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A&n&-me of the physical and thermodynamic properties of III-V liquids can be explained by assuming that the 
liquids have a dual structure. The thermodynamic model which has been established for the present paper is a partially 
associated solution model. It was constructed on the assumption of the existence of associated compltxes. The 
asymmetry of the Iiquidus curve and the amount of excess free energy determined from the phase diagmm analysis can 
be explained by using the model. Some of the thermodynamic parameters obtained in this study are found to have 
important physical meanings. The interaction parameter between monoatomic species, whs is in a good agreement 
with the theoretical value proposed by Stringfellow. The heat of formation of associated complexes can be represented 
explicitly in terms of the spectroscopic ionicity and the dehybridization factor. The free energy of formation is 
empirically evaluated to be 2O#j, - 0~17)RT - 35,ooofD cailmol for RI-V binary liquids. 

The binary phase diagrams constituted by Group III and 
Group V elements are presently attracting attention for 
practical and theoretical reasons. The liquidus curves are 
of particular interest to those concerned with the growth 
and perfection of these semiconducting compounds and 
they have been examined theoretically by several 
investigators. These curves have been described as being 
parabolic with a relatively large curvature near the melting 
point[ 11, and seem to occur in some systems such as 
Ga-Sb, where the liquid solution is strictly regular. A close 
examination of the liquidus curves, however, reveals that 
they are asymmetric with respect to the stoichiometric 
composition as shown in Fig. 1. This tendency becomes 
appreciable in the III-V binary systems whose compounds 
have relatively larger ionicity. Previously, a ther- 
modynamic analysis of these systems was attempted in 
terms of the simple regular solution model 121, subre~l~ 
solution model 131 or quasi-chemical equilibrium model 141. 
However, these models did not account for asymmetry of 
the thermodynamic properties. None of these models, 
even one with suitably chosen parameters, resulted in 
quantitatively reasonable agreement with experiment over 
the entire region of the diagram. Thus, for a better 
understanding of the thermodynamic properties of III-V 
systems, it seems vitally important to reconcile the 
departure from regularity in these solutions. 

Some of the physical properties of III-V liquids may be 
well explained by relating them to partly retained 
non-metallic bonding in the liquid state. Measurement of 
viscous ffow in the arsenidefs] and antimo~de [6] systems 
indicates that at temperatures slightly above the melting 
point of the stoichiometric composition almost always 
exhibits a positive excess viscosity. Also, their liquid state 
electric resistivities, which decrease by a factor of between 
2 and 10 on fusion (71, appear to be much higher than those 
of silicon[81 and ge~~um[91, but lower than those of 
H-VI systemsll01. The resistjvity~composition isotherm 
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Fig. 1. Binary phase diagrams of AI-Sb[lS, 71, In-As[l6,17] and 
Ga-Sb[ll, 191 systems, where l and 0 denote the experimental 
values on the Group III and V element rich sides, respectively, and 
the solid lines show the theoretical liquidus curves recalculated by 

the present PAS model. 

reaches a m~imum at the stoic~omet~c composition, as 
does the viscosity, while the magnetic su~ep~~~~ 
reaches an equally sharp minimum[ll]. These results 
suggest that some would-be conduction electrons are still 
in a bound state and that enough non-metallic bonding to 
cause these phenomena is retained after fusion. The 
bonding is probably due to a short-term localization of 
bound valence electrons in pairs or in groups of 
neighbouring atoms. The resulting structure may appear as 
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small molecular complexes in a metallically bound matrix. 
The extent of stability and the concentration of complexes 
may be determined by the ionicity or the difference in 
electronegativities. 

