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The In-Se phase diagram was redetermined using DTA, x-ray analysis, optical microscopy, TEM,
and scanning electron microscopy. IngSe;; and InsSe; are stable phases at stoichiometric composi-
tion and PIn,Se; was observed at 59.6 at. % Se. BIn,Se; decomposes at 198 °C into yIn,Se; and InsSe;.
Alloy melts between 33 and 54 at. % Se exhibit a strong tendency for undercooling. Between 50 and
60 at.% Se, the InSe, IngSe~, or In,Se; phases solidify directly from the undercooled melt, and the for-
mation of InsSe; and IngSe,, is suppressed while applying cooling rates between 2 to 10 K/min. The
respective undercooled states and metastable phase equilibria are provided.

1. Introduction

The CulnSe,-based solar-cell technology will be very im-
portant in the near future. Therefore, the phase equilibria of the
Cu-In-Se ternary system were investigated [97Haa, 98God]. It
was found that some compounds of the In-Se system are in
equilibrium with CulnSe, and that more binary compounds in
comparison to the assessed In-Se phase diagram of [910ka]
exist. In the composition range between 50 and 60 at.% Se the
number, composition, and formation reaction of the com-
pounds were not determined conclusively. The binodal of the
two liquid miscibility gaps are furthermore not completely de-
scribed [89Gla, 96Cha]. The phase transitions in In,Se, have
been studied extensively, but the phase stability and transition
types are still controversial as described by [910ka] and
[88Man]. Therefore, it is necessary to reexamine in detail the
stable phase equilibria of the In-Se system. The undercooling
behavior and metastable phase equilibria are also analyzed in
the relevant composition range between 30 and 60 at.% Se.

2. Experimental

2.1 Preparation of Alloys

The components In (purity 99.999) and Se (purity 99.999)
with a total weight of 0.5 to 1 g were placed in thick-walled sil-
ica ampoules under pure argon atmosphere at 8 X 10* Padue to
the high vapor pressure of Se. The spurting of the liquid alloy
during induction melting due to the strong exothermic reaction
was minimized by careful regulation of the high-frequency
furnace. The master alloys were annealed at 950 °C (1 h)in a
resistance furnace and subsequently cooled down in a block of
corrosion-resistant steel (X5 CrNiSi 25 20) to room tempera-
ture. The solidified master alloy and spurted alloy inside the
ampoules were combined by shaking of the silica ampoule and
then remelted at 950 °C. The ampoules were shortly annealed
at 950 °C and then cooled down to room temperature at 2
K/min. The alloys were subsequently annealed at different
temperatures, according to their composition and for sufficient
times to equilibrate the samples (see section 3).

2.2 Thermal Analysis

Silica ampoules with very thin walls were used for the
DTA. The samples of about 0.25 t0 0.5 g were sealed under ar-
gon atmosphere at 8 X 10* Pa to prevent the evaporation of Se.
Copper of 0.3 g was used as the reference sample. Three am-
poules were placed in holes of a small block of corrosion resis-
tant steel (X5 CrNiSi 25 20) directly on top of the
thermocouples. Several of the ampoules were removed from
the block up to ~ 1000 °C and quenched into water. The micro-
structure of the quenched, annealed, and cooled DTA samples
was investigated by metallography. The variation in the micro-
structure of the quenched and cooled DTA samples was identi-
fied and correlated to the thermal effects obtained by DTA.
Heating and cooling rates have been varied between 2 and 10
K/min.

2.3 X-Ray Analysis

The observed microstructure of the annealed samples was
supported by XRD measurements. The bulk samples were
crushed, and the stress was relieved up to 1 d at the temperature
of heat treatment. Powder diffraction investigations were car-
ried out with a Enraf-Nonius RF 552 Guinier camera (Delft,
Netherlands) using Cu Ka,, radiation. The diffraction patterns
of the homogeneous phases were used to identify the phase
equilibria of the annealed samples.

2.4 Microscopic Analysis

The samples observed using scanning electron microscopy
(SEM) and optical microscopy (OM) were ground and pol-
ished with diamond paste. The optical micrographs were taken
with polarized light from unetched samples. The samples for
TEM were mounted by the procedure of [93Str].

