 

792 0.0 

800 -0.004 

802 -0.006 

825 -0.0065 

825 -0.005 

850 -0.006 

850 -0.004 

Composition 
x 

0.408 

0.410 

0.405 

0.402 

0.395 

0.395 

0.385 

0.393 

0.389 

0.375 

0.383 

0.387 

0.379 

Relative 
Deposition late 

moderate 

DOderate 

hiah 

high 

high 

moderate 

very low 

very low 

very low 

very low 

(olow etchine) 

(slowetchina) 
I 

(moderate etching) 
I 

I I 
I 
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small, negative values from 0 to -0.0065. More negative values 

of qGaAOpcaused a decrease in the composition of the epitaxial 

layer, whereas positive values of caused a decrease in 

growth rate, and promoted the growth of surface defects. 
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Discussion 

The conditions for phase equilibria and methods of calculation 

outlined above permit an assessment of equilibrium partial pressures 

of the gas phase species throughout the GaAs l P reactor utilizing' 
-x x I 

arsine. phosphine and liquid gallium as source chemicals. When H2 

carrier gas is the majority species, the halide reactant Hel io 

almost completely converted to GaCI in the gallium saturator. 

Therefore, unless additional HCl gas is added after the saturator, 

the reaction zone will contain principally H2 , Gael and the arsine 

and phosphine decomposition products As4 and P4 , and in addition 

the minor species Hel, P2 ' As 2 ,GaC13 and other group V 

compounds. 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 relati~ to 

the simpler reaction zone equilibrium. 

The numerical study provides several important criteria for 

successful reactor operation. Figure 5 shows that the alloy composition 

x varies linearly with the phosphorus fraction of the group V, 

component partial pressures for a fixed substrate temperature and 
I 

that the proportionality constant increases as the substrate 

temperature is increased. From Fig. 4 it can be concluded that 

greatest control of the epitaxial alloy layer composition is obtainable 

when the substrate temperature is less than 

is most sensitive to the ratio of to 

800°C, and whereas x 
I 

(AsH; + PH;> in the 

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

" 
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achieved for qGaAsP parameters slightly less than .0. O. At 

temper.t1,1res below 750°C there is very little change in x with 

gas phaoe composition, but slow growth kinetics prevent successful 

operation of the depoDition reaction in this range. 

The experimental Dtudy confirms the variation in epitaxial 

layer composition on substrate temperature. Although a chonge in 

x from 0~48 to 0.32 was calculated for a change from 750°C to 800°C 

in substrate temperature the experimentally measured change was 

from 0.410 to 0.375 for the same temperature interval. In actual 

reactor operation, therefore, the temperature stability required 

to guarantee uniformity in the alloy composition is less than 

predicted by the theoretical study. 

The requirement of precise temperature control can be circumvented 

for low val~es of the alloy composition x. Consider the dependence 

of x on the parameter qAsP as shown in Figs. Sa, b, c. These 

figureD strengthen 'the conclusion that a very rapid ch4nge in the 

alloy composition takes place with a slight change in temperature 

or in the ratio of arsine to phosphine only for high values of x. 
I 

However the change with arsine to phosphine ratio is not large for 

x < 0.2, and particularly for temperatures between 8001 and 850°C. 

This is a very important conclusion as one alloy compo~ition important 

I I 

::1::::::::1::t:: ::te: :f O~::~1::r g::: ::r::r.: t:7::
1 
::~. 

substrate db not significantly affect the composition of the alloy. 

I 
The simulation study shows that the As4 equilibfium partial 

I pressure over GaAs1-xPx 1ncrease. rap1dly with temperature in the 
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temper~ture range studied. Thus. at temperatures above 8S0oC the 
, I I 

, I' 
. .1 I 

equilibrium partial pressure exceeds the ambient partiel presGure 

for an AsH3 input flow rate of 1% which implies that etchina of 

the substrate will occur instead of epitaxial growth. and that the 

alloy will tend to become depleted slightly in arsenic. Thisresult 

is varified by the experim2ntal study for which the input flev rate 

of AsIl) was held in 'the range of 1%. 

