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Eleven ternary compounds were synthesised, of which nine are new. The seven most
ZnS-rich compounds form a series. Each has a primitive hexagonal lattice with

a= 3.85 - 0.01 A. The c-dimension varies from 37.47 A (39 ZnS:8 In,S,) to 18.63 A

(18 ZnS:8 In,S;) with a periodicity of 3.14 A which can be related to a decrease in the ZnS
content. One of the four remaining compounds (12 ZnS:8 In,S,) is triclinic, but at least two
polytypes are present. The more common variety has the parameters: a= 3.86 A, b = 15.48
A, c =354 A « —90°16', B =120°02' and y = 89° 47". The structure of the other polytype
and of compounds 17 ZnS:8 In,S; and 10 ZnS:8 In,S; have not been determined.
Stoichiometric Znin,S, has a rhombic hexagonal lattice (2 = 3.86 A, ¢ = 36.95 A). This
ternary compound which has been synthesised previously is the only one to show
appreciable solid solution. Approximately 2 mole 9% ZnS is soluble in Znln,S, at 600° C;

this increases to 8 mole % at 1080° C.

1. Introduction

Materials scientists have for some time been
interested in compounds of zinc, indium and
sulphur because of their optical and electrical
properties [2, 13, 16, 17, 25]. Thus, while our
studies have largely been confined to the
composition of the naturally-occurring sulphides
of zinc and indium [3], a growing interest in
materials prompted us to investigate synthetic
compounds on the ZnS-In,S, binary and to
establish the phase equilibria of these, many of
which had not previously been prepared.

2. Previous Work

The ZnS-In,S, binary falls within the Zn—In-S
system and a review of part of the work in this
system is summarised below.

2.1. Zn-8

Sphalerite, wurtzite and the intermediate
sphalerite-wurtzite polytypes are the only binary
phases in the Zn-S system. Allen and Crenshaw
[1] proposed a first-order transition at 1020° C
of sphalerite to wurtzite. Hill [9], on the other
hand, suggested a higher order transition with
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ZnS polytypes stable over the range 960 to
1020° C. Scott and Barnes [15] recently indicated
that phase changes in zinc sulphide are accom-
panied by a composition change. They suggested
that wurtzite is sulphur-deficient relative to
sphalerite, that the intermediate phases are not
true polymorphs, and that wurtzite polytypism
isafunction of sulphur fugacity and temperature.

2.2. In-S

Stubbs et @l [21] described four indium
sulphides, BIn,S;, In,S,, IngS,, and InS, which
they believed to be stable phases in the In-In,S,
system above 600° C. Miller and Searcy [12]
disproved the existence of In,S,. The composi-
tion of In,S; has since been changed to IngS,
[S, 10]. Zargarov and Gamidov [23] claimed to
have synthesised a phase (InsS;) which is more
sulphur-rich than In,S,. The melting point of
pure In,S; is reported to be between 1090 and
1100° C [21].

2.3. Zn-In

A simple eutectic between the Zn and In
liquidus curves is located at 3.1 at. %, Zn at
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144 + 1° C. The solid solution of Zn in-In and
of In in Zn at the eutectic temperature was
estimated to be approximately 0.45 at. 9, and
0.65 at. 9 respectively [8].

2.4, Zn-In-S

Two compounds, ZnIn,S, and Zn,In,S,, both of
which occur on the ZnS-In,S; binary, have been
synthesised by other workers [7, 24]. Lappe ef al
[111 showed that ZnIn,S, has hexagonal
symmetry with a rhombohedral lattice (¢ = 3.85,
¢ = 37.06 A). Donika et al [4] on a phase they
indicated to be Zngln,S,, calculated a primitive
hexagonal lattice with ¢ = 3.85,and ¢ = 18.5 A.

3. Experimental
3.1. Preparation of Starting Materials

The ZnS and In,S; end members were prepared
by precipitation from aqueous solutions. Pure
zinc (99.999 + %, ASARCO) and indium
(99.999 4 %, ASARCO) were dissolved in
concentrated HC. These solutions were evapor-
ated and the chlorides redissolved in water.
Hydrogen sulphide was then bubbled through
each solution (pH 1.5 to 3.0) to precipitate
In,S; and ZnS. The precipitates were washed,
dried, ground and rewashed several times to
remove the excess chlorides. Finally each
sulphide was heated in a vacuum at approxi-
mately 500° C for at least 1 h to eliminate traces
of ammonium salts, water and most of the
excess sulphur.

