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Abstract

The phase diagram of the quasiternary system

Ga,Te,/Hg Te,/In,Te,

for the temperature range 650<T/K<900 was investigated by X-ray diffraction, by DTA measurements and by electron microprobe
analysis. It is shown that ordered structures are formed at special concentrations of structural vacancies. Depending on temperature and

concentration, continuous order~disorder transitions could be detected. Besides structural

occurs also a miscibility gap within an ordered region.

cibility gaps and a three-phase region, there

Kevivords: Ordered phases; Phase diagrams: Phase transitions: Sch.’ solutions: Structural vacancies: Thermodynamics

1. Introduction

The three binary components HeTe, Ga, Te, and In,Te,
all erystallize in the zincblende lattice, but because of the
2:3 stoichiometry of the HI/VI-components In,Te, and
Gu,Te, only 2/3 ol the sites in the cationic sublattice of
the pure 111/VI-components are occupied. Thus, by alloy-
ing 111/ VI-components to 11/VI-components, vacincies are
introduced into the cationic sublattice of the alloy in a
concentration. which is always half that of the trivalent
species In and Ga. The unoccupied cationic sites in the
zincblende lattice are called structural vacancies, V.

Solid solutions, formed from the 3 components HgTe,
Ga,Te, and In,Te,. can be described by the expression
(Hey, Gag o Ingg iy Vo, 0Te,. where k, and &, are
the mole fractions reapectively of Ga,Te, and Hg,Te,.
The mole fraction of In,Ye, is given by (1 =k, —k,). The

equivalent  description  (Hg, (Gang )4,
V., ..)Te, uses the molar ratio y=ng, /(n,, +n,,) instead

of the mole fraction k,. In the following, the specification
of the structural vacancies in the formulas will be omitted.

As shown in preceding papers [1.2], the structural
vacancies give rise to ordering processes at special com-
positions, for example at k,=0, k,=1/4 and k,=5/8. We
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will investigate the existence region of the ordered phases
and of the disordered solid solutions for dependence on
temperature and on composition.

2. Experiments
2.1. Svathesis of binary compounds

The binary compounds HgTe, Ga,Te, and In,Te, were
synthesized fiom the elements (purity of Hg. Ga and In,
99.999%) in evacuated quartz ampoules. Tellurium (purity
99.999%) was previously purified by distillation. The
compounds were annealed above their melting point for 15
h and subsequently crystals were grown from the melt by
the Bridgman method.

The in,Te, crystals grown by this method show the
disordered modification with zincblende structure. To
obtain the orthorhombic ordered low temperature modi-
fication (space group Imm2) the disordered In,Te, has to
be annealed for about 2 weexs at 800 K. The lattice
constants of this odification, as measured by the Guinier
method, are a=435.7 pm. b=1307.2 pm, ¢=616.2 pm.
These values arc in good agreement with those reported by
Woolley et al. [3].
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2.2. DTA measurements

2.2.1. Experimental details

Because of the high vapor pressure of the Hg chal-
cogenides the DTA measurements have to be carried out in
evacuated sealed quartz ampoules. Both the cooling curves
and the heating curves were measured with several con-
stant rates R=dT/dt between 2.5 K/min and 12.5 K/min.
The measured onset temperatures were extrapolated to
R=0 K/min. The melting peaks of Ag, Zn or HgTe
(T,=945 K [4]) were taken as reference temperatures.

The enthalpies of fusion for In,Te, and Ga,Te, were
calculated by comparison of the areas of their DTA
melting peaks with that of HgTe (A H(HgTe)=36.3 kJ/
mol [5])

Substance T./K A HIkI/mol
Ga,Te, 10653 48:+5
In,Te, 9403 535

The temperature of fusion that we measured for Ga,Te,
with reference to all three above mentioned standard
substances is in good agreement with the value given in
the CRC-handbook (6] but deviates by 20 K from the
value reported in [7).

