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ENTROPY DRIVEN LOSS OF GAS PHASE GROUP V SPECIES

FROM GOLD/Ill-V COMPOUND SEMICONDUCTOR SYSTEMS

John B. Pugh and R. Stanley Williams
L

Department of Chemistry and Biochemistry

University of California, Los Angeles, CA 90024

ABSTRACT

Temperature-dependent chemical interactions between Au and nine £

Ill-V compound semiconductors (III=Al,Ga,In and V=P,As.Sb) have been

calculated using bulk thermodynamic properties. Enthalpic

considerations alone are insufficient to predict metal/compound

semiconductor reactivities. The entropy of vaporization of the group V

elements is shown to be an extremely important driving force for

chemical reactions involving the III-V's, since it enables several

endothermic reactions to occur spontaneously under certain temperature

and pressure conditions. Plots of either Gibbs' Free Energies of

reaction or equilibrium vapor pressure of the group V element versus

temperature are used to predict critical reaction temperatures for each . .

of the systems studied. These plots agree extremely well with previous
1

experimental observations of thin film reactions of Au on GaAs.
14
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I. INTRODUCTION

Chemical reactions that occur at the interface between a metal film

and a compound semiconductor have been the subject of active academic

and technical interest for many years. Brillson1 has proposed that the

relative chemical reactivity of the constituents at a metal/compound

semiconductor interface controls the Schottky barrier height of the

system. When reactions proceed, they consume a portion of the

semiconductor material and may induce defects or even etch deep pits in

the substrate.2  Thus, it is extremely important to have a basic

understanding of the chemistry of metal/semiconductor systems in order

to be able to control the electronic properties and reliability of

devices.

In the absence of sufficient information about reactivity in thin

films and at interfaces, many investigators have used bulk thermodynamic

properties of metals and semiconductors to model and predict thin film

reactivities. 1 '3.4 Deviations between calculations and observed behavior
3..4

were often attributed to interfacial effects. These investigators

calculated- enthalpies of reaction (ANR) for various metal/semiconductor

combinations to determine the feasibility of interaction. The true

measure of reaction spontaneity, however, is the change in the Gibbs

Free Energy of the system (AGR), which takes into account the entropy

change of the reaction (ASR) of a system as well as ARR. Based on the

- assumption that metal/semiconductor reactions involve only solid phase

3products, the contribution of entropy was considered insignificant.

However. loss of gas phase species of the group V element from III-V

2



compound semiconductors has been observed during reactions of thin metalI6 .- A-..-

films with substrates.6 The formation of gas phase products requires the

inclusion of the entropy change, which is positive and very large for a

vaporization process, in reaction feasibility calculations. K

The determination of AGR as a function of temperature indicates the

temperatures at which a reaction may occur spontaneously. Bowever,

thermodynamics cannot predict the rate at which it does take place;

hence a reaction that is thermodynamically allowed may proceed at an

immeasureably slow rate.5 In this study, we have used bulk thermodynamic

properties to predict, without considering surface, interface or mixing

* phenomena, conditions under which chemical reactions may occur between

nine different III-V compound semiconductors and two metals, Au and the

group IlI-Au intermetallic compound. Because systems with a positive

entropy of reaction (ASR>O) will eventually become thermodynamically

spontaneous at high enough temperatures, the entropy of reaction is an

important consideration, especially in systems that yield gas phase L" .
products. The purpose of this investigation was to ensure that the

temperature dependence of the bulk chemistry of Au/III-V compound

semiconductor systems is truly understood. The bulk thermodynamic

calculations may be compared with experimental results for thin films on

semiconductor substrates, thereby determining the relative importance of

interfacial effects in metal/semiconductor reactions. Section II of

this paper presents the theory and necessary thermodynamic data for the

calculations, with results and discussion in sections II and IV,

respectively.
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II. CALCULATIONS AND THEPJODYNAMIIC DATA

