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Sulphide compounds belong to the family of chalcogenides and are well known for their
optical and electronic properties. They possess good optical properties because of their ability
to transmit into the infrared (IR) region. Several sulphide glasses are known to exist which
exhibit far infrared transmission and are also useful semiconductors. In recent years, there has
been an increasing interest in IR materials to be used on surveillance equipment. This led to
the identification of several new crystalline sulphide materials which can transmit very far into
the IR region (up to a wavelength of 14 um). Crystalline and amorphous rare-earth sulphides
emerged as a new class of materials, which possess several unique optical and electronic
properties. This paper reviews the status of these rare-earth sulphide amorphous and
polycrystalline materials, the techniques used to process these materials and discusses their
structure, thermal, mechanical and optical properties. Conventional and emergent novel
chemical processing techniques that are used for synthesizing these materials are reviewed in
detail. The use of metallorganic precursors and the modification of their chemistry to tailor the
composition of the final ceramic are illustrated. The potential of these chemical techniques and
their advantages over the conventional solid state techniques used for processing sulphide
ceramics is discussed, particularly in light of their successful applications in processing novel

electronic and optical oxide ceramics.

1. Introduction

Sulphide compounds belong to the family of chalcog-
enide materials which are essentially compounds con-
taining sulphur, selenium or tellurium. These com-
pounds have received considerable interest over the
years because of their glass-forming ability and inter-
esting optical, electrical and acoustic properties [1-3].
Active research conducted in the area of non-oxide
glasses in the last four decades has resulted in the
identification of several new glass-forming systems,
while the search for new materials with combined
transmission properties and high-temperature stabil-
ity led to the recent interest in the crystalline rare-
earth sulphides. The rare-earth sulphide materials
constitute a special category of the chalcogenides. The
excellent thermal stability, strength and infrared (IR)
transmission characteristics of the rare-earth sulphi-
des also made them good candidates to be studied for
glass formation. This paper reviews the processes used
in synthesizing the amorphous and crystalline rare-
earth sulphides and discusses their properties in two
sections. The first section discusses the origin and
nature of the chalcogenide glasses and the evolution of
rare-earth sulphide-based glasses. Several rare-earth-
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based glass systems will be discussed and their pro-
perties highlighted. The second section describes the
processing of crystalline rare-earth sulphides and dis-
cusses their structure and properties.

2. Chalcogenide glasses

Chalcogenides are compounds whose anions belong
to group VI of the Periodic Table i.e sulphur, selenium
and tellurium. In amorphous systems, this term is used
rather routinely to differentiate sulphide, selenide and
telluride glasses from oxide glasses. Most chalco-
genides form glasses very easily and several glass-
forming systems have been identified containing these
elements and combinations of several other elements
[1, 4, 5]. The glasses are well known for their optical
and electronic properties. The electronic properties of
the glasses arise from the changes in the electrical
conductivity. At a certain specific voltage, the chalco-
genide glasses undergo structural change and the
glasses “switch” to a higher conduction state. This
change in conduction can be several orders of magni-
tude and is useful in switching circuit devices, If the
structural change is irreversible, then crystallization
would occur causing memory switching [6].
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The optical properties of these glasses originate
from the characteristic low vibrational frequencies of
the M-S (M = metal) bond rendering the glasses
transparent in the long wavelength spectral region, in
contrast to the oxide glasses. Some of the well-known
glasses in the chalcogenide group of compounds are
As,S;, GeS,, GeSe,, and several glass-forming com-
positions in the Ge-Sb-S, Si-Ge-As-Te, Ge-P-S,
systems, etc. Table 1 shows some important chalcog-
enide glass systems and their applications. The ex-
cellent glass-forming ability of the chalcogenides ori-
ginates from the large size of the anions which can
combine with other elements to form glasses in a wide
range of proportion. The glass-forming tendency in
these glasses decreases in relation to the various ele-
ments as S > Se > Te, As > P > Sb, Si > Ge > Sn,
while the nature of the transmission of these glasses
typically decreases as Te > Se > S.

Since the early studies on As,S; in 1950, con-
siderable progress has been made in the development
of sulphide glasses from that time until today. Several
new glass-forming compositions have been developed,
and studies on the optical, electrical and structural
properties have identified them to” be suitable for
various applications, such as optical fibres, semicon-
ductor devices, and optical windows. Table II lists the
optical and thermal properties of chalcogenide glasses.
They are covalently bonded materials and form
glasses with long chain networks containing covalent
metal-metal and metalchalcogen bonds. The low
bond strengths of these materials suggest the weak
nature of the chalcogenide bonds which explains their
low softening points and high coefficient of thermal
expansion. On the other hand, the large size of the
chalcogens and their weak bond strengths give rise to
low vibrational frequencies, and hence, these glasses
exhibit very good transmission into the infrared (IR)
[6, 71.

It is now well established that the ability of a
material to exhibit long wavelength transmission is
dependent not only on the material possessing a large
band gap, but is also governed by the vibrational
frequency (v) of the cation—anion bonds resulting in
the IR absorption cut-off. The disordered structure of

TABLE I List of some important chalcogenide glass systems and
their applications

Glass systems application

1. FElectronic glasses Switching circuits
As,Te,
Si-Ge-As-Te (STAG)
Ge-Sb-S-Te (ECD)
Ge,sTeg;Sb,S,
(SiAsTe)ysP5 (SPAT)
Ge;3As,,5,5Te;5(GAST)

II. Optical glasses

Se, selenide glasses
In,S5,Y,0,8,La,0,S
As-S, Ge-S, Ge-P-S
Ge-Te, Ge-Sn-Te

HI  Sonic glasses
Ge-As—S

Materials for photocopiers
Phosphor application
IR transmission

Optical recording

Acousto-optic application
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TABLE II Optical and thermal properties of some important
chalcogenide materials

Material - Transmission Refractive Thermal Glass
range index expansion transition
(nm) at3um  (107° temper-
°C™ ature
0
Chalcogenides .
ZnS 0.5-12 22 15 -
ZnSe 0.6-14 24 7.6 -
Sulphide glasses
As,S, 0.6-10 24 25 210
GeS, 0.5-10 2.0 13 -
Ge-Sb-S 0.5-22 - - 320
Selenide glasses
As,Se; 0.7-15 27 21 200
GeAs,Se, 0.7-15 2.6 19 % 250
Telluride glasses
GeAs,Te, 0.5-18. 29 18 178

the glass makes the accurate calculation of this fre-
quency, v very difficult and only estimates can be
made from the frequency relationship given by

1k
= M\/ " ®

where M is the reduced mass for-two bodies, m; m,,
vibrating with an elastic restoring force constant k,
expressed as

B my + my @
Accurate evaluation of these frequencies in amorph-
ous systems becomes difficult because of the perturba-
tions caused by the influence of several other consti-
tuents in the structure. Another factor governing the
transmission characterisitics of glasses is the respect-
ive field strength, Z/r?, were Z is the ionic charge and r
is the crystal ionic radius. Table III lists these values
for ions that participate in a glassy network, Typically,
glasses containing larger anions and cations with
lower field strengths tend to form glasses that transmit
well into the infrared. Dumbaugh [8] has given a good
account of these conclusions and other properties of
various glass-forming compositions. However, lower
field strengths and weaker chemical bonding generally
helps the transmission of the material into the long
wavelength regime but at the cost of poor physical and
chemical properties. Table II lists the properties of
some typical chalcogenide glasses, whil¢ Fig. 1 shows
the transmission characteristics of some oxide and
non-oxide glasses. The chalcogenide glasses clearly
display long wavelength transmission characteristics,
in contrast to the oxides.

Several chalcogenide glass compositions have been
researched and studied over the past three decades
since the fabrication of As,S;, which was the first glass
of this type to find commercial application. Arsenic
trisulphide, As,S;, was first reported in 1870 when its
potential for infrared transmission was identified, but
extensive research into the determination of its struc-
ture and propertics was not performed until the early
1950s. It has been used as an optical component in the



TABLE III Mass and field strengths of glass-forming ions
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Element  Charge,z Mass,m  Radius, Field strength,
r (nm) z/r?
B +3 11 0.023 57
P +5 31, 0.035 41
Si +4 28 0.042 23
Be +2 9 0.035 16
Ge +4 73 0.053 14
Al +3 27 0.051 12
As +3 75 0.058 8.9
Ga +3 70 0.062 7.8
Hf +4 179 0.078 6.6
Zr +4 91 0.079 6.4
Sb +3 122 0.076 5.2
Te +4 128 0.102 38
Th +4 232 0.102 38
Bi +3 209 0.096 33
Pb +2 207 0.120 1.3
N -3 14 0.171 1.03
O -2 16 0.132 1.15
S -2 32 0.184 0.59
F -1 19 0.133 - 0.57
Se -2 79 0.191 0.55
Te -2 128 0211 0.45
Cl -1 35 0.181 0.30
Br -1 80 0.196 0.26
I -1 127 0.220 0.21
“Extracted from [8] .
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Figure 1 Transmission characteristics of some oxide and non-oxide
glasses. Note the long wavelength transmission cut-offs of sulphide,
selenide and telluride glasses in comparison to the oxides. (%)
thickness.

3-5 um window region primarily because of its in-
frared transmission, although there are several other
glass-forming systems which transmit well into the
mid- and far-infrared spectral regime as shown in
Table I1. Binary germanium sulphide glasses are also
well known for their application in the mid-infrared
region. For the germanium-sulphur system, the glass
forming region is shown in Fig. 2. Although the entire
region beyond 55 at % S is shown to be glass-forming,
the actual boundaries are strongly dependent on the
cooling conditions, and correspondingly, there are
structural differences in the glasses [9, 10]. In the
region corresponding to 66.7 to 90 at % S, the struc-
ture of the glasses is believed to be based on a three-
dimensional inorganic polymer with chains of sulphur
cross-linked with germanium and, in the region con-

Figure 2 Glass-forming regions in the germanium (Ge)—sulphur (S)
system. Structural differences can be seen in the glasses depending
on the sulphur contents and the cooling conditions. Refer to the
text.

taining 56.7 to 60 at%, the structure of the glass is
analogous to the silicate system. Since its first study in
1969, several researchers have investigated these
glasses in detail to determine the exact glass-forming
domain, its structure and its applicability in infrared
fibre optics. While considerable research has been
performed on the chalcogenide glasses little is known
about the rare-earth sulphide-based glasses.

