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Abstract: In this study, we investigate the changes occur-
ring in the microstructure and thermoelectric properties
of PbTe0.9S0.1 alloy (PbTe–PbS) under varying thermal
treatment conditions. Transmission electron microscopy
(TEM) studies were utilized to reveal the distribution of
nano-precipitates in the annealed alloy. PbTe0.9S0.1 alloy
with PbS phase precipitates displayed a significant reduc-
tion in the thermal conductivity and an enhancement in
the Seebeck coefficient. The 47% reduction in lattice
thermal conductivity at the measurement temperature of
300°C in the alloy annealed at 400°C was attributed to
the phonon scattering occurring due to the presence of
nano-precipitates. The annealed alloy displayed higher
electrical conductivity at room temperature than that of
the alloy without annealing. The maximum figure of
merit, ZT, was found to be 0.76 at 300°C in the alloy
annealed at 400°C.

Keywords: thermoelectric, nano-precipitates, thermal
conductivity, electrical property

DOI 10.1515/ehs-2015-0004

Introduction

Thermoelectric (TE) materials have recently attracted great
attention in application for harvesting the wasted thermal

energy. The efficiency of thermoelectric energy harvesting
devices depends on the materials’ figure of merit (ZT) in the
given temperature regime. The prominent TE material, such
as Bi2Te3, shows good ZT around room temperature, and
PbTe has promising ZT in the temperature range of 300 to
400°C (Poudel et al. 2008; Hsu et al. 2004). However, the
values of ZT in these materials are still low for large-scale
practical application. Recently, significant efforts have been
placed on the investigation of nanostructures in semicon-
ducting thermoelectric alloys (Snyder and Toberer 2008;
Vineis et al. 2010). In order to reduce the thermal conductiv-
ity effectively, nanoscale structures combined with long-
wavelength phonon scattering centers (mesoscale grain/
phase boundaries) and short-wavelength phonon scattering
centers (atomic-scale dislocation/strain/point defects) have
been found to be relevant (Wu et al. 2014).

The nano-precipitates are effective in blocking the
propagation of mid-to-long-wavelength phonons hence
causing the reduction in the lattice thermal conductivity
(κlatt). PbTe-based material systems, such as LASTT
(AgPbmSnnSbTe2þmþ n) and SALT (NaPbmSbTe2þm), con-
sisting of nanoparticles have been found to provide reduc-
tion in thermal conductivity supporting the hypothesis that
phonon scattering is facilitated due to the presence of nano-
particles (Hsu et al. 2004; Guéguen et al. 2009).
Nanostructure formation in PbTe matrix has been exten-
sively investigated in recent years with the addition of modi-
fiers such as Sb (Sootsman et al. 2008; Guéguen et al. 2009;
He et al. 2010), Bi (BiSb) (Guéguen et al. 2009; He et al. 2010;
Androulakis et al. 2006), Pb (Sootsman et al. 2008; He et al.
2010), SnTe (He et al. 2009), and Ag2Te (Pei et al. 2011). In
some of these PbTe-based alloys, a spontaneous decompo-
sition occurs resulting in the growth of secondary phase
precipitates with the dimension in the range of a few nan-
ometers to 50 nm,which is in the order ofmagnitude the free
mean path in PbTe (19 nm) (Koh et al. 2009). The composi-
tional difference of nanoparticles from matrix results in
lattice misfit dislocations or localized strain fields (large
acoustic impedance mismatch/roughness).

PbTe–PbS is one of the well-known binary systems,
which exhibits the miscibility gap vulnerable to thermo-
dynamic phase separation through metastable nucleation
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and growth or spinodal decomposition process (Girard
et al. 2013; Liu and Chang 1994), achieving two different
nanostructures as schematically shown in Figure 1. The
nucleation and growth region is generally found at the
outer extremes of the composition range where free
energy curve has positive curvature suggesting even
small variation in composition may result in enhanced
free energy (Girard et al. 2013). When the system is cooled
rapidly, it assumes the metastable phase. In this case, the
free energy of the system can be decreased by forming
nuclei that has a different composition during subse-
quent heat treatment. These nuclei further grow by
using downhill diffusion. The spinodal decomposition
starts in the inner regime of the phase diagram having
negative curvature in free energy curve where small com-
positional variation can reduce the free energy.
Consequently in this regime, the system develops small
compositional fluctuations followed by coarsening via
uphill diffusion process (Girard et al. 2013). In compar-
ison to the thin films with quantum dot superlattices and
bulk materials with nanograins, the nano-precipitates or
laminated nanostructure in bulk TE materials have the
listed advantages: (i) the synthesis process is thermody-
namically driven and the variables can be adjusted using
the well-established phase diagram and (ii) the structures
are stable below the phase transformation temperature as
the process results in the reduction of Gibbs energy, thus
allowing high degree of repeatability.

