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PbTe/Ag composite powders were synthesized by a chemical plating method
and then compacted by spark plasma sintering (SPS) at 573 K to 673 K and
50 MPa. The effects of the sintering temperature on the thermoelectric
properties of PbTe and the PbTe/Ag composites were investigated. The ther-
moelectric properties of PbTe and PbTe/Ag bulk samples were measured in the
temperature range from 300 K to 700 K. PbTe/Ag bulk samples changed
electrical transport behavior from p-type to n-type at room temperature. The
SPS temperature not only changed the lattice parameter but also affected the
conduction behavior of PbTe/Ag composites. The variation in the carrier con-
centration was determined by the role of the Ag dopant for different SPS
temperatures. Moreover, the conduction of the PbTe/Ag samples changed from
metallic to semiconducting in the measured temperature range from 300 K to
700 K as the sintering temperature increased. For the PbTe/Ag bulk materials
subjected to SPS at 573 K and 673 K, the values of the power factor were
0.38 mW/m K2 and 1.31 mW/m K2 at 700 K, respectively.
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INTRODUCTION

PbTe and its alloys have optimal thermoelectric
properties in the temperature range from 500 K to
800 K.1 In recent studies, PbTe alloys have been
decorated with nanostructures to improve their
thermoelectric performance, leading to decreased
thermal conductivity; For example, Hsu et al.2

reported that the thermoelectric properties of n-type
AgPbmSbTem+2 (LAST-m, m = 10 and m = 18) alloys
were enhanced to ZT = 2.2 at 800 K with nanosized
Ag-Sb-rich inclusions. Pei et al.3 observed that

nanoscale CdTe precipitates were dispersed in the
PbTe-CdTe bulk, which caused the lattice thermal
conductivity decrease, and that the bulk had a ZT of
1.7 in the temperature range of 700 K to 800 K. In
addition, electronic energy filtering due to fine grain
size (i.e., nanograins) increased the Seebeck coeffi-
cient and decreased the lattice thermal conductiv-
ity, thus improving the thermoelectric properties of
the PbTe alloys.4–6 Furthermore, it is reported that
heterostructures in thermoelectric materials
resulting from hydrothermal treatment could
reduce the lattice thermal conductivity without
compromising the Seebeck coefficient or electrical
conductivity.7–9

In this study, a novel process involving electroless
silver plating and SPS was used to fabricate PbTe/
Ag bulk composites with heterogeneous structures.
The effects of the sintering temperature on the
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thermoelectric performance of the PbTe and PbTe/
Ag bulk materials are investigated.

EXPERIMENTAL PROCEDURES

Commercial PbTe ingots (99.98%; Alfa Aesar)
were crushed and sieved to obtain sub-75-lm-
diameter powders. PbTe/Ag composite powders
were synthesized by an electroless silver plating
method. The compositions of the solutions used for
electroless silver plating, with glucose and tartaric
acid as the reducing agent, are presented in Table I.
First, a SnCl2 and HCl mixed solution was used as
the sensitizer, in which PbTe powders were im-
mersed for 5 min. Second, the sensitized PbTe
powders were put into the electroless plating bath
for 15 min with the reducing agent. The hybrid
powders were then washed and centrifuged with
deionized water, and dried at 373 K in a vacuum
oven. Finally, PbTe and PbTe/Ag compacts were
sintered at 573 K, 623 K, and 673 K, respectively,
by spark plasma sintering (SPS, Dr. Sinter, SPS-
systex) at uniaxial pressure of 50 MPa under Ar
atmosphere.

Phase identification for the bulk samples was
confirmed by x-ray diffraction (XRD, D5000, Sie-
mens) at room temperature using Cu Ka radiation
(k = 0.15406 nm). The microstructures of the sam-
ples were observed using field-emission scanning
electron microscopy (FE-SEM; 7000F, JEOL). The
compositions of the PbTe and PbTe/Ag hybrid pow-
ders were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS), and the results are
presented in Table II. The bulk samples were cut
into rectangular bars (3 mm 9 3 mm 9 15 mm) for
measurement of the electrical conductivity and
Seebeck coefficient under a low inert-gas atmo-
sphere at temperature ranging from 300 K to 700 K
using commercial equipment (ZEM-3; Ulvac Riko,
Inc.). The carrier concentration and mobility were
measured using four-probe Hall-effect measure-
ments at room temperature.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of PbTe and
PbTe/Ag bulk samples subjected to SPS at various
temperatures. Only PbTe and Ag crystalline phases

