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Evaporation and compositional changes of the liquids above the melting point of LilnSe, crystals have been characterized quantita-
tively by using special techniques of a rapid thermal analysis and differential dissolution. The occurrence of a liquid immiscible re-
gion in the Li,Se-rich side of the Li,Se—In,Se; diagram and incongruent evaporation with the preferential evaporation of In,Se; ris-
ing markedly above boiling point were determined from the peaks on the thermal curves and from precise control over the
composition of the vapour and residual solid as a function of temperature. It was shown that both the processes could be the sources
of nonstoichiometry and inhomogeneity of the LilnSe, crystals.
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Introduction

LilnSe; is a newly developed and perspective nonlinear
optic crystal [1] for which stoichiometry and homogene-
ity are crucial parameters to its proper functioning in a
given application. Several techniques have been used in
the past and the deviation from stoichiometry in both the
Li;Se- and In,Se;-rich regions for LilnSe, and some
inhomogeneity as light scattering centers in single crys-
tals were claimed in previous publications [2-9]. How-
ever, none of these investigations studied the evapora-
tion and changes that accompany the melting of LilnSe,
crystals as possible sources of their nonstroichiometry
and inhomogeneity. Meanwhile an incongruent evapo-
ration of the crystals was really observed [2, 8] by the
classical TG-DTA technique combined with mass spec-
trometry, although there were discrepancies between the
results concerning the nature of evaporation. Preferen-
tial evaporation of In,Se; [8] and that of Li,Se [2] was
observed. Additional information could not clarify the
situation since thermodynamic, spectroscopic and struc-
tural data on a specific nature of the Li-Se bonds and
specific Li positions in the LilnSe, structure [10-12]
were in support of the preferential evaporation of Li,Se,
while the evaporation parameters of Li,Se and In,Se;, as
constituent components, were at variance with this con-
clusion [13, 14].

It is therefore highly desirable to investigate the
evaporation process of LilnSe, by both direct measure-
ments of the vapour pressure and chemical analysis of
the evolved gas and of the residual solid to understand
the nature of evaporation of LilnSe, in detail.
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In general, measurement of vapour pressures at
evaluated temperatures can be carried out relatively eas-
ily, but not in the case of the Li-consisting melt and
vapour, both of which are highly reactive towards any
container material and even Pt, Mo, and W begin to in-
teract with the Li products for prolonged experiments
[2, 5, 14]. With the help of this knowledge, a rapid ther-
mal analysis with Mo container and a procedure of
‘boiling points’ in the isobaric version were used [15] as
a powerful technique for studying melting and evapora-
tion behaviour of LilnSe,, when other methods had
failed. The thermo-microscopic apparatus was able to
measure the vapour pressure in the temperature range
600-2200°C at a fixed pressure of helium gas in the
camera between 1072 and 3 atm and to record the ther-
mal curves with transformations such as solid-liquid,
solid-vapour and liquid-vapour. To determine the com-
position of the evolved gas a special step-scan thermal
procedure was developed where a sample heated to a
desired temperature was quenched rapidly with subse-
quent determination of the Li:In:Se molar ratio in the re-
sidual solid and the vapour condensed on quartz win-
dow demounted in the chamber. The changes that oc-
curred in the melts heated above melting point were
studied by the differential dissolution technique (DD),
which is a chemical tool identifying the phases by their
composition [16]. The DD analysis was here preferable
to XRD since the quenched melts weighing less than 1
mg were expected to be amorphous. The key parameters
of evaporation and melting processes for LilnSe, thus
determined were considered in light of their effect upon
nonstoichiometry and heterogeneity of the crystals.
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Experimental

The experimental thermomicroscopic apparatus auto-
matically controlled by an electronic device (1) is shown
in Fig. 1. It consists of a water-cooled chamber (2) con-
nected to a manometer (3) and to a vacuum pump, and a
Mo crucible (4), in which a sample (5) to be tested is
placed. A W/W-Re thermocouple (6) is inserted into the
bottom of the Mo crucible. The chamber has a window
(7) for recording of the emitted radiation variation by a
suitable IR photodiode (8) of a sample when heated and
for direct observation of the crystal transformations by a
microscope (9). A graphite or tungsten heater is (10)
with current leads (11) and the gas entry (12) are also
shown. Typical parameters of the thermal procedure in-
clude a sample mass of about 1 mg, a heating rate of
1000 or 3000°C min"' and operation under static
0.01-3 atm pressure of the helium gas.

