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Miscibility gap in II-VI alloy semiconductor systems
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Abstract

A thermodynamic calculation and analysis of the nature and extent of miscibility gaps
in ternary and quaternary systems of II(Zn, Cd, Hg)-VI(S, Se, Te) alloy semiconductors
is presented. The Gibbs energy of the zincblende-type phase has been described using
a sublattice model and the interaction energies in the pseudobinary systems have been
estimated from the difference in lattice constants of the components. The origin of
miscibility gap in the quaternary systems is discussed.

1. Introduction

Multicomponent alloy semiconductors are being used increasingly in
optoelectronic devices because their lattice constants and thereby their band
gap energies are easily alterable by proper selection of alloy composition.
It is also known that in some systems a two-phase separation occurs because
of the presence of amiscibility gap, causing severe problems during production.
An extensive study of such miscibility gaps has been carried out for III-V
systems, while a systematic analysis on this subject has not been undertaken
for the II-VI systems. Thus in the present work a thermodynamic calculation
of the phase equilibria in the quaternary II-VI alloy crystals was made and
the origin of the miscibility gap islands was investigated from a thermodynamic
point of view.

2. Thermodynamic analysis

2.1. Description of Gibbs energy

18 ternary and 15 quaternary systems composed of II-VI compounds
(ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe and HgTe) are included in
the present analysis. Almost all these compounds have the zincblende type
of structure which consists of two sublattices, one occupied by group II
atoms and the other by group VI atoms. CdS and CdSe are exceptions, in
that they exhibit the wurtzite-type structure.
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The Gibbs energy of (A, B, C)X-type compound is expressed using the
sublattice model [1] as follows:

G3=G s +°Gpxtyp + °Goxyc
+RT(Ya In yo+yp In yg+yc In y¢)
+ Lox™yatys + Lac™Ya¥c + Lpc™UpYc €))

where °Gy is the Gibbs energy of the binary compound ij. L represents the
interaction energy between two species; L,g%, for instance, is the interaction
energy between A and B atoms on the same sublattice when all the sites
on the other sublattice are occupied by X atoms. y; is the mole fraction of
i on the sublattice in which i atoms are located.

The Gibbs energy of (A, B)(X, Y)-type compound is also described using
the same sublattice model as follows:

G® =G rxtystx + *Gavtysly + *Gaxysyx + *Goylnty
+RT(Ya In ya+yp In yg+yx In yx+yy In yy)

+ Law™yaysyx + Lap Ya¥p¥y + Lxy* Yayx¥y + Loy® Ysyx¥y @
where y parameters are related to each other as follows:
Yatyp=1 Yx+yy=1 3

The same notation as eqn. (1) is applicable to °G and L parameters in eqn.

).

2.2. Evaluation of the Gibbs energy of formation of the binary
compounds

The Gibbs energy A;Gy of formation for the binary ijj compounds with
the zincblende structure are evaluated using the following thermodynamic
data: (a) the enthalpies A;H,9s of formation and (Gr— H,gg)/T function for
ij compounds assessed by Mills [2] and (b) (Gr—Hags)/T function for liquid
components i and j given by Hultgren et al. [3]. The A;H,ys values so
evaluated using a least-squares fit are given in Table 1 for all the compounds.
In the case of ZnSe and CdSe, however, the values shown in Table 1 are
taken from Grytsiv et al. {4] and Pashinkin [5] respectively. The lattice
parameters [6, 7] and the melting points of all the compounds are also
included in Table 1. The lattice parameter for the metastable zincblende
structure of CdSe was obtained by extrapolation of lattice parameter data
from pseudobinary systems of CdSe—-ZnSe [8] and CdTe-CdSe [9, 10]. It
can be seen that large negative values for A;H,y3 and high melting points
go together. Since the compounds CdS and CdSe have the wurtzite crystal
structure, the Gibbs energies of formation for the zincblende structure of
these compounds were estimated from the following equations:

AtGeas® = AtGegs™ + AGeas™ 2
ArGoase? =D¢Gegse” +AGgase” 2 @
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where AGcys” 7% and AGeas.” 2 are the Gibbs energy differences between
the zincblende and wurtzite structures for CdS and CdSe respectively. These
values are estimated by analyzing the experimental phase boundaries between
the zincblende and wurtzite types of solutions in the systems of CdTe~CdSe
[9] and CdTe-CdS [11, 12]. Figure 1 shows those pseudobinary phase
diagrams in which the hypothetical transition temperature for CdTe to
transform from zincblende structure to wurtzite structure is about 1280 °C.
The solid phase equilibria in Fig. 1 are calculated using the values for
AGcysV 7% and AGcgs.” % given in Table 1 assuming that the interaction
parameters in the zincblende and wurtzite phases in each system are equal.

