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room temperature.

Aphase diagram of the PbSb,Te4-InSb system, which is polythermal cross section of the three-component
PbTe-Sb,Te;-InSb system, was built using DTA, XRD, microhardness and density measurements. The
system contains the PbSb,Te4-(2 £ 4)InSb compound of variable composition, incongruently melting
at 530+£5°C, and with asymmetric area of homogeneity shifted to the side rich in InSb (+6=0-2).
The PbSb,Tes-2InSb compound crystallizes in orthorhombic symmetry with unit cell parameters:
a=7.7640A; b=6.4144A; and c=3.6010A, o= 8=y =90°. The system also contains PbSb,Te, and InSb
based boundary solid solutions extended from 0 to 10 and from 95 to 100 mol% InSb, respectively, at

© 2011 Published by Elsevier B.V.

1. Introduction

The binary PbSb, Te4-InSb system was studied neither in respect
of the phase equilibria therein, nor in respect of the possibility of
formation of intermediate phases with new properties or formation
of boundary solid solutions. The initial components of this system
are typical narrow-bandgap semiconductors.

The phase diagram of the Sb,Te;-PbTe system was plotted for
the first time by Abrikosov et al. [1], then supplemented by Hirai
et al. [2], Reynolds [3], and finally specified by Shelimova et al. [4].
The system is of eutectic type, and, according to recent data, con-
tains two intermediate compounds with compositions PbSb,Te,
and PbSb4Te7, respectively, proven by XRD [4]. The PbSb,Te4 com-
pound is formed by a peritectic reaction at 587 °C for 300 h; it has
a layered structure similar to the tetradymite one, with unit cell
parameters a=0.4351, and c=4.1712 nm [4].

The PbSb,Te4 compound is new thermoelectric material of p-
type conductivity and energy gap of AE,=0.27eV at 0K [5-7].

The phase diagram of the In-Sb system is of eutectic type with
degenerated eutectics on the In side [8]. It is characterized by
the formation of one compound InSb, which melts congruently
at 530°C [8]. The compound InSb crystallizes in a sphalerite-type
lattice with unit cell parameter a=0.6478 nm [9,10].

The energy gap value AE, of InSb is 0.23 eV [11] at 0K which is
retained to 77K, and above this temperature linearly decreases to
0.17eV at300K[11].
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The above data on the structure and thermoelectrical properties
of the PbSb,Te4-InSb system initial components suggests:

(a) The existence of at least one intermediate compound and the
formation of boundary solid solutions.

(b) The production of new PbSb,Te4 based materials with good
thermoelectric properties (coefficient of thermoelectric effi-
ciency z=a20/A >3 x 1074 K1)

The proven thermoelectric properties of PbSb,Te4 and the high
values of o and « for InSb unequivocally support this assumption.

In this sense, the purpose of this work is to study the phase
equilibria in the polythermal cross section PbSb,Te4-InSb of the
three-component PbTe-Sb,Tes-InSb system, using the classical
methods (differential thermal analysis (DTA), X-ray diffraction
analysis (XRD), and microhardness and density measurements) and
to determine the solid solution boundaries and intermediate phase
compositions (if any) with a view to the further complex study of
their properties.

2. Experimental

The (PbSb,Te4)100-x(InSb)x system was studied using 17 com-
positions in the concentration range of 0<x<100mol% InSb
produced via direct single temperature synthesis by mixing
PbSb,Te4 and InSb in proper proportions in vacuum (to residual
pressure of 0.133 Pa) and sealed under vacuum quartz ampoules.
The initial components, PbSb,Te4 and InSb, were synthesized from
elements of 4N (Pb, Sb) and 5N (In, Te) purity using the same
method. The maximum temperature of synthesis (Tmax ) was within
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the range of 650-900°C and was defined by the composition of
samples. The ampoules were heated at rate of 10°Cmin~! until
the maximum temperature of synthesis was reached, as the sys-
tem was tempered for 2 h at 500 and 800 °C. In the final synthesis
phase of the samples falling within the concentration range from
0 to 60 mol% InSb a vibration stirring of the melt was performed
at T=Tmax for 2 h, cooling to 150 &5 °C, and tempering at this tem-
perature for 5 h. The samples outside this concentration range were
synthesized under the same conditions, except for the tempering
at 150°C which continued for 120 h. On completion of the final
thermal treatment all samples were cooled in turned off furnace.

The phase transformations of the samples were studied by DTA
(device of the system F. Paulik-]. Paulik-L. Erdey by the MOM-
Hungary company, Stepanov quartz vessels vacuumed and sealed
under residual pressure of ~0.1 x 10~2 Pa, reference substance -
calcinated y-Al,03, heating rate of 10°C min~!, amount of the stud-
ied and reference substance - 0.3 g), and XRD (TUR-M61 device,
using CuK, radiation and Ni-filter, 6 =5-40°). The Vickers micro-
hardness was measured using a PMT-3 microhardness tester and a
MIM-7 microscope at a load of 10g and 20 g, and the density was
measured by a hydrostatic method using toluene as a reference
liquid.

