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Abstract: Nanostructured Ag0.8Pbm+xSbTem+2 (m ) 18, x ) 4.5) system thermoelectric materials have been
fabricated by combining mechanical alloying (MA) and spark plasma sintering (SPS) methods followed by
annealing for several days to investigate the effect on microstructure and thermoelectric performance. It
was found that appropriate annealing treatment could reduce both the electrical resistivity and the thermal
conductivity at the same time, consequently greatly enhancing the thermoelectric performance. A low
electrical resistivity of 2 × 10-3 Ohm-cm and low thermal conductivity of 0.89 W m-1 K-1 were obtained for
the sample annealed for 30 days at 700 K. The very low thermal conductivity is supposed to be due to the
nanoscopic Ag/Sb-rich regions embedded in the matrix. A high ZT value of 1.5 at 700 K has been achieved
for the sample annealed for 30 days.

1. Introduction

Thermoelectric materials are becoming increasingly important
in the field of energy harvesting and conversion. For a
compound to be qualified as an efficient thermoelectric material
it should exhibit a high thermoelectric figure of merit (Z) at the
operating temperature (T). Z is defined asZ ) R2σ/κ, whereR,
σ, and κ are the Seebeck coefficient, electrical conductivity,
and thermal conductivity, respectively. Therefore, high-
performance thermoelectric materials require a perfect combina-
tion of high power factor (R2σ) and low thermal conductivity
κ. However, it is very difficult to control the above three
parameters independently, which often counter each other, and
all of them are restricted by the carrier concentration. The
Seebeck coefficient is inversely related to the electrical con-
ductivity according to the Boltzmann transport equation, and
as a result, increasing electrical conductivity usually results in
a decrease in the Seebeck coefficient. In addition, the reduction
of thermal conductivity often leads to a decrease of electrical
conductivity. Therefore, the main purposes of the research on
thermoelectric materials are to increase electrical transport
properties but decrease thermal conductivity.1

It has been reported that the power factor can be increased
by optimizing carrier concentration with doping or quantum-
confinement effect.2-4 Moreover, many studies have been made

to minimize the thermal conductivity. For example, the phonon-
glass electron-crystal approach as in Skutterudites5 and clath-
rates,6 where loosely bound atoms rattle in cage structures, and
the thin-film multilayer approach, where the introduction of
interfaces significantly reduces phonon propagation.1 Indeed,
artificial thin-film superlattice structures like Bi2Te3/Sb2Te3

2 and
PbSe0.98Te0.02/PbTe7-9 exhibit very low thermal conductivity,
and as a result,ZT values were significantly raised. The key
feature of these systems is the large number of interfaces
introduced by the inherent nanofabrication technique that in turn
reduce the lattice thermal conductivity. Interestingly, “nano-
composites” in bulks have been recently identified in the AgPbm-
SbTe2+m system where compositional fluctuations at the nano-
scopic level seem to play a key role for the previously reported
high thermoelectric performance.10-13 Such nanoscopic inho-
mogeneities like “intrinsically” embedded nanodispersions
increase phonon scattering and hence reduce the thermal
conductivity, which enhances theZT value provided that the
electrical conductivity is not degraded to a greater degree.
Therefore, the “in-situ” nanostructuring becomes a potential
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approach to enhance the thermoelectric performance of AgPbm-
SbTe2+m system bulk materials. Compared with thermoelectric
films, thermoelectric bulk materials are conducive to realization
of a large temperature difference and industrial applications.
AgPbmSbTe2+m bulk thermoelectric materials are promising for
electrical power generation at moderate temperatures ranging
from 600 to 900 K.

