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Quant i t a t ive ly  s a t i s f a c t o r y  f i t s  a r e  obta ined  for  the l iquidus  l ines  of the congruen t ly -  
mel t ing ,  " l i n e - c o m p o u n d s " ,  InSb, GaSb, InAs,  and GaAs us ing  a r e c e n t l y  d e r i v e d  b a s i c  
l iquidus  equat ion.  In addi t ion  the f i t s  a r e  cons i s t en t  with 1) the r e l a t i o n s  i m p o s e d  by a 
z e r o  Gibbs  f r e e  ene rgy  change on congruen t  mel t ing  and 2), except  for  GaAs,  the  e x p e r i -  
menta l ,  compound-V e l emen t ,  eu t ec t i c  t e m p e r a t u r e .  The  s u c c e s s f u l  l iquid phase  model  
is  a s i m p l e  one in which the enthalpy and e x c e s s  en t ropy  of mix ing  a r e  cubic funct ions 
of the a tomic  f r ac t ion .  With a l l  p a r a m e t e r s  f ixed by these  f i ts ,  o ther  high t e m p e r a t u r e  
p r o p e r t i e s  a r e  ca l cu l a t ed  and a g r e e  s a t i s f a c t o r i l y  with e x p e r i m e n t .  A l l  f i t s  a r e  shown 
in t abu l a r  f o r m .  They a p p e a r  so good that  i t  s e e m s  l ike ly  the mode l  wi l l  p rove  adequate  
for  a l l  the I I I -V s y s t e m s .  A s m a l l  t e m p e r a t u r e  dependence ,  cons i s t en t  with the p r e s e n t l y  
incomple t e  data ,  can be i n c o r p o r a t e d  into the  enthalpy and e x c e s s  en t ropy  without ad-  
v e r s e l y  af fec t ing  the f i t s  ob ta ined .  On the o the r  hand, ex tens ive  ca lcu la t ion  and c o m p a r i -  
son with e x p e r i m e n t  conc lus ive ly  shows that  the  t w o - p a r a m e t e r ,  q u a s i r e g u l a r ,  o r  s i m p l e  
so lu t ion  mode l  does  not give a s a t i s f a c t o r y  o v e r a l l  f i t .  

I.  INTRODUCTION 

IN th is  pape r  we s e e k  s imu l t aneous  f i t s  to the 
l iquidus l ines  and o the r  high t e m p e r a t u r e  t h e r m o -  
dynamic  da ta  for  the congruent ly  mel t ing ,  n a r r o w  
h o m o g e n e i t y - r a n g e  compounds  InSb, GaSb, InAs,  
and GaAs .  The b a s i c  l iquidus  equat ion,  1 in c o n t r a s t  
to that  commonly  used ,  is  g e n e r a l  a s  f a r  as  the  
l iquid phase  i s  conce rned  and t a k e s  account  of the 
t e m p e r a t u r e  dependence  of the enthalpy and en t ropy  
of compound fo rma t ion .  B e c a u s e  the  Gibbs f r ee  
ene rgy  of f o r m a t i o n  of the compounds f r o m  the i r  
pu re  e l e m e n t a l  l iquids  can be v e r y  a c c u r a t e l y  r e -  
p r e s e n t e d  a s  a l i nea r  funct ion of t e m p e r a t u r e ,  it  is  
p o s s i b l e  to jus t i fy  the  use  of an a p p r o x i m a t e  f o r m  
of th is  equat ion which is  m o r e  convenient  fo r  com-  
putat ion.  The  l iquid model  is  one in which the en-  
thalpy and e x c e s s  en t ropy  of mix ing  a r e  cubic func-  
t ions  of the a tom f r ac t i on  and depend upon t e m p e r a -  
t u r e .  Our  p r i m e  r e s u l t s  a r e :  1) the q u a s i r e g u l a r  
o r  s i m p l e  so lu t ion  model ,  which is  conta ined within 
our  model ,  is  g r o s s l y  inadequate ,  even though i t  can 
r e p r o d u c e  the l iquidus  l ine a lone  and has  been  suc -  
c e s s fu l l y  used  to r e p r o d u c e  the l iquidus  s u r f a c e  in 
t e r n a r y  s y s t e m s  2 b a s e d  on the I I I -V ' s ;  and 2) the 
cubic mode l  can f i t  a l l  the da ta  with what s e e m s  to 
be r e a s o n a b l e  p r e c i s i o n .  In fac t  i t  can do so  with a 
t e m p e r a t u r e - i n d e p e n d e n t  en tha lpy  and en t ropy  of 
mixing,  and the f i t s  a r e  not s ign i f i can t ly  changed 
by a l lowing a s m a l l ,  t e m p e r a t u r e  dependence  con- 
s i s t en t  with the  scan ty  in fo rma t ion  p r e s e n t l y  a v a i l -  
ab le .  

The a n a l y s i s  p r e s e n t e d  h e r e  d i f f e r s  f r o m  that  com-  
monly used  in a number  of r e s p e c t s .  1) A quan t i t a -  
t ive  m e a s u r e  of f i t  is  def ined and ca l cu la t ed  and, 
whe re  s e e m s  a p p r o p r i a t e ,  the s e n s i t i v i t y  of the f i t  
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to the  va lues  of the  l iquid mode l  p a r a m e t e r s  is  e s -  
t ab l i shed .  2) Use  i s  made  of a u x i l i a r y  r e l a t i o n s  be -  
tween the l iquid phase  p r o p e r t i e s  and those  of the 
compound at  the  congruent  me l t ing  point  which a r i s e  
be c a use  the Gibbs f r e e  ene rgy  of me l t ing  is  z e r o .  1'3 
With our  f o r m u l a t i o n  of a l iquid mode l  t he se  can 
s e r v e  to f ix two of the  p a r a m e t e r s .  3) The  c o n s t r a i n t s  
i m p o s e d  upon the p a r a m e t e r s  of the l iquid mode l  by 
r e q u i r i n g  that  the ca l cu l a t ed  compound-V e l e m e n t  
eu tec t i c  t e m p e r a t u r e  a g r e e  with e x p e r i m e n t  a r e  
f o r m u l a t e d  and app l ied .  S i m i l a r  c o n s t r a i n t s  for  the  
eu tec t ic  with the III e l emen t  p rove  not to be usefu l  
s ince  these  eu t ec t i c s  a r e  a l m o s t  d e g e n e r a t e  with the 
me l t i ng  point  of the  pu re  e l e m e n t .  With  a " h e a t - o f -  
f u s i o n "  l iquidus  equation,  used  commonly  and he re ,  
the  l iquidus  point  r e p r e s e n t i n g  the me l t ing  point  of 
the  compound is  a lways  f i t  exac t ly .  Eu tec t i c  t e m -  
p e r a t u r e s  a r e  s i m i l a r  in p rov id ing  t h e r m a l  a r r e s t s  
and can be dup l i ca ted  for  a number  of c ompos i t i ons .  
T h e r e f o r e  they po ten t i a l ly  a r e  m o r e  a c c u r a t e l y  de -  
t e r m i n e d  than an a r b i t r a r y  l iquidus  point  and ought 
to be handled d i f f e ren t ly  when they have been  c a r e -  
fu l ly  d e t e r m i n e d .  Since good f i t  to the  l iquidus  l ine 
does  not a lways  imp ly  the eu tec t ic  t e m p e r a t u r e s  caz~ 
be f i t  to within t h e i r  e x p e r i m e n t a l  e r r o r ,  th is  m o r e  
comple t e  use  of the phase  d i a g r a m  da ta  is  g e n e r a l l y  
s ign i f i can t .  Recen t ly  t e r n a r y  l iquidus  s u r f a c e s  fo r  
a number  of r e c i p r o c a l - s a l t  s y s t e m s  have been r e -  
p roduced  wel l  us ing the s i m p l e  so lu t ion  mode l  with 
only the me l t ing  poin ts  of the  pu re  s a l t s  and the b i -  
na ry  eu tec t ic  t e m p e r a t u r e s  as  e x p e r i m e n t a l  input.  4 
4) Having f ixed  a l l  of the  l iquid mode l  p a r a m e t e r s  at 
th is  s tage ,  for  the  ca se  of a t e m p e r a t u r e  independent  
en tha lpy  of mixing,  va lues  fo r  o the r  p r o p e r t i e s  a l r e a d y  
m e a s u r e d  a r e  ca l cu l a t ed  and found to a g r e e  wel l  with 
e x p e r i m e n t .  T h e s e  include the enthalpy of mix ing  in 
the l iquid phase  for  GaSb and InSb, the  c h e m i c a l  po-  
t en t i a l  on In in l iquid In-Sb,  and the p a r t i a l  p r e s s u r e s  
of As2 ove r  m e t a l - s a t u r a t e d  InAs and GaAs .  B e c a u s e  
the  f i t s  a p p e a r  to  be so  good and to  be  so ex t ens ive  
we have p r e s e n t e d  the c o m p a r i s o n  be tween ca l cu -  
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lated and expe r imen ta l  va lues  in t abu la r  form r a the r  
than graphica l  fo rm.  

We have p rev ious ly  analyzed %5 the l iquidus l ines  for 
these  same  four compounds us ing the fea tu res  men-  
t ioned in (1) and (2) above. However,  here  we have not 
made the approximat ion  that the enthalpy and entropy 
of fo rmat ion  of the compound a r e  independent  of 
t e m p e r a t u r e  and have used the values  for these  
quantities at the melting point in applying the auxiliary 
relations (2), as should be done. Here we have also 
used values for the thermodynamic properties of the 
compounds which are slightly different than those used 
previously, have included low temperature liquidus 
points omitted previously, and extended the analysis 
to more thermodynamic properties as indicated in (3) 
and (4) above. As a result the conclusion that the 
quasiregular model is inadequate is based on broader 
grounds here  and the a rgumen t s  a r e  p r e sen t ed  in such 
a way that the effect on this  conclus ion of e r r o r s  in 
the the rmodynamic  data can be a s s e s s e d .  This  is 
impor tan t  s ince  an opposite conclus ion has been 
reached  e l sewhere  6 for GaAs. 

The n e c e s s a r y  the rmodynamic  data for the com-  
pounds a r e  p r e sen t ed  in the next sec t ion .  Those  for 
InSb and GaSb a re  taken or calculated f rom the c r i t i -  
cal  compi la t ion  of Hul tgren  et al 7 and the sources  of 
data  for InAs and GaAs a r e  ident if ied.  In pa r t i cu l a r ,  
r ecen t  m e a s u r e m e n t s  neces s i t a t e  some  r ev i s ion  for 
the t he rmodynamics  of As-vapor ,  which is d i scussed  
f i r s t .  