3. Experimental Results

3.1 Stable Phase Equilibria

The stable phase equilibria of the In-Se system based on the
new results are shown in Fig. 1. In the temperature range be-
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tween 400 and 900 °C, the phase diagram contains the
monotectic reactions mo, at 520 °C and mo, at 750 °C and the
peritectic reactions p, to p.. The phases that form peritectically
are as follows: BIn,Se, (59.6 at.% Se) at p; (880 °C), InsSe,
(58.3 at.% Se) at p, (670 °C), In,Se,; (55.0 at. % Se) at p, (660
°C), In Se, (53.8 at.% Se) at p,, (650 °C), InSe (50.0 at.% Se) at
ps (611 °C), and In,Se, (42.8 at.% Se) at p, (550 °C). The
dIn,Se, phase melts congruently at 891 °C and transforms po-
lymorphically to yIn,Se, at 745 °C. The critical composition
and temperature of the miscibility gap of In-rich liquid alloys
are 20 at.% Se and 638 °C, respectively. The corresponding
values of the miscibility gap of Se-rich liquid alloys are 75 + 1

Table1 Measured Liquidus Temperatures of the In-Se
System
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at.% Se and 807 £ 3 °C. The monotectic compositions at 33
at.% (mo;) and 67 at.% Se (mo,) were obtained by extrapolat-
ing the liquidus temperatures. The liquidus temperatures of al-
loys with more than 80 at.% Se could not be determined due to
the high Se vapor pressure. The measured liquidus tempera-
tures are given in Table 1. Figure 2 shows in detail the results
based on DTA and microscopic analysis in the composition
range between 33 to 61 at.% Se.

3.2 Discussion

The temperatures of the monotectic reaction mo,, peritectic
reaction p, and position of the phases In,Se,, InSe, and InSe,
correspond to the recently assessed data of [910kal. It was de-
termined that In Se, decomposes at 650 °C not at 630 °C as
evaluated by [910ka]. Furthermore, the results in the compo-

Liquidus Liquidus sitionrange between 50 and 60 at.% Se differ from the assessed
temperature temperature phase diagram (see Fig. 1 and 2). InySe,, and In Se, are the sta-
(Ip),°C at% Se (Tp),°C ble phases at the stoichiometric composition, and BIn,Se, was
55 59 880 observed at 59.6 at.% Se. The microstructures shown in Fig. 3
593 60 891 to 9 verify the new phase equilibria as shown in Fig. 2. The mi-
637 61 888 crostructure of the alloy In,s ;Ses, s equilibrated at 590 °C for
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542 64 830 phases In,Se; and InySe, | (see Fig. 3). Figures 4 and 5 show the
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605 63 770 InsSe,, respectively. The brightness contrast from polarized
724 70 786 light in the OM reveals the grain structure. The samples with
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Fig.1 The In-Se phase diagram.
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correspond to the structure of “IngSe,” reported by [74Cell.
Six alloys in the composition range from 58 to 60 at.% Se were
examined in order to locate the formation of BIn,Se, properly.
BIn,Se, is formed at 59.6 at.% Se and 880 °C peritectically
from a melt with 59 at.% Se and 8In,Se, with 60 at.% Se.
BIn,Se; decomposes at 198 °C to form yIn,Se, (60 at.% Se)
andIn,Se, (58.3 at.% Se). The microstructure of In, Sey, s re-
veals PIn,Se, (dark) and a few bright spikes of In;Se,, (see Fig.
7). InsSe, was easily identified because in polarized light one
could observe a color change from bright to dark. yIn,Se, and
InSe are brittle and show a laminar structure (see Fig. 8 and 9).

The solid-state phase equilibria given in Fig. 2 were fur-
thermore confirmed by x-ray analysis of the annealed powder
of alloys as indicated in Fig. 2. All transformation tempera-
tures given in Fig. 1 and 2 were determined only from effects
on heating of properly annealed samples. The liquidus tem-
peratures between p, and p; were also measured from effects
on heating with 2 K/min because liquid alloys in this composi-
tion range exhibit strong undercooling (see section 3.3).

The differences between this work and the assessed phase
diagram of [910ka], which is based mainly on the results of
[63S]a], [8 1Ima], and [74LikK], can be ascribed to the different
experimental procedures of these authors. The equilibrium
phases InSe, InSe,, InySe, |, InsSe,, and BIn,Se; occurred in
this work only by an appropriate annealing treatment of the
samples. The samples were heat treated at 590 °C (9 days) and
for the alloys with more than 53.8 at.% Se additional heat treat-
ment was performed at 640 °C (25 days). These phases were
subsequently stepwise cooled down to 190 °C and were an-
nealed again at this temperature for 14 days to prove their sta-
bility.

3.3 Undercooling and Metastable States

The undercooled states and metastable phase equilibria of
alloys from 30 to 60 at.% Se that were cooled from the liquid
state with 2 to 10 K/min are shown in Fig. 10(a). The dotted
lines represent the stable phase equilibria. The monotectic re-
action o, is undercooled to about 494 °C, and the monotectic
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Fig. 2 The In-Se phase diagram in the composition range be-
tween 33 and 61 at. % Se.

