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Abstract

Ingots of GaAsySbl_y alloys have been prepared by various
directional freezing techniques, the rate of freezing being kept
sufficiently small (e.g. "~ C.5cm/day) that equilibrium conditions were
obtained in cross-sectional slices. Samples from these slices have
then been investigated by powder X-ray photographs and an X-ray fluore-
scence technique to determine the variation of lattice parameter with
composition and the range of single phase solid solution. The results
show that this system has a solid miscibility gap of maximum range
0.38 <y < 0.61 and that this corresponds to a peritectic reaction.

In the range O < y < 0.38 the lattice parameter ao fo;lowé the Vegard
line, but for 0.6l <y < 1.00 ao lies below this line. By annealing
samples in the liquid-solid two-phase fields, data have also been

obtained on the solidus curve and the peritectic temperature has been

shown to be 745 + 5C.

Solidus isotherms and isoconcentration lines have been
experimentally determined for the Ga-In-Sb ternary diagram by means
of the technique of annealing samples in the two-phase liquid-solid
field and quenching, a method shown previously to give good results
for the pseudobinary section. The results are compared with data

predicted by the simple solution model. 1In this analysis, the linear
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temperature dependence of the interaction parameters %ca-sb’ *In-sb’

aGa_In‘and aGaSb—InSb has been examined and also the effect on the
3 predicted data of variation in the values of these parameters. It is
shown that while the model can give values of liquidus isotherms in
good agreement with the available experimental data, the predicted
solidus isotherms and isoconcentration lines are very different from
the experimental data. No reasonable variation of the a parameters
can eliminate this latter discrepancy and it is seen that in the case

of this particular ternary system the simple solution model is of no

value for prediction of solidus data.

Tie-lines, boundaries of three-phase fields, range of
immiscibility of the solid solutions, details of the liquidus sheet
have been experimentally determined for the Ga-As-Sb ternary diagram
again by means of the technique of annealing and quenching. Samples
were annealed to equilibrium in either two-phase liquid-solid fields
or three-phase liquid-solid-solid fields then quenched in order to freeze
in the solid phase(s) in equilibrium in the solution. The results are
compared with the predictions of the simple solution model which is
successful in predicting a peritectic behaviour for the pseudobinary
section of the diagram. The interaction parameters are treated as
linearly dependent on temperature except for o found to be

GaAs-GaSb

constant. The model shows reasonable agreement with the few
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liquidus data available but fails to reproduce the measured range of
the miscibility gap except at the peritectic temperature. No variation
of the interaction parameters could bring the theoretical predictions

in line with the experimental solidus data.

The solid-solid interaction parameters were then tested for
a dependence on solidus composition but this latter analysis showed
that if any success is to be obtained Here, those interaction parameters
would have to depend on both the temperature and the solidus composition

and in no simple manner.




Originality

To the knowledge of the author, the following aspects of
this thesis represent original work performed in the Department of

Physics at the University of Ottawa.

The experimental determination of a miscibility gap in the
range of solid solutions of the alloy system»GaAsySbl_y. The
investigations were carried out on samples with compositions on the
pseudobinary section GaAsySbl_Y as well as off that section of the
ternary system Ga-As-Sb. The experimental technique was that of

annealing samples to equilibrium, then quenching to freeze in the

solid phase in equilibrium.

An energy dispersive X-ray analysis (fluorescence) was used
to determine the range of single phase solid solution for Gaas Sbl-y
and investigate the variation of lattice parameter with composition.

A departure from Vegard's law was established for the GaAs-rich end of

the composition range.

The verification of a peritectic behaviour for GaAsySbl_Y

and the preparation of an ingot from the melt by very slow step~-freeze

in order to show the abrupt change in composition due to such a peritectic

behaviour.




The technique of anneal and quench was also used to
characterize the phase diagrams of two ternary systems: Ga-In-Sb
and- Ga~-As-Sb. The investigations were centered on the determination
of isothermal sections: tie-lines, boundaries of three-phase fields,
solidus isotherms and isoconcentration lines and details of the

liquidus sheet.

The simple solution model was used for the theoretical
treatment of the data. The emphasis was put on the evaluation of

the interaction parameters:

a) the temperature dependence of o da

Ga-sb’ “%rn-sp 2"
o was redetermined
Ga-As

a

P)  the parameters o . .. ., oy ,, and ®111,v-111,V"
were taken as linearly dependent of temperature

c) the solid-solid interaction Parameters were tested

for a solidus composition dependence with the

experimental solidus data collected.
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Chapter 1 Introduction

In recent years, pseudobinary systems of alloys formed from
elements of the group III and V have received considerable attention
because of the possibility of obtaining a required band gap value by
choice of the composition of the alloy used. Such a possibility is of
considerable interest in the application to various devices such as
optical detectors, L.E.D.'s and Gunn oscillators. In the selection of
suitable alloys, in the production of single crystal samples and in the
fabrication of devices, a knowledge of the range of solid solution, of
sample composition and of the phase diagram of the appropriate alloy

system is essential.

This research project on the characterization of the phase
diagram of some III-V ternary systems started from the need to produce
homogeneous samples of the pseudobinary alloy system GaAs Sbl_y for
investigations of its electrical and optical properties especially for the
middle composition region. There was very little work published on this
alloy system and in fact, the range of solid solution was not well
defined and the lattice constant-composition relation still very
approximate. Once these properties were established satisfactorily it
was decided to pursue the investigations into the characterization of
the phase diagram of such alloy systems both theoretically and experi-
mentally. The system investigated in this study were the ternaxry III-V

systems: Ga-In-Sb and Ga-As-Sb.
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The report of this research project has been divided in such

a way as to preserve the chronology in which the various analyses were

carried out.

Chapter 2 recalls some of the important properties relative to
such alloys and describes the various growth methods used in this labora-

tory for preparing these alloys.

Chapter 3 describes the technique used to investigate the range
of solid solution of GaAsysbl_y and the lattice constant-composition
relation.

Chapter 4 reviews the properties of ternary phase diagrams and
chapter 5 presents a theoretical model developed by Guggenheim in

order to predict the equilibrium conditions which hold for such alloy

systems.

Chapter 6 gives a reinterpretation of some of the parameters

included in the theoretical model.

Chapter 7 presents the experimental and theoretical analyses

carried out on the phase diagram of the ternary system Ga-~In-Sb.

Chapters 8, 9, and 10 report the various experimental and

theoretical analyses on the pseudobinary section Gals Sbl-y as well as

on the whole phase diagram of the ternary system Ga-As-Sb.

et ied



Chapter 11 discusses recent developments and suggestions for

improving the theoretical treatment.

The summary contains further suggestions for future work.
Appendix A describes various experimental techniques and finally,
appendix B shows the detailed calculation leading to one of the important

equations of the theoretical model.
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- 2.1 Introduction

As stated previously, the wide variety of applications for
crystals of the binary III-V compounds has generated much incentive to
3 pursue fundamental research on the properties of such systems. But to
be able to undertake any new research programs it is essential that a
knowledge of some of these basic properties already established be

acquired so that any profitable advancement be achieved.

Since this study deals with ternary III-V systems, the aim of
this chapter is to recall some of the properties of solid solutions formed
between various binary III-V compounds. Discussions on elemental properties,
binary mixtures, crystalline structure and techniques of crystal growth are

also included.

The literature is abundant yet little is known for instance of
the physical changes of some III-V compounds as well as of ternary and
quaternary alloys involving these same compounds. As an example, the
melting point of boron nitride still remains undetermined which goes
to prove that there is still progress to be made in the field of

III-V compounds.

In this study, the combinations between four particular elements
will be discussed: gallium and indium of the group III and arsenic and
antimony of the group V. BAmong the various properties of interest here
those pertaining to thermodynamics as for instance free energy, entropy,

enthalpy, phase diagram, etc,will be left out as they will be treated at

"




a later stage in this work. The reason behind this is to present the

various properties concurrently with the related experimental investigations.

Various tables and diagrams are inserted in the discussion in

-3 order to complete or clarify the discussion of each individual property

when justifiable.

2.2 Elements of the Groups III and V

The four elements of interest throughout this work are compared

with their neighbours in a section of the periodic table (table 2-I).

From table 2-I, it is readily seen that for an isolated atom,
all elements of group III have two '4' electrons and one 'p' electron in
the external portion of the electronic shell. Similarly, the isolated
atom of a group V element contains two '4' electrons and three 'p'

electrons in the external shell.

Another characteristic of interest here is that elements of the
group V have high vapour pressures, particularly arsenic which sublimes
at normal pressure before reaching the melting temperature. The latter
property makes crystal growth involving these elements all the more dif-

ficult and special care has to be taken during the growth process which

will be discussed later.

i  r



Table 2~I Section of the periodic table describing elements of the groups
III, IV and V respectively. The temperatures are in degrées
Celsius, the specific gravity is quoted with the temperature (oc)
and the energy gap values are in eV at room temperature.

Atomic number 32 - 4424p2 Electron configuration
Symbol Ge 937.4 Melting temperature
Atomic weight 72.59 2830 ° Boiling temperature
Energy gap 0.67 5.323 (25 )] specific gravity
3 key to chart
. 5 2%t e 2522p? 7 2522p3
} B 2300 C 3550 N -209.86
10.811 a. o 12.01115 c. 14.0067 -195.8
1.50 - 1.56 2.34°° 5.4 da. 1.2506°"
13 3823t |14 8232 |15 3823p°
Al 660.2 Si’ 1410 P 44.1%.
26.9815 2467 28.086 2355 30.9738 280.f.
. 2.6989 (207 1.107 2.33(25°) g.
3 as2apt 32 4s24p® 33 as%ap®
Ga 29.78 Ge 937.4 As g17h.
69.72 2403 72.59 2830 o |74.9216 i.
~ 5.907(20°) |0.67 5.323(25°) : e
49 ss25pt |50 5425p° 51 5425p°
In. 156.61 Sn 231.89 Sb 630.5
114.82 2000 118.69 22.70 121.75 1380 o
7.31(200) |o.o8s k. 6.691(20")
81 sazspl 82 6426p2 83 6626p3
TI 303.5 Pb 327.5 Bi 271.3
204.37 1457 207.19 1744 o |208.980 1560
11.85(20°) 11.35(20°) 9.747

a. boron sublimes at 2550°C

b. the specific gravity of amorphous boron is 2.37

¢. carbon is reported to sublime above 3550 C

d. the specific gravities are: 1.8 - 2.1 (amorphous), 1.9 - 2.3 (graphite),
3.15 - 3.53 (diamond).

e. this value is the density of the gas in g/1.

f. these values are for white phosphorus

g. the specific gravities are: 1.82 (white), 2.12 (red), 2.25 - 2.69
(black) : .

h. at 2.8 MPa of pressure

] i. arsenic sublimes at 613°C ‘

N j. the specific gravities are: 1.97 (yellow), 4.73 (black), 5.73 (gray).

£ : k. the specific gravities are: 5.75 (grey or @), 7.31 (white or B).

1. for a=-Sn o




2.3 III-V Binary Compounds

The charactoristic properties of the III-V binary compounds
are certainly most significant when considering alloy systems of these
compounds and particularly the pseudobinary solutions. The compounds of

interest here all behave as semiconductors.

2.3.1 Crystal structure

Of all the properties to be covered in this chapter regarding
III-V semiconductors, it is essential that the crystal structure be dis-
cussed first. The crystals of interest here have a tetrahedral structure
in which each atom is surrounded by four nearest neighbours situated at

the vertices of a tetrahedron. Thus the lattice formed has a coordination

number of 4.

The compounds considered in this thesis have a zinc-blende
structure: each atom of one element lies in the center of a tetrahedron
formed by the four nearest neighbouring atoms of the other element, and
the base triangles of two such interpenetrating tetrahedra are rotated

60o with respect to each other (see figure 2-1).

Fig. 2-1 The orientation of the base triangles in two interpenetrating
tetrahedra. :




A more complete representation of the zinc~blende lattice is

given schematically in figure 2-2. It is described as two interpenetrating

face-centered cubic sublattices.

Fig. 2-2 The zinc-blende lattice. Two interpenetrating f.c.c. lattices.

Two tetrahedra rotated by 60° are also outlined (they are not
interpenetrating here).

The two sublattices are orientated parallel to each other and
are displaced by a vector ?( a/4, a/4, a/4) where 'a' is the length
of the edge of the elementary cube forming the unit cell. The length of

the vector ? is then found to be  av3/4 and it also represents the dis-

tance between nearest neighbour atoms.
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The positions occupied by the atoms are not those of the points
of a Bravais lattice and when the cubic configuration is used, the unit
cell contains 8 atoms. The structure is identical to the diamond lattice
except that in the latter case, carbon atoms occupy all the lattice sites.

Other characteristics of the zinc-blende lattice may be observed upon

inspection of figure 2-3.

[111]

Fig. 2-3 The zinc-blende lattice observed perpendicular to a [lll] -axis
and along a [110] -axis.
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In the [110]-direction, identical hexagonal rings may be observed with
alternating kinds of atoms situated at the vertices. Along the [lll]—
direction, alternating planes of only one kind of atom appear with the
disfénces between them alternating between two different values. If the
successive planes are viewed along the [lll]-direction, the pattern is
inverted when viewed along theliii]-direction and consequently the two
directions are distinguished from one another. This means that the
[lll]-axis is a 'polar axis' in thelzinc—blende structure as a consequence

of the absence of an inversion center.

A further characteristic is that the III-V binary compounds with
the zinc-blende structure differ in as much as the lattice constants a

are different. The value of 4 for some of the compounds are tabulated in

table 2-II.

Table 2-II Lattice constants of four III-V binary compounds

Compound Lattice constant a Reference
Gahs 0.56534 + 2 x 10 - nm (18°C) (58G1)
GasSb 0.60954 + 1 x 10 ° nm (18°C) (58G1)
InAs 0.60584 * 1 x 10 ° mm (18°) (58G1)
InSb 0.647877 + 5 x 10 ° nm  (18°C) (58G1)
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2.3.2 Stoichiometry

Among the various properties of semiconductors, the width
of the forbidden gap as well as the nobility of electrons and holes
are’ two very important parameters which are characteristic of the band
structure which differs for each semiconducting material. It is not
the scope of this study to deal in detail with these properties.
However, one important factor that can affect the semiconducting pro-
perties of the various III-V compounds of interest is their chemical

formation. To be more specific, it is the departure from stoichiometry

that is considered here.

Deviations from stoichiometry in III-V compounds are very
small from a macroscopic chemical point of view. However, the very
small deviations that must be possible have a pronouﬁced effect upon
semiconducting properties, dopant incorporation and all the properties
related to dopant incorporation. The elemental semiconductors, silicon
and germanium, do not suffer from chemical deviations but the possibility
does arise for compound semiconductors. Among the compounds of interest

here, GaSb has shown some evidence of non-stoichiometry.

In a more general sense, non-stoichiometry may be properly
considered to result from the presence of native point defects, and
these point defects are present in silicon, germanium and compound
semiconductors. On the other hand, impurities are incorporation in
general in a situation in which there is a dynamic equilibrium between
native point defects and the incorporating atoms. They do not tend, in
general, to redﬁce native defect concentrations. The departure from

stoichiometry for GaSb is believed to be caused by those native defects
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and results in p-type conductivity for this compound.

Therefore, small deviations from stoichiometry can alter
considerably the semiconducting properties of III-V compounds and alloys,
and in view of the technological importance that these materials are

taking, these variations have to be predictable if not controllable.

There remains many more physical properties related to III-V
semiconductor materials and the reader is referred to the various texts

on the subjects of interest (for instance, Madelung 64Ml, Sirota 68S1).

2.3.3 Temperatures of fusion

Finally, another important physical property is the temperature

of fusion of the binary compounds and values are tabulated in table 2-III.

Table 2-III Temperatures of fusion of four III-V binary compounds

Compound Tf Reference
K
GaAs 1511 (55K1)
Gasb 985 (55B1)
InAs 1215 (5311)

Insb 798 (52L1)
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2.4 III-V Pseudobinary Alloys

The previous discussions have been centered around the binary
compounds but as mentioned previously, the main interest of this study
is the behaviour of ternary systems and particularly the pseudobinary
sections of these systems. The III-V ternary alloys :crystallize
in the zinc-blende structure and the alloying involves the substitution
of atoms of one group with other atoms of the same group. It is assumed
that the symmetry properties of the zinc-blende structure are conserved
because the two types of atoms of the same group which occupy one sub-
lattice do so in a fandom manner and therefore, over an extended volume,

the symmetry is that of the zinc-blende structure.

2.4.1 Growth technigques

The remainder of this chapter is devoted to a discussion on the
pPreparation of such ternary alloys and properties associated with it. A
review of the preparation from the melt of such alloy systems was pre-
sented by Woolley (62Wl); even though it is an old methqd, it is still
one of the better methods of obtaining a wide range of compositions for
pseudobinary alloys. In that review, such topics as evidence for solid
solution over the whole composition range, phase diagram determinations
and growth techniques are covered. Many pseudobinary systems are discussed
with reference to the possibility of producing homogeneous material and
it was found that in some cases the ternary systems present no more pro-
blems than the inherent difficulties in preparing the binary compounds
themselves. However, for compounds such as GaSh, GaAs, InSb and InAs

new difficulties arose due to the extreme segregation of components asso-
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ciated with the wide separation of the liquidus and solidus curves on the

phase diagram and thus the difficulty in obtaining equilibrium due to the

very low diffusion rates.

In this laboratory, the author and previous workers have used
several methods of preparation. In most cases, however, the ternary alloys
are grown from a melt of binary compounds and only occasionally are the
elements used. The major point of concern in the latter technique is
the property of elemental arsenic which sublimes at 613°C. The vapour
pressure of the gaseous arsenic can be such that quartz ampoules will
crack or blow up therefore releasing harmful vapours and depriving the
melt of one component. The former technique of working with the binary
compounds eliminates dealing with such high vapour pressures, because these

compounds are available commercially.

In many of the techniques used, it is possible to keep the
temperatures lower than that Qf the highest melting compound because all
the III-V compounds used here are soluble in one another and solutions
can usually become homogeneous relatively fast except in the case when
only a small quantity of liquid is present initially. Usually a few
hours will be sufficient but for some cases involving the compounds GalAs

and Gasb it was found that periods of up to three days were required to

obtain equilibrium.

In this laboratory; five techniques have been used for growth
from stoichiometric melts. However, no epitaxial growth has as yet been

carried out but a project is being set up at the moment.
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2.4.1 i) quenching

The stoichiometric mixture is encapsulated in a quartz ampoule
under a reduced pressure of argon (approximately 35 kPa) and brought
to a fémperature which nears the highest melting point or exceeds it when
possible. The ampoule is shaken to insure good mixing then it is dropped
in a bath of cold oil (room temperature). Oil is used rather than water
to avoid the formation of steam pockets that could slow down the freezing
pProcess. The technique yields non-homogeneous material and is used
mostly to prepare ingots for use with another growth technique or when

anneals of quenched ingots are to be used.

ii) gradient freeze

The furnace has a temperature gradient over the length containing
the stoichiometric mixture. Initially, the temperature at all points is
such as to melt the charge which is then left in long enough for the
liquid to become homogeneous. The temperature is then lowered very slowly
so that freezing progresses from one end. With this technigque, inhomogeneous
growth may occur and is due mostly to the effect of constitutional super-
cooling (see later). The inhomogenéities are characterized by composition
fluctuations on a semi-microscopic scale and must not be confused with
the actual variation of composition along the length of the ingot which
results from the growth method. These inhomogeneities are more readily
observable for pseudobinary alloys than for binary compounds: in the case
of the alloys which contain three different elements, the random distri-
bution of two kinds of atoms of the same group is confined to one of the
two sublattices of the zinc-blende.structure while each kind of atoms in

a binary compound are distributed on each sublattice thus preserving
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the long-range order. The major fault of this growth method therefore
remains the difficulty in obtaining homogeneous samples large enouch

to allow bulk measurements.

iii) step~freeze (or horizontal Bridgman)

The furnace has two zones; a high temperature zone where the
charge is completely molten (the properties of solubility are often usea
in this case in order to avoid too high temperatures), and a second zone
kept at temperatures below the lowest melting point but yet high enough
to avoid condensation of vapours on the walls of the quartz ampoule con-
taining the charge (e.g. arsenic vapours). The two zones are separated
by the smallest distance possible and this narrow section of the furnace

is often cooled in order to provide as steep a temperature gradient as

possible.

A charge, encapsulated in a quartz ampoule, is left in the
hot zone until the solution has liquified completely and then mechanically
pulled through the section with the temperature gradient. The rate of
crystallization is kept low by pulling the charge through the gradient
very slowly (typical pulling speeds are indicated later). The advantage
of this technique over the previous one is that homogeneous growth is
obtained at faster rates. Inhomogeneities, of course, can still appear
but reasonably good quality material can be produced in shorter time and

the furnace design is much simpler.

Finally, the rate of variation in composition with length will
depend upon the form of the solidus and liquidus curves of the alloy

system produced and therefore will vary considerably from one end of the
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ingot to the other. When doped material is needed, the movement of
impurities, initially introduced in the charge, will behave differently
as freezing occurs. Different compositions will then have different
amounts of impurities associated with them, thus making the control over

composition and impurity very difficult.

iv) zone growth

The furnace consists of two cool zones separated by a short hot
zone set at a temperature high enough to initiate and maintain a liguid
zone within it. A charge is prepared beforehand by either quenching or
a rapid step-freeze of a stoichiometric mixture. A typical rate would be
a 10 cm long ingot pulled through in a day or less compared with a rate
of 0.5 cm per day in a normal step-freeze. The ampoule containing the
charge is then slowly pulled through the zone. As material crystallizes
at the freezing interface, the melt is depleted in higher melting
component but the later component is being supplied by the charge at

the melting interface.

The method yields an ingot with a composition profile resembling
that of the initial charge but with local inhomogeneities smoothed out
(many inhomogeneities were present because of the rapid treatment given
to the initial stoichiometric mixture). Also, the front and the end part
of such an ingot will be similar in composition distribution to that of an

ingot grown from a step-freeze technique.
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V) sequential growth

This technique was used by Rosenbaum of this laboratory and is
particularly convenient for alloy systems having a wide separation bet-
ween liquidus and solidus curves of the phase diagram. Briefly, the
ingot is initially treated with a relatively rapid step-freeze, the rate
of freezing is chosen so to give a reasonably smooth variation of the
averaged cross sectional composition. This is then followed by a slow
zone recrystallization. For more details on this method, refer to

S. D. Rosenbaum's Ph.D. thesis (72R1).

The various growth techniques described above have the general
advantage of yielding equilibrium specimens over a large range of com-
position from a single ingot, thus providing ideal material for initial
investigation of the physical properties of an alloy system. The resulting
ingots are polycrystalline with coarse grains but show little evidence of
microcracks or porédsity and are quite suitable for measurements where poly-
crystalline samples can be used. Among the alloys of interest however,
there is one exception: for GaSb-rich alloys, high resistance barriers
at grain boundaries in Te-doped specimens were identified by Rosenbaum (72R1)

as the principal reason for erratic apparent mobilities in electrical con-

ductivity measurements.

2.4.2 Constitutional supercooling

As indicated in the previous section, the problem of formation
of inhomogeneities is always present in this type of growth and care must
be taken to reduce this effect to a minimum. The main factor in this

occurence of inhomogeneities is found to be constitutional supercooling.
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Constitutional supercooling occurs when the growth rate exceeds a critical
value which is charac;eristic of a particular alloy system and of the
temperature gradient at the growth interface. It results from excessive
depiétion of the higher melting component from the liquid at the growth

interface. A hypothetical example is given in figure 2-4.

solidus temperature temperature profile
of solid of furnace

liquidus temperature of liguid

7 B

/ —
position along ingot

///

A B

a)

/ —_—

b) position along ingot

Fig. 2-4. Solidus and liquidus temperatures as a function of length along

ingot. The point of interest here is the freezing interface.
a) ideal case,

b) constitutional supercooling.
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Figure 2-4a shows the freezing interface (point A) for an ideal case.
The solidus temperature profile of the crystallized section of the ingot
shows a characteristic variation for a simple case. Line AB indicates
the liguidus temperature profile of the remaining liquid; the constant
temperature implies that the melt is homogeneous throughout. As the
charge progresses across the temperature gradient of the furnace, the
temperature represented by AB drops until it reaches the lowest melting
point of the alloy. The position along the ingot usually coincides with

the end of the ingot for simple systems.

In figure 2-4b , constitutional supercooling occurs: at the
freezing interface (point A), there is a marked depletion of the high
melting component. The melt at point A is lacking high-melting material
because the later is being crystallized faster than it can be supplied via
diffusion or stirring from the rest of the liquid solution. The melt is
therefore slow in recovering an average composition throughout. This
results in a liquidus temperature profile shown by the line AA'B.

Between points A and A' the melt is enriched with high-melting component
that is moving towards the freezing interface with the result that in

this region the liquid has a liquidus temperature profile above the local
temperature of the furnace, consequently, crystallization occurs in this

region also and inhomogeneous material is produced.

In order to correct the effect of constitutional supercooling,
the travelling speed may be reduced to allow more time for the high-

melting component.to diffuse throughout the entire melt. Stirring may
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also be efficient but the vibrations induced at the freezing interface
would certainly increase the possibilities of growing faults. An increase
in the slope of the temperature profile of the furnace (dashed line in
figure 2-4k would also eliminate constitutional supercooling as it would
reproduce the ideal situation described in figure 2-4a. It should be
underlined that constitutional supercooling is self-curing because as the
melt is depleted in high melting component, the average composition drops
such that the curved section (AA') would return below the temperature
profile of the furnace. Nonetheless, inhomogeneous material would still

result from the earlier stages of the growth.

2.5 III-V Pseudobinary Alloys

There are various techniques to check the homogeneity of solid
specimens from ingots grown from the methods presented above. The most
useful one is the X-ray powder photograph as it yields also the value of
the lattice constant if the sample shows single phase behaviour. The
alloys dealt with here all crystallize in the cubic zinc~blende structure
and it is a matter of routine work to obtain the lattice parameter values
of each sample. Only a small piece of material is lost from that test
and the accuracy of the measurement is of the order of 0.0002 nm in

typical lattice constants of 0.6 nm.
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2.5.1 Lattice constant as a function of composition

The next step is to determine the composition of each sample
which is usually determined with the help of a lattice constant versus
compoéition relation. It becomes quite simple when the Vegard rule
applies to a system as the lattice constant varies linearly with the
composition. The variation of lattice parameter with composition for
the three pseudobinary sections GaxIn

Sb, Ga_In As and InAs Sb
b4 X X y

1- 1- 1-y
has been determined by Woolley and Smith (62W1) . Figure 2-5 shows these

relations. Two systems follow Vegard's law, but the third system

InAsysbl_y differs from it throughout the entire composition range.

With such a simple method of measuring the composition of solid
specimens with accuracy, it is useful to present various ingot profiles

grown from the techniques described earlier. Figures 2-6 and 2-7 are

typical ingot profiles of the alloy systems GaxIn respec-

Sb and InAs Sb
1-x y

tively, grown by the horizontal Bridgman technique.

1-y

Here, the shape of the liquidus and solidus curves yields a
smoother curve for the profile of the GaxInl_be system and therefore
provide better samples of single phase material for bulk analyses. Other
characteristics of ingots of this system are: good homogeneity throughout
the length of the ingot and a tail end which is composed nearly solely of

the lower melting point component, InSb in this case.

The second profile (figure 2-7) for the system InAs Sb displays

l-y

a steep section for which homogeneity is usually poor and thick samples
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InSb 0.20 0.40 0.60 0.80 Gasb
a) XGasb

Insb 0.20 0.40 0.60 0.80 InAs

Fig. 2-5 Variation of lattice constant with composition for three
III-V ternary alloy systems (62W1).

a) Ga In Sb, b) Ga In As, ¢) 1InAs Sb
x 1-x X X .y

1- l-y.
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InSb

14 16 18
d along ingot (cm)
Fig. 2-6. Typical profile of an ingot of GaxInl_be grown from the

horizontal Bridgman technique. The variation in composition
is smooth over the entire length of the'ingot.

InAs

TZC-10

Insb 1 ! ) L L 3 1 '
0 8 10 12 14 16 18
d along ingot (cm)
Typical profile of an ingot of InAs Sb _, grown from the
horizontal Bridgman technique. The sudden change in composition
yields single phase specimens that have to be cut very thin.