existed in all the PbTe/Ag samples, and the inten-
sity of Ag increased along with the SPS tempera-
ture, as shown in Fig. 1a and b. The lattice
parameters for PbTe and PbTe/Ag subjected to dif-
ferent temperatures are presented in Table III. The
lattice parameter of PbTe was 6.4491 Å, 6.4409 Å,
and 6.4406 Å, while that of PbTe/Ag was 6.4611 Å,
6.4585 Å, and 6.4521 Å at the different SPS tem-
peratures. With increasing sintering temperature,
both lattice parameters decreased. In addition, the
parameter was larger for the PbTe/Ag samples than
for the PbTe samples. Schenk et al.10 demonstrated

Table II. Composition ratios of PbTe and PbTe/Ag
powders

Sample Pb (at.%) Te (at.%) Ag (at.%)

PbTe 48.95 51.05 0
PbTe/Ag 42.32 44.12 13.55

Fig. 1. XRD patterns of (a) PbTe and (b) PbTe/Ag bulk samples
prepared by electroless silver plating and subjected to SPS at vari-
ous temperatures.

Table I. Components and concentrations for
electroless silver plating

Component Concentration (M)

SnCl2 0.06
HCl 1
AgNO3 0.3
NaOH 0.9
NH4OH 2
Glucose 0.25
Tartaric acid 0.03
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that volatilization of Pb could produce excessive Pb
vacancies in PbTe (Te-rich) with increasing sinter-
ing temperature. Pb vacancies caused the lattice
parameter of PbTe to decrease, consistent with the
results in Table III. The ionic radii of Ag+, Pb2+, and
Te2� are 1.13 Å, 1.32 Å, and 2.11 Å, respectively.
Generally, the lattice parameter decreases as Ag+

ions substitute at Pb2+ sites because the metallic
ionic radius of Ag (1.13 Å) is smaller than that of Pb
(1.32 Å). However, all the PbTe/Ag samples had
larger lattice parameters in this study. The results
show that Ag+ lies at interstitial sites in PbTe.
Strauss et al.11 reported that the role of Ag is not
only as an acceptor (Ag+ at Pb2+ sites of PbTe) but
also as a donor (Ag+ at interstitial sites of PbTe) in
Te-saturated and Pb-saturated single-crystal sam-
ples of PbTe produce by the Bridgman method. On
the other hand, when SPS is carried out at high
temperature, excessive Pb vacancies could be
formed in PbTe, and Ag+ ions could then enter these
vacancies, causing the lattice parameter of the
PbTe/Ag samples to decrease. Therefore, Ag+ can
occupy interstitial sites and substitutional sites at
Pb vacancies in the PbTe at the same time.

Figure 2 displays SEM images of PbTe powder,
PbTe/Ag hybrid powder, and corresponding bulk
samples after sintering at 573 K to 673 K. The PbTe
particles have smooth surfaces, on which Ag parti-
cles with size in the range from 50 nm to 200 nm
agglomerated (Fig. 2a and b). The backscattered
electron image of the polished surfaces of the PbTe/
Ag bulk sintered at 673 K shows that Ag agglom-
erated (dark) in the PbTe matrix (bright) (Fig. 2c).
The fracture surfaces of the PbTe/Ag samples show
a dense morphology for higher sintering tempera-
ture (Fig. 2e and f). The relative density of the
PbTe/Ag samples increased from 91.5% to 98.5% as
the sintering temperature was increased from
573 K to 673 K, as shown in Table III, consistent
with the SEM results.

The carrier concentration and mobility values of
the PbTe and PbTe/Ag samples obtained using
various SPS temperatures are listed in Table III.
The carrier concentration of all PbTe samples
showed positive values, thus holes were the main
contributors to electric charge transport. The car-
rier concentration increased from 9.81 9 1015 cm�3