2.1 Rare-earth sulphide-based chalcogenide
glasses

The rare-earth sulphides, unlike the common chalcog-
enides, are refractory solids and the cubic forms of
these compounds also exhibit long wavelength trans-
mission, as confirmed from our on-going work on y-
La,S;[11-15]. They are thermally stable with high
melting points, and are mechanically strong with
moderate expansion coefficients. The rare-earth sul-
phides (La—Er) are not glass formers but form reason-
ably stable glasses when mixed with other chalcogen-
ide glass-forming sulphides such as gallium sulphide,
germanium and arsenic sulphide. Glasses containing
several rare-earth sulphides with gallium sulphide,
and aluminium sulphide are known to exist. While
most of these glasses are stable with high glass trans-
ition and crystallization temperatures, the glasses
based on aluminium sulphide are hygroscopic and are
slowly destroyed by atmospheric moisture. The
gallium sulphide-based glasses transmit very well into
the infrared with a transmission cut-off at 10 um.
These glasses doped with neodymium also show good
fluorescent properties.
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Research in the oxides and oxysulphides of lanthan-
ides (La—Nd) has identified them to form good homo-
geneous glasses with gallium sulphide [16-20].
Several other additions to gallium sulphide-based
rare-earth glasses such as MnS, Ag,S, have also been
studied and the influence of these additions on the
electrical and optical properties has been assessed as
well [21]. Loireau-Lozac’h et al. [22] identified the
glass-forming region in the La,S;-GeS,-Ga,S; sys-
tem, while we have investigated the thermal and
microstructural aspects of La,S;-GeS, glasses. In this
review, salient features of glass formation, structure
and properties of rare-earth-based chalcogenide glas-
ses will be described with lanthanum sulphide, La,S,,
being the rare-earth sulphide in most of the cases.

2.2 The gallium sulphide-rare-earth sulphide
system

Gallium sulphide by itself is not known to be an easy
glass former. Fast quenching has been reported to
result in a disordered wurtzite-like compound and
hence, melt quenching using rapid solidification pro-
cessing could be a viable route to making gallium
sulphide glasses, as demonstrated in the case of Sb,S;
[23]. While the formation of pure gallium sulphide
glasses is difficult, additions of gallium sulphide in
certain amounts to other sulphide compounds has
been reported to result in glasses quite easily [18].
Extensive experiments carried out by French resear-
chers [17, 18, 23-25] have shown that Ga,S; forms
glasses with a majority of sulphides from the lanthan-
ide series with the exception of thulium, ytterbium and
lutetium. In the case of europium (Eu), two glass-
forming regions have been reported with the mono-
sulphide of europium. The extent of glass formation of
Ga,S; with all the rare-earths is shown in Fig. 3.
Lanthanum sulphide, La,S; shows the largest glass-
forming region in comparison with all the other rare-
earth sulphides. The glass-formation domain for the
glasses containing lanthanum sulphide is shown with
respect to the phase diagram in Fig 4. Loireau-
Lozac’h et al. [22] synthesized several glasses by
batching the stoichiometric glass compositions in a
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Figure 3 Extent of glass formation of Ga,S; with rare-earth sulphi-
des. (<, , + ) homogeneous glass; (%) glass with crystals.
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Figure 4 Glass-forming region in the Ga,S;~La,S; system. Glass
formation is seen in Ga,S, rich compositions.

graphite crucible placed inside a fused silica tube. The
tubes were sealed after evacuating to a pressure of
1077 torr, heated to a temperature of 1200 °C and then
subsequently quenched after a period of 2h in water.

The glasses are pale yellow in colour and show a
broad range of transparency from 0.5-10pum as re-
ported by Flahaut et al. [18]. They therefore make
good mid-IR transmitting glasses similar to GeS,.
Flahaut et al. [18] studied glass formation of gallium
sulphide with several rare-earth sulphides and meas-
ured the refractive indices of these glasses to be around
2.5 at 500 nm wavelength, depending on the quen-
ching conditions and homogenization periods. They
observed variation in the refractive index values with
different sulphur contents in the glasses. These glasses
doped with Nd** also show fluorescent properties.
The laser cross-sections and radiative life times at
1077 nm are shown in Table IV for these glasses.
Values for other oxide, oxysulphide, oxyhalides and
halides are also included. The laser cross-sections are
larger and the radiative lifetimes smaller than those
reported for the oxide, oxyhalide and halide glasses.
These properties, therefore, make these rare-earth
glasses doped with Nd®* good candidates for laser
application [26].

Flahaut et al. [18] also studied the thermal stability
of these glasses and observed that the Ga,S;-based
rare-earth sulphide glasses show good stability and
have high transition temperatures of about 620°C,
According to their findings, gallium sulphide seems to
have very little effect on these glasses and the glasses
tend to show a decreasing trend in the glass transition,
(T,), temperatures with increasing gallium sulphide
contents. The crystallization temperatures, (7,), of
these glasses also show a similar behaviour to T, with
the observation of a single exothermic peak indicating
the crystallization of a single phase.

Benazeth et al. [27] also recently studied the struc-
ture of these glasses using Raman spectroscopy (RS)



TABLE IV Laser cross-sections and radiative lifetimes at 1077 nm
for oxide, halides and chalcogenide glasses

Glass Wavelength, Stimulated Radiative
A, (nm) emission lifetime,
Cross- T (us)
section
o(pm?
Oxides
Silicate 1057-1088  0.9-3.6 170-1090
Phosphate 1052-1057 20438 280-530
Borate 1054-1062  1.51-1.69 270-450
Halides
Fluoroberyllate 1046-1050 1.64.0 460-1030
Fluorozirconate 1049 2.9-3.0 430450
Chloride 1062-1064  6.0-6.3 180-220
Oxyhalides
Fluorophosphate 1049-1056 2.24.3 310-570
Chlorophosphate 1055 5.2-54 290--300
Rare-earth chalcogenides
Ga,S;-La,S, 1075-1077 179 100
Al,S;-La,S, 1075-1077 8.2 100
Rare-earth oxysulphides .
Gd,0,5-Ga,S; 1075 42 92

and extended X-ray absorption fine structure (EX-
AFS). Their results show that the gallium ions in the
glass exist as tetrahedral networks of GaS, and the
Ga-S distances in the glasses are identical to those
existing in the crystalline form of Ga,S;. However,
there were some structural differences observed which
can be seen in the Raman spectra collected on the
glasses and the crystalline material shown in Fig. 5
[27]. The sharp peak at 233 cm ™! is characteristic of
the stretching mode of GaS, tetrahedra and, while
being present in the crystalline form of Ga,S;, is
absent in the glasses. This has been interpreted in
terms of structural modifications of the short-range
periodicity around the gallium atoms, although there
is no conclusive evidence. Results of the EXAFS ana-
lysis performed by them have shown the gallium and
sulphur environments in the glasses to be similar to
that seen in crystalline Ga,S;. The glasses seem to be
comprised of tetrahedrally coordinated gallium atoms
which form the glass-forming unit linked to each other
at the corners. The lanthanum environment is also
very similar to that present in the crystalline state of
LagsGa,Mn,S, , but the La-S distances are reportedly
more scattered, indicating significant distortion com-
pared to the crystalline state. Based on the above facts
reported by Benazeth et al. [27], they have suggested a
possible structural model for these glasses. The
gallium and sulphur environment in crystalline Ga,S,
predicts that two of the three sulphur (S; and S,)
atoms are linked to three gallium atoms and the third
sulphur atom is linked to two gallium atoms. The
bonds that link two of the three sulphur atoms to
three gallium atoms consist of two covalent bonds and
a third dative bond, while the third sulphur- atom
linked to two gallium atoms represents the bridging
atom. Such a coordination for the sulphur atoms is
not very typical for the sulphide glasses which is
probably the reason for not easily obtaining pure
Ga,S, in the glassy state by melt quenching. However,

the addition of La,S; brings in an additional S?~
anion that results in modification of the dative bond of
the trigonally coorindated sulphur atom. The dative
bond is broken and then S2~ anion brought in by the
modifying rare-earth sulphide helps in restoring and
maintaining the tetrahedral environment of GaS, at
the same time creating a negative site for the La3"*
cation. A schematic representation of the structures
described by Benazeth et al. [27] is shown in Fig. 6.

2.3. The aluminium sulphide-rare-earth
sulphide system

Glass formation has been reported in the literature in

Al,S; containing varying amounts of the rare-earth

sulphide. In these glasses also, aluminium sulphide

contributes to glass formation and is, in fact, a better

glass former than gallium sulphide. The glass-forming
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Figure 5 Raman spectra of amorphous and crystalline materials in
the Ga—La—S system. Note the absence of the peak at 233 cm ™! in
the glasses, corresponding to the stretching mode of GaS, tetrahe-
dra. See the text for further details.
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Figure 6 Schematic representation of the structure of glasses in the

Ga,S;-La,S; described by Benazeth et al. [27]. Note the difference
in the environments of the three different sulphur atoms.
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region has been reported to extend from 63-82 mol %
Al,S;. Glasses in this system can also be obtained by
fast cooling of the melts in vitreous carbon crucibles
placed in SiO, tubes. The glasses are obtained by
reacting lanthanum sulphide mixed with aluminium in
an H,S atmosphere for a period of 7 h in an induction
furnace, to eliminate bubble formation and to ensure
good homogeneity, after which the melts are cooled.
Aluminium sulphide, Al,S; forms glasses with most of
the rare-earth sulphides with the exception of cu-
ropium and terbium, the glass-forming domain again
being the largest for La,S;. These glasses transmit well
in the visible and in the infrared exhibiting a transmis-
sion cut-off at around 6 um. The glasses also show
good thermal stability with glass transition temper-
atures of 540 and 560 °C and crystallization temper-
atures of 660 and 680 °C for compositions correpon-
ding to 88 and 75 mol % AlL,S;, respectively. The
glasses are, however, not chemically stable and are
easily attacked by water, limiting the use of these
glasses for practical applications to a large extent 28]

2.4, The Eu—As-S ternary system

Several glasses in this ternary system have been re-
ported in the literature [29] and the extent of glass
formation is shown in Fig. 7. Glasses in this system
can be prepared by mixing EuS, As,S,; and elemental
sulphur in evacuated fused silica tubes which are
heated in steps gradually to 800 °C and then quenched
in water. The EuS used can be prepared by the gas-
phase reaction to H,S with Eu,0; at 1200 °C, while
the As,S; is used typically after distillation at 650°C
to remove any oxygen impurities in the sulphide.
These glasses show lower thermal stability and
crystallize in the temperature range of 300-400°C,
with glass transition temperatures being in the range
of 200-250 °C. While thermal stability of these glasses
is lower than the other rare-earth glasses, they exhibit
good transmission in the infrared, with the transmis-
sion cut-off being =& 10 pm, although large absorption

As Eu

Figure 7 Extent of glass formation in the Eu—As—S system.

