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High-performance nanostructured Ag;_,Pbss 5SbTesq thermoelectric materi-
als have been fabricated using mechanical alloying and spark plasma sinter-
ing. A decrease in Ag content causes a great reduction in thermal conductivity
and a prominent increase in ZT value. A minimum thermal conductivity of
0.86 W/m K and a high ZT value of 1.5 (700 K) have been obtained for the
Ago 4Pbos 5SbTes sample. The smaller and denser nanoscopic regions with
reduced Ag content are thought to enhance phonon scattering, resulting in
decreased thermal conductivity and enhanced thermoelectric performance.
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INTRODUCTION

Thermoelectric (TE) materials are becoming
increasingly important in the field of energy har-
vesting and conversion. The efficiency of TE devices
is strongly associated with the dimensionless figure
of merit (ZT), defined as ZT = «®c'T/x, where o, o, T,
and x are the Seebeck coefficient, the electrical
conductivity, the absolute temperature, and the
thermal conductivity, respectively.! In general, good
TE materials have ZT values around unity. How-
ever, ZT values of up to 3 are considered to be
essential for TE energy converters that can compete
with mechanical power generation and active
refrigeration. In the mid-1990s the milestone of
ZT =~ 1 was exceeded and a high ZT value of 3 was
reported.”? For example, phonon-glass electron-
crystal thermoelectric materials, such as skutteru-
dites and clathrates,” were found to be good
thermoelectric materials.>® In these compounds,
the “rattling” motion of loosely bonded atoms within
a large cage generates strong scattering against

(Received May 5, 2010; accepted February 23, 2011,
published online March 12, 2011)

862

lattice phonon propagation, but has less impact on
the transport of electrons. As a consequence, the
thermal conductivity of skutterudites and clath-
rates was greatly reduced while maintaining the
electrical conductivity at a high level. In 2001,
Venkatasubramanian et al.® reported BiyTes/SbyTes
superlattices with a high ZT value of up to 2.4.
Subsequently, Harman et al.” reported PbTe/
PbTeSe quantum dot superlattices with a ZT value
of higher than 3.0 at 600 K. For general applica-
tions, it is highly desired to develop high-perfor-
mance bulk TE materials. In 2004, Hsu et al.®
reported AgPb,,SbTes,,, bulk TE materials with a
high ZT value of 1.7 at 700 K fabricated by melting
and slow cooling method. They showed that the
nanoscopic inhomogeneities increased the phonon
scattering and hence reduced the thermal conduc-
tivity. As a result, a high ZT value was obtained.
Hsu et al. also reported the effect of chemical com-
position on the thermoelectric properties. For
example, the electrical transport changed to p-type
by doping Sn on the Pb sublattice or substituting
Na for Ag in AgPb,,SbTe,,,, materials. Maximum
ZT values of 1.45 and 1.7 were obtained for
p-type Ag(Pb,_,Sn,),,SbTes,,, and Na,_,Pb,,SbTe,,,,
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materials, respectively.”'® Kosuga et al. reported
the effect of Ag and Pb content on the thermoelectric
properties of Agi_,Pbig,.SbTeyy materials fabri-
cated by melting and hot pressing methods.'
Our previous work'? revealed that the electrical
transport behavior changed from p-type for
Ago.ngISSbTezo to n-type for Pb-rich Ag0_8Pb18+x-
SbTesq (x = 3.5) materials when extra Pb was
added. A ZT value of 1.2 was obtained for a mod-
erately Pb-rich AgygPbgs 5SbTey, material, and
then a higher ZT value of 1.5 was obtained by using
a simple annealing treatment.'® The reason for such
an increase in Z7T value was that the number of
nanoscopic inhomogeneities inside grains increased
with annealing treatment. The Ag™ and Sb3* ions
were inclined to form Ag*-Sb®' pairs to maintain
charge balance with the Te® for the AgygPbas s-
SbTesg sample during annealing treatment. Such
nanoscopic inhomogeneities enhanced phonon scat-
tering, resulting in a reduction of thermal conduc-
tivity and increase of ZT value.

Our previous work also revealed that a powder
metallurgy process combining mechanical alloying
(MA) and spark plasma sintering (SPS) was suitable
for fabricating AgPb,,SbTe,.,, bulk materials, pro-
ducing fine-grained materials with high ZT val-
ues.”> In the present work, we fabricated
Ag,_,Pbss 5SbTeyy materials by using the MA and
SPS method, and studied the role of Ag content in

the thermoelectric properties of the Ag;_,Pbas 5-
SbTeoy, materials. It was very interesting that a
small decrease in Ag content greatly reduced the
thermal conductivity and increased the thermo-
electric properties. A high ZT value of 1.5 was
obtained for the Agg4Pbss5sSbTesq sample, being
40% higher than that of the AgygPbassSbhTeq
sample with higher Ag content.