The new phase was indexed by the Ito’s method for indexing of
XRD patterns of powders [12]. It does not depend on the symmetry
of the crystal and is based on the fact that each reflex on the pattern
corresponds to a vector in the reverse lattice space. The choice of
three vectors, which lie on different planes, determines the edges
of the elementary cell and the choice of three more vectors deter-
mines the angles between the axes. This corresponds to a choice
of six appropriate lines from the roentgenogram of the powder. If
a proper elementary cell is chosen, the method allows the index-
ing of all lines from the XRD pattern. This method is very fast and
suitable for indexing of systems with low symmetry (monoclinic
or triclinic).

3. Results and discussions

The synthesized InSb and PbSb,Te; were subjected to XRD
investigations. The diffraction lines of the synthesized materials
coincide with the published data [4,9,10].

The XRD analysis results of the samples from the PbSb, Te4-InSb
system are summarized in a schematic diagram of the X-ray diffrac-
tion lines (Fig. 1).

New diffraction lines were observed within the concentration
range from 50 to 80 mol% InSb different from the PbSb,Te,4 and InSb
patterns. Within the concentration ranges from 0 to 10, and from
95 to 100 mol% InSb, the diffraction patterns are smoothly shifted
towards one and the same direction.

The phase transformation temperatures of the studied samples
were determined by the heating curves (Table 1).

The thermal effects within the concentration range from 0 to
60 mol% InSb, corresponding to the complete melting of the sam-

Table 1
Temperatures of endothermal effects of samples from the PbSb,Te4-InSb system.
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Fig. 1. Schematic diagram of the X-ray diffraction lines for the PbSb,Te4-InSb sys-
tem.

ples, are relatively weak. This is most probably related to the
incongruent melting of the initial PbSb;Te, compound [4] as a
result of which it decomposes to PbTe +L (liquid). Therefore, the
samples falling within this concentration interval were subjected
to thermal annealing at T=150+5°C for 120 h.

All recorded effects of the thermograms are endothermic. The
most clearly expressed effects (high peak and large area) are these
in columns 4, 2, and 3 (the temperatures of endothermal effects
in column 4 depend on the composition of the samples, while the
phase transition temperatures in columns 2 and 3 are tempera-
ture independent). The thermoeffects in column 5 correspond to
the temperature of complete melting of the samples and some of
these temperatures outline the liquidus line of the PbSb,Te4-InSb
system. Concentration areas with registered thermal effects, which
do not depend on the composition, exist: 500+ 5°C (10 <x <40),
530+£5°C (50 <x<80) and 460+ 5°C (80 <x <95), in columns 2,
3, and 4, respectively. A similar dependence is characteristic of the
non-variant equilibria or phase transitions of the o <> 8 type.

Due to the similar physicochemical properties of PbSb,Te4, InSb,
and the intermediate compound on the one hand and the incongru-
ent melting of PbSb,Te,4 on the other, it is difficult to investigate
the microstructure of the samples which in its turn reflects on the
measurement of the microhardness (HV). In order to determine the
HV, the polygons of the most probable distribution of this property
are plotted. The number of phases in a sample, i.e. one phase (a
single-phase sample), two phases (a two-phase sample), etc., can
be judged by the characteristic type of these polygons (number of
maximums). The initial components (PbSb,Te4 and InSb) and the
samples, which composition falls within the concentration range

Composition (mol%) Temperature (°C)

Composition (mol%) Temperature, (°C)

PbSb,Tey4 InSb 1 2 3 4 5 PbSb,Tey InSb 1 2 3 4 5

100 0 575 637 50 50 525 525
95 5 560 620 40 60 530 557
90 10 435 500 595 333 66.7 530 567
80 20 495 530 560 30 70 445 535 570
75 25 500 550 25 75 310 528 580
70 30 515 ? 20 80 525 460 565
66.7 333 495 510 540 10 90 460 460
60 40 500 520 5 95 460 500

0 100 535
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Fig. 2. Dependence of microhardness on the sample composition of the
PbSb,Te4-InSb system.

from 50 to 80 mol% InSb, are single-phase and the others are two-
phase (the sample phase refers to room temperature).

The microhardness of the studied samples is within the range
of 45-142 kgf mm~2 and the microhardnesses of the initial com-
ponents — HVpysp,1e, = 45kgfmm=2 and HVj,gp, = 138 kgf mm—2.
The property-composition diagram, i.e. the HV(x) dependence, is
shown in Fig. 2.