to 2.60 9 1018 cm�3 as the sintering temperature
was increased from 573 K to 673 K. In contrast, the
carrier concentration of all the PbTe/Ag samples
had negative values, meaning that electrons were
the main contributors to electric charge transport.
Moreover, the carrier concentration of the PbTe/Ag
samples decreased from 1.14 9 1020 cm�3 to
1.03 9 1020 cm�3 with increasing sintering tem-
perature. In addition, as the sintering temperature
was increased, Pb evaporated and thus Pb vacan-
cies were produced. The increase in the concentra-
tion of Pb vacancies at higher sintering
temperature led to an increase in the carrier con-
centration of holes and a decrease in the lattice
parameter of PbTe. When Ag clusters were
embedded in the PbTe matrix, the conduction
behavior changed from p-type (holes) to n-type
(electrons). Ag clusters contributed excess electrons
to transform the carrier type, which explains why
the conduction characteristic of the PbTe/Ag sam-
ples changed. According to the results for the lattice
parameter, Ag+ could play two roles in PbTe as the
SPS temperature is increased. In the sintering
process, Ag+ ions not only entered interstitial sites
of the PbTe lattice as donors, but also replaced Pb2+

sites in the PbTe as acceptors. The two opposite
carrier types caused carrier recombination and
decreased the carrier concentration at high SPS
temperature. Despite having the opposite carrier
type to the PbTe/Ag samples, electrons remain the
main electric charge transport carriers.

Figure 3 shows the temperature dependence of
the Seebeck coefficient for all the sintered samples,
measured from 300 K to 700 K. The Seebeck coef-
ficient of the PbTe bulk samples decreased from
358 lV/K to 238 lV/K at room temperature as the
sintering temperature was increased from 573 K to
673 K. In contrast, all the Seebeck coefficient values
of the PbTe/Ag samples were negative in the
measured temperature range from 300 K to 700 K.
The Seebeck coefficient of the PbTe/Ag samples
increased slightly from 16 lV/K to 86 lV/K at room
temperature with increasing SPS temperature. As
seen in Fig. 3, the Seebeck coefficient of the PbTe
and PbTe/Ag samples showed a converse conduction
behavior at room temperature. The PbTe and PbTe/
Ag samples were p- and n-type conductors at room

Table III. Carrier concentration, mobility, lattice parameter, and relative density of PbTe and PbTe/Ag bulk
samples for different sintering temperatures

Sample
Type
(p/n)

Carrier
Concentration (cm23)

Mobility
(cm2/Vs)

Lattice
Parameter (Å)

Relative
Density (%)

PbTe-300�C p 9.81 9 1015 1.52 9 102 6.4491 97.1
PbTe-350�C p 2.78 9 1017 6.20 9 102 6.4409 98.6
PbTe-400�C p 2.60 9 1018 8.37 9 102 6.4406 98.6
PbTe/Ag-300�C n 1.14 9 1020 1.21 9 102 6.4611 91.5
PbTe/Ag-350�C n 1.82 9 1019 1.59 9 102 6.4585 94.9
PbTe/Ag-400�C n 1.03 9 1019 1.56 9 102 6.4521 98.5
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temperature, respectively, as confirmed by the Hall-
effect measurements. Because extra Pb vacancies
were produced, this increased the carrier concen-
tration of holes and decreased the Seebeck coeffi-
cient. Additionally, PbTe has a bipolar
characteristic, meaning that the conduction behav-
ior can be transformed from p- to n-type with
increasing measurement temperature. However,
the agglomeration of Ag produced extra electrons in

the PbTe/Ag samples during SPS, so the conduction
behavior changed from p- to n-type. At higher SPS
temperature, Ag+ ions could rapidly diffuse into
interstitial sites of PbTe and simultaneously sub-
stitute Pb2+ ions in the PbTe. When Ag+ ions occu-
pied Pb vacancies and contributed excess holes in
PbTe/Ag samples at higher sintering temperature,
the carrier concentration would decrease, causing
the Seebeck coefficient to increase.

Fig. 2. SEM images of (a) PbTe powder, (b) PbTe/Ag hybrid powder, (c) polished surfaces of PbTe/Ag bulk sample fabricated by SPS at 673 K,
and fracture surfaces of PbTe/Ag bulk samples fabricated by SPS at (d) 573 K, (e) 623 K, and (f) 673 K.
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Figure 4 shows the temperature dependence of
the electrical conductivity for all the sintered sam-
ples. The electrical conductivity of the PbTe speci-
mens increased from 96 S/cm to 303 S/cm at room
temperature as the sintering temperature was
increased from 573 K to 673 K. Over the whole
measured temperature range from 300 K to 700 K,
the electrical conductivity exhibited bipolar con-
duction behavior. Generally, a higher SPS temper-
ature led to evaporation of Pb from the PbTe and
created Pb vacancies, thus increasing the carrier
concentration of holes. Moreover, a higher sintering
temperature also could result in an increase in
grain size and thus the relative density of the PbTe
samples, improving the mobility of PbTe. Therefore,
the electrical conductivity was increased at high
sintering temperature, due to an increase in the
carrier concentration of holes and mobility at the
same time. Additionally, the electrical conductivity
of the PbTe still appears to exhibit bipolar conduc-
tion, which is attributed to excitation of intrinsic
electronic carriers at high temperature.