II. EXPERIMENTAL DATA INPUT 

The melting points and heats of fusion for the pure 
elements were taken from the critical compilation 
by Hultgren et  al. 8 The thermodynamic properties of 
As(c) and As2(g) tabulated in Hultgren were used, 
but those for As4(g) were taken from Herrick and 
Feber, 9 who measured a vapor pressure of As(c) some 
2 to 3 times lower than that selected in Hultgren. 
More recent measurements confirm these lower 
values. I~ The pertinent quantities are listed in 
Table I. Row 1 is from Herrick and Feber. Row 2 for 
the dissociation of As4(g) is based on a recent Knud- 
sen-cell mass-spectrographic study ~z in which special 

Table I. Pertinent Thermodynamic Properties of Arsenic 

1) As(c) ~ IAAs4(g) AH29a = 9.635 kcal; AS29 s = 11.174 eu; S:gs(As4(g)) 
= 78.834 eu 

2) '/4As4(g) ~ l/2As2(g) AH298 = 13.367 kcal; AS29 s = 9.06 eu 
3) zSd/9oo = 13.057 kcal; z~Sgoo = 8.53 eu 
4) ACt, = 0.4947-3.875(10"6)(T-900) 800 ~< T~< 1200K 
5) T ~  > 800 K zLttT(cal ) = 52,229 (1.9787)(T-900) 0.775(10 s )  

(T-900) 2 
Z3ST(eu) = 34.12--1.96475 In T/900 1.55(10"SXT-900) 

6) Saturated vapor, T~< 1090 K, logmp~(atm)= (9487.7/T+ 7.8596 
7) Equilibrium with As(/), T~< 1090 K, logmp~(atm) = -7031 .7 /T  + 5.6066 
8) Cp(As4(g)) = 19.744 + 1.73(10"4)(T-1000) 
9) Cp(As(c)) = 5.536 + 1.328(10-3)T300 ~< T~< 1000 K 

10) Estimated vapor pressure of As(/) 

T K  1090 1100 1200 1300 1400 1500 1513 

P(a tm)  22.18 23.22 34.66 47.39 60.24 69.89 73.82 

11) Saturated vapor, T~> 1090 K, loglop~(atm) = - 6 5 5 7 . 4 / T +  5.1836 

ca re  was taken to m i n i m i z e  spur ious ly  high As4 s ig-  
na l s  that apparen t ly  affected p rev ious  inves t iga t ions .  
A l e a s t - s q u a r e s  ana lys i s  gives a be s t - f i t  l ine in the 
A//2~8-AS29s plane.  13 The value  of AH298 shown in Row 
2 is the value on the bes t - f i t  l ine co r re spond ing  to the 
~Szgs calcula ted f rom the entropy of As4 given in Row 
1 and a value of 8.534 eu for As(c) (Ref. 8). The value  
for AH298 is 3.8 kcal  s m a l l e r  than that se lec ted  by 
Hul tgren .  The enthalpy and entropy of d i s soc ia t ion  
at 900 K a r e  given in Row 3, while ACp which is ac-  
cura te ly  given as a l inear  funct ion of T between 800 
and 1200 K, is  given in Row 4. Since the heat capaci ty 
of As2(g) is e s sen t i a l ly  constant  with T between 700 
and 1200 K while that for  As4 is i n c r e a s i n g  slowly 
with T between 800 and 1300 K we a s s u m e  the expres -  
s ion  for  ACp can be safely ext rapola ted  to the 1513 K 
mel t ing  point of GaAs. The equat ions der ived  for the 
enthalpy and entropy of As4(g) d i s soc ia t ion  above 800 K 
a re  given in Row 5. These  a re  used to obtain Pz for a 
given total  a r s e n i c  p r e s s u r e  and T. The pa r t i a l  p r e s -  
su re  of As~ over  As(c), p~, calcula ted us ing He r r i ck  
and F e b e r ' s  vapor  p r e s s u r e  is  given in Row 6. It is  
a lso des i r ed  to know the pa r t i a l  p r e s s u r e  of As2 over  
metas tab le ,  supercooled  As(1) for  T < 1090 K in o rde r  
to calcula te  pa r t i a l  p r e s s u r e s .  The the rmodynamic  
p rope r t i e s  of the pure  supercooled  liquid e lements  
must  a lso  be defined for our  ana lys i s  of the l iquidus 
l ines .  In every  case we define these  p rope r t i e s  fol- 
lowing Hul tgren  et al 7 by a s s u m i n g  the ACp between 
the s table  sol id and metas tab le  liquid is zero .  Thus 
in the p a r t i c u l a r  case of As with a hea t -o f - fus ion  of 
5620 ca l / /gm-atom and a mel t ing  point of 1090 K we 
have 

~As~/) = ~AsW) + 5620 ( i -  T/1090) T-< 1 0 9 0 K . [ I ]  

With this def ini t ion the pa r t i a l  p r e s s u r e  of Ase in 
equ i l i b r ium with supercooled  As(1), p~, is given in Row 
7 of Table  I. 

The vapor  p r e s s u r e  over As(1) has been de t e rmined  
only once and over  a shor t  t e m p e r a t u r e  in te rva l .  We 
obta in  an approx imat ion  up to 1513 K in the following 
m a n n e r .  The heat capaci ty of As4(g) v a r i e s  l i nea r ly  
between 1000 and 1300 K as given by the equation in 
Row 8. It i s  a s s u m e d  this  equation is  val id to 1513 K. 
That  for As(c) is given in Row 9. The f ree  energy 
funct ion for As(l) is approximated  by a s s u m i n g  that 
i ts  heat capaci ty to 1513 K is equal  to that of As(c) 
given in Row 9. The va lues  for the vapor  p r e s s u r e  of 
As(l) obtained a r e  given in Row 10. F ina l ly  the pa r t i a l  
p r e s s u r e  of As2 over  As(1), obtained is given in Row 
11. 

After  comple t ing  the ca lcula t ions  to be desc r ibed  
in this  paper  we b e c a m e  aware  of recen t  vapor densi ty  
m e a s u r e m e n t s  by Rau, 42 who de t e rmined  the vapor  
p r e s s u r e  of As f rom 540 to 1123~ obtained z:xH29a for 
the d i s soc ia t ion  of Asa, and obtained va lues  for the 
van der  Waals  constants  of the vapor .  The r e  is some 
d i s a g r e e m e n t  between Rau ' s  r e s u l t s  on the one hand, 
and the e n t r i e s  of Table  I and the r e s u l t s  of H e r r i c k  
and F e be r  9 on the other .  As an aid to conc ise ly  d i s -  
cuss ing  these,  we f i r s t  point out those en t r i e s  in Table  
I that en te r  as d i r ec t  input to our  phase d i a g ram cal -  
cu la t ions .  The equat ions in Rows 7 and 11 giving the 
pa r t i a l  p r e s s u r e  of Asz in the sa tu ra ted  vapor  over  
As(l),  p~, a re  used in the ca lcula t ions  of P2 over  InAs 
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and GaAs .  The equat ions  in Row 5 a r e  needed to con- 
v e r t  some  to t a l  a r s e n i c  p r e s s u r e  m e a s u r e m e n t s  fo r  
GaAs t o / ~ - v a l u e s .  The va lues  in Rows 1 and 2 a r e  
needed  to obta in  the s t a n d a r d  enthalpy and en t ropy  of 
f o r m a t i o n  of GaAs  d i s c u s s e d  below.  The vapor  p r e s -  
s u r e  of As( l )  obta ined  by Rau is  2 to 1.3 t i m e s  as  high 
as  the e s t i m a t e d  va lues  in Row 10 and the fugac i ty  co-  
ef f ic ient ,  fg, is  "about 0.80. R e m a r k a b l y ,  however ,  
the  va lues  for  f~p~ a g r e e  with the  va lues  of p~ ca l cu -  
la ted  f r o m  the equat ion in Row 11. The  v a p o r  p r e s -  
s u r e  of As(c)  ob ta ined  by Rau i s  about  1.6 t i m e s  h igher  
than that  f r o m  H e r r i c k  and F e b e r .  However  the va lues  

r ~ " fo f~p~ a r e  m a g r e e m e n t  wzth the  va lues  ca l cu la t ed  
for  P2 f rom Row 6 at  527 and 817 C and a r e  within 10 
pc t  of t h e s e  va lues  at  i n t e r m e d i a t e  t e m p e r a t u r e s .  The 
va lues  of AH298 in Rows 1 and 2 a r e  within r e s p e c -  
t i ve ly  300 and 100 ca l  of those  obta ined  by Rau.  T h e r e -  
f o r e  the d i r e c t  input da ta  f rom Rows 1, 2, 5, 7, and 11 
a r e  cons i s t en t  with R a u ' s  r e s u l t s  if p~ in the  equat ions  
of Rows 7 and 11 a r e  r e p l a c e d  by f~/~.  

The t h e r m o d y n a m i c  p r o p e r t i e s  of the compounds 
used  in the ca lcu la t ions  a r e  given in T a b l e  II. The 
h e a t s - o f - f u s i o n ,  Hmn , a r e  f rom L i c h t e r  and S o m m e -  
le t .  ~4 The  s t a n d a r d  entha lpy  and en t ropy  of f o r m a t i o n  
at  298, A/~f(298) and ~S~298) r e s p e c t i v e l y ,  and the 
heat  c apac i ty  of the  compound above  298 K, Cp, were  
taken f rom Hul tg ren  for  InSb and GaSb.  The va lues  
for  GaSh were  ad jus t ed  s l igh t ly ,  AH~(298) be ing  made  
56 cal per mole less negative and KS~(298) being 
made 0.3 eu per mole more negative. The enthalpy, 
entropy, and Gibbs free energy of formation of AB(c) 
from the pure liquid elements was then calculated at 
100 K intervals taking into account the difference in 
heat capacity between the compound and the pure ele- 
ments. The enthalpy and entropy at the melting point, 
Tmn , are given under AHy<Tmn) and ~Sf(Tmn) re- 
spectively. For temperatures below the melting point 
of one or both the pure elements, the metastable, 
supercooled, elemental liquid was defined by assum- 
ing a zero difference between the heat capacity of this 
phase and that of the stable solid element. For each 
compound the Gibbs free energy of formation from 
the liquid elements was found to be given to within 0 
to 40 cal~mole by a linear function of temperature 
between 298 K and the melting point, i.e. 

AGf = ~ f -  T,~f+ 5(T) [21 

where  5(T) is  l e s s  than 40 ca l  p e r  mole .  The a v e r a g e  
enthalpy and en t ropy  of fo rma t ion ,  ~ f  and ~ f  r e -  
s p e c t i v e l y  we re  chosen  to make  5(Tmn) equal  to z e r o ,  
in addi t ion  to making  5(T) s m a l l .  T h e i r  va lues  a r e  
given in the l a s t  two co lumns  of Tab le  II .  

A s i m i l a r  p r o c e d u r e  was fol lowed for  InAs and 
GaAs using the heat  c a p a c i t i e s  for  t he se  compounds  

f r o m  L i c h t e r  and Sommele t .  15 In the l a t t e r  c a se  i t  
was n e c e s s a r y  to a p p r o x i m a t e  the enthalpy and en t ropy  
of As( l )  above 1090 K as  d i s c u s s e d  above .  F o r  both 
InAs and GaAs,  AGf was again  found to v a r y  l i n e a r l y  
with t e m p e r a t u r e  f r o m  298 K to the me l t ing  point,  
the  va lue  of 5(T) be ing  l e s s  than 15 ca l  p e r  mole .  The 
va lue s  for  ~S}(298) a r e  c lo se  to those  d e r i v e d  f r o m  
P i e s b e r g e n ' s  16 low t e m p e r a t u r e  heat  c apac i ty  m e a s -  
u r e m e n t s  on the compounds .  However ,  s i nce  it has  
only r e c e n t l y  been  wel l  e s t a b l i s h e d ,  some  d i s c u s s i o n  
is  r e q u i r e d  conce rn ing  AH~(298) for  GaAs .  Pan i sh  6 
has  ana lyzed  t h r e e  se t s  of K n u d s e n - c e l l ,  m a s s - s p e c -  
t r o g r a p h i c  m e a s u r e m e n t s  17-1~ of the  p a r t i a l  p r e s s u r e  
of As2 over  coex i s t ing  G a - s a t u r a t e d  GaAs(c)  and a Ga-  
r i c h  l iquidus  c o r r e s p o n d i n g  to l iquidus  c ompos i t i ons  
l e s s  than 0.07 in a t o m i c - f r a c t i o n  A s .  Making the a s -  
sumpt ion ,  con f i rmed  by t h e o r e t i c a l  a n a l y s i s  he re ,  that  
the  ac t iv i ty  coeff ic ient  of Ga is  unity g ives  

Ga(c) + 1/2  As2(g) = GaAs(c)  AH298 = - 4 3 . 8  kcal ;  

AS298 = - 23.1 eu.  [3] 

Combining  these  quan t i t i e s  with those  s e l e c t e d  for  
a r s e n i c  by us and given in Rows 1 and 2 of Tab le  I 
g ives  the  s t a n d a r d  entha lpy  and en t ropy  of f o r m a t i o n  
of GaAs at  298 K l i s t ed  in Tab le  II. A m o r e  r e c e n t  2~ 
m a s s - s p e c t r o g r a p h i c  s tudy y i e lde d  an entha lpy  one 
kca l  m o r e  nega t ive  than that  in Eq. [3]. E a r l i e r  5 
we had obta ined  va lues  of - 1 9 . 8  and - 2 1 . 8  kca l  p e r  
mole  for  AH~298) f r o m  the a n a l y s i s  of two vapor  
t r a n s p o r t  s t u d i e s .  In view of t hese  r e s u l t s ,  and the 
fact  that  the  low enthalpy given in Tab le  I for  the 
d i s s o c i a t i o n  of As4 has  been conf i rmed ,  we be l i eve  
the  va lues  given in Tab le  II for  ~t /~298)  and ~S~(298) 
of GaAs a r e  a c c u r a t e  to +1.5 kca l  and • eu r e s p e c -  
t i ve ly .  The va lue  of AH~298) for  InAs in Tab le  II is  
f r om a d e t e r m i n a t i o n  by so lu t ion  c a l o r i m e t r y .  21 A r e -  
cent  2~ m a s s - s p e c t r o g r a p h i c  m e a s u r e m e n t  of P2 ove r  
I n - s a t u r a t e d  InAs coupled with, a) the a s s u m p t i o n  that  
the  ac t iv i ty  of In in the coex i s t ing  l iquid is  unity and, 
b) the e n t r i e s  in Rows 1 and 2 of Tab le  I, g ives  a va lue  
for  zk~f(298) that  is  0.8 kca l  p e r  mole  m o r e  nega t ive  
than that  shown in Tab le  II. We have chosen  the 
d i r e c t  c a l o r i m e t r i c  d e t e r m i n a t i o n .  We be l i e v e  the 
va lues  of A/~f(298) and ~S~(298) in Tab le  II fo r  InAs 
a r e  a l so  a c c u r a t e  to +1.0 kca l  and +0.5 eu r e s p e c -  
t i ve ly .  