Fig. 2-7.

InAs
TZC-12

0.8

\
\\
] ) 1 i 1 te

10 12 14 16 18
d along ingot (cm)

Fig. 2-8. Profile of an ingot of InAs Sb

1-y grown from the sequential.
growth technique (72R1).
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of homogeneous material are hard to obtain. Again the tail end is prac-
tically pure InSb. Typical traveling rates used for such alloy systems

have been of the order of 0.3 to 0.8 cm per day.

A behaviour such as that displayed by the system InAsySbl_y

is not particularly convenient and such an ingot can be treated by the

sequential growth process. A typical profile of an ingot of InAsySbl_y

submitted to this last technique is shown in figure 2-8. It is, however,

not necessary to present profiles of the system GaxIn xAs as its

l_
behaviour is comparable to that of GaxIn Sb.

1-x
2.5.2 Range of miscibility in solid solutions
The final property to be discussed here rega;ding the III-V

pseudobinary alloys is the range of solid solution. It is clear now

that the three systems presented above all show total miscibility throughout

the whole composition range. There is, however, another combination of
binary compounds which yields a fourth ternary system, namely the GaAsySb
system. Very little has been reported on the growth of this system: the
available experimental data of Woolley (62Wl) and Inoue et al. (70Il1) seem
to indicate that the liquidus and solidus curves are quite widely
separated thus suggesting increased difficulty in growing alloys of such

a pseudobinary section. Rosenbaum had already noticed a high degree of
segregation when a few ingots were grown but the results remained frag-

mentary. The system InAsySb also showed a steep section (figure 2-7)

1-y

which suggested the possibility of non-mixing of the constituents or at

best instability of some phases. Sequential growth; however, has for-

1l-y




27

tunately eliminated that possibility.

In Chapter 3, the ternary system GaAsySb is thoroughly

1-y

inveséigated in order to determine the range of solid solution for this

alloy.
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3.1 Introduction

Of the four possible ternary systems of the guaternary Ga-In-As-Sb,
three'have been investigated in considerable detail and particularly the
pseudobinary alloys formed within each system (72P1l). However, a fourth
ternary system, Ga-As-Sb has received until recently very much less
attention and there is little published data on its pseudobinary section
GaAsySbl_y. This is due, to some extent, to the difficulty in producing

samples in equilibrium for these alloys.

3.2 Review of Literature

Muller and Richards (64M2), using a flash evaporation method of
preparation, indicated that complete solid solution occurred over the
whole composition range and that, to a reasonable approximation, Vegard's
law was satisfied. However, they showed the results for only one alloy
sample, that is y = 0.50. Potter and Stierwalt (64Pl) produced alloy
films by vacuum evaporation of the metallic constituents and claimed
complete solid solution, but this paper shows some uncertainty in alloy
composition close to y = 0.50. Straumanis and Kim (6581), in an inves-
tigation of the lattice parameter variation of the alloys, prepared samples
by quenching from the melt and then annealing in the solid form. For the
GaSb-rich range, that is 0 < y < 0.35, they obtained reasonably good
homogeneous samples, and showed that in this range Vegard's law is obeyed.

However, for samples with y > 0.50, where they had difficulty in obtaining
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equilibrium conditions, their tentative results indicated that the lattice
parameter values probably fall below the Vegard line in this range.
Clough and Tietjen (69Cl) produced alloys by a vapour transport technique
but had no samples with composition in the range 0.38 < y < 0.69. The
liquid epitaxy method was used by Antypas and James (70Al) to produce
alloys but, again, all of their samples had y > 0.75. In measurements

of the physical properties, various workers (e.g. Woolley (62Wl), Sirota
and Matyas (68S2) and Thomas et al. (70T1)), have made the convenient
assumption that Vegard's law is satisfied in this system, but in none of
these cases did the compositions of alloys they determined lie in the

range 0.38 < y < 0.70.

On the theoretical side, Antypas and James (?OAl) calculated
the liquidus and solidus curves for the pseudobinary section GaAs Sbl—y
using Darken's (67Dl) quadratic formalism for a ternary liquid and
assuming a regular solid solution and concluded that single phase solid
solution occurred throughout the whole range of composition. Van Vechten
(70V1) , using the spectroscopic theory of heats of formation to calculate
internal energy values, predicted that complete solid solution should
occur. However, subsequent phase diagram calculations by Stringfellow
(7281) in which the thermodynamic properties of the liquid are treated
from a regular solution model and the properties of the solid are
calculated from a spectroscopic theory of chemical bonding, indicated
that the system showed a peritectic behaviour and predicted a solid
phase miscibility gap of approximately 0.20 < y < 0.65. Calculations

of liquidus and solidus curves by Panish and Ilegems (72P1) also indicated

that a miscibility gap exists in this system. They used a method of cal-
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culation called 'simple solutions' which is similar to the approach of
'quasi-regular solutions' used by other authors. Brebrick and Panlener
(74B1) using an ideal liquid-quasiregular solid model have also shown the
possibility of a peritectic behaviour. Thus the collected data up to now
are not conclusive as to the range of miscibility in the system or as to

whether Vegard's law is satisfied.

3.3 Crystal Growth

The first investigations in this study were orientated towards
the lattice constant-composition relation. 1In order to do so, an X-ray
fluorescence technique was used. This technique is fairly standard for
detection of trace elements (72L1), but has had much less application for
composition analysis as required here. But before going any further it
is perhaps more valuable to discuss the type of material that was avail-

able and see why and how this technique was utilised.

It has been indicated in chapter 2 that in the case of other
mixed ITII-V systems a very convenient method of obtaining a number of
alloy samples of different compositions by a melt growth method is to
prepare an ingot by some suitable directional crystallization technique.
This has been done here, and polycrystalline ingots of length 15 - 20
centimetres have been produced by the three following techniques, viz.
a) step-freeze or horizontal Bridgman, b) zone recrystallization in a
uniform ingot, and c¢) sequential growth. In all cases, the initial
charge of 25 - 30 grams was prepared from appropriate amounts of the two
compounds in broken ingot form. These were sealed in quartz ampoules.

In methods a) and c), the charges were then placed in the hot zone of
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the step-freeze furnace and held in the molten state for approximately
48 hours to allow good mixing of the components before the freezing
process was initiated. (Of course, with method c¢) the ingots were
furthér processed as described in chapter 2). The cold zone was held
at 600°C to avoid transport of arsenic to that end of the system as the
ampoule was pulled through the 'step'. The temperature gradient at the
'step' was 72°C/cm. In method b), a similar initial melting was carried
out and the ingot then allowed to solidify in a horizontal position
before being passed through the zone furnace. The molten zone width
varied with ingot composition, position in ingot, etc. but was normally
in the range 5 - 7 centimetres. The liquid zone therefore generally

accounted for 25% of the overall length of the ingot.

In all three methods, the rate of movement of the freezing sur-
face was made very slow: 0.3 - 0.8 cm/day, since previous work (62Wl)
had shown that these very slow rates were necessary if equilibrium were
to be attained and homogeneous cross-sections produced. Cross—-sectional
slices, 0.5 to 0.8 millimetre thick, were then cut from every ingot and
samples from each slice checked with a standard powder X-ray photograph
to determine whether a single phase condition had been attained in each
case. The majority of slices thus investigated were found to be homo-
geneous and single phase, and the powder photographs were analyzed in
the normal way to deterxmine the lattice constant 'a' for future use.
Because of the use of directional crystallization techniques, in all
cases, the composition of the cross-sectional slices varied with position

along the ingot and since no definite lattice constant-composition
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relation existed except for the assumption of a Vegard-like system it
was found necessary to investigate a mean of determining the composition

of the homogeneous samples grown by either one of the three techniques

described above.

In figures 3-1 to 3-4, various ingot profiles are presénted.
The composition is found by obtaining the lattice constants from X-ray
powder photographs and assuming a Vegard law for this alloy. It is
of interest to underline at this early stage the appafent absence of

homogeneous material in the range 0.38 > y > 0.80.

3.4 X-ray Fluorescence Analysis

3.4.1 Instrument and method

In order to determine the composition of the single phase
specimens of GaAsySbl_y, a method rarely used for that precise purpose
was adopted: X-ray fluorescence analysis which is also known as energy
dispersive X-ray analysis or spectrochemistry. The method has often
been used in quantitative analysis of very small amounts of material in
a sample. However, the introduction of improved detectors and high
resolution analyzers have made it possible to adapt the technigque for
accurate determination of large amounts of multicomponent alloys.
Basically, the system used here consists of a Y source of Iodine-125
(LO0 millicuries) used to excite the characteristic K radiations of the

three elements to be determined. The essential components of the X-ray

fluorescence spectrometer are a Li-drifted silicon detector, held at 77 X,
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Fig. 3-1. GaAsySbl_y - profile of ingot TFF-1 (step-freeze).
Composition determination assumes a Vegard law.
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Fig. 3-2 GaAsySbl_Y - profile of ingot TZF-2 (travelling zone).

Composition determination assumes a Vegard law.




.l'.i "

35

GaSb 1 1

2 4 6 8 10 12
d along ingot {cm)

Fig. 3-3 GaAsySbl_y - profile of ingot TZF-6 (travelling zone and

sequential growth) . Composition assumes a Vegard law.
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Fig. 3-4 GaAsySbl_Y - profile of ingot TZF-4 (travelling zone and

sequential growth). Composition assumes a Vegard law.
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followed by a multichannel pulse height analyzer. (Nuclear Diodes,
model 705/706) . The system resolution for 5.9 KeV manganese Ka X-rays
(taken with a radioactive Fe55 source) is 196 eV at FWHM (full width half

maximum) . The resolution calibration is 20 eV per channel.

The detector, kept at low temperature and under vacuum, is
placed behind a beryllium window (0.0075 cm thick). The later is pro-
tected by a thin mylar membrane to eliminate the possibility of dust
or sample particles falling upon .it since the beryllium window breaks
easily because of the atmospheric pressure it supports. Specimens are
placed on a sample holder which consists of a thin plastic membrane.
mounted on an acrylic cylinder. All these precautions were taken in
order to protect the beryllium window as the presence 9f these various
membranes did not reduce significantly the amount of radiation detected.

Figures 3-5 and 3-6 show the various parts of the X-ray fluorescence

system.

3.4.2 Sample preparation

The samples were prepared in powder form as it was found to be
the most suitable format for this type of analysis. The powder was very
fine (less than 51 -the powdering method is described in Appendix A) but
it was later found that such a fine size was not necessary: Claisse (62Cl)
has shown that the fluorescent intensity usually increases with decreasing
particle size until the absorption in an individual particle is only a few
percent, then the dependence on particle size disappears. Studying a
system containing fluorescent and non-fluorescent particles (e.g. lead

5 .
sulphide in silica) excited by Co 7, he calculated the ratio of the
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Fig. 3-5a Side view of X-ray fluorescence excitor and detector assembly.
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Fig. 3-5b. Side view of sample and source.
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Fig. 3-6. Block diagram of detection system.
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intensity of incident radiation over fluorescent radiation and found it

to be maximum and constant for particle sizes up to 200 microns. In

this case, both exciting and fluorescent radiations are relatively pene-
trating but when the radiation only penetrates the surface, the fluorescent
intensity becomes independent of particle size. Nevertheless, the
powdering technique developed here was used for every sample as it did

not involve any great difficulties and the fine powder was preferable

for X-ray powder photographs when they were required.

3.4.3 Calibration

As is often the case with new instruments, a lot of preliminary
work had to be done in order to adjust the equipment to be able to obtain
spectra of multi-component alloys*. Once the energy range suitable for
analysis of fluorescent radiations from the four elements, gallium,
indium, arsenic and antimony was finally adjusted, came the calibration
of the instrument for the specific ternary system Ga-As-Sb. The first
measurements toward the calibration of the apparatus were made on quenched
samples in the composition range 10% to 90% GaAs-rich. The samples were
prepared from stoichiometric mixtures of small pieces of polycrystalline
GaAs and Gasb, the total wéight of each sample being 2 grams. A melting
furnace was heated to between 1150°C and 1200°C (temperature determined

* The author wishes to thank Mr. D. Martel who spent a great deal of time

in making the system operational while working on an M.Sc. project.
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by a Pt-Pt 13% Rh thermocouple). Each mixture was sealed in individual
quartz ampoules and introduced directly into the hot zone of the furnace.
They were left for 75 minutes with a 3-minute shaking period after the
first 15 minutes. Quenching occurred quite rapidly as the ampoules were
held in a vertical furnace and then dropped into an oil bath (free fall

of about 30 cm ).

Each ingot was powdered individually and the total amount of
powder was then placed on a thin plastic film mounted on an acrylic
cylinder. It was felt at this stage that the multi-phase material could
be used adequately for calibration purposes as it was obvious that poly-
crystalline material had been formed and the whole ingot retained the
overall initial composition which was necessary for the calibration of
the instrument. It is important to notice here that the whole powdered
ingot was submitted to the radiation source so that the detection and
analyzer systems would "see" the initial composition. However, it was
found later that this precaution was unnecessary and thorough mixing of
the powder insured that a small sampling of the mixed powdered ingot

was representative of the initial composition. The sample of powder was

then exposed for fixed periods of time (30 minutes in these initial

trials).

The paths of the incident and emitted radiations may be fol-
. . 12
lowed on figure 3-5 and go as follows: the radiocactive material (I 5)
is mounted in a hollow cylinder and collimated to give a cone of incident

radiation. The excited atoms of the sample fluoresce in all directions

and a fraction of this emitted radiation reaches the Si(Li) detector.
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The detected radiation is then analyzed and recorded via the electronics

described in figure 3-6.

The resulting spectrum for each sample thus analyzed was

recorded and stored for future analysis.

It was then decided to investigate the possibility of simplifying
the preparation of calibration samples as the quenching technigue proved
to be rather time consuming. A second set of samples was prepared iden-
tically with the previous one, that is from pieces of GaAs and GaSb, but
was simply mixed then powdered and not melted. Direct synthesis of the
three elements Ga, As and Sb could have also produced a stoichiometric
mixture but this method was abondoned for two reasons.. First, powdering
gallium is a difficult operation because of its very low melting point.

Second, it is known that the alloy GaAsySb crystallizes in the zinc-—

1-y
blende structure; since the new calibration samples are not heat treated,

a ternary alloy is never formed, therefore it stands to reason that a
mixture of binary compounds with zinc-blende structures and similar nearest

neighbour pairs (Ga-Ga, Ga~As, Ga-Sb, As—As, Sb~Sb and As-Sb) will simulate the

alloy better than the mixed elements will.

The new samples were exposed to X-rays for 30 minutes each and
the resulting spectra compared to those of the quenched samples. Results
clearly demonstrated that all differences lay within the range of experi-
mental errors and therefore the second method of preparation was adopted

forxr all subsequent calibration samples. It was also at this time that
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tests were carried on small sampling rather than the full amounts of
mixture initially prepared. The tests were conducted as follows: for
every sample prepared, an amount of powder (approximately 0.5 gram) was
exposed for 30 minutes and its spectrum recorded, then the analyzed
sample was remixed with the remainder of the powder and again another
amount of powder was sampled and subjected to an identical analysis.
This procedure was repeated once more so that each initial sample was
tested three times for small sampling. Finally, it was possible to com-
pare a set of eight spectra (4 from a quenched sample and 4 from a
straight mixture) for each initial composition. The difference remained
within the range of experimental errors. A further investigation also
revealed that 20-minute exposures were sufficient and provided spectra

amply adequate for analysis.

Therefore, the experimental method for calibration purposes can
be summarized as follows: preparation of a stoichiometric mixture from
the compounds, powdering, and three 20-minute exposures of each sampling
with remixing after the first exposure. This process was followed for

all samples analyzed thereafter.

3.4.4 Analysis and results

The calibfation cannot be completed until the results are
analyzed and the type of analysis dictated which characteristics of
each spectrum was to be considered. Figure 3-7 shows the spectra of two
different compositions and already qualitatively the difference is
striking. In the numerical analysis, a computer programme calculates

the number of counts under each peak and subtracts the contribution due
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Fig. 3-7. Typical Spectra, a) GaAsO.lst.9' b) GaAso.6Sb0.4.‘
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to background noise. It integrates the peaks by fitting them to a gaussian
distribution after assuming initial values for position, height and width
(a standard technique in Nuclear Physics). Then ratios of relative

number of counts between pairs of peaks are calculated. When establishing
a calibrating curve, only three of these ratios are retained, namely:

Ga /As_, Ga /Sb and Sb /As_ where the g's and 8's mean the K and K
o a o a 8 o

B B
radiations characteristic of each element. The contributions due to Ka

1
and Ka (-as well as K .and K radiations of the lower energy elements

2 Bl 2
Ga and As cannot be distinguished here because of the resolution of the
analyzer, however, for Sb the Kd radiations are barely distinguished
from the Kc‘l radiations, but thezKB's are clearly separate. Careful
inspection of figure 3-8 where a typical spectrum is recorded on a semi-

log scale reveals the situation.

The reason for the choice of AsB over Asa also becomes evident
from figure 3-8: the Asa peak overlaps the GaB peak and complicates the
analysis. At the Sb-end of the spectrum other peaks as well are present
due to the radiations associated with various emission and scattering
processes. All these peaks are identified in figure 3-8 and table 3-I
compares their characteristic energies with those of the three elements
of concern here. In the numerical analysis, all peaks present are treated
with a gaussian distribution and the background noise is assumed to vary
linearly throughout the spectrum. 1In figure 3-9 the fit between the cal-
culated points (C) and the experimental points (E) is displayed on a

computer output for a typical Sb Ka—peak. It is possible to distinguish

the Ka and Ka contributions within the peak but due to limited resolution
1 2
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isomeric transition
lifetime: 58 days

Characteristic K X-rays of some elements in KeV

gamma energies: 35.48 KeV

ELEMENT Kab KBZ KBl Kal Ka2
Ga 10.368 10.365 10.263 9.251 9.234
As 11.863 11.863 11.725 10.543 10.507
In 27.928 27.859 27.274 24.207 24.000
Sn 29.190 29.106 28.483 25.270 25.042
Sb 30.486 30.387 29.273 26.357 16.109
Te 31.809 31.698 30.983 27.471 27.200

Energy of backscattered radiation from source

E
Compton scattering: E' = Eo
1+ —5 (1 - cos )
where me
E' = scattered radiation (in KeV)
Eo = incident radiation (in KeV)
mc2 = rest mass of an electron = 511 KeV
6 = 180° for backscattering.
for Eo = 35.48 KeV (y-ray) + E' = 31.17 KeV
Eo = 27.47 KeV (Kalx—ray of Te) > E' = 24.80 Kev
Eo = 30.99 KeV (Kslx-ray of Te) +> E' = 27.64 KevV
Eo = 31.70 KeVv (KBzx-ray of Te) + E' = 28,21 KeV
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the whole peak is fitted to a gaussian distribution. The result shown

in figure 3-9 confirms the usefulness of the technique used.

Further tests were conducted in order to standardize the cali-
bration of the instrument. Figures 3-10 to 3-12 reveal the inherent
problems relative to the geometry of the excitation-detection unit and
of the sample itself. Figure 3-10 shows the contribution to the number
of counts when only the sample holder and the milar membrane are
exposed. The background noise is relatively low but peaks already appear
in the high energy end of the spectrum. Figure 3-11 emphasizes the
increase in the number of counts and gives a better resolution of the
peaks present at the high energy end of the spectrum. These peaks are
caused by the Compton backscattering and elastic scattering of the various
radiations present (see table 3-I). Here a sample of pure silicon was
powdered and analyzed. Silicon was known to fluoresce outside the energy
range used in this study and was therefore chosen so that no Si-charac-
teristic peaks would appear in the spectrum. Finally, figure 3-12 shows
a spectrum for a layer of water placed in a sample holder. Water also
fluoresces outside the chosen range of energy and the increase in counts
(compared with figure 3-11) is due to the increased area of sample since

the layer of liquid occupies the full area of the sample holder.

Despite these various contributions to the number of counts in
the spectrum, it was nevertheless decided to retain the geometry of the
instrument and that of the sample holder since they were of a simple design,

and to correct for these effects in the numerical anhlysis,by adjusting
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2
3
1 A T I 1
10 15 20 25 30
‘ Kev
Fig. 3-11. Noise and backscattering for Si. (Exposure time: 20 minutes).
1 : peak due to Compton backscattering of'](OLl radiation of
Te (9=180°) and elastic scattering of Kul radiation of Sn.
2 : peak due to Compton backscattering of K 1 radiation of
Te and elastic scattering of Kul radiation of Te.
3 : peak due to Compton backscattering of K

radiation of
B2

Te and elastic scattering of K 1 radiation of Sn.

B8
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Fig.

3-12. Noise and backscattering for H20. (Exposure time: 20 minut

Kev
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the computer programme, was easy. One effect, however, that could not be dealt
with numerically when tested,was due to the sample itself: more precisely,

to the amount of material to be analyzed. The reason for conducting such

a testréame from the fact that the samples of single phase material to be
analyzed upon completion of calibration were available in very small

quantities (up to 0.3 gram but more often between 0.05 and 0.1 gram).

Varying amounts of the standard samples were analyzed (down to
0.05 gram) and results showed that the values of the ratios varied with
the masses of sample used if these were less than about half a gram. It
is important to note here that every sample then and thereafter was placed
over the same area in the sample holder in order to devise a standard
procedure for the analysis and avoid effects due to the geometry of the

sample in the sample holder as discussed previously.

The variations recorded are due to the effect of the penetration
depth of the incident radiation: the absorption coefficients of the K-
radiations of gallium and arsenic atoms are both large and similar in the
sample, therefore the absorption is practically the same for each element.
The ratio Gaa/AsB remains almost constant for different quantities of
powder (see figure 3-13), and little effect is observed since both types
of radiations are affected similarly with varying amounts of sample.
However, the absorption coefficient of the K-radiations of antimony is
smaller than those of gallium or arsenic in a sample: if, for instance,
the amount of sample is increased, the Sb K-radiations suffer less

. absorption than the Ga K-radiations or the As K~-radiations, and results




102

10}

Ratios

109

107

52

o) Gaoc/AsB
O Gaa/Sba

T4} Sba/AsB

\
\

GaSb 0.2 04

Fig. 3-13. The GaAsySb system.

1-y

06 08

Y

GaAs

Calibration curves for

X-ray fluorescence analysis,

0.10 g




LT,

53

show decreasing and increasing values of the ratios Gaa/Sba and

Sbu/AsB respectively. The calibration curves for the ternary system
GaAsySbl_Y are presented in figure 3-13.

Finally, this effect will show until a certain thickness of
powder is reached and this thickness will be closely related to the
penetration depth of the incident radiation. Beyond this thickness, the
ratios should and do remain constant within the experimental error. As
stated previously, the problem here is that no sufficient quantity of
single phase material of the alloy is available to reach that thickness.
Consequently, the study of ratio versus quantity of material is so impor-
tant that this effect could become the greatest cause of error if not

considered carefully when evaluating the composition of unknown samples.

The single phase samples were analyzed in an identical fashion
as those for calibration purposes. The final analysis was done on the
average values of the ratios found from three exposures (20 minutes each).
The tabulated results appear in table 3-II for a number of various single
phase samples. The identification of each sample is according to the
growth code of the total ingot. From the calibration curves the com-
position corresponding to each ratio is evaluated. The average com-
position is then listed followed by the measured lattice constant from
X-ray powder photographs. Finally, an evaluation is given for the quality

of each sample regarding the homogeneity of the phase.
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Table 3-YI. List of samples used to determine the lattice constant-composition relation
for the pseudobinary system GaAs_Sb. .

y 1-
Sample Gaa/AsB Gaa/Sba qu/AsB Yy 2 m quality /5

TZF-6

5.30 cm 0.380 0.363 0.362 0.370 0.5929 3

6.60 - 0.333 0.317 0.325 0.329 0.5949 3

7.40 0.255 0.241 0.249 0.252 0.5982 5

7.70 0.186 0.211 0.193 0.188 0.6011 5

8.20 0.093 0.093 0.093 0.6053 s

9.20(a") 0.030 0.030 0.030 0.030 0.6079 5

TFP-1

1.55 cm '0.967 0.973 0.973 0.973 0.5667 5

2.05 0.967 . 0.967 0.967 0.5668 5

2.40 0.960 0.959 0.960 0.5668 5

3.55 0.195 0.191 0.6013 4

TZP-2

1.10 em 0.928 0.928 0.928 0.5679

5.00 (A') 0.313 0.298 0.312 0.312 0.5955

5.00(a") 0.265 0.265 0.267 0.5967

5.10(B) * (0.550) (0.493) (0.492)

5.10(A) 0.290 0.277 0.285 0.287 " 0.5968 3+

6.20 0.190 0.178 0.220 4 0.5998 3

1.90t 0.760 0.767 0.79 0.5721 4+
(0.33) (0.5949)

(Cz) TFF-2

2.35 0.953 0.951 0.952 0.5672 5

4.10 0.927 0.925 0.925 0.5680 s

4.70 0.92¢ 0.920 0.920 0.5683 5

5.25(A) * 0.268 0.258 0.262 0.5996 2

5.25(A")* 0.268 0.260 0.264 0.6004 3+

5.35(n')* 0.223 0.219 0.223 0.5989 3+

5.00% 0.853 0.857 0.871 0.5695 4
0.720 0.5739

# All these samples were two-phase at least and could not be used since the detector only records
the average composition of the two phases.

¥ These samples are two-phase but the weak one is almost unnoticeable and changesllittle in the
composition value given from X-ray fluorescence. The values quoted here come from density con-
siderations of the phases present. For sample TZF-2; 1.90 the strong phase (v~ 95%) is the one

chosen for the graph. For sampie (C2)TFF-2:;5.00, the two phases (respectively 90% and 10%) are

digplayed on the graph.
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3.5 Lattice Constant-Composition Relation

The values of lattice constant 'a' as a function of composition
'y! for homgeneous single phase samples are shown in figure 3-14 where

the estimated accuracies are *0.0002 nm in 'a' and +0.01 in composition

y'. The results obtained here are in very good agreement with those of
Straumanis and Kim (65S1) (also given in figure 3-14), and show that in
the range 0 < y < 0.38 the points satisfy a Vegard line but that in the

range 0.70 < y < 1.00 the lattice constant values fall well below this

line.
3.6 Solid Solution in GaaAs_ Sb

y 1l-y
3.6.1 Evidence of a miscibility gap

Figure 3-14 also shows the absence of any specimens in the range
0.38 < y < 0.70 and as mentioned at the beginning of this chapter most
workers including the author have been unable to find or produce single
phase material in that region which now seems to indicate that a miscibility

gap may exist for the pseudobinary system GaAsySbl_y

Such a possibility is substantiated by visual as well as micro-
scopic inspections of specimens which show two regions of different colour
on various cross-sectional slices. Further investigations have corroborated
the presence of such a gap: a study was made of the variation of lattice

constant (and hence composition, since the two can now be correlated)
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along the length of ingots produced with the horizontal Bridgman technique.
In three ingots so investigated, the composition variation with position
along the ingot was found to be of the general form shown schematically in
figuré 5—1, that is single phase behaviour throughout most of the ingot
with a smooth variation in composition near the GaAs end, followed by a
discontinuous change to compositions rich in GaSb. This behaviour had been
interpreted as a growing fault by Rosenbaum (private communications) and
associated to the difficulties encountered by Woolley (62Wl) while growing

alloys of InAsySb However, after four different attempts to sequential

1-y°
growth, Rosenbaum was still unable to obtain any single phase material in

the range 0.38 < y < 0.80.

As indicated by Stringfellow (72S1l) this type gf variation may
be expected from a system showing a peritectic reaction; the miscibility
gap in the range of solid solutions corresponding to the discontinuity in
the solidus curve of the phase diagram at the peritectic temperature
(peritectic systems are discussed in the next chapter). Determinations
of the lattice constant of specimens at the discontinuity will then reveal

the limits of such a miscibility gap.