When discussing relatively complex reactions involving many

possible products, it is instructive to consider the phase rule derived

by Gibbs in 1875:

f = c - p + 2, (1)

where c is the number of components, p is the number of phases and f is

the number of degrees of freedom of the thermodynamic system under

consideration.7 In experiments where both the temperature and pressure

are externally controlled, the number of degrees of freedom (f) is at

least equal to two, giving

c >= p. (2)

This relation states that the number of phases present in a system may

not exceed the number of components at equilibrium. For a system such

as Au-III-V with three components, the maximum number of phases that may

coexist is p=3. When a Au film is deposited onto a III-V substrate, the

resulting system has a much larger amount of III-V than Au. If the

reaction

Au + III-V -- > Au-III + V (3)

(ie. the An reacts with the III-V substrate to form the intermetallic

compound Au-III and elemental V) is thermodynamically allowed, the

system will not reach equilibrium until all the An has been consumed.

The three phases that comprise the system are then Au-Ill, V, and the if

unreacted III-V (the remaining substrate material). However, this

implicitly assumes that the system is closed, ie. it is enclosed by

sone type of impermeable membrane, and that the external pressure chosen

i 4
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for the system is greater than the combined partial pressures of the

products. In reality, such systems are almost always open, ie. they

are in vacuum chambers or exposed to some ambient atmosphere during a

heating cycle when the vapor pressure of the group V element becomes

appreciable. When this is the case, one cannot control both the

temperature and the pressure of the system independently; there are

four phases present at equilibrium (III-V. Au-IlI, and both solid and

gas phase element V), and fixing the temperature determines the partial

pressure of V. If the gaseous species can expand into an infinitely

large volume or is continuously pumped out of an enclosed vessel, the

vaporization process will continue until all the solid elemental group V

has escaped into the gas phase.

To determine the temperature at which a reaction is

thermodynamically feasible, the AGR of the system must be calculated-.

AGR A - TAS (4)

A reaction will not occur spontaneously unless AGR<O. It can be seen

from Eq. 4 that if both AR and ASR are positive, AGR will be positive

at low temperatures, but will decrease with increasing temperature until ..-.-

AG"'O at

T = AHR/ASR, (5)

when the reaction will first become thermodynamically feasible. For

reactions in which a gas phase species is evolved as a product at a

partial pressure other than one atmosphere,

AGR = AGR + nRTln(P), (6)

where AGO is the Free Energy change of the reaction at one atmosphere,

.7..



P is the partial pressure of the gaseous product In atmospheres (we will

assume that the pressure is always low enough that the fugacity of the

gas phase species is equal to the partial pressure). R is the gas

constant. n is the number of moles of the product. and T is the -

temperature in Kelvins Mi.~ Substituting Eq. 4 at one atmosphere into

Eq. 6.

3AGR ARH' T(AS* nRln(P)). (7)

The temperature at which the reaction first becomes feasible (AGRt=O) is

T Al0/ (ASo - nRln(P)).(8

We thus see that this critical temperature is a function of the partial

*pressure of the gas phase product. Conversely. one may solve Eq. 7 for

P to obtain

P exp(AS0/nR AHO/nRT), (9)

which is the equilibriumn vapor pressure of the reaction product as a

function of the temperature of the system.

Values for the standard 0I atm.) enthalpy and entropy of reaction

In the literature are usually given at 298K. At temperatures other then

298K, the enthalpy and entropy contents of the reactants and products

must be considered.7 One of the reactions of interest in this study is

the arsenic loss from galliu arsenide:

GaAs(s) -- > Ga&l + (1/4)As (S). (10)

or For this simple decamposition reaction,

AB~(T R - BR29) - 3298)GaAs

T - 298)GS + (l/4 )WBT - 298)As (1

and



AS (T) = AS(298) - (ST - S298)GAs

+ (ST -298)Ga + (I/4)(ST S2 9 8 )As (12)

where gT and ST are the standard enthalpy and entropy contents of the "

specified material at temperature T. Equations 11 and 12 are a result

of AHR and ASR being state functions and independent of reaction path.