The values obtained for the density d of the samples in the
PbSb,Te4-InSb system fall between the values of the densities
corresponding to the initial components, PbSb,Te; and InSb:
dppsb,Te, = 7-50gcm 3 and djpsp = 5.78 gcm 3. The d(x) diagram of
the studied system samples is shown in Fig. 3.

The simultaneous comparison of the DTA and XRD results with
the results from the HV and d measurements gave us the reason to
outline the following features of the (PbSb,Te4)1_x(InSb)x system:
the presence of PbSb,Te4 and InSb base bounded solid solutions,
on the one hand, and on the other, the existence of intermediate
compound with a large area of homogeneity.

(a) The shift of the diffraction patterns (Fig. 1) and the typical
HV(x) and d(x) variation (Figs. 2 and 3) within the concentration
ranges of 0 <x <10 and 95 <x <100 mol% InSb are unequivo-
cally related to the presence of bounded solid solutions based
on the initial components.

(b) The temperature of endoeffects at 53045 °C does not depend
on the composition of the studied samples (Table 1). How-
ever, their area depends on the sample composition and the
maximum area was at x=66.7 mol% InSb. The area under the
thermal effects decreases to the left and to the right of this
point (Tamman triangle method), i.e. at this point an inter-
mediate compound exists with most probable composition of
PbSb,Te,-2InSb. This is a direct evidence for the existence of an
intermediate phase in support of these assumptions. The depen-
dence observed between the area under the thermal effects and
the composition excludes the assumption of a phase transition
of the @ < B type.

PbSb,Te,.2InSb
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Fig. 3. Dependence of density and sample composition of the PbSb,Te4-InSb sys-
tem.

Table 2
X-ray diffraction data from indexing of the PbSb,Te,-2InSb compound.
N o) dexp (A) 1(%) hkl dc (A)

1 5.68 7.7825 8 100 7.7640

2 6.90 6.4114 7 010 6.4144

3 11.65 3.8144 14 200 3.8820

4. 12.35 3.6013 71 001 3.6010

5. 13.70 3.2522 89 101,101 3.2667

6 14.20 3.1400 100 011,011 3.1400

7 19.70 2.2850 47 121,121 2.2886

8. 19.85 2.2684 30 ? ?

9. 20.60 2.1892 41 030 2.1381
10. 20.88 2.1611 26 301,301 2.1016
11. 24.52 1.8560 32 410,410 1.8578
12. 25.80 1.7697 12 321,321 1.7578
13. 29.55 1.5618 7 022,022 1.5700

On the other hand, within the concentration range of
50 < x <80 mol% InSb new diffraction patterns appear, different
from the PbSb,Te4 and InSb ones, with maximum intensity and
“purity” of the peaks for the composition containing 66.7 mol%
InSb, i.e. at this composition an intermediate compound exists.
The diffraction patterns of the intermediate compound are
shifted within the same range (Fig. 1) towards decrease of
the cleavage spacing dp, i.e. it has variable composition and
should be recorded as PbSb,Te4 (2 & §)InSb, wherein: —§=0-1;
+§=0-2.

The linear course of the HV(x) dependencies of the three com-
pounds within the concentration ranges 0 <x <5, 50 <x <80,
and 95 < x <100 mol% InSb (Fig. 2) is an indication for the exis-
tence of PbSb, Tey4, PbSb,Te4-2InSb, and InSb base bounded solid
solutions.

The smooth course of the d(x) dependence within the con-
centration ranges of 0<x<5, 50.0<x<66.7, 66.7 <x <80.0,
and 95 <x<100mol% InSb, as well as the clear maximum
at x=66.7mol% InSb (Fig. 3) are related to the existence of
the PbSb,Te4-2InSb compound, on the one hand, and to the
existence of the bounded solid solutions based on the initial
components and of the intermediate compound, on the other.

The compound PbSb,Te,4-2InSb crystallizes in
orthorhombic  symmetry  with unit cell param-
eters a=7.7640+0.0185 A; b=6.4144+0.0030 A;
€=3.6010+0.0003A; o=B=y=90+0.02°. The roentgeno-
graphic data are shown in Table 2.

(c) Within  the concentration ranges 10<x<50 and
80<x<95 the lines of two phases exist simultaneously:
PbSb,Te4 + PbSb,Tes-2InSb  and  PbSb,Te4-2InSb +InSb, i.e.
these concentration regions correspond to two two-phase
fields in the phase diagram of the (PbSb,Te4);_x(InSb)x system.

The phase diagram of the PbSb,Te4-InSb system; 0 <x <100
(Fig. 4) is plotted on the basis of the XRD, DTA, and microhardness
and density measuring results. It is a polythermal cross section of
the three-component PbTe-Sb,Te3-InSb system and is character-
ized by the following features:

1. There are three non-variant equilibria: syntectic equilibrium
with coordinates: x=66.7 mol% InSb and T=530+5°C, and two
eutectic equilibriums with coordinates: x=90mol% InSb and
T=460+5°C, and x=40mol% InSb and T=5004+5°C, respec-
tively; the latter should be considered as a quasi-eutectic
equilibrium.