These nanostructures vary in shape and size depend-
ing upon the composition and temperature of heat treat-
ment (Girard et al. 2013). The nucleation and growth of
nano-precipitates (size < 50 nm) has been observed in the
PbTe system containing PbS in the range of 4–16%
(Androulakis et al. 2007). The composition PbTe with

16% PbS has been found to exhibit laminated structure
with the period of oscillation about 2 nm (Androulakis
et al. 2007). For different amounts of PbS in PbTe matrix,
the temperature of the phase separation was found to
vary in the range of 500–800°C (Liu and Chang 1994).
According to the phase diagram of PbS–PbTe (Liu and
Change 1994), the composition (PbTe)0.9(PbS)0.1 has a
decomposition boundary around 500°C. Different anneal-
ing conditions are expected to result in varying micro-
structural changes and dispersion in the PbTe–PbS alloy
as the transformation energy is temperature dependent.

For thermoelectric materials, the power factor is an
important parameter given by the product of Seebeck
coefficient (α) and electrical conductivity (σ). Both α and
σ are related to carrier density; however, their trends of
variations are opposite (Snyder and Toberer 2008; Chen
et al. 2003). Besides, the enhancement in α can be
achieved by increasing the density of states over Fermi
energy without deteriorating electrical conductivity.
Hermans et al. have reported that a distortion (resonant
levels close to the Fermi level) in the electronic density of
states by doping Tl element enhances the Seebeck coeffi-
cient (Heremans et al. 2008). In PbTe–PbS system, the S
atom stays in two phases after phase transformation:
PbTe matrix and PbS phase. Depending upon the site
occupancy of S atom in the lattice, the electrical proper-
ties of the material will be different. The PbS precipitates
in PbTe matrix are expected to influence the charge
carrier scattering in addition to the modulated band
structure due to the sulfur in the PbTe lattice. These
variations consequently change the electrical conductiv-
ity and Seebeck coefficient of PbTe. However, the effects
of S atoms in matrix or in secondary phase on the elec-
trical properties are still not well quantified. In this study,

Figure 1: Schematic structure from (a) nucleation and growth process and (b) spinodal decomposition.
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we focus on the phase separation occurring in the
PbTe0.9PbS0.1 composition on cooling down the system
(Liu and Chang 1994). The impact of annealing treatment
on nanostructure and thermoelectric properties was mea-
sured and utilized to develop the structure–property
relationship.

Experimental

Bulk PbTe0.9S0.1 alloy was synthesized by mixing and
melting Pb (100 mesh, purity 99.95%, Alfa Aesar), Te
(60 mesh, purity 99.999%, Alfa Aesar), and PbS (purity
99.9%, Alfa Aesar) as starting components with 0.055%
PbI2 (purity 99.9985%, Alfa Aesar) as dopant. The mix-
tures were kept in a graphite crucible sealed in a quartz
tube under high vacuum 10–6 Torr (1.3332 � 10–4 Pascal).
The mixed powders were melted into liquid phase using
an inductive furnace for 2 min, and then rapidly cooled
down to room temperature under Ar gas flow. Next, the
alloy samples were annealed at 400 and 500°C under 10–6

Torr vacuum for two days. Here after we term the alloy
samples annealed at 400 and 500°C as PbTe–PbS-400
and PbTe–PbS-500 respectively. The rapidly cooled
sample of PbTe0.9S0.1 is referred as PbTe–PbS.

