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Abstract. In the framework of the theory for associated solutions comprising several com-
plexes of various compositions in a liquid phase, analyzed are phase equilibria in Cd-Hg-Te
systems. Checking this theory as to the description of phase equilibria in a system as well as
a search of model thermodynamic parameters were performed by the way of sequential com-
puter processing the respective experimental results for initial two-component materials. Hg-
Te system was chosen as the first model one. It was ascertained that HgTe, HgTe, and Te are
dominating complexes in the liquid phase of this system. Determined were the complex-
creative parameters in the liquid phase. As to P-T-X equilibria in Hg-Te system, we reached a
satisfying accordance between calculation and experimental data.
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In the first approximation, the thermodynamical descrip-
tion of the growing process in the case of single crystals
and films is based on the data upon their phase equilibria
in the system or, in the same sense, upon data of their
state diagram. The main works devoted to phase
equilibria in AZB® semiconductor systems are the follo-
wing [1-3].

In these investigations, authors analyzed experimen-
tal results concerning this topic, considered some promi-
nent features of phase equilibria. To these, first of all,
they related the presence of the sharp singular peak in-
herent to liquidus lines at the compound melting tempera-
ture (it is clearly pronounced in Cd-Te system and rather
weakly in Hg-Te one), essential asymmetry of liquidus
lines characteristic to an equiatomic composition in state
diagram ranges enriched by metal and metalloid compo-
nents (Fig. 1). It is noteworthy that high volatility of both
components is the distinctive feature of A2B® semicon-
ductor state diagrams. The latter essentially complicates
a thermodynamical analysis of the system, as it assumes
simultaneous consideration of both the state of crystal
with its melt equlibrium and the melt with its gas phase
composed of two volatile components.

The most complete thermodynamical description of
A2B° systems was obtained using the theory of associated
solutions [1-3]. The only allowance upon weak dissocia-
tion of these compounds during their melting as well as
the presence of stable complexes with equiatomic compo-
sition in the liquid phase enabled to explain arising the
singular maxima in solubility curves and reach quantita-
tive correspondence between calculations dealing with
compositions of equlibrium phases in these systems.

When describing phase equilibria in Hg-Te and Cd-
Te systems, the main liquid-phase associates in [1-3] were
Hg-Te and Cd-Te complexes, respectively. At the same
time, associates of this composition, in principle, cannot
provide asymmetry of the liquidus curve as to a mean
composition of the melt in the diagram state regions en-
riched by metal and metalloid components of the given
compound. This circumstance resulted in necessity for
authors of [1-3] to complicate their thermodynamical
model of the melt structure using a subregular approxi-
mation of the simple solution theory [4] for modelling
interaction of free components with the associate. The
offered rather complicated thermodynamical construc-
tion enabled to achieve highly adequate description of
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Fig. 1. Liquidus of Hg-Te system. Experimental data from [14,15].

experimental results as to the phase equlibria in Hg-Te
and Cd-Te systems. However, the number of fitting pa-
rameters for the model, direct determination of which is a
difficult task, increased up to 12 for the alone two-com-
ponent system [1-3]. To compare, it should be noted that
for description of phase equilibria using a quasi-regular
approximation of the theory for simple solutions in A3B>
semiconductor systems, only two fitting parameters are
sufficient [11]. As a consequence of the considerable
amount of model parameters, there arises cumbersome-
ness of its mathematical interpretation, laboriousness in
searching model parameters, difficulties in their theo-
retical treatment. However, the main deficiency of this
approach is an essential growth of the fitting parameter
number when proceeding to a description of phase
equilibria in three- and multi-component systems. Thus,
to describe the state diagram for the ternary system Cd-
Hg-Te[1-3], it was necessary to use 26 parameters, while
for the quaternary systems this number will become very
large. Obviously, in the latter case, one can say about
transformation of the rigorously determined thermody-
namical model for solution into some imitational one,
when, through the large number of parameters, the model
converts into the pure statistical one having a regression
type.