2. As a result of the syntectic reaction

L + Ly 25 phsh, Tey - 2InSh(A)
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Fig. 4. Phase diagram of the PbSb,Tes-InSb system (I, L; II, PbTe+L; III, L; +L,;
IV, a-PbSb,Tes +PbTe; V, PbTe +L+a-PbSb,Tey; VI, L+A; VI, A; VIII, A+Ly; IX,
L, + a-InSb; X, a-PbSb;, Tey; XI, a-PbSb,Te4 + A; XII, A+ a-InSb; XIII, a-InSb, wherein
A=PbSb,Te,-(2 +)InSb).

an intermediate compound is formed with an asymmetric area
of homogeneity shifted to the InSb-rich side (+6=0-2), incon-
gruently melting at 530+ 5°C (L - liquid, rich of PbSb,Tey4; L, -
liquid, rich of InSb). The existence of the PbSb,Te4-(2 4 §)InSb
compound, wherein —6=0-1 and +§=0-2 (at room temper-
ature), was proved by DTA and XRD, and by HV and d
measurements. With the temperature increase the homogene-
ity area narrows and disappears at the melting temperature, i.e.
the intermediate compound composition is PbSb,Te4-2InSb at
this temperature. The zone of limited solubility of the compo-
nents PbSb,Te, and InSb in a liquid state is located between
the synthetic horizontal line and the binodal curve. The binodal
curve critical point does not coincide with the composition of
the intermediate compound PbSb,Te,4-2InSb as it is in most of
the cases.

. A shift of the diffraction patterns is observed at room temper-
ature with both PbSb,Te4 (within the range from O to 10 mol%
InSb) and InSb (within the range from 95 to 100 mol% InSb), i.e.
the PbSb,Te, dissolves up to 10 mol% InSb at this temperature,
and the InSb-up to 5mol% PbSb,Tes. When the temperature
increases this solubility decreases to 0 mol% for both compounds.

. The PbSb,Te,4-2InSb compound melts incongruently by the fol-
lowing reaction:

PbSh,Tey - 2InSh° =3 “PbTe + L

This typical feature of PbSb,Te4-2InSb is the reason for the
occurrence of the three-phase area V where three phases
(PbTe +PbSb,Te4-2InSb+L) are in equilibrium and the eutec-
tic equilibrium transformes into a quasi-eutectic equilibrium
(besides liquid phase L, there was also a solid phase PbTe):

PbSb,Tes + PbShyTey - 2InSb” 2> “PhTe + L

The three-phase area V is surrounded by three two-phase
areas: area Il (PbTe + L), area VI (PbSb,Te4-2InSb +L), and area XI
(PbSb;,Te4 + PbSb,Te4-2InSb). The existence of area II is related
to the incongruent melting of the initial PbSb,;Te, compound
and therefore two temperatures exist on the ordinate at x=0:
T=575°C(peritecticdecomposition temperature),and T=637 °C
(complete melting temperature).

As aresult of the complex physicochemical interactions in the
solid and liquid condition, an intermediate phase is formed with
a composition PbSb,Te4-(2 & §)InSb, which, together with the
initial components PbSb,Te4 and InSb, determine the existence
of 13 phase fields, four of which are single-phase (I, VII, X, and
XIII), one is three-phase (V), and the rest are two-phase fields.

4. Conclusion

. The phase diagram of the PbSb,Tes-InSb system was plotted
using four independent methods; it represents a polythermal
cross section of the three-component PbTe-Sb, Te3-InSb system.
It is characterized by the existence of an intermediate incongru-
ently melting compound, three non-variant equilibria (syntectic,
eutectic and quasi-eutectic), PbSb, Te4- and InSb-base boundary
solid solutions, and thirteen phase fields (four single-phase, eight
two-phase and a three-phase).

2. The compound PbSb,Te4-2InSb is formed by a syntectic reac-
tion. It melts incongruently at 530 + 5 °C and has an asymmetric
homogeneity area shifted to the side rich in InSb (+6=0-2).
The compound PbSb,Te-2InSb crystallizes in orthorhombic
symmetry with unit cell parameters a=7.7640A; b=6.4144A;
c=3.6010A; a=B=y=90°.

3. The PbSb,Tes and InSb base boundary solid solutions are

extended (at room temperature) from O to 10, and from 95 to

100 mol% InSb, respectively. Upon increase of temperature the

InSb solubility in PbSb,Te4 and the PbSb,Te4 solubility in InSb

smoothly decrease to 0 mol% for both compounds.
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