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a b s t r a c t

Three samples of Pb0.9�xSn0.1GexTe with x¼0.25, 0.35, 0.6 were prepared by heating the mixtures

above the melting point of the constituent elements followed by quenching in water. The x¼0.6 sample

is close to the center of the immiscibility region, while the x¼0.25 and 0.35 samples are in the Pb rich

region inside the spinodal miscibility gap. Microstructural investigations using Powder X-ray Diffrac-

tion, Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy revealed both GeTe-rich

and PbTe-rich phases. The samples were uniaxially hot pressed and the thermoelectric properties were

characterized in the temperature range 2–400 K using a commercial apparatus and from 300 to 650 K

with a custom designed setup. The best sample (x¼0.6) reached zTE0.6 at 650 K, while the x¼0.25 and

0.35 samples showed thermal instability at elevated temperatures.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Thermoelectric materials are able to interconvert heat and
electricity, but so far low efficiencies have limited thermoelec-
tricity to niche applications. The efficiency scales with the
dimensionless figure of merit, zT

zT ¼
S2

kr
T

where S is the Seebeck coefficient, k the thermal conductivity,
T the absolute temperature and r the electrical resistivity.
Producing materials with low dimensional nanostructures is a
way to improve the figure of merit by enhancing the power factor,
S2/r, and reducing the thermal conductivity. The reduction of the
thermal conductivity should be done without altering the elec-
tronic properties [1–10].

Alloys of tellurides such as Bi2Te3 and Sb2Te3 are among the most
used thermoelectric materials for commercial applications. The
tellurium compounds PbTe and GeTe are the main constituents in
the high-zT materials Lead Antimony Silver Telluride (LAST) and
Tellurium Antimony Germanium Silver (TAGS). Calculations point
toward the possibility of reducing the thermal conductivity in small
grain size PbSnTe and PbGeTe-materials [11]. Furthermore, the
phenomenon of spinodal decomposition was reported as an effec-
tive means to reduce the thermal conductivity by nanostructuring in
ll rights reserved.
the system of PbSnTe–PbS [12]. The system PbTe–SnTe–GeTe is also
reported to contain an immiscibility region for spinodal decomposi-
tion due to the large size difference of the cations [13]. Previously,
this was utilized by Gelbstein and coworkers [14–17] to make
nanostructures in improved p-type materials. The effect of aging
treatments on the microstructure and thermal diffusivity has been
investigated by Gorsse et al. [18] by heating quenched samples of
Pb0.36Ge0.64Te in Ar at 500 1C for different time periods. They found a
minimum in thermal diffusivity after 1 min of annealing at 500 1C.
The previous reports on the PbTe–SnTe–GeTe system are mostly
concerned with the Ge-rich part of the system, near the center of the
spinodal miscibility gap. In the present work we study samples with
three different compositions Pb0.9�xSn0.1GexTe (x¼0.25, 0.35, 0.6),
where one is close to the center of the immiscibility region (x¼0.6),
while the two others are in the more Pb-rich region inside the
spinodal miscibility gap.
2. Experimental

2.1. Sample preparation

The three samples of Pb0.9�xSn0.10GexTe (x¼0.25, 0.35, 0.60) were
prepared by mixing stoichiometric amounts of high purity elements
(5 N) to a total mass of 3 g per sample. The pure elements were
placed in carbon coated quartz ampoules, which were evacuated and
sealed. The ampoules were heated to 1123 K in 2 h, held there for 1 h,
before quenching in cold water. Samples were cut directly from
the prepared ingots and investigations were carried out on the
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microstructure and the low temperature (2–400 K) bulk thermo-
electric properties. Prior to the high temperature (300–650 K) ther-
moelectric characterization the samples were ground and uniaxially
hot pressed because the high temperature setup required different
sample sizes. The hot-pressing was carried out in a DC current
assisted pressure sintering (Dr Fritsch DSP510 SA) at a temperature of
400 1C and pressure of 95 MPa. This processing of the casted ingots
altered the physical properties of the samples.

2.2. Structural investigations

Samples for X-ray powder diffraction were taken from the bulk
pieces using a file with fine diamond grains. The powder diffraction
patterns were collected on a STOE powder diffractometer equipped
with an Imaging Plate Position Sensitive Detector and using a Cu Ka1

source in transmission geometry. Scanning Electron Microscopy
(SEM) images were measured on the polished surfaces of the
samples using a Nova 600 Nano SEM from FEI. Energy Dispersive
X-ray Spectroscopy (EDX) maps were recorded on the scanned area.