Phillips [ 121 estimated the ionicity of diatomic crystals 
with the formula ANRawN such as the zinc-blende, 
wurtzite, and rocksalt structures. In III-V compounds, the 
ionicity is relatively small, i.e. O-426 for AlSb which is the 
largest in the group, compared with 0,546 for ZnTe which is 
the smallest of the II-VI compounds. It is well known that 
the II-VI liquids [ 131 and fused salt mixtures [14] have ionic 
properties which allow the presence of stable complexes in 
the liquid. Therefore the liquids in the III-V systems may 
be assumed to be partially ionic, but to a lesser extent than 
those in II-VI liquids or fused salt mixtures. The stable 
complexes present in the liquid have been known to affect 
both the liquidus curves and the thermodynamic behavior 
of inorganic systems [14]. To evaluate the thermodynamic 
properties of II-VI systems, Jordan[l3] proposed a regular 
associated solution model. His model assumes symmetry 
with respect to the stoichiometric composition and could 
be valid for a strong degree of association. However, it 
cannot apply to III-V systems in which there is a relatively 
small amount of associated complexes and asymmetry in 
the liquidus curve. The present paper attempts to describe 
a thermodynamic model to account for the characteristics 
in the III-V systems which is consistent with the binary 
phase diagrams. 

2 TAEORY 

In an A-B binary liquid constituted of Group III and 
Group V elements, let there be three species in equilibrium, 
that is, monomers A and B, and associated molecules AL? 
in mole fractions of x,,, xs and x.,~, respectively. The 
fraction of total A in both the combined state (AR) and 
uncombined state (A) is denoted by x1, and the fraction of 
total I3 is denoted by x2. The subscripts 1 and 2 refer to the 
true binary components. Prigogine and Defayi201 have 
shown that the chemical potential of 1 equals the chemical 
potential of A and similarly the chemical potential of 2 
equals that of B. It is suggested as a lirst approximation that 
departures from a true associated solution due to short 
range nearest neighbour interactions can be simply taken 
into account by introducing activity coethcients yA, ya and 
yM in a strictly regular ternary solution model. The excess 
free energy of mixing relative to the free energy of the ideal 
solution can be written as follows; 

AF” = XAxBu.,B + &hB@,.,4B + .%&B~A,4B + &B@R, (1) 

where uR denotes the formation energy of associated 
complexes, w,,+,,~ is the interaction energy between 
monomer A and molecule AR, and 00 is the mutual 
interaction energy between monomers A and R. An 
equilibrium constant for an associated solution in the 
reaction A(1) + B(I) = AR(I) can be expressed according 
to the mass reaction law, 

~M/UAUB = co exp bdRZ‘h (2) 

where ac is an activity of component i, and equal to x,7,, 

and c,, is a constant related to the entropy of formation of 
associated complexes. 

Further the activity coefficients, y.,, YS and ye, can be 
represented in the following form[5], 

+ xBx4a (00 - @L4B + 0.4M) 
RT Inn = x?,~u~.~ + x:o,+.s 

+ XAXAB (WB.AB - WAAB + aJAB) 

RT lnyAe = xLJ~.,~ + x28wens 
+ xAxB (@MB - w.4.B + WANI )* (3) 

In the present analysis, the concentration of associated 
complexes, xA& can be derived from eqn (2) and eqn (3) by 
assuming that the mole fraction of associated complexes, 
xti in the liquid is small enough to set (1 t XU)’ = 1 and 
x.,xn in x1x2. By using the relations xA = x1 - xtxM and 
xB = x2-xl&B, we obtain 

XM = x,x&,B(l t 2Ao,$RT), (4) 

where P”,= coexp [(on - wL,t w~B)/RTI, A =0.5-x1, 
and 02 and o$ are equal to (W.AB-OB.A8)/2 and 
(wAM t oB.ti)/Z, respectively. In eqn (4), the exponential 
term is expanded with respect to concentration, and it is 
terminated with the first power under the assumptions that 
the ok(x2 - x,)/RT is very small within the present region 
of temperature and composition. The composition depen- 
dent term in o,,_e(l - x,x2) is assumed to be negligible 
compared with xloAM t x20Ba through the derivation. 
Under the condition that (oR t OiB - u&B) is larger than 
w is, substitution of eqn (4) into eqn (1) leads to the activity 
coefficients; 

RT In yl= XL_B •t (WR + ~AB-~~B)P~B 
[ I- (1 - 4A)wdRT], 

RT ln y2 = x:w.&B +(wR + WEB-OA.B)P\B 

[l +(1+4A)wL,/RT], (5) 

where the second term in the parenthesis expresses the 
contribution of the associated complexes. It is represented 
in a much simpler form than Jordan’s expression. 
Therefore, from the above assumption on the nature of the 
associated complex, the present thermodynamic treatment 
may be called a partially associated solution model (PAS 
model). 