The special calibration of the apparatus with
melting of Cu, Ag, Si and with evaporation of the
GaAs and GaP crystals were performed to provide de-
viation of measured values of about 1% for melting
points and around 5% for the vapour pressure.

The step-scan procedure was performed with a
fresh portion (~1 mg) of the same bulk crystal. The
sample heated up to a temperature usually on 10°C
higher than that of each peak on the thermal curves

Fig. 1 Apparatus for the study of melting and evaporation of
LilnSe; crystals

was quenched to room temperature at the rate
200°C s™'. Amounts of Li, In and Se in the vapour
condensate and in the appropriate residual solid were
determined by ICP AES after dissolution of the prod-
ucts in the concentrated HNOj;.

In the case of DD analysis HNO; (1:1) was taken
as a solvent with temperature varying from 20 to 80°C.
The DD procedure allowed chemical changes of the lig-
uids above the melting point of the LilnSe;, to be exam-
ined and some characteristics of the liquid metastable
state to be assumed. Principles of DD technique identi-
fying chemically phases and its application to character-
ize amorphous samples have been provided elsewhere
[16—-18]. The main principles of the technique are given
shortly here. Dissolution of an individual and chemical
homogeneous phase will be manifested by a horizontal
linearity of the Li/In ratio during the whole dissolution
process. Any local or extended deviation from this lin-
earity along the time scale will be contributed in the cal-
culating error of the averaged magnitude of the molar
ratio and will be an evidence of a spatial chemical
inhomogeneity of the sample.

A large (30 mm long and 15 mm in diameter)
LilnSe;, crystal was prepared according to the recipe
described by Isaenko et al. [9]. The crystal identified
by the XRD as single-phase was red in colour with the
density consistent with an In,Ses-rich crystal. The
chemical analysis showed composition as Liln; ¢,Se,
or 0.49L1,Se:0.511In,Se;, i.e. as a solid solution with
the excess of In,Se;.

Results and discussion

The typical thermal curves recorded with ~1 mg crystals
for a heating rate of 1000°C min' and for various he-
lium pressures are shown in Fig. 2. The first and second
peaks on the curves (at 896 and 938°C, respectively)
were pressure-independent, while temperatures of the
next two peaks varied with the helium pressure. Tem-
peratures of the peaks are compared with those on the
TG-DTA curves recorded for LilnSe, in vacuum for a
heating rate of 10°C min ' in [2, 8].

One can see that the heating rate in these experi-
ments differed in magnitude substantially but the tem-
peratures of the pressure-independent peaks differed

Table 1 Comparison of the peak temperatures measured by various techniques, (°C)

Technique Peak 1 Peak 2 Peak 3 Peak 4
Classical DTA-TG [2] 810 899-950 1050 1150-1200
broad peak broad peak
Classical DTA-TG [8] 850 904-1000 1020 1100
broad peak
Rapid therm. anal. (this study) 899 and 940 1038 1124, 1147, 1173"

*Temperatures measured at 0.1, 0.2 and 0.3 atm of helium in chamber
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Fig. 2 Typical thermal curves recorded with the rate of
1000°C min™'

only slightly from each other. In [2, 8] the peaks at
810 and 850°C have been interpreted as the start of
evaporation and at 899 and 904°C as melting points
of LilnSe; [2, 8]. All the peaks above melting point
were not identified before.

In order to check the origin of the peaks besides
visual observations the authors measured the
compositional changes of both the vapour and the re-
sidual solid quenched from desired temperature.
These results are summarized in Table 2.

It follows from Table 2 that the initial red
0.49L1,Se-0.51In,Se; crystals heated up to 840°C
losses the excess In,Se; and turns out into the stoi-
chiometric crystal of a yellow colour, although the
thermal method itself in this case was insensitive to
that determination. That the vapour consisted only
from In and Se species at 850°C was also established
by the mass-spectroscopic study [8].