When no phase transitions occur between 298K and T, the quantities

(HT  - H298) and (ST  - S298) are easily evaluated from the heat

capacities of each of the materials. However, enthalpies and entropies

of fusion must be considered when the melting point of one or more of

the reactants or products occurs in this temperature range. For the

GaAs reaction (Eq. 10), Ga melts at Tm=302K with an enthalpy of fusion

(A f) of 1.336 kcal mole- 1 and an entropy of fusion (ASf of 4.42 cal

moleI K 1 calculated from .-

ASf = Af/Tm . (13)

When calculating the enthalpy and entropy for the reaction (Eq. 10),

AHf and ASf are added to Eq. 11 and Eq. 12, respectively. at

temperatures above 3021.

If the assumption is made that the heat capacity of each substance

is independent of temperature, the difference between the enthalpy and

entropy content at 298K and temperature T of a particular phase can be

approximated by

IllT - 0298) - CP2 9 8(T-298) and (14)

(ST - S2 98 ) - CP2 98 ln(T/298), (15)

where CP298is the heat capacity at constant pressure and 2981. 7 The j. 'e
where

heat capacity change for a reaction (ACpR) is usually very mall (less

7



than +/-2 cal K-), so any error in this approximation has a minimal

effect on the calculation of ADR or ASR"

The data used for the present calculations were taken from various

sources (see Table 1). Not all of the thermodynamic data necessary for

the calculations was available, requiring the estimation of certain j .. -

values. The heat capacities (Cp) of solid substances for which there

are no published values were assigned to be 3NR, where N in this case is

the number of atoms in the molecular formula of a particular solid (e.g.

N=2 for GaAs). 9 Values for the entropy of formation (AS 98 ) for various

compounds were estimated, when not found in the literature, using

standard entropies (So in conjunction with third law principles,

which determine that the entropy of formation of a compound is equal to

the standard entropy (S 98 ) of the compound minus the standard

entropies of the elements from which it is formed.1 1 For AuIn2 ,

Ao 0 0 0sg~n:::::-
AS0  = S298 (Auln2 ) - S29 8 (Au) - 2S298 Un). (16)

94*ndard entropies of the solid compounds were estimated from Debye

5110
theory " 0 when Debye Temperatures were known, or were estimated using

known values of similar compounds. It must be noted that there is some

experimental uncertainty in all the bulk thermodynamic properties

tabulated here, and some ambiguity as well since some authors failed to

define the reference states for the compounds for which they reported

thermodynamic properties. This is important, since some compounds are

formed from elements that have more than one stable state (e.g.

Pred'Pwhite'Pblack), making comparison of data from smong different

sources less reliable. In spite of these limitations, the significant

.8



- . . .. X h 7' V

trends observed in the calculations are valid in the context of each

compound semiconductor, but there may be a considerable error in any of

the numbers calculated. " ,

It is interesting to note some of the patterns and peculiarities in

Table I. The heat capacities (Cp) of the solid phase compounds are all

roughly 3NR (R=1.987 cal mole 1 K-). The enthalpies of formation of

the Ga-V and In-V (V=PAs.Sb) compound semiconductors differ among

themselves by approximately 7 kcal mole -1 , e.g. AR(GaP) = -24 kcal

-oe'1 ,A(as 1 kclme- 1 -1
mole- 1 , AH(GaAs) = -17 kcal mole - 1 and AH(GaSb) -10 kcal mole -

while the Al-V compound semiconductors have vastly different enthalpies

of formation. The entropies of formation of the III-P compound

semiconductors have values more negative than the III-As and Irl-Sb

compound semiconductors, which have roughly equal values. Although the

enthalpies of formation and heat capacities of AuGa2 and AuIn2 are very

similar. their entropies of formation are very different. The S0

2298 e

values for AuGa2 and Auln2 were estimated from Debye Temperatures2 6  to

be 31.9 and 32.4 cal mole-1 K- 1, respectively. These values agree very

well with the value tabulated for AuSn, 32.4 cal mole -1 j[-l.12 The

large differeace in the values for the entropies of formation is a

result of the different values for the standard entropy of elemental Ga

and In, 9.8 and 13.8 cal mole 1 K-1  respectively (see Eq. 16). In

some cases, when more than one value existed for a particular property.