Because in the production of the ingots, the freezing interface
was not vertical, the presence of the discontinuity was clearly visible
and several adjacent cross-sectional slices could be cut from the same
ingot. Each slice showed a GaAs-rich section characterized by a greyish

blue colour and a GaSb-rich section of a light gray colour.
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While these results were sufficient to indicate a peritectic
behaviour, it was found that the samples could not be used directly to
give accurate values for the miscibility gap. The very slow rate of
growth yiélded good single phase conditions over most of the ingot
except élose to the discontinuity where X-ray photographs displayed
two-phase and occasionally multiphase behaviour. During growth, a
constitutionally supercooled region is always present, but due to the
large amount of supercooling that III-V solutions permit before
nucleating the growth is usually relatively unperturbed. Near the
miscibility gap, the solution becomes supercooled relative to the two

ends of the gap and the crystal surface provides nucleation sites for

both compositions.

In an effort to determine the limiting compositions at the
discontinuity, small samples were taken at various positions on slices
showing the two colour regions. On the X-ray photographs, faint lines
corresponding to one or more subsidiary phases in addition to those of the
main phase discussed above were apparent and measured whenever possible.
It was found that for different ingots and therefore different growth
conditions, it was impossible to duplicate the limiting compositions
of the miscibility gap. Furthermore, the compositions could not be
determined from X-ray fluorescent analyses as thisvtechnique only gives

the average composition of a sample.

3.6.2 Growth of GaAsySbl_y with slow step-freeze

It was therefore decided to prepare a new ingot by the step-

freeze technique but with a much slower growing rate.. The initial com-
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position was chosen as y = 0.30. The temperatures of the two zones were
1100°C,and 500°C. The charge was prepared from the compounds and
tellurium was added as a dopant for future use of the ingot in electrical
measurements. The growth rate was 0.4 cm/day. For this ingot, a double
ampoule system was used with each ampoule individually backfilled to

30 kPa of argon. The purpose of the two ampoules was to prevent
oxidation of the ingot if the inside ampoule should crack. The furnace
was tilted to 3.8 degrees to provide an ingot of reasonable cross-section.
A horizontal furnace would have yielded a long ingot with a smaller
cross—section. It would also involve longer growing periods as well as

smaller surfaces to work with in the case of electrical measurements on

bulk material.

The charge was left in the hot zone for a period of four days
after which the recrystallization process was started by the slow pulling
of the ampoule across the temperature gradient of the furnace. After 37
days, the furnace burnt out but fortunately, a good part of the ingot had
travelled through the thermal gradient and the all important GaAs-rich
phases were present with the sharp change in colour well defined. The
standard procedures were then followed regarding cutting, sampling and
X-ray photography of the cross-sectional slices. A schematic and pic-

torial dossier is presented in figures 3-15 to 3-17.

The double ampoule technique proved very useful as the inner
ampoule cracked but retained its shape because of the outer one. This
prevented the alloy from flowing out and crystallizing in a shape which

would have made measurements nearly impossible. It also prevented




Fig. 3-15

Fig. 3-16

Fig. 3-17
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Part of a cross-sectional slice showing the
sharp boundary between GaAs-rich and GaSb-rich
materiél (ingot CzZ TFF-2).

a) chemical staining b) boundary through

the thickness.

Ingot TFF-73-1 showing the sharp change of
phase.

a) the burning out of the furnace produced
erratic growth at the end of the ingot (right)
b) a closer view of the ingot - the dark region

is GaAs-rich material.

The two faces of a slice from ingot TFF-73-1
showing the sharp boundary.

a) the crystallytes of the GaAs-rich phase are
well defined (bottom).

b) the GaSb-rich phase (top) reveals the
presence of GaAs-rich dendrites of the same

composition as the bottom part.
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oxidation of the ingot as mentioned previously. There are two possible
explanations for the cracking of the inner ampoule: the tilt angle may
have been too large and the weight of liquid increased the radial com-
ponent of expansion thus cracking the ampoule or it may be a combination
of the tilt angle too large and the burning out of the furnace as the
melt then rapidly expanded upon freezing. From the shape of the resulting
ingot it is more likely to be the second mechanism which took place as

the first few centimetres of the ingot were correctly shaped.

3.6.3. A miscibility gap in the range 0.38 < y < 0.61.

The final measurements involved in the determination of the
limiting compositions of the miscibility gap were made on small pieces
taken as close to the boundary as possible from every cross-sectional
slice which displayed the two-coloured regions. Other samples taken from
ingots grown by the sequential growth method were also measured; this
technique does not give slices with two coloured regions but yields Gasb-

rich compositions up to the lower limit of the miscibility gap (i.e.

0 <y < 0.38).

The lattice constants of every measurable phase observed were
determined and plotted on the lattice constant versus composition
relation (figure 3-14). It was found that no phase, main or subsidiary,
corresponding to the range 0.38 < y < 0.61 was observed. Assuming that
any phase observed in this way must represent a composition at which
single phase solid solution occurs, the range 0.38 < y < 0.61 thus

represents the maximum possible limits of the miscibility gap in the

)
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pseudobinary alloy system GaAsysb . FPigure 3-18 shows the various

1-y

phases that were observed in the afore-mentioned investigation.

The evidence collected above and the lack of experimental data
strongly suggested that a detailed study of the more complex properties
of the phase diagram for such an alloy system be undertaken. In the
following chapters, thermodynamic properties, phase diagram determinations

and other related topics are developed both theoretically and experi-

mentally.
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Chapter 4 Equilibrium Diagrams: general principles
4.1 Introduction
1 4.2 Primary Solid Solutions
4.3 Binary Systems
4.4 Free Energy
4.5 Ternary Systems
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4.1 Introduction

The discussion of the physical properties, which are an integral
part of ‘thermodynamics' has been purposely postponed in order to devote a
specific section of this work to a general study of the behaviour of alloy
systems through the analyses of their respective equilibrium diagrams. In
general, the structure of an alloy will depend upon the conditions under
which it is cooled, but for an alloy of given compésition there is at each
combination of temperature and pressure an equilibrium state to which the

alloy gradually approaches if it is held under the specified conditions for

a sufficient time.

Since the state of true equilibrium is determined completely by
the composition, pressure, and temperature, it is possiblé to draw diagrams
which show the structure of the alloys concerned as a function of these
variables: these are called 'equilibrium diagrams' or 'phase diagrams’.
However in most work on metals and alloys, the structures are under atmos-
pheric pressure and the vapour pressures are so small that it is
justifiable to ignore the effect of pressure and the existence of the
vapour phase, and the equilibrium of the solid and liguid phases can be

studied as a function of the temperature and composition only.

It is commonly stated that the equilibrium diagram shows the
structures of the alloys concerned under equilibrium conditions. The
‘ordinary' equilibrium diagram, however, takes no notice of the sizes,

shapes or mutual orientations of the individual crystals, although such

.
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characteristics are of the greatest importance in determining the mechanical
properties of an alloy, and must of course be taken into account when con-
sidering the condition of absolute equilibrium in the strict thermodynamic
sense. fhe ‘ordinary' equilibrium diagram shows the number and nature,

and in some cases the compositions of the individual phases present in an
alloy of given composition at a given temperature under conditions of what
may be called 'practical' or 'ordinary' equilibrium in which effects of

surfaces, sizes, shapes and orientation can be ignored.

The time taken to reach equilibrium varies greatly in different
alloys and depends on whether the changes taking place involve atomic
migration or diffusion over distances large compared with atomic dimensions,

or merely involve a rearrangement of the atoms without long-range movement.

4.2 Primary Solid Solutions.

If AB is a hypothetical alloy system of two elements A and B, it
is found that in general when the alloys are annealed to equiiibrium at any
one temperature the effect of the first small addition of B to A is to
produce an alloy with the same crystal structure as that of the parent
element A, and the resulting alloy is called a 'primary solid solution'
or a 'terminal solid solution'. Such solid solutions are of two main
kinds: interstitial solid solutions in which the atoms of the solute
enter the interstices or holes between those of the solvent, and sub-

stitutional solid solutions in which the atoms of the solute replace




67

those of the solvent so that the two occupy a common lattice. Interstitial
solid solutions are naturally formed only in systems where the solute atom
is very much smaller than that of the solvent, and, on the other hand,
substifﬁtional solid solutions will form only when the atomic diameters of
the two elements are not widely different. A primary solid solution is
properly regarded as being the same phase as the parent metal, and if a
physical property of such a solution is plotted as a function of the com-
position, the resulting curve is continuous and will usually be smooth.

For systems where the atomic diameters of the two elements are nearly equal

and the crystal structures are the same, a complete range of solid solution

may be observed.

4.3 Binary Systems

If two elements are such that a complete range of solid solution

is formed, the simplest type of equilibrium diagram is that of figure 4-1.

liguid

temperature

composition %B

Fig. 4-1: A simple hypothetical binary system for two elements A and B,
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At temperatures and compositions above the line A4B ('liquidus curve'),
the alloy is totally liquid. Below AsB ('solidus curve') the alloys are
totally solid. Alloys in the region between the solidus and liquidus
consiét-of a mixture of solid and liquid phases, and at any temperature
the compositions of the two phases in equilibrium are given by the inter-
section of the temperature ordinate with the curve concerned. At the
temperature t an alloy of composition p will consist of a mixture of
liquid of composition & and solid of composition s at equilibrium. The
relative amounts of liquid and solid are as the ratios of ps over pi:

this is known as the lever principle. The line s is called a 'tie-line’'.

The type of equilibrium diagram shown in figure 4-1 is usually
confined to systems where the atomic diameters of the two elements are
very nearly equal; for this purpose, the atomic diameter is usually
defined as the closest distance between two atoms in the crystal of the
element concerned. For a given solid solution what may be termed as the
'size factor' is the difference between the atomic diameters of the solvent
and solute expressed as a percentage of the atomic diameter of the solvent,
and to a rough approximation the size factor becomes unfavourable when it
exceeds about 15% (17% in 64M2). In some cases, the atomic diameters have

to be adjusted to allow for complicating effects such as ionization for

instance.

There are also cases where the size factor is not too favourable
and the equilibrium diagram looks like that of figure 4-2. where the
liquidus and solidus pass through a minimum where they touch. Further-

more, systems are found in which homogeneous solid solutions split up on
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cooling into two solid solutions of the same crystal structure but of
different compositions, such an effect is also shown in figure 4-2 where
the curve MsZs'N bounds what is known as a 'closed miscibility gap'. An
alloy such as p splits into two solids of compositions s and s'. As was
the case for figure 4-1, the line ss' is a tie-line and the relative

amounts of the two solids formed are governed by the lever principle.

B
A liguid
%’
5
B solid Z
g
+$ S s '

LT\

composition %B

Fig. 4-2: Hypothetical binary system of two elements completely miscible
in the solid state at high temperatures, but displaying a

closed miscibility gap at low temperatures.

Furthermore, a stage may be reached at which the curve MsZs'N
will move upward in the diagram and reach the solidus curve; the two
elements are then no longer completely miscible in the solid state. The
equilibrium diagram can then become of the eutectic type, or the peri-
tectic type or combinations of either. Figures 4-3 and 4-4 show a simple

eutectic system and a simple peritectic system respectively. In the
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former, the melting points of each element is lowered by the addition of the

other and the two liquidus curves intersect at the 'eutectic point', at

this temperature, a liquid of composition E is in equilibrium with a solid

solution of composition C and B solid solution of composition D (see

figure 4-3).

In the latter, the freezing point of one of the elements is

raised by the addition of the other; at a temperature known as the

'peritectic horizontal', a liquid phase of composition P is in equilibrium

with o
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Fig. .4-4:

A

so0lid of composition C and B solid of composition D,

A simple peritectic system.
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(see figure 4-4).
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Finally, in figure 4-3 the curves AC and CM represent boundaries
between a single homogeneous a-phase field and the two-phase (o + L) and
(o0 + PB) fields. It is a general principle that in all cases where such
intersections occur in any part of an equilibrium diagram the curves if
extrapolated past their intersection must pass into two-phase regions as

indicated by the dotted lines in figures 4-3 and 4-4.

4.4 Free Energy

It is possible to interpret equilibrium diagrams from the con-
cept of free energy. In order to do so, the formalism used is the 'Gibbs

free energy' defined by the eguation:

G=U+ PV - TS 4.4.1

where U is the total internal energy of a system of volume V at pressure
P and temperature T, S is the entropy. The condition for equilibrium is
that G has a minimum value. When dealing with equilibrium between solids
and liquids at constant atmospheric pressure, the term PV is small compared

to the others and equation 4.4.1 may be approximated by the 'Helmholtz

free energy' defined: as

F=U-TS 4.4.2

In the case of two elements A and B for instance, the total entropy S
consists of two terms: the thermal entropy which represents the entropy
attained by heating from the absolute zero to the temperature T, and the

configurational entropy or entropy of mixing which results from the fact
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that with two kinds of atoms, A and B, there are many alternative arrange-
ments which are consistent with the same statistical state of randomness.

In solid solution alloys a change of composition has a much greater effect
upon the value of the latter and consequently it is justifiable to ignore

the former and consider the condition for equilibrium when U - TSc has

a minimum value (Sc is the configurational entropy).

When a solid solution is formed the configurational entropy is
maximum at equiatomic composition and the relation that exists between Sc
and composition has an inverted 'U-shape' symmetric form, and with infinite
slopes at the end points (i.e. for the pure elements). The variation of
the total internal energy with composition cannot be predicted but it is
expected to be of two main types (see figure 4-5). In figure 4-5a, the
resulting U—TSc curve has the lowest possible free energy, and the stable
condition at all compositions will be a single phase because no splitting
of the alloy into two phases can produce a free energy lower than that of
a single phase. In figure 4-5b, the U—Tsc curve rises to a maximum and
two minima so thata tangent may be drawn to touch the latter at compositions
x and y. Over the composition range outside x and y, the lowest free
energy is given by a single phase but between x and y, a mixture of two
phases of composition x and y will have a lower free energy than any single

phase whose free energy is given by the U-Tsc curve.

The curves U—Tsc of figure 4-5 refer to one particular temperature
only and a variation in temperature will produce a change in the positions

of x and yv as for instance in figure 4-5b. Figure 4-6 taken from Hume-
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Fig. 4-5: Forms of free energy vs. composition curves for two elements

with the same crystal structure.

Rothery et al. (52H1) shows how it is possible to build the solid
solubility curves of a simple alloy system from free energy considerations.

This technique, however, is only an interpretation,that is to say,the free

energy curves are
concerned. There
the appearance of
positions, phases

cooling, but they

diagrams and can be analyzed similarly in terms of the free energy concepts.

(a)

drawn here with shapes which account for the diagrams
are of course more complicated diagrams as for instance
intermediate phases of either fixed or variable com-

in metastable equilibrium due to the effect of super-

too are subject to the same rules as the simpler

4.5 Ternary Systems

The representation of the equilibrium diagrams of a ternary
system needs a three-dimensional model, since two dimensions are required
to show the variations in composition, and a third dimension for the

temperature. The representation used almost exclusively here is to show

composition

(b)
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The form of an equilibrium diagram is related to the effect

of temperature on the free energy curves.

In figures b to e,

s. and %, denote the free energy curves for the solid and liquid

phases respectively.
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the temperature on a vertical axis and the composition on an equi-
lateral triangle in the horizontal plane. Such a triangle is chosen
because of one of its geometrical properties which states that the sum
of the iength of the three perpendiculars drawn from a point P inside
the triangle to the sides is equal to the height of the triangle as in

figure 4-7. 1If, therefore, the height of the triangle is made equal to

A

Fig. 4-7: The sum Pa + Pb + Pc is equal to the height'h of an

equilateral triangle.

unity, the vertices can be taken to represent the pure component elements
A, B and C, and a point P inside the triangle will represent an alloy
containing Pa/l1 of A, Pb/1l of B and Pc/l of C respectively. Occasionally,
however, the use of cartesian coordinates will be unavoidable especially
when the compositions involve very small fractions of one or two components

as an enlarged portion of the triangle would still be difficult to inter-

pret.

In a three-component system, the liquidus is a surface rather

than a line as in the two-component case since each possible composition
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of the liquid corresponds to a point in the triangle. On that liquidus
surface there is a line that corresponds to any particular temperature
and therefore a knowledge of the liquidus surface and the solidus surface
does h&t'define which solidus composition is in equilibrium with a
specified composition on the liquidus; it will then be necessary to use
tie-lines to indicate the equilibrium relationships. Figure 4-8 represents
a three-dimensional view of one corner of the phase diagram for a ternary
system. The two partial binary liquidus define the boundaries of the
liquidus surface and similarly for the solidus surface. The lines DE and
FG indicate the points on the two surfaces at which the temperature has a
fixed value. The solid-liquid equilibrium is then represented by the

various tie-lines m.n M N, _ cececoss
171’ 272

Fig. 4-8: Corner of a three-dimensional equilibrium diagram
showing two partial binary diagrams. The solid-liquid
equilibrium is given by the tie-lines (mln , AN _...)

1 22
on the isothermal surface DEFG. ’

IR
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The complete equilibrium diagram of a ternary system can only
be represented by a three-dimensional model and usually all but the simplest
cases are difficult to draw in perspective. It is therefore customary to
describe ternary systems by means of plane sections through the three-
dimensional model, and of those the horizontal or isothermal sections are
of the greatest interest. To illustrate the use of such sections, consider
a ternary system ABC composed of three binary eutectics and a ternary
eutectic. Figure 4-9 gives the three-dimensional representation of such

a system along with various isothermal planes. But the best representation

temperature

N

Fig. 4-9: Pictorial view of ternary system ABC composed of three

binary eutectics E., E,, E, and a ternary.  eutectic Q

. 1l 2 3
(after 52H1). Various isothermal sections with tie-lines

are also represented.
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is to show the isothermal plane alone and identify the various phases,
the region in which they occur and the tie-lines between liquidus and
solidus surfaces. The important points to consider in the case here are
the eufectic points El’ E2, E3 and Q. At a temperature above all four
points mentioned above, the plane will look as in figure 4-10a where it
is possible to recognize liquid and solid single-phase fields as well
as three liquid-solid two-phase fields. The position of the three
eutectic valleys is also indicated by a simple projection on the base

triangle. 1In figure 4-10b, the temperature is above E. and Q but below

1
E2 and E3. Four new phase fields are added to the previously existing

ones: two solid-solid two-phase fields (A + C and B + C) and two solid-
solid-liquid three-phase fields (A + C + 2 and B + C + R). At a temperature
below El' E2 and E3 but above Q (figure 4-10c) a solid-solid two-phase

field (A + B) and a solid-solid-liquid three-phase field (A + B + 1) are
added to those of figure 4-10b. Finally, at a temperature below the ternary
eutectic Q (figure 4-104), the liquid phase vanishes and the three
three-phase triangles of figure 4-~10c unite to form the all solid three~

phase triangle (A + B + C).

From the isothermal sections described in figures 4-10 a to d,
it is possible to see that below the totally liquid region, the three-

dimensional model of figure 4-9 is divided into well defined regions.

i) adjacent to each of the vertical edges of the prism there
is a volume corresponding to the solid solution in the element

concerned. At the higher temperatures each of these volumes is
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Fig. 4-10a: Isothermal section from
figure 4-9 taken at a
temperature above E_, E_,

E3 and Q. 1 2

Fig. 4-10b: Isothermal section from
figure 4-9 taken at a
temperature above E. and

Q, but below E2 andlE3.

Fig. 4-10c: Isothermal section from
figure 4-9 taken at a
temperature above Q, but

below El' E2 and E3.

Fig. 4-10d: Isothermal section from
figure 4-9 taken at a
temperature below the
ternary eutectic Q.
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bounded by a single curved solidus surface. When the
temperature falls below that of the binary eutectic E3,
the A solid surface splits into two portions which bounad

the two solid-solid (A + C) and solid-ligquid (A + &) two-
phase fields respectively, and these surfaces join in the

line passing through the corners of the three-phase (A + C + %)
triangles at different temperatures. The C and B solidus
surfaces split in the same way as the temperature is lowered
below the eutectic points E2 and E1 respectively. Finally,

on passing below the temperature of the ternary point Q, the
liquid phase'vanishes and the volume of each single phase
solid solution is bounded by two surfaces corresponding to

two-phase equilibria: the A + C and A + B phase fields for

the solid solution of element A and similarly for B and C.

ii) along the edges of the prism and below the temperature

of the binary eutectic associated with each edge, there is

a volume corresponding to two-phase solid alloys (A + B,

A+ C, C+ B). At temperatures above point Q the inner
surface of these volumes are in general curved and are

ruled surfaces, that is surfaces such that horizontal lines
can be drawn across them, the horizontal line at any one
temperature forming one of the sides of a three-phase triangle
of the type (A + C + 2). At temperatures below that of the
ternary eutectic point Q, these surfaces are again ruled

surfaces but the horizontal lines across them bound the
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triangles of the three-phase solid regions (A + B + C)

at the temperatures concerned.

iii) from the above considerations, it follows that each of
? the three-phase regions (solid + solid + liquid) builds up
a volume inside the three-dimensional model, and the sides

of these volumes although in general curved are ruled

surfaces.

From this discussion it is then possible to look at some of the
rules which apply to isothermal sections. In an isothermal section of a
ternary system there cannot be more than four phases in equilibrium with

one another and this regulates the various cases that follow:

i) single-phase fields: a single-phase field is represented
i by an area in an isothermal section. The lines bounding this
area represent the compositions of the phase in equilibrium

with other phases, and tie-lines may be drawn connecting the

compositions of the two phases in equilibrium with one another.

In the hypothetical isothermal section of figure 4-11, the

area representing the W solid solution is a single-phase field.
The boundary segment ab contains points which are in equilibrium
with points of the single phase X ( few tie-lines are shown)

and similarly for the segments bc and cd for the phases Y

and 2 respectively. The whole boundary curve abcd will in

general show abrupt changes in direction at the points b and ¢
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where there is a change in the phase with which the phase

W is in equilibrium.

ii) two-phase fields: a two-phase field in an isothermal
section is represented by an area crossed by tie-lines
representing the compositions of the two phases in equili-
brium with one another. A2all alloys on a tie-line will be
made of the two compositions represented by the end points
and the amount of each phase will be governed by the lever

principle (e.g. point p in figure 4-11).

iii) three-phase fields: in an isothermal section, three-
phase fields are triangles. All alloys withiq the triangle
consist of the same three phases whose compositions are given
by the corners of the triangles. Thus in figure 4-11, alloys
within the triangle Acef are made of the three phases that
follow: W of composition ¢, Y of composition e and Z of
composition £. The relative proportions of the three phases
can be obtained.from the construction shown in figure 4-12.
An alloy of composition P contains phases A, B, and C in the
proportions of the area of the triangles ABPC, AACP and AAPB

respectively.

Furthermore, the corners of the three-phase triangles
lie on the boundaries of the single-phase areas at the points

where the changes in direction occur (e.g.b and c¢ in figure 4-11).
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Fig. 4-11: Isothermal section of a hypothetical ternary section WXZ.

Fig. 4-12: Construction for finding the relative amounts of

phases inside a three-phase triangle.
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The sides of a three-phase triangle are thus the last
of the tie-lines of the adjacent two-phase areas. Each
corner involves the meeting of two different kinds of
tie-lines and of two branches of a single-phase boundary
curve. If the boundaries of the single-phase areas
touching the corner of a three-phase triangle are

extended, then either must lie inside the triangle or

one must lie on each side of it. The angle between the
extended boundaries on the side towards the triangle is
less than 180°. 1In the representation of various
boundaries in figure 4-13, the above conditions are

satisfied at the corners A, B and B' but the situation at

C, C' and D cannot occur.

Fig. 4-13: Part of an isothermal section of a ternary system.

Phase boundaries may have directions shown at A, B, B' but

not those at C, C', D.

iv) four-phase invariant points: in a ternary system,
the existence of four phases involves an invariant point

at a fixed temperature as for instance the ternary

eutectic point Q in figure 4-9.
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There are other points of view, apaft from horizontal isothermal
sections, from which the three-dimensional model of a ternary system may
be considered: vertical sections and projected diagrams are two such views.
The fo?mer will not be used here as it restricts the representation by
fixing the composition of one of the three components; the latter will
be used, however scarcely, to represent schematically properties that
vary with temperature and whose unique position in an isothermal plane
is of little value. Such a projection is used in figure 4-9 to represent

the position of the eutectic valleys.

Of course, the examples discussed in this chapter are relatively
simple and the problem becomes more complex when a combination of multiple
eutectic and/or peritectic reactions are considered or an intermediate

phase within a binary system occurs for instance.

However, in the case of the alloys of concern here, the occurrence
of an intermediate phase at eguimolar composition for binary III-V compounds
greatly reduces the complexity of diagrams as the solidus surfaces become a
plane in the three-dimensional model. It is this particular property that

has justified the name given to these ternary systems: 'pseudobinary alloys'.

With a working knowledge of the properties of equilibrium diagrams
it will be now possible to investigate, at least experimentally, some of the
thermodynamic properties of various III-V ternary systems which is the

subject of the following chapters.
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5.1 Introduction

In the preceding chapters, various properties relative to the
consﬁiﬁuents of III-V ternary alloys were presented. The discussion
was centred around those properties that charactérize the equilibrium
diagram of such systems. Particularly, the preliminary investigations
on the characterization of the pseudobinary alloy GaAsySbl_y were dis-
cussed in chapter 3 but a lot more experimentation remains to be done
in order to determine the various thermodynamic properties of this alloy
and specify the phase diagram as little experimental data exists for the
latter (62Wl, 70I1, 72Fl). However, before proceeding with an account of
the experimental data collected toward the characterization of the phase
diagram of the system mentioned above, it is a good time to introduce a
theoretical approach to the problem. The model which will be proposed
here deals with the predictions of phase diagrams from the various
thermodynamic properties of the constituents whether these are in the
form of elements or binary compounds. Furthermore, it ié hoped that the

early predictions of such a model will help to orientate the various

experimental investigations to be carried out subsequently.

A relatively detailed analysis of the theory will be given in
this chapter. The calculated results will be presented later, however,
along with the experimental ones in order to facilitate comparison bet-
ween theory and experiment. Such a procedure should emphasize the

relative successes or failures of the theory.
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The theory is presented with its implications, assumptions

_and a few definitions; it is not new but the treatment of some of the

concepts is diffevent from that of other workers in an attempt to stress
the physical significance of each step in the treatment whenever
possible. As an example, some thermodynamic parameters will be treated
as varying linearly with temperature rather than with a higher order
variation; also a composition dependence will not be considered. The
higher order is excluded to avoid the inherent difficulty of higher
order variations whose interpretation is often intricate and requires
extensive computer fitting. A dependence on composition, on the other
hand, would weaken the simplicity of the model, and contribute nothing
but to introduce a variable that could be dealt with arbitrarily and
thus confuse even more a theory that is already involved. Furthermore,

it would be difficult to give a physical interpretation-to a composition

dependent variable.

All the models for treating phase diagrams are based on rather
immutable concepts relating free energies with associated enthalpies and
entropies. It is in the handling of the equations that the models differ;
for instance, a very good qualitative treatment supported by references
to experimental evidence is given by Hume-Rothexy et al. (52HL).
Stringfellow (71S1) has reported some success while using the thermo-
dynamic properties such as energies of sublimation, molar volumes and
treating the solids according to Phillips and Van Vechten spectroscopic
theory of chemical bonding (70P1l). But in recent years, a treatment
following the quasi~chemical approach suggested by Guggenheim (35G1,

52Gl) has been more widely used with various degrees of refinement by
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workers such as: Antypas and James (70Al1l), Blom and Plaskett (71Bl),
Wu and Pearson (72Wl), Panish and Ilegems (72Pl), Joullié et al. (74J1)

and Bebrick and Panlenexr (74Bl).

The approach used in this thesis is basically of the type of
the latter workers and is justified by the properties and assumptions
included in the following discussion. The systems to be dealt with are
ternary systems, but the solid solutions occur only on the pseudobinary
sections of the composition diagram, that is to say that the end points

are the stoichiometric binary compounds.

5.2 Fundamental Equations.

The first assumption is that the system is in thermal equili-
brium so that the temperature is always uniform throughout the system.
Under such isothermal conditions, the most important thermodynamic
function is the free energy, denoted by F. In any isothermal rever-
sible process the increase in free energy, AF, is equal to the work done

on the system and similarly, a decrease in free energy, -AF, is equal

to the work done by the system.

5.2.1 Independent variable
The state of a ligquid mixture may be completely defined by
specifying the absolute temperature, the pressure and the composition of

the liquid. Since this study is dealing with solids and liquids only,
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a set of appropriate independent variables as T and P is defined. The
composition of the mixture is conveniently described by specifying the
number of moles and the mole fractions associated with each component.