Fig.3 Microstructure of Ings 5Ses, 5; heat treated at 590 °C/9 d/
640 °C/2 d/HzO; IIIGSG7 + Ingse“ (dark), SEM.
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Fig.4 Microstructure of InysSess; heat treated at 590 °C/9 d/640
°C/2 d/H,0; IngSe{; homogeneous; OM.
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composition is shifted along the metastable extension from
mo, to mo{. The formation of In,Se; is suppressed from 550 °C
(pe) t0 504 °C (p¢ ). InSe crystallizes directly at 600 °C from
the undercooled liquid alloy. A comparison of the XRD pattern
of InSe directly after quenching from the liquid state and of the
annealed state show distinct differences. The InSe phase crys-
tallized from the undercooled melt is possibly identical with
the metastable BInSe phase found by [58Sem]. The liquidus
temperatures due to the primary crystallization of 6/BIn,Se,
could not be undercooled from 60 at.% Se to p,. BIn,Se; crys-
tallizes from p, to p; primarily from the undercooled melt due
to nucleation problems of InsSe, and IngSe, ; (see Fig. 10b). Al-
loys with compositions from 56.5 to 59.5 at.% Se exhibit three
thermal effects in further cooling between 600 to 592 °C,
whereas alloys with a Se composition between 50.5 and 55.5
at.% reveal two additional effects determined from DTA. After
cooling, these samples were immediately heated up at 5
K/min. Only two thermal effects were observed at 611 and 650
°C (see Fig. 10b). The undercooled melt (p, ) reacts at nearly
constant temperature of 605 °C peritectically with BIn,Se, to
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form IngSe,. The occurrence of a further metastable phase with
the stoichiometry In,Se, [65Med] would be not in conflict
with the metastable effects shown in Fig. 10(a) and (b), but
could not be confirmed from the authors’ data. The residual
melt decomposes eutectically into metastable BInSe and
IngSe, near 590°C (e, : L — BInSe + In6Se7) The microstruc-
ture of In,q ;Sey, s reveals clearly regions of eutectic structure
between BInSe and In Se,. Figure 11 represents a eutectic (e,)
microstructure formed by bright (In,Se,) and gray (BInSe) la-
mellae. The thermal effects of the heating experiments of the
undercooled alloys with compositions from 49 to 54 at.% Se at
611 °C showed that the equilibrium state of InSe has been
reached already during heating.

The type and sequence of reactions between 610 and 585 °C
during cooling is still uncertain from 56.5 to 59.5 at.% Se. Sub-
sequent heating of undercooled samples did not result in the
equilibrium reactions p; and p,. Reactions at p5 (611 °C) and p,
(650 °C) have been found. Therefore, it cannot be excluded that
during cooling metastable phases such as In,Se, (57.15 at.% Se)
are formed rather than the stable phases InySe,; and In,Se,,.

\‘
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Fig. § Microstructure of In4zse58; heat treated at 640 °C/25
d/H,0; InsSe; homogeneous; OM.

Fig. 6 Microstructure of Ing,Sesq; heat treated at 640 °C/25
d/HzO; Ingse” + Il'lsse7 (dark), SEM.

Fig. 7 Microstructure of Inyg 55esg 5; heat treated at 640 °C/25
d/H50; InsSe; (bright) + BIn,Ses; OM.

Fig. 8 Microstructure of IngSegp; heat treated at 500 °C/4
d/H,0; yIn,Se; homogeneous; SEM.
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Fig.9 Microstructure of InsgSesq; heat treated at 500 °C/5 d/585
°C/24 h/H,0; InSe homogeneous, TEM.

Fig. 11 Microstructure of Ingg s5Insg 5; DTA cooling, SEM.
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Fig. 10 Undercooled states and metastable phase equilibria ob-
tained by cooling from the liquid state with 2 to 10 K/min.

4. Conclusions

The data from the In-Se system exhibit a great variety of
transformations and microstructure formations, which are ap-
preciably influenced by heat treatment and thermal history.
Stable and metastable states were distinguished by preparing
alloys between 50 and 60 at.% Se at concentration steps of 0.3
to 0.5 at.%. Furthermore a heat treatment was deduced that
equilibrates the samples. The reaction temperatures of the stable
phases IngSe,; and InsSe, at 660 and 670 °C, respectively, could
only be determined from thermograms during heating of equili-
brated samples (see Fig. 2). The evaporation of Se during the ex-
periments was excluded. X-ray and microscopic analyses are
indispensable in checking the equilibrium state of the samples.
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