they differed from one another substantially (see the ARf values for

-u) oeeI eea the experimentally dtrind values for AN

agreed well with each other, but they often differed greatly from

9
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theoretically calculated enthalpies of formation.2 4
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III. RESULTS

Nine III-V compound semiconductors were considered, and values of

AGR(T) were calculated in a temperature range of 300-1000K. For each

semiconductor, three types of reactions were considered:

a) III-V--> III + V

b) Au + III-V--) Au-III + V or Au-V

c) Au-Ill + III-V --> Au-(III)2 + V or Au-V. E

The form of the group V product could be the elemental solid, an

intermetallic compound with gold, or a gas phase species (V2 or V4).

The AGR's for reactions a, b and c are plotted in Frigs. I and 2 for the

Au-AlSb and Au-GaAs systems to illustrate the vtrious types of behavior

that may be observed. In Fig. 3, the equilibrium vapor pressure of As
2

or As4  as a function of temperature (Eq. 9) are plotted for the same "

reactions as shown in Fig. 2. Reaction (a) is the decomposition of the ""

compound semiconductor into its elemental components. The vaporization

of the group III element is not considered since the group V elements

are much more volatile. The equilibrium vapor pressures over seven of

the nine compound semiconductors are plotted as a function of .

temperature in Fig. 4. Reaction (b) is the reaction of Au with the L-"°
compound semiconductor to give the intermetallic compound with a 1:1

atomic composition of Au and the group III element, as well as releasing

the group V element or forming a compound of An with Sb or P (As forms

no intermetallic compounds with Au). Equilibrium P versus T curves of

the six compound semiconductors that yield gas phase species as the most

stable products are plotted in Fig. S. Reaction (c) is the reaction of

"- -. . -o.
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the Au-Ill intermetallic compound with the compound semiconductor (see

Fig. 6). This reaction is of interest since the critical temperature

of reaction for each semiconductor at any particular partial pressure of

the grour V element is much higher than the reaction temperature of (b).

Chemical reactions may proceed spontaneously when AGR is less than

zero. For each compound semiconductor, reactions that consume the

semiconductor at the lowest temperatures are considered. Figure 1 shows

a variety of antimony products for reactions of aluinum antimonide.

The decomposition of AlSb occurs at a temperature greater than 850K if

the Sb2  partial pressure is held at 10 torr. The products of the

decomposition are solid Al and gaseous Sb2 . iV'en Au is deposited on

AlSb, a solid phase reaction may occur spontaneously at room temperature

yielding the intermetallic compounds AuSb2 and AuAl as products. This

reaction can proceed until one of the reactants has been completely

copsumed. However, if there is an excess of AlSb in the reaction

mixture, both AuAl and AuSb2 can react with the semiconductor to yield

AuAl2 and Sb(s) as products. All other compound semiconductor reactions

with the appropriate Au-group III compound occur at temperatures greater

than 500K, with some occurring as high as 1000K (AuAl and AlP, for VI
instance). Figure 2 is a plot of the most frequently studied compound,

GaAs, at 10-torr background As2 or As4 . All three reactions (a,b,c)

produce &a% phase products; the thermal decomposition reaction yields

As2 while khe reactions with Au and AuGa yield As4. When Au is

deposited on GaAs, a reaction can occur at a temperature as low as 520K,

which is 350K less than the normal decomposition temperature. When AuGa

12
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is in contact with GaAs. however, the reaction temperature is BOOK. It

should be noted that the AG R Plot$ for the thermal decomposition and the

reaction of GaAs with Au have roughly the same slopes, but the

exothermic formation of AuGa In the latter causes the AGR to be shifted

toward more negative values with respect to the GaAs decomposition.

Figure 3 contains the same reactions as Fig. 2. but the equilibrim

vapor pressure of the appropriate As species Is plotted as a function of

temperature (Ellingham diagram).