2.2.2. Solidus and liquidus curves for the quasibinary
section HgTe,/Ga,Te,

Fig. 1 shows the high-temperature part of the phase
diagrom for the system Hg,, Ga,_y, ¥, ., Te,. Both the
HgTe rich alloy with the defect zincblende structure and
the tetragonal compound HgGa,Te, with the chalcopyrite
structure show a peritectical point. The cubic alloy de-
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Hg,Te, (1-ka) ==> Ga,Te,
Fig.’ I. High temperature pant of the phase diagram for the quasibinary
section Hy, Ga, ,V, , Te,i o, DTA heating curves: *, DTA cooling
curves: miscibility gaps between solid phases are hatched.

composes at k=0.6. T,~1010 K into the compound
HgGa,Te, and the melt and the compound HgGa,Te, at
k=075, T,=~1025 K into a Ga,Te, rich cubic solid
solution and the melt.

2.2.3. The phase diagram of the quasibinary section
In,Te,/Ga,Te,

Fig. 2 shows the liquidus and solidus curves for the
system In,,_, ,Ga, V, Te, as determined from DTA
measurements. Moreover, the transition point for the
order—disorder transition of pure In,Te, as derived from
DTA measurements is shown. The heating curve for the
pure orthorhombic In,Te, shows at 7=890 K a small
DTA signal for the transition to the disordered cubic
In,Te, as reported in {8]. Corresponding thermal effects
for the order-disorder transition in In,Te,/Ga,Te, alloys
could not be detected.

2.2.4. The order-disorder transition on the quasibinary
section at k,=5/8

On the quasibinary section Hg (Ga,In,_.), VTe,, the
constituents of the cation sublattice can order yielding a
tetragonal superstructure of the zincblende lattice (‘tetl’
structure, space group No. 119, I4m2). In [1] it was
reported that for the compound Hg;Ga,Te, this totully
ordered structure exists as a separated superstructure phase
with a narrow existence region up to a critical temperature
T,=770 K, and that at higher temperatures the same
superstructure X-ray reflections still occur, but less sharp
and with lower intensity. An equivalent behaviour was
observed for Hg,In, Te, (2], where the critical temperature

T/K -->

600

0 02 0L 06 08 1

InyTesy ky «~> Gazle;

Fip. 2. Phase diagram for the quasibinary section In,,, oGy Y, Teg o,
DTA heating curves: *, DTA cooling curves; @, DTA value for the orh
=> cub transition. The other symbols correspond to the overall com-
position of samples investigated by powder X-ray diffraction; *, corre-
sponds to Guinier patterns with an erthorhombic set of reflections, [J,
with cubic reflections, A, with both cubic and orthorhombic reflections,
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Fig. 3. Critical curve T.(y), as determined from DTA measurements, for
the transition between totally and partially ordered phases at k(Hg,Te,)=
5/8.

is T,=~720 K [9,2]. For both substances these critical
temperatures could be determined by DTA measurements
showing that these transitions are coupled to a thermal
effect, as expected for a first order phase transition. DTA
measurements on samples of the quasibinary section
Hg,(Ga,In, _,),VTe, show that the transition temperature
changes linearly with y (Fig. 3).

We assume that the low-temperature structure ‘tetl’ is
totally ordered and that above the critical curve the cation
laitice is only partially ordered (‘tetlp’), in so far as the
big Hg'" ions are ordered on the b and the four h
positions, whereas the vacancies and the smaller trivalent
cations are randomly distributed on the a position and the

17

two f positions. This would also explain the observation
that the In/Ga interdiffusion is distinctly faster at tempera-
tures above the critical curve than below [10].

2.3. X-ray diffraction measurements and electron micro-
probe analysis

2.3.1. General methods

To determine the structures and lattice constants of
equilibrium phases in the system (Hg,,, Gay, Iny_;, 4,
Vi1 -1.,)Te;, a set of powder mixtures of different molar
ratios of the binary components were prepared. All sam-
ples were annealed in evacuated sealed quartz ampoules
until thermodynamic equilibrium was attained. The free
volume in these ampoules was filled with a quartz rod to
prevent any separation of the mixtures by sublimation.
Annealing times ranged between 2 and 4 months, anneal-
ing temperatures between 900 K and 650 K. To preserve
the high temperature equilibrium composition, the am-
poules were quenched in ice-water.