These are governed by the relations

and

One simple illustration is the thermodynamic function called 'molar free
energy of mixing' which is the change in free energy when one mole of a
mixture is formed from the constituent pure substances. For a binary

mixture, this is defined as:

-AF o= (1 - x)FfL’ + xS - F_ 5.2.3
where

Xy = 1-x

x, = X

Fi, F; = molar free energy of the pure components

Fm = molar free energy of the mixture (dependent upon x)

-AmF = molar free energy of mixing (the negative sign

indicates a decrease in the free energy ).
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5.2.2 Thermodynamic potentials and partial molar quantities
If the free energy F of any homogeneous phase is taken as a

function of T, Vv, n; then the following relations may be deduced

3

T -S 5.2.4
oF
v =P 5.2.5

where S is the entropy. Another important relation is

3n. i 5.2.6

where M; is called the ‘'chemical potential'. The combination of those

last three equations yields
= - - Iy.dn,
ar sdr - P4V + LULdnL 5.2.7

Here the free energy is said to be the thermodynamic potential for the
independent variables T, V, n; and formula 5.2.7 is called the 'fundamental
equation' for these variables. If dealing with 'partial molar quantities'

like the volume for instance, then the partial molar volumes are defined

by
v
vV, = 7—
)
1 n1
5.2.8
V_BV
2 on
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and the total volume is related to these by

v = nlvl + n2V2 5.2.9

Analogoué relations exist for the other properties such as F, S, G
(Gibbs function) and H (enthalpy). It can thus be shown that for the

variations in the composition of a binary mixture at constant temperature

and pressure

ou 8u2
(1 - %) 3;—'+ b4 % = 0 (T, P const.) 5.2.10

This last formula is called the 'Gibbs-Duhem relation'.

5.2.3. Gibbs function
For solid-liquid mixtures, however, a more usefﬁl set of

variables T, P, nL yields for the thermodynamic potential, the Gibbs

function G defined as
G = F + PV 5.2.11
and the associated fundamental equation for these variables written as
de = -84t + vdP + E L% dnxl 5.2.12

here, the property of the entropy S is that in any reversible isothermal
process the heat absorbed is TAS. However, if the process is an irrevers-
ible . isothermal one then the heat absorbed is equal to the increase AH

of the heat function H. The relation which exists between these functions
can be expressed as follows

G = H -1TS 5.2.13
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Inspection of equation 5.2.12 shows that when the composition of a mixture
is varied at constant temperature and pressure, there is a close relation-
ship between the functions G and u,. In fact, in thermodynamic terms it

is said that the chemical potential is identical with the partial molar

Gibbs function.

5.2.4 Chemical potentials and absolute activities

This chemical potential function has great importance in setting
up a theory on the behaviour of systems in thermodynamic equilibrium.
There are two important properties of chemical potentials: first, if one
considers the process of transferring one mole of the substance P
reversibly and isothermally from a large quantity of one phase to a
large guantity of another phase, then the decrease in the value of the
chemical potential is equal to the net work done by the system. Second
and most important here, when two phases are at the same temperature the
condition for equilibrium distribution of the substance 'i' between the

two phases is that the chemical potential should have the same value in

both phases.

The first property relates the difference in chemical potential
between two phases to experimentally determinable quantities. As an
example, the saturated vapour over each phase may be assumed to behave
as a perfect gas; this assumption however puts no restriction concerning
the nature of the liquid or solid phases considered. The transfer of
one mole of a substance 'i' from a large quantity of a liquid or solid

phase o to a large quantity of another liquid or solid phase 8 can in
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principle be performed reversibly and isothermally. The process is
called an 'isothermal three-stage distillation'. The work done by the

system in the three stages when the vapour is treated as a perfect gas

is as foilows:

i) evaporate one mole of substance 4 from a large guantity
of the phase o against a pressure equal to the saturated

partial vapour pressure pz of 4 in the phase a (RT - piyi)

ii) expand or compress the one mole of vapour isothermally

from the pressure pi to a pressure equal to the saturated

0,
P.
vapour pressure p@ of 4 in the phase 8 (RT &n —£3
A4 PB_

A

iii) condense the one mole into a large quantity of the

phase 8 by applying a constant pressure (-RT + pEVE)
By addition, the work done by the system is
o
4L B,,B a0
n — + WV, - .V, 5.2.14
RT n B (pz(_ A p»(, /L)
Pi

and by definition, the net work done by the system is

RT f&n 5.2.15

g?u4;p9

where the pi's are the saturated partial vapour pressure of the sub-
stance '4' in the phase y. Thus, for any two phases a, B at the same

temperature, the decrease in chemical potential is given by




o
Pi

H. - u; = RT &n —E- 5.2.16
p»(,

Introducing a new quantity AL called the 'absolute activity' defined

by

w, = RT &n Ai 5.2.17

equations 5.2.15, 5.2.16, and 5.2.17 yield the relation

5.2.18

Considering now the second property of chemical potentials at equili-

brium where

“L = “L 5.2.19

2 = B 5.2.20
y i
orxr
o B
T = . .2.2
PL PL 5.2.21

providing the vapour is treated as a perfect gas. Otherwise, the
gquantity pi is redefined as the 'fugacity' instead of the partial vapour
pressure. The fugacity may be regarded simply as a partial vapour

pressure corrected for deviations from perfect gas behaviour.

When developing a theory for binary mixtures it is also impor-
tant to establish the relationship between the properties of the pure

substances with those of the mixture. The rxelations éoverning the

—_—
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chemical potentials may therefore be extended as follows:

o
o xl
]Jll - ul = RT n . 5.2.22
1l
. >
u - = RT 4n +— 5.2.23
3 2 2 .
4 2
AG x‘l’ A5
| -—— = (1 -%) n — + x&in T
RT Al Az
o o
Py Py
= (1l-%x) qn — + xn — 5.2.24
Py Pa

where the superscript 'o' réfers to the pure substance while parameters

without any superscript refer to that same substance but in the mixture.

The Gibbs-Duhem relation, 5.2.10, can then be written as

o 4n Al 3 &n 12
(1 - x) T + XT = 0 (T, P const.) 5.2.25
or
9 &n Py 9 i4n P,
l1-%x) —m— + x——— = 0 (T, P const.) 5.2.26
ox 9x

In practice, however, it is a well known fact that for liquids and solids,
the pressure, if comparable with atmospheric pressure or less, is con-
sidered small enough to make all terms in PV or VAP entirely negligible.
The relations presented above will therefore be valid for all binary

and pseudobinary mixtures discussed in this thesis.
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5.2.5 Activity coefficients

Looking now at a solution of equation 5.2.25, the simplest

form yields:

o
7\1 —)\l (1 - x)
5.2.27
o
kz = 12 x
or, of course
o
p, = 2 (1 - %)
_ o N 5.2.28
Py, = Py

and since the simplest kind of mixture which exists, satisfies these two
relations, such mixtures are called 'ideal'. Very few mixtures do behave
idealy but it is of interest to be able to compare them to real mixtures.
In order to do so one more parameter is introduced to the already rich

nomenclature: the 'activity coefficients’ Yl and Y2 defined by

A, = 2° -
1 p & ¥Y
o 5.2.29
A = A
2 2 ¥ 7Y,
or
[0}
P, = P (1 - X)Yl
5.2.30
Py Py XY,

Substitution of 5.2.29 into 5.2.25 gives the relation for the variations
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with composition of the activity coefficients of the two species,

9 n Yy 9 &n Y,
(L -%x) — + x —x = 0 (T const.) 5.2.31

ox

A This introduction of activity coefficients gives no quantitative infor-
mation about the properties of the mixture until their values have been
. determined experimentally. They are, however, most convenient as they

enter into all the equilibrium relations of the mixture.

5.3 Statistical Thermodynamics

The next assumptions are due to statistical considerations.
The most fundamental law of statistical thermodynamics relates to a
completely isolated system, that is to say a system of prescribed energy,
vo;ume and content. It is however more useful to formulate a system of
prescribed temperature instead of prescribed energy. The observed
equilibrium properties of such a system are correctly obtained by averaging
over all accessible quantum states of the system, attaching a statistical
weight exp(—EL/kT) to each non-degenerate quantum state, with EL being

the energy of the quantum state '4'. Of course k is 'Boltzmann's constant'

5.3.1 Distribution law and partition function
Applying the concept of the law of distribution, the fraction

of time spent by a system at given temperature and volume in the state

LY is
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—Ei/kT
e

“E /KT 5.3.1
L
Z e
i
and the observed equilibrium value P of a property 'P' whose value is

!Pi' when the system is in the state '{' may be written as

-E./KT
z Pi e *
P = £ 5.3.2
-E./KkT
z e <
i
. -E./KT . , e .
The quantity # e AL is also called the 'partition function' and

£
is labeled Q. The usefulness of this function is that it is possible

to define a function such as -
F = =kT &n Q 5.3.3

where it can be shown that F has all the properties of the thermodynamic

free energy.

It often happens that the behaviour of a system with respect to
some degrees of freedom is independent of that with respect to the others.
The energy of the system can then be expressed as a sum of energies in
the separated degrees of freedom. Therefore, in this treatment, the
degrees of freedom related to the positions and motions of the centres
of mass of molecules, labeled the translational degrees of freedom, are
considered as separable from all other degrees of freedom. These other
degrees of freedom will be referred to as internal degrees of freedom,

although they include molecular rotations which are not strictly internal.
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This is of course only an approximation as it implies that the rotational
degrees of freedom of the molecules of each kind are the same in any
mixture as in the pure substance. It does not, however, imply that the
rotational degrees of freedom are the same in the liquid state as is the

gas or solid state. The partition function may therefore be split into

two parts, namely

= : 5.3.4
Q Qint. Qtr. 3
where the internal partition function Qint relates to all internal
degrees of freedom including rotations, and the translational partition

function Q relates to the motions of the centres-of-mass of the

tr.
molecules. It follows that the free energy of mixing is determined
entirely by the translational partition function Qtr"' since on comparing
a mixture with its constituents as pure substances all contributions to
the free energy of mixing from Qint. will cancel.
5.3.2 Configurational free energy

In a crystalline solid, a further simplification is made to the
effect that for any given quantum state of the crystal, the energy con-
sists of two terms: a 'configurational energy' which means the energy the
crystal would have if the centre-of-mass of every molecule were at rest
on its lattice point, and an 'acoustic energy' term which is the energy
of the vibrations of the centres-of-mass of the molecules about their
lattice points. A further approximation calls for considering these two
energies as mutually independent. The translational partition function

can thus be written as the product of the two terms:
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Qer. © Qac. & ' 5.3.5

where Qac. is the partition function for the acoustic modes of vibration
and Q iﬂ the configurational partition function for the molecules
supposed fixed on their lattice points. The approximations discussed
above imply that Qac. is determined by the number of molecules of each

species but is unaffected by the mixing of these molecules. Hence, the

molar free energy of mixing AmF of a binary mixture is determined by
AmF (o} o
T kT n Qm - (1 - x) &n Ql - x &n 92 5.3.6

The symbol Qm is the configurational partition function of one mole of

. . o
the mixture while Ql and Qg refer to one mole of the pure substances

respectively.

The weakness of this approach regarding crystals is the assump-
tion of the mutual independence of Qac- and . Similarly for liquids,
the weakness exists but there is also the fact that for liquids these
functions are difficult to define since there is no lattice. .Liquids are
treated as if atoms were arranged on a lattice which gives rise to a
structure for liquids referred to as 'quasi-crystalline'. Whereas in a
crystal each atom is surrounded by a definite number of nearest neighbours,
this number is not definite in a ligquid. For the temperature ranges
usually considered, the number of nearest neighbours has a fairly well

defined average value, and, although there are fluctuations about this

average, these fluctuations are not serious and the geometrical relation-
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ship of each atom to its immediate neighbours is on the average very
similar to that in a crystal. Moreover, the fluctuations are not suf-
ficiently serious to disturb the regularity of the geometrical relation-
ship between immediate neighbours fqr more than a rather unimportant
fraction of centres in the ligquid. In view of these facts, liquid
mixtures will therefore be treated as quasi-crystalline, and accordingly

equation 5.3.6 may be used for liquid mixtures as well as for solid

mixtures.
5.4 ., Ideal Solutions
5.4.1 Conditions for ideality

Brief mention was made earlier of the concept ;f ideal solutions
or ideal mixtures. The intent of course was to refer to it subsequently
as a theory is being formulated in order to explain and predict the
behaviour of phase diagrams. To study the conditions sufficient for a
mixture to be ideal, consider a regular crystalline lattice in which each
lattice point has z nearest neighbours. Next, consider two kinds of atoms
A and B sufficiently similar in size and shape so that they are inter-
changeable on the lattice and let a crystal of the puré substance A con-
taining N atoms have an energy - NeA when all the atoms are at rest on
their lattice points. The zero of energy is defined as that of the atoms at
rest at infinite separation. Neglecting interactions between pairs of atoms

which are not nearest neighbours, the energy of a bond between a pair of
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nearest neighbours at rest on their lattice points may be regarded as
-ZeA/z and similarly -ZSB/z for a crystal of the pure substance B. If
the lattice is filled partly by A and B atoms, then there will be con-
tributions to the potential energy of the crystal from AB pairs of
neighbours as well as from AA and BB pairs. Denoting the energy of an
AB-bond by (—eA- € + w)/z, this defines an 'interchange energy' w

such that: starting with two pure crystals of A and B and interchanging
an interior A atom with an interior B atom, the total increase of energy
is 2w providing all atoms remain at rest on their lattice points. The
energy transfers occur as follows: z(-ZsA/z) = —ZeA of energy is
removed from the destruction of z AA-bonds in crystal A and z(-2eB/z) = —2€B
of energy is removed from the destruttion of z BB-bonds in crystal B.
The replacement of each atom by one of the other kind contributes

z(—eA - EB + w)/z of enexgy by creating z AB-bonds. Sinée this is done
twice, once for each sublattice, the total contribution of AB-pair
creation gives 2(—eA - gy + w) of energy to the mixed crystal. Summing
all the contributions to the energy one clearly sees that the total
increase of energy is 2w. If a mixed crystal is not formed then the
result is still valid. This development merely clarifies the meaning of
w but the situation becomes more complex when the process of inter-
changing atoms is repeated since for example as the number of B atoms
that set in the A lattice increases so do the chances of creating BB-
bonds rather than uniguely AB-bonds. Therefore the total contribution

to the energy of the system becomes difficult to estimate.

Now, a sufficient condition for the mixed crystal to be ideal

is that w should be zero. This implies that the mutual energy of an AB-
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bond is equal to the arithmetic mean of the mutual energies of AA and BB~
bonds. For w to be zero also means that all configurations with the

atoms at rest on their lattice points have equal enerxgy.

If the mixed crystal contains N(1 - x) atoms A and Nx atoms B,

the energy when all the atoms are at rest on their lattice points is

- N(1 - x) EA - N x EB 5.4.1

regardless of the distribution. The number of distinguishable ways of

arranging these atoms on the lattice is

1]
L 5.4.2
NGl - %] x)
and hence the configurational partition function Q is
N(l-x)e_ + N x € ]/kT
Nt [
Q= e A B 5.4.3

e - x 1 (Nx) !

Turning then to liquids, the quasi-crystalline approach has to be used
in order to apply equation 5.4.3. to liquids. This means that a
coordination number z denoting the number of atoms which are élosest
neighbours of a chosen atom is still used even though z may not have a
well-defined value but may rather have to be regarded as an average.
One further assumption is that the atoms are also sufficiently alike in
size and shape to be able to pack in the same mannexr when mixed as in
the pure liquids. Furthermore, the treatment according to separation

of degrees of freedom still holds as discussed previously.
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With all these assumptions, however, equation 5.4.3 may still
require correction by some unspecified geometrical factor to account for
the absence of a well-defined lattice, but it is assumed that this cor-
rection.factor will be independent of the mole fraction and so will not

affect the value for the molar free energy of mixing.

5.4.2 Free energy and entropy of mixing
The mathematical expressions for the free energy and entropy
of mixing may then be deduced. The configurational term in the free

energy is -kT fn Q; using equation 4.3.9 it becomes

N!
[N - x) ] x)!

-N(1 - x) SA - N x EB - kT &n

= -N(1 - x g, - NXxe, + NkT [(1-x) % (1 -2x +x 2n x]

5.4.4

when Stirling's theorem is used. The corresponding values for the con-
figurational free energy in crystals of the pure substances containing
the same total number N of atoms are —-N EA and -N eB. Consequently the

free energy of mixing is
NkT [(L-% 2n (1 =-3x) + x fnx] 5.4.5
and the molar free energy of mixing AmF is given by

AF = RT [(L1-x 4 (1-x + x2nx] 5.4.6
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It is useful to notice here that the formulation holds true for a quasi-
crystalline liquid since the factor to be introduced into @ for lack of
a well-defined lattice was assumed independent of x. Differentiating

5.4.6 with respect to T yields the molar entropy of mixing:

AS = R [-(1-x 2n (1 -% - x2n x] 5.4.7

5.4.3 Raocult's law
If one writes the number of molecules as NA and NB for N(1 - x)
and Nx respectively, the configurational part of the free energy

becomes, according to 5.4.4

A B
- - +k n______+ n ——
NAEA NBeB T [NA J'A NB L ]

5.4.8

and differentiating with respect to NA gives the configurational con-

tribution to the chemical potential uA:

N
A

- + - + - .4.
€ kT 2n " £ kT &n (1 x) | 5.4.9

N
A I\]B

By putting x = 0, the configurational contribution to the chemical
potential of the pure substance A becomes ~€p- Therefore, the difference

between the chemical potential in the mixture and in the pure state is

o]

Uy uA = kT 2n (1 - x) 5.4.10

and multiplying 5.4.10 by Avogadro's number in order to get the chemical
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potential per mole yields the following relation

Up Ty T RT 2n (1 - x) 5.4.11

Returning now to a previous definition, it can be stated that the

absolute activity A is defined on the molecular scale by
# = XkT A 5.4.12a

and on a molar scale by

u = RT n A 5.4.12b

Therefore, the relation between the absolute activity XA of A in the

mixture and its value in the pure substance is

>

_— = l-x 5.4.13a
o
A

>

and similarly for B

>

= X 5.4.13b

ufb|w

For the sake of completeness: if the vapour phase in equilibrium with the
liquid or solid mixture may be regarded as a perfect gas, the partial
vapour pressures p,, P over the mixture are related to the vapour pressures

p:, p; of the pure substances by

p

S 5.4.14a
po

A

P .

- R 5.4.14b
(o] .

Pp
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These last two equations are expressions of 'Raoult's law'. If the
vapour phase may not be treated as a perfect gas, then equations 5.4.14

remain formally correct if each p is interpreted as a fugacity.

5.5 Regular Solutions

The last major step in the progression towards the establish-
ment of a theory regarding the treatment of phase diagrams is a discussion
about the implications‘of what is known as 'regular solutions'. It will
be said that a regular solution is, according to Guggenheim (52Gl) , any
mixture of atoms satisfying all the conditions for forming an ideal
mixture except that the interchange energy w, described earlier, is not
Zero. The atoms are thus assumed to be interchangeable oﬁ a lattice or
quasi-lattice, but the configurational energy is no longer independent

of the mutual disposition of the two or more kinds of atoms.

5.5.1 Classification of nearest neighbour pairs

The nature of this treatment is based on the classification of
neighbouring pairs for a mixture containing NA = N(1 - x) atoms A and
NB = Nx atoms B on a lattice of N sites with a coordination number z.
There will be in all %zN pairs of nearest neighbours of three kinds,
namely AA, BB and AB pairs. If the number of AB pairs is denoted by a
number zX +then the number of neighbours of A atoms which are not B
atoms is z(NA - X) and consequently the number of AA pairs is %z(NA - X.

The number of BB pairs will similarly be %z(NB - X). For convenience,

quantities related to the various kinds of nearest neighbour pairs are
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displayed in table 5-I as recorded by Guggenheim.

Table 5-I
Kind of pair Number of pairs . Energy per pair Energy of all such pairs
4 AR z(NA - xX/2 —2eA/z —(NA - X o
AB zX (—eA -eg ¥t w)/z X(-e:A - € + w)
BB z(NB - x/2 —2sB/z —(NB - X EB
+ - - - +
All Z(NA NB) /2 NASA NBEB X
For a given value of X the configurational energy EC is given by
= - - + -, - + - -
Ec (NA X) €a X( eA EB w) (NB X) eB
= -N.e - N + Xu 5.5.1

and what remains , is to determine either accurately or approximately, the average
or equilibrium value Xof X The equilibrium value of the configurational

energy will then be given by

U = E = -Ne, - Ne_+ Xuw 5.5.2

with the energy of mixing being X w.
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5.5.2 Zeroth approximation
One method of treating the problem is called the zeroth oxder
approximation and consists of the assumption of a completely random

distribution of the two kinds of atoms in spite of the non-zero energy

of mixing . This leads to an average value X of X given by
N_N
X = ———-—NA E N = Nx(l - x) 5.5.3a
A B

or the equivalent

2 = my, =B 0y - X 5.5.3b

The resulting configurational free energy is then

Fc = —NAEA - NBEB + NkT [(1 - %) ¢n(l - x) + x 4n x ] + N x(1 - x)w

5.5.4

and so for the molar free energy of mixing

AF = RT [(1-%) #n (1L -x%) + x & x T+ x(1 - x)Nw 5.5.5

where N is Avogadro's number. The molar total energy of mixing and molar
heat of mixing are given by

AU = AmH = x(1 - x)Nw 5.5.6

and the molar entropy of mixing by

Au-AF
m m

Ams = z = -R[(1L -x) &n (L -x) + x &n x]

5.5.7

this last formula being identical as that of an ideal solution.
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Formula 5.5.4 may be rewritten in terms of NA and NB to yielad

N N
A B
F_ = -N¢€ - Ne_ +kr [N 8n ————+ N_ in ———————-—]
c + +
A A B B A NA NB B NA NB
N N
A B
+ N F N W 5.5.8
A B

and the chemical potential uA may be obtained by differentiating with

respect to N,

i
=
(o}
1]
~
L]
IS
o}
o
+
m
w
—
N
1>

2
kT ¢n (L -x) + xw 5.5.9

and the absolute activity AA becomes
2
AA x w/kKT
— = (1 -x) e 5.5.10
%
and similarly,

Ay (1-%) 20 /KT
- 5.5.11
)\B

In accordance with equation 5.2.29 it is convenient to measure
the deviations from ideality by means of activity coefficients Ya' g
defined as the ratio of the actual absolute activity (or fugacity) to
its value if Raoult's law were obeyed. Combining 5.5.10 and 5.5.11 with

5.2.29 the values of the activity coefficients are then given by
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x2 w/kT 5.5.12

Y, = e

(1-x) 2uu/k'r
Yg = ©

This formulation also satisfies equation 5.2.31.

5.5.3 First approximation or quasi-chemical treatment

Another method of treating the problem is called the first
order approximation, this method becomes necessary as the assumption
corresponding to complete randomness cannot be strictly correct. As
w/kT + O, X will tend to the random value given by 5.5.3b (this
involves high temperatures). At finite temperatures however,-§'will be
less or greater than the random value according as W is positive or
negative. Equation 5.5.3b can therefore be improved by writing

— _ _ -2w/zkT

X = (N, =X N; - %) e 5.5.13
this equation is a usual way of treating systems in thermodynamic
equilibrium using Boltzman's statistics. Simply, the X value of the
zeroth approximation is given a weighting factor e —2w/sz. The value
of this factor comes from the fact that 2w/z is the energy required to
change an AA-bond and a BB-bond into two AB-bonds and that i} %(NA - i},
%(NB - E) are proportional to the number of AB, AA and BB pairs respec-
tively. Equation 5.5.13 is of the form expected if the several kinds of
pairs of neighbours were gaseous molecular species in chemical equili-
brium. Boltzman's statistics will therefore apply if one assumes that

the mixture of A and B atoms reaches equilibrium similarly to gaseous

systems and the approximate treatement embodied in eéuation 5.5.13 is
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accordingly called the 'quasi— chemical' treatment.

It is convenient to introduce the abbreviation n for the
~ 2w/zKT
quantity e so that 5.5.13 may be rewritten as

A= X (M- X - X =0 5.5.14

When dealing with the total energy and the free energy of mixing, a
quantity B is defined such that

N

NNy 2
+ + 1

NA N}3 B

3 = 5.5.15

and that when B = 1, the relation corresponds to the zeroth approximation.

Using 5.5.3a and substituting 5.5.15 in 5.5.14 yields

B2 - (1-202 = 4’ x (1-x 5.5.16
having the solution
g = [1+4x (1-% (2-1nl* 5.5.17

From this formulation, the configurational free energy is given by

Fo= Np&p ~ Np&p + Nk [(1 - %) & (1 - %) + x &n x]
(1-x) (B+1) X
5.5.18

and the molar free energy of mixing AmF by
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AmF B+ 1 - 2x
== (1-% 2 (Q-x +xinx+h La-= w = 5Em
+ xgn B lt2x 5.5.19

x(B + 1)

It has been seen also that the chemical potentials are related
to the absolute activities which in turn may be expressed as a function

of the free energy of mixing. The relations are

oF
KT &n A = —
A BNA
5.5.20
oF
kKT 2n A =
B BNB
which, if 4.6.8 is used, yields
AA B + 1 - 2x 3
= = a-x [ J2% 5.5.21a
A (1L -x)(g + 1)
A
A Lz
2. [f-1*2x 5.5.21b
AB x(B + 1)

and from this, the activity coefficients can be immediately written as

Lz
' [E+l-2x ] 5.5.22a
(L - x) (B + 1)
hz
Y, = [B-Li+2x 5.5.22b

X(8 + 1)
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These last two formulae conclude what could be termed as the
first part of the theoretical analysis. It will become obvious through
the remainder of this thesis that expressions for the activity coefficients
were vefy much desired as the equations describing the conditions for
equilibrium are centred around the estimation of these coefficients.

The analysis presented above is due to Guggenheim's work on mixtures
and it is still the basis for many investigations dealing with mixtures
amenable to regular solutions. Many workers have used these principles
in extending the concepts introduced here to describe the equilibrium
conditions of mixtures of solid binary compounds in ternary liquid
solutions. Amongst the most referred to are Ilegems and Pearson (6911),
Stringfellow and Greene (69S1l), Antypas and James (70Al), Osamura et al.

(7201) , Panish and Ilegems (72P1) and Joullié et al. (7471).

5.6 Model for III-V Ternary Solutions

The model chosen to represent ternary III-V solutions is
based on the assumptions that the system may be treated as a regular
solution and that the quasi-chemical equilibrium approach is valid. The
phase diagram is then calculated by computing the conditions for equili-

brium between a ternary liquid solution A, B, C and the pseudobinary

solid solution AB-AC.

As stated previously, in a solution of NA atoms of A and NB

atoms of B, each atom is surrounded by z nearest neighbours. The energy
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of the solution is regarded as a linear function of the number of the
various types of nearest neighbours bonds and is therefore considered
independent of temperature and composition. This energy of solution also

known as interaction parameter o may be expressed for a system of A and

B atoms as

a = z[E

AR - % (B, +E )] 5.6.1

AB BB

where the Eij represents the interaction energy of an i-§ nearest

neighbour pair.

From a statistical point of view it is possible to derive the
thermodynamic properties of such a model solution but it is necessary
to use an approximate theory. The zeroth order regular solution approach
is internally inconsistent since it assumes a random distribution of
atoms even though certain configurations are energetically more favour-
able than others. A more reasonable approximation is the quasi-chemical
equilibrium approach in which the distribution of pairs is weighted
exponentially in energy, analogous to a law of mass-action. The following

equations specify the thermodynamic properties of the solution

20.__/zkT
_ 2 AB
NAA 5B L NAB e 5.6.2
+ = 5.6.
ZNAA NAB z NA 6.3a
+ = 5.6.
ZNBB NAB leB 6.3b

This approach can be used to derive the activity coefficients of A and B
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in the solution. Equations 5.5.22 are the relations for the activity
coefficients Ya and Yg @8 functions of the composition x, the coor-

dination number z and a parameter 8 defined in 5.5.17. In here, the

composiﬁion x is taken as the mole fraction of B molecules or

X = NB/(NA + NB).