Figure 4 shows the equilibrium vapor pressures of the appropriate

group V species as a function of temperature for seven compound

semiconductors. The other two semiconductors studied (AlP and AlAs)

decompose at temperatures greater than 1000K for the pressure range

given (10O5 to l1 010torr). The logarithm of the pressure was plotted as

a function of the temperature instead of the usual inverse of

temperature (which gives a nearly straight line) as a convenience for

quick reference with respect to laboratory experience. Six of the seven

compound semiconductors yield diatomic group V molecules'as the dominant

gas phase products; however, at the temperatures plotted Sb4 Is present

at a slightly higher vapor pressure than Sb 2 over InSb. Figure 5 shows

reactions of Au with compound semiconductors that do not proceed unless

.

a gas phase species is evolved. All systems studied involving antimony

react to form solid phase products when cembined with Au. It is

interesting to note that the thermal decomposition reactions for the

clean compound semiconductors (GaPGaAsInPInAs occur in a narrow

tmperature range compared to the cheical reactions with Au. which

V. p r %
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occur over a broad temperature range. A common feature of both figures

is that AlP and AlAs require higher temperatures than GaP and GaAs to

form gas phase products, which in turn, require higher temperatures than

ZnP and InAs. In Fig. 5, the arsenide always reacts before the

phosphide, in Fig. 4 the phosphide reacts before the arsenide. In Fig.

4, the antimonide always reacts before either the arsenide or the

phosphide. In Fig. 5. only reactions of Au with AIP and GaP produce a

diatcmic gas; the other four reactions give a tetraatcmic product.

Figure 6 shows reaction of the Au-III intermetallic compounds with

compound semiconductors that yield gas phase products. These reactions

all proceed in a temperature range higher than the reactions of Au with

the corresponding compound semiconductor, yet lower than the

decomposition reactions. Thus, the Au-Ill compounds are all more L

thermodynamically stable with respect to the compound semiconductor than

is Au. Only the reaction of AuAl and AlSb yields no gaseous product,

while the other eight Au-Ill reactions yield V2 or V4 . The presence of

discontinuities in the curves in Fig. 6 are the result of melting of

the Au-ll and Au-(III)2 intermetallic compounds. AuGa, AuGa2 , Auln and

AuIn2 melt In the temperature range of 700-800K,13 while AuAl and AuAl2

have very high melting points14 and, as a result, do not display fusion

effects in the AlAs and AlP vapor pressure curves.

14
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IV. DISCUSSION

Though many authors have discussed the interface reactivity of

metal/compound semiconductor contacts, entropic effects have not been

explicitly considered. Our work shows that the entropy of formation of

gas phase group V elements is a major driving force in the

metal/semiconductor reactions. In an open system, the

metal/semiconductor interface becomes unstable at temperatures high

enough to cause the entropy of vaporization to dominate the enthalpy

change of a reaction. Increasing the ambient group V pressure in the

preparation chamber during thermal processing has been studied in an

effort to minimize this effect. 1 5 Other methods include forming films by

codepositlon of the group III element with Au,1 which may react to form

an intermetallic compound that is more stable than elemental Au with

respect to the compound semiconductor.

Ellingham diagrams (Figs. 3-6) have a special significance in this

work; they reveal the temperature at which the semiconductor will

decompose given a particular vapor pressure of the gas phase species.

These figures do not reveal kinetic or quantitative vapor loss

considerations that other investigators have studied. 6 '1 5- 1 7 We do not

know how fast the reactions respond to changes in temperature or vacuum

pressure. If the reactions respond slower than the vacuum pumping

speed, a vacuum chamber may be maintained at a pressure less than the

equilibrium vapor pressure of the group V species over the compound

semiconductor. However, as a rough approximation, it may be assumed

that the vacuum pressure (Pvac) is equal to the partial pressure of the

va-.c..



group V element (Pvac=Pv). At pressures greater than the vapor pressure

of V over III-V, it is assumed that an over pressure of V is present in

the vacuum chamber, and the compound semiconductor is stable with '* '

respect to group V sublimation.