1140

bands corresponding to the stretching frequencies of

S-S and S-H bonds are seen in the transmission
spectra of these glasses. Barnier et al. [29] have stud-
ied the structure of these glasses using Raman and
infrared spectroscopy, which shows that europium in
these glasses exists in the divalent state, contrary to
the trivalent state known to exist according to the
phase diagram.

2.5. The germanium sulphide-lanthanum
sulphide system

Glasses in this system have been synthesized by mix-
ing stoichiometric amounts of GeS, with La,S;. The
glass-forming domain for these glasses extend from
60-100 mol% GeS, and is shown with respect to the
GeS,~Ga,S;-La,S, ternary system in Fig. 8 [30, 31].
There is no equilibrium phase diagram available for
this system, although Sarkisov et al [32] made at-
tempts to study compound formation in this system
using differential thermal analysis (DTA). They identi-
fied two congruently melting compounds, La,Ge,S-
and La,GeS; and the presence of three eutectics at
92.5, 60 and 43 mol% GeS,, respectively. The
schematic phase diagram based on their DTA analysis
is shown in Fig. 9. The phase diagram shows one deep
eutectic at 92.5 mol % GeS, while the eutectics at 60
and 43 mol % are more or less shallow. In this system,
similar to glasses containing Ga,S;, GeS, acts as a
flux and promotes glass formation to occur in com-
positions rich in GeS,.

We have synthesized germanium sulphide-lan-
thanum sulphide glasses using standard chalcogenide
glass-forming techniques [6, 30, 31, 33]. Germanium
sulphide, GeS, (99.99% purity metals basis; Alfa
Chemicals, Johnson Matthey, Alfa Products, P.O.Box
8247, Ward Hill, MA) and the tetragonal (§) form of
La,S; (99.9% purity; Cerac Chemicals, Cerac Inc.,
P.O. Box 1178, Milwaukee, WI) were commercially
obtained and used for glass making. The glasses were
made by weighing stoichiometric amounts corres-

La,Sg

63283

Figure 8 Extent of glass formation in the

GeS,-Ga,S;-La,S, system.

ternary
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Figure 9 Schematic phase diagram in the GeS,-La,S; system based on the data of Sarkisov et al. [32].

ponding to respective glass compositions in a dry box
and batching them into carbon-coated fused silica
tubes. The tubes were then evacuated to a pressure of
~ 1075 torr and sealed. The sealed tubes were sub-
sequently heated to a temperature of 1175°C in an
electricaily heated box furnace and the melts homo-
genized for a period of 24 h. Compositions rich in
GeS, were prepared by initially heating the tubes to a
temperature of 1000°C and holding them for 10h
after which they were homogenized at 1175°C for
14 h.

The GeS, glasses containing La,S; are optically
dense and their colour varies from ruby red to brown.
Compositions richer in GeS, tend to be dark brown.
These glasses show some interesting features with
increasing concentrations of germanium sulphide
when observed under the transmission (TEM) and
scanning electron microscopes (SEM) [30, 31]. Fig. 10
shows the bright-field image picture of a 60 mol %
La,S;. The glasses are homogeneous and show no
presence of any secondary phases. The diffraction
pattern shown in the inset confirms the amorphous
nature of the glass. On the other hand, with increasing
GeS, concentrations in these glasses there is evidence
of phase-separation. Fig. 11 shows the microstructure
corresponding to the primary phase separation in
these glasses. The phase-separated droplets are in the
range 88 nm (largest droplet) to 6 nm (smallest drop-
let) uniformly distributed as indicated by the micro-
graphs. Similar phase-separation at the molecular
level has been observed in the literature in several
sulphide glasses containing GeS, and Na,S and also
in GeS, glasses containing Li,S [34]. In all these
cases, phase-separation has been reported in the
GeS,-rich compositions such as 90GeS,—10Li,S and
80GeS,—20Na,S similar to the rare-earth sulphides.
The excess sulphur molecules (in the Ge-S phase)
separate out and in fact are visible as etch pits when
the sulphur chains are dissolved in CS,, the sizes of the

100 nm

Figure 10 Transmission electron bright-field image of glass contain-
ing 60 mol % GeS,—40 mol % La,S;. The glasses are homogeneous
and show no presence of any secondary phases.

phase-separated droplets being of the order of
0.5-2 pm.

These experiments and previous results in the liter-
ature on sulphide glasses containing germanium indi-
cate that the phase-separation seen in the system is
also probably occuring because of excess GeS,. The
small size range of the phase-separated droplets pre-
vents the use of conventional microscopic chemical
analysis techniques such as EDX to estimate the
composition of the phase-separated droplets because
of the substantial penetration depths and large inter-
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Figure 11 Transmission electron bright-field image showing pri-
mary phase-separation in glasses containing 92.5 mol % GeS,. Note
the presence of glass droplets in the size range of 6-88 nm distribu-
ted in the glass matrix.

action volume of the electron beam. An additional
interesting feature exhibited by these glasses is the
presence of secondary phase separation, as shown in
Fig. 12. The figure shows a primary droplet
= 200 nm in size in which are embedded the second-
ary phase-separated droplets ranging from 3-13 nm in
size. Some of the secondary phase-separated droplets
are, in fact, crystalline with visible lattice fringes.
Secondary phase-separation has been known to occur
in oxide systems and recently, some reports on pri-
mary and secondary phase-separation in fluoride sys-
tems can also be found. Such an occurrence in these
rare-earth sulphides is not very common.

There have been no detailed studies regarding the
phase-separation kinetics and hence, based on experi-
mental evidence, only some speculations have been
made. The primary phase-separation occurs probably
because of the presence of an immiscibility region in
the GaS,—La,S; system which results in a sulphide-
rich Ge, _,S, composition (where x may be a variable)
separating from the glass matrix during air cooling.
Upon further cooling, sulphur droplets could be
phase-separating out in the primary droplet of
Ge, _,S, glass, forming the secondary droplets. There
is no exact phase diagram showing the miscibility gaps
in this system which could be used to extract informa-
tion about the mechanism of phase-separation and
consequently, there is a need for further research in
this direction.

We have assessed the thermal stability of these
glasses using differential thermal analysis (DTA) con-
ducted on crushed samples after purging the system
with inert helium gas. The glasses in this system
exhibit glass transition temperatures, 7, of approxim-
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Figure 12 Transmission electron bright-field image of glasses con-
taining 92.5 mol % GeS, showing the formation of secondary
phase-separated droplets in the range 3-13nm dispersed in a
200nm primary droplet. The inset shows the amorphous pattern
corresponding to the glass matrix.

ately 420-510°C, depending on the amounts of
GeS, in the glasses. The crystallization temperatures,
T, also show similar variation from 559-790 °C. Glass
transition and crystallization temperatures show a
decreasing trend with increasing germanium sulphide
contents consistent with the low transition temper-
atures of germanium sulphide. Glasses containing
60 mol % GeS, crystallize to form single-phase B-
La,S;. This shows that the GeS, tends to remain in
the amorphous state and only lanthanum sulphide
crystallizes out of the glass. Both GeS, and poly-
crystalline B-La,S, are known to transmit up to
10 pm, but the  form of lanthanum sulphide possesses
higher mechanical strength, and is also more refrac-
tory with a lower thermal expansion coefficient.
Hence, in combination with GeS, there is potential for
this glass composition to be used as a glass ceramic to
strengthen the GeS, glass matrix, particularly for
optical fibre application in mid-infrared regions.

So far in the discussion, pure sulphide glasses with
rare-carth cations added as sulphides have been con-
sidered. However, glass formation has also been ob-
served with the rare-earth cation being introduced in
the oxide and oxysulphide forms resulting in the
formation of oxysulphide glasses. The following sec-
tion deals with the formation and characteristics of
these glasses.

2.6. Rare-earth oxide and oxysulphide
systems

Research in this category of glasses has been focused

mainly on the oxide and oxysulphides of lanthanum



with addition of varying proportions of galtium sul-
phide, although for the oxysulphide glasses, additions
of other rare-earth sulphides have also been investig-
ated. There has been extensive research conducted by
Flahaut and co-workers [18-20] on glass formation in
these systems in addition to their work on Ga,S; and
AlL,S;-based rare-earth glasses discussed above. An
extended region of glass formation has been observed
in the La,S;—La,0,;-Ga,S; system, which is shown in
Fig. 13. The glass-formation region is extended to-
wards the lanthanum-rich region, probably because of
the existence of a ternary eutectic. The quasi-binary
section of the ternary system comprising La,0,S and
Ga,S; has been investigated with regards to glass
formation by Flahaut et al. [18], and the glass-
forming region is shown in Fig. 14. Glass-forming
regions in this phase diagram also correspond to

L3203

La,Ss Lasea:o/gsm LaGaS; G3283
Figure 13 Extended glass forming region in the ternary oxide sul-
phide system of La,S;-La,0,—Ga,S, indicated by the shaded

region.
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Figure 14 Glass-forming domain (shaded area) in the

La,0,5-Ga,S; pseudo-binary system. Glasses are formed in the
compositions containing 60—-80 mol % Ga,S,.

regions in the vicinity of the eutectic composition,
similar to the case of gallium-based rare-earth sul-
phide glasses. However, the glass-formation region
does not include the eutectic composition, which
shows that the glass formation is governed not only by
the presence of a eutectic but is also dependent on the
chemical composition and structure. As indicated in
Fig. 14, glasses can be obtained in the composition
range roughly extending from 60-80mol % Ga,S,.
Similar glass-forming domains exist for glasses con-
taining oxysulphides of cerium, praseodymium and
neodymium [18].