To confirm the formation of phase, XRD were
recorded at room temperature using X-ray diffractometer
(XRD, PANalytical X’Pert, CuKa; Philips, Almelo, the
Netherlands). The electrical resistivity was measured by
the van der Pauw method, while Seebeck coefficient was
determined using change in voltage with respect to
change in the temperature under Argon. The Hall Effect
measurements were conducted in the van der Pauw geo-
metry to determine the carrier density. The thermal con-
ductivity was determined through thermal diffusivity
measurement using Xenon flash technique. The electro-
nic contribution to the total thermal conductivity was
calculated using the Wiedemann–Franz law, κelec ¼ σTL
(where σ is the electrical conductivity, T is the

temperature, and L is 2.45 � 108 WΩK2 for degenerate
semiconductors). The lattice component κlatt was then
calculated using the relation κlatt ¼ κtot − κelec. TEM
investigations were carried out using JEOL 2100 transmis-
sion electron microscope. TEM samples were prepared
using the conventional polishing and grinding technique
followed by the ion milling.

Results and Discussion

PbTe has a rocksalt type structure with Cubic symmetry
(Fm-3m, Z¼4). Both Pb and Te atoms are in fixed posi-
tions at ½½½ and 000 respectively with octahedral
coordination (Stojanovic 2006). The ionic radii of Pb2þ

and Te2- atoms in 6-fold coordination are 1.19 Ǻ and 2.21
Ǻ, respectively. However, the ionic radius of smaller S
atom in 6-fold coordination is 1.84 Ǻ. The schematic of
the unit cell for PbTe and substituted PbS is shown in
Figure 2. The Pauling electronegativity values of Pb, Te
and S are 2.33, 2.1 and 2.58 respectively. The large differ-
ence in ionic radii and electronegativity of substituted S
atoms on Te sites destabilize the system by increasing the
free energy. The precipitation of PbS can be further
understood by assuming the ionic bond strength (IAB)

using Pauling’s equation: IAB ¼ 1� exp � XA�XB
4

� �
, where

XA and XB is the electronegativity of cation A and anion B
(Singh, Acharya, and Bhoga 2006). The ionic bond
strength of Pb-S bond is ~0.06, which is slightly higher
than that of Pb-Te ~0.05. We believe that these differ-
ences play a major role toward limited solubility of PbS in
PbTe matrix facilitating the precipitation of PbS in PbTe
matrix. In present work, the optimized thermal treatment
of PbTe0.9S0.1 system resulted in PbS precipitates distrib-
uted in the PbTe matrix. Under rapid cooling, the sulfur
and lead atoms did not have enough time to nucleate and
precipitate. Further, the alloy samples were annealed at
the temperatures in the immiscible region just below the
boundary for the phase transformation.

Figure 2: Schematic illustration of the unit cell of (a) PbTe (b) S substituted PbTe.
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The XRD results (Figure 3) were recorded from the
ground alloy powders before and after the thermal treat-
ment. These XRD diffractogram confirm the formation of
PbTe phase in all samples. After annealing the sample at
400°C, one can observe the PbS phase as secondary
phase. No obvious reflections from PbS were observed in
the XRD diffractogram from the alloy annealed at 500°C
suggesting the presence of significantly small amount of
PbS. Prior studies have shown that after annealing at
500°C, the existence of PbS in PbTe–8% PbS was not
visible through conventional XRD (Androulakis et al.
2007). At temperature >500°C, the PbS was found to dis-
solve in the matrix of PbTe–8% PbS (Girard et al. 2013).
The precipitation of PbS was evidenced by a shift in the
major PbTe reflections toward the lower value of 2θ (Girard
et al. 2010), as shown in the inset of Figure 3. The lattice
parameters increased in PbTe alloy after annealing due to
precipitation of PbS from PbTe matrix. All specimens were
found to contain a small amount of Pb phase due to Te-
deficient system as a result of the relatively low evapora-
tion temperature ~988°C of Te (slightly higher than the
melting temperature of PbTe ~924°C). Since all alloys had
a small amount of Pb phase, it was assumed to have
relatively similar effect on the thermoelectric properties.