Various authors have observed the arsenic loss from GaAs with and

without the presence of gold thin films. Sebestyen, et al., observed

arsenic losses from GaAs at 890K with a total chamber pressure of

10- 8torr. 18 Our calculations indicate that GaAs should decompose at 870K

at this pressure (see Figs. 2 and 3). Kinsbron, et al., found that for

pressures less than 10- torr, GaAs in contact with Au starts to

19decompose at a temperature as low as 520K. which is within 5K of the

temperature calculated by us (see Figs. 2 and 3). Leung, et al.,
discovered arsenic losses under an ambient pressure of 5*10-6 torr at.,

20t

580K,20 which also agrees with our calculations (note that a higher

temperature is required to drive the reaction when the background

pressure is higher). For the decomposition of InP, Gallagher and Chu
2 9

detected phosphorus lossevs (under a vacuum pressure of 5010~ torr) at

roughly 780-790K. Figure 4 yields a temperature of 780K for InP

decomposition at this pressure (log(P) - -7.3).

This excellent agreement between bulk thermodynamic calculations

and experimental observations for reactions involving GaAs is contrary

to the conclusions of Petro, et al.,30 and indicates that interfacial

thermodynamic effects are not required to explain the observed

reactivity of Au on GaAs at temperatures as low as 500K. In fact. if

discrepancies are found between predictions made by using the

16A

...." ... ,.-...-.., .......... -..... -...-.-.. ..-. ,...... .. .. . ..- ,.. . . . , ,, , -. -,. . ,. ,,,.,,



-------- ..-.-. .

thermodynamic data in Table I and experimental measurements on any thin

* film systems, it would probably be necessary to remeasure the bulk

" thermodynamic data before concluding that surfaceo interface effects

are important, since the data in Table I may contain some significant

errors.

I.

17
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V. CONCLUSIONS

We have calculated temperatures at which group V gaseous species

evolve from III-V compound semiconductors with and without Au films

using bulk thermodynamic considerations, and have observed that they

agree closely with experimentally determined values. We have shown that

under open-system conditions, entropy is a strong driving force in

reactions between the III-V compound semiconductors and Au. The

tempcrature at which gas phase species will be lost from the

metal/compound semiconductor interface can be raised if the metal used

L increases AIR in forming products with the semiconductor, ie. makes the

reaction more endothermic. The effect of entropy in open systems

invalidates the conclusion of McGilp3  that the solid-state reaction

equilibrium is temperature invariant. Bulk thermodynamics can be used

to predict a great deal of the observed reactivity of thin metal films

with compound semiconductors.

8. "

.V.-. .,
.. .

18. -+



VI. ACKLr4'JGr4JD1Lr4

This work was supported by the Office of Naval Research. the

*--

University of California MICRO program, and Hughes Aircraft Co. R.S.V.

*.. -. .

furthur acknowledges the Camille and Henry Dreyfus Foundation and the

Alfred P. Sloan Foundation for providing fellowships. R.S. Daley also '

provided valuable assistance in writing the computer code.

1

I.-.,-

- i" '.-_.

:.. "'\,

19 '' "



REFERENCES

1) L.J. Brilison, Phys. Rev. Lett. 40 (1978) 260,

Thin Solid Films 89 (1982) 461.

2) T. Yoshiee. C.L. Bauer, and A.G. Milues. Thin Solid Films

111 (1984) 149.

3) J.F. McGlp, 3. Phys. C: Solid State Phys. 17 (1984) 2249.

4) R.H. Williams, A. McKinley, G.J. Hughes. T.P. Humphreys

and C. Maanl, J. Vac. Sci. Technol. B 2 (1984) 561.

5) G.N. Lewis and M. Randall, Thermodynamics, revised by K.S.

Pitzer and L. Brewer (McGraw-Hill, New York: 1961),

pp. 142-173, 663.

6) J.R. Arthur. Surface Sci. 43 (1974) 449.