The e x p e r i m e n t a l  l iquidus  points  used  a r e  given 
in t ab le s  in which the a tom f r a c t i o n  of the  Group  V 
e l e m e n t  is  given in the f i r s t  column and the l iquidus  
t e m p e r a t u r e  in d e g r e e s  cen t ig r ade  in the second.  The 
o the r  co lumns  a r e  ca l cu la t ed  quan t i t i e s  d i s c u s s e d  
l a t e r .  In Tab le  V for  InSb a l l  except  the f i r s t  f ive 
po in ts  a r e  f r o m  tabu la ted  r e s u l t s  22 of t h e r m a l  a n a l y s i s  

Table II. Thermodynamic Properties of the Compounds, AB(c) Enthalpies in kcal/mole, Entropies in eu/mole 

C o = a  + (10"3)bT 

Tmn,~ Hmn -AH~(298)  AS~(298) a b AII~Tmn ) -ASf(Tmn ) -AHf ASf 

InSb 525 11.41 7.40 3.82 11.340 2.60 13.27 11.53 13.020 11.22 
GaSb 709.2 15.80 9.884 2.558 11.340 2.60 16.300 13.10 16.231 13.03 
lnAs 942 18.40 14.8 4.25 11.722 2.514 21.298 11.668 21.458 11.79 
GaAs 1240 25.18 21.17 2.86 10.450 2.834 28.253 13.05 28.386 13.14 
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and a r e  rounded off to the n e a r e s t  degree ,  the f i r s t  
f ive a re  f rom d isso lu t ion  expe r imen t s  and were 
sca led  f rom a graph.Z4 Twelve Sb-l iquidus  points  are  
a lso  shown. In Table  VII for GaSb the f i r s t  six points  
were  sca led  f rom a graph r e p r e s e n t i n g  d isso lu t ion  
expe r imen t s ,  z3,e4 The r e m a i n i n g  points  a re  tabulated 
r e su l t s  obtained f rom d i f fe ren t ia l  t h e r m a l  ana lys i s  .26 
Since these  data appear  to be very  p rec i se ,  two older  
data se ts  27,2a cover ing  the s ame  composi t ion  range  
and somewhat  in d i s a g r e e m e n t  were  ignored .  Th i s  
table a lso includes  Sb- l iquidus  points .  26 In Table  VIII 
for  InAs the f i r s t  4 points a re  f rom d i s so lu t ion  ex- 
pe r imen t s  by Hall  23 as scaled f rom a graph by Shunk. 24 
Two points were e l imina ted  f rom this  set  because  
they appeared  incons i s t en t  with the o thers .  The r e -  
main ing  points  a r e  f rom a tabulated set  25 (from 
which two points  were  e l iminated)  de t e rmined  by 
t h e r m a l  ana ly s i s  and rounded to the n e a r e s t  degree  
here .  The re  a re  only two As- l iqu idus  points .  The 
f i r s t  nine points in Table  X for GaAs a re  f rom sur face  
re f lec t iv i ty  m e a s u r e m e n t s  29 s u m m a r i z e d  by an equa- 
t ion dupl ica t ing the individual  r e su l t s  to be t t e r  than 
2~ The next seven points  a re  f rom d isso lu t ion  ex- 
p e r i m e n t s  23 and a re  sca led  f rom a graph.  24 Because  
these  two low t e m p e r a t u r e  r e su l t s  ag ree  so well and 

Table III. Eutectie Temperatures and Compositions 
{Degrees Centigrade and Atom Fraction of Group V Element) 

(III-V) V llI (Ill-V) 

Compound T x V T x v 

lnSb 494 -+ 0.5 0.69 154.8 • 0.2 7(10 -3) 
GaSb 589 -+ 0.5 0.88 
InAs 731 • 1 0.87 155.2 • 0.2 2(I0 4) 
GaAs 810.9 29.7 - 

differ  f rom a th i rd  set  3~ based  on d i sso lu t ion  exper i -  
ments ,  the la t te r  was ignored.  The r e m a i n i n g  points 
were  sca led  f rom a graph r e p r e s e n t i n g  the r e s u l t s  of 
t h e r m a l  ana lys i s  .27 

Because  it is de s i r e d  to handle the eutec t ic  t em-  
p e r a t u r e s  in our ana lys i s  in a spec ia l  way, these  and 
the co r r e spond ing  composi t ions  a re  given in Table  III. 
As d i scussed  la te r ,  only those between the compound 
and the Group V e lemen t  prove useful  and a r e  d i s -  
cussed  below. The t e m p e r a t u r e s  for the eutec t ic  
with the Group V e lements  a r e  f rom tabulated r e s u l t s  
except for GaAs, for which only a s m a l l  graph was 
given.  Although a 810~ t e m p e r a t u r e  was given 27 for 
GaAs it appears  that this may not be too r e l i ab le .  
The l iquidus points  for the two most  A s - r i c h  composi -  
t ions do not fit smoothly with the other  two and the 
GaSb d i ag ram repor ted  in the same  paper  is in 
s igni f icant  d i s a g r e e m e n t  with more  r ecen t  and evi-  
dent ly  more  p r e c i s e  r e s u l t s .  Thus although we shal l  
r e f e r  to 810~ for the GaAs-As  eutect ic  we do not 
cons ider  it well  es tab l i shed .  For  InSb and GaSb the 
r e s u l t s  appear  quite accura te ,  the en t i re  range  
covered by al l  the de t e rmina t i ons  fal l ing in each case 
within an in te rva l  2~ wide. 

Although the InAs-As  eutect ic  t e m p e r a t u r e s  cover 
a 731 to 742~ range  those composi t ions  c loses t  to 
the eutect ic  composi t ion  gave 731 • I~ Other  ex- 
p e r i m e n t a l  data were  used as fu r the r  checks on the 
val idi ty  of the l iquid phase models  adopted he re  and 
a re  d i scussed  in the sec t ion  on r e s u l t s .  

I l l .  LIQUID PHASE MODEL 

The model  used for the l iquid phase is defined by 
specifying the enthalpy and excess  ent ropy of mixing 
a s  

Table IV. Summary of Fits to Thermodynamic Data (o(7", V) is the Fit to the Group V Liquidus, T(eut) and x(eut) are the Calculated 
Temperature and Atom Fraction V-Element at this Eutectic, AH L(�89 is the Enthalpy-of-Mixing at x = �89 and the Specified T for the Liquid in cal/gm-atom) 

W, cal a V, eu c [ o(T), ~ o(T, V), ~ T(eut), ~ x(eut) ~/~t('A) o(p(In)) 
T = 900 K cal/gm-atom 

InSb la +3522 0 +11.988 0 0 7.6 27 <470 >0.721 +881 1275 
o(T, crit) = 5 -10  lb 3720 0 0.02377 0 0 18.8 . . . .  

2a 3720 0 0.02377 0 9.057 10.23 15.4 480 0.717 -1161 179 
2b 3720 0 0.02377 0 872.9 182.0 - 494 0.729 - - 
3 3720 1.559 0.02377 -395.83 0 7.2 6.0 494 0.689 -930  94 

T = 1023 K 
cal/gm-atom 

GaSb la +7524 0 +10_126 0 0 3.2 0.97 589 0.885 +188] 
o(T, crit) 5-8~ l b -1000  0 0.4602 0 0 14.1 1,10 -250  

2 -1000  0 0.4602 0 16.78 4.9 1.1 589 0.889 -421 
3 1000 12.350 0.4602 -31.35 0 5.8 1.0 589 0.887 .... 250 

o(p9 

InAs la +2270 0 9.020 0 0 15.6 14.8 733 0.860 0,41 
o(T, crit) = 10-20 l b -5780  0 1.440 0 0 22.5 - 0.10 

2 -5780  0 1.440 0 11.52 15.5 - 733 0,861 0,09 
3 5780 1.98 1_440 7.80 0 12.9 15.0 731 0.859 0.12 

GaAs la +5432 0 9.66 0 0 5.3 806 0.979 1.85 
o(T, crit) = 5 -10  lb -6146  0 1.674 0 0 53.5 . . . .  

2 -6146 0 1.674 0 -15.98 12.23 804.3 0.972 0.35 
3 -6146 1.806 1.674 4.430 0 7.4 - 788 0.947 0.36 
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zXH L = x(1 - x)W{1 + ( f / W ) ( T  - T m n  ) + a(x - 1 /2 )}  [4] 

~S L , e  = x(1 - x)V{1 + ( f /V)  l n T / T m n  + c(x - 1 /2 )} [5 ]  

where  W, V, a, c, a n d f  are  constants  which  can be 
adjusted to f it  the data for a part icu lar  s y s t e m ,  Tmn 
i s  the m a x i m u m  m e l t i n g  point of  the compound,  and x 
is  the a tom fract ion  of component  B in the A-B s y s -  
t e m .  Mathemat ica l ly  these  truncated Margules  ex-  
pans ions  are  ent ire ly  equivalent  to s i m i l a r  e x p r e s -  
s i ons  in which the factor  x - 1 /2  in the cubic t e r m  is  
r ep laced  by a factor x - xo where  Xo is  s o m e  constant .  

Table V.  Liquidus Lines in the In-Sb System (InSb Liquidus; W =  - 3 7 2 0 ,  
a = 1 .5590,  V = 0 .02377,  c = - -395.83,  olT) = 7.2~ 

x, Sb T, obs T, cal Diff 7, Sb 7, In 

0.0016 165 152 13 0.0352 1.000 
0.0056 205 192 -13  0.0389 1.000 
0.0150 235 231 - 4  0.0435 0.999 
0.0300 265 265 0 0.0498 0.998 
0.1200 350 366 16 0.0991 0_956 
0,0470 283 29I 8 0.0571 0,994 
0.0950 329 344 15 0,0824 0,973 
0.191 420 420 0 0.163 0,886 
0.239 452 451 1 0.220 0,827 
0.288 479 476 - 3  0.289 0.761 
0.337 497 497 0 0,367 0.693 
0.386 512 511 1 0.449 0.627 
0.442 523 522 1 0.544 0.554 
0.500 525 525 0 0.635 0,485 
0.5362 524 524 0 0.687 0.444 
0.586 518 518 0 0.750 0.393 
0,636 510 508 2 0.805 0.344 
0.687 495 492 - 3  0.851 0,297 

Sb Liquidus; o(T) = 6.0~ 

0.713 507 494 13 0.877 0.278 
0.7387 527 512 -15  0.909 0.267 
0.7904 547 544 - 3  0.955 0.251 
0.8165 560 558 - 2  0.971 0.246 
0.8423 572 570 2 0.982 0.242 
0.8684 583 582 1 0.990 0.241 
0.8945 593 592 1 0.995 0.240 
0.9155 600 601 +l 0,998 0,242 
0,9366 610 608 2 0.999 0,245 
0.9577 616 616 0 1.000 0.249 
0.9788 624 623 -1 1.000 0,255 
0,9884 625A 626.5 +1 1.000 0.259 

