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The PbSe1−xTex alloys with x = 0.2, 0.3, 0.5, 0.85 and 1.0 were prepared by induction melting, ball milling
and spark plasma sintering techniques. The thermoelectric properties of the samples were investigated.
The XRD analysis indicated that all samples are NaCl-type structure solid solutions Pb(Se,Te) contain-
ing nanograins. Increasing Te content resulted in increasing the lattice parameter a. The thermoelectric
measurements show that all samples are n-type semiconductors in temperature range from 300 K to
673 K. The electrical resistivity of the doped sample is much smaller than that of pure PbSe, but com-
parable to that of PbTe. The absolute Seebeck coefficients for the doped sample PbSe1−xTex with x = 0.2,
bSe thermoelectric materials
echanical alloying

PS sintering
hermoelectric property

0.3 and 0.5 range from 150 �V/K at 300 K to 250 �V/K at 673 K, which is much larger than that of pure
PbSe (66–138 �V/K), but smaller than that of PbTe (230–310 �V/K) in the same experimental conditions.
The thermal conductivity for the doped sample PbSe1−xTex with x = 0.2, 0.3 and 0.5 range from 0.95 to
0.66 W/m K, which is much smaller than that of pure PbSe (2.1–1.3 W/m K) or PbTe (1.4–1.1 W/m K). As
a result, the figure of merit for the doped sample can be enhanced. The maximum dimensionless figure
of merit ZT of 1.15 was obtained in the sample PbTe0.5Se0.5 at 573 K, more than 50% higher than that of

e sam
pure PbTe prepared in th

. Introduction

Thermoelectric (TE) materials are capable of realizing the con-
ersion of heat into electricity or electricity into heat. Therefore,
hermoelectric devices have attracted extensive interest for several
ecades due to the potential applications on producing electric-

ty from the waste heat and thermoelectric cooling. The efficiency
f the TE materials is determined by the dimensionless figure of
erit ZT = S2�T/�, where S, �, T and �are the Seebeck coefficient, the

lectrical conductivity, the absolute temperature and the thermal
onductivity, respectively. The effort to improve ZT is to minimize
he thermal conductivity and maximizing the power factor S2�.

PbSe and PbTe are two types of candidate thermoelectric mate-
ials. PbSe has received comparatively little attention perhaps
ecause of its lower figure-of-merit as comparing with that of PbTe
t intermediate temperature [1]. However, PbSe has its advantages
elative to PbTe: first, Se is more commonly available and less
xpensive than Te, and second, the melting point of PbSe is sub-
tantially higher, at 1340 K, than PbTe at 1190 K. Recently, more

ttention was paid to the investigation of PbSe based compounds as
hermoelectric materials for cooling and power generation applica-
ions. Unuma et al. reported the thermoelectric properties of PbSe
ompound prepared by pressureless sintering [2]. Substitution of
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Sm for Pb in PbSe can enhance its thermoelectric performance [3].
Parker predicted that properly hole-doped bulk PbSe may offer
better thermoelectric performance than the PbTe [4]. The lattice
thermal conductivity of PbSeTe/PbTe quantum dot superlattice has
the value of 0.33–0.4 W m−1 K−1 at room temperature leading to
the ZT value reaching 2.0 at 300 K [5]. The thermoelectric proper-
ties of Se-rich PbSe1−xTex alloys have not been reported so far, so
we investigated it in this paper.

2. Experimental

The elements Pb, Te and Se with purity of 99.99% were used as starting materials.
The compounds PbSe and PbTe were prepared by high-frequency induction melting
in evacuated quartz tubes and then ball milled into the powders with particle size of
about tens nm, separately. Subsequently, the mixture powders with compositions
of PbSe1−xTex (x = 0.2, 0.3, 0.5, 0.85 and 1.0) were prepared by ball milling using the
milled PbSe and PbTe powders. The ball milling was carried out in a planetary ball
mill (QM-4F, Nanjing University, China) using a hard stainless steel vial and balls,
at 200 rpm for 5 h for the pure PbSe and PbTe powders, while at 200 rpm for 14 h
for the mixture powders. The weight ratio of balls to powders was kept at about
20:1, and the mill vial was evacuated and then filled with a pure H2 atmosphere to
prevent the powders from oxidation during the milling process. The ball milling of
the pure PbSe and PbTe powders firstly can reduce the grain size in the sample and
modify the grain boundaries by forming the solid solution during the ball milling