2.3. Evaluation of the interaction parameters

Since experimental information on the miscibility gaps exists for the
system ZnS—ZnTe [13] and CdS—CdTe [11] the interaction parameters Ly 2"
and Lg.°® are obtained using those data and are given in the right-hand
part of Table 2. Lgp©® is the value for wurtzite and is assumed to be the
same for the zincblende phase. For the other ij—ik systems where experimental
information is not available on the miscibility gaps, the interaction parameters
are estimated from the difference between the lattice constants of the binary
compounds. Several models have been developed in order to estimate the
interaction parameter using lattice constants [14—16], and they all lead to
the following relation:

2
. Aa;;
Ly ___K(_a'_’-l..l‘) ()

Ayioix

where K is a coeflicient depending on the modulus of elasticity, Aa; ;. is
the lattice mismatch and G; ;. is the average value of the lattice constants.
Combining all the values obtained for the L parameters either from experiment
or by estimation, a value for K in eqn. (5) is 1.97x10° J mol~! as shown
in Fig. 2. The interaction parameters L;' for each pseudobinary system
calculated using this K value are shown in the left-hand part of Table 2.
Strictly speaking, the interaction parameters are not expected to be constant
but should depend on temperature and composition. The composition de-
pendence is self-evident, for example, from Fig. 1(b) where the miscibility
gap has an asymmetric shape with a skew towards the component with a
higher melting temperature. Asymmetric miscibility gaps have also been
observed in the III-V systems [17], signifying the existence of this type of
composition dependence of the interaction pérameter in these systems as
well. From the fact that the elastic modulus is directly proportional to the
melting temperature, it can be safely said that the value of K in eqn. (5)
should increase as one goes from the low melting compound side to the
high melting compound side. However, in the present work, these types of
temperature and composition dependences of the K values have not been
considered. It is also worthwhile pointing out at this stage that the estimation
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Fig. 1. Phase diagrams for the (a) CdTe—CdSe and (b) CdTe—CdS pseudobinary systems.
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Fig. 3. Relation between lattice mismatch and difference in tetrahedral covalent radii.

of the L parameters using this K value is extendable to other systems similar
to these, as described in the next paragraph.

In the II-VI systems, as shown in Fig. 3, there exists a one-to-one
correspondence between lattice mismatch and the difference Ary_; in tetra-
hedral covalent radii calculated using the formula

2lr—nd

Ary_p=
T 21+ 1+, ®

where 7;, 7; and 7y are the Pauling [18] tetrahedral radii for i, j and k elements
respectively. Since Pauling {18] has proposed a set of empirical values for
the tetrahedral covalent atomic radii, not only for the group II and VI elements
but also for other groups such as I, III and IV, it is reasonable to use eqn.
(6) with the appropriate modifications as shown below:

ij‘ =1.97X% 10"(Afr',-j_ik)2 )
for estimating interaction parameters in other systems, where structures

similar to zincblende or wurtzite occur, i.e. structures in which each atom
is surrounded tetrahedrally by four other atoms.

3. Results and discussion

3.1. Miscibility gaps in (A, B, C)X compounds
Figure 4 shows the position of the calculated miscibility gap in Zn(S,
Se, Te) system at 873 K. It is seen that the surface of the miscibility gap



110

ZnS

ZnTe ZnSe
mol *%ZnSe

Fig. 4. Calculated miscibility gap in the Zn(S, Se, Te) system at 873 K.
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Fig. 5. Calculated miscibility gap in the CdTe-ZnSe system.
Fig. 6. Calculated miscibility gap in the (Cd, Hg)(Se, Te) system at 823 K.

extends from the ZnS—ZnTe pseudobinary side into the ternary. Although
there is no experimental information on miscibility gaps available for this
ternary, it seems reasonable to expect such a miscibility gap in this system
because of the larger misfit factor arising from the size difference between
sulphur(rs=1.04 A) and tellurium(ry,=1.32 A).

3.2. Miscibility gaps in (A, B)(X, Y) compounds

Experimental data on miscibility gaps in systems (Zn, Cd)(Se, Te) and
(Cd, Hg)(Se, Te) reported by Tai and Hori [19] and Leute et al. [20]
respectively are shown together with the present calculated results in Fig.
5 and Fig. 6. Even without the inclusion of any other interaction other than
those from the pseudobinary systems, the agreement between experimental
and calculated positions of miscibility gaps appears satisfactory. The position
of the miscibility gap in the system (Cd, Hg)(Se, Te) shown in Fig. 6 indicates
that the phase separation occurs towards the CdSe and HgTe ends which
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have the highest and lowest melting temperatures respectively among the
four compounds.