Guinier X-ray measurements on these samples were
used to determine the phase diagram. Homogenenus one-
phase samples show patterns of reflections corresponding
to one of the X-ray patterns plotted in Fig. 4. The
structuies belonging to these patterns are all well known
[3,1,2] with the exception of the so-called domain structure
(d) that was also mentioned in [1]. The first two patterns in
Fig. 4 correspond to that of the zincblende lattice of HgTe
(@) and Ga,Te, (b), the third (tet2) to that of the tetragonal
chalcopyrite structure at k, = 1/4 (c). Pattern (¢) shows the
set of reflections *pical for the tetragonal structure (tetl),
and pattern (1) that for the orthorhombic structure of
In,Te, (orh).
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Fig. 4. X-ray patterns of homogeneous solid solutions of type (Hg,, Gus, 0y, o, s ap)Te, with different

structures: () HegTe (cub), (b) Ga,Te,

(cub), (¢c) HgCa,Te, (te12), (d) HgGo,Te, (dom), (¢) Hg Ga,Te, (tetl), (f) In,Te, (oth). Dashed lines: ‘zincblende” reflections, solid lines superstructure
reflections. The horizontal dotted lines indicate the zero level of X-ray intensity.
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Fig. 5. X-ruy patterns of ternary heterogencous samples tor annezling temperatures at which the overall compositions & . &) belong to a miscibility gap:

@) T=650 K, (0.15, 0.60), cub/tetl; (by T=

900 K. (0.15, 0.40), cub/iet2; () 7=700 K, (0.50, 0.40), w12 /1etl (dy T= 7()0K (0,10, 0.20, m’/mz. (©)

T=650 K. (0.25, 0.53), cub/tet] /1e2; the reflections belonging to different phases were plotted with different line types:- - - cub: tetl; - - -
wid, e et in sample () with spinodal demixing. The horizontal dotted lines indicate the zero level of X-ray intensity.
Heterogeneous samples with two (Fig. Sta)-- Fig. 5td)) with A=616.39, B=-22.32, C=21.03, D=-395, E=

or three phases (Fig. 5(e)) in eauilibrium show superposi-
tions of patterns belonging cither to different structures or,
in the case of spinodal miscibility gaps (Fig. S(d,
belonging to one and the same structure but with different
lattice constants,

2.3.2 The cubic lartice constant

All patterns shown in Figs. 4 ond § show the reflections
of the busic "zincblende’ lattice. Thus, as deseribed in |11,
we ussign a so=called pseudo-cubic lattice constunt «* 1o
all phuses showing one of these superstructures of the
sineblende lattice. For distorted tetragonal lattices we tuke
a™ as the cube root of the volume of the pseudo-cubic unit
cell, ie. u“‘ =@'el)'" for the distorted chalcopyrite
lattice ‘e, and a®={@/~2)'c/2]"" for the ‘tetl’
strueture.

In the quasibinary subsystem In,, , Ga, VTe, the
composition dependence of the cubic lattice constant
(including the pseudo-cubic constant) shows a small
positive deviation from the so-called linear Vegard be-
haviour. The experimental results can best be described by
an equation that is cubic in the mole fraction k.

a*k)lpm = 616.34 = 21.36k —~ 8.93k° + 4.25k" h

The deviation of the measured values from the values
described by this function is less than £0.3 pm.

The composition dependence of the cubic lattice con-
stant in the whole quasiternary system (Hg,, Gay,
In,, ¢ ko Yoo )Ten van be described by a Telation
being quadratic in &, and &,:

a®(k ky)pin = A+ Bk, + Cky + Dk + EK® + Fk k,

10,40, F=-399. Fig. 6(a) shows curves for constant
values of «®, projected onto the composition triangle
(ky=ftk,». These are the so-called ‘isolattice constant
lines™.

The difference between measured values and lattice
constants ealeulated according 10 Eq. (2) never exceeds 0.8
pm for a wtal of 112 homogencous samples with com-
positions widely spread within the regions of solubility (cf.
Fig. Tae)ddn,

233 Lattice constants of the orvdered structures

Fig. 6(hy-(d) show the orthorhombic lattice constants
of the ordered alloys of the quasibinary subsystem
(In, ,Ga),Te .z all three lottice constants decrease linearly
with k. The different symbols correspond to difterent
annealing temperatures as shown for the samples in the
‘orh’ field of Fig, 2

Fig. 6(e).(f) describe the composition dependence of the
lattice constants @ and ¢ for the quasibinary section
He(In,  Ga)),Te, at k,=1/4. The lattice constant a of
the tetragonal phase “te12” changes linearly with v, whercas
the constant ¢ shows a himodal behaviour, i.e. the In=Te
bond length is only influenced a liule by small contents of
Ga in the cation sublattice and vice versa. Thus the ¢/a
tatio decreases from a value of 2,006 at v=0 t0 =199
near v= 1L For pure HpGa, Te, the lattice constants and the
c/a ratio depend on temperature as reported in |11
whereas for v+ 1 a temperature dependence could not be
observed.