and spark plasma sintering of the mixture powder, which should benefit the electri-
cal conductivities of the samples. The sample powders were consolidated by spark
plasma sintering (SPS) at 743 K for 5 min under an axial pressure of 32 MPa. The
bar specimen with dimensions of 12.0 mm × 5.0 mm × 5.0 mm was prepared for the
electrical properties measurement and the disk specimen with � 12.7 mm × 2.0 mm
for the thermal conductivity measurement.
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ig. 1. Powder XRD patterns for the samples PbTexSe1−x with (a) x = 0.5 before sin-
ering; (b) x = 0.2, (c) x = 0.3, (d) x = 0.5 and (e) x = 0.85 after sintering.

The phases in the samples were analyzed by X-ray diffraction using a Bruker
8 Advance SS/18 kW diffractometer with Cu K� radiation and JADE 5.0 software.
he Rietveld refinements of the XRD patterns were performed using Topas 3.0 soft-

are. The Seebeck coefficient (S) and electrical conductivity (�) were evacuated

y the apparatus (ZEM-2, Ulvac-Riko, Japan) in a helium atmosphere. The thermal
onductivity (�) was calculated using the equation � = �Cpd, where � is the thermal
iffusivity, Cp is the heat capacity, and d is the bulk density of the sample. The ther-
al diffusivity was measured by a laser flash technique (NETZSCH LFA457) in Ar

Fig. 2. Rietveld refinement for the XRD patterns of the sam
pounds 509 (2011) 4516–4519 4517

atmosphere. The heat capacity was measured by the differential scanning calorime-
try. The bulk density of the sample was calculated from the sample’s geometry and
mass.

3. Results and discussion

3.1. Phase analysis

Fig. 1 shows the powder X-ray diffraction patterns for some rep-
resentative samples before and after sintering. The XRD pattern for
the sample PbTe0.5Se0.5 before sintering, shown in Fig. 1(a), indi-
cates that the sample consists of PbSe and PbTe, together with the
solid solution Pb(Se,Te). It means that the solid solution Pb(Se,Te)
can partly be formed during ball milling of the PbTe and PbSe mix-
ture powder. The Rietveld refinement using Topas 3.0 software
for this sample, shown in Fig. 2(a), indicates that 73.0 wt.% of the
solid solution Pb(Se,Te) can be formed after ball milling the mixture
powders at 200 rpm for 14 h. The broad peaks appear in the XRD
pattern of the sample before sintering due to the small particle
size of the powders and the existence of stress and strain after the

ball milling process. Considering the particle size and the strain,
the Rietveld refinement results estimated that the sample con-
tained nanocrystallite grains with an average size of 28 nm in the
solid solution Pb(Se,Te). The SEM and the bright-field TEM obser-
vations for the PbTe powders prepared by ball milling reported in

ple PbTe0.5Se0.5 (a) before and (b) after SPS sintering.
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ig. 3. Compositional dependence of the lattice parameters a and the unit volume
(c) for PbTexSe1−x solid solution.

ef. [6] showed that the powders contained nanocrystallite grains
nd micrometer grains. The XRD peak broadening of the powder
s mainly contributed from the nanocrystallite grains. The average
rain size of 41 nm of the nanocrystallite grain was determined
rom the full-width at half-maximum of the XRD peak broadening.
herefore, we believe that the solid solution Pb(Se,Te) in this work
as the similar behavior, which contains some micrometer grains
nd some nanometer grains with an average size of 28 nm deter-