Our recent work12 revealed that a powder metallurgy process
combining mechanical alloying and spark plasma sintering is
suitable for fabricating the AgPbmSbTe2+m bulk materials, which
produces fine-grained materials with enhancedZT values.
Compared with the material fabricated by melting and slow
cooling reported by Hsu et al.,10 the AgPbmSbTe2+m bulks
prepared by the combined MA and SPS methods may be very
hard to reach an equilibrium state. Therefore, the present work
was conducted to mainly study the effect of annealing treatment
on the thermoelectric performance and microstructure of Pb-
rich Ag0.8Pbm+xSbTem+2 (m ) 18, x ) 4.5) compound, which
was found to be the optimal composition showing the best
thermoelectric properties by our previous study.14 The thermo-
electric performance is greatly enhanced and a largeZT value
of up to 1.5 is obtained by moderate annealing treatment. The
present work revealed the importance of the nanostructuring
approach to the development of high-performance thermoelectric
materials, which has been realized by a simple annealing method
in the AgPbmSbTe2+m system.

2. Experimental Section

2.1. Synthesis.The commercial elemental powders of Ag (99.9%,
powder, 150µm), Pb (99.9%, powder, 75µm), Sb (99.9999%, powder,
150 µm), and Te (99.999%, powder, 150µm) were used as starting
materials. The mixtures of these powders were subjected to MA in a
planetary ball mill (QM-2L) using a hardened stainless steel vial and
balls. The weight ratio of balls to powder was kept at about 20:1, and
the mill vial was purged and filled with Ar+ 5 atom % H2 atmosphere
to prevent the powders from oxidation during the milling process. The
milling was performed at 350 rpm for 4 h, and the MA-derived Ag0.8-
Pb22.5SbTe20 powders were consolidated by SPS at 673 K for 5 min
under an axial pressure of 50 MPa. The MA and SPS parameters were
confirmed to be suitable for synthesizing the compound from the
elemental powders by our previous studies.12,14 The sintered bulk
samples were sealed in vacuum (1× 10-3 Pa) in glass tubes and
annealed for several days (3, 10, and 30 days) at 653 K.

2.2. High-Resolution Transmission Electron Microscopy and
X-ray Diffraction. The phase structures of the resultant samples were
examined by X-ray diffraction (XRD) using Cu KR radiation (Rigaku
RINT2000). The nanostructure of all the samples was examined using
transmission electron microscopy (field emission TEM, JEOL-2011).
Specimens used for the investigation were hand polished to about 50-
60 µm with sand paper and subsequent diamond paste. Samples were
then thinned to electron transparency using a Gatan model 600 CDIF
precession ion-milling system at low angle (8-12°). High-resolution
transmission electron microscopy images of several different locations
inside of the pieces were recorded at 200 kV.

2.3. X-ray Fluorescence Analysis.The chemical compositions of
all the samples were analyzed by X-ray fluorescence (XRF) using a
XRF-1800 spectrometer equipped with a Rh anode X-ray tube. A
reference sample was prepared by forming a powder compact via die
pressing using a powder mixture of Ag, Pb, Sb, and Te at a
stoichiometric proportion of Ag0.8Pb22.5SbTe20.

2.4. Electrical Transport Properties.The carrier concentration and
mobility were measured by the bar method using the Hall measurement

system (Accent 5500). The Seebeck coefficient and electrical resistivity
were measured using the Seebeck Coefficient/Electrical Resistance
Measuring System (ZEM-2).

2.5. Thermal Conductivity. The thermal conductivity (κ) was
calculated using the equationκ ) λCpd, where λ is the thermal
diffusivity, Cp is the heat capacity, andd is bulk density of the sample.
The thermal diffusivity was measured by a laser flash technique
(NETZSCH LFA427) in Ar atmosphere in the temperature range 300-
700K. The heat capacity was measured using differential scanning
calorimety and then confirmed independently at two different test
centers. The bulk density was obtained by the Archimedes method.

Lattice thermal conductivities (κL) were obtained by subtracting the
electrical contribution from the total thermal conductivity using the
equationκL ) κ - κe. Here, the electrical thermal conductivity is
expressed by the Wiedemann Franz Lawκe ) LT/F, whereL is the
Lorenz number.