The peak at 899°C corresponds to the melting
point of LilnSe, that was confirmed by direct obser-
vation through the chamber window. It is important
thus to mention that the peak at 899°C is indicative of
congruent melting of the stoichiometric LilnSe; crys-
tal. Hence it follows that all peaks above this tempera-
ture reflect transformations in the liquid melt. The
peak at 940°C may be an indication of the occurrence
of a liquid immiscible region for the samples on the
Li,Se-rich side. The peak at 1050°C then is a conver-
sion of the inhomogeneous melt again into a homoge-
neous one. A series of experiments at helium pres-
sures between 0.01 and 2.5 atm were performed to
find precisely temperatures of the monotectic hori-
zontal and the liquidus line. Finally, the phase dia-
gram of the LiSe—In,Se; system thus determined in
the Li,Se-rich side is shown in Fig. 3a along with the
diagram studied before at temperatures below 900°C
in Fig. 3b [7]. One can see that the high-temperature
diagram indicates the formation of a solid solution in
the Li,Se-rich region within more narrow limits
(about 1 mol% of Li,Se) than is shown it the low-tem-
perature diagram.

To support the high-temperature phase diagram
obtained by the thermal results, the DD analysis was
performed on three samples. It was the initial solid
crystal and two melts quenched from 1050 (above the
monotectic line) and 1150°C (above the liquidus line)
the compositions of which were found to be
0.51L1,Se:0.49In,Se; and 0.52Li,Se:0.48In,Se;, re-
spectively. Figure 4 shows compositional changes of
the samples by profiles of the dissolution kinetic
curves of Li (1), In (2), and Se (3) elements and the
molar Li:In ratio (4) as a function of dissolution time.
Figure 4 corresponds to dissolution of a single-phase
sample in which the kinetic curves of the elements be-
have absolutely synchronically, the Li:In ratio equal
to 0.97+0.10 reflects real non-stoichiometry of the
initial crystals with the In excess, this agrees well

Table 2 Characteristics of samples quenched from desired temperatures

840

yellow

ER

905
dark grey

Temperature of quenching/°C

Degradation in shape and colour

Quantity of vapour condensate/%

at 0.1 atm nd 0.7

at 0.2 atm nd 0.8

Molar Li:In:Se ratio in vapor

at 0.1 atm 1:23:38

at 0.2 atm 1:19:21

Composition of solids at 0.2 atm 0.50Li,Se: 0.50Li1,Se:
0.501112563 0.5011’12863

950 1050 1150 >1150
grey grey light grey light grey
[ Eﬂ & &

0.5 0.6 43 50

0.7 0.6 4.0 16

1:2:12 1:12:12* 1:16:14 1:29:33
1:2:8 1:7:8 1:19:11 1:38:36
0.51Li1,Se: 0.52Li,Se: 0.60Li1,Se: 0.65Li,Se:
0.491112863 0.481112863 0.4011'12863 0.351112863

nd = not detectable,

"The Li:In:Se intensity ratio determined by mass-spectrometry was 1:15:13 [8]
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with results of the total chemical analysis. A fluctuat-
ing character of the Li:In line reflecting by the error
value such as 0.1 indicates a slight spatial
inhomogeneity of the initial real crystal. Figure 4b
shows the dissolution of a heterogeneous sample. The
small peak starting at 0.5 min is dissolution of a bi-
nary Li—Se species while another species is three-
component with the averaged Li:In value equal
1.240.2. The amount ratio of the Li—Se and Li—In—Se
species agrees with the location of the A point on the
phase diagram, Fig. 3a. Figure 4c shows the dissolu-
tion again only of the three-component species with
the variable Li:In ratio between 1.27 in the beginning
and ~1.0 in the end of the line.

