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Thermodynamic concepts have been developed for the calculation of solid-phase miscibility gaps 
and spinodal decomposition in quaternary alloys of the type AxBy C I _ x _ yD. These concepts 
have been applied to the analysis of I11/V quaternary alloys using the delta-lattice-parameter 
(OLP) solution model. In addition, the effects of coherency strain energy have been included in the 
calculation. Results are presented for the systems Alx Gay In I _ x _ y P, Alx Gay In I _ x _ y As, 
InP x Asy Sbl _ x _ y' and GaP x Asy Sbl _ x _ y' Even though these systems all have miscibility gaps, 
they are shown to be stable against spinodal decomposition at all temperatures due to the elastic 
strain energy inherent in coherent decomposition of single crystalline alloys. 

PACS numbers: 81.30. - x 

INTRODUCTION 

Quaternary I11/V alloys of the type AxByCI_x_yD, 
where three elements share a single sublattice, are interesting 
for a number of applications. Stringfellow I suggested that 
the system Alx Gay Inl _ x _ y P might be the optimum system 
for the production of high-efficiency, visible-light-emitting 
diodes (LEOs) and short-wavelength injection lasers. This 
system contains the highest direct band gap (2.2 eV) I11/V 
alloy lattice matched to GaAs. These alloys cannot be grown 
by LPE5 (liquid phase epitaxy) because of the extremely large 
Al distribution coefficient. However, they have been grown 
by MBE (molecular beam epitaxy)2 and growth may be pos­
sible by OMVPE (organometallic vapor phase epitaxy). I A 
similar system is Alx Gaylnl _ x _ yAs, which may be useful 
for tandem (or cascade) solar cells3 and as a confining layer in 
multilayer structures used for Gax Inl _ x As active layer field 
effect transistors.4 Alx Gay In I _ x _ y As alloys are difficult to 
grow by LPE5 because of the high Al distribution coeffi­
cients, but may be grown by MBE4 and OMVPE. 6 Alloys of 
the type ABxCyDI _ x _y such as InPxAsySb l _x _y (Ref. 7) 
and GaPxAsySb l _x _y (Ref. 8) are also of interest. The for­
mer alloys are interesting for superlattice structures and IR 
light sources and detectors for the wavelength range 3--4 f-l. 
Some InPxAsySbl_x __ y alloys have been grown by 
OMVPE, although the system is found to have a large misci­
bility gap.7 

Many pseudobinary III/V alloys have solid phase mis­
cibility gaps, based on experimental evidence and simple 
thermodynamic calculations. 9 Such miscibility gaps prevent 
the equilibrium growth of a range of solid compositions 
when the critical temperature Tc ' above which no immiscibi­
lity, exists is higher than the growth temperature. Even for 
alloys where Tc is less than the growth temperature but 
greater than 300 K, the miscibility gap could cause prob­
lems, since spinodal decomposition and clustering would be 
expected to occur during high temperature processing or 
even stimulated by recombination enhanced diffusion 10 dur­
ing laser or LED device operation. 

alThis work was supported by the Department of Energy, Contract No. 
DE-A T 03-81 ER 10934. 

Recent calculations9 have shown that quaternary alloys 
of the type A xB I _ x CyDI _ y have even larger miscibility 
gaps and higher values of the critical temperature than the 
bounding pseudobinary systems. One purpose of this paper 
is to analyze alloys of the type A x By C I _ x _ yD (or 
ABx CyD I _ x _ y which is thermodynamically equivalent) to 
determine whether these alloys are also less stable than the 
bounding pseudobinary systems. 

In addition to considering only chemical driving forces 
for phase separation, Cahn II showed that in metal systems, 
the coherency strain energy acts to stabilize alloys. Stringfel­
low l2 extended these calculations to AxBI _ x CyD I _ y qua­
ternary alloys and showed that most III/V pseudobinary 
and AxBI _xCyDI_y quaternary alloys are stab.ilized 
against spinodal decomposition by the coherency stram en­
ergy at all temperatures. These calculations will also be ex­
tended to type A xBy C I _ x .. _ yD quaternary alloys in the pre­
sent work. 