Figure 7 shows the isothermal sections of the miscibility gaps in 15
quaternary systems. The numbers inside the diagrams denote the temperatures
of the calculated sections. The summit points 7, of the miscibility gaps in
(A, B)Y(X, Y) compounds are listed in Table 3. As mentioned in the previous
section, miscibility gaps in (A, B, C)X type of compounds arise because of

Cds

N
Z‘/&W Cr.iticgs_:enperature of
< <728> misc ! y gap
heS e 2" Hgse ():(ABD)X type
o [ 3:(A.BXX,Y) type
[1.3%] <595>
7,
ZnSe
HgSer—= N ZnTe

HgTe
LG
af
HgSe (1403)
\—//_/ S
/,m\
19s)
5 CdSe Se
noe
[ \‘1}
\%
[1oss) &
Cds :
Temperature / K s,
<1166> %
CdTe HgTe

Fig. 7. Calculated miscibility gap in the II-VI alloy semiconductor system.
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TABLE 3
Summit point of miscibility gap in (A, B)(X, Y) compound

Compound T T, Yn Uy

A BX Y x> x)

(Zn, Cd)(S, Se) 887 1344 0.4774 0.4658
(Zn, Cd)(S, Te) 1440 3734 0.4650 0.4141
(Zn, Cd)(Se, Te) 257 1001 0.4528 0.4623
(Zn, Hg)(8S, Se) 906 1386 0.4768 0.4634
(Zn, Hg)(S, Te) 2014 3128 0.3640 0.4643
(Zn, Hg)(Se, Te) 1234 1686 0.4547 0.4557
(Cd, Hg)(S, Se) 93 199 0.4806 0.5008
(Cd, Hg)(S, Te) 847 1403 0.6100 0.5100
(Cd, Hg)(Se, Te) 833 1056 0.4809 0.4842
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(Cd,HgX(S,Te) 4

(Cd,Hg)(Se,Te)

(Zn ,Cd){(Se Te)
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Fig. 8. Gibbs energy surface in the (A, B)(X, Y) compound.

Fig. 9. Variation in the AG parameter with temperature.

the atomic misfit factor in the constituent pseudobinary systems. In the (A,
B)(X, Y) compounds miscibility gaps arise even when there are no miscibility
gaps in all the constituent pseudobinary systems. The circumstances under
which such miscibility gaps occur were investigated by Hillert and Staffansson
[1] and Rudy [21], who pointed out that phase separation occurred mainly
depending on the difference AG between the Gibbs energies of formation
of the binary compounds, given by the expression
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AG="Gx +°Gpy —°Gay— °Grx ®

A schematic Gibbs energy surface in (A, B)(X, Y) compounds is illustrated
in Fig. 8 and the value of AG for every quaternary system is shown in Fig.
9. With a few exceptions, it is generally true to claim that, the larger the
absolute value of AG, the higher is the summit temperature T, of the miscibility
gap in these compounds. For instance, the absolute values of AG are very
high in (Zn, Cd)(S, Te) and (Zn, Hg)(S, Te) systems and so also are their
summit temperatures. In order to clarify the effect of AG on the miscibility
gap quantitatively, the critical temperature of the miscibility gap in (A, B)(X,
Y) compound without taking the interaction parameter into account is
estimated. The critical temperatures T.¢ for ideal solution behaviour is given
by

AG
4R

The calculated T, is shown in Table 3, which reveals that AG has a significant
contribution to the miscibility gap of (A, B)(X, Y) compound.

Tcid — (9)

4. Conclusions

(1) Miscibility gaps in the II-VI zincblende-type alloy systems have been
calculated using a sublattice model. The Gibbs energies of formation for all
the constituent binary compounds have been evaluated from the thermo-
chemical data in the literature. Hypothetical formation energies of zincblende
CdS and CdSe have been estimated from knowledge of phase equilibria in
the CdS—CdTe and CdSe—CdTe systems. Interaction parameters in the pseu-
dobinary systems have been estimated using the differences in the lattice
constants of the components.

(2) The origin of miscibility gap in the (A, B, C)X type of compound
is mainly attributed to the difference between the lattice parameters of the
component compounds, while in the (A, B)(X, Y) compounds it is attributed
mainly to the difference in relative stabilities of the binary compounds.
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