Fip. 6(g)(h) show the composition dependence of a and
¢ tor the quasibinary section Hgq(In, - Ga,),Te, at k,=5/
8. The lattice constants for the tetragonal unit cell are the
same for both the totally ordered structure ‘tet!” and the
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Fig. 6. @ Isolattice constant lines &, = Ak, ). The number on the lines give the lattice constants in units of pmi for cach of the lines, (b)=td) Lattice constanty
a. b and ¢ in dependence on the Ga, Te, mole fraction & for te ordered orthorhombic phase (I, ,Ga,),Te,: the samples were unncaled at © 650 K. + 700
K.+ 800 K. X 850 K. (¢)=() Lattice constants ¢ and ¢ of the tetragonal phase “1e12” in dependence on the composition variable ¥ for the quanibinary
section Hptln,  Ga,),Te, atk, = 1/ annealing temperatures: ¢ 900 K, + 750 K. X 700 K. » 650 K. (g)-(h Lattice constants ¢ and ¢ of the tetragonal
phase “tetl® in dependence on the composition variable v for the quusibinary section Hg,(In, G ), Te, atk, =5/8 anncaling temperatures: » 900 K. +
750 K. x 700 K. * 650 K.
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Fig. 6. (continued)

partially ordersd structure ‘tetlp’. Both constants a and ¢
decreas. with increasing y, but faster for In-rich than for
Ga-rich alloys.

2.3.4. Tie lines and equilibrium boundaries of miscibility
gaps

The directions of the equilibrium tie lines in two-phase
regions were determined from Ga, In and Hg X-ray
intensity measurements with an electron microprobe at
many points on the surface of heterogeneous samples. The
composition points calculated from these intensities and
the tie lines through the clouds of points are plotted into
the composition triangles of Fig. 7(b) and (). By use of
the tie line directions in Fig. 7(b) and (e) and the isolattice
constant lines of Fig. 6, the compositions of the equilib-
rium phases of the heterogencous samples could be
calculated trom their lattice constants determined from
Guinier films. The principles of this procedure were
described in detail in (8]

3. The phase diagram

The quasibinary system Hg,,.,,In,. V,Te, was already
described in [8], the sub-solidus region of the subsystem
Hgy - Ga, Y, Tey in [12).

3.1. The quasibinary subsystem In,, ., Gay, Ve,

3.1.1. Order-disorder transition

The sub-solidus region of this phase diagram is char-
acterized by the transition between the In,Te,-rich ortho-
thombic ordered phase and the cubic disordered phase (cf.
Fig. 2). A miscibility gap between these two phases could
not be detected. Two of the whole set of ordered samples,
however, did not show all the superstructure reflections but
only a few of them. Obviously there is a continuous
transition between the ordered und the disordered region.
With the exception of pure In,Te, that showed a DTA

signal for the order—disorder transition at 7=890 K, the
phase transition could not be seen in the DTA measure-
ments. Probably the transition changes with increasing
Ga,Te, content from a first order transition in pure In,Te,
to a second order transition in the solid solutions.

Time dependent measurements (¢/h=3, 6, 12, 60, 2000)
of the phase transition at 750 K from the disordered state
to the ordered state for samples with k, =0.0, 0.1, 0.2 and
0.3 (cf. Fig. 2) showed that the ordering process in pure
In,Te, is the slowest of all. In this case the orthorhombic
reflections could be seen only after the longest annealing
time of 2000 h. For k,=0.1 however, these reflections
occurred already after 3 h of anncaling. With increasing
Ga,Te, content, the ordering rate decreases again, but
even for k, =0.3 the ordering process is still faster than for
k,=0. Most probably, the increase of the transition rate
from k, =0 to k, = 0.1 is due to the much smaller radius of
the dissolved Ga compared to the majority component In
[13).