The purpose of this paper is to develop the thermodyna­
mic concepts necessary to calculate the spinodal and critical 
temperature for a system of the type AxByCI _ x_yD (or 
ABxCyDI_x_y) in the conventional way, including only 
chemical terms, and in addition to include the effects of the 
coherency strain energy. Results will be presented specifical­
ly for the systems AlxGayInl -x-yP, AlxGaylnJ x_yAs, 
GaPxAsySbl _x y' and InPxAsySb l _x y' 

CALCULATION OF THE SPINODAL NEGLECTING 
STRAIN ENERGY 

The stability criterion for pseudoternary alloys of the 
type A xBy C I _ x _ yD (or ABx CyD I _ x y) may be writ­
ten J2.14 

~- -~ - -~ ;;.0, ( 
J2G ) ( J
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I:P Jy2 T,P JxJy T,P 

(1 ) 

where G is the Helmholtz free energy per unit volume, which 
is taken to be equal to the Gibbs free energy per unit volume 
for a solid phase at one atmosphere pressure. 13 Thus, G is the 
product of the Gibbs free energy per mole of the solid G sand 
the number of moles per unit volume of the initial, homogen­
eous solid N v • The value of G S is obtained from a simple 
thermodynamic model of the solid, either the regular solu-
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tion model 14 or the DLP (delta-lattice-parameter) model. 15 

For the regular solution model, 

GS =xya l +x(l -x - y)a2 + y(l-x - y)a3 

+ RT[x In x + y Iny + (1 - x - y)ln(1 - x - y)] 

+ XG~D + yG~D + (1 - x - y)G~D' (2) 

where aI' a 2, and a 3 are the interaction parameters for the 
three pseudobinary systems bounding the pseudotemary so­
lidus plane, a AD _ BD' a AD _ CD' and a BD _ CD' respectively, 
and G ~D' G ~D' and G ~D are the free energies per mole of the 
three pure binary compounds. For the DLP model, 

G S= -Kao-
2

.
5 +RT[xlnx+ylny 

+ (l-x - y)ln(l-x - y)], (3) 

where K is a constant equal to 1.15 X 107 cal mole-I A2.5. 
Unfortunately the empirical regular solution interaction pa­
rameters are not known for the systems InP x Sbl _ x and 
GaP x Sbl _ x' so would have to be estimated from the DLP 
model. For the other systems under consideration, the regu­
lar solution model interaction parameters agree with those 
predicted from the DLP model. 15 The largest deviation is for 
the GaAsySbl _y system where the DLP interaction param­
eter (3355 cal/mole) is considerably smaller than the 4000 
callmole obtained from a regular solution model fit to the 
pseudobinary phase diagram. Thus, the simplest and most 
consistent approach is to develop the calculation based on 
the DLP model. 

Relation (1) can now be written, using the DLP model, 

InSb 

as 

{ _ ML1a~ + RT [ (1 - y) ]} 
x(l-x-y) 

X{ -ML1a1 +RT[ (I-x) ]} 
y(l-x -y) 

- [ - ML1aAL1aB + RT 1(1 - x - yW;;'O, (4) 

where M=8.75 Kao-
4

.
5

, L1aA=aAD-aCD' and L1aB 
= aBD - aCD where the lattice parameter of the compound 

ij is denoted aij' Relation (4) can be manipulated to yield an 
expression for the spinodal surface, 

T=(MIR)[xL1a~ +yL1a1-(xL1aA +yL1aB)2]. (5) 

This equation can be solved to yield the values of Xc,Yc' and 
Tc.1t can be shown that in all cases, either Xc,Yc' or (1 - Xc 
- Yc) is equal to zero, i.e., the critical temperature is equal to 
that for the boundary pseudobinary having the highest value 
of Tc. This result is strikingly different than that for quater­
nary alloys of the typeAxBI _ xCyDI _y' where Tc often falls 
near Xc = Yc = 0.5 and is substantially higher than Tc for 
any of the bounding pseudobinary systems. The calculated 
spinodal isotherms for the systems InP x Asy Sbl _ x _ Y' 

AlxGaylnl_x _yP, AlxGayln1 -x _yAs, and 
GaP x Asy Sb1 _ x _ yare shown in Figs. 1-4. 