Based on the results, we assumed that the melt
quenched from 950°C is heterogeneous due to the oc-
currence of two liquids with compositions close to LiSe
and Li; InSe,. Li,Se being an ionic salt is supposed to
dissociate into ions. The Se ions while in any polymeric
form differ significantly by the nature from the
three-component species and this contrast should be
manifested itself by a mutual insolubility of the liquids
and the occurrence of an immiscible region. The ob-
served variable composition of the three-component
species in both the melts may be explained by the exis-
tence of various types of ionic or molecular clusters.
This explanation is based on a melt models proposed in
[19-21] with their wide applicability to different sys-
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Fig. 4 Kinetic curves of elements dissolution and the molar
Li/In ratio for a — the initial solid crystal, b — melts
quenched from 950°C and ¢ — from 1050°C

tems and on the experimental results that the chemical
individual of A"B"' compounds due to a high thermal
stability is valid even after overheating the liquid on
300°C [22]. Although the results of the overhead-
quench processes studied here by the DD analysis were
adequate to identify the liquid immiscible region in the
Li,Se-In,Se; system, more extensive work is needed to
better understand the structural features of the liquid
state of the LilnSe, overheated melts.

Three evidences are there to indicate the peaks in
the range 1050-1200°C to the boiling points of the
melts. First, these peak temperatures depend on the
helium pressure in chamber and vary for the
0.52Li,Se-0.48In,Se; sample as 1124, 1147 and
1174°C at 0.1, 0.2 and 0.3 atm, respectively. Extrapo-
lation of these values as the 1gP—1/T dependence al-
lowed the equilibrium pressure of LilnSe, at melting
point to be estimated at the level of about 0.05 torr.
Second, it is these temperatures at which diffusion of
the vapour equilibrium with the solid gave way to a
flow resulting to sharp increasing of the evaporation
rate and the vapour condensate amount. Third, be-
cause of the preferable evaporation of the In,Se; com-
ponent (incongruent process), upon heating composi-
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tion of melt shifts to the Li,Se-rich side. This change
correlates well with a wetting phenomenon shown in
Table 2. The higher the concentration of Li,Se in the
melt, the greater is the wetting which is an indicator
of starting interaction of the melt enriched by Li with
the Mo crucible. So, data in Table 2 is clearly shown
the incongruent evaporation of the initial sample due
to the preferential passage of In,Se; into the vapour
within the whole temperature range. The reliability of
conclusion on the incongruent evaporation of LilnSe,
is supported by quantitative compositional measure-
ments of both the vapour and the residual solid that
agrees well with results of the mass-spectroscopic
study published previously by Honle and Kiihn [8],
but not with those reported by Weise [2].

The pressure values found here at and above the
melting point are small enough to be a source of the
crystal inhomogeneity during the growth process in
closed ampoules. However, growing LilnSe, single
crystals is usually carried out with the Li,Se excess
and after 3—4 h of holding the melts at temperatures
920, 930 or 950°C [2—4, 9]. Our study shows clearly
that at these conditions incongruent evaporation and
the thermal dissociation in the melts take place that
may vary radically the physico-chemical properties of
the melts and may have appreciable effect on crystal-
lization process. In this case the relation between the
rate of diffusive transfer of various size species in the
melt and the crystallization rate will determine the
level of the crystal inhomogeneity. The higher the
crystallization rate the higher is a probability for
metastable and small-sized precipitates to occur.
Therefore, the high-temperature diagram seems to ex-
plain better why crystals grown at above-mentioned
conditions show light scattering centres, milk opacity
and instability on air observed experimen-
tally [2—4, 9]. The heterogeneity due to metastable
Li-products occurs in the crystals well before than the
low-temperature diagram shows. Only choosing
properly the starting composition, crystallization
temperature and the growing rate, the quality may be
improved so that no Li-product inclusions may occur.

Conclusions

Novel techniques were developed for studying evapora-
tion and compositional features of overheated and
quenched melts of the LilnSe, crystals. Our study
showed clearly incongruent evaporation and occurrence
of'a wide liquid immiscible region on the Li,Se-rich side
at temperatures above the melting point. Using the re-
sults on deviations from stoichiometry in the Li-rich
crystals, which were smaller than values reported be-
fore, the main mechanism for the formation of
inhomogeneities in LilnSe; crystals was considered.

J. Therm. Anal. Cal., 90, 2007

The authors plan to use these techniques to make
a systematic study of the processes for LiMX, com-
pounds (M=In, Ga; X=S, Se), which clearly occur dur-
ing the growth of these single crystals of a high opti-
cal quality.
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