The glasses are typically obtained by quenching
following the conventional technique described above,
but the quenching temperatures are limited to 1100 °C
due to the formation of SO, which can cause ex-
plosion of the fused silica tubes. The same restriction
has been observed in the case of the glasses containing
La,0; and Ga,S;. The glasses are transparent and
exhibit several colours; yellow with lanthanum, red
with cerium, and green with praseodymium and neo-
dymium. They are optically dense with refractive indi-
ces of 2.30-2.50 in the visible range of 400-700 nm, the
values of 2.3 and 2.5 being recorded at 700 and
400 nm, respectively [20]. These glasses show much
better chemical stability and are more resistant to
atmospheric moisture attack in -comparison to the
corresponding sulphides. They also exhibit reasonably
good thermal stability, similar to the gallium sulphide-
based rare-carth glasses and show glass transition
temperatures around 600 °C which show a decreasing
trend with increasing Ga,S; contents.

2.7. Novel glasses in the rare-earth sulphide
systems

The rare-earth sulphide glasses form a new class with-
in the chalcogenide system and many of these glasses
show some very interesting properties. Table V sum-
maries the properties of several rare-earth sulphide
glasses most of which have been discussed above. The
excellent far-IR transmitting characteristics of the
rare-earth sulphides coupled with the glass-forming
ability of chalcogenides make these glasses very good
candidate far-IR transmitting materials. The glasses
are also more thermally stable in comparison to other
chalcogenide glasses, with glass transition temper-
atures greater than 500 °C. The crystallization of the
mechanically stronger rare-earth sulphide phase from
the glasses in some cases also shows potential for using
them as glass ceramics for optical applications. Glas-
ses doped with neodymium show good fluorescent
properties with large stimulated emission cross-sec-
tions and reduced radiative lifetimes. There has also
been some recent studies on the addition of dys-
prosium and holmium on the lasing properties of
glasses containing germanium and arsenic sulphides
[35]. While glasses have been studied for their micro-
structure and optical and electrical properties, the
need for mechanically and thermally strong materials
with good optical transmission in airborne appli-
cations has led researchers to study crystalline chal-
cogenide ceramics.

1143



TABLE V Optical and thermal properties of rare-earth-based glasses

Rare-carth glasses Thermal properties

Optical properties

T,°0) TLC) Refractive index, n at Transmission range
A = 400-700 nm (um)
Ga,S;-La,S; & 620 - 24-28 0.5-10
GaS,-La,S, ~ 420-510 559-790 - -
La,S;-Ga,S;-Ag,S 410480 525-585 - -
Ga,S;-La,S;-MnS 550-590 % 675 - -
Eu-As-S 185-226 336-397 - 0.5-10
Al,S;-La,S, 540-560 660680 - 0.5-6.0
Ga,S;-La,0,5-MnS =~ 590-610 640-720 - -
Ga,S;-La,0,8 590-610 640-810 2.3-2.54 04-5.0
Ga,S;-La,0;-MnS 485-535 585-695 - -
Ga,S;-La,0, 560 - - -

3. Optical sulphide ceramics

The rare-earth sulphide glasses have emerged as a new
class of amorphous materials in the chalcogenide
system. They display several unique properties that
increases the potential applications of these materials,
thereby widening the scope of the chalcogenides. The
long wavelength transmission characteristics exhib-
ited by these materials promoted research into using
these materials for application as windows in heat-
secking missiles. The detection of infrared radiation
for sensing low-temperature objects forms the basis
for far-IR optical windows. The spectral emittance
curves from a black body follow the familiar Wien’s
displacement law (A, 7 = 2.898 x 1073 m — K) where
A, is the wavelength at which the emissive power is the
maximum. Based on this equation, therefore, to detect
objects at room temperature, the 8-14 um IR window
is most suitable [36]. The good optical properties of
these sulphides has prompted major research to be
conducted in the fabrication of materials that transmit
into the IR wavelength region. These materials will
therefore continue to play a major role in the develop-
ment of future target-acquisition and weapon-aiming
devices, surveillance equipment, alerting devices and
missile-homing seekers [37]. While the transmission
characteristics of sulphide glasses are favourable for
their use in long wavelength applications, their low
softening points and high thermal expansion coeffi-
cients preclude them from use in optical window
applications. There was, therefore, a mounting interest
to look for new crystalline materials that could be
suitable as optical windows. The early part of the last
decade witnessed intense research that was conducted
at several universities and the Naval Research Labor-
atory, for identifying materials that could be used for
these applications.

The window materials used in the equipments de-
ployed on aircraft and guided weapons are subjected
to harsh environmental conditions, in particular aero-
dynamic heating, thermal shock and rain erosion.
Thus, the thermal and mechanical properties of the
window material must be near optimum if the win-
dows are to survive these environmental conditions.
Far-infrared windows should therefore meet the fol-
lowing requirements for optimum thermal, mechan-
ical and optical properties, namely, high melting
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point, low coefficient of thermal expansion, large band
gap, good transmission into the far-infrared
(8—14 pm), high hardness, and good strength.

These requirements make the choice of materials
available very limited. Semiconductors (silicon and
gemanium) exhibit good transmission in the far-
infrared and are also adequately strong, however, free
electron absorption at 100 °C makes these materials
opaque and hence limits their use. From optical trans-
mission, thermal and mechanical considerations, ZnS
is the most suitable window material for use in the
particular wavelength of interest for airborne window
applications. On the other hand, its low hardness and
poor resistance to severe rain erosion conditions does
not make it the most suitable material. Table VI lists
some of the infrared transmitting materials [38]. Oxi-
des possess the required mechanical properties be-
cause of the strong M—O bond but display limited IR
transmission due to the high fundamental vibration
frequencies {especially when M is a light element)
resulting in short wavelength cut-offs rendering them
opaque in the 8-14pum range. A massive anion is
therefore desirable to promote IR transmission mak-
ing the search for non-oxide ceramics inevitable
[36, 38]. Table VII lists the currently interesting IR
materials. _

In general, materials with strong chemical bonds
exhibit good thermo-mechanical properties but poor
infrared transmission, and materials that transmit
very well possess weaker chemical bonds and poor
thermal and mechanical properties. Hence, a com-
promise is necessary [39, 40]. A materials study to find
an advanced optical window material was conducted
with the focus on polycrystalline materials that exhibit
the cubic crystalline structure. The cubic and spinel
structures generally exhibit useful infrared transmis-
sion. In addition, the optically isotropic nature of the
cubic structure allows window parts to be made from
polycrystalline materials without much loss due to
scatter. The search to find an advanced material
better than ZnS for the 8-14 pm airborne application
led to the understanding that the alkaline earth—rare-
earth ternary compounds of the formula AB,S,, (parti-
cularly Cal.a,S,) would be ideal candidate materials
for far-IR applications [37]. Preliminary studies had
indicated that materials in this group displayed good



TABLE VI Potential infrared window materials and their properties

Material Transmission range Thermal expansion Melting point Hardness Young’s
(pm) (107¢°C™1) °C) (kg mm™~2) modulus (GPa)
ZnS 0.5-12 7.5 1700 250 75
GeS 1-10 20 200° 120 -
Cala,S, 0.5-14 13 1800 600 96
As,S, 0.6-10 20 2007 120 -
La,S,-Ga,S, 0.5-10 - 620° - -
La,0,5-Ga,S, - - 600* - -
La,S, 0.5-14 10 2100 670 -
GeS, 1-10 20 250° 130 -
CaNd,S, 0.5-14 13 1830 650 -
Ge 2-16 6.0 936 700 100
Si 1-10 4.0 1420 1150 190
GaAs 1-16 5.7 1240 750 85
ZnSe 0.6-14 7.6 1520 100 60
Diamond > 4.5 1.5 4000 K at 130kb 9000 -

*Glass transition, T

TABLE VII Properties and preparation techniques of some current and future IR window and dome materials

Material Transmission range (um) Preparation technique Level of usefulness
ThO,-Zr0O, 0.5-5 Hot-pressed Future
Zr0,-Y,0; 0.5-5 Single crystal with precipitates  Near-future
MgF, 0.3-5 Hot-pressed Current
MgAl,O, (spinel) 0.3-5 Hot-pressed Near-future
Al,O, (sapphire) 0.3-5 Flame fusion Current
SiC 0.3-6 CVD Future
Al,05-Si0, or GeO, 0.3-5 Hot-pressed Future
AIN 0.3-5 Hot-pressed Future
Si;N, 0.6-5 CVD Near-future
ZnS/ZnSe (sandwich) 1-12 CVD Current
Cal.a,S,, Bala,S,, 0.5-14 Hot-pressed HIP Future
CaNd,S,, SrSm,S,, etc.

(ternary sulphides)

La,S; (cubic) 0.5-14 Hot-pressed Future

transmission up to 14 pm, low free electron absorp-
tion, high melting point, high hardness (600 kg mm ~2
for CaLa,S,) and also possessed the cubic symmetry
(Th;P, type) [41-43]. The large coefficient of thermal
expansion of Cala,S, (14.7x 10~%°C™!) makes this
material inferior compared to ZnS, although its hard-
ness and Young’s modulus are higher than those of
ZnS, suggesting a better performance in rain erosion
environments (sec Table VI).

