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a b s t r a c t

Non-stoichiometric Ag1−xPb18SbTe20 (x = 0, 0.2, 0.5, 0.7, 0.85) thermoelectric materials were prepared by
high pressure method. The composition-dependent transport properties were studied at room temper-
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ature. The measurement results show that the carrier concentration and hall mobility of AgPb18SbTe20

could be tuned effectively by adjusting the content of Ag. The Seebeck coefficient and resistivity decrease
with an increase of x. The maximum power factor of 2.3 × 10−3 W m−1 K−2 is obtained at x = 0.7, which is
about 76% higher than that of the sample with stoichiometric composition.

© 2010 Elsevier B.V. All rights reserved.
ransport properties
g1−xPb18SbTe20

. Introduction

Extensive interest is currently focused on the search for efficient
hermoelectric (TE) materials for solid-state cooling and power
eneration application based on thermoelectric effects [1–5]. The
fficiency of a TE material is usually characterized by the figure of
erit ZT, defined as ZT = T�S2/�, where T is the absolute tempera-

ure, � is the electrical conductivity, S is the Seebeck coefficient, and
is the thermal conductivity. The electrical properties are deter-
ined by the power factor, defined as S2� or S2/�, where � is the

lectrical resistivity. The increase of ZT for TE materials mainly
ocuses on two ways. One is to maximize the power factor of TE

aterials without drastically increasing the thermal conductivity,
hich could be optimized by tuning the carrier concentration. The

ther way is to minimize the thermal conductivity while retaining
arge power factor.

In 2004, Hus et al. reported that the quaternary thermoelec-
ric material Ag1−xPb18SbTe20 could achieve an extraordinary high
T values (∼2.2 at 800 K) [1]. Electron microscopy observations

emonstrated that the high figure of merit was originated from
anocrystals of AgSb-rich phase embedded in a PbTe-rich matrix
1]. After that, many other pursuers were inspired by the progress
nd they started to study the AgPb18SbTe20 system by many meth-
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ods [6–13]. Although the thermal conductivities of the samples
obtained by other pursuers are close to or lower than that of the
result reported by Hus, the carrier concentrations of AgPb18SbTe20
sample are too low, which results in a high resistivity and a
low power factor [8–11]. Recently, Li and his coworkers stud-
ied Ag0.8Pb18 + xSbTe20 system by mechanical alloying (MA) and
spark plasma sintering (SPS). They found that large power factor
(1.8–2.0 × 10−3 W m−1 K−2) and high figure of merit (1.2–1.5) could
only be obtained when the composition was rich in Pb [12,13].

High pressure method is an effective method to decrease the
resistivity and enhance power factor for telluride such as PbTe and
Bi2Te3 [14]. In our previous study, thermoelectric materials with
the composition of Ag0.8Pb18SbTe20 were prepared by high pres-
sure method [15]. The results showed that high pressure could
reduce the resistivity for Ag0.8Pb18SbTe20 effectively and a large
power factor of 15.4 �W cm−1 K−2 was obtained at the synthetic
pressure of 4.0 GPa.

In order to optimize its carrier concentration further, non-
stoichiometric Ag1−xPb18SbTe20 was synthesized by high pressure
method (4.0 GPa). The composition dependent transport properties
were investigated at room temperature.
2. Experimental

The Ag1−xPb18SbTe20 samples were prepared with tellurium (99.999% in-purity),
plumbum (99.9%), antimony (99.999%) and silver (99.9%) powders as sources, which
were weighed according to the stoichiometric ratio. After being uniformly mixed in
an agate mortar, the mixtures were pressed into a disk with diameter of 10 mm and
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There are many factors affecting the variation of electrical resis-
tivity. One of the factors is that the carrier concentration varies
with x. Another is the mean free path of carrier which is affected
by the impurity atoms scattering. The mean free path of the car-
Fig. 1. XRD patterns of Ag1−xPb18SbTe20 prepared by high pressure.

eight of 4 mm. The pole shaped samples were assembled for HPHT synthesis. The
g1−xPb18SbTe20 compounds were prepared in a cubic anvil high pressure apparatus

SPD 6 × 1200) with a sample chamber of 23 mm on an edge at 1200 K and 4.0 GPa.
he temperature and pressure were kept for 20 min. After that, the electrical power
or heating was cut off and the pressure was released. The pressure was estimated by
he oil press load, which was calibrated by the pressure induced phase transitions
f bismuth, thallium and barium metals. The temperature was estimated by the
elationship of input heater power and temperature, which was measured by the
latinum–rhodium thermocouples.

The collected samples were cut and polished on the surface for thermoelectric
easurements which were carried out at room temperature (∼305 K). The density
as measured by the Archimedes method. X-ray diffraction (XRD) measurements
ith Cu-K� radiation were performed on an X-ray diffractometer (D/MAX-RA). The

lectrical conductivity was measured by typical DC four-probe configuration. The
eebeck coefficient S was determined from thermoelectromotive force E0 given by
he temperature difference within 3–5 K between the two ends of the sample with a
ome-made instrument. The electromotive force was monitored by computer using
he VI-Logger program provided by NI-company. Hall coefficient was measured to
stimate carrier concentration and Hall mobility using the Van der Pauw method.
he equipment was Lakeshore’s 7707 Hall measurement system.