3.2. Furnace Runs

Charges for the experimental runs weighed 50 to
100 mg and were prepared from various mole
ratios of the ZnS and In,S; end members. These
mixtures were placed in 6 mm OD (1.0 mm wall)
vycor glass tubes which were evacuated at 25° C
to a pressure of less than 1 torr before sealing.

All runs were equilibrated in electrically-
heated vertical tube furnaces. The hot spot in
each was located near the base and varied by
less than 2° C over 75 mm. Temperatures were
controlled to 4 10° C above 1000° C and to
4+ 5° C below 1000° C. The study was carried
out below 1100° C so as to remain in the
subsolidus region and above 600° C to facilitate
rapid equilibration.

Runs were allowed to equilibrate for a mini-
mum of 36 h at temperatures above 650° C. At
the lowest temperature 602° C the charges were
left in the furnace for up to 400 h to insure
equilibration. At the termination of a run, each

charge was quenched in cold water, and the
product examined under a binocular microscope
before diffractometer smear mounts and polished
sections were prepared.

4, Analytical Procedure
4.1. X-ray Analyses

Diffractometer scans from 0 to 90° 28 (iron
filtered, cobalt K« radiation) were run on each
charge to determine the co-existing phases. In
addition, X-ray powder patterns (114.6 cm
camera) were obtained for each of the eleven
ternary compounds synthesised. Indexing and
lattice parameter determinations were carried
out using a least mean squares refinement in a
computer program [6].

4.2. Microprobe Analyses

The analyses were performed on an Acton-
Cameca MS 64 electron microprobe, and the
data processed by a computer program [14]
which applied corrections for drift, dead time,
background, efficiency of excitation, absorption
and fluorescence [19].

Compound 72L (fig. 4) was used as a standard
for analyses of the ternary Zn-In-S compounds.
This compound was initially analysed against
pure «ZnS and BIn,S; and the composition
corresponded, within the limits of error, to that
of stoichiometric ZnlIn,S,. The end member
constituents were analysed against «ZnS and
BIn,S,.

The standards were run at the beginning and
end of each set of analyses. A set consisted of
from three to six grains for each sample with
three repeated readings on each grain. The
results were recast into mole % ZnS and the
error quoted is the standard error of the mean at
97.6 % confidence. One hundred and thirty-one
phases from 85 runs were analysed from a total
of 227 runs.

5. Results

Eleven ternary compounds were synthesised in
addition to the end members (Zn,In)S and
(In,Zn),S;, denoted A and M respectively.
These eleven have been designated B, C, D, E, F,
G, HI, H2, J, K, and L (figs. 1 and 4).
Compounds G and L have been previously
prepared but the remainder are new.

In those runs which contained only indium and
sulphur and where more than 60 at. % of the
mixture was sulphur, SIn,S; and sulphur vapour
were stable over our experimental temperature
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Figure 1 Compounds on the ZnS-gIn,S,join in the Zn~In-§
system at 950° C; synthesised by previous workers.

range. Zargarov and Gamidov’s IngS; [23] was
not observed.

All charge products were coarsely crystalline,
ranging in size from 0.1 mm in runs at 600° C to
5 mm and larger at temperatures above 900° C.
The ternary phases and «(Zn,In)S exhibited
hexagonal plates with platey cleavage, while
B(In,Zn),S, formed octahedrons (fig. 2).

Phases B, C, D, and E are yellow; F and G
also are yellow but with a greenish tint; HI1 is
brownish yellow. H2 and J are also brownish
yellow when formed above 800° C but are green
at lower temperatures. Compound K has a
bronze cast while crystals of L vary from red-
brown to brown.

5.1. Crystallography

X-ray powder data from the recrystallised «ZnS,
BZnS and PIn,S,; starting materials compare
favourably with previously published data
(table I).

