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Starting from elemental powder mixtures of AgSnigSbTe,o and SnsoTesg, P-type AgSnigSbTe,o and
SnsgTeso bulk thermoelectric materials were fabricated by a combined process of mechanical alloying
(MA) and plasma activated sintering (PAS). It was found that SnTe compound could be easily synthesized
after milling only for 1 h. Prolonging the milling time, Ag and Sb atoms diffused into the lattice of the pri-
mary SnTe compound gradually and SnTe-based solid solution was formed. The electrical resistivity and
Seebeck coefficient of the as-PASed samples were measured from 323 K to 723 K. The maximum power
factor of 1.98 x 10~3 Wm~! K2 was obtained at 673 K for AgSn;gSbTe,q and it was higher than that of the
material with similar composition from previous published literature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to the worldwide energy shortage and environment prob-
lem, thermoelectric materials reattract much attention and get
reflourishing in recent years. Currently the main problem for ther-
moelectric materials is their low efficiency, and the figure of merit
(ZT) of traditional thermoelectric materials is about one unity [1-6],
which is too low to afford a large scale application. Recently a
new material of AgPby, SbTe,+» named as LAST had been reported
by Hsu et al. [6], and an extraordinary high thermoelectric per-
formance of ZT=2.2 was obtained at 800K for this material [7].
This is also the highest ZT value that has ever been reported for
bulk thermoelectric materials. Unfortunately, high Pb content in
LAST is very negative to the environment, therefore, substitut-
ing Pb partially with Sn or other elements in LAST has been tried
by some researchers [8-11], and good thermoelectric properties
are also obtained in some systems [12-15]. However, lead-free
“LAST” materials, e.g., completely replacing Pb with Sn to form a
SnTe-based “LAST” structure, have less been reported. Furthermore,
current preparation process for LAST materials is quite time-taking
and heavily energy-consuming [7]. So it is of great significance
to develop new processing methods and explore environmental-
benign new composition systems for “LAST” materials.
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MA-PAS, which is a combination of mechanical alloying and
plasma activated sintering, has been proved to be a very effective
preparation method for thermoelectric materials in our previous
work [16-19]. As a part of our research work on lead-free “LAST”
materials, Pb will be completely replaced with Sn in this work, and
a combined process of MA-PAS will be employed to synthesize the
lead-free “LAST” of AgSn gSbTe,(. For comparison, SnsgTesq, which
corresponds to the composition of SnTe compound, was also pro-
cessed with the same procedure. The phase and microstructure
evolution during the MA-PAS process and their electrical perfor-
mance will be reported in the paper.

2. Experimental

Elemental powders of Te (100 mesh, >99.9 wt.%), Sb (100 mesh, 99.9 wt.%), Sn
(100 mesh, >99.99wt.%), Ag (100 mesh, >99.99 wt.%) were used as the starting
materials. According to the composition formula of AgSn;gSbTe;o and SnsoTeso,
the powders were weighed and loaded into two stainless steel jars respectively,
and then subjected to mechanical alloying in a QM-ISP4-Cl planetary ball mill. The
charge had a ball-to-powder ratio of 40:1, the rotation speed was fixed at 400 rpm,
and the milling atmosphere is purified argon. During the MA process, some powders
were taken out in a certain interval for morphology, structure and thermal analysis.
Subsequently, the as-MAed powder was consolidated at 653 K for 15 min by PAS
under a pressure of 40 MPa. Seebeck coefficients (o) was measured by applying a
10K temperature difference between the two ends of a 3 mm x 3 mm x 15 mm bar
specimen and measuring the output voltage AV between them, and then calculating
the value by o= AV/AT. A four probe method was engaged for electrical resistivity
measurement.

Microstructure observation was performed with a field emission scanning elec-
tron microscope (Sirion 200). Phase identification was performed with a Philips
X'Pert PRO diffractometer by using Cu Ka radiation (A = 1.5406 A). Differential ther-
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Fig. 1. XRD patterns of SnsoTeso powders with different milling time.

mal analysis (DTA) was performed at a heating rate of 20°C/min with a Diamand
TG/DTA6300.