The prediction of an optimum HCl flow rate to the reactor 

saturator is highly important to successful industrial reactor operation. 

The experimental results of Table I support this prediction in that 

an increase in the HCl flow rate at 790°C caused a decrease in the 

observed growth rate. The predicted optimal HCl flow rate tends 

to increase as the substrate temperature is raised. and this variation 

is also consistant with the experimental results. Part of the 

observed growth or etching rate dependence on qGaAsP could have 

been caused by incomplete conversion of HCl to GaCl in,the 

saturator but the general results support the desired objective 

of operating the reactor at maximum deposition efficiency.' 

Conclusions 

In summary. the following conclusions can be made for the phase 

equilibrium properties of the GaAs1 P reactor: -x x 

1. Temperature variations of the substrate. and changes in flow rates 
i 

of the gases will greatly affect the composition of the alloy 

deposited, with the greatest effect occurring when the composition 

variable x» 0.2 • and with limited effect for x "'0.2 . 
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2. TheBC1 flow to the gallium saturator should be set to a 

critical value in order to achieve maximum chemical vapor 

deposition efficiency_ The exact value can be estimated from 

the theoretical study but varies greatly with the t_perature 

of the substrate. 

I 

3. Temperatures above 850°C will result in the growth of nearly 

pure GaP due to the high value of peq above that temperature, 
AS4 

and causes etching of GaAs for 1% HCl input partial pressures 

to· the gallium saturator. 

4. Arsine should always be in excess of the arsenide fraction 

desired by a proportionality factor which increases with the 

substrate temperature. 

5. The presence of the minority species (i.e., GsC13 , Cl , Cl2 ) 

do not appear to significantly affect the equilibrium calculations 

of phase equilibria. 
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Nomenclature 

I number of c~onents in the gas phase 

J number of species in the gas phase 

Ki equilibrium constant for reaction i 

T substrate temperature (OC) s 

V molar volume of the vapor phase 

activity of component i in solid GaAs
l

. P -x x 

mi moles of component i 

n variance in the Gibbs phase rule 

nj moles of species j 

p total pressure of the vapor phase (atm) 

Pi partial pressure of species i in the vapor phase (at.) 

a 
Pi reactor input partial pressure of species i in the vapor 

phase (atm) 

qi ratio of moles of component i to moles of component I 
I 

r number of restrictions in the Gibbs phase rul~ 

x mole fraction of GaP in the alloy GaAs1 . P -x x 

v number of degrees of freedom in the Gibbs phase rule 

a heat of mixing coefficient 

a ij stoichiometric number of components i in species j, 
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~l-zPx QO a function of tCDpOrClturo. 

Cl) Citl'" 0.01, ~P ... 0.002, ~/p+A8 .. 0.250 

b) qCl'" 0.01, ~P • zero, ~/P+AD ... 0.200 

c) Clcl'" 0.01, qGaAoP ... -0.002, ~/P+As ... 0.167 

Ibpcndeuce of x 111 GaAl.J l P on temperAture. -z z 

liS. S. Dopenciouco of z 111 GaAs1-xPx on PPs /Pn + PAaH for f1mld 
3 3 3 

tocperAturo ODd o)qCl .. 0.01, qGcAoP .. 0.002, 

b) ~l ... 0.01, ~P .. 0 c) qCl • 0.01, ctGoAaP "-0.002. 

Fia. 6. Partial pressureo of gaseous species in equilibrium with 

GaAs
l 

P 88 a function of the input HCl partial pressure at -x x 

~/P+As ... 0.20 a) T • 750° b) T ... aoo°c c) T • aso°c. 
I 

Fia. 7. Dependence of the input pArtial pressures of HCl corresponding 

to maximum efficiency of group V elements deposition on 

temperature. 
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p===-=====~~==~LEGALNOTICE--------------~--~ 

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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