Currently, a solution of this task to describe complex
semiconductor systems is related to application of ther-
modynamical models that are able to account for the pres-
ence of several associates with various compositions in
interacting phases (the so-called “polyassociative model”)
[5-7]. Indeed, if temperature dependences of creation con-
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stants for liquid-phase associates differ, then, with tem-
perature changing along the liquidus line, their concen-
trations will change in different ways. It should develop
as a result of a concentration dependence for free mixing
energy in the model of subregular solution and influence
on symmetry of the state diagram as to the melt equiatomic
composition. These ideas were realized by us in [5] when
analyzing phase equilibria in magnetic semiconductor
systems and offered for applying them in A?B systems
[6,7]. As a considerable advantage of this approach, it is
worth to recognize that for a thermodynamical descrip-
tion of the melt structure, the ideal approximation of the
theory for polyassociative solutions is, as a rule, suffi-
cient [5-7].

In this cycle of investigations using the model of
polyassociative solutions with several complexes in the
liquid phase, we performed an analysis of P-T-X equilib-
ria for the three-component solid solution Cd,Hg,_{Te
and binary systems creating it. To its base, we put the
assumptions about the melt thermodynamical structure
for the analyzed system, which were mentioned in [5-7].
To solve the set problem, it is necessary to previously
carry out the P-T-X analysis of equilibria in initial two-
component systems. It will enable both to argue applica-
bility of the mentioned theoretical model conceptions of
the melt structure to description of A2B° system state dia-
gram and to determine thermodynamical parameters for
complex creation in initial the most simple melts.

As the first model system necessary to make the state
diagram for the three-component solid solution
CdyHg,.i Te, in this work we chose Hg-Te system. It is
this compound that is provided by reliable experimental
data both upon system liquidus and partial pressures of
each melt component in enriched and exhausted parts of
the state diagram. It enabled to critically estimate both
posibilities of the polyassociative solution model and the
prospect to apply it when describing equlibria in multi-
component A2B° systems over the whole area of the state
diagram.

It is noteworthy that rather thoroughly investigated
in experiments Cd-Te system is less suitable for solution
of this principle task. It is related with the fact that the
component vapor pressure over the melt in this system is
sharply decreased with decreasing their solubility [3].
The latter fact results in essential difficulties when ex-
perimentally determining component pressures during
their changes in a wide range of values. Therefore, to
prove some quantitative correspondence between estima-
tions and experimental data over the whole field of the
compositional diagram is a rather difficult problem in
the case. It leads to necessity to begin this thermody-
namical analysis from tailoring the state diagram of Hg-
Te system.

Accordingly to the theory of associated solutions with
several complexes of different compositions in a liquid
phase, interrelation between the total contents of a given
component and complexes with it as well as Hg, Te, com-
position has the following form [1,5-7]:

379



P.P. Moskvin et al.: Polyassociative thermodynamical model of ...

XHgG -~ ZszngTeq =0;

p=0g=0
X1eG - Z qungTeq =0,
P=0g=0 (1)
G=1+ Y > (p+q-1xng,Te, -
p=0g=0

where Xy, XTe are atomic fractions of mercury and tellu-
rium in the melt and XHg,Te, is a molar fraction in the
liquid phase, respectively. Indexes p and ¢ change from
p=0,9=1andp =1, g =0, which corresponds to free
tellurium or mercury as well as to the simplest complexes
Te,(p =0,g=2)and HgTe (p = 1, g = 1), and then these
are increased in accord to growing complexity of the as-
sociate composition.

Associate concentrations are related to concentrations
of creating them free elements due to the law of mass
action:

)Cp Xq
_HeTe _ Kpg (1), 2)
*Hg,Te,
where K, is the constant of Hg,Te, complex dissocia-
tion.

In the chosen approximation, partial pressures of tel-
lurium and mercury above the melt can be calculated
accordingly to the Raoult-Henry law written with con-
centrations of free mercury and tellurium atoms in the
liquid phase:

PHg = XHg pIO{g (7);

©)

PTe = x%ep$e2 (1),

where ploig and p%ez are saturation pressures for mer-
cury and diatomic tellurium at the given temperature. It
is implied in the above formulae that atoms of Hg and Te
included into the liquid-phase associates do not influ-
ence on the vapor pressure in the system. Let us note that,
in the whole, semiconductor melt is not an ideal solution
of initial components, because of the presence of rela-
tively stable complexes. The term of ideal interaction is
used only to describe mixing energy between associates.
Therefore, the vapor pressure above the melt in this non-
ideal structure allows using just the Raoult-Henry law
contrary to the more simple analog that corresponds to a
classical ideal solution.