This model can also be applied to ternary III-V systems as
the solid solutions are produced from two binary compounds of virtually
invariant composition, therefore the equilibrium treated is between the
liquid A,B,C and the mixed crystal solid solution AB-BC. The chemical

potentials in the liquid phase are given by

L Lo
where 'A' = A, B, C, ufo is the chemical potential of the pure

component '4', YL is the activity coefficient and NL is the mole fraction

of '4{' in the liquid. The chemical potentials in the solid phase are

) A0 A

—— + - .
Hap Yap RT &n Yap X 5.6.5a
A A0 A

= + - eV
Hac Hac RT &n Yac (1L -x) 5.6.5b

5 .
where uig is the chemical potential of the pure compound AB and X 1is

the mole fraction of compound AB in the solid solution. At equilibrium

A ya L

= - 5.6.6
Yap Ha L) a
4 4 L

= + : .6.
Yac Ha e 5.6.6b

—o
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Now, the chemical potential u:g of pure compound AB for a temperature

below its melting point has been determined by Vieland (63V1) while

considering a

perature T to

F
TAB and cool

(see Appendix

40
YaB

A
and similarly for u 0.

cycle that would involve heating the crystal from a tem-

a temperature TiB (melting point), melting it at constant

it to its initial temperature T. The expression obtained is

B for a complete derivation of Vieland's relations):

rya AL F F
= + + -
uA uB AS__(T TAB)

+

F F
ac, [T -T-7T3n (T, 5/ ]

AL . . .
The term uA is the chemical potential of A in

AC

a liquid of stoichiometric composition

AL

Ya

AL
and again similarly for L ASF

AB and AC
P

the relatively small contribution of ACp

2o

AL
= + L . +
uA RT &n 0.5 RT 4n YA

2B is the entropy of fusion of compound

is the heat capacity difference between liquid and solid. If

can be neglected, the equili-

brium conditions equations 5.6.6 may be combined with 5.6.4, 5.6.5 and

5.6.7 to yield

F
Y.Y N_N As
_ A'B A B AB F_
Invy =M o Y4 TE Y Tm TP
Ya 's
5.6.9a
_ F
Y'Y N_N AS
_ A'B AC AC F_
&n Yac = Ln Il n 4 3 + T (TAC T)
1-X
Ya Yc
5.6.9b
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0
'.-I

i + + eO.
with NA NB Nc 5.6.9c

In order to solve equations 5.6.9 for T and Xé, there remains
to detefmine the values of the various activity coefficients. There has
been various suggestions as to what form the relafions should have but
the model retained by most workers is still the approximation of treating
the solid solution of the mixed crystals as a regular solution and the

liquid solution as a mixture in quasi-chemical equilibrium.

5.7 Simple Solutions

A binary solution of constituents 1 and 2, may be called 'simple'
when the excess free energy of mixing Gﬁ can be approximated by a

symmetrical expression of the form

G = oux. X 5.7.1

then the activity coefficients are given by the following expressions:

2
' = .7,
RT n Yl alz x2 5 2a
RT 2n = %2 5.7.2b
72 a12 x1 7.
which translate to
RT & = (1 XA)2 5.7.3
N Ypp = Oap-ac .7.3a
A2
= x - -
RT &n YAC aAB—AC 5.7.3b
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for a binary solution of stoichiometric compounds AB and AC. The
expressions for the activity coefficients of the ternary liquid solution
are, however, not so simple and have led to various approaches.
Prigogiﬂe and Defay (54Pl) suggested that by extension to the binary

formulation the activity coefficients can be written as

2 2
L = + - .7.
RT n YA aABNB + aACNC + (aAB aAC aBC)NBNC 5.7.4a
RT n = 0 N2 a N2 + (o + - IN_N 5.7.4b
B ABA + UBC C a8~ %Bc " %c’’ac 77
RT &n = a N2 + o N2+ (o + -a NN 5.7.4c
Ye AC A BC B ac ~ %mc a8’ "B Cc “°'°

Later, Darken (67D1) proposed a quadratic formalism for the represen-
tation of the excess free energy and of the acfivity coefficients of
each component of a ternary system in the vicinity of a single component
selected as a solvent. The result is identical to equation 5.6.13
except for the factor RT which does not appear. This formalism is found
to be consistent with the Gibbs-Duhem equation and approaches Raoult's

law for the solvent at infinite dilution and to Henry's law for each

solute.

Stringfellow and Green (69S1l) have formulated a somewhat dif-
ferent view where they start from six equations which specify the thermo-
dynamic properties of the solution. Three of the equations are of the
form of 5.6.2 and the remaining three are similar to 5.6.3 but adapted

to a ternary system. Using, for the enthalpy of mixing, an expression
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such as
= + + ol
Aty *ap®as T *acac * *scmc 3:7.3
and relating the activity coefficients to AHm through the excess free
energy of mixing, they obtained a set of equations which could be solved
numerically to yield the five activity coefficients YA' YB' YC' YAB

and Yac*

However, most other workers have used the argument of a law
of mass-action to relate the number of nearest neighbour pairs to the
energy of one such pair and used as an expression for the enthalpy of

mixing the following relation

A = + 0 +
Hye = %s %% ¥ %ac *a%c " %mc *8%c

5.7.6
which yields the formalism of Prigogine and Defay for the activity

coefficients in the ternary liquid solution.

This latter formalism will be the one used throughout this
study. It becomes therefore possible to solve equations 5.6.9 for T
and X)5 given the concentrations NL of each constituent in the liquid,
the activity coefficients Y's, the entropies of mixing Asij and the
temperatures of fusion TE- of the binary compounds. From the results

g

it is then possible to construct the phase diagram of the ternary system

under investigation.

The determination of various parameters, however, remains to

be established and this subject is treated in the following chapter where
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these parameters are determined for two specific III-V ternary systems,

namely Ga In Sb and GaAs_Sb .
b4 X y

1- 1-y
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Thermodynamic data for the III-V ternary systems

Ga-In-Sb and Ga-As-Sb

Introduction

Entropies and Temperatures o

£ Fusion

Interaction Parameters: 1linear variation

with temperature

Gallium-Antimony system (GaSb)

Indium-Antimony system (InSb
Gallium-Arsenic system (GaAs

The interaction parameters o

Crrr-rrt-v'  %rrz-v-v'°

)
)

11I-1I1'’ %v-v'’
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6.1 Introduction

The purpose of this chapter is to make a transition between
the purely theoretical treatment of phase diagrams and the actual use of
such a model. Here, the methods of obtaining the values of the various

binary parameters brought forward in chapter 5 are analyzed or these

values are simply presented for the case where their use has become common

practice and the results are, in general, widely accepted. The parameters
to be determined are: the entropies of fusion ASEJ as well as the
temperatures of fusion Tij of the binary compounds and finally the
activity coefficients YL('&' = A,B,C) in the liquid solution as the
activity coefficients in the solid solution may be eliminated by sub-

stituting the Yij's of equations 5.7.3 in equations 5.6.9

6.2 Entropies and Temperatures of Fusion

The first parameters are the entropies of fusion and the tem-
peratures of fusion of the binary compounds of interest here namely:
GaSb, InSb and GaAs. The most widely accepted values for the entropies
of fusion are those of Lichter and Sommelet (69L1, 69L2) where the high-
temperature heat contents of InSb and GasSb were measured over the tem-
perature range 400K to 1450K and those of GaAs were measured over the

temperature range 400K to above the melting point.
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The temperatures of fusion to be used in the present cal-
culations differ from those of Lichter and Sommelet except for GaSb.
The values used here are 985K for GaSb (63H1l), 798K for InSb (52L1),

and 1511K for GaAs (55K2). The data are tabulated in table 6-I.

Table 6-I Entropies of fusion and temperatures of fusion of the binary

compounds GaSb, InSb and GaAs

Compound Entropy of fusion Temperature of fusion
-1 _-1
J.mol ".K K
GasSb 66.11 985
InSb 59.91 798
GaAs 69.62 1511
6.3 Interaction Parameters: linear variation with temperature

Finally, the determination of the activity coefficients of the
liquid solution requires a more extensive treatment. As could be seen in
the preceding chapter, they are intimately related to the interaction
parameters defined in the analysis of the relationships that exist bet-
ween pairs of nearest neighbour atoms. From equations 5.7.4 it is
readily seen that the knowledge of the interaction parameters characteristic
of each pair of constituents and of the concentrationg NL will completely

determine the activity coefficients for a given temperature T. Therefore
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the problem reduces to evaluating the interaction parameters and in order
to do this a semi-empirical treatment has been proposed by Thurmond (64T1l).
This treatment is based on the fact that the a's for binary compounds

have a linear dependence with temperature. Already, it is seen that

this method is restrictive in the sense that it only allows the deter-

mination of the a parameters but not the a

or . How-
ITI-V ITI-IIT’ aV—V'

ever, this problem is discussed at the end of this chapter.

Thurmond established this linear dependence very successfully
for the compound GaAs but the method is to be used carefully as it is
expected that linearity will hold when the saturated liguid phase is
dilute, at temperatures far from the melting point of the compound.
This is true due to the fact that the partial molar heat of mixing and
excess entropy of mixing of the dilute component are in éeneral insen-
sitive to temperature changes, and in dilute solutions, are independent

of composition changes.

The linear relationship has also been used by Ilegems and
Panish (74I1), where they assume that ternary liquid solutions may be
considered as 'simple' solutions. They quote evidence that binary
liquid III - V systems are effectively simple over a large concen-

tration range (72P1, 7412).

Thurmond's analysis is based on a study of Vieland's relation

for a binary diagram including a line compound (63V1)

ast
L RT _ AB_ -, F
%p —3 [ an 4x(1 - x) + - (Tpp 7] 6.3.1

2(0.5)
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where x is the mole fraction of component B and AszB and T§B are the
entropy of fusion and the temperature of fusion of the compound AB
respectively. It is useful to mention that the formalism of equation
6.3.1 is not exactly that of Vieland or for that matter that of
Schottky and Bever (58S1l) who had previously used it. A detailed

calculation shown in Appendix B relates the formalism of references

(64T1) and (58S1) to eguation 6.3.1 which is the formulation most widely

used now.

Another point worth mentioning about this particular treatment
is the approximation made during the development that the term in AC

is negligible compared with the entropy term. Formally, the two terms

are as follows

AC (
p
and

AS — -1

and in order to check the validity of the approximation, the two terms

have been calculated for typical temperatures and the differences com-

puted in percentage. The results are displayed in Table 6-I1I where the
values of Lichter and Sommelet are used for the ACP and Ast of the

three binary compounds, GaSb, InSb and GaAs.
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Table 6-II Comparison of the two terms in ACp and ASF of Vieland's

treatment for typical temperatures.

P F F

Compound T AC asF T Acp'(;'i—— -1-%n %‘) st (%— - 1)
K J.mol_'l.K_l J.mol—l.K—l K J.mol— .K-l J.mol'_]'.K—l
GaSb 985 6.12 66.11 900 0.02 6.21
800 0.14 15.27
700 0.40 26.91
InSb 798 17.09 59.91 700 0.15 8.39
600 0.77 19.77
500 2.19 35.71
GaAs 1511 5.26 69.62 1200 0.15 ’ 18.03
1000 0.51 35.56
800 1.33 61.88
600 3.13 105.69

It can now be seen from Table 6-II that the omission of the AC_ term is

justified for temperatures not too far from the melting point with

perhaps restrictions for InSb.

It is then possible to evaluate the various interaction para-

meters as linear functions of temperature. The relation

Gpg = P+ aT 6.3.2

Lo
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which exists between %ap and T is best demonstrated when egquation 6.3.1
is solved for different combinations of x and T taken from the appro-

priate binary phase diagram data given in the literature.

6.3.1 Gallium-Antimony system (Gasb)

The experimental data available for the binary phase diagram
of GaSb are from Greenfield and Smith (55Gl), Koster and Thoma (55K2),
Hall (63H1), and Goryunova's data in Kalyuzhnaya et al. (64Kl).

Table 6-III gives the values scaled from the published graphs and the
values of %sasb obtained from équation 6.3.1. The latter were then

submitted to a least square analysis and the resulting values of p and

q are also given.

The data of Koster and Thoma were corrected for temperature
by +9K as suggested by Hall, and those of Greenfield and Smith similarly
by +6K to take into account the accepted value of the melting point
of GaSb at 985K. The binary phase diagram of GaSb is seen in figure

6-1 while figure 6-2 shows the o versus T relation.

Ga-Sb
As can be seen, a wide scatter exists for temperature above
800K as it was pointed out by Thurmond that such would be the case away
from dilute solutions of the mixture. However, corrections of *5K in
temperature or +0.02 in antimony concentration brought each point to
within the range of a least square analysis except for those above the
eutectic composition of 0.88 antimony. For instance, one point at

Xgp = 0.90, which is above the eutectic, returned into the range when
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. Table 6-TII Binary phase diagram data for Gasb and values of ¢ . from equation 6.3.1.
Source T x a x 10° 2.mo1”}
' X sb Ga-5b
' Greantield and Smith 885 9,50 x 107t 15.00°
(5561) ** 8 9.00 x 107! 1.40%
’ 93 6.43 x 1071 : -3.99
, 915 8.00 x 107% -4.56
3 938 7.50 x 107} -3.68
943 7.3 x 107F -3.78
948 7.25 x 107F . -2.59
953 7.00 x 107* -4.20
h 973 6.50 x 107% 8.09
) . 973 6.28 x 10! 4.52¢
979 5.00 x 107t %
975 423 x 107} -6.35
963 3.50° x 10} -6.77
938 2.30 x 107t ~0.01*
b 893 1.40 x 107t -0.09
838 0.82 x 110°% -2.60
823 0.70 x 107t -2.84
Koater and Thoma 873  9.50 x 107t 13.23%
(S5K2) #3* 873 8.50 x 10+ -7.67
) %03 8.00 x 107} -8.05
923 7.50 x 107% ~10.26
958 6.50 x 107t -9.75
. 965 6.00 x 1071 -20.17%"
973 5.50 x 1071 -24.58¢
976 5.00 x 10t t+
968 4.00 x 107t ~10.20
945 3.00 x 10°% -8.42
905 2.00 x 10 -7.28
878 1.50 x 07! -6.21
848 1.00 x 107t -3.72
793 0.53 x 107V -3.51
Hall (63H1) 908 1.90 x 107% -7.47
897 1.80° x 10°% -9.26
a3 6.75 x 1072 -1.77
727 1.42 x 1072 0.75
€63 0.40 x 1072 3.08
! 603 1.07 x 1077 4.18
553 2,76 x 107° 5.47
528 0.64 x 1074 12.16%
Kalyuzhnaya (64K1) 971 4.25 x 10t -66.53%
961 3.45 x 107t -16.36%
934 2.55 x 1070 -10.39
862 1.9 x 107t ~25.19*
' : 794 0.40 x 107* -30.14%
. p = 23824 Jumol™? q = =32.38 J.aol l.K?

Lt s  data point not used in least square analysis N

** O sb calculated with a correction of +6K to T
[ s a calculated with a correction of 49K to T
| 'Ga~-sb

|

|

4+ wvalue of Xeh brings in an indetermination in equation 6.3.1
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the Abe = =0.02 correction was applied. This then suggests that the
high temperature data are very sensitive to either temperature or con-
centration variations in contrast to the low temperature points which

were also tested with the corrections and found to be nearly invariant.

After such an investigation, a least square analysis was
carried out to determine parameters of the linear relationship but it
was decided to use a weighting factor to allow for the low density of
dilute concentrations. Figure 6-2 identifies four regions which were
compared with the four low temperature points, the final analysis
vielded the following weighting factors:

x7 for the lowest dilute data point

x6 for the 3 remaining dilute data points.

Finally, the line corresponding to the least square analysis for 28

data points is shown in figure 6-2.

There has been a number of studies made on systems containing
the binary compounds Gasb and in each case a different value for %Ga-Sh
is quoted. Two such values are plotted in figﬁre 6-2 and Table 6-VI con-

tains a longer list from the literature.

6.3.2 Indium-Antimony system (InSb)

The experimental data available for the binary phase diagram
of InSb are from Pogodin and Dubinsky (49P1l), Liu and Peretti (52L1)
and Hall (63H1). Table 6-IV gives the values taken either directly from

the published work or from a graphical analysis along with the values of




R . L4 .

o

Tabie 6-1V Binary phase diagram data for Insb and values ot-d;n;s‘, ti:ou ei;u'ation .

. . Source ) T X . i L
Pogodin and Dubinsky g l ’
(49p1)

9.50 ' x

-
g Tx
x
.
4 x
x
x
x
“ x
798 x
: 783 x
748 E
730 x
’ 663 x
- : . o 623 x
560 x
Liu and Peretti (52L1) . 898 ’ 9.89 x. 107} 6.19¢
897 9.79 x 107t 5.3q%
) 9.8 x 107} 4.510
883 9.37 x 107t 4.10*
873 : 9.6 x 107t 3.77*
866 8.95 x 1071 3.56¢
856 8.68 x 107t 3.33¢
845 8.42 x 107} 3.10*
833 8.17 x 1071 2.82¢
820 7.90 x 107! 2.44%
800 ' 7.39 x 1071 1.61*
780 7.13 x 1071 0.24*
768 6.87 x 107} -1.18¢
: 783 6.36 x 1071 -1.06*
- 790 5.86 x 101 -1.72
797 5.36 x 10°% -0.96*
798 s.00 x 107t +
795 4.42 x 107} -0.93¢
785 3.86 x 1071 -1.65 :
770 3.37 x 107! -1.79 :
752 2.88 x 107! -1.68
725 2.39 x 1071 -1.81
693 1.91 x 107t -1.84 :
602 0.95 x 107t -1.95 :
556 0.47 x 107! -1.61

Hall (6341)

X X X X X X XN R

p = 4895

* data point ‘l’lqt»‘,l\vl?ﬂl!d in lecast square.
* a,_gp Calculated with a correction of -8K to T.
+ wvalue of x'sb brings in an indotermination in edquation 6.3.1
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aIn Ssb obtained from equation 6.3.1. The latter were also submitted to
- &

a least square analysis and the values of p and g are given.

>The data of Pogodin and Dubinsky were corrected by -8K to
account for their high value (806K) of the melting temperature of InSb.
Figure 6-1 shows the binary phase diagram for InSb and figure 6-3 gives
the aIn—Sb versus T relation. Here too, the wide scatter at higher
temperatures was analysed in the same way as that of GaSb and again the
data points above the eutectic (be = 0.68) could not be corrected enough
since above this composition the melt is in equilibfium with solid

antimony rather than with InSb. Finally, the line corresponding to the

least square analysis is given in figure 6-4.

Various values of aIn—Sb appear in the literature and two

of them are displayed in figure 6-3. A more complete list appears in

Table 6-VI.

6.3.3 Gallium-Arsenic system (GaAs)

The experimental data available for the binary phase diagram
of GaAs are from Koster and Thoma (55K2) and Hall (63H1) . Table 6-V
gives those values taken from a graphical analysis of the published data
and the values of aGa—As obtained from equation 6.3.1 The latter were
treated with a least square analysis in order to determine the values of
P and g also quoted in the table. Figures 6-4 and 6-5 respectively show

the experimental binary phase diagram of GaAs and the aGa—As versus T

relation.

sl
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Table 6-V Binary phase diagram data for GaAs and values of aGa—As from
equation 6.3.1
Source T b4 o X 10-4
. K ' As Ga-As I
3 Koster and Thoma 1288 8.50 x 10 T -3.39*%
(55K2) 1338 7.84 x 107 -4.78%
1418 7.32 x 1071 -3.36
1 1453 6.82 x 10+ -3.50
1511 5.00 x 10 T +
1488 3.82 x 10 * -3.21
. 1473 3.50 x 10 T -3.31
1448 3.10 x 10 % -5.48
1346 1.90 x 107+ -3.15
Hall (63H1) 1277 1.22 x 10 ¢ -2.55
1262 1.12 x 10 ¢ -2.55
1226 8.86 x 10 2 . -2.46
1162 1.50 x 102 -2.15
1126 3.83 x 102 -2.08
1064 2.07 x 10 2 -1.94
1018 1.15 x 102 -1.71
984 7.00 x 107> -1.52
964 - 5.60 x 10~ -1.56
926 3.40 x 107> -1.55
866 1.14 x 10°° -.123
827 5.31 x 10 2 -1.06
767 2.25 x 102 -1.43%
731 4.10 x 10 ° -0.24%
p = 19828 J-mo1 ™t q = -36.61 3.mol Yk L
* data point not used in least square analysis
+ wvalue of xAs brings in an indetermination in equation 6.3.1
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Again various values of uGa—As can be found in the literature
and two of them have been plotted in figure 6-5. A more complete list

is presented in Table 6-VI.

The values for the interaction parameters of binary compounds
listed in Table 6-VI represent the major contributions in the related
field of interest. There are, however, restrictions that were expressed
by the various authors as to the validity of some values and the concerned
reader may refer to each individual study. The main point which stems
from the various analyses is that it is being verified more and more as
well as implied by Thurmond, Arthur and Stringfellow and Greene that the
gquasi-chemical equilibrium treatment is questionable regarding the III - V
binary systems since none has been found to behave as a regular solution.
Therefore, Vieland's treatment must be considered carefully as indicated
by the behaviour of the system InSb for instance. The approximation
which consists of neglecting the ACp term becomes disputable in light of

the results for low temperatures (see Table 6-II).

.3. he interaction par o ;0. ;o ;
6.3.4 The 1 parameters O ., _ry11vi%_yr’ Crrrorrrtev’ *rrr-v-v'

The remaining interaction parameters to be determined are those
of a binary mixture of elements of the same group, and those characteristic

of the ternary systems. The a o

I1I-1TT"' °OF Cyoyr MY not be evaluated

according to Thurmond's treatment as they do not form stoichiometric

binary compounds, while the o because of their

or
III-IITI'-V aIII—V—V'

ternary nature, cannot be derived from a simple analysis. Figures 6-6

and 6-7 show respectively the binary phase diagrams for the two systems:
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Fig. 6-6. Binary phase diagram of the Gallium-Indium

system as giyven in Hansen (58H1).
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Ga-In and As-Sb. The shape of the liquidus and solidus lines certainly
does not allow an easy method of obtaining the interaction parameters

to be foreseen a priori. As a matter of fact, their patterns only
render the sketching of ternary diagrams more complicated. Nevertheless
values taken from the literature are recorded in Table 6-VII. A
similar situation exists for the interaction parameters of the ternary
systems as a knowledge of the pseudobinary phase diagram is required

in order to assign values to either the o 's or the a

]
III-III'-V III-V-V' °

Various values quoted in the literature are also listed in Table 6-VII.

The values of the remaining four interaction parameters used
in this study do not appear in table 6-VII because the technique used
to evaluate them is described in subsequent chapters. The method
requires a detailed knowledge of the pseudobinary section of the phase
diagram from which interrelated sets of parameters are calculated

(e.g. with o ).

o
III-IIiT’ ITI-II1I'~V
In the chapters to follow, the ternary systems Ga-In-Sb and
Ga-As-Sb are discussed in detail and the theoretical model described

earlier is compared to experimental results.
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Table 6-VII Various values of the interaction parameters of the
III-V systems: Ga-In, As-Sb, GaxInl_be and
GaAs_Sb .
y 1-y
3
Source *Ga-In ®as-sb “Gasb-Insb “Gans-Gasb
J—mol_1 J—mol-l J-mol_l J—mol—l
Stringfellow and Greene 4460 2° 2552 ©*
(69S1)
Antypas and James (70Al) 10042 18828
Blom and Plaskett (71B1) 4460 2° ‘ 6276
Wu and Pearson (72Wl)  4602+0.67T+41.0mN "’
Panish and Ilegems (72Pl) 4435 d. 3138 7950 18828
Joullié et al. (74J1) 8368 6694
a. from measurements of activities in Ga-In liguid alloys by
Macur et al. (68Ml)
b. from Shih and Peretti (56S1)
c. this relation invalidates the Gibbs-Duhem equation
' d. from the heats of mixing data of Bros et al. (678B1)
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7.1 Introduction

In this chapter, solidus isothermal and isoconcentration
lines are determined experimentally for the ternary system Ga-In-Sb and
results are compared with data predicted by the simple solution model
which was presented in previous chapters. The experimental results
are presented first followed by the numerical analysis. All relevant
data, experimental as well as theoretical, are then plotted and

compared in order to assess the predictions of the theoretical model.

7.2 Experimental Determination of the Phase Diagram  of the Ternary

System Ga-In-Sb.

7.2.1 Pseudobinary section GaxIn be and liquidus sheet of Ga-In-Sb.

1-
Preliminary investigations of the pseudobinary section
GaxInl_be are due mainly to Koster and Thoma (55K1), Woolley and Smith
(58Wl) and Woolley and Lees (59Wl). Together, these authors present
enough experimental data to completely determine the liquidus and solidus
lines of the pseudobinary phase diagram. The results are shown in
figure 7-1. Much of the work has primarily been concentrated on the
pseudobinary section since it contains all of the solid phases of interest
technologically. Most of the remaining work has been concerned with the

prediction of liquidus sheets and with solidus isoconcentration lines,

data which are of importance in the ligquid phase epitégy technique. In
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this latter case however, there is considerably less experimental data
available. Experimental determination of the liquidus isotherms on the
general phase diagram have been given by Blom and Plaskett (71Bl),
Antypas (7221) and Joullie et al. (74J1), but few systematic data have
been obtained on isoconcentration lines, the data available being mainly
incidental results from ligquid phase epitaxy work rather than designed

experimental investigations of the ternary diagram.

7.2.2. Solidus isoconcentration lines of Ga-In-Sb.
The present experimental work has been the determination of
solidus isothermal lines and hence solidus isoconcentration lines in the

region of the diagram between the pseudobinary section GaxIn be and the

1-
Ga-In binary. The solidus isoconcentration lines give the composition
values of points on the ligquidus sheet which are in equilibrium with a
solid phase of given composition. In order to obtain these solidus
isoconcentration lines, one must find first a suitable way of determining
the tie-lines in that region of the phase diagram, the tie-lines of course
give the two phases (liquid and solid) in equilibrium at a given

temperature.

The experimental technique used here was that described pre-
viously for the determination of the solidus curve of the pseudobinary
section and which was found to give good agreement with standard D.T.A.
measurements (62Wl) and also with data from ‘'first-to-freeze' analysis of
stoichiometricmelt growth samples (62T1). Briefly, a sample is prepared

with a predetermined initial composition and annealed fo equilibrium in
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the two-phase field (i.e. between the liguidus and solidus sheets) and
then quenched so that the equilibrium solid phase will freeze in and

no solid diffusion will occur.

A series of starting compositions were chosen according to the
configuration of the liguidus isothermal lines to ensure that the anneal
temperatures would be Qell within the two-phase field. These liquidus
isotherms were already available from the literature (71Bl and 74J1).

The samples were prepared from pieces of broken ingots of Ga, GasSb and
InSb. The gallium was semiconductor grade Ga (Alusuisse), the InSb was
obtained commercially (n-type, polycrystalline - Cominco) and the GaSb

was grown in this laboratory from the gallium described above and 59 grade
antimony (Cominco). Each component was weighed to 10 ug and introduced
in a quartz ampoule to form a stoichiometric mixture. The samples were
prepared so that each one weighed one gram as it was found that the size
of the resulting ingots was sufficient to yield enough material for the
various analyses to which it was subjected. However, the overall
accuracy in the mass of each ingot was estimated at 100 pg due to losses
in the transfer from the weighing pan into the ampoule. Furthermore,
pieces of broken ingots rather than powdered ingots were chosen in the
preparation of samples for two reasons: first, the losses during transfer
were minimized since each piece of ingot was handled individually, although
this procedure made the weighing a very tedious exercise, and second, the
broken pieces ofﬁered less oxidized surface from previous contact with

air which could inhibit the melting process.

I
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The quartz ampoules were then evacuated and back-filled with
argon to a reduced pressure (approximately 35 kPa). The samples were
melted by holding for one or two hours at a temperature above the melting
point of the compoﬁnds (usually 800°C), quenched and transferred to an

annealing furnace; this procedure also allowed examination for possible

cracks of the ampoules.