. Results and discussion

The XRD patterns of Ag1−xPb18SbTe20 are shown in Fig. 1. The
atterns indicate that all samples crystallize in the NaCl-type struc-
ure without any noticeable secondary phase. As seen from Table 1,
he lattice constant of Ag1−xPb18SbTe20 decreases with an increase
f x, which is similar to the result of Kosuga et al. [9]. The densities
f the samples prepared by high pressure are all above 98.5% of the
heoretical value. The high densities may be helpful to decrease the
esistivity of AgPb18SbTe20.

The composition-dependence of Seebeck coefficient for
g1−xPb18SbTe20 samples prepared by high pressure is presented

n Fig. 2. The Seebeck coefficients of all the samples are neg-

tive, which indicate that the majority of charge carriers are
lectrons (n-type). The Seebeck coefficient in absolute value for
g1−xPb18SbTe20 decreases with an increase of x (from 239.8 �V/K

o 44.5 �V/K). The composition dependent Seebeck coefficient

able 1
attice constant and relative density for Ag1−xPb18SbTe20 prepared by high pressure.

X Lattice constant (nm) Relative density (%)

0 0.6462(4) 98.6
0.5 0.6461(3) 99.1
0.85 0.6458(7) 98.5
Fig. 2. Relationship between Seebeck coefficient and x for Ag1−xPb18SbTe20 mea-
sured at room temperature, linear line is added for pictorial rendition.

is similar to the results of Ag1−xPb18SbTe20 prepared by other
methods [9–11].

The electrical resistivity of Ag1−xPb18SbTe20 as a function of x is
shown in Fig. 3. Similar to the result of Seebeck coefficient, the elec-
trical resistivity decreases with an increase of x. In particular, the
electrical resistivity of Ag1−xPb18SbTe20 prepared by high pressure
is much lower than that of the samples prepared by other methods
[8–10]. For example, the highest resistivity for the AgPb18SbTe20
sample prepared by high pressure is about 4.4 × 10−5 �m, which
is about two order less in magnitude than that of the sample pre-
pared at normal pressure reported by Yan (2.8 × 10−3 �m) [8]. The
low resistivity may be helpful to improve its thermoelectric prop-
erties, which is confirmed by the following experimental results
(see Fig. 5).
Fig. 3. Electrical resistivity of Ag1−xPb18SbTe20 as a function of x measured at room
temperature.
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Fig. 4. Power factor, S2/�, vs x for

iers should be reduced by the scattering effect. As seen from
ig. 4, the carrier concentration of Ag1−xPb18SbTe20 increases with
n increase of x. The maximum carrier concentration reaches
.13 ×1025 m−3, which is much higher than that of the maximum
alue for Ag1−xPb18SbTe20 sample prepared by melt-quench-SPS
5 × 1024 m−3) reported by Yan [10]. The AgPb18SbTe20 can be seen
he PbTe co-doped with Ag and Sb. As well known, the band gap
f PbTe becomes smaller under high pressure [16]. So it is reason-
ble to assume the band gap of AgPb18SbTe20 become smaller under
igh pressure. The high carrier concentration obtained in this study
ould be attributed to the narrower band gap of Ag1−xPb18SbTe20
nder high pressure.

As seen from Fig. 4, the Hall mobility increases first and then

ecreases with an increase of x. The maximum value reaches
84.22 cm2 V−1 S−1 for the Ag0.3Pb18SbTe20 sample. The value is
bout 25% higher than that of the stoichiometric sample, and
atches that of the Ag0.8Pb22.5SbTe20 sample prepared by MA and

ig. 5. The dependence of carrier concentration and Hall mobility of
g1−xPb18SbTe20 on x at room temperature.
Pb18SbTe20 at room temperature.

SPS (558 cm2 V−1 S−1) [13]. According to the report of Badding
[17], high pressure method has the advantages of restraining
the disorder and phase separation for synthesis materials, which
was confirmed in the XRD patterns. The sample with pure phase
obtained in this study may help to reduce the scatter of carrier,
which result in high hall mobility.

The power factor for Ag1−xPb18SbTe20 samples, S2/� calculated
in terms of the Seebeck coefficient and electrical resistivity as
function of x is shown in Fig. 5. It can be seen that the power
factor increases first and then decreases with an increase of x.
The optimized composition of Ag1−xPb18SbTe20 prepared by high
pressure is different from those obtained prepared with normal
pressures reported by others (x ∼ 0.2) [9–13]. In particular, the max-
imum value of high pressure synthetic Ag1−xPb18SbTe20 reaches
2.3 × 10−3 W m−1 K−2 at x = 0.7. The value is lower than that of the
result reported by Hus (∼33.7 × 10−3 W m−1 K−2). However, it is
much higher than the results obtained by other pursers [8–11],
which can be attributed to the carrier concentration and hall mobil-
ity of Ag1−xPb18SbTe20 prepared by high pressure.

4. Conclusions

Thermoelectric materials Ag1−xPb18SbTe20 were prepared by
high pressure method. The transport properties measurements
show that the carrier concentrations of Ag1−xPb18SbTe20 were
tuned by a factor of more than 10 through adjusting x. The elec-
trical resistivity and Seebeck coefficient decrease with an increase
of x. The power factor increases first and then decreases with an
increase of x. The maximum value reaches 23 × 10−3 W m−1 K−2 at
x = 0.7, which is about 76% higher than that of stoichiometric sam-
ple. The results indicate that it is an effective method to modulate
the transport properties of AgPb18SbTe20 by means of high pressure
technique combining with adjusting the content of Ag.
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