EXPERIMENTAL PROCEDURES

Commercial elemental powders of Ag (99.9%,
powder), Pb (99.9%, powder), Sb (99.9999%, pow-
der), and Te (99.999%, powder) were used as start-
ing materials. Mixtures of these powders were
subjected to MA in a planetary ball mill (QM-2L)
using hardened stainless-steel vials and balls. The
weight ratio of balls to powder was kept at about
20:1, and the milling vial was purged and filled with
Ar + 5 atm.% H, atmosphere to prevent powder
oxidation during the milling process. MA was per-
formed at 350 rpm for 4 h, and the MA-derived
powders were consolidated by SPS at 673 K for
5 min under axial pressure of 50 MPa. The micro-
structures of all the samples were examined by
transmission electron microscopy (field-emission
TEM, JEOL-2011 and JEOL-2010). The Seebeck
coefficient and electrical resistivity were measured
using a Seebeck coefficient/electrical resistance
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Fig. 1. Temperature dependence of (a) electrical resistivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d) ZT values for the
Ag1_xPbs 5SbTes (0.2 < x<0.6) samples. The reference data in (c) is from Kosuga et al.'’ The dashed line in (a), (b), and (d) indicates the
electrical resistivity, Seebeck coefficient, and ZT data reported by Hsu.® The data for the Ago.gPbos 5SbTe,o sample are reported in our previous

work. ™
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measuring system (ZEM-2). The thermal conduc-
tivity (k) was calculated using the equation
k = ACpd, where 1 is the thermal diffusivity, C}, is
the heat capacity, and d is the bulk density of the
sample, respectively. The thermal diffusivity was
measured by a laser flash technique (NETZSCH
LFA427). The heat capacity was measured using
differential scanning calorimetry. The results were
confirmed independently at two different testing
centers.

RESULTS AND DISCUSSION

Figure 1a and b show the temperature depen-
dence of the electrical resistivity and the Seebeck
coefficient of the Ag; ,PbossSbTesq (0 <x <0.6)
samples, respectively. The dashed line in the figures
was extracted from the work of Hsu et al.® The
electrical resistivity of the A%Pb22_5SbTe20 sample
was on the order of 1.0 x 107° Q cm over the mea-
sured temperature range (300 K to 700 K). The
electrical resistivity decreased with temperature,
indicating semiconducting transport behavior,
whereas Hsu et al. reported degenerate semicon-
ducting transport behavior for AgPb,,SbTe,,,s. The
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difference in transport behavior may be related to
the carrier concentration. With decreasing Ag con-
tent, the electrical resistivity increased at around
room temperature. This was similar to our previous
work,'? where the electrical resistivity increased
with decreasing Pb content in association with a
decrease of carrier concentration. The absolute
value of the Seebeck coefficient ol for the Ag;_,-
Pbys 5SbTesq (0 < x <0.6) samples increased with
temperature and reached a maximum at about
450 K to 500 K, but then started to decrease for
temperature above 450 K to 500 K. The maximum
loal was 270 /lV/K for Ag0.4Pb22.5SbTe20 at 450 K.
Below 450 K to 500 K, lal increased with temper-
ature, indicating that the conduction could be
dominated by extrinsic charge carriers excited
from impurity states. Above 450 K to 500 K, [«
decreased with temperature. The dip in the o versus
T characteristic coincided with a “kink” in the p
versus T curve around 500 K and could thus be
attributed to hole-pair excitation across the energy
gap.

Figure 1c shows the temperature dependence of
the thermal conductivity of the Ag;_,Pbss sSbTey
(0.2 <£x £0.6) samples. The thermal conductivities

g |
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Fig. 2. TEM and HRTEM images of: Agy_,Pb2s sSbTeyo with (a) x = 0.2, (b) x = 0.4, and (c) x = 0.6 samples; and (d) Ago.sPb22 sSbTe,o sample.
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of all the samples decreased with temperature,
which was mainly caused by increased phonon—
phonon scattering at high temperatures. The ther-
mal conductivity significantly decreased with
decreasing Ag content, and a low thermal conduc-
tivity of 0.86 W/m K was obtained for the
Ago 4Pbos 5SbTeyy sample in a wide temperature
range of 550 K to 700 K. This value was just 70% of
that of the Agg gPbss 5SbTesn sample with a higher
Ag content. Kosuga et al. reported a similar result
in Ref. 11, where the thermal conductivity decreased
with decreasing Ag content for Ag;_,Pbis,.SbTey
materials fabricated by melting and hot pressing
method, as shown by open symbols in Fig. 1c, though
the thermal conductivities were over 50% higher
than our results.

Figure 1d shows the temperature dependence of
the ZT values of the Ag;_,PbsssSbTey; (0.2 <x <
0.6) samples. The ZT values increased with
decreasing Ag content. A maximum Z7 value of 1.5
was obtained for the Agg4Pbss 5SbTesq sample at
700 K, being 40% higher than that of AgysPbas 5-
SbTeyo with slightly higher Ag content at the same
temperature. This value was very close to the
maximum ZT value of 1.7 reported by Hsu et al.®
(dashed line in Fig. 1d). It is worth noting that the
powder-based fabrication process combining MA
and SPS method was simpler than that reported by
Hsu et al.

