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ABSTRACT Based on the principle of thermodynamics a formula for caleulating activities by intermediate
compounds enthalpy of fusion has been derived from binary phase diagram. The feasibility of calculation
method has been tested for In-Sb system using the activities obtained from experiments and used in many liter-
atures, and the resulis of caleulation are in good harmony with that of experiment. The activities of Ga As,

Ga Sb and Ir As semiconductor binary systems have been calculated using the new formula.
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1 INTRODUCTION

Wagner had pointed out that, since the measurement of phase diagram is easier than that of ther
modynamical parameters, thermodynamical parameters should be obtained from the phase diagram''!.

Every complicated binary phase diagram can be regarded as the system involving one or several
follow ing phase equilibria: (1) solution (including solid solution) with pure solid, such as eutectic and
eutectoid phase diagram; (ii) solution with solid solution, such as continuous solid solution and limited
solid solution phase diagram; (iii) solution with compound, such as the two-component system involv-
ing intermediate compounds; (1v) delamination systems, such as monotectic binary system. There
fore, the methods of calculating activities from binary phase diagram reported before can be classified

as shown in Table 1.

. sy . 2= 5
Table | Methods for calculating activities from phase diagram'> °!

Nr L <A L <58 L <A By Delamination system

Gokeen- Austing’ s

1 freezing point freezing point the method of calculation method

lowering lowering standard free energy of activities
at the liquidus
2 free energy of fusion entropy of fusion the - function method  simplification method
3 enthalpy of fusion free energy of fusion standard entropy of
. . formation
4 entropy of fusion entropy of fusion

In this paper, we will discuss a new method of achieving activities from phase diagram by the en-
thalpy of fusion of an intermediate compound and calculate the activities of three binary systems.
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2 FORMULAS DERIVATION

Fig. 1 shows a simple compound eutectic diagram 1,
which can be divided into two eutectic binary dia Ta,
grams. Taking the left side eutectic binary diagram as
an example the formula of calculation activities will be Ty
derived from the enthalpy of fusion of a compound.

In the A-A B¢ system, the composition and the T
activity of A nBg along a liquidus are represented with

X4 Be and ay rpg( T ), respectively. From the formu-

las of freezing point lowering, we obtain

Al‘us[{ A LEi
dinay p (T) = RT? dT (1)
Integrating eqn. (1) gives
T Alus[{ A Eg A A’IBC B
lnalrﬁg(T)— I (2)

Fig. 1 Binary phase diagram

Based on the equﬂlbrlum of a hquid phase with a com- involving intermediate compounds

pound at T" temperature, we have following relations:

In the A-A nBg system RTInay rﬁg( T)= Gy Bels) ~ Gy Bl (3)
In the A-B system  RT(MNnas(T)+ &Enap(T)) = Gapry— G- () (4)

where as(T), ap(T) represent the activities of A and B at liquidus in A-B binary system, respec
tively. Combining eqns. (3) and (4), and considering

GAHBEJ(I) = rlGAe(l) + gG[,@B(l) + RT[Mnas(T) + aH(I,B(T)]XB: mi«_i (5)
weobtain  Inaap(7) = Inal(T)aj(T) - [Inal(T)ai(T)]x,- 5 (6)

where [lnafll( T) a%( T)]x,- —g— is the activity product of Xp = fli_gdt temperature 7' . Substitut-
ing eqn. (6) into eqn. (2) gives

T Al‘us[{A
[,

Inal(T)ai(T) - (nal(T)ap(T))x,- 3% = (7)
AusH
I f(T)E(T )~ (IR ()BT ) ) v, 5 = r 14“%% (mnﬁ—? anf—g .
(r]lnXA+ anXB) (8)

Multiplying throughout by T and taking into account T'In¥;( T ) = TolnY; (1. e. the relationship
between activities coefficient and temperature obey the law of regular solution), we have

AH
Tolnvivg— To(InVivi))x,- 75 = Tr ﬁd“ T(fﬂnn_rl_g
anf_g)— T(MnX4+ YnXp) (9)

Differentiating the preceding equation, we obtain

AusHﬁlg Nyl 4 §
RT dT + (r

dT )dT + (runn—rl—§+ ﬂn%_g)dT—

T(—B—%*_
XaXp

T odln Yfll Y% =

(r]lnXA+ anXB)dT— )dX4 (10)
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where ¥y and Yp are the activity coefficient of component A and B at T ( temperature, respectively.
And from the developed Gibbs-Duhem relation, we have

Xp AuH (A - | £
3 1 B DMus Arﬁg us ALEi
dln vy = (rlXB— &4)],0[ RT + XBI RTQ dT + Xg(r]ln N4 §+ an N4 g)_
QXAIHXA-}- XBIHXB)]dT— d(%lnXU (11)
X4 NuH A
3 — 1 A Blus Arﬁg (us ALEi
dln Y5 = (K- éXA)To[ RT d7T + Xgr RT? dT + XA(Tllnr1+ §+
En f_g)‘ WX aInX s+ XglnXp)JdT - d(7-nXp) (12)
0