The unit cell size of B(Zn,In)S increases with
increasing indium solubility from 5.4102 -
0.0003 A at 600° C to 5.4135 + 0.0003 A at
862° C, the sphalerite-wurtzite inversion
temperature. Reflections from co-existing ternary
compounds interfere with wurtzite lines and
hence accurate lattice parameters for the
hexagonal o(Zn,In)S phase could not be
determined. However, both a and ¢ appear to
increase with increasing indium solubility. The
effect of zinc substitution in In,S; on the cell
parameters was not measured.

The different ternary phases have character
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(a)

(b)

(c)
Figure 2 Photomicrographs: (a) crystal of compound H1
(x 8); (b) crystal of compound H1 (X 56) showing
growth line at approximately 120°; (¢) hexagonal plate of
compound L with octahedron of 8(in,Zn),S; (x 8).
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TABLE | Lattice parameters of the end members

End member System Space group

Lattice parameters A

This study Other studies Reference
o ZnS hexagonal P6ymc a = 3.820 4 0.005, ¢ = 6.249 4 0.005 a = 3.820, c = 6.260 [22]
B ZnS isometric  Fd3m a = 5.4098 + 0.0003 a = 54093 + 0.0002 [18]
BIn,S, tetragonal  14,/amd a = 7.606 + 0.001, ¢ = 31.8 + 0.1 a=7.623,c = 32.36 [20]

istic diffraction patterns. As the ZnS content C, D, E, F, G, and H2 have hexagonal sym-
increases, the 26 position of the principal metry with primitive-type lattices. The length of
reflection is shifted to a higher angle (fig. 3). The the a and b axes is 3.85 A, whereas ¢ changes
X-ray powder data for these phases are shownin from 37.47 A for phase B to 18.63 A for crystals
the appendix (tables Al and All). Compounds B, of compound H2, with a periodicity (increments)
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Figure 3 X-ray diffractometer profiles illustrating 20 angular positions for the principal reflection from each phase along

the 950° C isotherm.
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of approximately 3.14 A (table II). Some
preliminary work (L. Trembath, personal com-
munication) with oscillation and rotation films
on single crystals of phases F and G gave ¢
dimensions one-half and twice those calculated
from powder data. This suggests that poly-
typism may be present.

Compound HI has strong intensity reflections
in the same 28 positions as the 00/ lines from H2
but, in addition, H1 also has reflections which
could not be indexed in the hexagonal system.
The powder data for the compound which has
not been indexed are shown in table AIL

Compound J has a number of reflections (007,
#00, #0/) which can be indexed in the hexagonal
system. As 0k0 or %k/{ lines could not be indexed,
the length of the b-axis must differ from a. By
making b the principal axis approximately
perpendicular to the hexagonal-like plates, all
reflections have triclinic symmetry (table Al).
The b-axis for this crystal is 15.48 A, hence the
3.14 A periodicity along ¢, which is present in the
hexagonal crystals, has been transferred to the
b-axis in the triclinic crystals. In addition to this
form, a few crystals of the same composition
were synthesised in which only the basal
reflections could be indexed in the hexagonal
system. This suggests that these crystals might
also be triclinic, but that neither @ nor b is 3.86 A
(J2; table ATI).

The majority of our runs with starting mixtures
in the vicinity of the composition of compound K
were carried out at temperatures under 950° C,
Large single crystals of K were not obtained and
the powder patterns of the charge products were
always complicated by lines from either com-
pounds L or J. In some instances the basal
reflections of compound K appeared as doublets,
as shown on fig. 3. K1 with a principal basal
reflection at approximately 26.0° 26 appears to
be more stable with compound L whereas K2
with its principal reflection at approximately
26.2° 26 is more stable with compound J.

The lattice parameters determined from our
powder data for stoichiometric ZnlIn,S, (com-
pound L, table II) are in agreement with those
given by Lappe et al [11]. The other previously
synthesised phase has been described as having
the composition ZngIn,S, [24]. Donika et al [4]
calculated lattice parameters of @ = 3.85 + 0.02
and ¢ = 18.5 4 0.03 A for a phase which they
believed to have the composition Zn,In,Ss.
However, in our work we found that a compound
with this composition, phase G, has a ¢ of

21.79 A. Phase H2 which co-exists with G over
the range 803 to 914° C (fig. 4) has lattice
parameters (¢ = 3.85 4 0.01 and ¢ = 18.63 4+
0.01 A) similar to those given by Donika et al. It
is possible that the synthetic product studied by
these workers yielded two co-existing phases,
phase G which they analysed and phase H2 on
which they did their structural analyses, thinking
it to be phase G.