It should be noted that a reduction in thermal
conductivity and a great increase in ZT value were

observed with a small decrease in Ag content for the
Ag,_,Pbss 5sSbTey, materials. In our previous
work,? it was discussed that some Pb%* sublattices
were substituted by Ag* and Sb3* ions and that Ag*
and Sb®* ions were inclined to form Ag*—Sb®* pairs
in the AgPbSbTe compound. Figure 2 shows some
typical TEM and high-resolution transmission elec-
tron microscopy (HRTEM) images of Ag-poor
Agq_Pbss 5SbTeq (x = 0.2, 0.4, 0.6) samples. We in-
deed observed a large quantity of nanoscopic black
dots dispersed randomly inside grains in all samples.
There were many nanoscopic regions with size of
5 nm to 10 nm inside all the crystal grains for the
Agg sPbos 5SbTeyq sample, as shown in Fig. 2a. With
decreasing Ag content, smaller and denser nano-
scopic regions were observed inside crystal grains
(Fig. 2b, c). Figure 2d shows a typical HRTEM image
of the AggePbas 5SbTesg sample, where the size of
typical nanoscopic regions was about 1 nm to 5 nm.
The HRTEM image also shows lots of localized wavy
patterns that were embedded and dispersed inside
the crystal grains. Squares were drawn on Fig. 2a—c
to assess the density of nanoscopic regions in the
crystal grains. Clearly, there were fewer than five
nanoscopic regions in four grids (about 400 nm?) for
the Agy gPbas 5SbTesn sample, as shown in Fig. 2a.
With decreasing Ag content, more nanoscopic regions
(>20) were observed in four grids (about 400 nm®) for
the AgO‘GPb22.5SbT620 and Ag0.4Pb22.5SbTe20 sam-
ples, as shown in Fig. 2b and c, respectively. As
discussed previously,’”? these nanoscopic regions

Fig. 3. Typical selected-area electron diffraction (SAED) patterns of Ago.gPbos sSbTese and Agp ¢Pbos sSbTesg samples viewed along different
directions: (a) [011] and (b) [013] of Ag.gPb22 5SbTe,y sample, (c) [001] and (d) ESG] of Agp.6Pb2s 5SbTesg sample. Splitting spots on the [001]
zone axis (Fig. 2c) highlight multiphases with identical symmetry but different cell parameters.
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were coherent with their surrounding crystal matrix.
They should be Ag/Sb-rich regions embedded in the
surrounding matrix endotaxially without disturbing
the electronic flow. With decreasing Ag content, Ag*—
Sb?* pairs may be disturbed and excessive Pb is in-
clined to take some of the sublattice sites that would
otherwise be occupied by Ag*—Sb®* pairs. This may
cause the smaller and denser nanoscopic regions,
which are thought to enhance phonon scattering and
decrease the thermal conductivity.

Figure 3 shows the electron diffraction figures
of the AgO‘Sszg.E,SbTezo and Ag0.6Pb22.5SbT6‘20
samples. Patterns exhibiting a perfect face-centered
cubic (fcc) lattice (Fig. 3a, b, d) and sometimes
accompanied by splitting spots (Fig. 3c) were
observed. The patterns exhibiting splitting spots are
evidence of the coexistence of two phases in the same
area with similar but not identical cell parameters
and identical crystallographic orientation. This
observation strongly implies a well-defined compo-
sitional fluctuation in the Ag;_,Pbys 5SbTes mate-
rials. The electron diffraction studies clearly showed
that the Ag-poor Ag;_.Pbss5SbTesq samples pos-
sessed different domains exhibiting nanostructures.
The large number of nanoscopic regions and sur-
rounding interfaces could provide a formidable bar-
rier for phonon transmission, and thereby greatly
decrease the thermal conductivity. Similar results
were reported for PbTe and BiSbTe thermoelectric
materials,'* where submicrometer grains and sub-
sequently increased crystal boundaries were favor-
able for scattering of a wide spectrum of phonons.

CONCLUSIONS

We applied the MA and SPS technique to synthe-
size high-ZT polycrystalline bulk thermoelectric
materials. The high ZT results mainly from low
thermal conductivity due to increased phonon
scattering from a high density of nanoscopic inho-
mogeneities and surrounding interfaces in the
nanocomposite. The thermal conductivity was
greatly reduced with decreasing Ag content, and a
low thermal conductivity of 0.86 W/m K was
obtained for the Ag-poor Agg 4Pbss 5SbTesq sample in
a wide temperature range of 550 K to 700 K. A peak
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ZT value of 1.5 (at 700 K) was obtained for the Agg 4-
Pbys 5SbTesg sample, being 40% higher than that of
the Agg sPbss 5SbTesg sample with higher Ag content.
The smaller and denser nanoscopic regions with
decreasing Ag content are thought to enhance pho-
non scattering, resulting in decreased thermal con-
ductivity and enhanced thermoelectric performance.
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