3. Results

3.1. Structural Characterization and Hall Measurement.
AgPbmSbTem+2 compounds possess an average NaCl structure
(Fm3h m symmetry). The metals Ag, Pb, and Sb are disordered
in the structure on the Na sites, whereas Te occupies the Cl
sites. Figure 1 shows the X-ray diffraction patterns of the Ag0.8-
Pb22.5SbTe20 composition at different states: MA-derived
powders, bulks before and after annealing for different times.
Ag0.8Pb22.5SbTe20 compound powders withâ-PbTe crystal
structure (NaCl structure) were obtained from their elemental
powders only by MA. The MA-derived compound powders are
of several hundred nanometers, which are much finer compared
to the starting elemental powders (several hundred micrometers).
No significant difference can be observed between the XRD
patterns of MA-derived powders and bulk sample before
annealing, which again confirmed that MA is effective to
synthesize the AgPbmSbTem+2 compounds. The phase structure
of the obtained bulk sample was kept unchanged after annealing.
Although the present compound was the optimized composition
showing the best thermoelectric properties for MA and SPS by
our previous study,14 it is worth noting that the Pb content in
the Ag0.8Pb22.5SbTe20 compound is richer than that of the
stoichiometric composition for the AgPbmSbTe2+m system. As
a result, some weak diffraction peaks of Pb were observed in
the XRD patterns even for some annealed samples, although
the intensity of Pb diffraction peaks decreased after annealing.

The compositions of Ag0.8Pb22.5SbTe20 bulks before and after
annealing for different times are measured by XRF, and the(14) Zhou, M.; Li, J.-F.; Wang, H.Chin. Sci. Bull. 2007, 52, 990-996.

Figure 1. XRD patterns of Ag0.8Pb22.5SbTe20 powders (a) and bulks before
and after annealing for different times (b-e).
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results are summarized in the column of “final compositions”
in Table 1. The measured composition is Ag0.8Pb22.1SbTe20.8

for the unannealed sample with the nominal composition of
Ag0.8Pb22.5SbTe20. This result indicates that the starting com-
position is almost unchanged during MA and SPS. The Pb
content in Ag0.8Pb22.5SbTe20 bulks decreases apparently with
annealing time and then decreases slowly when the annealing
time is over 3 days. The XRF results are consistent with the
decreased intensity of Pb diffraction peaks shown in Figure 1.
The decrease of Pb content is supposed to be due to the
volatilization of Pb during the annealing period at high
temperature (653 K) in vacuum.

3.2. Thermoelectric Properties. Figure 2a indicates the
temperature dependence of the electrical resistivity for Ag0.8-
Pb22.5SbTe20 bulks before and after annealing for different times.
The electrical resistivity of the unannealed sample is about 7
× 10-3 Ohm-cm at room temperature and then decreases with
temperature, indicative of semiconducting transport behavior.
The electrical resistivity value of the unannealed sample with a
nominal composition of Ag0.8Pb22.5SbTe20 materials is much
lower than that of the AgPb18SbTe20 compound reported by K.
F. Hsu10 and Y. G. Yan et al.15 The reason for this difference
may be mainly related to the higher electron concentration
caused by the free Pb in our samples, as shown in Table 1. The
electrical resistivity increases a little when annealed for 3 days
and then decreases with annealing time. For example, the
electrical resistivity decreases to 4× 10-3 Ohm-cm for the
sample annealed for 30 days at room temperature. In the
measured temperature range, the electrical resistivity of all the
annealed samples increases with temperature and then decreases
when the temperature is over 400 K, showing a semimetallic
to semiconducting transforming behavior at 400 K.