In a more general thermodynamic analysis of the 
liquidus curves of binary systems with AB compound 
formation, Wagner[21] defined a parameter to be deter- 
mined from the experimental liquidus curve; 

cx = [Trp(xl)- TF]SF/A2, (6) 

where TF and SF are respectively the melting point and the 
entropy of fusion, and cp(xl) = 1 - (R/2SF)ln(l/4xlx2). ‘Ihe 
cx given in eqn (6), which is equal to - 1 times the integrand 
described by Wagner, is related to the activity coefficients 
as follows, 

a = (RT/2A%dy,yz/y~r~?=?, (7) 
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where STC represents the stoichiometric composition. By 
putting eqn (5) into eqn (7), we obtain 

It should be noted that the second term in eqn (8) involves a 
concentration dependent term. As the sign of A changes 
around x1 = 0.5, a is expected to behave in an asymmetric 
manner if WA~\ 0. 

3. NUMERICAL. ANALYSIS 

The binary phase diagrams of III-V systems where the 
liquidus curve has been determined over the entire 
composition region, are available in five systems [ E-211. 
From these diagrams, the a-parameter along the liquidus 
curve has been calculated using eqn (6). The results are 
shown in Figs. 2 and 3, where the solid line shows the 
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Fig. 2. o-parameter along with the liquidus curve as a function of 
antimony in the antimonides of Al, Ga and In, where solid curves 
were calculated by the present method. The phase diagram of the 

In-Sb system refers to[17] and[22]. 
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Fig. 3. a-parameter along with the liquidus curve as a function of 
arsenic in the arsenides of Ga and In, where the phase diagram of 

Ga-As system-refers to [17] and [ 191. 

theoretical value. The values of the entropy of fusion and 
the melting point used in the calculation are listed in Table 
1. As is seen in Figs. 2 and 3 the a-parameter is not 
constant and reaches a maximum value near the 

Table 1. Values of properties of III-V compounds used in the 

compound I TF (%, I SF (e.u.) f, (12) 

AlP 

AIAB 

AlSb 

GaP 

GaAS 

GaSb 

1nP 

InAS 

InSb 

2823 (26) 

2043 (27) 

1338 (28) 

1738 (25) 

1511 (18) 

985 (23) 

1343 (29) 

1215 (16) 

797 (23) 

'17.12 (31) 0.307 

16.83 01) 0.274 

14.74 (23) 0.426 

15.90 (24) 0.374 

16.64 (30) 0.310 

15.80 (23) 0.261 

14.12 (31) 0.421 

14.52 (30) 0.357 

14.32 (23) 0.321 

1 

1 
stoichiometric composition in all of III-V systems, and it 
is not symmetric with respect to x1 = 0.5. The maxima for 
In-As and In-Sb appear apparently in the In-rich side. In 
the Al-Sb system, it appears in %-rich side. 

In the present PAS model, the o-parameter can be 
calculated in the following manner. For any two liquidus 
points selected at a given temperature on either side of 
and apart from the stoichiometric composition, eqn (8) 
holds and leads to the expression; 

y = RT(a”‘- CY “)/(A”’ - A’) 
=~(~~+~~B-w~B)oABc~~~~(UIRT), (9) 

where U denotes WR t W,B -a~~, and the upper 
subscripts III and V indicate the III and V element rich 
side, respectively. Once log(y) vs I/T is plotted, as shown 
in Fig. 4 for the In-As system, the experimental points 
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Fig. 4. The change of y as a function of l/T in the In-As system. 

exhibit a fairly good linear relationship. Two sets of 
parameters, U and 4(on t wL- oa,B)oAB~~, in eqn (9) 
can be determined from the slope and intersept of the line 
drawn in the figure. In order to evaluate the parameters in 
each term, two more sets of parameters will be determined. 
Thus eqn (8) is rewritten, 