ined from its XRD peak broadening. Fig. 1(b)–(e) shows the XRD

atterns for the samples PbSe1−xTex with x = 0.2, 0.3, 0.5 and 0.85
fter sintering, respectively, which indicates that the samples after
intering formed the NaCl-type structure solid solution Pb(Se,Te)
ingle phase without any noticeable secondary phase. The Rietveld
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ig. 4. Temperature dependence of the (a) electrical resistivity �, (b) Seebeck coefficient
ith x = 0.2, 0.3, 0.5, 0.85 and 1. The temperature dependence of electrical resistivity, Seebe

n Ref. [2] and the thermal conductivity for this compound prepared by melting [7] is also
pounds 509 (2011) 4516–4519

refinement results, shown in Fig. 2(b) for the sample PbTe0.5Se0.5
after sintering as an example, estimated that the average size of the
nanocrystallite grains becomes about 50 nm. The formation of the
solid solution Pb(Se,Te) by diffusion of Se and Te between the PbTe
and PbSe phases in the mixture powders during ball milling and
SPS process can modify the interface between powder particles and
benefits to the electrical conductivity. The X-ray diffraction pattern
of the samples PbSe1−xTex after sintering shifts to low 2� angle as
Te content x increases, indicating that the lattice parameter a and
the volume of the unit cell of solid solution Pb(Se,Te) increases as
Te content x increases, shown in Fig. 3, due to the substitution of
larger Te atom for smaller Se atom in the compound.

3.2. Thermoelectric properties

The temperature dependence of electrical resistivity, Seebeck
coefficient, thermal conductivity and dimensionless figure of merit
ZT for the samples PbSe1−xTex with x = 0.2, 0.3, 0.5, 0.85 and
1.0 is shown in Fig. 4. The temperature dependence of elec-
trical resistivity, Seebeck coefficient for pure PbSe compound
prepared by pressureless sintering reported in Ref. [2] and the
thermal conductivity for this compound prepared by melting [7]
is also given in the figure for comparing. The electrical resis-
tivity of 2.8–9.5 × 10−5 � m, the absolute Seebeck coefficient of
227–312 �V/K, the thermal conductivity of 1.4–1.1 W/m K and the
figure of merit ZT of 0.39–0.75 were obtained in the sample PbTe
in this work in temperature range from 300 K to 673 K, which

is in good agreement with those of the PbTe prepared by ball
milling and SPS process reported in Ref. [6]. The electrical resistiv-
ities for all the studied samples except x = 0.85, shown in Fig. 3(a),
increase with increasing temperature, indicating the degenerate
semiconductor behavior due to the positive temperature coeffi-

b

d
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ient, resulting from the phonon scattering of charge carriers. For
he sample with x = 0.85, its resistivity reduces slightly with increas-
ng temperature. No systematic trend was found in the variation
f the electrical resistivity for PbSe1−xTex samples with Te con-
ent, but electrical resistivities in ternary samples with x = 0.2, 0.3,
.5 and 0.85, below 3.5 × 10−5 � m at 300 K and 6.0 × 10−5 � m at
73 K, are lower than those of the binary compound PbTe or PbSe,
esulting in the Te doping level. The electrical resistivity for PbSe in
his work, between 6.8 × 10−5 � m at 300 K and 2.5 × 10−4 � m at
73 K, are much lower than those of pure PbSe compound prepared
y pressureless sintering, 167 � m at 300 K and 782 � m at 473 K,
eported in Ref. [2]. The high electrical resistivity in the pressure-
ess sintered sample may be caused by the oxide impurity phase
n the grain boundary and the number of the grain boundary [2].
he Te doping level and grain boundary resistance may play impor-
ant role for reducing electrical resistivity. The modification of the
nterface between the grains, by the formation of the solid solu-
ion Pb(Se,Te) by diffusion of Se and Te between the PbTe and PbSe
hases in the mixture powders during ball milling and SPS process,
ay be an effective way to reduce the electrical resistivity of the

amples.
The Seebeck coefficients of the studied samples, shown in

ig. 4(b), were found to be negative value over the entire tempera-
ure range, indicating that the n-type (electron) carriers dominate
he thermoelectric transport. The absolute values of Seebeck coef-
cients |S| of all the samples increase with increasing temperature,
hich follow the trend of temperature-dependant electrical resis-