Figure 2b shows the temperature dependence of Seebeck
coefficient for Ag0.8Pb22.5SbTe20 bulks before and after annealing
for different times. The negative Seebeck coefficient values are
indicative of n-type electrical transport properties. The absolute
value of Seebeck coefficient|R| increases with annealing time
and reaches a maximum value of 287µV K-1 at 450 K when
annealing time reaches to 3 days but decreases gradually when
the annealing time is over 3 days. This change is consistent
with that of electrical resistivity. For the annealing experiments,
the sintered samples were encapsulated and heated in sealed
glass tubes. Some free Pb would volatilize during the annealing
treatment, as confirmed by XRD and XRF results. The vapor
pressure of Pb inside the glass tubes gradually reached its
saturated value, and volatilization of free Pb would become more
and more difficult as the annealing time was further prolonged.

On the other hand, the distortion of the lattice and defects
introduced by the mechanical alloying process was reduced and
even vanished with increasing annealing time. Therefore, the
electron concentration greatly decreased due to the volatilization
of free Pb at the starting period of the annealing treatment. The
electron concentration of 6.63× 1018 cm-3 for the unannealed
sample decreased to 2.34× 1018 cm-3 for the sample annealed
for 3 days. However, as the annealing time was further
increased, the electron concentration changed little because the
volatilization of free Pb became very difficult. At the same time,
the carrier mobility increased because carrier scattering weak-
ened as a result of the reduced lattice distortion and defects
due to annealing treatment, as shown in Table 1. Thus, we
believe that the increase of electrical resistivity and|R| with
annealing time is mainly caused by the decrease of electron
concentration resulting from volatilization of free Pb at the
starting period of the annealing treatment, although the carrier
mobility increased. When the annealing time is over 3 days,

(15) Yan, Y. G.; Tang, X. F.; Liu, H. J.; Yin, L. L.; Zhang, Q. J.Acta Phys.
Sin. 2007, 56, 3473 (in Chinese).

Table 1. Carrier Concentration, Mobility, Electrical Resistivity, and
Measured Composition of All Samples at Room Temperature

sample final composition

carrier
concentration
[1018 cm-3]

carrier
mobility

[cm2 V-1 s-1]

electrical
resistivity

[10-3 Ohm-cm]

Ag0.8Pb22.5SbTe20
before annealing

Ag0.8Pb22.1SbTe20.8 6.63 220 4.20

annealed for 3 days Ag0.7Pb19.7SbTe19.0 2.34 513 5.21
annealed for 10 days Ag0.7Pb19.6SbTe18.1 2.96 540 3.90
annealed for 30 days Ag0.7Pb19SbTe18.9 3.26 558 3.43
AgPb18SbTe20

a 0.05 100

aThe data for AgPb18SbTe20 was from ref 10.

Figure 2. Temperature dependence of (a) electrical resistivity, (b) Seebeck
coefficient, and (c) power factor value for Ag0.8Pb22.5SbTe20 bulks before
and after annealing for different times.
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the decrease of electrical resistivity and|R| with annealing time
is mainly caused by the increased carrier mobility. The absolute
value of the Seebeck coefficient for all samples increased and
showed a peak at about 400-500 K and then decreased with
increasing temperature. Below 400-500 K, |R| increased with
increasing temperature, indicating that the conduction could be
dominated by extrinsic charge carriers excited from the impurity
state. Above 400-500 K, |R| decreased with increasing tem-
perature, which was considered to be due to excitation of
electron-hole pairs across the energy gap, because their
opposing contributions to the Seebeck coefficient from the two
carriers reduced the observed|R|. With the above values of
electrical resistivity and Seebeck coefficient, we calculated the
power factor values of all the samples, as shown in Figure 2c.
The power factor values showed an increasing trend with
increasing annealing time. A large power factor (>19 µW K-2

cm-1) has been obtained for the annealed samples in a wide
temperature range of 600-700 K.