Table VI .  Chemical Potential of In in In-Sb Melt at 627~  
(o(p(In)) = 94 cal/gm-atom) 

x, Sb -p(ln)obs -,u(ln)cal Diff 

0.889 6432 6302 130 
0.731 4400 4402 - 2  
0.708 4204 4189 145 
0.646 3545 3650 -105 
0.563 2920 2983 -63  
0.418 1827 1931 104 
0.349 1356 1484 128 
0.303 I095 1208 t 1 3  

0.293 1010 1151 141 
0.234 745 832 -8 7  
0.142 337 415 - 7 8  
0.085 182 212 -3 0  

Table VI I .  Liquidus Lines in the Ga-Sb System 
1GaSh Liquidus; W = - 1 0 0 0 ,  a = 12.35, V = 0 .46024,  c = - 3 1 . 3 5 0 )  

o(T) = 5,9 

x, Sb 7", obs T, cal Dtff % Sb % Ga 

0.0010 330 348 18 1,380 1.000 
0.0040 390 402 12 0,981 1.000 
0.0140 460 458 2 0.721 1.000 
0.0700 560 549 11 0.528 0.998 
0.1800 630 627 3 0.568 0.962 
0.3100 685 682 3 0.727 0.872 
0.0804 557 559 2 0.523 0.996 
0.1000 576 575 1 0.521 0.993 
0.1201 592 590 2 0.526 0.987 
0.1501 611 610 1 0.543 0.976 
0.1801 629 627 2 0.568 0.962 
0.2040 641 639 2 0.593 0.948 
0.2054 636 640.2 4 0.595 0.947 
0.3031 682 680 --2 0.718 0.878 
0.3500 694 692 2 0.780 0.841 
0.3998 703 702 1 0.840 0.803 
0.4490 707 707 0 0.892 0.769 
0.5000 709.2 709.2 0 0.933 0.739 
0.5515 707.5 707.5 0 0.963 0.713 
0.6139 701 701 0 0.984 0.689 
0.6495 693 695 2 0.990 0.678 
0.7004 682 684 2 0,994 0.664 
0.7510 660 669 9 0.993 0,649 
0,8000 638 648 I0 0.992 0.628 
0.8247 626 635 9 0.991 0.611 
0.8596 606 611 +5 0.990 0.575 
0.8701 600 603 +3 0.990 0.559 
0.8840 589 589 0 0.990 0.534 

Sb Liquidus; o, T =  1.0~ 

0.8840 589 587 2 0.990 0.532 
0.9150 601 600 -1 0.995 0.528 
0.9199 600 601.6 1.6 0.996 0.528 
0.9270 604.5 604.4 0.1 0.997 0.528 
0.9389 609 609 0 0.998 0.529 
0.9668 619 619 0 0.999 0.535 
0.9599 617 616.5 0.5 0.999 0.533 
0.9800 623.5 623.6 0.1 1.000 0.540 

Table V I I I .  Liquidus Lines in the In-As System 
(InAs Liquidus; W = - 5 7 8 0 ,  a = 1.98, V = 1.440,  c = - 7 . 8 0 )  

o(T) = 12.9~ 

x, As T, obs T, cal Diff 7, As 7, In 

0.019 530 531 11 0.0299 0.999 
0.038 580 581 I 0.0335 0.996 
0.120 700 703 3 0.0597 0.952 
0.170 750 760 10 0.0863 0.900 
0.144 721 732 11 0.0712 0.929 
0.210 793 800 7 0.115 0.848 
0.274 851 855 4 0.177 0.750 
0.334 889 895 6 0.253 0.653 
0.458 928 939 I1 0.446 0.465 
0.500 942 942 0 0.514 0.409 
0.547 941 938.5 2.5 0.588 0.352 
0.697 892 882 -1 0  0.784 0.200 
0.781 857 817 - 3 4  0.866 0.128 
0.80 798 0.882 0.112 
0.82 - 775 0.898 0.096 
0.85 - 737 0.92i 0.073 

As Liquidus; o, T =  16.1~ 

0.897 747 759 12 0.964 0.0589 
0.932 765 783 18 0.985 0.0516 
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However ,  a s  shown in the next sec t ion ,  the fo rm given 
i s  m o r e  convenient  in d e s c r i b i n g  the l iquidus  l ine of a 
compound AB,  w h e r e a s  the f o r m  with x - 1/2 r e -  
p l aced  by x - n / (n  + rn) would be m o r e  convenient  in 
dea l ing  with Arab n. F o r  the  s a m e  r e a s o n  the t e m -  
p e r a t u r e  dependence  of AH L is  wr i t t en  in t e r m s  of 
T - Tmn .  F r o m  the fundamenta l  t h e r m o d y n a m i c  r e -  
la t ions  for  the t e m p e r a t u r e  dependence  of AH L and 
AS L ' e  i t  can be seen  that  the t e m p e r a t u r e  dependence  
of AS L ' e  i s  cons i s t en t  with that  of AH~ and i m p l i e s  
a d i f f e r ence  in c o n s t a n t - p r e s s u r e  hea t  c apac i ty  b e -  
tween the l iquid of compos i t i on  x and 1 - x g m - a t o m s  
of pu re  l iquid A and x g m - a t o m s  of pu re  l iquid B 
given by 

~cp(t - e)  : x(1  - x)f. [6] 

In view of the above,  the r e l a t i v e  p a r t i a l  en tha lp i e s  
and e x c e s s  e n t r o p i e s  (by defini t ion)  a r e  given by 

Table IX. Partial Pressure of As2 in Atm Over In-Saturated InAs(c) o(p 2) = 0.12 

T~ x, As p~(obs) X l0 s p~(cal) X l0 s 100 X Diff/obs 

810.9 0.221 7.75 10.12 31 
795.3 0.205 4,45 5.51 24 
787.7 0.197 3.67 4.10 11 
779.6 0,189 2,62 2.9 1 
762.8 0,173 1.52 1.52 0.3 
746.2 0,157 0,781 0,779 0.2 
729.6 0,142 0,418 0.393 6 
712.8 0.128 0,207 0.194 6 
696.9 0.115 0,101 0.0982 3 
679.2 0,101 0.0447 0.0451 1 
661.3 0.087 0.0212 0.0201 - 5  
653.0 0.081 0.0139 0.0137 1 
645.5 0.076 0.0094 0.0097 3 

Table X.  L i q u i d u s  Line for GaAs 
(W = - 5 1 8 6 ,  a = 1 .830,  V = 1 .6735,  c = - 4 . 0 5 2 0 ,  o(T) = 5 ,7~  

x, As T, obs T, cal Diff 7, As 7, Ga 

0,00559 685 691 6 0.063 1.000 
0.0119 744 746 2 0.065 1.000 
0.0196 787 786 1 0,068 1,000 
0,0208 793 792 1 0.068 0,999 
0.0236 805 803 2 0.069 0.999 
0.0248 809 807 - 2  0.0695 0.998 
0.0277 820 817 - 3  0.070 0.998 
0.0392 854 851 3 0.074 0,997 
0,0628 905 904 -1  0.084 0.991 
0.00004 445 444 -1  0,057 1,000 
0.00020 510 509 -1  0,059 1.00 
0.0010 585 587 +2 0,061 1,00 
0.005 680 683 +3 0.062 1.00 
0.020 790 788 - 2  0,068 0,999 
0.050 880 878 - 2  0,079 0.995 
0.10 965 967 +2 0.102 0.976 
0.19 1071 1079 +8 0,164 0,909 
0.32 1174 1186 +12 0.299 0,755 
0.343 1200 1199 1 0.328 0,723 
0,392 1208 1221 +13 0,393 0,656 
0.500 1240 1240 0 0.543 0.510 
0.68 1169 1187 18 0.773 0.294 
0.74 1144 1144 0 0,836 0,230 
0,856 1015 1013 2 0.935 0.116 
0.90 - 936 0.964 0,077 
0.92 - 892 - 0,975 0,060 
0.94 - 840 - 0.984 0.045 
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hA = x2W{ 1 + ( f / W ) ( T -  Tmn)  + a ( 2 x -  3/2)} [7] 

hB = (1 - x)2W{1 + ( f /W)(T  - Tmn)  + a ( 2 x -  1/2)} [8] 

s~4 = x2V{1 + (f /V) l n T / T m n  + c ( 2 x -  3//2)} [9] 

s~  = (1 - x2)V{1 + ( f /V) l n T / T m n  + c ( 2 x -  1/2)}. [10] 

Th i s  mode l  conta ins  a number  of o the r  i m p o r t a n t  
mode l s  as  s p e c i a l  c a s e s .  When W, a, V, and c a r e  a l l  
z e r o  we have the idea l  so lu t ion  model .  When a = c = f 
= 0 we have the q u a s i r e g u l a r  o r  s o - c a l l e d  s i m p l e  
so lu t ion  mode l  with a l i n e a r l y  t e m p e r a t u r e - d e p e n d e n t  
i n t e r a c t i o n - c o n s t a n t .  Th i s  l a t t e r  mode l  has  been  
widely  used  in f i t t ing  the  l iquidus  l ines  in the  Ge, S i ,  31 

and I I I -V s y s t e m s .  2 Since the  s i m p l e  so lu t ion  mode l  
a p p e a r s  to give an a l m o s t  c o r r e c t  d e s c r i p t i o n  of t h e s e  
s y s t e m s  we sought  the  s i m p l e s t  (poss ib le )  ex tens ion  
in a r r i v i n g  at  the model  used  h e r e .  P r e v i o u s l y  3 we 
had employed  ano the r  g e n e r a l i z a t i o n  of the q u a s i -  
r e g u l a r  mode l  which has  p roved  to be no b e t t e r  than 
that  used  h e r e .  F o r  c o m p a r i s o n  the so lu t ion  mode l  
r e c e n t l y  s2 used  in ex tens ive  compu te r  a n a l y s i s  of b i -  
na ry  me ta l l i c  s y s t e m s  is  c h a r a c t e r i z e d  by an e x c e s s  
Gibbs  f r e e  ene rgy  of mix ing  given by 

AG~I 'e : x(1 - x){(1 - x)g(T) + xh(T)} [11] 

whe re  g(T) and h(T) a r e  t e m p e r a t u r e  dependent  func-  
t i ons .  I t  a p p e a r s  that  phase  d i a g r a m s  fo r  a n u m b e r  of 
m e t a l l i c  s y s t e m s  can be r e p r o d u c e d  wel l  tak ing  g(T) 
and h(T) as  cons tan t s  o r  l i n e a r  funct ions  of T. In 
e i t h e r  c a se  the  enthalpy and e x c e s s  en t ropy  of mix ing  
d e r i v e d  f r o m  Eq.  [11] a r e  independent  of t e m p e r a -  
t u r e  and a r e  equiva lent  to Eqs .  [4] and [5] i f f  i s  put 
equal  to z e r o .  

IV. BASIC EQUATIONS 

A l iquidus  equat ion has  r e c e n t l y  been  d e r i v e d  for  a 
congruen t ly  mel t ing ,  n a r r o w  homogene i ty  r ange  c o m -  
pound which t akes  account  of the t e m p e r a t u r e  de -  
pendence  of the enthalpy and en t ropy  of f o r m a t i o n  of 
the  compound and which i s  g e n e r a l  as  r e g a r d s  the 
l iquid phase .  1 F o r  the compounds  c o n s i d e r e d  he re ,  
the  Gibbs f r e e  e n e r g y  of f o r m a t i o n  f rom the pu re  e l e -  
men ta l  l iquids  is  a c c u r a t e l y ,  though not p r e c i s e l y ,  a 
l i n e a r  function of t e m p e r a t u r e .  T h e r e f o r e ,  a s  d i s -  
cu s sed  below, i t  p r o v e s  va l id  to use  an a p p r o x i m a t e  
f o r m  of Eq. [10] of Ref.  1. Th is  p r o v e s  convenient  
s ince  the  a p p r o x i m a t e  equat ion i s  an exp l i c i t  equat ion 
for  T when the p a r t i a l  m o l a r  quant i t i es  for  the l iquid 
phase  a r e  independent  of T. In c o n t r a s t  the exac t  equa-  
t ion is  i m p l i c i t  in T and i t s  use  in our  ca lcu la t ions  
to m i n i m i z e  cr(T) of Eq. [15] below would r e q u i r e  con- 
s i d e r a b l y  m o r e  compu te r  t i m e .  The  a p p r o x i m a t e  
equat ion conta ins  the hea t  of fus ion p e r  mole  of 
AmBn(c )  Hmn; the  congruent  me l t i ng  point ,  Tmn , and 
the r e l a t i v e  p a r t i a l  en tha lp ies ,  hA and hB, and e x c e s s  
en t rop i e s ,  s~t and s ~ ,  for  the l iquid phase .  F o r  m = n 
= 1 the equat ion i s :  

T = H m n -  A+ (hA-h~4)  + ( h B - h ~ )  
Hmn - A + (s~4 - s~4 'e) + (SeB -- S*B'e)-R l n 4 x ( 1 - x )  

Tm n 
[12]  

where  A : ,SJi f -  z ~ f ( T m n  ) and where  the a s t e r i s k  
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s u p e r s c r i p t  means  the pa r t i a l  quant i t ies  a re  evaluated 
at x = 1/2 and T = T m n .  