3. Results and discussion

The XRD patterns of SnsgTesg powders with different milling
time were shown in Fig. 1. It can be seen that all elemental peaks of
Snand Te disappeared after MA for 1 h, the peaks of SnTe compound
appeared. Further prolonging the milling time to 20 h, there was no
evident change in the XRD patterns, indicating that all elemental
Sn and Te powders reacted into single-phase SnTe compound after
milling for 1 h.

As shown in Fig. 2, after MA for 1 h, elemental peaks of Sn and
Te disappeared, and those of SnTe compound were detected. Fur-
ther prolonging the milling time, no new peak appeared, while
the peak intensities of SnTe compound decreased and the main
peak shifted to high angle direction, indicating that a SnTe-based
solid solution was formed during mechanical alloying in the
AgSnqgSbTe,q system. It is similar with the AgPbgSbTe,q system,
which has a PbTe-based solid solution structure [1]. Fig. 2 also
shows the XRD pattern of the as-PASed AgSn;gSbTe,yo bulk sam-

Fig. 2. XRD patterns of the as-MAed AgSn;sSbTeyp powders and the as-PASed
AgSn;5SbTe, bulk materials.

Fig. 3. Variation of lattice constants of AgSn;sSbTe, and SnTe with different milling
time.

ple, which has almost the same XRD pattern as the MA-derived
powders.

The lattice constants of the SnTe compound and the SnTe-based
solid solution, which were calculated with the least square method
from the XRD data of Figs. 1 and 2 respectively, are shown in Fig. 3.
It demonstrates that the lattice constant of the SnTe compound
is larger than that of the SnTe-based solid solution. This can be
attributed to the substitution of Ag and Sb atoms for Sn atoms in
the SnTe-based solid solution of AgSn1gSbTe;q. Considering that the
atomic radius of Sb (1.4 A) is smaller than that of Sn (1.72A), and
the atomic radius of Ag (1.75 A) is close to that of Sn (1.72 A), so the
lattice constant of AgSn;gSbTe,g becomes smaller after the substi-
tution. With prolonged the milling time, the substitution content
of Ag and Sb atoms for Sn increases gradually. Therefore, the lattice
constant of the SnTe-based solid solution decreased with prolonged
milling time.

To clarify the phase evolution during the MA process, DTA exper-
iments were also performed and shown in Fig. 4. It can be seen that
there are two endothermic peaks and one exothermic peak in the
DTA curve of AgSn;gSbTe,o powders before milling. Referring to
the Sn-Te phase diagram [20], the first peak at 235°C is the melt-

Fig. 4. DTA curves of AgSn;gSbTe,o powders with different milling time.
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Fig. 5. DTA curves of SnTe powders with different milling time.

ing peak of Sn powders, and the second exothermic peak at 343 °C
corresponds to the synthesis reaction of Te+Sn— SnTe, and the
third peak at 771.1 °C is the melting peak of SnTe compound. How-
ever, there is no peak corresponding to the synthesis reaction of
Te+Sn— SnTe at 343 °C in cure 2, and only one endothermic peak
at 777 °Cis detected in curve 2, corresponding to the melting peak
of the SnTe compound, indicating that the powders milled for 20 h
are a SnTe-based AgSn;gSbTe,q single-phase solid solution. This is
in agreement with the XRD results in Fig. 2.

The DTA curves of SnsgTesg powders with different milling time
were shown in Fig. 5 for comparison. Only one endothermic peak
located at 803.1°C, which corresponds to the melting peak of the
SnTe compound, appears in the DTA curve of the powders milled
for 1 h, and no elemental melting peak appears in the DTA curve of
the 1 h sample, indicating that single-phase SnTe compound can be
synthesized by mechanical alloying for 1 h. There is no peak corre-
sponding to the synthesis reaction of Te + Sn — SnTe at 335.4°C in
cure 2 and cure 3, suggesting that all elemental powders of Te and
Sn reacted into SnTe completely after milling for 1 h. It is in good
consistence with the XRD results in Fig. 1.

SEM micrographs of AgSn;gSbTe,; powders with different
milling time were shown in Fig. 6 (a-d). The morphology and
size of the powders are very inhomogeneous in the primary
stage of MA, and the particle size ranges from 30nm to 10 wm
for the 1h as-MAed powders. When increasing the milling time,
the mean powder particle size decreases, and the powder mor-
phology becomes more homogenous. The average particle size of
AgSnygSbTe;o powders milled for 20 h is about 1 wm.