The thermal conductivity (κ) is calculated from the thermal
diffusivity (λ), the heat capacity (Cp), and the density (d), κ )
λCpd. The thermal diffusivity was measured by a laser flash
technique, and the results are shown in Figure 3a. The thermal
diffusivity was reduced with annealing time; in particular, the
thermal diffusivity of the sample annealed for 30 days greatly
decreased. The minimum thermal diffusivity is 0.7 mm2/s at
673 K. The measured density values of the unannealed sample
and the samples annealed for 3, 10, and 30 days are 8.08, 7.92,
7.82, and 7.56 g cm-3, respectively. In this paper we evaluated
the Cp value of all the samples by the DSC method for over
three times in different apparatus. The measuredCp values are
consistent with each other for the samples before and after
annealing, which may be attributed to little change of composi-

tion and crystal structure. Figure 3b shows the measured
representativeCp values. TheCp value increased a little with
temperature, and the minimumCp value is 0.153 J g-1 K-1 at
room temperature. The measuredCp values are larger than those
of PbTe during the measured temperature range, as shown in
Figure 3b. We calculated the thermal conductivities of all the
samples with the above measured thermal diffusivity, density
at room temperature, and heat capacity and show the results in
Figure 3c. The thermal conductivity of the unannealed sample
is 1.86 W m-1 K-1 at room temperature. This value is a little
higher than our previously reported result because the measured
Cp values are larger than those of PbTe compound used in
previous papers.12,14 The thermal conductivity of the sample
annealed for 30 days significantly decreases, and a low thermal
conductivity of 0.89 W m-1 K-1 is obtained at the temperature
range of 550-700 K. This value is just two-thirds of the
unannealed sample at the same temperature range. As we know,
thermal conductivity can be expressed by the sum of lattice
component (κl) and electronic component (κe) asκ ) κl + κe.
κe can be estimated from Wiedemann-Franz’s law asκe ) LT/
F, whereL is the Lorenz number (2.45× 10-8 V2 K-2 for free
electrons), andκl ) κ - κe. The κe values increase with
annealing time because of the decreased electrical resistivity.
Thus, the decrease of thermal conductivity can be mainly
attributed to the significant reduction of lattice thermal con-
ductivity caused by the enhanced nanopoint defects scattering
with annealing time. From Figure 3c we can also see that the
thermal conductivity and lattice thermal conductivity decrease
with increasing annealing time, which is due to the increased
phonon-phonon scattering at high temperature.

According to the measured electrical resistivity, Seebeck
coefficient, and thermal conductivity, we calculatedZT values

Figure 3. Temperature dependence of (a) thermal diffusivity, (b) measured heat capacity, (c) thermal conductivity, and (d)ZT value for Ag0.8Pb22.5SbTe20

bulks before and after annealing for different times. (b) The data for AgPb18SbTe20 was from ref 10.
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using the expression,ZT) R2T/Fκ. The temperature dependence
of ZT is shown in Figure 3d. The maximumZT value of the
unannealed sample is 1.05 at 700 K, and it was enhanced with
annealing time. A maximumZT value of 1.5 has been obtained
for the sample annealed for 30 days at 700 K. This value is
very close to the maximumZT value of 1.7 (the dashed line
shown in Figure 3d) at 700 K for the AgPb18SbTe20 alloy
reported by K. F. Hsu et al.,10 which was fabricated by a special
melting and slow cooling method, which may be more
complicated than the present powder-based fabrication process
combining MA and SPS. It is worth noting that the decrease of
both the electrical resistivity and the thermal conductivity plays
a key role in enhancing the figure of merit for the annealed
samples because of the increased nanoscopic regions inside of
crystal grains. As we know, it is very hard to simultaneously
reduceF andκ for most thermoelectric materials.