Integrating eqns. (11) and (12), the activities of A and B can be achieved.
Since the integrand tends to infinity in the compound region for eqns. (11) and (12), 6 function
is defined in order to avoid calculation error during integration. From eqn. (9) we obtain

AusH
g = T[IT QﬁdT+ (mnn_fl_§+ anni_g)— (TInX, + &nXp))]/

[Tol Wg— &)%) (13)

then we can calculate the activities coefficient of A and B by eqns. (11) and (12).
As to irregular solution 0 is defined as

0= Mi, m/ Agi, ms O= T/(l_ T/e)
Multiplying eqn. (8) by Ogives

T Al‘us[{A fi
OIHY4(T) YB(T)— 0(1nY4(T) YB(T))X_W-i: O[JAT”I RTQ dT + (mnn+ §+
ann+ g)— ( NnX 4 + anXB)] (14)
and substituting Oln ¥;( T') = Gyln V; into the above equation, we can obtain
T Al‘us[{A
n,g n _ ust A B 0 0
Opln ¥4 Y5 = Op(In ¥y Yl%)XH: f’g_ O[J‘Tm RT? d7 + ( Mn N4 g‘*‘ &ln N+ g) -
(r]lnXA+ anXB)] (15)
Differentiating the equation, the following equation is obtained:
NusH NusH £
n £ fusf1 A EEg (ustd A EEg _
Opdln Yy In ¥g = [ij RT? dT]do+ © RT? dT + ( Qlln Ny et &n N+ g)do
(MnX,4 + &nXp)/do- 0(_11 é')01)(4 (16)
Substituting dT = (1- T/0)?d0into eqn. (16) gives
o Al‘usI{ A Al‘usI{ A
n, & _ L I Pe Pe I & B
dln Yy In ¥ = 00[ . RO do+ Ro T ( Nlin N+ §+ &In N+ g)
(MnX, + &nXp)/do- 0(_1‘]_ _g)d)ﬁ (17)
and substituting this form into Gibbs-Duhem equation, we have
NusH o AnoH
1 fus! 1 A By {us 4£§ |
dlnYy = (rlXB— gXA)O[XB RO +XBI do+ Xg(f]ln §+
anrﬁ) aX InX 4 + XBIHXB)]dO— d( lnX4) (18)
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B 1 Nt 1 J‘O MusH 4 g, N g
dln Yz = (gXA— rIXB) OO[XA RO + X4 ROQ do+ XA(runl’l_}. §+ ann_}_ g)_

N XyInXy + XplnXp)[do- d(' lnXB) (19)
similarly, we can obtain

Ao |
g _ O[J" sz &

dT + (r]lnn_rl_§+ an Nt g)— (NInX 4 + &nXp)//
[Oo(rlXB— éXA)] (20)

The eqns. (18), (19) and (20) are suitable for both regular and irregular solutions, since eqns.
(11), (12) and (13) can be respectively derived from them under § = oo,

3 VERIFICATION AND COMPARISON OF FORMULAS

Since the experimental data on In-Sh system have been referred in many papers, we take this sys
tem to verify the previous equations.
The data on enthalpy of fusion is obtained from the reference [ 6]. That is

AH /] * mol’ V= 17.573T — 7.531 x 1003 T2+ 40141. 296
Al /) * mol’ b= 0.9079T + 7.692 x 100° T2 = 2.0%x 10°/T -

5.979 x 107°T + 17405. 748
For regular and irregular solution, when Xy, 268. 2% (in mole) the activities of the right part
from eutectic point can be (dl(ulated with following forms, respectively:

In Vg, = TO(I 1 ST - InX ) (21)

m{ Sh)
In Yy, = (IT L s, Hz dT - InXg,) (22)
‘ % Jr g, RT
And the activity of a component of liquidus which is equlibrium with InSh compound can be calcu-
lated using eqns. (11) and ( 18). The results are shown in Fig. 2. Fronithe figures, it is obvious that
the results of calculation are coincident with that of experiment under 8 = c0and 0= 3000. In particu-

lar, the activities of Sh are more close to that of experiment than inrium’ s under 6= 3 000.

4 CALCULATION OF ACTIVITIES OF SEMICONDUCTOR BINARY SYSTEMS

4.1 Activities of Ga As system

The GaAs system plays an importent role in the study of semiconductors. But it is difficult to
measure the arsenic’ s activities, because of some of its characteristics. Moreover, the standard en-
thalpy of formation, entropy of formation and standard free energy of arsenic are also difficult to ob-
tain, because generally liquid arsenic can’ t be obtained. This causes the activity calculation methods
reported before insuperable, but the method present here has no such limit.

We calculate the activities of this system by the enthalpy of fusion. In order to avoid integral in-
finity, eqns. (11) and (18) are used to calculate, and § function are also given by eqns. ( 13) and
(20), respectively. The calculating results are shown in Fig. 3.

Fig.4 shows the Ga As phase diagram including a stable compound. The enthalpy of fusion of
GaAs can be achieved from handbooks'®!.