2.3. Physical properties

The transport properties were measured using a Quantum Design
Physical Properties Measurement System (PPMS) from 2 to 400 K.
Fig. 1. Powder X-ray Diffraction on the three samples. Dots¼Pb0.65Sn0.10Ge0.25Te,

dashed line¼Pb0.55Sn0.10Ge0.35Te and solid line¼Pb0.30Sn0.10Ge0.6Te. The two

straight lines indicate the peak positions of the pure phases of PbTe and GeTe.

Fig. 2. SEM and EDS images on representative areas of sample Pb0.55Sn0.10Ge0.35Te. Th
Conducting epoxy was used for mounting wires onto the samples.
Resistivity, thermal conductivity and Seebeck coefficient were mea-
sured using a 4 point probe technique under quasi steady-state
conditions employed by the thermal transport option (TTO) for the
PPMS [19]. Hall measurements were carried out on a thin slab
cut from the Pb0.55Sn0.1Ge0.35Te-sample in varying magnetic fields
from �9 to 9 T at room temperature. Thermal analysis was done on
the Pb0.55Sn0.1Ge0.35Te-sample in a simultaneous Thermal Gravi-
metric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
measurement using a NETZSCH STA449 Jupiter. Spatially resolved
measurements of the room temperature Seebeck coefficient were
done on polished pieces of bulk samples from the cast ingots
using a PANCO Potential Seebeck Microprobe (PSM) [20]. An
in-house built facility for the combined measurement of Seebeck
coefficient (S) and electrical conductivity (s) was used to deter-
mine the temperature dependence (300–650 K) of these properties
on the hot-pressed samples. The experimental setup is particularly
beneficial for estimation of zT when the properties of the material
may be altered due to thermal cycling. The thermal conductivity
values in the 300–650 K temperature range were calculated from
the product of the measured density, the thermal diffusivity
and the specific heat measured on a Netzsch LFA 457 laser flash
apparatus.
3. Results and discussion

3.1. Structural properties

Powder X-ray Diffraction on the three samples revealed broad
irregularly shaped peaks as can be seen in Fig. 1. This figure shows
an enhancement of the region of interest while complete diffrac-
tograms can be found in the supporting information. The peaks of
the three samples are positioned between those of pure GeTe and
PbTe indicating an extended phase range with various composi-
tions of Pb1�x�yGexSnyTe and possibly small particle sizes. The
SEM-images and EDX-maps of Ge, Pb, Sn and Te confirm the
phase separation into regions with Ge-rich and Pb-rich phases,
as shown in Fig. 2. The phase domains appear to be on the scale of
1–10 mm. However, the branched structures possibly contain
smaller structures on the nanoscale within the microstructures;
this is implied by the high resolution SEM image in Fig. 3. Faster
quenching rates and/or aging treatments could produce smaller
structures, which in turn could lead to improved thermoelectric
properties through lower thermal conductivity. Extremely fast
cooling was attempted by melt spinning, however the molten
compound stuck to the walls of the quartz crucible causing these
attempts to fail.
e Pb0.65Sn0.10Ge0.25Te and Pb0.30Sn0.10Ge0.6Te-samples showed similar structures.



Fig. 3. High resolution SEM showing features of a few 100 nm on sample

Pb0.55Sn0.10Ge0.35Te.

Fig. 4. Resistivity of the compounds Pb0.65Sn0.10Ge0.25Te (stars), Pb0.55Sn0.10Ge0.35Te

(triangles) and Pb0.30Sn0.10Ge0.6Te (circles). Filled symbols are data from the PPMS. Half

filled and empty symbols are data above room temperature from the heating and

cooling cycles, respectively.

Fig. 5. Seebeck coefficient as function of temperature for the compounds

Pb0.65Sn0.10Ge0.25Te (stars), Pb0.55Sn0.10Ge0.35Te (triangles) and Pb0.30Sn0.10Ge0.6Te

(circles). Filled symbols are data from the PPMS. Half filled and empty symbols are

data above room temperature from the heating and cooling cycles, respectively.

Table 1
Comparison of the Seebeck coefficients measured on a PPMS at 300 K, and average

values measured on a Potential Seebeck Microprobe at room temperature.