Data concerning values of the saturated pressure for
mercury and diatomic tellurium at high temperatures were
adopted from [2]:

Ig pﬁg (atm)= —¥+4.920; p>0.1atm

+4.7191; p>723K

5960,2
lg P, (atm)=——
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Expressions (2) and (3) are written using concentra-
tions of the respective melt components, which implies
that the associate solution is the ideal one. Although, at
the given stage of our analysis, this assumption can be
considered as untimely, however, the following calcula-
tions will show that in the analyzed situation, like to that
for magnetic semiconductors [5], the ideal approxima-
tion of the theory is quite sufficient to describe phase
equilibria in the system.

Up to date, direct experimental data upon complex
creation in Hg-Te melt are absent in the literature. Indi-
rect data upon the contents of the analyzed system melt,
namely, that there are at least two complexes of HgTe
and Hg,Te; compositions, are obtained in [12]. This con-
clusion was made by the authors stemming from the de-
pendency of the melt molar volume on temperature and
its composition. Taking this into account authors of the
paper decided to perform a theoretical search of compo-
sitions for the most probable associates. Therefore, Eqs
(1) are written in their general form via indexes of associ-
ate compositions.

For full description of P-T-X equilibrium in the two-
component system, expressions (1-3) should be supple-
mented by the equation for crystal-melt equlibrium. Ac-
cordingly to [8], the expression has the following form:

X X
ST ~1 ) AC, +RTIn HETE
St St
XHgXTe
F
o Tac,
+deJ —Ldr =0 @
T TF

AC), =Cyg +C1e —CHgTe ,

where 77, ASF are, respectively, temperature and melt-
ing enthropy of the compound. The index S7stands for
the liquid phase of stoichiometrie composition, C; are
molar specific heats of initial elements and compounds.

In this expression, to describe the crystal-melt equi-
librium, we used preferentially the crystallization quasi-
chemical reaction of the following form: Hg(1) + Te(1) =
= HgTe(s). Let us noe that the description of mercury
telluride creation from an associated liquid phase is pos-
sible through any set of complexes that are present in it
[4]. However, obviousness of the expression [4] and our
experience in using calculating algorithms [5-7] show that
just usage of concentrations characteristic for free atoms
in the melt is the best approach. The double integral in
Eq. [4] describes the energy contribution into the total
balance of energies in the system, which is conditioned
by divergency of specific heats for the compound and its
initial components in the melt at high temperatures.

As initial parameters, when describing the melting
process in these calculations, we took the following val-
ues for temperature and melting enthropy: 7% = 943.1 K,
ASF =9.25 e.o. [9]. The difference between compound
element specific heats in the liquid phase and that of crys-
tal was estimated using data [10]. In accord to the data,
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the difference analyzed had only weak dependence on
temperature. Therefore, on calculating the double inte-
gral at the term with AC, = const, the Eq.(3) takes the
final form:

AS*(rF —T)+Acp[(T—TF)—T1nTlF]+
XHgA~Te ©)

=0.
St .St
YHg*Te

+RT1n

Accordingly to chosen data, the difference of system com-
ponent specific heats is equal to ACp = 0.98 cal/mol-K.

At the first stage of our calculations, we searched for
the most probable compositions of complicated associ-
ates that are present in the liquid phase. Our searching
technique was based on the found earlier regularity [6,7]
that location of system P-T-X lines has only weak de-
pendence on dissociation constants but very strongly de-
pends on complex compositions. Before starting such es-
timations, it is necessary to stipulate for reliability crite-
ria of choosing a composition of this or another complex.
It becomes actual in view of the fact that using the
polyassociative model for structure of liquid phase in the
analysis a priori allows the presence of a temperature
dependence for dissociation constants. It seems obvious
from the most common physical conceptions that the to-
tal concentration of associates in the melt should decrease
with increasing temperature.