7) N.A. C'okcen, Thermodynamics. (Techscience Inc., Hawthorne,

Calif.: 1975). pp. 85-194.

8) R. Loebel, CRC Handbook of Chemistry and Physics, ed. by

R.C. Veast (CRC Press, Inc., Boca Raton, Florida: 1980).

9) 0. Kubaschewski and E.LL. Evans, Metallurgical Thermochemistry

(Pergamon Press. London: 1958), p. 183.

'10) E.S.R. Gopal, Specific Heats at Low Temperatures, (Plan=

Press, New York: 1966).

*11) C.H.P. Lupis, Chemical Thermodynamics of Materials, (North-

Holland, New York: 1983). pp. 21-23.

12) D.D. Wagman, V.1. Evans, V.B. Parker, 1. Below, S.M. Bailey,

and R.1. Scbi.a. NBS Technical Notes 270-3.4,8 (1968-1981).

13) P.C. Vallbrecht, Thermochimica Act& 48 (1981) 69.

U20



- p.- . * --. . . .- - - w - . '- - - ~ [r r r w r
.

r -• -

14) B. Predel and I. RUge, Z. Metallk. 63 (1972) 59.

15) D. Szigethy• I. Mojzes and T. Sebestyen, Int. 3. Mass Spectro.

Ion Phys. 52 (1983) 117.

16) T. Sebestyen, I. Mojzes and D. Szigethy, Electron. Lett.

16 (1980) 504.

17) I. Mojzes• T. Sebestyen and D. Szigethy, Solid-St. Electron.

25 (1982) 449.

18) T. Sebestyen, M. Menyhard and D. Szigethy, Electron. Lett.

12 (1976) 96.

19) E. [insbron. P.1. Gallagher and A.T. English, Solid-St.

Electron. 22 (1979) 517.

20) S. Leung, L.K. Wong, D.D.L. Chung and A.G. Milnes, J.

Electrochem. Soc. 130 (1983) 462. ,

21) D.R. Stull, Thermodynamic Properties of the Elements,

(American Chemical Soc., Washington D.C.: 1956).

22) Nunerical Data and Functional Relationships in Science and

Technology: new series: group III, Crystal and Solid State

Physics: volume 17. Semiconductors: subvolune a, Physics of

Group IV Element and III-V Compounds, ed. by 0. Madelung

(Springer-Verlag, Berlin, New York: 1982); the AR values

were originally reported in S. Martosudirdjo and I.N. Pratt,

Thermochimica Act& 10 (1974) 23.

23) A.S. Abbasov, Izv. Akad. Nank Azerb. SSR, Ser. Fiz.-Tekh. Mat.

Nauk 3-4 (1967) 48-S0.

24) C.D. Thurmond, J. Phys. Chem. Solids 26 (1965) 785.

21



25) B. Predel and D.W. Stein, Act& Ketallurgica 20 (1972) 681.

26) J.A. Rayne. Phys. Lett. 7 (1963) 114.

27) J.C. Phillips and L.A. Van Vechten. Phys. Rev. B 2 (1970) 2147.

-_~ .. *

28) I. Barin, Thermochemical Properties of Inorganic Substances

with supp., (Springer-Verlag, Berlin: 1977).

29) P.K. Gallagher and S.N.G. Chu, J. Phys. Chem. 86 (1982) 3246.

30) W.G. Petro, T. Kendeleticz ..A. Babalola, 1. Lindau, and

W.E. Spicer, J. Vac. Sci. Technol. A 2 (1984) 835.

I. ..

22

-.. ..-.--.6P



P . F

Table 1: Thermodynamic Properties at 298K and latm.&

Compound &Hf (kcal/mole) Sf (cal/mole-K) Cp (cal/mole-K)

Al(s) 0.0 0.00 5.8

Ga(s) 0.0 0.00 6.2L

In(s) 0.0 0.00 6.4

Mi(s) 0.0 0.00 6.1

P wht(s) 0.0 0.00 5.7

P (S) -4.2 -4.36 5.1
red

P (g) 34.5 32.55 7.7

P()14.1 27.62 16.0

As($) 0.0 0.00 5.9

As (g) 53.1 40.27 8.4

As4 g 34.4 41.28 1.