4. Discussion

We mentioned that the distortion of lattice and defects
were reduced and even vanished with increasing annealing time,
which may weaken the scattering effects of carriers and
phonons and increase thermal conductivity. In fact, the thermal

conductivity of the annealed samples did not increase but
decreased with annealing time. Why? We think there must be
some other scattering mechanisms besides the above scat-
tering effect. As we know, the Ag0.8Pb22.5SbTe20 compound
possesses an average NaCl structure (Fm3hm symmetry). Some
Pb2+ sublattices were isoelectronically substituted by Ag+ and
Sb3+. The formula is charge balanced because the average
charges on the metal ions and the chalcogen ions are 2+ and
2-, respectively.10 However, how are the Ag+ and Sb3+ ions
distributed in the structure, i.e., homogeneously or not homo-
geneously? If Ag+ and Sb3+ are homogeneously dispersed
in the Fm3hm lattice, it would require the complete separa-
tion of the Ag+ and Sb3+ pair over a long distance, resulting in
charge imbalances in the vicinity of these atoms. Thus, Ag+

and Sb3+ ions are inclined to form Ag+-Sb3+ pairs to
keep charge balance in the Ag0.8Pb22.5SbTe20 compound with
increasing annealing time.10 In fact, we indeed observed a lot
of nanoscopic black regions embedded in the PbTe-rich ma-
trix in the transmission electron microscopy (TEM) images
for all the samples before and after annealing treatment. TEM
images of the sample before and after annealing for 30 days

Figure 4. Low-magnification TEM images of (a) unannealed sample and (b) the sample annealed for 30 days. HRTEM images of (c) unannealed sample
and (d) the sample annealed for 30 days.
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are shown in Figure 4a and b. Clearly, the number and size
of these nanoscopic regions increase with annealing time.
These nanoscopic regions can only be probed through a de-
tailed examination of the structure at the atomic scale. Thus,
we performed high-resolution transmission electron micro-
scopy (HRTEM) images on all samples. The HRTEM images
of the unannealed sample revealed the existence of nanoscale
features. As shown in Figure 4c, we can see a certain amount
of localized wavy pattern with a size of about 5-10 nm
inside of all the crystal grains. These nanostructures are coherent
with their surrounding crystal matrix. They should be related
to compositional fluctuations between Ag, Sb, and Pb based
on the above charge-balance theory. That is, Ag/Sb-rich re-
gions are formed and embedded in the surrounding matrix
endotaxially without disturbing the electronic flow. The
HRTEM images of annealed samples, for example, the sample
annealed for 30 days, displayed larger nanoscopic regions
with a size of 10-50 nm, as shown in Figure 4d. It was also
found that the numbers of this kind of nanoscopic regions greatly
increased compared to the unannealed sample. The in-
creased nanoscopic regions and surrounding nanointerfaces are
thought to strongly scatter phonons, especially the inter-
mediate frequency heat-carrying phonons.16 As a result, the
thermal conductivity of the annealed samples dropped compared
to the unannealed sample. Some similar HRTEM results in the
melted AgnPbmSbnTem+2n bulks were also reported by Hsu et
al.10

5. Conclusions

The nanostructured Ag0.8Pb22.5SbTe20 compounds have been
fabricated by mechanical alloying and spark plasma-sintering
method. The electrical transport properties and thermal con-
ductivity, especially the heat capacity, were carefully examined
in a temperature range of 300-700 K. As a potential thermo-
electric material, Ag0.8Pb22.5SbTe20 has a high power factor of
nearly 18µW K-2 cm-1 and low thermal conductivity of 1.2
W m-1 K-1 at high temperature. The thermoelectric properties
of these compounds have been enhanced by annealing treatment.
The thermal conductivity is greatly reduced with annealing time,
and a minimum thermal conductivity value of 0.89 W m-1 K-1

is obtained at 700 K for the sample annealed for 30 days. It is
very interesting that the power factor does not decrease but
increases with annealing time over the measured temperature
range. As a result, a largeZT value of 1.5 has been obtained
for the sample annealed for 30 days at 700 K. The HRTEM
investigation reveals an increased amount of nanoscopic inho-
mogeneities inside of grains by annealing treatment. Such
nanoscopic inhomogeneities are considered to result mainly in
the enhanced phonon scattering and the great reduction of
thermal conductivity.
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