In order to investigate the microstructure of PbTe–
PbS-400, high-resolution transmission electron micro-
scopy was performed. Figure 4(a) shows the homoge-
neously distributed nano-precipitates (�5 nm) in the
PbTe matrix. The high-resolution TEM image of a larger
precipitate (10 � 20 nm) is shown in Figure 4(b). A series
of dislocations were observed. The PbTe and PbS have
about 6% of the lattice mismatch at room temperature,

which can result in considerable lattice strain at the
PbTe/PbS boundaries giving rise to misfit dislocations.
Furthermore, as observed from this HR-TEM image, the
orientation of the precipitate (please see FFT patterns
from the matrix and precipitate) is different from that of
the matrix, suggesting semi-coherent interface of the pre-
cipitate and matrix. Figure 4(c) shows the HR-TEM image
of another nano-precipitate observed from the [011] zone
axis. The FFT pattern corresponding to Figure 4(c) is
shown in the inset. The FFT suggests coherent nature of
these smaller precipitates. Therefore, it can be assumed
that the system has distribution of precipitates with
coherent and semi-coherent interfaces. The diffraction
pattern from the precipitate and the matrix is shown in
Figure 4(d). The splitting of diffracted spots appears to be
originated from the cubic PbTe matrix and cubic PbS
second phase. In the PbTe–PbS-400 sample, no spinodal
structure was found. The nanoparticles formed by
nucleation and growth have been reported to be effective
in scattering phonons (Androulakis et al. 2007; Girard
et al. 2010). The interface area between the precipitated
phase and matrix has been expected to be larger with
higher compositional contrast. However, spinodal decom-
position generally exhibits small compositional
difference.

Figure 5(a) displays the electrical conductivity (σ) of
the melted and annealed PbTe–PbS samples. It can be
seen that the electrical conductivity decreased with the
temperature in the range of room temperature to 300°C.
The electrical conductivity of PbTe–PbS alloy was found
to decrease from 1,245.6 S/cm (at room temperature) to
559.4 S/cm (at 300°C). After annealing, PbTe–PbS-400
displayed slightly higher electrical conductivity of
1,290.2 S/cm at room temperature which was reduced to
415 S/cm at 300°C. PbTe–PbS-500 was also found to
exhibit higher value of 1,578.6 S/cm at room temperature,
and this magnitude decreased rapidly with increasing
measurement temperature to 415 S/cm at 300°C. The
results indicate that annealed alloys display higher elec-
trical conductivity at room temperature than that of
unannealed one. With increasing measurement tempera-
ture, the electrical conductivity of annealed alloy
decreases faster resulting in a lower value at relatively
high temperature.

The decrease in electrical conductivity as a function
of measurement temperature can be explained by assum-
ing a power law σ ≈ σ0Tα (Sootsman et al. 2008). The
exponent α extracted from the data was found to be –
1.45, –1.63, and –1.96 for PbTe–PbS, PbTe–PbS-400 and
PbTe–PbS-500 alloys. For the PbTe0.9S0.1 alloy, the expo-
nent α was larger than the α of PbTe with PbS
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Figure 3: XRD results of as-quenched PbTe–PbS alloy and after two-
day annealing; the inset is zoomed-in vision of the data.
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Figure 4: Characteristic TEM images of PbTe–PbS-400 (a) widely distributed nano-precipitates in the matrix; (b) high magnification TEM
image showing precipitates having semi-coherent interface with PbTe matrix (the insets of (b) are FFT patterns from the precipitate and
matrix); (c) high magnification TEM image showing precipitates having coherent interface with PbTe matrix (the inset of (c) is FFT patterns
corresponding to Figure 4 c); and (d) electron diffraction pattern from the area of precipitate and matrix shown in the inset of (d).
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Figure 5: (a) Electrical conductivity, and (b) Seebeck coefficient of PbTe–PbS, PbTe–PbS-400, and PbTe–PbS-500 alloys.
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precipitates, which indicates electrical conductivity
decreased slowly with increasing measurement tempera-
ture for solid PbTe0.9S0.1. The Seebeck coefficient
(Figure 5(b)) of annealed alloys was found to vary almost
linearly with measurement temperature, which suggests
that the carrier concentration was almost constant with
temperature variation. Thereby, the power exponent α
was derived from the temperature dependence of the
carrier mobility, which is a function of scattering time.
Electrons are scattered by the thermal vibrations of the
lattice as well as precipitates in the annealed samples.
The presence of nanoparticles provided additional inter-
face for scattering, which contributes to power exponent
reduction. The PbS precipitates in PbTe–PbS-500 might
be small because of the small super-cooling and might be
effective in scattering charge carriers.