The average  quant i t ies ,  AHf and ASf, have been  
chosen here  so that 5(T) of Eq. [2] is sma l l  and 5(Tmn)  
is ze ro  for each compound. Eq. [12] is then approxi-  
mate only in the omis s ion  of the t e rm ,  - 5(T), in the 
n u m e r a t o r  of its r ight  hand m e m b e r .  This  n u m e r a t o r  
was obtained for al l  the ca lcula t ions  p r e sen t ed  he re  
and is approximate ly  equal to the heat of fusion for 
each compound. Except for  InSb the value of 5(T) is 
15 cal  per  mole or  l ess  and the e r r o r  i ncu r r ed  by us-  
ing Eq. [12] is  l ess  than I~ over the t e m p e r a t u r e  
r anges  involved here  and about the s ame  for a l l  f i ts .  
This  e r r o r  is negl igible  for our purposes .  Fo r  InSb 
5(T) is r e s p e c t i v e l y - 4 5  a n d - 3 2  cal  per  mole at 600 
and 500 K and the t e m p e r a t u r e s  calcula ted using Eq. 
[12] a re  high by 2.5 and 1.5 K. Rather  than use the 
exact equation for  InSb we make a new se lec t ion  for 
the expe r imen ta l  AGf(T)  for InSb which di f fers  f rom 
the o r ig ina l  only in that 5(T) in the 500 to 600 K is now 
in the +15 cal  per  mole range .  This  shift  is of course  
well  within the expe r imen ta l  e r r o r  for  AGf(T)  and Eq. 
[12] now gives l iquidus t e m p e r a t u r e s  accura te  to bet-  
t e r  than 1 K, suff icient  for our  purposes .  

The effect of expe r imen ta l  uncer ta in ty  in AGf(T)  
and A H f ( T m n )  and A S f ( T m n  ) on our ca lcula t ions  is 
cons idered  as a separa te  ques t ion and d i scussed  in 
Section VI. 

Because  the Gibbs f ree  energy  of mel t ing  is zero  
at the congruent  mel t ing point two aux i l i a ry  equat ions 
must  be cons idered  with the l iquidus equation.  These  
a r e  given by: 1 

Auxi l ia ry  Rela t ions  

A H f ( T m n )  + Hm n = (h~ + h'B) = W / 2  [131 

A S f ( T m n )  + H m n / T m n  - 2.7546 

: (s?4 'e + & e )  = v / 2 .  [14] 

The fact the aux i l i a ry  r e l a t ions  convenient ly  involve 
only the liquid phase p a r a m e t e r s  W and V is  a t t r ibu-  
table  to the choice of the factor  ( x -  1/2) in the cubic 
t e r m  for AH L and AS L , e  and the use of T mn as a 
r e f e r ence  t e m p e r a t u r e  in the t e m p e r a t u r e  dependence 
of these  quant i t ies .  

As before 3'33 we define a quant i ta t ive  m e a s u r e  of fit  
to a set  of expe r imen ta l  l iquidus points ,  Tj ,  x j ( j  = 1, N),  
as 

N 

~ ( T )  : ~-1 (Tj  - T j , c a l ) ~ / Y  [15] j :  

where Tj ,  cal is ca lcula ted by i n se r t i ng  x j  for x in Eq. 
[12]. An in i t i a l  set  of va lues  for the five, l iqu id -mode l  
p a r a m e t e r s ,  some or al l  of which may be zero,  a re  
chosen.  Then a computer  p r o g r a m  sys t ema t i ca l l y  
v a r i e s  these  in a t r i a l  and e r r o r  s e a r c h  based on the 
s implex  technique of Nelder  and Mead 34 unt i l  a min i -  
mum value is found for a(T). As an option some or 
a l l  of the va r i ab l e s  may be held fixed at the i r  in i t i a l  
va lues .  If the p a r a m e t e r  f in Eqs.  [7] to [10] for the 
pa r t i a l  mola r  quant i t ies  is not zero,  then the r ight  
s ide of the l iquidus equation contains  T and the equa- 
t ion  is  not an explici t  solut ion for the ca lcula ted  
l iquidus t e m p e r a t u r e .  In this  case a second s implex  

subrou t ine  is  used to solve Eq. [12] for  T, the solu-  
t ion being judged acceptable  when the left and r ight  
s ides  of the equation differ by 0.005~ or l e s s .  

After  each calcula t ion of a(T), the ac t iv i t i es  of 
both components  were calcula ted for the expe r imen ta l  
composi t ions  and a message  pr in ted  if any of these 
were  g rea t e r  than unity.  F o r  the calcula ted l iquidus 
points  tabula ted  here  the ac t iv i t ies  a re  a l l  unity or 
l e s s .  

If the t e r m i n a l  solid solut ions  a re  the e s sen t i a l ly  
pure  e lements ,  the equat ions for the assoc ia ted  l i -  
quidus can be demons t r a t ed  by wr i t ing  that for com- 
ponent  B. 

HB + hB 
T = H B / T  B + s ~  - R l nx  [16] 

where  H B and T B a r e  the hea t -o f - fus ion  and mel t ing  
point of B. The equation for  the l iquidus of A ( c )  is 
obtained by changing a l l  the B subsc r ip t s  in Eq. [16] 
to A and rep lac ing  x by 1 - x. The fo rm of Eq. [16] 
is dependent  upon the def ini t ion given in the Section I 
for the chemical  potent ia ls  of the supercooled,  pure  
liquid A and B and i l lu s t r a t ed  for a r s e n i c  by Eq. [1]. 

The eutect ic  t e m p e r a t u r e  and composi t ion  involv-  
ing A B ( c )  and say pure  B(c)  is given by the s i m u l -  
taneous  solut ion of the cor responding  l iquidus equa-  
t ions,  Eqs.  [12] and [16]. We f i r s t  cons ider  the 
spec ia l  case when a = c = f = 0. If T e and x e a re  
r e spec t ive ly  the eutect ic  t e m p e r a t u r e  and compos i -  
t ion (in atom f rac t ion  B) for the A B - B  eutect ic ,  Eqs.  
[13] and [16] can be r e a r r a n g e d  to give 

W - V T  e = ( H m n - / X ) ( T e / T m n -  1) - R T  e In 4Xe(1 - xr  
X2e + ( 1 -  Xe) 2 -  1/2 

[171 
/ 

H B ( T r  B - 1 ) - R T e l n x  e 
W - V T  e [18] = (1 - %)2 

Upon speci f ica t ion  of the eutect ic  t e m p e r a t u r e  the 
s imul t aneous  solut ion of Eqs.  [17] and [18] was ac-  
complished by a t r i a l  and e r r o r  sea rch  to obtain x e 
and the quanti ty,  W - V  T e = le, where k is a constant .  
Thus the va lues  of W and V that a re  cons is ten t  with 
the eutect ic  t e m p e r a t u r e  mus t  fal l  along a s t ra igh t  
l ine in the W- V plane,  W -  V T e = k .  

In the second case  cons idered ,  a = c = 0 and W and 
V a re  fixed by the aux i l i a ry  r e l a t ions .  The s imu l t ane -  
ous solut ion of Eqs.  [12] and [16] for a specif ied eu- 
tec t ic  t e m p e r a t u r e  gives the eutect ic  composi t ion  
and a value for the liquid phase p a r a m e t e r  f .  

In the f inal  case cons idered  W and V a re  fixed by 
the aux i l i a ry  re Ia t ions .  F o r  a specif ied value of f,  
which can include zero,  and a specif ied eutect ic  
t e m p e r a t u r e  Eqs.  [12] and [16] can be solved s imu l -  
taneous ly  for the eutect ic  composi t ion and the quanti ty,  
Wa - V c T .  The la t te r  quant i ty  equal to a constant  
defines a s t ra igh t  l ine in the a - c  plane pass ing  through 
those va lues  cons i s t en t  with the specif ied eutect ic  
t e m p e r a t u r e  and value of f .  En t i r e ly  analogous equa- 
t ions hold for the A(c )  - A B ( c )  eutect ic  provided the 
t e r m i n a l  solid solut ion is e s sen t i a l ly  pure  A ( c ) .  

The pa r t i a l  p r e s s u r e  data a r e  in the fo rm p2,T. 
F i r s t  a l iquidus composi t ion was calculated for the 
expe r imen ta l  t e m p e r a t u r e  us ing  a t r i a l  and e r r o r  
computer  technique.  Then a calcula ted value for  P2 
was obtained us ing Eqs .  [7] to [10] def ining the liquid 
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phase model .  Thus if p~ is the pa r t i a l  p r e s s u r e  of As2 
in the sa tu ra ted  vapor  over  the l iquid phase,  the pa r t i a l  
p r e s s u r e  of Ase along the l iquidus at T and x = xB 
= XAs is given by 

1/2 in OfgPJJ~P;) = In x + {hB - TseB} /RT [19] 

where f g  is  the fugacity coefficient .  The expe r imen ta l  
pa r t i a l  p r e s s u r e s  for InAs and GaAs a re  low enough 
that the va lues  of f~, f rom Rau 42 a re  e s sen t i a l ly  unity.  
The va lues  for  f '~p~are taken f rom Rows 7 and 11 of 
Table  I with the proviso  that f~ may ei ther  be a s -  
sumed to be unity,  in which case  the va lues  of p~ a re  
cons i s ten t  with He r r i ck  and F e b e r ' s  vapor p r e s s u r e  
m e a s u r e m e n t s ,  or  p~ in Row 7 and 11 is to be i n t e r -  
p re ted  as f~p~, in which case the va lues  of f'gp~ are  
cons i s ten t  with Rau ' s  m e a s u r e m e n t s .  The m e a s u r e  of 
fit  to the observed  pa r t i a l  p r e s s u r e s  was defined as 

M 

V __2 , j , obs -P2 , j , c a l  / M  [20] 

: L 

so that (~(P2) can be desc r ibed  as the s tandard  devia-  
t ion of the f rac t iona l  d i f ference  between observed  and 
ca lcula ted  p r e s s u r e s .  Such a def ini t ion is more  ap- 
p ropr i a t e  than an analogue of Eq. [15] for o(T) s ince  
the expe r imen ta l  pa r t i a l  p r e s s u r e s  cover  many o rde r s  
of magni tude and the m e a s u r e m e n t s  a r e  more  a c c u r -  
ately cha rac t e r i zed  as p o s s e s s i n g  a nea r ly  constant  
f r ac t iona l  e r r o r  than a nea r ly  constant  absolute  e r r o r .  

V. RESULTS 

Three  spec ia l  cases  of the liquid model  were  in-  
ves t igated:  1) a = c = f =  0 with W and V free ,  2) a = c 
= 0, W and V fixed by the aux i l i a ry  r e l a t ions ,  3) f = 0, 
W and V fixed by the aux i l i a ry  r e l a t i ons .  The r e s u l t s  
a r e  s u m m a r i z e d  in Table  IV and those for each case  
a r e  d i scussed  in tu rn .  