4.2 Activities of Ga Sb binary system
Fig. 5 shows GaSh phase diagram involving an intermediate phase BGaSh. The activities for this
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1.0 1.0
6= oo 6=3000
0.8 0.8
]
0.6 0.6
N 3
0.4 X 0.4
4]
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In X Sb In Xs Sb

Fig. 2 Calculation of activities using Ay H 4 Be in I Sb system at 900 K

Solid line —calculating; O —experimental

system at 1000 K can be calculated by eqns. (12), (19), (21) and (22).
The thermodynamic data needed are obtained from handbooks'°! as
AH 9/ = mol’ ' = 0.9079T + 7.692 x 10°T%= 2.0x 10°T" "= 5.979 x 107°7T° +
17 405. 748
MuH Gas/ T * mol™ "= = 10. 16297 + 5. 1317 x 107 °T*+ 3.1045 x 10°T~ ' 63419. 8168
AisH Gasy/J * mol™ ' = — 12. 34287 + 6.276 x 107 ° T~ 62011. 064 (700 ~ 982. 6K

The results of calculation are exhibited in Fig. 6.

4.3 Activities of Ir As binary system

1.0 1.0
§= oo 8=3000
0.8 0.8
0.6 0.6
) <
0.4 0.4
0.2 0.2
0 0.2 0.4 06 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Ga Xa As Ga Xa As

Fig. 3 Calculation of activities in Ga As system at 1573 K



© 116 * Trans. Nonferrous Met. Soc. China Dec. 1997

As mass fraction/ % Sb mass fraction/ %
140 0 20 40 60 80 100 8000 20 40 60 80 10/
1238C 10 709.6 C
12000 L 830.8C
600 588.5C
1000 88.4
~ 500
o s 815 5
~ 3400
600 !
% 300 —p (Sb)—
200';"' 29.8(T.P.) 100} 29.8TC
Y(Ga) ~29.7C S — .
) 20 40 60 80 100 0 20 40 60 80 100
Ga As mole fraction/ % As Ga Sb mole fraction/ % 5
Fig. 4 Ga As phase diagram Fig. 5 Ga Sb phase diagram

Fig. 7 shows I As phase diagram involving an intermediate compound.

The thermodynamic characteristics of liquid arsenic is unknown, because arsenic will become gas
under normal pressure at 630 'C, which causes calculating activities of the liquidus in the right side of
eutectic point very difficult using present methods. We would calculate the activities of indium in the
left side of eutectic point, and calculating activities of arsenic are difficut for lack of initial data. Either
eqns. (11), (13) or eqns. (18), (20) are used for calculating. The results of calculation are given in

Table 2.
5 CONCLUSIONS

(1) The fomulas for calculating activities with enthalpy of fusion of the intermediate compounds

1.0 1.0
f=oo 8 =3000
0.8 0.8
0.6 0.6
I 3
0.4 0.4
0.2} 0.2
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Ga X, Sb Ga X Sb

Fig. 6 Calculation of activities in Ga Sb system at 1 000 K
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Table 2 Calculation of activities
in I As system at 1 220 K

67 o f= 3000
As mole fraction/ % e ¥in Al NusH A g Vin Ay NusH 4 e
1000 20 s——0 80 10 0.95 0.998 0948 - 22 0.999 0949 - 12
0.90 0.982 0.883 - 170 0.988 0.890 - 107
L \ 0.85 0.968 0.823 - 277 0.981 0.834 - 165
800 731C - 0.80 0.948 0.754 - 431 0.963 0.770 - 309
87.5 0.75 0.930 0.697 - 556 0.951 0.713 - 388
¢ 600 go-;’)t 0.70 0.910 0.639 - 672 0.943  0.660 - 417
S ) " 0.65 0.868 0.564 - 935 0.898 0.584 - 707
0.60 0.799 0.479 - 1369 0.832 0.499 - 1121
400 (As)— 0.55 0.665 0.366 - 2280 0.701 0.38 - 1979
0.50 0.572 0.286 - 2830 0.598 0.299 - 6126
200,158.6T 155 21 50 0.45 0.519 0.234 - 2991 0.543 0.244 - 2788
0.40 0.472 0.189 - 3044 0.498 0.199 - 2826
—(In) 0.35 0.444 0.156 - 2880 0.465 0.163 - 2722
0 20 40 60 80 100 0.30 0.414 0.124 - 2686 0.434  0.130 - 2544
In As mass fraction/ % As 0.25 0.367 0.090 - 2585 0.381  0.095 - 2450
. . 0.20 0.303 0.051 - 2426 0.324  0.065 - 2288
Fig.7 Iir As phase diagram 0.15 0.232 0.035 - 2220 0.256  0.038 - 2074
0.125 0.180 0.023 2172 0.207  0.026 - 1997

in binary system are derived. The results of calculation are in good harmony with that of experiment.
(2) The activities of GaAs, GaSb and Ir-As three semiconductor binary systems have been cal-
culated.
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