2~ - YNRT = OA.B t (OR t oh - wA~)co exp (U/RZ’). 
(10) 

Now, two sets of parameters can be evaluated from the z 
vs exp (U/RZ”) plot, as is shown in Fig. 5. In such a 
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Fq. 5. The change oi z as a function of cxp (U/R?‘) in the In-As 
system, where 0 and 0 denote the values at Group III and V 

element rich side of the phase diagram, respectively. 

manner, four relationships have been obtained for the tive 
unknowns; c,, wLs. oAne. oRM and oR. Obviously one 
more relation is necessary for evaluating these unknowns. 
In the association reaction, the most probable values of 
xAB at a given temperature are calculated with the 
condition that the free energy of mixing, FM, is a 
minimum with respect to xrs, that is, SFM = 0. The 
condition for the dissociation equilibrium between as- 
sociated complexes and free monomers is givent321 by 

(11) 

As FM is a sum of entropy of mixing and the excess free 
energy given by eqn (I), eqn (11) can be numerically 
solved for co with little difficulty. Hence we calculated the 
five unknowns from the above five relationships. For the 
In-As liquid, xrrs is found to be 0.11 at 1215”K, i.e. the 
melting point of the compound, and the other parameters 
are listed in Table 2. 

Table 2. Values of thermodynamic parameters obtained from the 
phase diagram analysis by using the PAS model, where xAB shows 

the value at the melting point 
I I 

Using this method, the other four systems have been 
analysed. The results are listed in Table 2. The 
recalculated a-parameter is illustrated with solid curves 
in Figs. 2 and 3. The calculated results are in excellent 
agreement with the experimental data. In particular this 
model successfully explains the asymmetry of the 
a -parameter in both the III and V element rich sides. The 
present analysis as shown in Table 2 clearly demonsuates 
that the value of oAti doers from that of wB.- in all of 

the systems, even in the Ga-Sb system, and that oAti is 
smaller than wB.AB when the atomic radius of A is larger 
than that of atom B. It is this difference that essentially 
produces the asymmetric behavior in the liquidus curve. 

As listed in Table 2, the concentration of associated 
complexes at the melting point has been estimated to be in 
the region of 0.04 to 0.21. To examine the accuracy of the 
approximations made in obtaining eqn (4), xti was 
compared with the exact x.,S calculated from eqns (2) and 
(3) using values of the parameters listed in Tables 1 and 2. 
The deviations were found to be 20-30 per cent. Also, the 
excess free energy approximated using eqn (5) deviated 
by 9 per cent or less from the exact value calculated from 
eqn ( 1). The value of xM becomes largest at their melting 
points and decreases drastically when the composition 
departs from stoichiometry along the liquidus curve. 
Clearly, the error involved in approximating the free 
energy in the present model is very small within the 
present region of composition and temperature. Therefore 
our PAS model is a reasonable description for the III-V 
binary liquids accompanying associated complexes. 

4. Dl!tXU~ON 

It has been demonstrated that the excess quantities of 
the free energy used in the PAS model for the phase 
diagram analysis are very effective in describing associated 
complexes. Now we would like to extend out discussion to 
the physical meaning of the parameters obtained in the 
model. 

As reported by Stringfellow[33], the liquid phase 
interaction parameters between monoatomic species can 
be calculated in terms of both the electronegativities and 
solubility parameters of the pure elements. When the 
molar volumes are nearly equal, the interaction parameter 
is represented by the form, 

a.,.B = v(&, - 8B)* - 3 x 10*(x,, - xB)*, (12) 

where V, S and x denote respectively the molar volume, 
the solubility parameter and the electronegativity. In 
binary systems of the type Ge-M and Si-M, the 
interaction parameters calculated from an equation 
similar to eqn (12) are generally in good agreement with 
the experimentally determined values[34]. This is illus- 
trated in Fig. 6 by full circles. Interestingly, these binary 
systems do not contain any intermetallic compounds in 
solid state. The interaction parameters calculated by the 
PAS model for the III-V binary systems are always too 
small, compared with those obtained by the RS or QCE 
models. The discrepancy merely reflects the incomplete- 
ness of the latter thermodynamic models. As shown in 
Fig. 6, the present interaction parameters between 
monoatomic species are in good agreement with the 
theoretical valuesI331. 