If the only complex was present in a liquid phase, as it
was considered earlier [1-3], then the enthalpy sign when
calculating the dissociation constant accordingly to
Eq. (2) should be unambiguously negative, which corre-
sponds to growing the constant with increasing tempera-
ture. However, at presence of several associates in the
melt, the above statement should be reconsidered to some
extent and generalized. Indeed, the requirement of de-
creasing the concentration of each associate in the melt
with increasing temperature seems to be extraordinary
stringent. At this stage of the analysis, when an inde-
pendent theoretical approach to the issue upon energies
of creating complexes in Hg-Te liquid phase, it is possi-
ble to limit ourselves by the requirement of decreasing
concentration for multi-atomic complexes when the con-
centration of simple complexes grows with increasing tem-
perature in the system. This requirement is not discrep-
ant, although it allows different signs of enthalpy contri-
butions into energy of complex creation. At the same time,
the requirement of continuous and monotonic changes in
the dissociation constant with temperature remains valid.
Abovementioned conceptions served as a base for sub-
stantiating the possibility of existence of complexes with
one or another complicated composition in Hg-Te melt.

Before considering the results of our numerical analy-
sis aimed to phase equilibria, it is necessary to mark the
following feature of solutions for Eqgs (1-4). It is related to
searching associate concentration in a liquid phase with
a stoichiometrical composition, that is xiSt parameters.
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These parameters, in accord to [6], are determined as-
suming x%: =xf[’g = 0.5 at. fraction at. part in (1) for
each set of K, values. The latter means that any varia-
tion of dissociation constants for any complex needs to
correct xl-S’ values. This factor makes estimating proce-
dures for searching location of liquidus lines and respec-
tive dissociation constants to be rather cumbersome and
laborious.

At the same time, analyzed parameters are in tight
relations with pressures of component vapors over the
melt with stoichiometric compositions at the compound
melting temperature. This limitation essentially simpli-
fies the whole searching procedure because of narrowing
the range of xiSt changes, and eventually these changes
still rather weakly depends on K, set. The later prop-
erty of the system (1-3) was used in this work.

Quantitative substantiation of the presence of one or
another complicated complex in the melt was started in
this work from processing data upon phase equlibria in
the part of the state diagram that is enriched by metal.
Performed calculations showed that it is possible to at-
tain a correspondence between estimations and experi-
mental data in this compositional range, if one allows
the presence of the only simplest HgTe complex in the
melt. Principle difficulties became to arise when trying
to describe P-T-X equilibria in the state diagram part
enriched with tellurium. Estimations of phase equilibria
taking into account the only HgTe, complex, except
HgTe, and then HgTe; one, did not provide any success.
The analysis made taking into account HgTe,, (m = 2,3)
associates and totally bound tellurium into Te, associate
also did not provide obtaining any correspondence to
experimental data, even when using essential variation
of dissociation constants.

Accumulated experience in performing calculations
made with taking into account all mentioned combina-
tions of complexes in the melt enabled us to make the
following conclusion as to the most probable associative
composition of liquid phase. In accordance to data ob-
tained, the melt can be represented by, at least, the fol-
lowing combination of associates: free atoms of mercury
and tellurium as well as Te,, HgTe and HgTe, complexes.
It is this set of complexes that could provide the neces-
sary variation range of the system (1-4) solutions due to
changes of K,,, around experimental data.

As a result of calculations carried out, we ascertained
that the complex HgTe was the dominant one in the lig-
uid phase in the state diagram part enriched by metal.
The shape of phase equilibrium lines in its metalloid
range depended mainly on dissociation constants for com-
plexes HgTe, and Te,. According to these estimations, Te;
associates play an important role only with decreasing
temperature, when analyzed curves are shifted into tellu-
rium part of the diagram. These temperature tendencies in
changing parameters of complex creation became a
weighty argument in the final choice of associate compo-
sitions as they entirely corresponded to the criterion for
free energy temperature dependencies of complex crea-
tion, which was mentioned above. Found regularities al-
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lowed to formulate the algorithm of the final search for
numerical values of dissociation constants. Indeed, it is
reasonable in this situation, to find in the first approxi-
mation the constant K(HgTe) using data for the state dia-
gram part enriched by metal, while K(HgTe,) and K(Te,)
should be determined using data for the range enriched
by tellurium. As the influence of Te, associates should
develop the most essentially at low temperatures, one can
state that, for rough estimation of these parameters, the
task of searching them can be separated by several prac-
tically independent one to another tasks. Using the men-
tioned property and method of successive approximations,
we found the sought-for temperature dependencies of disso-
ciation constants. Calculations showed that the multi-atomic
complex HgTe, possess a tendency to dissociation in ac-

