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To evaluate thermodynamic driving force during the growth of InGaAs, simple two lattice
excess enthalpy model was applied. It was found that the In-Ga-As system could be
reduced to InAs-GaAs pseudo-binary system, keeping the validity of two lattice model.
Differential lattice parameter model was applied to estimate excess enthalpy term for solid.
Thermodynamic equations were constructed to calculate the thermodynamic driving force
during crystallization processes. Reconstructed phase diagram using the present equation
well explained the experimental phase relation data.

1. Introduction

InxGal-xAs is one of temary 3-5
semiconductor systems but which is usually
represented as InAs-GaAs pseudo-binary solid-
solution system for convenience. Figure 1 shows
InAs-GaAs equilibrium phase diagram based on
experimentally obtained datal)-7). This diagram
is a fundamental knowledge to grow crystals of
desired composition. Since InxGal-xAs crystals
show anisotropic growth characteristics such as
existence of facets, we have to know kinetic
parameters of crystal growth to obtain high quality
crystals. Among the kinetic parameters, the most
important parameter seems to be thermodynamic
driving force. So, we have to. evaluate the
parameter as functions of temperature and
concentration.

Some semi-empirical methods have been
developed to reconstruct phase relations of the
system, in which thermodynamic parameters have
been selected to fit the experimental data8),9).
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Figl Phase diagram for InAs-GaAs pseudo-bina'ry
system

‘More fundamental approach to reconstruct In-Ga-

As system was developed by Stringsfellow10),11)
and Ma et.al12) in which both liquid state and solid
state have non-ideal characters. Their methods are
useful to reconstruct phase diagrams but a little bit
complicated to evaluate thermodynamic driving
force. This paper describes a simple method to
evaluate the driving force.
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2. Two lattice model

InxGal-xAs system is a solid solution system
with wider compositional variations. In and Ga
possesses same site in the crystal structure, and
substitute each other. While As is never
substituted by the other components. A
convenient method to treat such type of solid
solution is to utilize two sub-lattices15),16).

First, we consider (A,B)(Xy) solid-solution
crystal system to clarify the physical meaning of
two lattice model. In the system, element A and B
possesses same lattice site and substitute each other.
Relationship between element x and y is similar to
that of A and B. However , (AB) and (xy)
never possess same lattice site. In this case, two
sub-lattices are assumed, called lattice 1 and lattice
2, to calculate thermodynamic parameters. All
nodes of lattice 1 are assumed to be filled with

- either element A or B. Lattice 2 also assumed to

be filled with clement x or y. No substitution
between (A,B) and (x,y) is assumed.

Gibbs free energy of lattice 1 is represented as
- follows; :

&' =[ir, +Gp, +L, +R1(p, (e, +p, 13, .
+F::pn + G:pn +L)’AB.+RT(pA ll'l(p‘)'i‘ -pﬁ ln(pﬂ))}y

3]

where G',G,.G,,G;.G, denotes total energy of
lattice 1, partial molar energy of component A in
pure component x, partial molar energy of
component B in pure component x, partial molar
energy of component A in pure component vy,
* partial molar energy of component B in pure
component y, respectively. »

Molar fractions of A, B, x, y, denoted as

P.P,.P,..pP,, satisfies following relationship,
respectively.

Patp=l [2a]

perp =l [2b]

Total energy of lattice 2 is also represented as
follows;

G = E?: p.+G'p, +L; +RTGx ln(px ) P, In(py))])‘4
+Ff p.+G p,+L, +RT67, in(p,)+p, In(p, ))},
K]

The total energy of (A,B)(x,y) is written as a sum
of the energies of the sub-lattices; G=G'+G".

G =.(Gl "‘Gz):G“PAP, +G&P,P, +G"pﬁpy +G”p,py
HLup. +Lop Joup + L 5+ Lp, Yoo,

+ RTF‘ In(p,)+p, ln(P,) +P, ln(Px)"'Py ln(p,)]

4]

Where, G*,G*,G™,G” are free energies of phase
Ax, Ay, Bx, By, respectively, and written  as
follows;

G*=(G;+G) [5a)
G*=(Gi+G) [5b]
G"=(G;+G?) [5¢] .
G*=@G:+G)  [5d]

3. Simplification for InxGal-xAs
Since InxGal-xAs system is ternary, the
equations are simplified to following form. .

G'= E;fP, +Gap,,+ Le, +RT(p, In(p, )+ 1, ln(pw))]
[6a]

G =[G21p +[C2 P [6b]

The selected lattices are demonstrated in Fig 2.

So, the total energy of (In,Ga)As is written as
follows.

G=@G'+G)=G" p, +G™ po +[Lic Jpspo

+RT[paln(p. )+ peIn(ps. )]

{7
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Fig.2 Two lattice model used for thermodynamic

modelling of InAs-GaAs system

The form of eq.[7] is the same as that of binary
excess enthalpy model, which has the following
form.

G=G"p, +G™p_. +Q

hMPJm{:AUChi:

8]
+RT[thl(pM_)+pM].n(pM )] 8]

So, we can treat In-Ga-As ternary system as InAs-
GaAs binary solution system.

4. Thermodynamic driving force

Since InxGal-xAs liquid has metalic character,
excess enthalpy term for liquid should be much
smaller than that of solid solution. In this study,
the excess enthalpy of the liquid is stated to be
ZEro.

Gl = PM.U“M-.; + po‘m.-_!.‘ucm,c = PM.LI“ZA—L +pM‘L;I;L
+RTEDW 10 (s )+ Powes (Pone )]
[9]

For the solid, we can not neglect the excess
enthalpy term.