1) a = c = f = O  

The bes t - f i t  for case  (1) is  shown in  Row l a  for 
each compound. In each case a sa t i s f ac to r i ly  low 
value is  obtained for (r(T) compared  to our range  for 
the c r i t i ca l  value,  a (T,cr i t ) ,  cha rac t e r i z ing  the ac-  
curacy  of the l iquidus points .  The co r re spond ing  
va lues  for W range  f rom 2.2 to 7.5 kcal,  for  V f rom 
9 to 12 eu, and except for GaSb a re  in close ag reemen t  
with e a r l i e r  ana lyses .  %3,5 The d i f ference  for GaSb is 
due to our  e l imina t ion  of the older  l iquidus points in 
favor of the more  r ecen t  and more  p r e c i s e  r e s u l t s .  
In cont ras t ,  Row lb  shows the r e s u l t s  when W and V 
a r e  fixed by the aux i l i a ry  r e l a t ions .  In no case,  ex- 
cept poss ib ly  InAs, is the value of (y(T) s m a l l  enough 
to be cons idered  cons i s ten t  with the accu racy  of the 
l iquidus points .  Moreover  the va lues  for W are  a l l  
negat ive  and the values  V a re  a l l  sma l l ,  between 0 
and 1.7 eu. Signif icant  deta i ls  of the ca lcula t ions  a re  
shown for each compound in  a set  of s i m i l a r  plots in 
F igs .  1 to 4. Fig.  1 for InSb shows contours  for  c(T) 
of 10, 15 and 30 deg in  the W - V  plane.  These  a r e  
nar row,  elongated e l l ipses  whose ma jo r  axes fal l  
along the heavy l ine (bes t - f i t  l ine) runn ing  f rom lower 
left to upper  r ight .  The be s t - f i t  point for which a(T) 
= 7.6~ is  indicated by the square ,  the c ros s  at the 
lower left ind ica tes  the value of W and V given by 
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the aux i l i a ry  re la t ions ,  Eqs.  [13] and [14]. The th ree  
dashed l ines  a re  the eutect ic  cons t r a in t  l ines  obtained 
f rom the s imul t aneous  solut ion of Eqs.  [17] and [18]. 
F r o m  upper to lower they co r r e spond  to InSb-Sb eu- 
tec t ic  t e m p e r a t u r e s  of 494, 480, and 470~ The ex- 
p e r i m e n t a l  value of 494~ cor responds  to va lues  of 
or(T) that a r e  g rea t e r  than 30~ for posi t ive W. Values  
l e s s  than 10~ for  c(T) can be obtained only with eu- 
tec t ic  t e m p e r a t u r e s  of 470~ or s l ight ly lower.  We 
note that be s t - f i t  l ines  a lso occur  in the ana lys i s  of 

i ,// 11 II  

l Y / 

I l/ I II " / ' / ~  
~, ] ii I I I I 

i I i I i i  

I i  i i  zi 30 
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iii 17"/ 11 I 
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Fig. 1--Sensitivity of fit to InSb liquidus with only W and V 
nonzero. Lower half of contours of constant (r(T) shown for 
10, 15, and 30~ The line through the middle of these 
contours is the best-fit line with the best-fit point of 7.6 deg 
indicated by a square. The cross at lower left marks the 
value for W and V given by the auxiliary relations, Eqs. [131 
and [14]. The dashed lines define those values of W and V 
consistent with InSb-Sb eutectic temperatures of 494 (upper), 
480 (middle), and 470~ 
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Fig. 2--Sensitivity of fit to GaSb liquidus with only W and V 
nonzero. Symbolism is the same as in Fig. 1. Dashed line is 
for a GaSb-Sb eutectic temperature of 589~ 
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Fig. 3--Sensitivity of fit to InAs liquidus with only W and V 
nonzero. Symbolism is the same as in Fig. 1. Upper and 
lower dashed lines are for InAs-As eutectic temperatures 
of respectively 733 and 731~ 
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Fig. 4--Sensitivity of fit to GaAs liquidus with only W and V 
nonzero, symbolism as in Fig. 1. Upper dashed line for 
GaAs-As eutectic temperature of 810~ Lower dashed line, 
close to best-fit line and through best-fit point, is for 806~ 

III-V pseudob ina r i e s  33 and in the de t e rmina t ion  of 
second law enthalp ies  and entropies.~S 

In F igs .  1 to 4 the bes t - f i t  point and the point ob- 
ta ined f rom the aux i l i a ry  r e l a t ions  (indicated by a 
c ross)  differ  by more  than any r ea sonab le  e r r o r s  in 
the quant i t ies ,  AHf(Tmn ) + Hmn and ASf(Trnn) + Hmn / 
Trnn, defining the l a t t e r .  The e r r o r s  would have to be 
r e spec t ive ly  - 5  kcal  a n d -  5.6 eu for GaAs. Moreover ,  
it  a lso s eems  unl ikely that the e r r o r s  in these  quan-  
t i t i es  a r e  la rge  enough to move the point fixed by the 
auxi l ia ry  re l a t ions  close enough to the bes t - f i t  point 
to obtain a suff icient ly good fit  to the l iquidus points .  
Simul taneous negat ive e r r o r s  would have to be a s -  
sumed for both quant i t ies  and for each compound. Ex- 
cept for InAs, they would have to be l a r g e r  in mag-  
nitude than - 1 eu per  mole in the ent ropy quant i ty  
to reduce a(T) to within or the range  of c r i t i c a l  va l -  
ues .  Such e r r o r s  seem unlikely to us and ru le  out the 
quas i r egu l a r  model  as inadequate.  F u r t h e r  compar i -  

son with the expe r imen ta l  data immedia te ly  below 
suppor ts  this  conclusion.  

The be s t - f i t  point in Row l a  for GaSb p red ic t s  an 
en tha lpy-of -mix ing  at x = 1/2 in the l iquid phase of 
1881 cal per  gm-a tom,  too la rge  and of the wrong sign 
compared  to the expe r imen ta l  va lues  35,36 at 982 and 
1023 K of r e spec t ive ly  - 2 5 0  and - 2 0 0  cal  per  gm- 
a tom.  

The bes t - f i t  point in Row l a  for InSb fi ts  the 12 Sb 
l iquidus points  poorly with ~(T, V) = 27~ pred ic t s  an 
InSb-Sb eutect ic  t e m p e r a t u r e  of l ess  than 470~ com- 
pared  to the expe r imen ta l  value of 494~ pred ic t s  a 
posi t ive  en tha lpy-o f -mix ing  in the liquid at x = 1/2 of 
881 cal per  gm- a t om compared  to negat ive exper i -  
menta l  values  nea r  900 K rang ing  f rom - 600 to 
- 1 1 0 0  cal  per  g in -a tom,  37-a9 and f i ts  the m e a s u r e d  
chemica l  potent ia l  of In at 900 K with a s t andard  de- 
v ia t ion  of 1275 cal,  which is  comparable  to the ex- 
p e r i m e n t a l  value at x = 1/2 and is too large  to be 
cons idered  sa t i s fac to ry .  An InSb-Sb eutect ic  t e m p e r a -  
tu re  of 494~ can only be obtained with va lues  of W 
and V lying along the upper  dashed l ine in Fig .  1 which 
l ies  outside the contour for (r(T) = 15~ and c r o s s e s  
that  for (~(T) = 30~ both too la rge  to be sa t i s fac to ry .  

The be s t - f i t  point  to the InAs l iquidus fi ts  the As-  
l iquidus well  and as seen in Fig .  3 and Row l a  is  con- 
s i s t en t  with the expe r imen ta l  InAs-As  eutect ic  t em-  
p e r a t u r e  of 731~ The fit to the pa r t i a l  p r e s s u r e  of 
As2, (r(p2), is  not as good as with the other  cases  of 
the model cons idered  and probably  should be con- 
s ide red  inadequate .  

F o r  GaAs the be s t - f i t  point is cons is ten t  with an 
806~ GaAs-As  eutect ic  t e m p e r a t u r e  but not with 
the 810~ value (which we cons ider  uncer ta in ) .  The 
pa r t i a l  p r e s s u r e  of As2 is not fit well,  the s t andard  
devia t ion in the f rac t iona l  d i f ference between calcu-  
lated and observed  values  be ing 1.85. 

On the bas i s  of the above cons idera t ions  it is con- 
cluded that  this  spec ia l  case of the liquid model  is in -  
adequate.  

2) a : c : O  

In this  spec ia l  case W and V a re  fixed by the auxi l i -  
a r y  r e l a t ions  and f is  the only ad jus tab le  p a r a m e t e r .  
Thus the enthalpy and excess  entropy of mixing  in the 
l iquid phase a re  quadra t ic  in a tom f rac t ion  as in  
ease (1) but, in con t ras t  to ease (1), depend upon t em-  
pe r a t u r e .  Thus  this  is poss ib ly  the s imp le s t  ex- 
t ens ion  of the q u a s i r e g u l a r  model  of ease (1) and it 
is  of i n t e r e s t  to see whether it is  adequate.  We do 
not e labora te  in detai l  on the r e s u l t s  which a re  
s u m m a r i z e d  in Row 2 of Table  IV for each compound. 
The fi ts  ar6  g rea t ly  improved  over  those shown in l a  
but a re  not good enough to be sa t i s fac to ry .  The values  
of f r equ i r ed  range  f r o m -  9 t o -  16 and seem large .  
Expe r imen ta l  va lues  14 for the 50 at .  pet me l t s  of InSb 
and GaSb at 1300 K, subject  to a 100 pet probable  e r -  
r o r ,  co r re spond  to posi t ive va lues  of f of r e spec t ive ly  
7.0 and 3.4. 

3 ) / :  0 

In this v e r s i o n  of the l iquid model  the enthalpy and 
excess  entropy of mixing  a r e  independent  of t em-  
p e r a t u r e  and a re  cubic funct ions of the a tom f rac t ion .  

METALLURG[CALTRANSACTIONS A VOLUME 8A, MARCH 1977-411 



Since W and V a r e  fixed by the auxi l ia ry  re l a t ions  
only a and c a re  adjus table  to fit the l iquidus data.  
The r e s u l t s  a r e  shown in Row 3 for each compound 
in Table  IV. A fit  to the l iquidus points of the com- 
pound s e r v e s  to define a bes t - f i t  l ine in the a-c plane 
along which a(T) va r i e s  r e la t ive ly  slowly and perpen-  
d icu la r  to which a(T) va r i e s  r e la t ive ly  rapidly .  Thus a 
r ange  of va lues  for a and c give va lues  of e(T) less  
than the c r i t i c a l  value .  However,  except for GaAs, the 
va lues  of a and c cons is ten t  with the Group V e lement  
eutect ic  t e m p e r a t u r e  fal l  along another ,  " eu tec t i c  
c o n s t r a i n t "  l ine which i n t e r s e c t s  the bes t - f i t  l ine at 
a point where  c~(T) is s t i l l  l e s s  than the c r i t i c a l  value.  
The acceptable  range  for a and c is the re fore  n a r -  
rowed enough to be ignored.  With the liquid p a r a m e -  
t e r s  thus fixed, the other  t he rmodynamic  quant i t i es  
a re  calcula ted for compar i son  with exper imen t .  

The data for InSb can be fit quite well  with va lues  
of a and c cons i s ten t  with the 494~ InSb-Sb eutect ic  
t e m p e r a t u r e .  The fi ts  to the InSb and Sb l iquidus 
points  a r e  shown in Table  V. The expe r imen ta l  a tom-  
f rac t ion  of Sb and l iquidus t e m p e r a t u r e  in degrees  
cent igrade  a re  given in the f i r s t  two co lumns .  The 
ca lcula ted  l iquidus t e m p e r a t u r e ,  the d i f fe rence  be-  
tween observed  and calcula ted t e m p e r a t u r e s ,  and the 
calculated act ivi ty  coeff icients  of Sb and In a re  
shown in succes s ive  co lumns .  The bottom por t ion of 
the table shows the fit to the Sb- l iqu idus .  Tab les  
for the l iquidus l ines  of the other  compounds a r e  
s i m i l a r l y  cons t ruc ted  and d i scussed  below. In each 
case the source  of the data was identif ied in Section 
II. It is seen that the fit  appears  s l ightly b iased  in 
that the calcula ted t e m p e r a t u r e  n e a r  pure  In is con- 
s i s t en t ly  3 to 13~ low. Having d e t e r m i n e d  a l l  the 
l iquid model  p a r a m e t e r s ,  the va lues  for  the chemica l  
potent ia ls  for  In in the liquid can be ca lcula ted .  These  
a re  compared  with expe r imen ta l  va lues  3v at 627~ in 
Table  VI. Although the calculated values  a re  a lmos t  
everywhere  more  negat ive,  the s t andard  devia t ion of 
94 cal  is s a t i s f ac to r i ly  sma l l .  The enthalpy of mix-  
ing at x = 1/2 in the liquid phase is - 9 3 0  cal  per  gm- 
atom and within the - 6 0 0  t o -  1100 range  for  the ex- 
p e r i m e n t a l  r e s u l t s .  37-39 

The fit to the GaSb and Sb liquid a re  sa t i s fac tory  
and a re  shown in Table  VII. The en tha lpy-o f -mix ing  
at x = 1/2 agrees  with the expe r imen ta l  value 3s'36 
m e a s u r e d  at 1023 K. 