cord with the expression K(HgTe2)=7.138-1014><

1.912-107

xexp|| -5.339-10% + T |, while data for

K(HgTe) corresponded well to the simple exponential one

303

_ 2 . ..
K (HgTe )=6.22-10"% exp - but the dissociation

constant for two-atomic tellurium appeared to be inde-
pendent of temperature K(Te,) = 5. Concentration val-
ues for mercury and tellurium that provide the stoichio-
metric composition of the melt and correspond to experi-
mental data as to the component vapor pressure at the
melting temperature (pp=12.5 atm, per=1.6- 1073 atm
[9,14]) were equal to xijy =0.2903 mol. fraction,
x5 =0.2305 mol. fraction.

In Figs 1-3 shown are results of calculations for
liquidus lines as well as tellurium and mercury partial
pressures along the line of three-phase equilibrium in the
system. We are free to assert that the found set of thermo-
dynamical functions and the model of polyassociative
solutions itself, as a whole, provide good correspond-
ence between the theory and experiment. To the least
extent, the abovementioned statement concerns data upon
the mercury pressure in the Te-rich part of the state dia-
gram (Fig. 2). But even this diversity does not exceed
10...15 K as to the equilibrium temperature, which is, in
the same way, suitable for thermodynamical calculations.

It is also worth to note that some difficulties in the
theoretical description of the mercury equilibrium pres-
sure above the melt were mentioned in [1-3]. In these works,
to reach a satisfactory correspondence to experiment in
view of the analyzed parameter, authors could manage
only when assuming an essential deviation of the gas phase
state from the ideal one, when they applied conceptions
of this component volatility. Here we should notice that
parameters of the chemical reaction providing mercury
telluride creation from a gas phase determined in [1-3]
directly, through the experimental data upon the equilib-
rium component pressure above the melt. As a conse-
quence, a mistake in the description of the gas phase state
cannot be related to inaccuracy in values of system ther-
modynamical functions, and, obviously, reflects another
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Fig. 2. Dependence of mercury partial pressure on temperature
along the three-phase equilibrium line in Hg-Te system. Squares
represent experimental from [14], solid lines — calculations for:
1-ASF=925¢cu;2-ASF =14 cu.

not considered in the model regularities of the system
behavior. Fig. 4 shows calculated dependencies of com-
plex concentrations in the melt along Hg-Te system
liquidus line. In the framework of the chosen approxima-
tion, main tendencies of changes of concentrations in-
herent to the liquid-phase complexes selected to this
analysis seem to be rather natural. As it was expected,
the most complicated picture of associate interaction can
be observed in Te-rich part of the state diagram. It is the
place where Te, and HgTe, complexes begin to arise in
considerable concentrations. In this case, the share of
diatomic tellurium complexes begins to influence the
liquidus line shape at x, > 0.5 at. fraction with a
monotonic growth of its content in the liquid phase, while
the same concentration dependence for HgTe, complex
has an extremum feature (Fig. 4). Let us note that even at
presense of Te, and HgTe, associates in considerable
amounts the most wide-spread complex in the melt is

Pre, atm.
1.10° T T T T T T T T T

1.05 1.11 1.17 1.23 1.29 1.35
10*/r, K™

Fig. 3. Dependence of diatomic tellurium partial pressure on
temperature along the three-phase equilibrium line in Hg-Te
system. Experimental data from [14].
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Fig. 4. Dependence of the complex content in liquid phase on
the total tellurium concentration in the melt along the three-
phase equilibrium line in Hg-Te system: / — Hg; 2 — HgTe; 3 —
Te; 4 — HgTey; 5 — Te,.