ivities. The absolute Seebeck coefficients for the doped sample
bSe1−xTex with x = 0.2, 0.3 and 0.5 range from 150 �V/K at 300 K
o 250 �V/K at 673 K, which is much larger than that of pure PbSe
66–138 �V/K) or the sample with x = 0.85 (113–180 �V/K), but
maller than that of PbTe (230–310 �V/K) in the same experimental
onditions. The absolute Seebeck coefficients for the sample PbSe
ompound prepared by pressureless sintering reported in Ref. [2],
howing sharper slopes with temperature, 86 �V/K at 300 K and
66 �V/K at 600 K.

The thermal conductivities for the studied samples PbTexSe1−x
ith x = 0.2, 0.3, 0.5, 0.85 and 1.0 are shown in Fig. 4(c). The ther-
al conductivities for all samples prepared in this work decrease

rstly and then increase slightly with increasing temperature with
inimum between 450 and 600 K. The doped samples PbSe1−xTex

ith x = 0.2, 0.3 and 0.5 exhibit very low thermal conductivities
rom 0.95 to 0.66 W/m K, which is lower than that of the pure
bTe (1.4–1.1 W/m K) in the same experimental condition from
oom temperature to 673 K. They are much lower than that of
ure PbSe prepared by melting (2.1–1.3 W/m K) [7]. The sample
ith x = 0.3 has the lowest thermal conductivity, which reaches

.66 W m−1 K−1 at 473 K and its room-temperature thermal con-
uctivity is 0.837 W m−1 K−1, which is comparable to the value of
bSe nanowires 0.8 W m−1 K−1 at 300 K reported by Liang et al. [8].
t is reasonable to believe that the low thermal conductivity of the

amples should be originated from the enhanced phonon scatter-
ng due to the nanograins and atomic disorder between Se and Te
toms in the Pb(Se,Te) solid solution [9]. Spark plasma sintering
SPS) technique can realize the instant sintering with short time,
hich can originally control the size of the grains avoiding fur- [
pounds 509 (2011) 4516–4519 4519

ther coarsening. In this work, all of the samples consolidated by
spark plasma sintering at 743 K for 5 min under an axial pressure of
32 MPa. The ball milling and short sintering time lead to the sam-
ples containing nanograins which certainly benefit to the reduction
of the thermal conductivity.

The dimensionless figure of merit ZT for the studied samples
PbTexSe1−x with x = 0.2, 0.3, 0.5, 0.85 and 1.0 calculated by the
equation ZT = S2�T/� from the above data over the entire tem-
perature range are compared in Fig. 4(d). All the doped samples
exhibit higher the figures of merit than those of the pure PbTe pre-
pared in the same condition in this work above 500 K. The sample
PbTexSe1−x with x = 0.5 shows the highest dimensionless figure of
merit ZT of 1.15 at 573 K, which is higher than 0.75 of the pure PbTe
at 473 K prepared in the same condition in this work, or higher than
0.8 of the pure PbTe fabricated by a combination of the hydrother-
mal method and hot pressing [10].

4. Conclusion

The n-type semiconductors PbTexSe1−x containing nanograins
were prepared by high-frequency induction melting, ball milling
and SPS techniques. Low electrical resistivities were found in the
doped samples due to the modification of the interface between the
grains by the formation of the solid solution Pb(Se,Te) by diffusion
of Se and Te between the PbTe and PbSe phases in the mixture
powders during ball milling and SPS process. A very low ther-
mal conductivity was attained in the doped samples PbSe1−xTex

with x = 0.2, 0.3 and 0.5 due to the nanograins and atomic disor-
der between Se and Te atoms in the Pb(Se,Te) solid solution. The
maximum dimensionless figure of merit ZT of 1.15 was obtained in
the sample PbTe0.5Se0.5 at 573 K, more than 50% higher than that
of pure PbTe prepared in the same condition.
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