The samples were then annealed to equilibrium. In the two-phase
liquid solid field below the liquidus sheet, because the solid phase is
very finely dispersed throughout the liquid phase, annealing for 24 hours
was quite sufficient to attain this equilibrium condition. A small
number of samples were annealed for times up to 20 days but showed no
change from the condition observed after 24 hours annealiﬁg. Over the
anneal period the temperature was kept constant at ¢2°c, and its mean
value determined to #2°C by means of a calibrated Pt-Pt 13%Rh thermo-
couple. At the end of the anneal, the samples were rapidly quenched by
plunging into an oil bath so that the equilibrium solid phase was frozen
in and no solid diffusion occurred. The lines of this solid phase were
easily determined in an X-ray powder photograph. The homogeneity of this
solid phase was clearly demonstrated by the sharpness of the X-ray lines,
the Ka doublet being clearly resolved, and by the fact that no variation
could be observed in different X-ray patterns taken from the same
quenched sample. The lattice parameter of the equilibrium solid phase
and hence its composition were thus determined (62Wl). The position of
this solid phase on the pseudobinary section plus the_composition of the

initial sample clearly define the position of the tie-line on the phase
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diagram.

To check that two-phase behaviour was being observed, in one or
two cases further samples were investigated which lay on the tie-lines so
determined and in each case the solid composition found was in good agree-

ment with the previous value, confirming that a two-phase tie-line had

been obtained.

The series of tie-lines investigated were those for the following

temperatures: 3800, 4300, 4750, 525°, 5500, 600o and GSOOC. To determine
the liquid end of the tie-line, knowledge of the liguidus sheet is
required and, as will be demonstrated in the theoretical analysis, the
predicted liquidus isothermal lines are in good agreement with the avail-
able experimental data. Therefore those isotherms calculated from the
simple solution model have been used here to determine the composition of
the equilibrium liquid phase, being the point of intersection of the tie-
line and the corresponding isothermal line. Figures 7-2 to 7-5 show the
various sets of tie-lines for the temperatures mentioned above, while
table 7-I contains all the relevant data: temperature, initial composition,
solidus composition and liquidus composition, for the construction of those
tie-lines. In addition, a three dimensional representation of the ternary
phase diagram is given in figure 7-6. Various liquidus isotherms are
represented along with two sets of tie-lines: 475°C and 600°C. However,

the position of the eutectic valley situated in the Sb corner, is only

approximate since no experimental data is available.
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Table 7-I. Compositions of samples annealed in liquid-solid two-
phase field at temperature T and of resulting solid
and liquid phases. Values give tie-lines and points
- -~ on solidus isotherms.
4 . .
T°¢ INSTIAL COMPOSITION SOLIOUS COMPOSITION LIQUIoUS CoMPOSTITION
%, ®1n L o *n sy % Ma L™
m° 0.050 0.550 0.400 0.050 0.450 0.5%00 0.05 0.8 0.13
" 0.100 0.550 0.350 0.135 0.365 0.500 0.08 0.8 .1
0.200 0.450 0.350 0.25% 0.24% 0.500 o 0.9 0.10
. 0.0 0.300 0.400 0.355 0.145 0.500 0.14 0.7 0.09
0.35 0.%0 0.35%0 0.435 0.065 0.500 0.19 0.73 0.08
0.550 0.100 0.350 0.48% 0.015 0.500 9.7 0.29 0.01
a® 0.050 0.550 0.400 0.050 0.450 0.500 0.05 a.76 0.19
0.100 0.550 0.3%0 0.150 0.350 0.500 0.05 0.76 0.19
= 0.200 0.450 0.3%0 0.295 0.205 0.500 0.09 0.74 0.17
0.150 0.650 0.200 0.350 0.140 0.500 0.32 0.72 0.16
0.195 0.550 0.255 0.365 0.135 0.500 0.1 0.72 0.15
0.200 0.300 0.400 0.370 0.130 0.500 0.13 0.72 0.15
0.200 0.550 0.250 0.380 0.120 0.500 0.14 e.N 0.1%
0.3%0 0.300 0.35% 0.435 0.065 0.500 0.22 0.66 0.12
0.450 0.200 0.350 0.470 0.030 0.500 0.42 0.51 0.07
. 0.550 0.100 0.350 0.470 0.030 0.500 o.Nn 0.26 0.03
45° 0.050 0.550 0.400 0.065 0.435 0.500 0.03 0.70 0.27
0.100 0.550 0.350 0.165 0.335 0.500 0.06 0.69 0.25
0.200 0.450 0.350 0.310 0.1%0 0.500 o.n 0.66 0.23
0.300 0.300 0.400 0.380 0.120 0.500 .15 0.64 0.21°
0.350 0.200 0.350 0.435 0.065 0.500 0.25 0.58 0.17
0.450 0.200 0.35 0.465 0.035 0.500 0.42 0.46 0.12
0.550 0.100 0.350 0.480 0.020 0.500 0.68 0.26 0.06
525° 0.100 0.450 0.450 0.115 0.385 0.500 0.07 0.57 - 0.26
0.100 0.550 0.350 0.228 0.275 0.500 0.09 0.57 0.34
0.200 0.450 0.350 0.350 0.150 0.500 0.15 0.55 0.30
0.300 0.250 0.450 0,350 0.150 0.500 0.15 0.55 0.30
0.300 0.300 0.400 0,395 0.105 0.500 0.19 0.53 0.28
0.350 0.300 0.350 0.440 0.060 0.500 0.28 0.49 0.23
0.450 0.200 0.350 0.455 0.035 0.500 0.43 0.40 0.17
0.550 0.100 0.350 0.485 0.015 0.500 0.66 0.23 0.11
s50° - 0,200 0.450 0.350 0.39%0 0.110 0.500 0.8 0.49 0.33
0.200 0.300 0.400 0.400 0.100 0.500 0.21 0.48 031
0.350 0.300 0.350 0.450 0.050 0.500 0.29 0.44 0.27
0.400 0.200 0.400 0,450 0.050 0.500 0.33 0.42 0.26
0.450 0.200 0.350 0.495 0.005 0.500 0.4 0.37 0.22
0.550 0.100 0.350 0.495 0.005 0.500 0.63 0.23 0.14
0.650 0.050 0.300 0.500 0.000 0.500 0.8) 0.10 0.09 -
s00° 0.250 0.3%0 0.400 0.425 0.075 0.500 0.24 0.3% 0.40
0.300 0.300 0.400 0.435 0.065 0.500 0.27 0.35 0.38
0.350 0.300 0.350 0.450 0.050 0.500 0.34 0.3 .33
0.400 0.200 0.400 0.460 0.040 - 0.500 0.35 0.3 0.32
0.450 0.200 0.350 0.480 0,020 0.500 0.44 0.28 0.28
0.550 0.100 0.35%0 0.435 0.005 0.500 0.60 0.19 0.21
0.650 0.050 0.300 0.495 0.005 0.500 0.76 0.08 0.16
50° 0.380 0.170 0.450 0.465 0.035 0.500 0,35 0.22 0.43
0.400 0.200 0.400 0.470 0.030 0.500 0.40 0,20 0.40
0.450 0.100 0.450 0.470 0.030 0.500 0.42 0.20 0.38
0.4%0 0.110 0.400 0.495 0.005 0.500 0.49 0.7 0.4
0.550 0.100 0,350 0.435 0.005 0.500 0.57 0.1 0.30
5 0-’50 0.050 0,300 0.500 0.000 0.500 0.69 > 0.06 0.25
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Fig. 7-2. Liquidus isotherms and tie-lines of the Ga-In-Sb system:
a) 380°c, b) 430°%.
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Fig. 7-4. Liquidus isotherms and tie-lines of the Ga-In-Sb system:
a) 550°%, b) 600°c.
@ initial composition O liquidus composition

A solidus composition
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Fig. 7-5. The 650°C liquidus -isotherm and tie~lines of the Ga-In-Sb system:
® initial composition O liquidus composition

A solidus composition
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In
Three-dimensional representation of the phase diagram for

Ga-In-Sb. Various liquidus isotherms and two sets of tie-
lines are represented in their respective planes (475o and
600°C). The position of the eutectic valley in the antimony

corner is only approximate.
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It is of interest to mention that, in the early stages of the
research, a major difficulty arose with samples for which the concen-
tration of antimony in the initial composition was 45%. At anneal
temperatures below 500°C, the samples yielded erroneous results. In order
to investigate the situation, three specimens of initial compositions

Ga In ,_.Sb and three specimens at Ga

10 45 45 Sb were prepared

.307", 2552 45

and annealed respectively at 3800, 430° and 475°C. Again, in each case,
the results were incompatible with those specimens with antimony concen-
trations less than 45%. So, more samples of the same initial compositions
were prepared and the procedure was repeated twice more, again with
similar results. However, since normal behaviour was resumed at 525°C

and over, it was concluded that, at temperatures below 500°C, the samples
with antimony concentrations of 45% were situated too close to the pseudo-
binary section which contain all of the solid phases and according to an
argument similar to the Lever rule, the amount of liquid phase present in
thebsample was insufficient to dissolve the initial solid phase and reach
the desired equilibrium in the allowed time, that is, 24 hours. This
conclusion, however, was not actually verified using longer anneals as
there were enough samples of various initial compositions to suéply data

for the tie-lines needed in establishing a phase diagram.

7.3 Theoretical Determination of the Phase Diagram of the Ternary

System Ga-In-Sb.

As outlined in chapters 5 and 6, the theoretical approach used
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to predict the phase diagram of the ternary system Ga-In-Sb is the simple
solution model. Most of the useful parameters contained in this model

have already been evaluated except for the two interaction parameters

and o

%Ga-In GaSb-InSb*

7.3.1 The interaction parameters o a

Ga-1n 279 %Gasb-Insb”

In previous work, the binary diagram data of Bros et al. (67Bl)
énd Macur et al. (68M1) are usually quoted for the evaluation of uGa—In
while the value of ®casb-InSb is usually obtained by a fit to the
pseudobinary liquidus and solidus data or from the calculations of
Foster and Woods (71Fl). In all cases the parameter values have been
assumed independent of T. Joullie et al. (74J1) determined both uGa—In

and ®5asb-InsSb from the pseudobinary data by solving equations equivalent

to the present 5.6.9, 5.7.3 and 5.7.4 for composition values from the
liquidus and solidus curve. However, they used the data for one tem-

perature only and again assumed that the two a's were independent of

temperature.

Here, the pseudobinary liquidus and solidus data have been used
to detexrmine both aGa—In and aGaSb—InSb as a function of temperature over
the range between the melting points of the two compounds. At each tem-
perature, appropriate composition values from the liquidus and solidus
curves (figure 7-1) were inserted in equations 5.6.9, 5.7.3 and 5.7.4
and values of aGa_Inand aGaSb-InSb were determined simultaneously.

The choice of values of X from the pseudobinary phase diagram was

dictated by the experimental values of Koster and Thoma (55K1), Woolley
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and Smith (58Wl) and Woolley and Lees (59Wl), but there was appreciable
scatter in the graphs of o versus T for each case, as the a values

. seemed very sensitive to the values of X used in the calculations. 1In
order to test this variation, the solidus compositions were allowed to
vary by *1% about the mean compositions identified by the initial solidus
line and new values of a's were computed. The results are shown on
figures 7-7 and 7-8 where the various solutions are plotted for each
temperature used in the calculations. The variations in composition
were carried out only on the solidus line and in the range 0.55 < X < 1.00
as suggested by the steeper slope of this two-phase field boundary and
no studies of variations of either the liquidus compositions or the tem-

perature were attempted here.

From the graphs of figures 7-7 and 7-8 it was found that in
each case the value of o could be written as a linear function of T and
the values determined by least squares fit are given in table 7-II along
with the values of the other two interaction parameters of interest,

already listed in chapter 6.

Table 7-II Interaction parameters for the ternary system Ga-In-Sb

-1
= - 32. .
aGaSb 23824 32.38T J.mol
- _ -1
aIn—Sb = 4895 33.72T J.mol
o = 12000 - 12.97T J.mo1™t
Ga-In
-2816 + 11.42T J.mo1t

®Gasb-InSb
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7.3.2 Liquidus isothexms of Ga-In-Sb

Using the various o's derived above, equations 5.6.9, 5.7.3 and

5.7.4 were'solved with sets of values of N and NS over the whole

b

ternary diagram to yield values of T and X. The values were then

N
Ga' In

appropriately_iﬁterpolated to give liquidus isothermal lines for the
Ga-In-Sb system. A graph of temperature as a function of galliﬁm con~
centration yielded a ﬁetwork of constant antimony composition and constant
indium composition lines from which the isotherms could be constructed.
Figure 7-9 shows the network obtained from the values of the interaction
parameters listed in table 7-II. Finally, figure 7-10 gives the set of
liquidus isothermal lines for the ternary system Ga-In-Sb. This set of
lines defines the liquidus sheet of the phase diagram. 1In figure 7-10,
the experimental data of Blom and Plaskett (71B1), Antypas (72Al) and
Joullie et al. (74J1) also appear and it is found that over most of the
composition range, the predicted isothermal lines are in fairly good

agreement with experiment.

The simple solﬁtion model was also tested by other workers
but with different values of the interaction parameters. Again the agree-
ment between different sets of predicted isotherms is relatively good
(figure 7-10) and after many attempts at finding the best combination by
intermixing the various values of a's published, it appears that the pre-
dicted isothermal lines are not in general very sensitive to the values
of o's used. Therefore the values of a's listed in table 7-II were used
throughout as they involved no further fitting after their initial deter-

mination from a Thurmond like analysis (64T1) for %ca-Sb and ¢ sb’ and
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Fig. 7-10. Liguidus isotherms in the Ga-In-Sb ternary phase diagram.

)
(Temperatures in C).

Theoretical calculations this study
—————————— Blom and Plaskett (71B1)
—— = ——— « Joullié et al. (74J1)
Experimental determination
O Blom and Plaskett (71Bl) A Woolley and Lees (59W1)
@® Antypas (72A1) - Koster and. Thoma (55K1)
X Joullié et al. (74J1) ¥ Koster and Thoma (55K2)

A Liu and Peretti (52L1)
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a temperature dependent relation for %eamTn and aGaSb—InSb'

discrepancies between the present results and those of Blom and Plaskett

The main

(71B1) . and Joullie et al. (7471) are at points close to the pseudobinary
section. The present results are tied to the measured pseudobinary
data by the method used for determining o and o and hence

Ga-In GasSb-InSb
will be in better agreement with those experimental data. This will be

discussed further below.

7.3.3 Solidus isotherms and isoconcentration lines of Ga-In-Sb.

From the simultaneous solutions of equations 5.6.9, 5.7.3 and
5.7.4, the solid composition X may be plotted as a function of gallium
concentration to yield a set of lines of constant antimony composition
resulting in the network presented 'in figure 7-11. From this and figure
7-9 it is then possible to plot a series of graphs of X versus NGa for
constant temperature. The resulting relations give the solidus isotherms
which are shown for various temperatures in figures 7-12 and 7-13. The
experimental solidus isotherms can be found from the determination of
the tie-lines discussed préviously. From table 7-I, the concentration of
the solid phase (Xsolid) on the pseudobinary section GaxInl_be obtained
from the solidus composition is plotted against the gallium concentration
(NGa) of the liquidus composition. The resulting solidus isotherms are
also displayed in figures 7-12 and 7-13. There is obvious disagreement
between theoretical and experimental values and all attemps at varying

the a-parameters failed to improve the theoretical predictions signifi-

cantly.
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In order to compare the predictions of other workers, the 300°
and 500°C theoretical solidus isotherms of Panish and Ilegems (72P1)
were plotted along with the results of this analysis (figure 7-14).
No experimental data exist for the lower temperature, while for the
higher temperature, only the points of Antypas (72A1) may be referred
to. These two temperatures were chosen because they are the only two
for which theoretical and/or experimental data have been published (72r1,
72al1). At 500°C, all‘predictions are relatively the same but at 300°¢
the values of Panish and Ilegems (72P1) would seem to be closer to the
expected experimental solidus isotherm providing that at this temperature,
the trend of having the experimental lines above the theoretical lines,

as observed in figures 7-12 and 7-13, is still present.

In an effort to find a better set of interaction parameters,
the values of Panish and Ilegems were introduced in this analysis,
but already at about 400°C the two theoretical lines agreed and were far
from the experimental results. Furthermore, above 500°C the predicted
isotherms of Panish and Ileéems showed worse agreement with the experi-
mental data than the present analysis. Values of a's from other workers
were also tested but it became quickly apparent that nothing would be
gained from such an exercise. In all cases, however, the solidus iso-
therms calculated in this study were in better agreement with the experi-
mental results for temperatures above 550°C and this was expected of

course due to the method used in determining aGa—In and Q- eb-InSh"
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Finally, from these solidus isotherms and the predicted liquidus
isotherms which were found to be in good agreement with experimental
results (71B1, 72Al, 74J1), solidus isoconcentration lines were con-
structed and are shown in figure 7-15, again both experimental and

theoretical values being given.

7.4 Discussion

The input data for the calculated phase diagram results are
mainly in the four o parameters. Here, each has been assumed to vary
linearly with temperature and its value obtained from the known data of an
appropriate binary or pseudobinary section. Although previously it had
been suggested that these values could be obtained from ranges of dilute
solution only, it appears that consistent values of o can probably be
obtained over a very wide range of composition of the relevant section as
indicated by Ilegems and Panish (74Il). Comparison of the predicted data
obtained with the present values of o and those of previous workers (71Bl1,
72P1, 7431) indicates that the form of the liquidus isotherms is not very

sensitive to the exact value of a.

In the present work, the method of determining aGa—In and
O sb-Insb ensures that a good fit to the data of the pseudobinary section
is obtained, which was not the case in some of the previous work. 1In all
cases, the fit to the liquidus isotherms in the range 350—500°C is good.

However, the present choice of & values gives a slightly worse fit to the

I
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Fig. 7-15. Solidus isoconcentration lines in the Ga-In-Sb texrnary

phase diagram.

present experimental data

present theoretical calculation

points from experimental pseudobinary

section.




174

300°C liquidus isotherm data than that of Blom and Plaskett (71Bl) and
Joullie et al. (74J1). Thus even for the liquidus isotherms, it appears
that no single set of a values gives an excellent fit over the whole
range of composition considered here, but that reasonable agreement with

experiment can be cbtained with a careful choice of o values.

One factor which may influence the fit to experimental data in
this particular case is the value of the ACP term in Vieland's equation

for chemical potential (63V1),

i.e.:
Te) sl sk F F
= + - -
Hac ¥a He A8pc (Tpe — 1
. Trc
+ Acp [TAC -T - (—3 y 1 7.4.1

Throughout the analysis the-.ACP term has been assumed to be negligible.
While this is true in most cases, calculation shows that for the case of
In-Sb thevAcP term can at low temperatures become a non-negligible part of
the right-hand side of equation 7.4.1 (see table 6-1II). Thus neglecting
this term could have some effect on the value of aIn—Sb calculated and on

the predicted form of the low temperature liquidus isotherms.

Thus it is clear that for the Ga-In-Sb ternary system the simple-
solution model has serious limits on its usefulness. It can be used to
give reasonable values of liguidus isotherms, but solidus data predicted

by this method in the temperature range 300°C to 712°C are of no practial

value.

by —— |
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In a review by Panish and Ilegems (72P1) of a number of these
alloy systems, it is indicated that fair agreement between predicted and
experimental values of the solidus parameters can be obtained for the
ternary alloys involving phosphorus and possibly aluminum but that the
agreement is poor for the heavier systems such as GaxInl_xAs and
InAsySbl_Y. Clearly the use of the simple solution model to predict
solidus data is only of value if one can predict the cases for which
the model gives valid results. One possible factor in this consideration
is the temperature, since it would appear that the lower the range of
temperature concerned the worse is the agreement. Thus one possible
reason for the discrepancy between prediction and experiment is the AC
term and the associated Vieland equation. But as indicated above, the
ACP term is significant only below 600K and hence should have little
effect even in the upper temperature range of the solid phase of the
GaxInl_be alloys. However, Jordan and Weiner (7531) have shown that
Vieland's equation is exact only if o is a linear function of temperature

and as has been seen above, this may not be the case here.

A second possible factor in this temperature range is ﬁhat
association in the liquid phase may become important (70J1). However
Jordan has indicated that this effect is mainly of importance when the
liquidus curve of the appropriate binary system shows a cusp around the
line compound (e.g. Zn-Te, Cd-Te) and should not be important for systems

showing the smooth 'convex' liquidus curves typical of most III-V

combinations.
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8.1 Introduction

The experimental data available in the literature for the pseudo-

binary system GaAs_ Sb

1-y have already been quoted in chapter 3 where it has
p b4 -

also been reported that a miscibility gap exists in the range
i 0.38 < y < 0.61 of the solid solutions. In the present chapter, experi-
mental data have been collected in order to characterize the pseudobinary

section of the phase diagram and to verify its peritectic behaviour.

8.2 Experimental Determination of the Solidus Lines of GaAs Sbl-y'
From the findings of chapter 3, the experimental. data available
(62wl, 70I1, 72F1) and the theoretical calculations of Stringfellow (72S1)
it was decided to investigate the properties of the phase diagram of
GaAsySbl_Y by annealing samples in the two-phase liquid-soélid fields
and rapidly quenching those samples in order to freeze in the solid phase
which is in equilibrium with the liquid in the melt. From powder X-ray
photographs it is then possible to measure the lattice constant of that
solid phase and thus determine its composition. The method yields a
homogeneous phase characteristic of the equilibrium solid and the sharp
lines on the X-ray diffraction photograph are easily distinguished from
the other faint and blurred lines characteristic of the phases which did

not reach equilibrium before freezing out. The compositions of the

equilibrium solids determine the solidus curve of the system.
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Samples of various initial compositions were prepared from
the stoichiometric binary compounds GaAs and GaSb. The method of pre-
paration was the same as that for the samples of Ga-In-Sb (chapter 7).
Here, however, the reduced pressure of argon inside the quartz ampoules
served two purposes: first, it contributed in lowering the wvapour
pressure of arsenic thus reducing.losses of arsenic to the sample,
second, it also prevented implosions as the ampoules were taken to
temperatures in excess of 1250°C and it was found that at these high
temperatures the quartz had a tendency to soften thus bringing up the

possibility of ampoules collapsing under the ambient pressure inside

the furnace.

The periods of anneal were determined experimentally and as
was the case for the alloy system described in chapter 7, ;ome samples
were annealed for periods of up to 20 days. However, it was found that
annealing times of three days were guite sufficient to attain the equili-
brium conditions. The rest of the processing was again identical to
that described in chapter 7. Again, the temperatures were measured with

calibrated Pt-Pt 13% Rh thermocouples.

From Wodlley's original solidus data which were available and
the knowledge of peritectic behaviour, the starting compositions were
selected carefully in order to provide optimum conditions in the produc-
tion of equilibrium solid phases according to the Lever rule. For tem-
peratures above the peritectic temperature the starting compositions that

were chosenranged fromy = 0.15 to y = 0.85. Below this temperature,

the range was 0.07 <y < 0.25.




179

The experimental data are tabulated in table 8-I including the
original values of Woolley: his solidus compositions, however, are

corrected to account for the deviation from the Vegard line as established

in chapter 3.

8.3 Miscibility Gap: variation with temperature

The next investigations were orientated towards the determination
of the boundaries of the gap as a function of temperature. Preliminary
trials were made with samples of initial compositions ranging from y = 0.15
to y = 0.65 with annealing times of several days as it had been already
recognized that diffusion rates in the solid phase would bg guite slow,
but there were no accurate controls over the temperatures of anneal and
the results had to be treated cautiously. The results of those pre-

liminary tests are presented in table 8-II.

As can be seen, in most cases only one phase could be accurately

determined and this follows again from the Lever rule.

Finally, all the experimental results are plotted in figure 8-1.
The addition of data on the liquidus curve (7011, 72F1) and the values
obtained for the miscibility gap (chapter 3) give a reasonably complete

phase diagram for temperatures above 690°C.




180

Table 8-I Experimental solidus data for the pseudobinary system GaAs Sbl- .

Initial Composition T a Solidus Composition

) yi oC _ nm vy

4
0.85% 1170 0.5655 0.995
0.65% 1054 0.5660 0.980

N 0.50% 974 0.5666 0.965
0. 35% 893 0.5671 0.947
0.15% 775 0.5718 0.795
0.85%* 790 0.569%9 0.855
0.60 800 0.5700 0.855
0.35 800 0.5701 0.850
0.60 758 0.5723 0.780
0.25 755 0.5726 0.770
0.25 750 0.5749 0.700
0.60 740 0.5951 0.325
0.07 733 0.5952 0.320
0.07 727 0.6025 0.165

+ these are the original points by Woolley (62Wl) but the compositions are
corrected for departure from Vegard's law.

* This is an original point by Woolley which remained unpublished because
of the uncertainty in temperature.

Table 8-II Experimental data for the determination of the miscibility

gap in GaAsySb

l-y
Initial Composition T Period of anneal a Solidus Composition
o

yi fe days nm Y
0.15 700 57 0.6020 0.168
0.15 690 39 0.6019 0.172
0.35 690 39 0.5962 0.300
0.50 700 6l 0.5961 0.304

0.5664 0.970
0.50 715 15 0.5953 0.320
0.65 723 29 0.5952 0.324

0.5660 0.980
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8.4 Discussion

_F?om the configuration of the phase diagram (figure 8-1) it is
possible to describe the sequence followed by any sample from its initial
formation to the resulting phases appearing &fter the annealing period.
For the case of the sample annealed at 740°C {table 8-I) and with
initial composition y = 0.60, the sequence is as follows: the melt upon
quenching will yield a solid of composition rich in GaAs and a continuous
variation of non-equilibrated phases that approach GaSb along the liquidus
line. When the mixture is annealed, time becomes an important factor:
if it is sufficiently long then the various phases will diffuse and
produce a mixture in equilibrium which will yield the desired phases
situated on the boundaries of the two-phase solid-solid field at the
temperature of anneal. Every effort is made in order to ensure that the
annealing time of each sample is long enough,however, if the time is too
short, there will be a lack of diffusion of the phases initially formed
resulting in the annealing of a mixture of different composition than the
initial starting composition, but if this change in composition is small,
then the new composition will still be situated within the two-phaée
solid-solid field and the resulting phases in equilibrium will be the

same as in the case of long anneals.

For the samples annealed at 727°C and 733°C both with y = 0.07,
they separate in the two-phase field below the peritectic line and the
anneals yield GaSb-rich material and almost GaSb-pure material in accordance

with the Lever rule. Similarly for the samples annealed’ at higher tem-
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peratures (e.qg. 755°C and above) they separate in the two-phase liquid-
solid field situated above the peritectic temperature. The results for
the sample annealed at 790°C (yi = 0.85) showed the initial composition
to be ve¥§ close to the solidus line, however this composition is located
inside the two-phase field because it was possible to detect a weak,
almost GaSb-pure phase on the X-ray photograph. This is in accordance

with the Lever rule and justifies the use of this sample in the deter-

mination of the solidus line.

As mentioned previously, the results presented in tables 8-I
and 8-II demonstrate the advantages of annealing samples in a two-phase
liquid-solid field rather than a solid-solid field as the times required
to attain equilibrium conditions are much shorter in the former case.
However, the investigations of the miscibility gap require that the anneals

take place within the solid-solid field at this stage of the study.

In order to complete the discussion, the two samples with

y; = 0.15 show that between 69000 and 700°C, a single phase field exists
since the equilibrium solid compositions of each sample are close to the
initial compositions, the differences being accounted for by the experi-
mental error. Hence, the miscibility gap does not extend to these com-
positions for those temperatures tested. The remaining samples in the range
0.35 <y < 0.65 indicate that, at these temperatures, a two-phase field
exists and phase separation occurs. In all cases both phases are observ-
able but for two of the samples the GaAs-rich phase was not measured as

the high angle lines were too faint on the X-ray photograph. The com-
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position of this latter phase can however, be estimated to be in the

vicinity of y = 0.98.

Because of the uncertainty in the annealing temperatures for
samples situated within the two-phase solid-solid field the results have
been supplemented by other measurements but the initial compositions of
the new samples were selected away from the pseudobinary section of the
composition diagram. For this technique to be successful however, a
knowledge of the phase diagram of the ternary system Ga-As-Sb is required
especially for the liquidus isotherms in order to allow for a proper

choice of starting compositions and temperatures for the various anneals.

Since no experimental data were available on the liquidus isotherms
of the ternary system Ga-As-Sb except for the pseudobinary section, and
it was recognized that the simple solution model provided a reasonable
set of isotherms ﬁor Ga-In-Sb, it was decided to use the theoretical
predictions to obtain the phase diagram data required for the Ga-As-Sb

system.