It seems evident that III-V liquids have a dual 
structure, consisting of associated complexes of AB in 
equilibrium with a matrix of more randomly arranged A 
and B atoms, but the structure of the complexes cannot 
be visualized at the present time. It can be said that the 
structure becomes more ionic and needs not be that of the 
solid compound, because the restriction of forming a 
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Fig. 6. Comparison of the experimental interaction parameters 
with the theoretical values calculated by Stringfellow[33], where 
the symboles, 0 show the values for the S-M and Ge-M systems 

directly extracted from the reference[34]. 

long-range lattice is now removed. The heat of formation 
of such associated complexes seems to originate from two 
important effects: ionicity, as implied in Pauling’s 
thermochemical theory[35], and the tendency toward 
metallization, as discussed by Mooser and Pearson[36]. 
The former factor can be represented by the spectros- 
copic ionicity instead of the electranegativity term as 
pointed out by Phillips[12]. The latter factor is described 
by the dehybridization factor, D [37]. Dehybridization 
describes the decrease in energy of the homopolar 
covalent bond compared with the much less directional 
metallic bond. In the system in which the tendency of 
dehybridization is large, the homopolar covalent bonding 
is thoroughly destroyed on fusion. Therefore the heat of 
formation of associated complexes may be represented 
explicitly by the above two terms in the form, 

WR = w ORfiD, (13) 

where w”R is the invariable constant and two values of h 
and D can be referred to the literatures[l2, 37, 381. As 
shown in Fig. 7, wR linearly depends on the factor fiD, 
where w”R is - 35 kcal/mol on the average. The quantity co 
is related to the entropy of formation of the associated 

20 1 I I I 
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Fig. 7. Formation energy of associated complexes as a function of 
ionicity multiplyed by the dehybridization factor. 

complexes, that is, co = exp( - S/R)[391. As shown in 
Fig. 8, ln(c,) is empirically related to the ionicity in a 
linear manner. Therefore, we now conclude that the free 
energy of formation of associated complexes in the liquid 
is given approximately as 204X.j - 0.17)RT - 35,OOOfiD 
cal/mol for the III-V binary systems. 
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Fig. 8. The term related to the entropy of formation of associated 
complexes as a function of ionicity. 

Finally we would like to demonstrate the feasibility of 
calculating all of the other III-V binary phase diagrams 
based upon the PAS model. Two parameters on and co 
are easily determined from the above theoretical consid- 
erations. Two other parameters, wU and WWB, are 
estimated, (a) by assuming that w AB is a linear function of 
the difference between corresponding solubility parame- 
ters, and (b) by using the relation of eqn (11). The last 
parameter, w,,..B has been determined from the actual 
binary phase diagram in the III-Group element rich side. 
From use of those values as listed in Table 3, the liquidus 

Table 3. Estimated values of thermodynamic parameters of 
several III-V binary liquids by using the PAS model 

System Co WR @A,AB *B&i3 c3n.B 

curves have been calculated for several binary systems. 
Results are shown in Fig. 9. It is found that the calculated 
curves are in fairly good agreement with the experimental 
data over all regions of composition and temperature. 

5. CONCLUslON 

A model regarding the III-V binary phase diagrams has 
been established in this paper. The present PAS model is 
based on the assumption that associated complexes exist 
in the liquid. It has been found that the calculated liquidus 
curves are in excellent agreement with experimental data. 
In particular, the present model successfully explains the 
asymmetric behavior of the liquidus curve. 
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Fig. 9. Comparison of calculated phase diagrams with experimental data in III-V binary systems. The experimental 
data were extracted from tbe following references; InSb:[17] and[22], GaSb:[l’l], [ill] and[19], InAs:[16] and(l71, 

AISb:~7land[l5],InP:[17][40]and[43].GaAs:[l7]and[19],GaP:[17]and[25],AIAs:[4l],AIP: 1421. 
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