The overa l l  fit for InAs is sa t i s fac to ry  as can be 
seen  f rom Row 3 of Table  IV. The expe r imen ta l  and 
calcula ted l iquidus t e m p e r a t u r e s  and calcula ted 
act ivi ty  coeff icients  a re  shown in Table  VIII. The ca l -  
culated va lues  for the l iquidus t e m p e r a t u r e  a re  con- 
s i s t en t ly  low nea r  the A s - r i c h  eutect ic .  The expe r i -  
men ta l  point  at x = 0.458 appears  to be out of 
l ine  with the o thers .  A few calcula ted  l iquidus 
points  with no exper imenta l  coun te rpa r t  are  i n -  
cluded to be t te r  define the calcula ted l iquidus l ines  
for A s - r i c h  compos i t ions .  With the liquid phase pa r -  
a m e t e r s  fixed by the fit  to the aux i l i a ry  r e l a t ions ,  
InAs(c) l iquidus  points ,  and the InAs-As  eutec t ic  t e m -  
pe r a tu r e ,  the pa r t i a l  p r e s s u r e  of As2 over  the coexis t -  
ing I n - r i c h  l iquid and I n - s a t u r a t e d  InAs(c) can be 
calcula ted.  The r e su l t s  a r e  shown in Table  IX. The 
expe r imen ta l  ~~ t e m p e r a t u r e  and pa r t i a l  p r e s s u r e  a re  
given in r e spec t ive ly  the f i r s t  and the th i rd  co lumns .  
The second co lumn gives the ca lcula ted  atom f rac t ion  

of As in the l iquid phase .  Both expe r imen ta l  and cal-  
culated pa r t i a l  p r e s s u r e s  fal l  a long s t ra igh t  l ines  in 
a log p r e s s u r e - 1 i T  plot, the ca lcula ted  p r e s s u r e s  
tending to be low at the lowest  t e m p e r a t u r e s .  The 
average  fit is 12 pct over 3 o r d e r s  of magnitude in 
p r e s s u r e  and is  cons idered  sa t i s fac to ry .  

Row 3 for GaAs in Table  IV shows the l iquidus data 
can be fit  well  but the ca lcula ted  GaAs-As  eutect ic  
t e m p e r a t u r e  of 788~ is  s igni f icant ly  below the doubt-  
ful  expe r imen ta l  value of 810~ The fit to the p a r t i a l  
p r e s s u r e s  is  a l so  good enough to be cons idered  s a t i s -  
factory.  Because  a comparab le  fit to the l iquidus 
points  and an even be t t e r  fit of 15 pct to the pa r t i a l  
p r e s s u r e s  can be obtained by co r r ec t ing  the se lec ted  
value for AHf(Tmn) by 500 cal  per  mole (see Section 
VI and Tab le  XII) the calculated l iquidus points and 
pa r t i a l  p r e s s u r e s  a r e  shown only for this l a t te r  case.  
In both case the calcula ted act ivi ty  coefficient  for Ga 
is g rea te r  than 0.988 for a tomic  f rac t ions  of As as 
high as 0.063, support ing the a s sumpt ion  made in con- 
nect ion with Eq. [3] and used to e s t ab l i sh  the s t andard  
enthalpy and entropy of fo rmat ion  of GaAs.  The cal-  
culated l iquidus t e m p e r a t u r e s  a re  shown in Table  X 
and the ca lcula ted  GaAs-As  eutec t ic  t e m p e r a t u r e  is  
794~ The fit to the pa r t i a l  p r e s s u r e  of As2, P2, over  
G a - s a t u r a t e d  GaAs and i ts  coexis t ing  G a - r i c h  liquid 
is shown in Table  XI. The second column gives the 
calcula ted atom f rac t ion  of As on the l iquidus.  The 
expe r imen ta l  p r e s s u r e s  cover  11 o r d e r s  of magni -  
tude and on a log i02 vs 1iT plot a re  well  r e p r e s e n t e d  
by a s t ra igh t  l ine up to about 1080 K. Above 1080 K 
the expe r imen ta l  points r i s e  i n c r e a s i n g  f rom the ex- 
t rapo la t ion  of this  l ine and approach the inf ini te  

Table Xl. Partial Pressure of As2 in Atrn Over Ga-Saturated GaAs(c) 
(o(P2) = 0 . 1 5 )  

T ~ C x, As P2 X 10 s obs Pz • ] 0 s cal 100 • Diff/obs 

627 0.0020 7.1 (10 "6) 9,7 (10 -6) 36 
727 0,0093 0,0010 0,00134 35 
827 0.0307 0.0750 0.0804 7 
927 0.0751 3.I6 2.38 25 

1018 0.137 4.3 3,7 14 
1055 0.168 100 106.6 7 
1085 0.196 230 248 8 
1094 0.205 300 319 6 
1103 0.214 480 410 -15  
1109 0.220 480 485 1 
1158 0.279 2000 1946 3 
1162 0.284 2400 2186 9 
1184.6 0.318 4690 4303 8 
1204 0.353 8890 8036 10 
1226.1 0.409 19900 18570 7 
1237.5 0.461 35200 35370 5 
1239.8 0.489 58400 47130 - 19 
746,5 0.012 0,0038 0.0032 -17 
762 0.0147 0,0064 0,006 [ 5 
779.8 0.0182 0,017 0.0126 26 
795.6 0.0218 0,027 0.024 12 
812.5 0.0263 0,050 0.046 9 
842.7 0.0360 0,16 0.142 -12  
859 0.0421 0,29 0,25 - t 4  
875.7 0,0491 0,50 0,445 -1 I 
889 0.0552 0.82 0.69 15 
906 0.0637 1,4 1,21 13 
919.5 0.0709 2,1 1.87 I1 
950 0.0889 5.2 4.88 6 
965.3 0.0988 7.7 7.79 1 
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Table X II. Fits to the Phase Diagram and Thermodynamic Data for Various Corrections, CH and c S to the Selected Values of AHr and ASf(Tmn) Respectively 

CH, Cs, a(T), o(T, V), T(eut), AHL(�89 O(Pln ) 
cal/mole eu/mole W, cal a V, eu c ~C ~ ~ x ( e u t )  cal/gm-atom cal/gm-atom 

lnSb -300 0 -4320 2.878 0,02377 -867.0 5.6 8.8 494 0~684 -1080 464 
300 0 -3120 1.334 0.02377 -318.0 9. t 2.0 494 0.693 -780 227 

0 0.5 3720 3.439 1.02377 -20.90 6~4 9.3 494 0,683 -930 546 
-500 0.5 -4720 2,267 -0.9762 +18.099 4.3 6.9 494 0.687 -1180 332 

GaSb -250 -0.5 -1500 5,064 0.5398 16.00 5 8 1.0 589 0.888 -375 
+620 0.5 +160 -38A4 1.360 -5,113 5 5 0.9 589 0.889 +40 

o(p2) 

lnAs -849 -{),5 -746fl 3.287 0.4404 -58.~3 ~ 1.5 731 C,857 0,76 
+160 0.5 5460 4,041 ~.4404 -9.459 12.4 - 731 0.20 

GaAs -1000 -1.I -8146 1.534 -0.5265 +17.095 6.2 - 789 0,948 0.22 
+500 0 -5186 1,830 1.6735 -4.052 5.7 - 794 0.955 0.15 

+1000 0.5 -4146 2.083 2.674 -2.232 5.6 - 794 0,955 0.19 

s lope at the 1513 K mel t ing  point where  the t h r ee  
phase  cu rve  would r e v e r s e  s lope.  The ca lcu la ted  
p r e s s u r e s  fit the e x p e r i m e n t a l  ones to within 15 pct  on 
the ave rage ,  which is  cons ide red  s a t i s f ac to ry .  The 
f i r s t  four  e x p e r i m e n t a l  va lues  a r e  f r o m  a m a s s -  
s p e c t r o g r a p h i c  m e a s u r e m e n t  o f / ~  by Arthur.17 The 
next  eight points  between 1018 and 1162~ a r e  va lues  
ca lcu la ted  by Panish  6 f r o m  his e x p e r i m e n t s  using 
va lues  for  the enthalpy and entropy of d i s soc i a t i on  of 
As4(g) e s sen t i a l l y  the s a m e  as those  given in Tab le  I. 
The  next f ive  points  between 1184.6 and 1239.8~ were  
ca lcu la ted  by us using s e l ec t ed  points  on a smoothed  
curve  through the to ta l  a r s e n i c  p r e s s u r e  points of 
Richman.  4~ The las t  t h i r t een  points a r e  f r o m  a r e c e n t  
m a s s - s p e c t r o g r a p h i c  m e a s u r e m e n t  by P u p p e t  a l Y  
Simi l a r  m e a s u r e m e n t s  by Foxton et al '9 and by De-  
M a r i a  et al *s were  not included in the ana lys i s .  How- 
eve r ,  the f o r m e r  a r e  in exce l len t  a g r e e m e n t  with 
those  of Pupp et al, the l a t t e r  a r e  somewhat  lower .  A 
number  of o ther  e x p e r i m e n t a l  d e t e r m i n a t i o n s  a r e  in 
poor  a g r e e m e n t  with those ci ted and, fol lowing Punish,  6 
a r e  ignored .  

4) In the ful l  v e r s i o n  of the l iquid mode l  W and V 
a r e  f ixed by the aux i l i a ry  r e l a t i ons .  The  enthalpy and 
e x c e s s  entropy of mix ing  a r e  cubic in compos i t ion  
and t e m p e r a t u r e  dependent.  Sa t i s fac to ry  f i t s  have 
a l r eady  been obtained with f = 0. However  in p r i n c i -  
ple one would expect  s o m e  t e m p e r a t u r e  dependence  
for  the enthalpy and e x c e s s  entropy of mixing,  al though 
this  has not been  es tab l i shed  for  the ca se s  cons ide red .  
T h e r e f o r e  it is  of i n t e r e s t  to d e t e r m i n e  whether  s a t i s -  
f a c to ry  f i t s  can s t i l l  be obtained with s m a l l  va lues  
fo r  f .  Consequent ly  the ca lcu la t ions  of the las t  sub- 
sec t ion  w e r e  r epea ted  for  f = +3 and f = - 3. It was 
found that the fi ts  w e r e  only s l ight ly  changed f r o m  
those  p r e s e n t e d  for  f = 0 and were  s t i l l  s a t i s f ac to ry .  

VI. E F F E C T  OF UNCERTAINTIES IN THE 
ENTHALPY AND ENTROPY OF 

COMPOUND FORMATION 

We have obtained s a t i s f ac to ry  quant i ta t ive  f i ts  to 
the l iquidus l ines  and high t e m p e r a t u r e  t he rmodynam ic  
p r o p e r t i e s  for  the InSb, GaSb, InAs, and GaAs s y s -  
t e m s  using a f o u r - p a r a m e t e r  solut ion model .  M o r e -  
o v e r  we have shown the commonly  used,  t w o - p a r a m e -  

t e r ,  q u a s i r e g u l a r  o r  s imp le  solut ion model  does  not 
give  s a t i s f ac to ry  f i t s  to the s a m e  data.  The s i tuat ion 
is leas t  s a t i s f ac to ry  for  Ga -As  s ince  t he r e  is no 
r e l i a b l e  G aA s -A s  eu tec t ic  t e m p e r a t u r e ,  the expe r i -  
menta l  l iquidus points  for  A s - r i c h  compos i t i ons  a r e  
few and s c a t t e r e d ,  and the high t e m p e r a t u r e  t h e r m o -  
dynamic  p r o p e r t i e s  of As(I) a r e  not wel l  e s tab l i shed .  