3.1. Structure and processing of calcium
lanthanum sulphide

The structure of Cal.a,S, bears a strong resemblance
to the structure of cubic La,S;. Zachariasen originally
characterized some of the rare-earth sesquisulphides
as having the Th;P, structure, particularly Ce,S,
which is isostructural with La,S, [44, 45]. The cubic
phase of La,S;, also represented as the y-phase is a
defect ThyP, structure. Zachariasen identified the
space group of this phase to be 143 d which was also
verified subsequently by the authors using the emerg-
ing technique of convergent beam electron diffraction.
The unit cell consists of 16 sulphur atoms and 10%

lanthanum atoms, with metal vacancies being ran-
domly arranged such that every ninth position is
vacant [44]. Flahaut and other workers [45—-48] per-
formed much of the early work on this system. They
indicated that by filling up the vacancies a range of
compositions spanning the complete solid-solution
region could be obtained from R,X; to R;X,. In the
case of Cal.a,S,, the study basically originated from
the processing difficulties that existed for synthesizing
the cubic phase of La,S; which forms at temperatures
in excess of 1500°C. The probability for the Th;P,
structure to exist for any phase would be ideal if the
cation to anion ratio approached 3:4. It was found by
researchers [48] that small amounts of large divalent
cations stabilize the Th;P, structure at much lower
temperatures. There is, therefore, a continuous and
homogeneous range of stoichiometries for the ternary
Ca,_,La,S,_,, for x =1-0 [47]. The calcium and
lanthanum atoms are distributed over the twelve sites
of point set corresponding to site symmetry 4, while
the sulphur atoms fully occupy the sixteen sites of
point site corresponding to site symmetry 3.
Saunders et al. [49] studied the formation and
structure of Cal.a,S,. They observed that there is a
region in the triangular composition field in the phase
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diagram wherein single phase Cala,S, forms. Their
study indicates that Cala,S, forms a complete
series of solid solutions with La,S; and LasS, as
shown in Fig. 15, with the heavy line correspond-
ing to fully sulphurized compositions. Based on
their study, they indicated a generalized chem-
ical formula for calcium lanthanum sulphide to
be Ca; _ La(lll); + (6/0)x - 80y L2108 /0)yS4 — ar0yp [ Jeasory
where [ ] represents a sulphur vacancy. They used the
parameters 0 < x, y < 1 to describe all the composi-
tions in the single-phase field where x and y address all
the cation and anion stoichiometries. They also used
this information to study the effect of variation of the
La:Ca ratio on the optical quality of the ceramic.

This material possesses the defect cubic Th,P,
structure and shows a potential IR cut-off at 14 pm
with a band gap of 2.7¢V as shown in Table V.
Calcium lanthanum sulphide, Cala,S, exists as a
light yellow powder and two processing methods have
been generally followed by researchers to synthesize
this material. The cubic y-phase of the rare-earth
sulphides is the one that is desired for transmission
and the introduction of the bigger divalent alkaline
earth cation tends to stabilize this cubic structure.
Raytheon [50] developed a process for fabrication of
this material which comprised three steps. A solution
containing the respective nitrates was converted to the
corresponding carbonates by reacting with ammon-
tum carbonate. The powder was then dried at 40°C
for 48 h after which it was heated at 1000 °C for 20h
under 1atm flowing H,S to give the light yellow
powder of Cala,S,. This powder was mixed with
several binders such as polyvinylpyrrolidone, spray
dried and isostatically compressed to give a green
pellet. The green compact was then hot isostatically
pressed (HIP) under argon gas after being pre-sintered
in flowing H,S for 10h at 1050 °C to 1150 °C. The final
HIP treatment resulted in ceramics with essentially
theoretical density [49-52]. The other process was
developed by Chess et al. [53] which consisted of
obtaining oxide powders of calcium and lanthanum at
1000 °C using the evaporative- decomposition of solu-
tions (EDS) method. The method involved decomp-
osition of a solution of nitrates of calcium and lan-
thanum. The resulting oxide powders were then con-
verted to the sulphides by reacting with hydrogen
sulphide at 1000-1350 °C. The sulphide powders were
then hot pressed [53-55]. The characteristics of the
precursors obtained using the EDS method are shown
in Table VIIIL.

Ca  |a.ca=p0 L2

Figure 15 Ternary compositional diagram in the Ca-La-S system
showing the Cala,S,, La,S; and La,S, phase fields [49].
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TABLE VIII Characteristics of precursors for calcium lanthanum
sulphide prepared using the EDS method

Sample Surface area Particle size
(m*/g™")
Measured Calculated
{nm) (pm)
Ternary sulphide prepared
by dry firing - 15 -
EDS oxide precursor
(from 0.30 M solution) 10.8 55 31
EDS oxide precursor
{from 0.15 M solution) 14.5 3.0 2.5
Ternary sulphide prepared
from EDS oxide precursor 9.4 3.9 -

Savage et al. [56] incorporated the EDS method
with various other methods to first obtain the fine-
grained oxide powder that was subsequently heat
treated in H,S to obtain the desired sulphide. One of
the methods consisted of using mixed nitrate solutions
which were evaporated to a syrup in platinum and
then fired to an oxide cake at 900°C in air for 24 h.
The resulting powder was then crushed and refired at
900°C in air to form a white powder which was then
subsequently converted to a sulphide by firing in
H,S/N, for 24 h at 1150-1350 °C. In another method
they followed a rapid decomposition of solutions of
mixed nitrates in air at 1000 °C with subsequent sul-
phidization [57, 58]. They also processed various
compositions in the Cala,S,-La,S; phase diagram in
an attempt to optimize the material chemistry to
obtain useful physical and optical properties. Beswick
et al. [58], on the other hand, in addition to the routes
described above, used the oxalate route to prepare fine
oxalate powders of calcium and lanthanum. The oxal-
ates were precipitated from the nitrate solutions and
the resulting precipitate filtered and dried. The dried
precipitate was then converted to the sulphide by heat
treatment in H,S at 960 °C. They also utilized a sol-
precipitation technique to obtain spherical oxide pre-
cursor particles that were converted to the sulphide by
H,S treatment. The characteristics of the powders
obtained following their route is shown in Table IX,
and the corresponding transmission spectra of the
densified ceramic [obtained following some of the
above routes], are shown in Fig. 16,

Gentilman et al. [59] also studied these composi-
tions and analysed their mechanical and optical prop-
erties. They prepared powders using the EDS method
and then densified the powders following the sinter
/HIP technique as outlined by Raytheon. The trans-
mission of these composition in comparison to ZnS is
shown in Figs 17 and 18. From the figures it can be
seen that increasing the fraction of La,S,; does not
affect the transmission, suggesting that the cubic phase
of La,S; would be a potential candidate for far-IR
transmission. However, the EDS precursor for lan-
thanum sulphide did not result in the formation of the
cubic phase at lower temperatures. A comparison of
some of the physical properties of Cal.a,S, and ZnS is
given in Table X [56]. A comprehensive report on the
fabrication of this material can be found in a publi-



TABLE IX Characteristics of calcium lanthanum sulphide powder prepared via different routes

Synthesis Sulphidizing Product Phase Particle Specific Oxygen
route® temperature (°C)  appearance composition size surface area content
(um) (m*g™") (p.p.m x Wt)

A 1350 Biscuit Cala,S, 10 <01 1.5x 102

B 900 Soft powder Cala,S, + trace CaS ~1 nd nd

C 900 Soft powder CaLa,S, + trace CaS 0.5-2 0.83 2x103

D 960 Fine powder Cala,S, + trace CaS 0.5-2 nd Ix103

E 950 Fine powder Cala,S, 0.5-2 0.83 29 x 103

F 1050 Soft sintered block Cala,S, + CaS 2to 10 035 nd

2A Evaporation of mixed nitrates to a syrup and heated in air to 900 °C, powder crushed and refired to 900 °C for 15 h and then sulphidized for

24 h at 1150-1350°C.

B Rapid decomposition of solution of mixed nitrates at 1000 °C in air. The oxide is then converted to the sulphide by sulphidization between

900 and 1100°C.

C Evaporative decomposition of solutions (EDS) of a mixed nitrate solution in a furnace at 1000 °C in air to form a fine powder. The fine
powder is then converted to the sulphide by sulphidization at 900 °C in hydrogen sulphide.
D Oxalates of lanthanum and calcium formed from the nitrates. The oxalates are then converted to the oxide by heating in air and then

transformed to the sulphide at 960 °C.

E An organic acid is added to the mixed nitrate solution and the solution is converted to a voluminous foam by rotary vacuum evaporation.
The precursor is converted to the oxide by firing in air and then converted to sulphide by heating in H,S/N, at 950°C.
F Sol-gel route if used to form the oxide precursor which is converted to the sulphide by heating in H,S at 1050 °C.
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Figure 16 Infrared transmission spectra of sintered and hot isostati-
cally pressed (HIP) Cala,S, ceramics processed from powders
prepared using (a) rapid decomposition and (b) the rotary vacuum
evaporation technique [57, 58].

cation released by the Naval Weapons Center [60]. In
this report the processing and evolution of state-of-
the-art Cala,S, dome material corresponding to the
stoichiometry of La,S;:CaS = 90:10 has been de-
scribed. The report essentially summarizes the various
techniques described above. Figs 19 and 20 show the
flow sheets for the powder synthesis and processing of
state-of-the-art Cal.a,S, [49, 60]. The optical, mech-
anical and thermal properties of the ceramic are com-
pared to ZnS in Table XI. The thermal expansion co-
efficient is 14.7 x 1079 °C ™!, which is about twice that
of ZnS. The thermal conductivity is 1.7 Wm™*K ™!
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Figure 17 Variation of transmission in CaS-La,S; with increasing
amounts of La,S;. (a) Transmittance of sample 1.16 mm thick
containing 45 mol % CaS and 55 mol % La,S,. (b) Transmittance
of sample 1.0 mm thick containing 10 mol % CaS and 90 mol %
La,S;. (¢) Transmittance of CaLa,S, 0.71 mm thick [59].
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Figure 18 Comparison of the in-line transmittances of Cala,S,
(current and future) and ZnS (7.8 mm thick) [59].

which is one-tenth that of ZnS. Measurements of
flexural strengths show that the ratio of strengths for
Cala,S, to ZnS is about 80% which show that the
ternary sulphide does not possess better mechanical
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TABLE X Some physical properties of zinc sulphide and calcium
lanthanum sulphide at the present state of development [56]

Property Calcium Zinc sulphide
' lanthanum
sulphide
Flexural strength (MPa) 106 103
Young’s modulus (GPa) 96 75
Poisson’s ratio 0.26 0.27
Knoop hardness (GPa) 5.59 245
Thermal expansion
(107¢°C™h 14.7 74

Thermal conductivity at 25°C

(Calem™s™1°C™Y) 0.006 0.041

TABLE XI Comparative properties of CLS (La:Ca = 2.7) and
Raytran Zns (Standard Grade)

Property CLS ZnS
Optical
Absorption coeff. (cm™?)
10.6 ( pm) (calorimetric) 0.12 0.3
Long wavelength cutoff? {(um) 11.5 10
Mechanical
Hardness, knoop (kg mm™2) 570 250
Flexural strength (p.s.i.)® 7240 9300
Flexural strength (p.s.i.)° 12515 15128
Young’s modulus (10%p.s.i.) 139 10.8
Grain size (um) 50 2

Impact damage threshold
(1 damage site per 100 impacts
2 mm water drops)

Bare (ms ™ %) 110-225 110
Yttria-coated (ms ™) 180 120
Thermal

Expansion (1075 °C™ 1) (20-400°C) 14.7 7.4
Melting point (°C) 1810 1830
Specific heat (Jg~1°C™Y) - 0.468
Conductivity (Wm ™~ 'K %) (20°C) 1.7 17.2
Density (g cm™3) 4.61 4.08
Thermal shock resistance (Wm ™ !s™1) 83.6 23408

*Corresponds to a 2 % drop in transmittance for a piece 7.8 mm
thick.