In contrast, the electrical conductivity of the
PbTe/Ag specimens decreased from 527 S/cm to
259 S/cm at room temperature as the sintering
temperature was increased from 573 K to 673 K.
Based on these results, for different SPS tempera-
tures, the electrical conductivity of the PbTe/Ag
samples was greater than that of the PbTe samples
in the measured temperature range from 300 K to
700 K. All the PbTe/Ag samples had higher carrier
concentration of electrons because the Ag clusters
provide a larger amount of electrons to converse the
electric charge transport of PbTe. According to the
Hall-effect measurements and Seebeck coefficient
results, there are two defect types with Ag+ ions
located in the PbTe system at different sintering
temperatures. During the sintering process, Ag+

ions at interstitial sites of the PbTe lattice act as

donors through SPS. When the sintering tempera-
ture is increased, PbTe creates more Pb vacancies,
into which Ag+ ions enter, which decreases the
carrier concentration and electrical conductivity.
Moreover, the conduction of PbTe/Ag samples
changed from metallic to semiconducting in the
measured temperature range from 300 K to 700 K
as the sintering temperature was increased, as
shown in Fig. 4. At lower SPS temperature, the Ag
clusters contributed a larger number of electrons
and shifted the Fermi level into the conduction band
of PbTe as a degenerate semiconductor (metallic).
This degenerate semiconductor nature will cause
the electrical conductivity to decrease with
increasing measurement temperature. However, for
SPS temperature of 673 K, the results show a
semiconductor characteristic over the whole mea-
sured temperature range. A phenomenon of con-
version between metallic and semiconducting
behavior can be observed at different SPS temper-
atures. When the sintering temperature was in-
creased from 573 K to 673 K, more Ag+ ions would
enter into substitutional and interstitial sites of
PbTe at the same time, and the Fermi level shifted
toward the valence band. Therefore, the decrease in
the carrier concentration was due to the interaction
of these defects, which led the conduction behavior
to change from degenerate semiconducting (metal-
lic) to semiconducting.

Figure 5 shows the temperature dependence of
the power factor (S2r) for all the bulk samples. The
power factor of the PbTe/Ag specimens was larger
than those of all the PbTe specimens at high mea-
surement temperature. Moreover, the power factor
of all the PbTe/Ag samples increased with higher
measurement temperature. A maximum value of
1.31 mW/m K2 was obtained at 700 K for the PbTe/
Ag bulk sample sintered at 673 K, owing to its large
electrical conductivity of 483 S/cm and relatively

Fig. 3. Temperature dependence of Seebeck coefficient for PbTe
and PbTe/Ag samples prepared by electroless silver plating with
sintering at various temperatures.

Fig. 4. Temperature dependence of electrical conductivity for PbTe
and PbTe/Ag samples prepared by electroless silver plating with
sintering at various temperatures.
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high Seebeck coefficient of 165 lV/K at high mea-
surement temperature. Even though the power
factor value in this work is not high enough, these
experimental results demonstrate that adjusting
the chemical treatment and sintering temperature
can still optimize the thermoelectric transport
properties of PbTe bulk materials.

CONCLUSIONS

PbTe/Ag thermoelectric composites were success-
fully synthesized by a chemical plating method and
SPS. Different sintering temperatures led to differ-
ent thermoelectric properties of the PbTe and PbTe/

Ag bulk samples. The relation between Pb vacancies
and Ag+ ions has an impact on the conduction
behavior with increasing sintering temperature,
enhancing the electrical conductivity and Seebeck
coefficient at high measurement temperature. Fur-
ther thermal conductivity measurements are
required to evaluate the processing technique in
this work as a route to optimize the thermoelectric
performance of PbTe/Ag bulk materials.
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