The r ema in ing  ques t ion  concern ing  the r e s u l t s  ob- 
ta ined thus fa r  involves  those  e x p e r i m e n t a l  quant i t ies  
which en te r  the aux i l i a ry  r e l a t i ons  given by Eqs .  [13] 
and [14] and for  which s e l ec t ed  va lues  w e r e  used.  
T h e s e  quant i t ies  a r e  of cou r se  subjec t  to e x p e r i m e n t a l  
e r r o r .  

F o r  s impl ic i ty ,  and because  they s e e m  the most  
impor tan t ,  we only cons ider  e r r o r s  in the enthalpy 
and entropy of compound fo rma t ion  at the me l t ing  
point,  ~xtIf{Trnn) and ASf{Tmn) r e s p e c t i v e l y .  The  
m e a s u r e d  va lues  1%15 of ACp for  compound fo rma t ion  
f r o m  the l iquid e l e m e n t s  a r e  s m a l l  and lead to r e l a -  
t i ve ly  s m a l l  va r i a t i ons  of a few hundred ca l  p e r  mole  
in AH),(T) and va r i a t i ons  of 0.7 eu per  mole  or  l e ss  in 
ASy{T) between r o o m  t e m p e r a t u r e  and the me l t ing  
point.  P o s s i b l e  e r r o r s  in ACp a re  neg lec ted  h e r e  so 
that an e r r o r  in the enthalpy or  en t ropy  of compound 
fo rma t ion  is the s a m e  at a l l  t e m p e r a t u r e s .  The  heat -  
o f - fus ion  en t e r s  both the l iquidus equat ion and an 
aux i l i a ry  re la t ion ,  Eq.  [13]. Computat ion shows that it 
is in the l a t t e r  r o l e  that va r i a t i ons  in the heat  of fusion 
have the g r e a t e s t  effect  in whether  a good fit  is  ob- 
ta ined or  not. T h e r e f o r e  the mos t  impor t an t  e f fec ts  
of unce r t a in t i e s  in Hrn n can be viewed as imp l i c i t l y  in-  
cluded when the ef fec ts  of unce r t a in t i e s  in AHf(Tmn) 
and ~S~Trn n) a r e  d e t e r m i n e d .  

The solut ion p a r a m e t e r s  W and V a re  d i r ec t l y  af-  
fec ted  by changes in the va lues  of A//f(Tmn) and 
ASy{Tmn). The p a r a m e t e r s  a and c a r e  a f fec ted  in- 
d i r ec t l y  in that they must  gene ra l l y  a l so  be changed 
to mainta in  s a t i s f a c t o r y  f i t s .  T h e r e  a r e  t h r ee  points 
to be made in this  connect ion.  F i r s t  the tabulat ion 
here  of W, a, V, and c to four  or  f ive  s ignif icant  
f igu res  is  not incons i s ten t  with the above.  F o r  the 
s e l ec t ed  e x p e r i m e n t a l  va lues  of AHf{Tmn) and 
AS]{Tmn) this  p r e c i s i o n  is  r e q u i r e d  to r e p r o d u c e  the 
ca lcu la ted  va lues  given he re .  Secondly,  because  data  
fo r  the l iquid phase  other  than the l iquidus points  
t h e m s e l v e s  have been fit,  the e r r o r s  in W, a, V, and c 
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a r e  l imi ted  a n d / o r  co r re l a t ed .  F o r  InSb the u n c e r -  
tainty in W is l imi ted  by the e r r o r  of • cal  per  
mole in the expe r imen ta l  3v-~9 hea t -o f -mix ing  in the 
l iquid at x = 1/2, that in V is de t e rmined  only by an 
es t ima te  of the expe r imen ta l  e r r o r  in zXSf(Tmn) , but 
that of W(1 - a / 2 )  - 1000Y(1 - c / 2 )  is l imi ted  to about 
• cal  by the fit  to the expe r imen ta l  37 value for the 
chemica l  potent ia l  of In at 1000 K (assuming  the ex- 
p e r i m e n t a l  va lues  a re  good to • cal  per  gm-a tom) .  
The re fo re  it is  n e c e s s a r y  to l i s t  a set  of va lues  for 
the l iquid solut ion p a r a m e t e r s  for each set  of a s sume d  
co r r ec t i ons  for  A H f ( T m n )  and ~ S f ( T m n ) .  Fina l ly ,  it 
r e m a i n s  to be es tab l i shed  whether or not sa t i s f ac to ry  
f i ts  can be a t ta ined for  a r ea sonab l e  range  of u n c e r -  
ta inty  for zMr-lf(Tmn) and  zXSf(Tmn) .  

The values  for Z~Sf(Tmn) a re  based upon heat capa- 
city m e a s u r e m e n t s  14-16 over the whole t e m p e r a t u r e  
range  to the mel t ing  point and, as p rev ious ly  stated,  
a r e  a s sumed  to be equal to the se lec ted  va lues  in 
Table  II to within ~0.5 eu per  mole .  Based  upon the 
expe r imen ta l  h e a t s - o f - m i x i n g  in the liquid at x = 1/2, 
the e r r o r s  in , t H f ( T m n )  a re  • cal  per  mole for 
InSb 37-39 and • for GaSb. 35'36 For  InAs and GaAs va l -  
ues for z~/f(298) have been averaged  and r ecommended  
va lues  given 2~ that a re  r e spec t ive ly  1000 and 1200 cal 
per  mole more  negat ive  than our se lec ted  va lues .  
The re fo r e  we choose an unce r t a in ty  of i l 0 0 0  cal  per  
mole in a H f ( T m n )  for these  compounds.  

Using va lues  of W and V cor respond ing  to va r ious  
co r r ec t i ons  to our se lec ted  values  for A H f ( T m n )  and 
A S f ( T m n )  , the va lues  of the p a r a m e t e r s  a and c 
were found which gave a be s t - f i t  to the l iquidus points  
and which gave a bes t - f i t  cons i s ten t  with the exper i -  
menta l  eutect ic  t e m p e r a t u r e s .  In both cases  the bes t -  
f i ts  (m in imum va lues  for  or(T)) tend to l ie  along a l ine 
in the W-Vplane .  Selected r e su l t s  a re  shown in Table  
XII in which CH and cs  a re  the co r r ec t i ons  to our  
se lec ted  va lues  of M-i f (Tmn)  and a S f ( T m n )  r e s p e c -  
t ive ly .  

For  InSb sa t i s fac to ry  fi ts  can be obtained at th ree  
of the four co r r ec t i on  l im i t s .  At c H = 0 cal pe r  mole,  
cs  = - 0 . 5  eu per  mole the bes t - f i t  cons i s ten t  with the 
494~ eutect ic  t e m p e r a t u r e  is  23~ and too l a rge .  
However,  as  shown in  the las t  en t ry  for  InSb, a sa t i s -  
fac tory  fit is  obtained if a s imul t aneous  co r r ec t ion  of 
- 500 cal  per  mole is  made for  the enthalpy of f o r m a -  
t ion.  Because  our se lec ted  va lues  provide the bes t -  
fit to the chemica l  potent ia l  of In they a re  p r e f e r r e d .  
The va r i a t ion  in the individual  solut ion p a r a m e t e r s  is 
s igni f icant  but the pred ic ted  va lues  for the excess  
entropy of mixing  at x = 1/2 lie in a n a r r o w  range  be-  
tween • eu per  g in -a tom.  

For  GaSb, CH = 0 and cs  = +0.5 give va lues  of a(T)  
of about 13~ sl ightly higher  than the 5 to 8~ range  
we judge acceptable .  However as shown in Table  XII 
sa t i s f ac to ry  f i ts  to the l iquidus points  and exper i -  
menta l  eutect ic  t e m p e r a t u r e  can be achieved by allow- 
ing appropr ia te  co r r ec t i ons  in the enthalpy of for-  
mat ion.  P r e s e n t a t i o n  of these  va lues  of W and V 
shows the widest  excurs ion  in the la t te r  cons is ten t  
with the • eu per  mole range  adopted for the un-  
cer ta in ty  in  ~ S f ( T m n  ) while ma in ta in ing  es sen t i a l ly  
the s ame  m e a s u r e  of fit  to the l iquidus points  and 
eutect ic  t e m p e r a t u r e  cons t ra in t .  Again the se lec ted  
va lues  giving the r e s u l t s  in Row 3 for GaSb in Table  

IV give the bes t  a g r e e m e n t  with the hea t -o f -mix ing  at 
x = 1/2 and a re  the re fo re  p r e f e r r e d .  

F o r  the s ame  r ea son  as above the values  of W and 
V shown for InAs in Table  XII a re  f rom nea r  the bes t -  
fit  l ine for a s imul t aneous  fit  to the l iquidus points  
and a 731~ eutect ic  t e m p e r a t u r e .  Cor rec t ion  va lues  
of c H = - 1000 and cs  = 0 give a too high value of 25~ 
for ~(T). Values  of cH = - 1 0 0 0  and cs  = - 0 . 5  give a 
sa t i s f ac to ry  value of 13~ for a(T) .  Again the se lec ted  
va lues  a re  p r e f e r r e d  s ince  they give the bes t  fit  to 
the pa r t i a l  p r e s s u r e s  of As2(g) along the I n - r i c h  
l iquidus .  

As before ,  only the l iquidus points  for  GaAs were  
fit, the r epor ted  eutec t ic  t e m p e r a t u r e  be ing  con- 
s ide red  un re l i ab le .  F i t s  lying between 4.5 and 5.5~ 
can be achieved along a bes t - f i t  l ine defined by CH 
= --500, c3 = --1.0, and c H = +1400, cs = 1.0. The fi ts  
at the co r r ec t i on  l imi t s  of CH = +1000, cs  = • a re  
a l l  below 13~ except that at c H = - 1000, cs  = 0 which 
is  17~ The e n t r i e s  in Table  XII a r e  for va lues  of W 
and V along the bes t - f i t  l ine.  It should be noted that 
the bes t  fit to the pa r t i a l  p r e s s u r e s  of As2 is ob- 
ta ined  with CH = +500, cs = O. The calcula ted l iquidus 
points  in Tab le  X and pa r t i a l  p r e s s u r e s  in Table  XI 
were  obtained using the p a r a m e t e r s  for this  case .  

VII. CONCLUSION 

We have es tab l i shed  the solut ion model  used he re  
is capable of providing sa t i s f ac to ry  f i ts  over  a sub-  
s t an t i a l  pa r t  of the unce r t a in ty  range  adopted he re  
for the enthalpy and entropy of compound format ion .  
Moreover  the en t r i e s  of Row 3 for each compound in 
Table  IV coupled with those in Table  XII provide a 
bas i s  for e s t ima t ing  the unce r t a in ty  in va lues  for as 
yet u n m e a s u r e d  the rmodynamic  p rope r t i e s  of the 
liquid phase in the s y s t e m s  cons idered .  Although this 
uncer ta in ty  is  l a r g e r  than des i r ed  for some p rope r -  
t ies ,  it can most  l ikely be l e s sened  as the va lues  for 
the expe r imen ta l  quant i t ies  a re  ref ined a n d / o r  new 
p rope r t i e s  a re  me a su r e d .  In any case ,  s imul taneous ,  
s a t i s f ac to ry  fi ts  have been obtained to the l iquidus 
l ines  and the rmodynamic  p rope r t i e s  for the four com- 
pound cons idered  for the f i r s t  t ime .  At the ve ry  min i -  
mum these should be useful  in smoothing and i n t e r -  
polat ing these  data in the most  r e l i ab l e  way p re sen t ly  
ava i lab le .  Hopefully the solut ion model  used here  will  
prove r e l i ab l e  for a l l  the III-V s y s t e m s  and se rve  to 
eff icient ly sys t ema t i ze  the data.  Unfor tunate ly  this 
solut ion model  is inadequate 4s to s imu l t aneous ly  pro-  
vide a sa t i s f ac to ry  fit to the l iquidus l ines  and sa t i s fy  
the aux i l i a ry  r e l a t ions  for the m o r e  ionic  IVb-Vt and 
II-VI s y s t e m s .  
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