Finally, a recent study by Nahory et al. (77N1) published after
the present work was completed, has given four new experimental points on
the pseudobinary section (three on the liquidus and one on the solidus)
and each one is in good agreement with the data already referred to or

presented in this study.
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9.1 Introduction

Very few workers have reported theoretical analyses on the phase
diagraﬁ éf the ternary system Ga-As-Sb. Panish and Ilegems (72P1) and
stringfellow (72S1l) have calculated the pseudobinary section GaAs Sbl-
but only Antypas and James (70Al) have published results on their cal-
culations of the ternary diagram for gallium concentrations above 50%
using Darken's gquadratic formalism for a ternary liquid and assuming a
regular solid solution (67D2). More recently, Nahory et al. (77N1) have
presented an analysis based on the simple solution model except for the
treatment of one of the parameters which they have made dependent upon the

antimony concentration. This analysis is examined further on.

9.2 Theoretical Determination of the Phase Diagram of the Ternary

System Ga-As-Sb

In this chapter, the simple solution model described earlierxr

is used to predict the liquidus and solidus data of Ga-As-Sb.

.2.1 ki i : a
9 The interaction parameters % s-Sb nd O oAs-GaSb

In order to be able to use the simple solution model, it is
necessary to evaluate two unknown parameters as was the case for the

system Ga-In-Sb: they are the two interaction parameters ®re-Sb and
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aGaAs-Gasb' There are various sets of phase diagram data reported for
the As-Sb system (58S1, 58H1) and the values adopted for % s-Sb have been
somewhat arbitrary and adapted to fit the theoretical treatments used.
The values listed in table 6-VII for aAs—Sb as well as for aGaAs—GaSb

are among the few values quoted in the literature. In addition, Nahory

et al. (77N1) have used an o linearly dependent upon N

As-Sb while using

Sb

the simple solution model for predicting the phase diagram.

From the experimental determination of the solidus line of
GaAsySbl_y in the preceding chapter and the liquidus data available it
was possible to use an approach similar to that of Chapter 7 in order to
calculate the two remaining interaction parameters. The liquidus-solidus
data required in the simultaneous solution of equations 5.6.9, 5.7.3 and
5.7.4 are listed in table 9-T and are taken from the lines drawn through

the experimental points of figure 8-1.

The interaction parameters o d were thus

®Gars-Gasb

determined simultaneously and their values plotted as a function of tem-—

an
As-Sb

perature (solid circles on figures 9-1 and 9-2). As was the case for

aGa—In and o , a study was made on the dependence of o da

GaSb-InSb As-Sb "
aGaAs-GaSb upon the solidus compositions: these compositions were varied
up to *1% about the mean composition identified by the initial solidus
line and the resulting values of the interaction parameters are plotted on
figures 9-1 and 9-2 (open circles and squares). The results showed that
the spread increased with increasing temperatures supporting the argument

that for high temperatures the slope of the solidus line is so steep that

small changes in the value of the composition bring about relatively
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Table 9-I: Liguidus-solidus data of GaASYSbl—y for the calculation of
“as-sb and %Gans-Gasb *
Toc liquidus composition solidus composition
; 1220 0.920 0.998
1200 0.820 -0.996
. 1180 0.736 0.994
1160 - 0.657 0.992
1140 0.580 0.989
1120 0.503 0.987
1100 0.430 0.985
1080 0.364 0.982
1060 0.313 0.979
1040 0.273 0.976
1020 0.238 0.973
1000 0.207 0.970 -
980 0.178 0.967
960 0.154 0.962
940 0.130 0.958
920 0.112 0.953
900 0.095 0.948
880 0.079 0.943
860 0.065 0.935
840 0.053 0.922
820 0.043 0.905
800 0.032 0.880
780 0.024 0.840
760 0.016 0.775
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large variations.

Further investigations of figure 9-1 showed that @ e-Sb could be
represeﬁtéd by a straight line between 1100 and 1350K. This relation was
extended beyond either limit in view of the following argument: for the
high temperatures, it has already been recognized that the steepness of
the solidus lines can cause relatively large shifts of the points in the
high temperature end of the graph and variations of 2 to 3% in composition
values could raise the values in the neighboufhood of the straight line.

In the lower temperature range however, aAs—Sb is seen to be rather

insensitive to variations in solidus compositions, but the liquidus line
(figure 8-1) has two features which could contribute to move considerably
the two points below 1090K: first the liguidus line is very steep in this
region and second, there is the presence of a 'cusp' characterized by one
of the peritectic phases. These two characteristics make the choice of
liquidus compositions less accurate. In view of these facts, it was there-

fore decided to adopt a linear variation with temperature to describe

%As-Sb°

. . £ _
In the case of ® aAs-GaSb’ inspection of figure 9-2 suggested that
a constant value be chosen to express this last parameter. In an attempt to
obtain the proper values for the limit of the miscibility gap on the pseudo-

binary section GaAsySbl_y, a value of 17154 .‘J-mol'"l was adopted for

. . s . £4 -2,
aGaAs—GaSb which is in good agreement with figure 9-2

As mentioned previously, all linear variations with temperature
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result from a least squares analysis and the values of the four interaction
parameters used in the calculation of the ternary phase diagram Ga-As-Sb

are given in table 9-II.

Table 9-II. Interaction parameters for the ternary system Ga-As-Sb.

= -1
Ocaesh 23824 32.387 J.mol
- _ -1
Cog-ns 19828 36.61T J.mol
- - -1
Crcsh 14,147 18715 J.mol
= -1
aGaAs—GaSb = 17154 J.mol
9.2.2 Liquidus isotherms of Ga-As-Sb

The appropriate equations were solved using the o's listed in
table 9-I1 for combinations of NGa’ NAs and Nsb over the whole ternary

diagram to give values of T and y. Then a graph of temperature versus NAs

yielded a network of constant NSb as well as NGa lines which allowed for
appropriate interpolations in orxrder to get the liquidus isotherms of the
ternary system Ga-As-Sb. The network is displayed on-figure 9~3. The
liquidus isotherms thus found are plotted on the ternary composition dia-
gram in figure 9-4. It can be readily seen that because of the wide
temperature range between the melting points of the two binary compounds,
only the high temperature isotherms are represented in figure 9-4 and that

the often needed lower temperature isotherms are too close to the Ga-Sb

line to be distinguished from it. Here, the 700°C line is the lowest iso-







194

loQ*C

Fig. 9-4

Theoretical liquidus isotherms in the Ga-As-Sb ternary

prhase diagram.

this study @ = ~ —====——- Antypas and James

(70A1)

¢ ot bk



195

therm plotted in the diagram. Furthermore, an undefined eutectic valley
is also present in the antimony-rich corner of the diagram which makes

any interpretation of data in that region or close to it very difficult.

In an attempt to clarify the story on isotherms, it was necessary
to shift from triangular coordinates to cartesian coordinates and study
the low temperature liquidus isotherms which occurred at very low arsenic
concentrations. Such a diagram is plotted in figure 9f5 where the liquidus
isotherms range from temperatures of 600°C to 850°C. The higher temperature

isotherms were included to allow for comparison with figure 9-4.

As mentioned earlier, the calculations of Antypas and James (70Al)
and Nahory et al. (77Nl) are the only predictions available for comparison.
In figure 9-4, the values of Antypas and James are plotted from graph scaling
of their published work and it can be seen that they deviate from the present

analysis, especially near the pseudobinary section for which experimental

data are available.

In figure 9-5 the predictions of Nahory et al. have also been
included with their experimental points from liquid phase epitaxy growth,
Their predicted liguidus isotherms show a better fit than those of the
present analysis: they chose the values of Panish and Ilegems (72P1) for

da j 1-
®ca-sp 20 aGa_As,and adjusted ®:aAs-GasSh and Orsegp 5° that the ca

culated isotherms fit all of their liquidus data as well as three equili-

brium solidus points also included in their study. They have therefore

assigned a value of 16746 J.mol—1 t and considered o

© %Gans-Gasb As-Sb

as linearly dependent upon the concentration of antimony:
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O _op = 13807 N - 7531 J.mol T,

In the present analysis, a dependence upon temperature was
adopted iﬂsﬁead, and the set of liguidus isotherms thus obtained is still
not so far off the experimental points since the arsenic-scale in the
diagram of figure 9-5 is rather large. It was, however, possible to
improve the fit to the points above NGa = 0.5 by keeping the temperature
dependence for o but increasing the value of the slope. As a matter

As-Sb

of fact, the fit was quite good but the new value of aAs—Sb was then
incompatible with thé value found from the analysis in section 9.2.1, and

therefore, the initial value (table 9-II) was kept throughout the rest of

this analysis.

9.2.3 Solidus data of Ga-As-Sb

For the analysis of the solidus data it wés found that a network
of the type of figure 9-3 was not so useful as a plot of solid composition
(y) versus NAs yielded values above y = 0.9 and thus limited the usefulness
of such a network. By extending the NAs—scale however, it was possible to
give a better representation of solidus data: figures 9-6, 9-7 and 9-8
display the y vs. NAs relation through the whole range of y—-composition
and also give the position of the miscibility gap. Three figures were
needed here in order to avoid overlapping of the curves at different
antimony concentrations and show the finer details of the existing

relationships.

It was also possible to study the variation of the cusp mentioned

earlier from the present analysis. Figures 9-9 and 9-10 show the variation
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of T vs. N for N <€ 0.50 and N $ 0.55 respectively. 1In the latter
As Ga Ga

case, only a few curves were drawn to avoid overlapping. The exact

composition for which the cusp occurs is given in each case by the x's.

A different representation of the position of the cusp is also given in

the following chapter as it makes comparison with experimental results

easier.

9.3 Conclusion

There is one important conclusion that may be drawn from this
study and it is the fact that it is difficult to postulate a specific
variation for the interaction parameters. For this alloy system, a
temperature dependence or a composition dependence can be found to be both
satisfactory in explaining the experimental evidence collected so far on
the liquidus properties. However, the usefulness of the simple solution
model is not to be minimized as its predictions of the liquidus isotherms
were most valuable in planning the kind of experimental investigations that

were to follow and which are described in the following chapter.
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Fig. 9-9 Theoretical position of the cusp for arsenic concentrations

in the range 0.10 ¢ NGa € 0.50.
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10.1 Introduction

The observations and theoretical analysis reported in the
previous chapters have demonstrated that the ternary phase diagram of
Ga-As-Sb is more complicated than other ternary diagrams of III-V alloys
such as Ga-In-Sb or Ga-In-As for instance. Despite the information that
is becoming more and more available it is still too soon to assume that

this phase diagram has been characterized completely.

The presence of a miscibility gap for the solid solutions of
GaAsySbl_Y suggests that three-phase fields will arise in the three-
dimensional ternary diagram, and to investigate the positions of such
fields it is necessary to analyze samples of initial compesitions situated
all over the composition triangle. This, however, will exclude com-
positions on the pseudobinary section as it constitutes one of the

boundaries of those three-phase fields.
In this chapter, the miscibility gap is investigated further
from samples with initial compositions off the pseudobinary section and

various sets of tie-lines are obtained in an effort to define the boun-

daries of the three-phase fields.

10.2 Experimental Investigation of Ga-As-Sb.

The studies reported in this chapter toward the determination

ok
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of the ternary phase diagram of Ga-As-Sb were made at temperatures below
the peritectic horizontal in order to cover the section of the diagram

for which three-phase fields and a miscibility gap occur. The results
thus c§i1ected are used in the determination of tie-lines present in the
two-phase fields, they also complete‘the partial results of chapter 8
(figure 8-1) for the boundaries of the miscibility gap on the pseudobinary
section, and finally, they provide valuable information about the
boundaries of the three-phase fields and the position of a cusp situated

on the liquidus sheet in the three-dimensional model of the phase

diagram.

10.2.1 Samples and method

The samples were prepared from a mixture of GaAs, GaSb and pure
antimony or gallium depending on whether NGa < 0.50 or NGa > 0.50. This
technique of using binary compounds is mainly to avoid dealing with

elemental arsenic which has a high vapour pressure. The preparation was

carried out in the same way as described in chapter 7.

The method used here was the anneal and gquench techniqﬁe. The
mixture was heated to a predetermined temperature where it was allowed to
reach equilibrium; after sufficient time for this condition to be
attained, it was then quenched in order to freeze in the solid phase
which was in equilibrium in the solution. This technique was particularly
well suited for the type of measurements described above since part of the
mixture was in the liquid state and ensured an adequate medium for the
diffusion of atoms during the period of anneal. Therefore, it allowed

for equilibrium conditions to be reached at a much faster rate than if
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solid-solid diffusion occurred as would be the case for instance in the

investigations of a miscibility gap on the pseudobinary section.

The solid phase or phases in equilibrium thus formed were finally
identified from X-ray powder photographs and the lattice constant-composition
relation previously established. The state of equilibrium could also be
estimated by close inspection of the diffraction lines characteristic of

each phase present: diffuse lines indicating poor equilibrium conditions.

10.2.2 Tie-lines, boundaries of three-phase fields and miscibility gap
Conditions for equilibrium were investigated for various
temperatures and the choice of starting compositions was dictated by an
approximate determination of the boundaries of the three-phase fields
given by the liquidus and solidus data of the theoretical model.
Figures 10-1 a to e show the various compositions investigated, the
associated tie-lines deduced from the analysis of the equilibrium con-~
ditions at different temperatures, and the boundaries of the three-phase
fields. The compositions of the samples were chosen with constant
gallium concentrations and such that specimens of each series woﬁld be
included in either a two~phase field or a three-phase field at their
respective temperatures of anneal. The analysis yielded the tie¥lines
of the two-phase field for known temperatures and it was also possible
to determine in each case the limiting tie~line which formed the boundary

of the adjacent three-phase field.

Figure 10-le for instance, shows two such series annealed at
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Fig. 10-la

o_ . .
The 600 C isothermal section of the Ga-As-Sb system. The
solid lines represent the tie-lines in their respective two-

phase fields and the dash-dotted lines represent the boundaries

of the three-phase fields
® initial composition
& solid phase in equilibrium (GaSb-rich)

O Greenfield and Smith (55G1).
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..-Ga

Fig. 10-1b The 625°C isothermal section of the Ga-As-Sb system. The
solid lines represent the tie-lines in their respective two-
phase fields and the dash-dotted lines represent the boundaries
of the three-phase fields.

@® initial composition
& solid phase in equilibrium (GaSb-rich)

O Greenfield and Smith (55G1).
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Fig. 10-lc

The 6450C isothermal section of the Ga-As-Sb system. The

solid lines represent the tie-lines in their respective two-
phase fields and the dash-dotted lines represent the boundaries
of the three-phase fields.

@ initial composition

& solid phase in equilibrium (GaSb-rich)

O Greenfield and Smith (55Gl).
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Fig. 10-1d The 675°C isothermal section of the Ga-As-Sb system. The
solid lines represent the tie-lines in their respective two-
phase fields and the dash-dotted lines represent the boundaries
of the three-phase fields.

@® initial composition
A solid phase in equilibrium (GaSb-rich)

O Greenfield and Smith (55G1).
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Fig. 10-le

The 700°C isothermal section of the Ga-As-Sb system. The

solid lines represent the tie-lines in their respective two-
phase fields and the dash-dotted lines represent the boundaries
of the three-phase fields.

@® initial composition

A solid phase in equilibrium (GaSb-rich)

O Greenfield and Smith (55Gl).
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700°C for NGa = 0.65 and NGa = 0.40. For the former, seven compositions

were chosen: three samples with NAs € 0.05 yielded tie-lines in the two-

phase field and four samples with N

As $ 0.07 showed identical conditions

of three-phase equilibrium within the experimental error. A GaSb-rich
phase, a GaAs-rich phase which could not be identified clearly on the
powder photograph as the diffraction lines were too weak, and finally a
third phase almost GaSb—pure. This phase is due to the crystallization
of the liquid phase in the equilibrated solution which drops a solid
near the GaSb-pure end of the diagram. The reason for preparing more
than one sample within the expected three-phase field was to verify the
replication of three-phase equilibrium for samples of different com-
positions. A similar analysis was carried out for the series of samples
with NGa = 0.40 with results confirming those of the former series. The

relevant data for measurements of various series at different temperatures

are tabulated in table 10-I.

There is, however, one more set of diagrams that are required

in order to undertake a full analysis of the data collected and they are
plots of the compositions of the solid phases in equilibrium as a function
of the arsenic concentration in the initial samples. These graphs are
presented in figure 10-2 a to e for each temperature investigated. At
700°C, for instance, a horizontal line has been drawn through the three-
phase equilibrium data and it represents the common GaSb-rich composition
in equilibrium for those two series of samples and compensates for the
variations due to the temperature fluctuations of the annealing furnaces.

Two lines are also drawn to join the points of each individual series of
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Table 10-I Compositions of samples with constant NGa annealed at various temperatures T, and of resulting equilibrium
solid phases. -

T Initial Composition a Solid Composition
°¢ NGa Yas ) - Ngp nm ¥
600° . 0.400 0.010 0.590 0.6084 0.026
0:400 0.020 0.580 0.6076 0.045
0.400 0.030 0.570 0.6066 0.068
0.400 0.040 0.560 0.6063 0.073
0.400 0.050 0.550 0.6048 0.108
0.400 0.060 0.540 0.6047 0.110
0.400 0.120 0.480 0.6000 0.215
0.600 0.010 0.390 0.6084 0.026
0.600 0.020 0.380 0.6072 0.052
0.600 0.030 0.370 0.6058 0.084
0.600 0.040 0.360 0.6048 0.108
0.600 0.050 0.350 0.6058 0.084
0.600 0.060 0.340 0.6033 0.140
0.600 0.100 0.300 0.5991 0.235

625° 0.400 0.010 0.590 0.6084 0.026
0.400 0.025 0.575 0.6071 0.055
0.400 0.040 0.560 0.6064 0.070
0.400 0.055 0.545 0.6052 0.098
0.400 0.070 0.530 0.6032 0.144
0.400 0.150 0.450 0.5985 0.249
0.600 0.010 0.390 0.6083 0.028
0.600 0.020 0.380 0.6070 0.058
0.600 0.030 0.370 0.6065 0.069
0.600 0.040 0.360 0.6048 0.108
0.600 0.080 0.320 0.6013 0.188
645 0.400 0.020 0.580 0.6075 0.048
0.400 0.040 0.560 0.6053 0.095
0.400 0.060 0.540 0.6034 0.138
0.400 0.075 0.525 0.6028 _ 0.152
0.400 0.090 0.510 0.6022 0.166
0.400 0.150 0.450 0.5983 0.256
0.650 0.010 0.340 0.6079 0.036
0.650 0.025 0.325 0.6057 0.086
0.650 0.035 0.31S 0.6041 0.123
0.650 0.045 0.305 0.6028 0.152
0.650 0.055 0.295 0.6013 0.187
0.650 0.100 0.250 0.5978 0.265
675° 0.400 0.020 0.580 0.6070 0.058
0.400 0.040 0.560 0.6049 0.105
0.400 0.060 0.540 0.6031 0.146
0.400 0.080 0.520 0.6011 0.190
0.400 0.100 0.500 0.5975 0.272
0.400 0.170 0.430 0.5972 0.279
0.650 . 0.010 0.340 0.6079 0.036
0.650 0.025 0.325 0.6047 0.110
0.650 0.040 0.310 0.6023 0.164
0.650 0.050 0.300 0.6001 0.214
0.650 0.085 0.265 0.5964 0.298
700° 0.400 0.020 0.580 0.6056 0.090
0.400 0.040 0.560 0.6026 0.159
0.400 0.060 0.540 0.6001 0.214
0.400 0.080 0.520 0.5976 0.270
0.400 0.100 0.500 0.5970 0.283
0.400 0.170 0.430 0.5970 0.283
0.650 0.015 0.335 0.6052 0.098
0.650 0.030 0.320 0.6025 0.160
0.650 0.050 0.300 0.5985 0.250
0.650 0.070 0.280 0.5957 0.312
0.650 0.080 0.270 0.5958 0.315
0.650 0.090 0.260 0.5956 0.308

0.650 0.110 0.240 0.5957 0.312
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samples contained in the two-phase fields: the open circles represent
NGa = 0.65 and the solid circles, NGa = 0.40. From the graph it is
then possible to obtain the limiting tie-line wﬂich is a boundary to
the three-phase field at that temperature. The value of the common
GaSb-rich composition provides one coordinate on the pseudobinary line
of the ternary diagram, and the intersection of the line of each series
with the horizontal line yields a value for the arsenic concentration
which, when coupled to the gallium concentration of each series, supplies
the second coordinate that completely locates the limiting tie-line on
the section of the diagram. This limiting tie-~line appears as a dash-
dotted line on the diagram of figure 10-le and on all others (figures

10-1 a to d) for these temperatures tested.

From the graphs of figure 10-2 it is also possible to obtain
information about the range of the miscibility gap discussed previously.
An attempt was made in chapter 8 to define the boundaries of that mis-
cibility gap on the pseudobinary section below the peritectic temperature.
But it was seen that in order to anneal samples in a two-phase solid-
solid field, the times required were of the order of months and could be
expected to be longer with decreasing temperatures. The method of annealing
samples with initial compositions off the pseudobinary section of the
diagrams was found to be a convenient way of avoiding this difficulty
as it ensured the presence of a liquid in the mixture during the annealing

period, and this provided an adequate medium for diffusion and greatly

reduced the anneal time.
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Here, the boundary of the miscibility gap in the GaSb-rich
section of the diagram is obtained from the compositions of the GaSb-rich
solid phases in equilibrium within the three-phase triangles as it is
known that these phases only solidify on the pseudobinary section. These
data points also coincide with the intersection of the limiting tie-lines
and the pseudobinary plane which yielded the composition of points on

the boundary of the gap at given temperatures.

The information collected from figure 10-2 however, could
yield only results about the GaSb-rich section of the diagram and in an
effort to complete the characterization of this diagram, further measure-
ments were carried out within the three-phase fields but with a choice of
initial compositions such that they would yield the GaAs-rich solid phase
in equilibrium in the solution. It was occasionally possible to see
both solid phases in equilibrium in some samples and this provided a
means of checking the state of equilibrium when the Gasb—rich phase was
compared to the results collected above. The data concerning these latter

measurements are included in table 10-II.

Upon a rapid inspection of the data in table 10-II it becomes
obvious that only the method of anneals in the three-phase triangle can be
used here in the determination of the GaAs-rich boundary of the miscibility
gap. The technique of tie-lines with diagrams similar to those of
figure 10-2 is ruled out because of the high GaAs content of the solid
phases in equilibrium. Following an argument similar to the one used for

the GaSb-rich end of the diagram it can be seen that the range of com-
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Table 10-II Compositions of samples annealed in a three-phase field at

temperature T and of equilibrium solid phases.

T Initial Composition Solid Com=
% NGa NAs NSb a position
nm Y
600° 0.550 0.170 0.280 0.5668 0.95
625° 0.550 0.200 0.250 0.5663 0.97
675° 0.550 0.200 0.250 0.5662 0.97
0.5977 0.27
689° 0.550 0.170 0.280 0.5673 0.94
0.5988 0.24
700° 0.550 0.250 0.200 0.5662 0.97
700° 0.550 0.300 0.150 0.5657 0.99
724° 0.550 0.170 0.280 0.5678 0.92
725° 0.550 0.200 0.250 0.5662 0.97
0.5958 0.31
*739° 0.550 0.170 0.280 0.5739 0.72

* this point is likely to lie outside the three-phase triangle.
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positions of GaAs-rich solid phases in equilibrium is so restricted that
it would be impossible to plot intersections of the types in figure 10-2.
Therefore, the technique of annealing samples within the three-phase

fields is the only one available here. The results obtained are plotted

on figure 10-3.

There is, however, one exception to the results tabulated in
table 10-II. After a close reevaluation of the predicted three-phase
triangle at 739°c it was found that the sample tested had an initial
composition which lay possibly outside the three-phase field and there-
fore the results obtained would define a tie-line in the two-phase field
rather than the GaAs-rich solid phase in equilibrium in the three-phase
field. Nevertheless, if that tie-line is not the limiting tie-line, then
it must be very close to it and it shows tbat the upper limit in com-
position for the gap at that temperature is at most y = 0.72. This result

however, does not appear on figure 10-3.

From the analysis carried out for the GaAs-rich end of the
diagram it is still possible to locate the position of the remaining

boundary of the three-phase fields and this is treated in the following

section.

10.2.3 Position of the cusp in the ternary diagram
The presence of a cusp on the ligquidus sheet of the ternary
diagram has been introduced in chapter 9 where its position was shown on

graphs displaying the relationship between the temperature and the arsenic
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concentration for various values of NGa' From the present analysis
however, it has been found more convenient to use a different represen-

tation which yields a better overall picture of both experimental results

and theoretical predictions.

The experimental results are obtained from the diagrams of
figures 10-1: the position of the cusp is given by the intersection of
the limiting tie-line and the relevant liquidus isotherm or, in other
words, the liquidus end of the limiting tie-line. For the cases where
NGa > 0.50, the liquidus isotherm is so close to the edge of the com-
position triangle that the intersection is taken to be on that edge.
Below NGa = 0.50, this intersection can only be defined for temperatures
above 675°C where the liquidus isotherms are seen to be away from the
edge of the triangle (figures 10-1 4 and e), but at lower temperatures,
it is impossible to define clearly the liquidus end of any tie-line which
falls in the Sb-rich corner of the diagram because of the presence of a
eutectic valley which does not allow for a reasonable determination of the
proper ligquidus isotherm. Therefore, in that region of the diagram, it

is impossible to define the position of the cusp.

With the experimental determination of the position of the cusp
at each temperature it is then possible to draw the third boundary of the
three-phase fields by joining this position on the diagram to the com—
position value of the GaAs-rich solid phase in equilibrium in the three-
phase field on the pseudobinary plane. However, for the lower temperatures
mentionned above, this boundary can only be drawn arbitrarily (figures

10-1 a to c).
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Figure 10-4 shows the relations between the temperature and the
gallium concentration for the cusp both experimentally and theoretically.
The predicted curve T vs. N is also included to allow for locating on
the ternary diagram but it is impossible to draw its experimental counter-

part.

The experimental results are seen to be slightly above the cal-
culated values for NGa > 0.20. Below this value, neither the tie-lines
nor the boundaries of the three-phase fields can be determined accurately
because of the eutectic valley and no experimental points appear in that
region of the diagram. The predicted position of the cusp is also seen
to be symmetrical about N a = 0.50 but the presence of the eutectic valley

G

is likely to interfere with this behaviour at low temperatures.

10.3 Experimental and Calculated Pseudobinary Section GaAs Sbl_y

The pseudobinary section is represented in figure 10-3 for both
the experimental data collected throughout this work and the theoietical
treatment of the simple solution model. The theoretical fit to the
experimental results is satisfactory for the two liquid-solid phase fields
except that the predictions give a peritectic temperature of 732°c
rather than the experimental value estimated at 745°C. The case of the
solid-solid field is different: the boundary in the GaSb-rich region is well
reproduced by the calculations but the situation is different for the

GaAs-rich region. The theoretical treatment used here must give symmetrical
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boundaries about y = 0.5 for a miscibility gap and this stems from the
fact that the interaction parameters (o's) are independent of composition
but it‘cgn be seen that the experimental observations deviate greatly
from any symmetrical behaviour about y = 0.5. Therefore, as with the
Ga-In-Sb system, the simple solution model appears to give poor agreement

with experimental data concerned with solid phases.

Finally, possible changes to the temperature dependence of the
interaction parameters will be discussed in the following chapter as it

could provide a solution for the discrepancy between experiment and theory.

10.4 Discussion

Despite the differences that were reported between the predicted
and experimental results, the simple solution model still accounts for
reasonable predictions: the results from the study of tie-lines are con-
sistent with the presence of. three-phase fields in the ternary diagram and
with the existence of a miscibility gap in the pseudobinary section. The
peritectic behaviour is predicted with the proper range of phase separation
on the pseudobinary section except that the reported temperature is higher
than the calculated one. The presence of a cusp on the liquidus sheet is
also predicted by the model but displays symmetry about NGa = 0.50 and is
slightly lower than the experimental values except for concentrations
below NGa = 0.20 where it is presently impossible to conclude on the

behaviour of the phase diagram due to a eutectic valley{
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The main discrepancy between the present experimental results
and theory is in the GaAs-rich limit of the miscibility gap. Thus the
experimental data need to be considered carefully here. One possibility
to be considered is that even though sharp X-ray lines were observed for
these phases, equilibrium value had not been reached. In such a case,
considerably longer times of annealing would be required. However, it
should be noted that annealing for various lengths of time, up to several
months, of samples on the pseudobinary section gave results in reasonable
agreement with those from samples in the three-phase fields annealed for
much shorter times. If the equilibrium values were very different from the

experimental data, bigger discrepancies between different experimental

results might be expected.