Sb(s) 0.0 0.00 6.0

Sb (g) 56.3 38.93 8.7

Sb 4(g) 49.0 40.27 1.

AlP(s) -39.8,-34.8c -5 .2 9 f 10.00

AlAs(s) -2 7.,, 2 ,.9c -3.2 3f 10.30

GASb(s) -10.09 9 -2.35 11.6

GaP(s) -24.8 _25.c -5.40 10.9

InAS(s) -,1.,c -4.03 11.4

InSb(s) -7.3.-6.90 -4.03 11.8
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Li

AuAl (s) -15.69 0.089 1 2h t

AuAl (s) -28.18 -0.87g 1 8 h

AuGa () -11.5' l.9" 12.1-

AuGa2 (s) -17.81 1.01 1 8.1k A

AuIn(s) -10.8 -1.91 1 2 .3k

Auln2 (s) -18.0 -6.61 1 8.3k

Au2P3 (s) -23.3' -16.1n 28.60 t

AuSb2 (s) -4.6 -4.67 n  18.50

a. Unless otherwise noted, the values in this table were taken from I

Wagman, et al. (Ref.12). -

b. Ref. 21

c. Ref. 22

d. Ref. 23

e. Ref. 24

f. Estimated from values in Landolt-Bornstein

(Ref.22 and text).

g. Ref. 14

h. Estimated by 3NR (Ref. 9 and text).

i. Ref. 25

j. Estimated from the S value of AuSn: based on the

observation that the So298 value of AuSn2 (Ref. 12)

is nearly equal to S90  values of AuG2 and Aula2 ,

which were estimated from Debye Temperatures (Ref. 26).

k. Ref. 13
d%

.1'
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I. Estimated from Debye Temperatures (Ref. 26 and text).

" m. Ref. 9

n. Estimated from S0  values in Kubaschewski and Evans (Ref. 9).
298

o. Ref. 28
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Figure Captions

Figure 1: AGR as a function of temperature for reactions involving AlSb

with a background pressure of Sb2 of 10- torr. The reactions with Au

and AuAl form solid state products even at room temperature.

Figure 2: AGR as a function of temperature for reactions involving GaAs

with a background pressure of 10 8torr of As2 or As4. In each case, the

gas phase product that yields the lower AGR is shown.

Figure 3: The equilibrium vapor pressure in the range 10 to 1 0-torr

for the same reactions shown in Fig. 2 as a function of temperature.

The states at 10-torr are the same as those for AGR=0 in Fig. 2.

Figure 4: Equilibrium vapor pressures of the lowest Gibbs' Free Energy

group V species over III-V compound semiconductors. AIP and AlAs

decompose at temperatures greater than 1000K in the pressure range

shown. Eight of the nine III-V compound semiconductors yield diatcmic

group V molecules as the dominant gas phase products; only for InSb

does the tetraatomic group V species (Sb4) have a slightly higher vapor

pressure than Sb2 in this pressure range.

Figure 5: Reactions of six compound semiconductors with gold that do

not occur unless gas-phase group V products are evolved. The

equilibrium vapor pressure of the gas phase species is shown as a I
26
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L

function of temperature. If the actual partial pressure is maintained

below that indicated, the reaction

Au + Il1-V --) Au-Il + (1/n)V
n

may proceed spontaneously. The group V product released is given in

parenthesis for each vapor pressure curve.

Figure 6: Reactions of eight III-V compound semiconductors with Au-Ill

that yield gas phase group V products (AnAl reacts with AlSb to form

solid-phase products as shown in Fig. 1). The reactions

Au-Ill + IlI-V --) Au-(III)2 + (1/n)V.

may proceed spontaneously for vapor pressures of Vn  lower than the

equilibrium vapor pressure. The group V product released is given in

parenthesis.
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