5.2, Chemistry
The chemistry of the binary system is summar-
ised in table II and in figs. 4 and 5.

Phase boundaries were fixed from the weighted
average of all the analyses of a phase on either
side of the boundary at various temperatures.
With the exceptions of compound L and the end
members (Zn,In)S and (In,Zn),S,, all boundar-
ies are vertical. Solid solution in each phase is
within the limits of analytical error.

On the (Zn, In)S solvus, the solubility of
indium in sphalerite increases from less than 0.15
wt % at 600° C to approximately 2.3 wt 9, at
862°C, the temperature of the sphalerite-
wurtzite inversion. The solubility of indium in
wurtzite increases from 5.5 wt 9 at the inversion
to approximately 17.7 wt ¢, at 1055° C.

Approximately 23 mole ¢, ZnS is soluble in
In,S, at 600° C; this decreases to 15 mole % at
1080° C. The slope of the boundary between
compounds L and M is approximately parallel to
that of the (In,Zn),S, solvus (fig. 4). Approxi-
mately 8 mole %, In,S, is soluble in Znln,S, at
1080° C, this decreases to 2 mole %, at 600° C,
Where compound L co-exists with the more
zinc-rich compounds, J and K, at 50.2 and 49.6
mole % ZnS respectively, there is no measurable
solid solution effect and the boundaries are
vertical.

Table IT shows the stability range of each phase
along the ZnS-In,S; binary. As compounds C,
D, E, F and G become stable with a (Zn,In)S
phase, there is a slight shift in their composition
towards increased ZnS (fig. 5; table II). The
compositions of H2 and J are apparently not
affected by changes in their co-existing assem-
blage.

Of the mnine samples which contained
compound K and were analysed, six showed
doublets on the major X-ray reflection. 27K
(56.29 4 0.76 mole %, ZnS), 35K (54.82 - 1.38)
and 48K (55.75 + 0.24) produced only single
reflections. 27K co-existed with compound J,
while the other two were in equilibrium with L.
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Figure 4 Phase diagram of ZnS~In,S, binary (600 to 1080° C). Numerical data for figs. 4 and 5 are available in a table
listing the temperature, starting mixture, length of run and the phases both identified and analysed. Copies of these

tables can be obtained by writing to the authors.

Hence, there is no compositional difference
between K1 and K2 (fig. 3) within the limits of
analytical error. The doublets may indicate
polytypism.

6. Conclusions

Eleven ternary compounds, nine of which are
new, were synthesised in the ZnS-In,S; system
over the range 600 to 1080° C. X-ray powder
patterns for compounds B, C, D, E, F, G and
H2 can be indexed on primitive lattices within
the hexagonal system. Compound L is also
hexagonal but has the rhombic lattice. Single
crystal X-ray work is required to study poly-
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typism in these compounds and to resolve the
structures of compounds J2, H1 and K.

The lattice parameters for compound L
(Znln,S,) calculated in this study agree withthose
previously determined [20]. However, the length
of the c-axis of the other previously synthesised
compound, G(Zngn,Sy), as determined by
Donika et al [4] differs from our cell size. Their
result corresponds more closely to our value for
H2, a compound (ZngIngS,;) which contains
less zinc.

The new compounds and compound G have
compositions that change progressively in a
step-like manner between ZnIn,S, and ZnS.
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Figure 5 Enlargement of the more congested portion of the
Zn8-In,S, binary.

Similar variations in the electrical and optical
properties can be expected and investigation of
these might lead to some interesting findings.

Although the fundamental optical, electrical
and luminescence properties of Znln,S, have
previously been studied [16,17], the solid
solution of In,S, in this compound has hitherto
not been observed. In the light of this new
information, the influence of chemical variation
on properties should also be determined. The
substitution of zinc in In,S; and indium in the
ZnS phase will also affect the semiconducting
properties of these compounds.

This study has been confined to the ZnS-In,S,
binary, and additional work is still required to
complete the phase relationships within the three
component system zinc-indium-sulphur. Once
the chemistry of the system is known, efforts can

be concentrated on the synthesis of ultra pure
single crystals which will be needed before an
extensive study can be made of their optical and
electrical properties.
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