For the InP xAsySbl -x _ y system, Fig. 1, Xc = 0.56,yc 
= 0, and Tc = 1319 K. The value of Xc is slightly different 

than that calculated, assuming L1a.(a where a is the average 
value of lattice parameter. This approximation yields Xc 
= 0.5 (Refs. 9, 12) and Tc = 1303 K. This 1 % error is negli-

FIG. I. Calculated spinodal iso­
therms for the system 
InP x As, Sb, _ x _, neglecting the 
effects of coherency strain energy. 
Including the coherency strain en­
ergy gives T, < 0 K. The data 
points are from Fukui and Horiko­
she obtained at 600 °C for 
OMVPE growth on InAs sub­
strates. For comparison, the bino­
dal isotherm calculated for 
T = 600 °C (873 OK) is also plotted. 

-----------~Solidus -873° K ---------InP~----------~----------~----------~----------~~------~~lnAs 
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FIG. 2. Calculated spinodal iso­
thenns for the system 
AlxGa,In, _x_yP. The calcula­
tion neglects the coherency strain 
energy. Including this contribu­
tion to the free energy gives T, < O. 

FIG. 3. Calculated spinodal 
isothenns for the system 
AlxGayln,_x_yAs. The cal­
culation does not include the 
coherency strain energy. The 
strain energy would make the 
solid stable over the entire 
composition range. 
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GaSb 

FIG. 4. Calculated spinodal iso­
therms for the system 
GaPxAs,Sb,_x_,' Thecalcula­
tion neglects the coherency 
strain energy T, > O. 

GaPL-----------~----------~----------~----------~~--------~GaAs 

gible relative to the uncertainties in the thermodynamic 
model. 

Three experimental 600 °C data points were reported 
for the extent of the miscibility gap in InP x Asy Sb l _ x _ y by 
Fukui and Horikoshf obtained from organometallic vapor 
phase epitaxy growth experiments. These data points are not 
spinodal points, but represent the extent of the miscibility 
gap. For comparison, we have calculated the binodal curve 
(solidus) at 600 °C (873 OK) using the approach described in 
Ref. 9. One complication in interpreting these data is that for 
epitaxial layers, the elastic energy due to lattice parameter 
mismatch is known to stabilize otherwise unstable alloys in 
systems other than InPxAsySbl _ x _y.16.17 This effect would 
be expected to be most noticeable for the data point at 
x = 0.51 and y = 0.26, where the alloy is nearly lattice 
matched to the InAs substrate. One would expect this factor 
to produce an "effective miscibility gap" somewhat smaller 
than the true chemical eqUilibrium miscibility gap. How­
ever, the data do seem to support the general features of the 
calculated results. 

For the AlxGaylnl_x_yP system, Xc = 0, Yc = 0.55, 
and Tc = 913 K. The approximation ..::1 a .(a would yield y c 

= 0.5 and Tc = 908 K, again only slightly in error. For this 
system, the miscibility gap is largest for the region with 
x + y~0.5. Unfortunately, this is the solid region with lat­
tice parameter equal to that for GaAs, so it is the region of 
most practical interest. The same is true for the 
AlxGaylnl_x_yAs system, where the alloys with 
x + y~0.5 are lattice matched to the InP substrates com-
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monly used. For this system, Tc = 735 K, slightly larger 
than the value of 729 K calculated for ..::1a.(a. 12 

For the system GaP x ASySb l _ x _ y' the calculated spin­
odal isotherms are plotted in Fig. 4. The critical temperature 
for the quaternary is located on the GaP x Sb l _ x edge of the 
solid phase field. No data are available for that system, but 
solidus data are available for the GaAsy Sbl _ y system at low­
er temperatures, as shown in Fig. 5. The data of Gratton et 
al. 19 were obtained by equilibration through a liquid phase. 
The data of Cooper et al.20 were obtained by OMVPE. The 
DLP model is known9

,15 to underestimate the solid phase 
interaction parameter, and hence the critical temperature 
and the size of the miscibility gap. Thus, the binodal curve 
plotted in Fig. 5 was calculated assuming the DLP constant 
K to be I.37X 107 cal mole- I A2.5 in accordance with the 
pseudobinary liquid-solid phase diagram. The calculated 
binodal curve agrees very well with the Gratton et al. data 
for the GaSb-rich solids and the OMVPE data for both the 
GaAs- and GaSb-rich solids. It should be mentioned that 
these were grown on GaAs and GaSb substrates, respective­
ly. 