The carrier concentration from Hall Effect measure-
ment at room temperature was measured to be 0.99 �
1019, 1.39 � 1019, and 1.14 � 1019 cm-3 for PbTe–PbS,
PbTe–PbS-400, and PbTe–PbS-500, respectively. The car-
rier concentration was higher in the alloy with PbS phase
precipitation. The dopant PbI2 has been previously
reported to be an excellent dopant for PbTe due to the
similarity in atomic radii of iodine and tellurium (Girard
et al. 2010). However, it is not considered as a good
dopant in PbS system because of large difference in
ionic radii between iodine and sulfur (Girard et al.
2010). With less distribution of the sulfur atoms in PbS
precipitates, more iodine atoms replace the tellurium to
contribute free electrons in PbTe matrix.

Figure 5(b) shows the Seebeck coefficient (α) of
PbTe–PbS alloys before and after annealing as a function
of temperature. All the alloys exhibited negative Seebeck
coefficients over the entire temperature range indicating
n-type conduction. The annealing process greatly improved

the absolute value of Seebeck coefficient. The maximum
value of α at room temperature was found to be 115 μV/K
for PbTe–PbS-400, which further increased almost linearly
up to 206 μV/K at 300°C. This result demonstrates that
precipitation of PbS that is formed inside the PbTe matrix
results in an enhancement in the absolute value of the
Seebeck coefficient.

The thermal conductivity (κ) of annealed PbTe–PbS
alloy was smaller over the entire temperature range
in comparison to that of as-melted PbTe–PbS alloy
(Figure 6(a)). The κ value at 300°C was found to decrease
from 2.18 W/mK for PeTe-PbS to 1.51 W/mK for PbTe–PbS-
500, and 1.32 W/mK for PbTe–PbS-400, suggesting maxi-
mum 40% decrease. The κlatt was calculated and was
plotted in Figure 6(b). In the temperature range of measure-
ments, a larger reduction of κlatt was observed for both
PbTe–PbS-400 and PbTe–PbS-500 samples, which
accounted for the overall thermal conductivity reduction.
The κlatt value at 300°C was observed to decrease from 1.39
W/mK for PeTe-PbS to 0.92 W/mK for PbTe–PbS-500 and
0.74 W/mK for PbTe–PbS-400, achieving maximum 47%
decrease. The lower lattice thermal conductivity of both
PbTe–PbS-400 and PbTe–PbS-500 was attributed to the
effective phonon scattering from PbS precipitation in-line
with the microstructural analysis. The PbTe–PbS-400 speci-
men exhibited lower κ and κlatt than PbTe–PbS-500 over the
whole measurement temperature region. In PbTe–PbS-400
system, the driving force for secondary phase separation is
larger at lower annealing temperature.

The enhanced Seebeck coefficient and the reduced
thermal conductivity of annealed alloys had direct
impacts on the thermoelectric figure of merit ZT, which
exhibited much higher value than the as-melted alloy
(Figure 7). PbTe–PbS-500 exhibited ZT value up to 0.59
at 300°C, whereas PbTe–PbS-400 was found to display
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Figure 6: (a) Thermal conductivity and (b) lattice thermal conductivity of PbTe–PbS, PbTe–PbS-400, and PbTe–PbS-500 alloys.
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higher ZT value of ~0.76 at 300°C. This ZT value was
more than three times higher than that of PbTe–PbS.

Conclusions

In summary, we have studied the thermal treatment
effect on PbTe0.9PbS0.1 alloys and developed correlation
between the microstructures and thermoelectric behavior.
The annealed alloys were found to exhibit precipitate
microstructure driven by the nucleation and growth
occurring in the immiscible regime of the phase diagram.
After heat treatment, alloys displayed higher electrical
conductivity than that of the as-melted alloy at room
temperature. The precipitation of PbS was found to
enhance the carrier concentration in the system. With
increasing measurement temperature, the decrease in
electrical conductivity was faster due to the decreased
mobility of the charge carriers. The lower value of the
thermal conductivity 1.32 W/mK was achieved in PbTe–
PbS-400 alloy at 300°C as a result of strong phonon
scattering due to the nano-precipitates. These concomi-
tant effects resulted in three times enhanced ZT ~ 0.76 at
300°C for PbTe–PbS-400 sample.
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