HgTe one, and it is the complex that determines the main
parameters of three-phase equilibrium lines in the sys-
tem. At the same time, it also follows from Fig. 4 that this
diatomic complex HgTe cannot provide asymmetry of
liquidus lines in metal- and metalloid-enriched parts of
the state diagram. This statement results from the sym-
metry of the calculated dependence for HgTe complex
concentration on the tellurium share in Fig. 4 relatively
to the melt equiatomic composition. Therefore, to reach
the accordance with experimental data, it is necessary to
make an assumption about the presence of compound
associates in the liquid phase.

In this work, we tried to increase accuracy in descrip-
tion of P-T-X equilibria, especially, relatively to the
memory vapor pressure. It turned out, however, that even
essential variation of dissociation constants could not
provide any considerable change in P-T dependence
behavior is this case. This fact testifies to an essential
stability of the model to a choice of its parameters, which
is a positive fact. At the same time, for further increase of
description reliability, one obviously needs an effective
revision of the melt associate composition or application
of another ways. Having the aim to increase description
adequacy, in the work, we carried out an analysis of the
influence of deviation between specific heats of melt and
crystal (a factor with AC,) on the change of location of
calculated equilibrium lines in the system. Our estima-
tions showed that neglecting the double integral in (4)
very weakly influences the calculated lines of P-T-X
equilibria. The error in calculations of the liquidus tem-
perature, when using specific heat data from [10], was no
more than 1...3 K in dependency on the range of the state
diagram. These quantitative corrections are clearly in-
sufficient to avoid the abovementioned inaccuracy in the
mercury pressure description.

The only parameter, value of which is not very ex-
actly known, is melting enthropy of HgTe compound.
This parameter is determined in [9] by statistical process-
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ing the experimental data upon phase equilibria in the
system. Our experience in processing the data of such
experiments with the aim to determine thermodynamical
functions of the system [13], even using methods of math-
ematical statistics, is indicative of low accuracy of re-
sults obtained. Therefore, we performed a complex of
calculations with various AS¥ values. It is worth to note
here that the change of this model parameter had an es-
sential effect on the calculated mercury vapor pressure in
the system. This result is not unexpected. Indeed, when
testing the model for simple solutions and describing phase
equilibria in Ga-P systems, in [11], to correct calculated
data as to the phosphorus pressure along liquidus, au-
thors performed correction of the data upon compound
melting enthropy. Using the same way and increasing
the melting enthropy of HgTe up to 14 e.u., we managed
with achieving the high degree of adequacy in descrip-
tion of all data set concerning equilibria in the system.
Results of these calculations coincide well with the data
of Fig. 3 as to the system liquidus and diatomic tellurium
vapor pressure as well as correspond to experimental re-
sults of Fig. 2 as to the mercury pressure above the melt
enriched with tellurium. New corrected values and the
look of temperature dependencies of dissociation con-
stants were as follows:

K(HgTe)=0.,1555

2,221-107
K(HgTe,)=9,4-10"7 exp{(6,347-104 +%} /T]

K(Te 2 )= 5

At this stage of theoretical re-estimation of data upon
thermodynamical functions of A?B° systems, it is still dif-
ficult and premature to prefer melting enthropy values
found in the work as compared with experimental data
[9]. Obviously, only the further analysis of phase equilibria
in the framework of polyassociative solution model in
such allied systems as Cd-Te and Zn-Te will enable to
give an unambiguous answer for the value of this param-
eter. At the same time, the good correspondence between
calculations and experimental data with essential de-
creasing the parameters of the thermodynamical model
when analyzing phase equilibria, can be considered as
well argued.

Thus, in the first part of the work, we proved quantita-
tively applicability of the polyassociative solution model
to description of the melt thermodynamical state and to
analysis of phase equilibria in Hg-Te system. The fol-
lowing part of the work will be devoted to modelling phase
equilibria in Cd-Te system that also comes into Cd-Hg-Te
system as the main component, which is under investiga-
tion.
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