These data, plus those of Fukui and Horikoshi for the 
InP x Sb I _ x system show that for large lattice parameter mis­
match of the epitaxial layer with the substrate that little if 
any "lattice latching,,16,17 is observed. The GaAs rich soli­
dus data of Gratton et al. show an unexpectedly low GaAs 
solubility and practically no temperature dependence. The 
latter is contrary to the predictions of any simple model for 
the miscibility gap. 
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FIG. S. Solidus for the system GaAsySb,_y. The data for Gratton et al.'9 
(0) were obtained by equilibration through a liquid phase and the data of 
Cooper et al. (e) were obtained by OMVPE. The solid line was calculated 
using the DLP model with K = 1.37x 107 cal mole-' A2'. 

EFFECT OF COHERENCY STRAIN 

Cahn II showed 20 years ago that for binary metal al­
loys, the coherency strain energy involved in spinodal de­
composition would significantly reduce the critical tempera­
ture, written Ts when the strain energy is included. The 
strain energy clearly acts to stabilize alloys considered unsta­
ble from a consideration of only the chemical energy. String­
fellow 1l extended the calculation to pseudobinary and qua­
ternary AxBl_XCyDl_y alloys. The coherency strain 
energy was found to completely stabilize most alloys consi­
dered. Ts is less than 0 K for these types of Ill/V alloys, 
except those with very large miscibility gaps. 

We will use the approach 12
•
13 of defining a new free 

energy function containing the effect of coherency strain en­
ergy, 

..:lolE(x-X)2 ..:l02E(y_y)l 
G '(x, y) = GSN

v 
+ A 0 + B 0 

06(1 - v) 06(1 - v) 

2..:l0A..:l0B (X - xo)(y - Yo)E 
+ 2 ,(~ 

0 0 (1- v) 

where E is Young's modulus and v is Poisson's ratio. Xo and 
Yo are the composition parameters for the homogeneous al­
loy before spinodal decomposition is allowed to begin. Using 
this free energy function, the stability criterion can be writ­
ten 
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{ -(M-S)..:lO~+RT[ (l-y) ]} 
x(l-x - y) 

X{-(M-S)..:l01+ RT [ (I-x) ]} 
y(l-x - y) 

- [ - (M - S)..:laA..:loB + RT 1(1 - x - y)]2;;.O, (7) 

a duplicate of relation (4) with M replaced by (M - S) where 

S=2EINv(l-v)0~. (8) 

Naturally, this yields an equation similar to Eq. (5) (for the 
critical temperature) with M replaced by (M - S). 

The values of E I( 1 - v) were obtained from the data of 
V. V. Voronkov, 18 either directly orby estimation from simi­
lar systems. All four quaternary systems considered in this 
paper are stabilized by the coherency strain energy, i.e., T, 
<OK. 

CONCLUSIONS 

The thermodynamics of spinodal decomposition in 
quaternary alloys of the type AxByC, _ x _yD have been de­
veloped. Based on the DLP model of the free energy of mix­
ing of semiconductor alloys, an analysis has been developed 
for the calculation of the spinodal surface and the critical 
temperature for solid quaternary Ill/V alloys where the 
mixing is restricted to three elements on a single sublattice. It 
is found that the critical temperature for such alloys always 
occurs at the edge of the triangular solid phase field, i.e., for 
either Xc> Yc> or 1 - Xc - Yc equal to zero. Thus, the critical 
temperature is never higher in the quaternary than for the 
bounding pseudobinary systems. Solid-solid isotherms are 
presented for the systems AlxGayln,_x_yP, 
AlxGayln, _ x- yAs, GaPxAsySb, _ X _y' and 
InP x Asy Sb l _ x _ y' The calculations agree quite well with 
experimental data for the systems InP x Asy Sb I _ x _ y and 
GaAsySb 1 _ y' 

Concepts are also developed for the thermodynamic 
analysis of spinodal decomposition in these quaternary al­
loys, including the effect of the coherency strain energy. This 
addition to the free energy of the inhomogeneous solid is 
shown to completely stabilize the alloys of interest even at 
temperatures below room temperature. 
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