®Measured on bars 0.250 in. x 0.500 in. x 4.00 in.; four point bend.
¢Measured on discs 0.100 in. thick with a diameter of 0.8751in,;
biaxial.

and thermal properties than ZnS. The thermal shock
resistance parameter given by
, s(1 — n)k
R = 7 3)
where s is the tensile strength, n the Poisson’s ratio, k
the thermal conductivity, a the coefficient of thermal
expansion, and E Young’s modulus, was used by
Saunders et al. [52] to compare the thermal shock
behaviour of ZnS and Cala,S,. The values in
Table XI show that the thermal shock resistance of
ZnS is 30 times greater than that of CaLa,S,.
Covino et al. [61], White and co-workers [62, 63]
and Chess et al. [64] also studied the process of
synthesizing calcium lanthanum sulphide using the
reaction of alkaline earth carbonates with either oxi-
des or hydroxides of the lanthanum elements at
1100°C in an atmosphere of flowing H,S, typical
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Figure 19 Flow sheet showing the powder synthesis routes for
CalLa,S, [49, 60].
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Figure 20 Flow chart showing the various stages in processing of
Cala,S, [49, 60].

reaction times being =& 3-7 days. However, the cer-
amic obtained by this method was typically inferior in
comparison to the other methods described above.
Walker and Ward [65] attempted to grow crystals of
ternary sulphides MR,S, (M = Ca, Cd, R = La, Sm,
Er). They prepared crystals of Cala,S, using the
Stober technique. The technique consisted of direc-
tional solidification of the melt at temperatures
greater than 2200°C. The whole molten mass was



contained in a tungsten crucible which was sealed by
arc welding. The melts were cooled at a rate of
10°Ch ! to 1500 °C, and then at S0°Ch™! to room
temperature. The raw materials consisted of starting
binary sulphides. However, there were several prob-
lems due to volatilization losses of the sulphur, and
reaction of the melt with the crucible, resulting in
some tungsten precipitates. The powder synthesis
methods, however, overcome these problems associ-
ated with high-temperature processing.

3.2. Polymorphs of lanthanum sulphide
Lanthanum sulphide exists in several different allo-
tropic forms, namely, «, B and y. The low-temperature
phase, a-La,S; occurs in the orthorhombic form and
belongs to the space group Prnma with the rare-earth
atom site being 8-prismatic and 7-octahedral [45]. It
is exactly stoichiometric and stable at low temper-
atures up to 900 °C. At temperatures above 900 °C, the
o form transforms to the § form. Besangon et al. [66,
67] showed that the B form of lanthanum sulphide
exhibits a tetragonal structure 14,/acd and is essen-
tially an oxysulphide with the oxygen atoms being
substituted by sulphur atoms, to form a solid solution
of the formula La,,S,,0,_,S,. Fig. 21 shows the
arrangement of atoms in the $-La,S; cell, the oxygen
atoms being at the centre of a tetrahedron of rare-
earth atoms. The unit cell with a formula of
(La{xS,40)s consists of lanthanum atoms exhibiting
two different coordinations of 7 and 8. The 8-fold
coordination is similar to that seen in the cubic struc-
ture with the arrangement of two sulphur tetrahedra.
Oxygen is in the centre of a symmetric tetrahedron
formed of OLa, and a particular feature of this struc-
ture is an empty cavity between two oxygen atoms

Figure 21 Schematic arrangement of lanthanum, oxygen and sul-
phur atoms in the tetragonal phase, B-La,S;.

which is large enough to receive a sulphur atom.
The oxygen atom can be substituted by a sulphur
atom, to form a series of solid solution
R65140,8, 40 < x < 1) or the sulphur can come
into the free cavity while a new lacuna is created in
place of oxygen. In this latter case, the lanthanum
atoms of the tetrahedron around the oxygen may
slightly migrate to make a new tetrahedron around
the cavity which would receive the sulphur atom. The
range of extent of homogeneity, however, decreases
across the lanthanides from lanthanum to samarium
with a similar trend seen in the lattice parameters.
Oxygen is known to increase the thermal stability of
these compounds by increasing their decomposition
temperatures. In the case of lanthanum, x can vary
from 0-1 and it is the only rare-earth sulphide in
which complete substitution of oxygen by sulphur is
possible to form B-La,S;. Oxygen is known to stabil-
ize the tetragonal phase at low temperatures and
hence, its presence plays an important role in the
processing of B-La,S; [65].

The cubic (y) form of lanthanum sulphide occurs in
the body centred cubic arrangement and has the defect
thorium phosphide structure with metal vacancies.
Zachariasen studied the structure of Ce,S; which is
isostructural with La,S; and identified the space
group for this phase to be 143 d, the unit cell coritain-
ing 16 sulphur and 10% lanthanum atoms, the metal
vacancies being randomly arranged such that every
ninth position is vacant [44]. The lanthanum atoms
are octocoordinated with an unusual environment as
shown in Fig. 22. Tt is a triangular dodecahedron,
which can be regarded as formed by the superposition
of two tetrahedra, a flat one and an elongated one. By
filling up the vacancies, a complete solid solution is
obtained form R,X, to the R;X, composition. In the
case of R,X,, the ionic charges are equilibrated and
the compounds have a very high resistivity. In La,S,,
non-equilibrium of the ionic charges results in metallic
behaviour. From the above discussion, it can be seen
that La,S, and La,S; are isostructural. They have
very similar lattice parameters differing by only 0.06%.

Y La283

Cubic (Th3P4)

Figure 22 Schematic representatior of the umit cell of y-La,S;,
which is a triangular dodecahedron formed by the superposition of
two tetrahedra. See the text for details [44].

1149



The use of X-ray diffraction to identify the phases
could lead to erroneous results [61]. Cubic y-La,S; is
a broad band semiconductor with an optical band gap
of about 2 eV. The La;S, form of sulphide has metallic
conductivity with one conduction electron per for-
mula unit. Therefore, very small deviations in the
stoichiometry of La,S; towards the sulphur deficient
La,S, produce “dirty” semiconductor-type behaviour.

3.3 Conventional processing of cubic (y)
lanthanum sulphide

The cubic form of lanthanum sulphide (y), being iso
structural with CaLa,S, shows potential for use as an
optical window in the 8-14 um range. Cubic lan-
thanum sulphide was synthesized by Gschneidner and
co-workers [68-73] in a number of ways. One of the
easiest methods used was to react the oxide of lan-
ttanum in flowing H,S at temperatures of 1350 °C to
form the cubic phase of lanthanum sulphide. This
method was also reported by Henderson et al. [74].
There was always a problem of incomplete reaction.
In the other most commonly used method, elemental
lanthanum and sulphur are reacted in a quartz am-
poule to form a-La,S;. These reactions were typically
conducted for a period of 24 h at 600 °C and 3 days at
950°C. After completion of the reaction, the quartz
ampoules were opened in a helium-filled glove box
and the reaction products (LaS and La,S;) were
ground and placed in tungsten crucibles.

The crucibles and the contents were heated under
vacuum to 1500°C and then to 2150°C under an
argon atmosphere to melt and homogenize. The high-
temperature heat treatments resulted in the formation
of the cubic lanthanum sulphide powders. The pow-
ders obtained were then sintered by a technique
known as the pressure-assisted reaction sintering
(PARS) technique. This technique consists of mixing
the La,S; powders with the hydride (LaH;) in the
desired composition and heating the sample in a die
with the application of pressure, the chamber being
initially maintained at a vaccum of 1077 torr. At a
temperature of 800 °C, the hydride decomposes, res-
ulting in the formation of highly redctive lanthanum
metal. The hydrogen gas evolved is pumped off from
the system. The lanthanum metal then forms a liquid
phase that helps to densify the powders along with
subsequent reaction to form the cubic phase at
1450°C. Samples were sintered to 97% theoretical
densities using this technique [73].

Wood et al. [75], and Whittenberger and Smoak
[76] also prepared this phase by a similar process.
They prepared the a-phase in a manner similar to the
method used by Gschneidner and then hot pressed the
lanthanum suiphide powders at 1527 °C in vaccum.
Whittenberger and Smoak [76] reported presence of
mixed phases of p and v forms of lanthanum sulphide
in their hot-pressed samples. Table XII summarizes
the various methods employed to synthesize the cubic
phase. All the above methods of synthesis employed to
prepare the cubic phase pertain to the investigation of
the thermoelectric properties of lanthanum sulphide.
Apart from structural studies and measurement of
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thermoelectric properties at high temperatures, very
little has been reported on its optical properties
[46,77-90]. Its optical properties were only investig-
ated by Volynets et al. [78]. They synthesized the
v-phase by sulphidizing the oxide at high temperature
using-carbon disulphide as the sulphidizing agent and
then densifying the powders by hot pressing at tem-
peratures of 1000-1300 °C. They observed 65% trans-
mission in the range of 14 um. Single crystals of cubic
lanthanum sulphide were prepared by Kamarzin et al.
[91] in a specially designed reaction vessel by main-
taining the melt in a continuous dynamic atmosphere
of sulphur. The single crystals exhibited a transmis-
sion cut-off at 20 um as shown in Fig. 23.

3.4 Conventional processing of tetragonal (B)
lanthanum sulphide

Besangon [66] first studied the structure of this tetrag-

onal intermediate phase using X-ray diffraction and

determined that it is an oxysulphide with the formula

La;4S{,0. He synthesized this phase by reacting lan-

thanum oxide with y or a-La,S; in stoichiometric

TABLE XII Conventional synthesis of y-La,S;

Synthesis method Reaction conditions Refs.