If, however, the simple solution model is at fault and not the
experimental investigations, then a reevaluation of some of the parameters
may provide the adjustments needed to reach agreement between theory and
experiment. The following chapter will present new experimental data
from recently published analyses and discuss possible changes in oxder

to improve the theoretical treatment.
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11.1 Introduction

The growth technique by epitaxial layer has generated, in
recent years, renewed interest for the characterization of III-V ternary
systems because of their possible use as electronic devices. In the
past year, experimental results have been published on the subject and
it is the aim of this chapter to look at the implications of some of

these results in order to compare with those already presented in this

study.

11.2 . Miscibility Gap in GaAs Sb, _.
y 1l-y
Nahory et al. (77N1) have disucssed the occurrence of a peri-

tectic behaviour on the pseudobinary section GaAs_Sb . Using the

l-y
simple solution approach to fit the calculated liquidus isotherms to
their experimental data they have concluded that if a miscibility gap
exists, then the maximum range will be 0.38 € y < 0.45. However, they
have departed from the strictly simple solution model by introducing

a compositionally dependent interaction parameter similar to a previous

analysis by Wu and Pearson (72Wl), and they have adopted the form
Orsesb aNSb + b.

A more recent publication by Waho et al. (77Wl) in a short note
claims that, over the range 0.3 < y < 0.9, homogeneous epitaxial layers

can be grown by molecular beam epitaxy. These latter findings would
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appear to be in disagreement with the conclusions presented here. However,
the fact remains that after observations on a wide selection of Gaks Sbl—y
samples (in excess of 200 - different samples by the author plus all
other observations by members of this laboratory), there has never been

a trace of the presence of any phase in the range 0.38 <y < 0.61 for
samples grown from the melt. Nevertheless, the results of Waho et al.
must be considered. One possibility is that the single phase samples

they obtained represent a metastable condition. Such metastable solid

solutions have been previously reported for samples of Ge-GaSb produced

by very rapid cooling of small samples (Duwez et al. 60D1).

Since the annealing experiments made on samples on the pseudo-
binary section have shown two-phase separation and those.made on samples
with initial compositions off the pseudobinary section have demonstrated
clearly the presence of three-phase fields, it indicates the existence
of a miscibility gap, and if the results of Waho et al. represent equili-
brium conditions, then this miscibility gap would have to be a closed
gap rather than an open gap as indicated above. Hence, this would require

that the solidus curve be a smooth curve and not show a peritectic

behaviour.

If these phases reported by Waho et al. are in fact equilibrium
phases and there is no peritectic behaviour of the GaAs Sbl— alloys
system then the evidence of the abrupt phase change in directionally
frozen ingots would have to be interpreted as follows: a closed mis=-

cibility gap would -have to be situated very close to the solidus curve
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so that in the range 0.35 < y < 0.70 the temperature difference between
the solidus line and the boundary of the two-phase solid-solid field
would be ;o?c or less. When growing an ingot in a directional freeze
furnace, the temperature fluctuations at the freezing intexface may be
such that the melt will oscillate between the two-phase liguid-solid
field above the solidus curve and the two-phase solid-solid field below
the boundary of the miscibility gap. This process would then contribute
to the formation of two distinct phases which may be observed in ingots

grown from the melt (refer to chapter 3).

Because the crystallization process is relatively slow in melt
growth, the phase separation occurs within the two-phase solid-solid
field as the phases tend to equilibrium and therefore it is possible
that stable phases may not be formed on directionally frozen ingots if
the alloy system possesses a closed miscibility gap situated near the

solidus curve on the phase diagram.

Presently, members. of this research group are involved with the
verification of the peritectic behaviour of the alloy system GaAs Sbl_ .
Samples with initial compositions situated on the pseudobinary section
and within the two-phase liquid-solid fields are being annealed for
periods of three days at temperatures that are regulated to one quarter
of a degree. The first few samples have demonstrated that equilibrium
had been reached in each case as the X-ray powder photographs displayed
sharp diffraction lines of the solid phase in equilibrium. The preliminary

result would tend to' support the argument that a peritéctic behaviour is
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to be expected. The experimental data collected up to date are listed

in table 11-I and plotted in figures 8-~1 and 10-3.

Table 1l1-I Experimental data for the redetermination of the solidus

curve of GaAs_Sb .
Yy 1l-y

Initial Composition T a Solidus Composition
Yy °c nm Y
0.02 720 0.6059 0.080
0.05 724 0.6050 0.105
0.15 734 0.5982 0.260
0.20 740 0.5953 0.320
11.3 The Simple Solution Model

It was recognized throughout this study that the simple solution
model was rather unsuccessful at predicting the solidus data for two
ternary systems namely: Ga-In-Sb and Ga-As-Sb. However, it may be possible
to improve the model by attempting a reevaluation of the interaction
parameter which is characteristic of the solid-solid solution. Such an
analysis was suggested by the fact that one of the alloy systems studied
here displayed two-phase solid-solid equilibrium and experimental data

were available to test any new relationship for a

Gahs-GaSb’ (The author

is grateful to Dr. G. B. Stringfellow for bringing this to his attention).




.
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Strictly speaking, the simple solution model assumes that any
interaction parameter is linearly dependent upon temperature but from
the general principle for solid equilibrium it can be shown that this
yields a symmetrical miscibility gap providing of course that such a
condition prevails for the system under consideration. Equations 5.6.5
may be rewritten in the general form as follows:

(o}
= e
.= wu_ + RT n Y X 11.3.1a

o
= - .3.
uN = Y. + RT 2n v._ (1 x) 11.3.1b

Hence if the two-phase solid-solid equilibrium is considered between

the solid compositions %y and x., then the conditions for equilibrium

2
are governed by
H = i 11.3.2a
M ¥,
and
u = u 11.3.2b
Ny Na

equations 11.3.1 and 11.3.2 combine to give

n YMl xl = fn YMZ x2 11.3.3a

n YN (1 - xl) = £n YN (1 - x2) 11.3.3b

In the solid solution, the relation between the activity coefficients

and the interaction parameter is given by

RT &0 vy all - x)2 \ 11.3.4a

RT 2n YN = X 11.3.4b
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When equations 11.3.3 and 11.3.4 are combined, the result gives

2 2
al(l - xl) - az(l - x2) = RT &n xz/x1 11.3.5a

2 2 !
a,X; - e X, = RT & (1 - xz)/(l - xl) 11.3.5b

Now, if there is only one solid interaction parameter for a specific
system (i.e. al = a, = o), then at any given temperature provided o is
independent of composition, the relation o/RT is constant. Equations

11.3.5 may therefore be rewritten as:

af@- xl)2 - (1 - x2)2] = n X,/%; 11.3.6a

A (xl - X, ) = gn (1 - xz)/(l - xl) - 11.3.6b

Dividing 11.3.6a by 11.3.6b yields

a - xl)2 - - x2)2 Imox/x
. = 11.3.7

2
(xl - %, ) g (1 - xz)/(l - xl)

Letting the two solid phases in equilibrium be symmetrical about x = 0.5

gives

X = 0.5-6 and x =05 + 6§

and replacing in equation 11.3.7 makes each side identically equal to -1
thus confirming the symmetrical behaviour of % and X, about x = 0.5 for

any given temperature. The value of A tends to 2 as § approaches zero.
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The formalism therefore yields a symmetrical curve with a
maximum at o/RT = 2. The extent of the phase separation is obtained when
o/RT > 2, and, for the cases where g/RT < 2, there are no real solutions
to equations 11.3.6. Finally, at a temperature such that the maximum is

above the solidus curve, there is an open miscibility gap that signifies

a eutectic or peritectic behaviour.

However, since it is observed experimentally that the miscibility
gap for the system GaAsySbl_y is asymmetrical, it becomes clear that a

dependence on composition has to be investigated. 1In order to do so, the

. dependence of ay and o, is to be reconsidered. After simple algebra

is applied to equations 11.3.5, the relations become

2 2 .
ar [x2 gn %, /%, = (1 - x,)" g0 (1 - X)) /(1 - xl)]

]
]

(x2 - xl) (x2 + xl - 2x1x2)
11.3.8a
and 2 2 .
[xl gnox,/%x; = (L= %)% an (1 - x,)/(1 - xl)]

RT L

Q
N
1]

(x2 - xl) (x2 + x1 - 2xlx2)

11.3.8b

When the experimental values for the boundaries of the
miscibility gap at various temperatures are substituted in equations

11.3.8, it is possible to obtain a variation for a a

GaAs—-GaSb as

function of composition of solid only. Figure 1l-1 shows this variation
which may be written as:

4 -1
OeaAs-Gasb 17200 + 9000 vy J.mol
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A similar type of analysis was carried out on the pseudobinary
section of the Ga-In-Sb system. The values of % Gasb-InSb were taken
from figure 7-8 and the corresponding temperatures were matched with
the solidus compositions on the phase diagram (figure 7-1). The
relation obtained for %casb-Inshb as a function of solidus composition is
plotted in figure 11-2 along with a reasonable fit to the curve which

again displays a quartic dependence upon composition of solid; the value

of %easb-Insb becomes
- 1500 + 562 x° J.mol ™t
%Gasb-InSb * -fro
The final step was then to test the values of ®cans~-GaSb and %casb-InSb

deduced in the above treatment against the experimental solidus data
available. For the Ga-As-Sb system, there were still large discrepancies
especially near the expected peritectic temperature. Fof the Ga-In-Sb
system, it was impossible to reproduce the experimental solidus isocon-
centration lines of figure 7-15. In the latter case, a computer analysis
was designed to reproduce each solidus isoconcentration line individually

and the results were plotted in the form of o as a function of

GaSb-InSb
temperature for various solidus compositions. The final results indicated
again that there is no simple dependence of the solid-solid interaction

parameter upon either temperature or solidus composition but that in fact

it is likely to depend upon both in no simple manner.
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11.4 Conclusion

It is therefore obvious that more solid phase data are required
and especially for the Ga-As-Sb system in order to proceed to a more
detailed analysis of the possibilities of the simple solution model

in characterizing ternary phase diagrams of III-V alloys.

[
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Chapter 12 Summary

Investigations of the preparation of single phase specimens of
the pseudobinary alloy system GaAsySbl_y have led to an extensive study

of the phase diagrams of some ternary III-V systems.

The occurrence of a miscibility gap in the range of solid
solutions has suggested a pseudobinary phase diagram that shows a
peritectic behaviour since the gap was found to be an open gap. A
departure from Vegard's iaw in the GaAs-rich end of that range was also
observed. This behaviour therefore, is quite different from the simpler

systems investigated earlier, namely: GaxInl_be, GaxInl_xAs and

InAsySbl_y.

The analysis was then extended further to compositions off the
pseudobinary section in order to characterize the ternary phase diagram
of some of these alloys. The systems Ga-In-Sb and Ga-As-Sb were the
object of studies both theoretical and experimental. A theoretical
treatment, the simple solution model, developed by Guggenheim was
reinterpreted by using new values of the interaction parameters which
were also justified in this study, in an attempt to predict the ternary
phase diagrams of concern here. Experimental data were also collected

in order to test the theory as it was developed.

The analysis of the results revealed that the simple solution

iz
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model was rather successful at predicting the liquidus data but that for
the alloys studied here it was sometimes difficult to reproduce the
solidus data. It must be emphasized however, that the treatment used here
was strictly the simple solution model, that is the various interaction
parameters were solely dependent upon temperature (except for %caas-GaSb
which was chosen constant), but it has been recognized at a later stage
of the research that a possible improvement to the model would be to

consider the solid-solid interaction parameters as dependent upon both

temperature and solidus composition. unfortunately, this dependence does

not seem to be, a priori, simple.

The reasons for carrying out the types of measurements that
were described in this study are severalfold. The characterization of
GaAsySbl_y was obvious in itself. For the Ga-In-Sb system, very little
solidus data had been reported off the pseudobinary section and the study
of solidus isoconcentration lines as well as tie-lines offered a good
opportunity to supplement the ternary phase diagram. This system also
proved to be quite useful in testing the efficiency of the theoretical
treatment to be used later for a more complicated system: Ga-As-Sb.
Finally, the characterization of the solidus isoconcentration lines was
also devised to help locate starting compositions in liquid phase epitaxy

growth, a project soon to be started in this laboratory.

For the Ga-As-Sb system, practically nothing had been reported
on the ternary phase diagram until very recently. The presence of a

miscibility gap on the pseudobinary section suggested the existence of
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three-phase fields, and an investigation of the properties of the termary
phase diagram was in itself reason enough to investigate such a system.
Recent developments however, have also suggested that alloys of GaAs Sbl-y

may be used as radiation sources for optoelectronic telecommunications.

There is of course a considerable amount of work that could be
carried out on the two ternary systems studied here. More solidus data
will have to be collected in each case in an attempt to improve the
theoretical model. The eutectic valleys present in each diagram could

be investigated and the theoretical treatment adjusted accordingly.

The peritectic behaviour should be reinvestigated by the light
of the results of Waho et al., and there is still some uncertainty on
the limits of the miscibility gap for GaAsySbl_y. Very little is known
of the high temperature isothermal sections for Ga-As-Sb and much work

remains to be done in order to characterize its solidus isoconcentration

lines.

However, the recent interest shown for alloys of Ga-As-Sb in
optoelectronics should now favour growth of specimens by epitaxial
layer and this, in turn, should provide a valuable technique in collecting
experimental observations for studying the phase diagram of this and

other alloy systems.
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A.l Introduction

The purpose of this appendix is to describe various experimental
techniques used for this type of research. It is certain that not all
techniques will be discussed as some of them require standard procedure:
X-ray powder photographs, spark cutting or diamond saw cutting of samples,
crystal growth methods are all described either in the literature or in
the proper context of this work. However, sample preparation, quartz
encapsulating, specimen powdering, furnace wiring along with other
methods often require a special "twist" or "trick" in order to be
successful. It is the wish of the author that the following descriptions

may be of some use to future workers in the field.

A.2 Furnaces

Among the various equipment used in the project, furnaces had
to be the most temperamental of all; built from a relatively standarxd
design they always had a "knack" for burning out at most critical times.
The melting furnaces were naturally most often subject to such defects as
they were usually run at temperatures almost beyond the softening points
of the heating elements. Lifetimes as short as five hours were experienced

with melting furnaces running at temperatures around 1230°C when preparing

samples of Ga-As-Sb.

The various types of furnaces were basically constructed
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following a éonventional design. The element consists of a winding of
Kanthal wire (1 mm in diameter) over an alumina tube (5 mm wall -

39 mm I.D.). The winding is then coated with insulating cement
(Kyanek)} asbestos ribbon was also introduced between two layers of
cement but the lifetime of the furnace was not increased significantly
on the two attempts made - the one advantage however, was that the
desired temperatures were attained with less power. The heating assembly
is then mounted in an aluminum box which in turn is filled with vermi-
culite. The one important feature in building such a furnace is in the
winding of the heating element: for instance, a melting furnace will
average one turn per centimetre in the middle third of the winding and
two turns per centimetre in the outer thirds. The mid-section 1is so

designed in order to maintain a uniform hot zone inside the furnace.

When these furnaces break down, it is usually due to the
formation of 'hot spots' on the heating element where a high resistivity
center is created thus producing very high temperatures which results in
the melting of thé element at that paint and of adjacent turns also.

The temperature is so high that in one case it was possible to observe
the melting of the alumina tube. Figure A-1 and A-2 show respectively,
the experimental set up of annealing furnaces with the temperature

controlling units and the effect of a 'hot spot' on the heating element

assembly.




Fig. A-1

Fig. A-2
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Annealing furnaces assemblies.

Section of a heating element. At left, the heat released with
the formation of a 'hot spot' has burnt the element and melted

the alumina tube.
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A.3 Quartz Ampoules

In order to be successful with encapsulating samples in quartz
ampoulés, there are a few rules to follow, and the two most important are
the choice of quartz tubing and the choice of torch and flame. It was
found after various attempts that according to the desired shape of
sample the smallest size tube possible is best with walls strong enough
to resist either the atmospheric pressure or the internal vapour pressure
when the ampoules are heated. The torch and flame is also important to
ensure uniform and fast sealing. In this work, an oxyacetylene torch
was used for all quartz work. A flame of adequate temperature and size
had to be used and this could only be achieved with the proper choice of
tip and gas mixtures. In all cases, a neutral to oxidiging flame was
used; more can be found in welding tegtbooks on the use of such torches

(e.g. Lanouette et Gratton 58L1).

The presence of white oxide which forms on the outside of the
ampoule may be minimized by the proper choice of flame but it can be
removed by reheating the surface, however, care must be exercised in
order not to melt the quartz or collapse the ampoule if it has been
previously evacuated. Figure A-3 shows two ampoules after the initial

melting of the charge.

Finally, whenever an ampoule has to be evacuated and back-filled
with argon gas, it must be 'necked' before sealing. In this operation,
the inside diameter of the tube is reduced to form a. narrow neck by

heating all around the section of the tube to be reduced and letting the
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walls collapse; it is important here to use as little stretching as
possible otherwise the walls at the neck would be too thin and the
sealing operation would become virtually impossible. The ampoule is
then evacuated and back-filled and under this reduced pressure, the
neck is heated and the sealing is completed very rapidly. Figure A-4

shows the sequence of the 'necking' operationms.

A.4 Growth of GaSb and InSb

This section is only included to provide a helpful hint when
growing GasSb or InSb. When preparing these compounds by simple quenching,
the quartz ampoule should be kept in a horizontal position during quenching

as the charge will otherwise crack the ampoule when it freezes.

A.5 Powdering

Since most samples studied here were submitted to tests in the
powder form, it was essential to design a technique that would be simple
and efficient. The solution proved to be an improved method of utilizing
a mortar and pestle (ceramic). The sample was initially broken into
small pieces and then covered with 99% ethanol and reduced to a fine
powder. This technique eliminated losses due to shattering and yielded

powder grains less than 5um (compared with 5Sum aluminum oxide polishing

powder) .




Fig. -A-3-

Fig. A-4

Fig. A-5

Fig. A-8
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Two samples after initial melting.

'"Necking' sequence of a quartz ampoule containing a sample.

X-ray diffraction photograph of a sample of Ga—-As-Sb.
Lines N = 3 and 8 show the asymmetry due to poor

alignment of the sample with the incident beam.

X-ray diffraction photograph of a sample of Ga-As-Sb.
The low angle lines show the asymmetry and the spotted
results indicate either the absence of rotation and/or

the coarseness of the powder.
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Another similar technique was used for samples with free
gallium. The samples of the ternaries Ga-In-Sb and Ga-As-Sb with com-
positions off the pseudobinary section yielded alloys with some free
galliuﬁ which made the powdering impossible as the alloy was too soft
and would only deform under the action of the pestle rather than break
into pieces. 1In order to solve that problem, the ingot was immersed in
liquid nitrogen, then cracked; the pieces were then covered with more
liquid nitrogen and powdered. This last method involved no greater

difficulties than the first one and the grain sizes obtained were similar.

A.6 X-ray Powder Photography

The aim of this section is not to repeat a technique which is
already well-known but to bring clarification on the method used to mount
the samples in the camera: the powder is mixed in apiezon grease and a
thin coat is applied on a quartz fiber, it is then heated (exposed to
a 60 watts light bulb) in order to soften the paste and produce a
smoother, more uniform layer. Because of this final step it is possible

to obtain a relatively uniform atomic absorption relation from sample

to sample.

There can be difficulties arising from a misalignment or
improper positioning of the film inside the camera. Most of the low
angle lines asymmetry comes from a misalignment of the axis of rotation

relative to the incident beam of X-rays. The situation may be observed
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in the photograph of figure A-5 where the low angle line N = 3

shows such a behaviour, that is, a strong line on the right but a faint
doubleF on the left, however the high angle lines remain unaffected.

The explanation is schematized in figure A-6 where ray(:)of low intensity
is diffracted and ray (:) of higher intensity is also diffracted to pro-
duce the observed doublet. Ray (:) is diffracted and gives a dark line.
Ray (:) of low intensity is too weak to be diffracted and is absorbed by

the sample thus producing the asymmetry in that low angle line.

doublet doublet singlet
e O e o [ ]
NN /
AN /
NN W
A /
sample | | sample f::}

intensity spectrum

a)

incident
beam

b)

incident
beam

Fig. A-6 Diagram representing the X-ray paths when asymmetry of low angle
lines is observed. In (a) both rays are diffracted, in b) ray

(@ is absorbed completely

There are also the cases where the axis of rotation and the
axis of the fiber are displaced with respect to one another: if the axis

of rotation is misaligned relative to the X-ray beam then the low angle
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lines will show asymmetry and variations in intensity on either side of

O

6= 0. The case is schematized in figure A-7 and a typical photograph

is given in figure A-8. Again, for the high angle lines the effect is

very small and practically undetectable.

axis of sample axis of sample
¢~’_ -—t
v Ty
N axis of rotation .« A
by A .~ .'7\
NS N I

-e

A A A A

intensity spectrum

incident incident
a) beam b) beam

Fig. A-7 Diagram showing the axis of the fiber displaced relative to
the axis of rotation. 1In (a) the axis of rotation is aligned
with the X-ray beam and it simulates a thick sample of low
density. In (b), the misalignment produces the asymmetries

and variations in intensity of the low angle lines.

There are other special techniques that were used in the course
of this work but it would be too long to give a full report on each one.
The aim of this appendix was only to recall some of the most useful and
intricate methods which made either the preparation of samples or the

interpretation of results easier.
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APPENDIX B Derivation of Vieland's equation for liquid~-solid equilibrium

In this appendix, the formalism introduced by Vieland (63V1)

is developed in detail for solid-liquid equilibrium.

The free energy change AF accompanying the transfer of one
gram-atom of crystal AB to the melt with which it is in equilibrium

at temperature T is given by

(o] (o]
= A = 0. + - + +
0 F 0.5 [15‘A RT 2n (1 - x) Va(1- . FB

+ - .
RT &n x vB(x, T)] Fc B.1l
where Fc is the free energy of the crystal per g-atom and v is the

activity coefficient.

When a quantity of solid is heated to the melting point, melted
and then cooled to the initial temperature it is possible to consider the

following sequence of processes:

(1) one g-atom of crystal is heated from temperature T to the
melting point Tm. AFl is given by the relations
BFC
—_— = = B.2
(3’1‘ P SC
T
nm daT
] I R
and S, 5.1 o C. 7
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where Cc is the specific heat of the crystal.

(2) the crystal is melted at Tm; AF2 = 0.

(3) the liquid is cooled from Tm to T. The free energy change

is given as in step (1) by substituting the specific heat

of the liguid.

If Cl - Cc = Acp = constant, the sum of the free energy

changes IAF may be expressed as follows:

rT
for (1) s_= [s] i ar B.4
c c T cT
m T
T
dT
= + — .
for (3) s, [sz]mm J C, = B.5
T
m
Integrating from T - Tm in B.4 and from Tm -+ T in B.5
yields

T T T
- m m _ m
F, = [Sc]T J T + C_ [ J n T 4T J anT 4arl
m T T T
F, o= - [85]Tm (x - +c [z -m -tz - wm]

B.6
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T T T
Fy= - [Szlrm [ ar - Csz,[ I &nT 4T - j fn T d&r]
T T T
m m m
F,= [s,] (. -m - c [(zx -m-TaT -2n ] B.7

T

Summing B.6 and B.7 gives

zar = {[s,] - [Sc]T bir -m - (¢, -c) [z, -m -
Tm m
- TQ@nT - n T ]
IAF = AS_ (T - T) - AC, [z -T -T@n T -2 T) ]
B.8
where ASF is the entropy of fusion per g-atom. Now from
AF = 0 = 0.5 [FZ+RTSZ.n (1 -x v,
(l-x, T)
o
+ F. + RT %n x Vv - F B.9
B c
(x, T)
which gives
F_ - 0.5 (Fp + ) = I;—T[(R,n v, vy + 20 x(1 - %]
(1-x, T) (x, T
B.1l0O
one can write
ZAF=0.5[F§ +R'1'52,n1/2vA + FO + RT &n 1/2 v ]
(0.5, T (0.5, T)
. Tm
- Fc(T) = ASF(Tm -T) = Acp('rm -T-Tn 5—’) B.11

=)
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%3 n 1/2v, + %E-zn 1/2 v, - %Eln (1-x) v,
(0.5, T (0.5, T) (1-x, T)
Tm
RT fn x Vv = As (T -T) - AC (T -T~-T & —)
> B(x, ) F''m P m T
B.12
RT 1 1 VA(o 5, T) vB(o 5, T)
—_— = = - oD oD
> n [2 x 5/ (1 x)x] + 4n v v
(1_xl T) (xr T)
Tm
= A T - - -7 - — .
sF ( m T) ACP(Tm T - T fn . ) B.13
AY) v,
A B
n 1 + fn (0.5, T) (0.5, T
4x(1l - x) YA YB
(1"xl T) (xr T)
2ASF Tm 240C Tm
= = (T——l) - ——BRT (Tm-T - T n T—)

For a regular solution, the excess free energy of the melt may be expressed as

F = RT [(L - x) &n v, +x tnv.] B.15

or from the quasi-chemical theory of liquids (52G1l)

FE = x(1 - X)w B.16

where w is an interchange energy.

Using

where

EE = FE - X BFE
A : ox

—_— = - + &n v
X - RT (- x 4n vA X &n B)
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oFE

X —— = XW - 2x2w .
ox

one finds the following two solutions:

Ei = RT gn A B.l7a
and
o= xw B.17b
A
sdmilarly, using
oF
_ B _ E
F;‘; Fod (- %) 5=
where
o
(1-x 5— = RT [- (1 -x an vy + (1 - x gn vy ]
and
B
(1 - %) %f?- [ -x (1-2xw ]

again, one obtains two solutions:

—E _
FB = RT &n vB B.l8a
and
E’g = w(l-x°2 B.18b
It is then possible to combine B.14 with B.17 and B.1l8 to
give
1 w 1.2 w 1l 2 4 2 w 2
vy r 2 * P - r * T r G- <
ZASF Tm 2ACp Tm
=R (E— -1) - RT (Tm - T ~-T &n Erﬂ B.19
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or
2AS8 T
1 w 1 2 F m
o Ty twm 7 tE-E) s g EF oD
2AC Tm
- —RRT (Tm—T—TR,n 'T—) B.20
which in turn becomes
T AC T
R 1 = _m - -7 - m
> n (Ll — % AsF (T 1) (Tm T T n T
2
+ — (x - 0.5) B.21
1 - i_1
2 o 4x(1 - x) = (T, A8 T Acp) ‘T T )
Tm \ 2
+ — + = - 0. .
AC  n T T (x 0.5) B.22
and finally, when the ACP terms are neglected:
w o= - [as_(T - T) - Bz-zn 4x(1 - x)] B.23
2 P m 2
(x - 0.5)

If equation B.23 is solved for w in terms of the difference between the
ideal liquidus calculated from a knowledge of AHf(or Tm ASF) and the

experimental phase diagram, then:
1 RT

= — - - i -
W, T > [ASF(Ti T.) 5— an 4x(1 x)] B.24
(x - 0.5)

- 1 -
Yexp _' 2 [ASF(Texp T

exp
(x -~ 0.5) 2

gn 4x(l - x)]

B.25
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subtracting B.24 from B.25 yields

1
w=w -w, = [AS (T -T =T, +T)
exp i (x - 0.5)2 F exp " * "
- 2 (v -1 moax@-xn]
2 exp i x
or finally,
As_ (T - T.)
o P _exp i [1 - %— 2n 4x(l - x)]
(x - 0.5) F

B.26

which is the formulation of Vieland. &Equation B.26 was used by Schottky
and BeVer-(SSSl)'to test for a constant w which leads to_ equation B.1l6.

However, equation B.23 is the form used by most workers for the simple

solution model.
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