Element lonic radius/pm Covalent radius/pm
Ga 62 (+ + +) 125
In 92 (+ + +) 150
Te 211 (= ) 137

3.1.2. Liquid-solid equilibrium

The liquidus and solidus curves, as measured by DTA
(cf. Fig. 2), were used to estimate the thermodynamic
interaction parameters for the cubic solid solution. Using
the normalized mean molar Gibbs energies for the liquid
and the solid phase [14]

¢ = RTI() =~ kIn(l = k) + k Ink]
+(1 = Rk + KB™) @

¥ = RT[( = k)Inl — k) + &k In k]
+(1 = kk(a" + kB") + (1 = k)A,H"(In,Te,)
X (1 = TIT,(In,Te,)) + kA, H"(Ca,Te,)
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Fig. 7. Isothermal sections of the phase diagram for the quasiternary system (Hg,, Gig, I, 4 A ip)Tey as derived from measurements for 7=900
K @)(b), 750 K (). 700 K (d)(e) and 650 K (f). Dotted areas correspond (o two-phase regions, syuared arcas to three-phase regions. The following
symbols correspond to the overall composition of sumples that were cither homogencous or heterogencous after equilibration: o, with one cubic set of
reflections: <+, with a teteagonal set of phase (tetl): X, with a tetragonal set of phase (te12); @, with two tetragonal sets of phase (tet2): ¢, with an
orthorhombic set of phase (orh). The superposition of several different symbols at one site indicates that the corresponding samples are two- or three- phase
samples showing the line sets of the corresponding phases. Data from spot measurements with an clectron microprobe (b).(e): O, overall compositions of
the heterogencous samples; X, scattered composition values Zetermined at wany random dots on the surface of the annealed sample; straight lines through

the dot clouds determine tie line directions for the correspuncing miscibility gap.



176 H. von Wensierski et al. 1 Journal of Alloxs and Compornds 255 (1997) 169-177

X (I = TIT(Ga,Te,) ()

the liquid solid equilibrium is given by ¢*""'=g*". With
the temperatures and enthalpies of fusion from the DTA
measurements we obtained the following interaction pa-
rameters:

Phase & a1(k}/mol) B 1(kl/mol)
sol 5.0 -4.0
lig -1.0 -30

These results show that the deviation from ideal mixing
behaviour is rather small for In,Te, and becomes even
smaller with increasing Ga,Te, mole fraction. Fig. 8
shows the solidus and liquidus lines as calculated with Eq.
(3) and (4) together with the DTA data.

3.2 The phase diagram of the quasiternary system

Fig. T(a)~(f) show several isothermal sections of the
phase diagram for the quasiternary system (Hg,,, Ga,
Iy 4, -4y Y-, )Tey as derived from X-ray diffraction
and electron microprobe analysis.

321 T=900 K

At high temperatures (Fig. 7)) there are only two
miscibility gaps. one between the HgTe-rich solid solution
and the phase ‘tet2’ with the tetragonal chalcopyrite
structure, the other between ‘tet2' and the cubic In,Te,/
Ga,Te,-rich alloy region. The phase extension of ‘tet2’
decreases with increasing mole fraction of k,. The so-
called domain structure (cf. Fig. 4(d)) that was already
observed in the quusibinary subsystem Hg,Te,/Gu,Te,
[1] extends into the quasiternary region up to an In,Te,
mole fraction of about 0,05, A miscibility gap between
‘e’ and this *dom’ phase, showing much more reflec-

1100

1000

900

eaperature T/k ~-->

0 00 0 20 0 40 0 60 0 80 100
In2te3 mol fraction x(Ga2Teld) --> Ga2Tel

Fig. 8. Solidus and liguidus curves as caleulated with Eq, (3) and Eq. (4).
. DTA liquidus data: =, DTA solidos duta,

tions than the usual chalcopyrite phase ‘tet2’, could not be
detected.