Melting and solidification
1. Melt La and S in an
evacuated quartz ampoule
to form o-La,S;
2. a-La,S; — B-La,S;
3. B-La,S; = y-La,S,

600 °C for 24h

[68-73]
950°C for 3 days [75,76]
1500 and 2150°C in
an evacuated sealed
tungsten crucible
Gas-solid reaction
1. Synthesis of lanthanum
oxide by decomposition
of lanthanum carbonate
2. La,0; + 3H,S -

La,S4(B.v)

Aqueous precipitation

at room temperature  [74]
Sulphidization at [54]
1350°C for 7 days

1
T 04}
t
0.0L_L 1 1 1 1 J
0.2 0.4 1 2 4 10 20 40

A (um)

Figure 23 Transmission spectrum of single-crystal y-La,S; showing
the IR cut-off at 20 um [91].



proportions at about 1000 °C. Lewis et al. [57] and
Savage et al. [56] also synthesized this material by
preparing the oxide using the EDS method and, after
drying, sulphidizing the oxide in a H,S/N, atmo-
sphere for 15h at 1000 °C. The powders obtained were
then sintered to near theoretical density by hot pre-
ssing in argon atmosphere using a titanium—
zirconium-molybdenum alloy die and high-density
graphite punches. Pressures up to 10 p.s.i. (103p.s.i.
= 6.89N mm ~2) were used with pressure being appli-
ed for 20 min. The transmission spectrum obtained
showed a broad absorption at 9.1um due to the
presence of molecular SO2~ complex (see Fig. 24).

3.5. Chemical processing of sulphide ceramics
The sections above described the traditional methods
that were used for the synthesis of these rare-earth
sulphides. Most of the methods involved processing
the sulphide from the melt or by using gas—solid
reactions to form the sulphide. Melt processing of
these materials is certainly not impossible as described
above, but the vapour pressures and the high melting
point of the rare-earth sulphides makes it extremely
difficult to achieve good compositional homogeneity
and controlled grain size without contamination from
the crucible [92-94]. Chemical processing of these
refractory materials offers several advantages that
could be exploited for the synthesis of optical mater-
ials. Several wet chemical techniques are reported in
the literature such as precipitation, microemulsion
synthesis, colloidal processing and sol-gel synthesis,
along with hydrothermal processing. There has been a
considerable amount of work reported in the literat-
ure on these techniques and references [95-128] con-

Wavelength (um)
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100 ° —
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A

Transmission (%)
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1200
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Figure 24 Infrared transmission of sintered B-La,S; samples, (- - -)
hot pressed at 1100 °C, 20 min and ( } annealed at 1100°C in
H,S for 4h. Note the absorption at 9.1 um due to the presence of
molecular SO,2~ complex [27].

tain valuable information on the principles and vari-
ous modifications of the solution techniques to syn-
thesize ultrafine powders that result in fine-grained
ceramics. However, most of the information available
is on the application of the techniques for the synthesis
of oxide materials and the use of similar synthesis
routed for the preparation of non-oxide sulphide ma-
terials is very scarce. _

Melling [115] reported preparation of amorphous
germanium sulphide by application of the sol-pre-
cipitation technique which is essentially precipitation
from the alkoxide solution of germanium. The sol was
reacted with H,S to obtain germanium sulphide pow-
ders. By controlling the solvent to reactant ratio and
the temperature, a wide range of amorphous, crystal-
line and partially crystalline powders could be ob-
tained. Matijevic and Wilhelmy [116] also reported
preparation of monodispersed spherical colloidal par-
ticles of cadmium sulphide. These particles were syn-
thesized by first preparing cadmium sulphide “seeds”
which were precipitated by ageing a solution con-
sisting of cadmium nitrate, nitric acid and thioacetam-
ide. By adding varying amounts of thioacetamide to
this solution, the “seed” crystals were allowed to grow
to give uniform monodispersed spherical particles of
smooth surface with an average size of 0.7 pm. At the
same time there is work in the literature [129] on use
of microemulsion technique for the preparation of fine
particles of CdS, CdSe, and In,S, for quantum well
application.

All these novel techniges result in ultrafine powders
which are generally amorphous in the as-prepared
state. The ultrafine size (nanometre range) of these
powders made them very reactive in subsequent pro-
cessing reactions such as ammonialysis and sulphidiz-
ation. Furthermore, the amorphous character of the
precursors often results in the formation of phases that
are otherwise difficult to obtain by conventional equi-
librium synthesis techniques. The inherent problems
of contamination which come into play from the raw
materials in aqueous chemical techniques for synthesis
of non-oxides, typically the hydroxides, can be over-
come by the use of metallorganics. The metallorganic
compounds are typically liquids with low boiling
points or solids with low melting points. They can be
distilied and redistilled to be obtained in very high
purity. As a result, chemically homogeneous, fine par-
ticles of very high purity can be synthesized. The use of
these precursors for synthesis of non-oxide ceramics is,
therefore, very attractive. In addition, the high reactiv-
ity of the metallorganics, particularly in the case of the
rare-earths make them especially useful for synthesi-
zing fine sulphide powders that can be densified into a
ceramic. There has been very limited work on the use
of the alkoxides for the synthesis of sulphides, while
some work has been reported on the use of organome-
tallic precursors to form ZnS powders and the sintered
ceramic [130-135]. There have also been reports on
the use of tert-butyl sulphide for the preparation of
crystalline sulphides in the Ti-S system [136]. How-
ever, there is no work in the literature on the use of
metallorganic precursors for the synthesis of lan-
thanum sulphide.
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3.6. Chemical processing of cubic (y) and
tetragona! (B) lanthanum sulphide

We have successfully demonstrated the use of lan-
thanum alkoxide for the synthesis of fine amorphous
oxysulphide precursor particles that transform at low
temperatures to form cubic and tetragonal lanthanum
sulphide. Lanthanum alkoxide was used as the start-
ing chemical based on the fact that the alkoxide
molecules are extremely reactive and the high polarity
of the alkoxy (OR”where R = alkyl radical) groups
leave the metal atom susceptible to nucleophilic at-
tack. Depending on the nature of the nucleophile, the
substitution reaction can be controlled by the use of
catalyst to result in the formation of gels or extremely
fine nanometre size particles.

The chemistry of the rare-earth metals is very sim-
ilar to group III elements and hence sulphidization of
salts of lanthanum in an aqueous medium results in the
formation of hydroxides rather than sulphides, while
sulphidization of salts of lanthanum in non-aqueous
solvents results in substantial oxygen retention [137]
thereby preventing its use for synthesis of sulphides for
window technology. The alkoxide route was chosen
despite the high oxyen content of the starting alkoxide
compounds because of its high reactivity and the fine
particle-sized nature of the oxysulphide precursor that
is generated. This makes it amenable for subsequent
sulphidization reactions, substantially reducing the
oxygen content. We have successfully demonstrated
the use of lanthanum alkoxide for the synthesis of
ultrafine oxysulphide precursors that transform to
cubic lanthanum sulphide.

Cubic lanthanum sulphide powders were synthes-
ized from lanthanum alkoxide sols [11, 12]. The sols
were sulphidized using H,S at room temperature to
generate oxysulphide precursors that are extremely
fine =~ 20nm in size as shown in Fig. 25. These
precursors are amorphous with a specific surface area
of 74.34 m? g~ *m and on sulphidization at 1000 °C for
8 h result in the formation of cubic La,S,. The flow
sheet for the synthesis is shown in Fig. 26. The res-
ulting cubic La,S; particles are 1-3 um in size with
rounded and smooth surfaces indicating the occur-
rence of viscous flow due to the amorphous to crystal-
line transition during heat treatment (see Fig. 27).
Chemical analysis indicates the precursors to contain
8.50 wt % sulphur and is shown in Table XIII. The
oxysulphide precursors on heat treatment in inert
conditions transform to La,0,S, indicating the bon-

==
20 nm

Figure 25 Transmission electron image showing the interconnected
fine particles ( & 20 nm) of the alkoxy-sulphide precursors used to
synthesize y-La,S;.

ded nature of the sulphur. The retention of only
~ 8.50 wt % in the precursor suggests the inability of
the sulphur to replace completely the alkoxy groups
and this can be envisioned from the fact that H,Sis a
weak acid with a pK, of 7.04. This, therefore, makes
the availability of stoichiometric amounts of the SH™
nucleophiles very difficult in the presence of an inert
solvent medium, and hence the complete replacement
of all the alkoxy groups with SH™ becomes very
remote. Based on this, the sulphidization reaction has
been proposed as follows

La(OC;H,); + xH,S — La(OC,H.), _(SH),
+xC,H,0H x=1-3 )

According to the above reaction, 3 mol H,S should be
sufficient to replace all the alkoxy groups; however,
only partial replacement is seen.

The incomplete sulphidization reaction results in
the formation of an oxysulphide. However, the
amount of sulphur in the precursor and the oxygen to

TABLE XIII Chemical analysis of sulphide precursor and transformed cubic lanthanum sulphide and oxysulphide powders

Element As-prepared Oxysulphide v-LaS; La,S,
precursor (observed) (observed) (theoretical)

La 5005 +2 66.06 + 5 7431+ 2 7432

S 8.50 + 0.5 10.62 + 0.3 2571+ 05 25.68

C 5.96 + 0.01 0.32 £ 0.01 0.05 + 0.01 -

H 1.79 + 0.01 0.15 4+ 0.01 < 0.02 + 0.01 -

(¢} 33.7¢ NA? NA? -

¢ Estimated to be the balance.
®Not analysed.

Note:Theoretical wt % for La;S, are 76.5 wt % for La and 23.5 wt % for S.

1152



at room temperature

La-alkoxide La-nitrate
A 1
Clear sol in toluene, Propylene carbonate,
benzene 7=130°C
Sulphidization using HyS Sulphidization using

tert-butyl sulphide, 7= 130°C |~
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and carbon disuiphide
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Figure 26 Flow sheet showing the processes followed for the synthesis of y-La,S, and $-La,S.
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Figure 27 Scanning electron micrograph showing the transformed
v-La,S; particles, 1-3 pm in size. The micrograph shows the par-
ticles to have undergone some viscous flow due to the amorphous to
crystalline transition resulting in rounded smooth surfaces and
partial sintering.

sulphur ratio is very important for the conversion of
the oxysuiphide to the cubic rare-earth sulphide. A
S/O ratio of 0.25 has been found to be essential for the
formation of the cubic sulphide. The transformation of
the oxysulphide precursor to the cubic sulphide has
been shown to occur on heat treating the precursors at
1000°C for 8 h. The evolution of the phases is shown
in Fig 28.