Pb0.9�xSn0.1GexTe S (mV/K), X¼0.25 S (mV/K), X¼0.35 S (mV/K), X¼0.60

PSM at 295 K 73 (3) 96 (5) 52 (1)

PPMS at 300 K 117 (1) 125 (1) 67 (1)
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3.2. Physical properties

The electrical resistivity of the samples is shown in Fig. 4. All
samples exhibit metallic conductivity as the resistivity increases
with temperature. The Ge-rich sample Pb0.3Sn0.1Ge0.6Te has the
lowest electrical resistivity. From the Hall measurements on the
Pb0.55Sn0.1Ge0.35Te sample at room temperature the charge car-
rier concentrations were calculated to 4.84�1019 cm�3, which
corresponds to a heavily doped semiconductor. The Seebeck
coefficient of the samples is shown in Fig. 5. For all samples it
increases almost linearly with temperature below room tempera-
ture, which is consistent with the Mott formula. Due to the
thermal excitation of extrinsic charge carriers at higher tempera-
tures a decrease in S (with rising temperatures) is observed for
the Pb-rich samples (x¼0.35 and 0.25) and a corresponding
flattening of the resistivity. The Pb-rich samples reveal a change
in the resistivity and Seebeck coefficient during the heating and
the cooling cycles. TG/DSC-measurement on one of the Pb-rich
samples (x¼0.35) did not show any clear phase transitions up to
around 600 1C where Te-evaporation initiates (see supporting
information). The Ge-rich sample (x¼0.6) showed stability up to
at least 650 K, where the Seebeck coefficient is still increasing.

The jumps in the resistivities and Seebeck coefficients seen
in Figs. 4 and 5 after crushing, hot-pressing and change of
measurement setup is a further indication on the change of
properties upon heating the samples. This has also been demon-
strated by others on similar samples [18]. PXRD on the samples
after hot-pressing showed a splitting of the broad peaks into
distinct Ge- and Pb-rich phases. Furthermore, there is probably an
off-set between the PPMS and the high-temperature setup, and
the grinding of the samples introduces larger densities of grain
boundaries, which decreases thermal and electrical conductivity.

The average Seebeck coefficients of the samples from Potential
Seebeck Microprobe measurements were somewhat lower than
the PPMS room temperature data, however, the tendency among
samples is the same (see Table 1). Apparently there is a difference
between the average Seebeck value measured at different spots
and the Seebeck value of the whole sample. The microprobe can
potentially give valuable information of the Seebeck coefficient in
multiphase systems and the Ge- and Pb-rich phases should be
easily distinguished, but since the resolution of the microprobe is
maximum 10 mm, the micro- and nanostructures of the samp-
les are too small to have their individual Seebeck coefficients
measured.

Thermal conductivity data is shown in Fig. 6. The Pb-rich
samples have a low thermal conductivity around 1 W/(K m) in
the temperature range 300–600 K while the Pb0.3Sn0.1Ge0.6Te
decreases from 2.2 W/(K m) at 300 K to 1.3 W/(K m) at 670 K.



Fig. 6. Thermal conductivity of the compounds Pb0.65Sn0.10Ge0.25Te (stars),

Pb0.55Sn0.10Ge0.35Te (triangles) and Pb0.30Sn0.10Ge0.6Te (circles). Filled symbols

are data from the PPMS, while empty symbols are from the LFA.

Fig. 7. The figure of merit versus temperature for the three compounds

Pb0.65Sn0.10Ge0.25Te (stars), Pb0.55Sn0.10Ge0.35Te (triangles) and Pb0.30Sn0.10Ge0.6Te

(circles). Filled symbols are data from the PPMS. Seebeck coefficient and resistivity

data are from the heating cycle.
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From the S, r and k measurements the zT values are calculated
in the range 2–650 K, Fig. 7. Due to their high electrical resistivity
the Pb-rich samples only reach zT values around 0.1, while the
Pb0.3Sn0.1Ge0.6Te sample reaches zT¼0.6 at 650 K. Gelbstein
et al. [16] also reported zT¼0.6 at 623 K for this stoichiometry.
When comparing the present results with other studies of the
PbTe–SnTe–GeTe system, the thermal conductivity above room
temperature of Pb0.3Sn0.1Ge0.6Te is in good agreement with values
reported in Refs. [13,15] and that of PbTe �2 W/(K m) at room
temperature. The Seebeck coefficient and resistivity of this
sample are also in good agreement with values reported in
Ref. [13]. Studies by Gelbstein et al. and Gorsse et al. [15–18]
have shown that it is possible to produce nanostructures in
similar compounds.
4. Conclusion

Spinodal decomposition was utilized to prepare three samples in
the PbTe–SnTe–GeTe system with micro- and nanostructures. The
two samples in the Pb-rich region of the spinodal miscibility gap
showed high electrical resistivity and thermal instability when
physical properties were measured at elevated temperatures, while
the third sample closest to the center of the spinodal miscibility gap
with composition Pb0.3Sn0.1Ge0.6Te was thermally stable and
showed a maximum zT of around 0.6 at 650 K.
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