(j:} :#:ak:pnu +Ju;-.-tepﬂcw +Q woass P nseP cars
+RT [pra (P ) + Powe 1P )|

[10]

To calculate the eq.[10], we have to know the
coefficient of excess enthalpy. For the purpose,
we used DLP (differential lattice parameter) model
developed by Stringfellow10),11).

In DLP model, excess term is represented
without the phase equilibrium data, as follows.

Aa

Q=4375K == [11]
a

Where ,

between

K is empirically determined coefficient

lattice constant and enthalpy of

decomposition for semiconductors.
K=5.279X107A25 [12]

So, chemical potentials of InAs and GaAs are
written as follows.

1) Liquid state

Fowi = Hows +RT Inp,, ) [13a]
Mo, = M, , +RTIn (!J'J\:A:‘L) [13b]

2) Solid state

Hos = Hons + RIN(pop Y+ QP ~ pows)  [13¢]
Hoanes = #;-L-,x +RT ln(pmc ;‘)+£2pan::(l = Poas s') [] 3d]

So, chemical potential differences between liquid

state and solid state, Au, are represented as

follows.
AIJM = By s = Mipns :#;«L _ﬂ;w
r [14a]
+R7 En QJ_'I‘.A’JL)—- ]-ﬂ(Pmﬂ)]‘ QPIM:;' (1 i Pm; s)
D e = Boggs ™ Boves = Hown ~Hous
[14b]

+RT [0 (pae. ) ~10 (Poses ) | Pones (= Pones)

Moreover, the following equations are valid for

pure InAs and GaAs.
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o _ o o Tablel Parameters used for calculation
Aise = Brnses = Mys = T Tine "'T) [153] . )
N, s
AH, ‘ Name value | reference
? = o - ’ L:'—'&TIM—T 15
Abous = Mo = Houn, Ty ( ' ) [sb] InAs melting temperature(K) ~ | 1215
: GasAsmelting temperature(K) 1511
. InAs enthalpy of melting(J/mol.) 110000 | 76986-140000
Using eq.[15a] and eq[15b] , eq.[l14a] and Gads enthalpy of melting (Fmol) __ |120000 87864153000
eq[14b] are rewritten. InAs-GaAs coefficient of cxoss enthalpy (Vmol) | 12000 | 11794
AH, ' . . ,
Aty =222 (T, ., ~T) sy ~
150000 L
+RT En (pm.; )" ln(pm.s)]' s Q P M.:) 1300 :
' 120000

Al =AH_..‘.'£°"‘.;(LM —T) . :i;um' -
Tcon [16b] =
200007 ~8— lokx

AT ) 1 B -p.) - s

Inks: 110000/ 80 |
Gahs: 120000000},

5. Phase diagram reconstruction

To evaluate the validity of above equations, we
checked whether the equations reconstructed
experimental phase diagram or not.

At liquidus temperature, chemical potential
differences between liquid and solid must be equal
to zero for both InAs and GaAs.  So, the following
relations must be satisfied at liquidus temperature,
TL.

Fig 3 Latent heats of InAs and GaAs

Figure 4 shows an example to determine
liquidus temperature and liquidus composition for
desired  solidus  composition  (p,,,=02).
Calculated phase diagram is shown in Fig5. In

P, =ty = s (T. e Tz) the figure, experimental data are also plotted. Itis
' T [172) shown that the calculated curve well explains the
+RI[inp,,,)-n(p,, )er...0-5,,,)=0 expetimental data, which means the validity of the
Lo : e e present approach.
AH
Posni ™ Howws == (0, 0~ T,)
+R1 [in6p..,, ) 10p,., )} @, 6P, )=0 R = =
1400 == = (O [N
[17b] 12m - - - .

10O

SINCe Pt Pasei = Pons +Pos =1,  unknown
paramters are InAs fraction in the livid, p,,,, InAs
fraction in the solid, p,.., and liquidus
temperature, 7, So, we can calculate (p,....7,) . .
for desired p,,, using eq[17a] and eq.[17b]. TR LAl e
Since there were many latent heats data for both

InAs and GaAs13)14) , we used averaged values, Fig.4 A method to determine liquidus temperature
which are shown in Fig.3. Parameters used in the and liquid compoition at deired solid
calculation are listed in Table 1. : composition
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Fig.5 reconstructed InAs-GaAs phase diagram
using thermodynamic parameters

6. Phase separation in sub solidus region

Since this model has excess enthalpy for solid
solution, phase separation region is expected at sub
solidus part. The phase scparation region is

defined by following equations.
G (0)2 PG (x1)+ 2,6, (x2) [18a]
oG oG

rwm2

Inside the separation region, spinodal region is
also expected, which is defined by the following
equation.

8°G

o’ <0

[19]

Free energies of the solid solution were
calculated at sub solidus temperatures. Figure 6
shows some examples of calculated free energies at
different temperatures.

Both calculated phase separation region and
spinodal decomposition region “are plotted in the
phase diagram, shown in Fig.7.
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Fig.6 Calculated reltaive Gibbs free energies of
solid, which indicate temperature effect of
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Fig.7 Calculated InAs-GaAs phase diagram which
indicate a possibility of phase separation of
solid at low temperature range

7. Summary

To evaluate thermodynamic driving force

“during the growth process of InGaAs, simple two

lattice excess enthalpy model is applied. It was
found that the In-Ga-As ternary system could be
reduced to InAs-GaAs pseudo binary system,
keeping the accuacy of two lattice model. DLP
model was applied to estimate excess enthalpy term
for the solid. The reconstructed phase diagram
well explains the experimental phase equilibrium
data. This result represents the validity of the
present approach.

Thermodynamic driving force is a basic
parameter for crystal growth research.  The
present work supplies one simple solution to
evaluate the parameters.
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