An interesting observation is the formation of the
oxysulphide, La,O,S and vy-La,S; on heating the
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Figure 28 XRD traces showing the evolution of the cubic phase (y-
La,S;) on heat treating the precursor at 1000 °C in H,S for different
time intervals. (a) As-prepared; (b) 3h, 1000°C, La,0,8, and -
La,S;, in H,S atmosphere, (c) additional 4k, 1000 °C, y-La,S;, in
H,S atmosphere; (d} 8h, 1000°C, y-La,Ss, in H,S atmosphere.

precursor at 1000°C for 4.5h. This is an indication
that the oxysulphide precursor could be potentially
forming the cubic phase at much lower temperatures.
Vaughan and White [138] have shown in their study
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based on the existing data in the literature that
La,0,S and the cubic (y) form of the sulphide are
stable only at 1450-1500°C and at temperatures
below it is the tetragonal (B) phase and the oxysul-
phide which remain stable. Thus, the precursor plays
an important role in the kinetics of formation of the
cubic phase. Current on-going research in our group
should provide more insight into these reactions.
These results demonstrate the applicability of the
alkoxides as powerful precursors for synthesizing
novel rare-earth sulphides. Following our work, there
have been quite a few reports on the use of alkoxides
for the synthesis of Cala,S, [139-143].

It is clear that the fine particle size and the amount
of sulphur incorporated into the chemically generated
oxysulphide precursor are both responsible for the
formation of the cubic phase at low temperatures. The
chemical reactions conducted in solution allow for
faster diffusion of molecular species due to the reduced
diffusional distances, thereby favouring excellent mo-
lecular mixing. Good compositional homogeneity is,
therefore, achieved in the final product. Moreover, the
molecular arrangement of ions in solution can be
changed depending on the reaction conditions such as
pH, temperature, and type of solvent resulting in the
formation of non-equilibrium phases. Thus, the solu-
tion techniques, similar to the rapid solidification
techniques also lead to formation of novel non-equi-
librium phases in ceramic systems. Recently, there
have also been some reports on the use of mechanical
alloying technique to generate metastable phases. This
process, also called attrition milling, has been applied
by Gschneidner et al. [144, 145] in synthesizing high-
pressure phases in rare-earth sulphides (y-R,S;, R

= Er, Tm, Yb, Lu, Y and Dy). They have shown that

by mechanically milling powders of the sulphide,
either a metastable crystalline high-temperature poly-
morph, y-Dy,S; or a metastable high-pressure phase
(y-Y,S;) could be synthesized at room temperature
[144].

The tetragonal (B) lanthanum sulphide powders
have been synthesized by us using chemical techniques
analogous to those used for the preparation of the
cubic phase [13-15]. Two different precursors were
synthesized which transformed to the B-phase upon
heat treatment in H,S. The flow sheet for the two
synthesis procedures are outlined in Fig. 26. The first
procedure incorporated the use of the alkoxide which
was sulphidized using H,S for 2 1.5h as opposed to
4 h in the case of the cubic sulphide. In the other route,
lanthanum nitrate hexahydrate was used which was
dissolved in propylene carbonate, the sulphidizing
agent used was tert-butyl sulphide. Both the pre-
cursors were amorphous and showed similar charac-
teristics as the cubic sulphide precursor. But on heat
treatment in H,S at 1000 °C, the precursors transform
to generate the tetragonal phase of lanthanum sul-
phide. Chemical analysis indicated that the precursors
contained only =~ 5 wt% sulphur. The amount of
sulphur in the precursor and the ratio of S/O, there-
fore, determines the formation of the two different
phases. The amount of sulphur that could be incorp-
orated into the alkoxide network would depend on the
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prehydrolysed state of the alkoxide. Prehydrolysis
would imply that some of the alkoxy groups are re-
placed by OH - preventing the nucleophilic attack of
lanthanum by SH — thereby reducing the sulphur con-
tent in the precursors. A lower amount of sulphur
incorporated in the gel structure would imply the
precursors to be richer in oxygen which results in the
formation of the tetragonal phase, in accordance with
the studies of Besangon [66, 67]. Sulphidization of the
gels can, therefore, be monitored accordingly, to result
in the formation of the cubic or tetragonal phases.
Fig. 29 and 30 show the micrographs of the tetragonal
lanthanum sulphide precursor and the transformed B-
La,S; powders. Thus, the alkoxides are powerful
precursors to synthesize sulphides of reactive metals as
described above, and the approach is currently being
extended to even synthesize transition metal sulphi-
des. More information pertaining to the synthesis and
the affect of the chemistry of the precursors on the
formation of the two phases can be obtained in the
literature [12-14].

The cubic lanthanum sulphide powders were hot
pressed and preliminary transmission results obtained
by us on polished 0.9mm thick discs is shown in
Fig. 31. The spectra shows that the cubic phase trans-
mits up to =& 13 pm. Although the per cent transmit-
tance is not yet acceptable for optical application, the
results are encouraging and more work is warranted
to improve this material for window applications. The
hot-pressed samples show an average grain size of

& 6.0 pym indicating a two-fold increment in the grain
sizes from the powder stage of ~ 3pm but the pre-
sence of porosity could be the reason for the dimin-
ished percentage of transmission. The research is in

R
10 nm

Figure 29 Transmission electron micrograph showing the ultrafine
( & 20 nm) particles of the oxysulphide precursors used to synthesize
B-La,S.



Figure 30 Transmission electron brigh-field image of transformed
B-La,S; particles showing 0.5-1.0 pm size particles.

w
o

N
[=]
T

—_
(=]
T

Transmittance (%)
T

o

i L L

5.00 6.25

8.30 12.50 16.70

Wavelength (upmy

Figure 31 Transmission spectra obtained on hot-pressed y-La,S;
sample (0.9 mm thick). The spectrum shows the IR cut-off to be at
& 13 pm.

the preliminary stage of developments and the results
are quite promising. More work in this direction is still
being carried out, particularly on the structural
characterization of the alkoxy-sulphide gels and the
transformation kinetics of the precursors to the sul-
phide ceramic.

3.7 Current status of rare-earth sulphides in
optical windows
There is much research that is needed to be performed
in the area of chemical processing of the rare-earth
sulphides. The complex chemistry and the extreme
affinity for oxygen makes chemical processing of these
materials very difficult. White and co-workers
[146-149] in their recent work using Raman spectro-
scopy has shown the complex chemistry of these
materials. The successful synthesis routes established
by the authors provides impetus for further research
to be conducted on the reaction pathways and the
nature of the precursor which plays such a crucial role

in the transformation of the oxysulphide to the desired
sulphide phase. Moreover, there is a need to identify
other types of chemical reactions that can result in the
formation of La,S; directly at low temperatures.
However, the exacting requirements that the materials
need to fulfil in order to be applicable as IR windows
always leaves the door open for a better and more
perfect material. Progress in ceramic processing and
the understanding of materials chemistry led to the
discovery and development of the chalcogenides and
the rare-earth sulphides. The large thermal expansion
coeflicients and the high softening temperatures of the
chalcogenides paved the way for the alkaline
earth—rare-earth sulphides which were better but still
not the best. The rare-earth sulphides again possess
better physical, chemical and optical attributes than
those possessed by the ternary rare-earth—alkaline-
earth sulphides. However, with the advent of diamond
films there is a major change that one may foresce in
the near future which may render the rare-earth sul-
phides obsolete for infrared window application.

Diamond is a material which exhibits several uni-
que properties. Table VI lists its properties along with
the existing transmitting materials [150, 151]. Among
others, the property most useful for optical applica-
tion is its wide transmission that spans the
ultraviolet—visible—far-infrared region. It exceeds
boron nitride (BN) in hardness and conducts heat five
times better than silver and has only 40% density of
copper. These properties make it very unique, and
certainly the most sought-after material for window
application. Bulk synthesis of this material is very
difficult and requires high temperatures and pressures,
but the advancement in thin-film technology has led
to a breakthrough in diamond thin-film synthesis.
Several articles can be obtained in the literature in
regard to processing of thin films of diamond using
metastable reaction conditions to produce these films
at temperatures as low as 300 °C and even lower. This
technology is being used to coat the existing infrared
materials with diamond. The usefulness of this mater-
ial has resulted in significant research in the develop-
ment of free-standing diamond so that the actual
windows could be made of diamond in the future. The
advent of diamond, therefore, may render the use of
the rare-earth sulphides obsolete for the 8-14 pm win-
dow technology, but nevertheless, these materials
would still be useful for optical and electronic appli-
cations. Recent work by Vanderah and co-workers
[152, 153] indicates that sulphide materials could still
be promising materials for window applications in the
two-colour 3-5pum and 8-14 um spectral regions,
because diamond tends to absorb in the 3-5 pm spec-
tral range.

4. Conclusion

In this review we have discussed the emergence of the
rare-earth sulphides as promising infrared materiais
both in the amorphous and crystalline state. Inasmuch
as the useful properties exhibited by rare-earth sulphi-
de-based glasses, there are several intriguing questions
pertaining to the structure, phase diagram and proper-
ties that still remain to be solved in these novel glass
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systems. There is a4 need to focus and understand in
greater detail the immiscibility in these systems and to
investigate the effect of phase-separation on the op-
tical properties. The structure of the glass and the role
of the rare-earth atom in the sulphide environment
should also be probed, similar to the Ga,S;—La,S,
glasses. Research in these directions would definitely
contribute and enhance the growth and knowledge of
this developing area of rare-earth glass science and
technology. Chemical processing of crystalline rare-
earth sulphides still warrants considerable research in
the direction of understanding the mechanism for the
formation of the precursor and the transformtion of
the precursor to the final sulphide ceramic. The struc-
ture of the precursor would need considerable scrutiny
and there is definitely an increasing need to optimize
the processing routes to increase the sulphur yield in
the precursor and find suitable reagents or chemical
reaction parameters that would eventually result in
the formation of the sulphide at temperatures as low
as room temperature. In view of the interesting optical
properties, several novel ternary systems containing
the rare-earth sulphides could be envisioned.
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