Within the HgTe-rich alloy region, between k,=~0.55
and 0.7, there is a composition region ‘tetlp’ yielding
additional superstructure reflections of the low temperature
phase ‘tetl’. But in this case a miscibility gap between this
region and the surrounding cubic phase does not exist. For
a given ratio v the reflection patterns show a clearly
perceptible dependence on the Hg,Te, mole fraction k,.
The number and the intensity of the superstructure reflec-
tions first increase with increasing k,, pass through a
maximum at the ideal stoichiometric composition k,=5/8,
and then decrease again. Obviously, the degree of order of
the partially ordered phase ‘“ietlp’ decreases continuously
with increasing distance from the stoichiometric com-
position k,=5/8. A similar behaviour was observed in the
systems Hg ;. -.,Cd, Ga,, Te, (1] and
Hg, ;-1 -4,CdyIn,, Te, [8] near the quasibinary section at
k=3/8.

The tie lines plotted in Fig. 7(b) show that the ratio
y=ng,/ng, +n,) is about the same on both sides of the
miscibility gap. Only at low In,Te, mole fractions is the
ratio v distinctly lower in the equilibrium phase being
richer in HgTe.

322 T=750 K

With decreasing temperature the phase diagram becomes
more complicated:

(@) Near the In,Te, corner of the composition triangle
there occurs a narrow quasiternary region for which the
X-ray patterns show additional reflections belonging to the
ordered orthorhombic phase *orh®. The cubic reflections of
the HgTe-containing solid solution however, could not be
separated from the ‘zincblende' reflections of the ortho-
thombic In,Te,/Ga,Te, alloy. But a comparison of the
measured ratio of the intensities of the ‘zincblende' and
superstructure reflections with the same ratio caleulated for
a pure orthorhombic phase, yields intensities of the
‘zincblende’ reflections being too high for a pure ortho-
rhombic phase. Therefrom, we conclude that there must be
an additional disordered cubic phase coexisting with the
ordered orthothombic phase. Thus, a ‘cub/orh’ miscibility
gap with a continuously decreasing width should extend
from the In,Te, corner up to the &, value corresponding to
the value of the transition curve for T=750 K in Fig. 2.

(b) Within the chalcopyrite phase "te12" a miscibility gap
oceurs that extends at 7=750 K from the In,Te,/Hg, Te,
edge (k, =0) up to &, =0.4. As both coexistence borders of
this miscibility gap belong to the same phase ‘tet2', the
instable two-phase region is characterized by a negatively
curved part of a single common Gibbs-energy surface. The
critical curve for this spinodal miscibility gap starts at
(k, =0, k,=0.8, T, =860 K [8]) and extends at constant &y
with increasing &, and decreasing temperature into the
‘tet2” phase. Many of the samples belonging to this region
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show a pattern with two sets of tetragonal reflections. From
the lattice constants calculated from these patterns, the
borders of the miscibility gap can be estimated.

(c) On the Ga,Te,/Hg,Te, edge of the phase diagram at
k,=51/8, a new totally ordered phase ‘tet]’ occurs, being
separated from the partially ordered phase ‘tetlp’ by
experimentally realized miscibility gaps. The critical curve
for the order—disorder transition between ‘tetl” and ‘tetlp’
is shown in Fig. 3.

T=700 K: With decreasing temperature the ordered
phase ‘tetl’ becomes more and more stable causing an
extension of the adjacent miscibility gaps. As the critical
line for the order—disorder transition reaches the In,Te,/
Hg,Te, edge (y=0) at 720 K (cf. Fig. 3), the ordered
phase ‘tet]l’ extends at 700 K along the whole quasibinary
section Hg(Ga, In,_,),Te,. From [12] we know that for
v=1 there is an eutectoidic point (‘tetl/cub/tet2’) at
T=720 K. At lower temperatures the miscibility gap at
v =1 reaches from ‘tetl’ to ‘tet2’ giving rise to an adjacent
three-phase region.

Fig. 7(e) shows the results of the electron microprobe
measurements on two- and three-phase samples. The tie
lines determined by this method confirm the result derived
from the X-ray diffraction measurements. Especially, the
microprobe measurements on the In,Te,-rich samples
show that there must be a two phase region between the
ordered orthorhombic phase ‘orh’ and the disordered cubic
solid solution. as was already derived above from the
X-ray intensities.

323 T=650 K

Compared to 700 K the sitwation has only changed
gradually in so far as the extension of the disordered “cub’
regions has decreased and those of the  heterogencous

regions have increased (Fig. 7(f)). The existence region of
the superstructure phase ‘tetl’ is somewhat broader,
whereas that of the chalcopyrite phase ‘tet2’ remained
nearly unchanged.
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