The as-MAed powders of AgSn gSbTe;g and SnTe were con-
solidated by plasma activated sintering. The electrical properties
of as-PASed AgSn;gSbTe,y and SnTe as a function of tempera-
ture were shown in Figs. 7-9. As shown in Fig. 7, the electrical
conductivities of AgSnigSbTe,o and SnTe were much higher than
that of AgPby,SbTe,+> [6] at the same temperature, which demon-
strates replacing Pb with Sn in LAST materials can greatly enhance
its electrical conductivity. Both the electrical conductivities of
AgSn;gSbTe,o and SnTe monotonically decrease with increasing
temperature, indicating of metal conductive behavior in the whole
temperature range examined. The high electrical conductivity of
AgSnygSbTe,q, compared with that of AgPby,SbTep., [6], is con-
sistent with the high electrical conductivity of SnTe, which is the
result of massive, naturally occurring Sn vacancies in the lattice

Fig. 6. SEM micrographs of AgSn,gsbTe,o powders (a) milled for 1 h (b) milled for 3 h (¢) milled for 6 h and (d) milled for 20 h.
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Fig. 7. Temperature dependence of the electrical conductivities of AgSn;gSbTe,o
and SnTe.

Fig. 8. Temperature dependence of the Seebeck coefficient of AgSn;3SbTe,; and
SnTe.

Fig. 9. Temperature dependence of the power factor of AgSn;gsSbTe,o and SnTe.

that strongly increases the carrier concentration [11]. Similar to
the electrical conductivity of NaSn;gSbTe;q [11], the electrical con-
ductivity of AgSn;gSbTe,q was also lower than that of SnTe at the
same temperature, indicating that adding Ag and Sb atoms into
SnTe compound was conductive to decrease the electrical conduc-
tivity of SnTe. It is likely that Ag and Sb atoms in the lattice of
SnTe-based compound can increase the electrical scattering and
prevent electronic conduction, therefore, the electirical conductiv-
ity of Ag and Sb codoped SnTe compound was lower than that of
the undoped-SnTe compound.

As Fig. 8 shows, both AgSn,gSbTe,o and SnTe compounds had a
positive Seebeck coefficient in the temperature range from 323 K
to 673 K, suggesting a p-type conductive behavior. The increase of
Seebeck coefficient of both AgSn;gSbTe;,¢ and SnTe with increasing
temperature was consistent with the increase of electrical resis-
tivity. The Seeback coefficient of AgSn,gSbTe,o and SnTe arrived
99 wV/K and 80 wV/K at 723K, respectively, which were much
higher than that of SnTe [20] prepared by other method.

As it shows in Fig. 9, both the power factors of AgSn gSbTe,q
and SnTe increased with the increase of temperature. The power
factor of AgSn gSbTe;g was lower than that of SnTe below 475K,
while the power factor of AgSn;gSbTe,o surpassed that of SnTe
when the temperature was higher than 475K. The power factor
of AgSn;gSbTeyo was 1.98 x 10-3Wm~1 K2 at 723K, which was
higher than those of NaSn;gSbTe,q [11] and SnTe [20] reported
before. This demonstrates Ag and Sb codoped SnTe compound had
better thermoelectric properties than undoped-SnTe compound
within some temperature range.

4. Conclusion

(1) Starting from elemental powder mixtures of SnsgTesg and
AgSnygSbTe,q, SnTe compound and SnTe-based solid solution
were synthesized by mechanical alloying (MA) respectively.

(2) The as-MAed AgSn;gSbTe,y has a SnTe-based solid solution
structure. With prolonged milling time, more and more Ag and
Sb atoms enter into SnTe-based structure of AgSn;gSbTe;,o and
substitute for Sn, so the lattice spacing of SnTe-based solid solu-
tion decreases.

(3) The P-type AgSn;gSbTe,q and SnTe compounds were obtained
by MA and subsequently PAS in this work. The maximum
power factor of 1.98 x 10-3 Wm~1K~2 was obtained at 723K
for AgSngSbTe,o which was higher than those of NaSn;gSbTe;q
and SnTe reported before. It also shows Ag and Sb codoped SnTe
compounds had better electrical properties than undoped-SnTe
compounds within some temperature range.
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