
Journal of
Materials Chemistry A

PAPER
aSchool of Mechanical Engineering, Yonsei U

yonsei.ac.kr
bBirck Nanotechnology Center, Purdue Unive

Cite this: J. Mater. Chem. A, 2013, 1,
11269

Received 8th May 2013
Accepted 11th July 2013

DOI: 10.1039/c3ta11825h

www.rsc.org/MaterialsA

This journal is ª The Royal Society of
Large enhancement in the thermoelectric properties of
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PbTe is known as a good thermoelectric material for waste heat recovery in the temperature range of 500

to 900 K. While various approaches such as nanostructuring for thermal conductivity reduction, resonant

impurities, and band convergence by alloying for power factor enhancement have been proposed recently

for enhancing the thermoelectric properties of PbTe, a systematic study on optimizing the synthesis

conditions is also crucial to find a better base material, upon which those new approaches can be

applied to further improve the material. In this paper, we systematically investigate the effect of various

hot-press conditions on the thermoelectric properties of p-type 2% Na-doped PbTe, by varying the hot-

press pressure from 70 to 130 MPa and the sintering time from 0.5 to 2 h. It is shown that the micro-

and nano-scale structures in the hot-pressed material can be controlled by changing the sintering time

and pressure. We demonstrate that by optimizing the hot-press conditions, the thermoelectric figure of

merit of p-type 2% Na-doped PbTe can be enhanced up to zT ¼ 1.74 at 774 K, which is about a 24%

enhancement compared to the value of 1.4 presented by Pei et al. for the same material composition.

Our electron transport modeling on bulk PbTe shows that this enhancement is due to the thermal

conductivity reduction in both the electronic and lattice contributions. We believe that our findings can

be accompanied with other recently-proposed techniques to further enhance the zT of this important

thermoelectric material.
1 Introduction

Thermoelectric devices are used to directly convert heat into
electricity, to be used for power generators, or vice versa for solid-
state refrigerators.8,9 The conversion efficiency of a thermoelectric
device is mainly determined by the dimensionless material gure
of merit zT ¼ [S2/r(kl + ke)]T of the material used, where T is the
absolute temperature, S is the Seebeck coefficient, r is the elec-
trical resistivity and kl and ke are the lattice and electronic thermal
conductivities, respectively. A higher Seebeck coefficient, lower
electrical resistivity and lower thermal conductivity are desired for
a higher gure of merit, and thus a higher thermoelectric energy
conversion efficiency. However, it is difficult to change one prop-
erty without affecting the others because they are all interdepen-
dent. Thermal conductivity consists of a lattice contribution, kl,
and an electronic contribution, ke. While the electronic contribu-
tion of the thermal conductivity is coupled with the power factor,
S2/r, as they are determined by the electron transport, the lattice
contribution is relatively independent of the other thermoelectric
properties as it is determined by the phonon transport. Intensive
attention has been paid to nanostructured materials in the past
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few decades because nanostructures can alleviate this interde-
pendency, thereby enhancing the conversion efficiency.1–3,5,6,10–22

Lead telluride (PbTe)9 has been regarded as a promising
thermoelectric material in the temperature range of 500 to 900
K, where waste heat recovery in vehicles is an important appli-
cation. The gure of merit of PbTe had long remained at around
unity, but it has been increased rapidly during the last several
years and now it is more than double what it was previ-
ously.1,2,4–7,10–20,22–25 Heremans et al.5 presented a gure of merit
of 1.5 for 2% Tl-doped PbTe at 773 K by creating a distortion of
the electronic density of states with Tl impurity resonant states
in the band. Also, a gure of merit of around 1.4 at 750 K was
reported by simply doping PbTe with Na.7 Pei et al.6 reported an
enhancement of the gure of merit to 1.8 at around 850 K due to
the electronic band convergence of at least 12 valleys in
Pb0.98Na0.02Te1�xSex alloys. Also, by tuning the energy separa-
tions between the three bands (C + L + S) to achieve an optimal
carrier concentration in 2 mol% Na-doped MgxPb1–xTe alloys,26

a signicant enhancement in zT over a wide temperature range
was achieved, with a peak zT value of �1.7. It is known that
nanostructuring reduces the lattice thermal conductivity
without much effect on the electron transport.3,4,19,27 The
endotaxial placement of SrTe nanocrystals in 1% Na2Te-doped
PbTe exhibited a gure of merit of 1.7 at �800 K.2 The thermal
conductivity was effectively reduced in this material but the
J. Mater. Chem. A, 2013, 1, 11269–11278 | 11269
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carrier mobility was not reduced much. Girard et al.24 reported
that Na-doped PbTe–PbS (12% S) formed PbS nanostructures,
which reduced the lattice thermal conductivity signicantly,
and thus achieved a maximum zT of 1.8 at 800 K. Recently, a
breakthrough has been made in PbTe-based alloys – a gure of
merit of 2.2 was obtained in the spark-plasma-sintered 2%
Na-doped PbTe–SrTe alloy.1

In much of the aforementioned recent research work on
p-type PbTe with Na doping, we notice that the amount of Na
has been xed to 2% in order to achieve a near-optimal carrier
concentration. However, it is also known that not only the
doping concentration, but also the synthesis conditions such as
sintering pressure and time, can alter the gure of merit of the
material.28 Therefore, in this work, we investigate various hot-
press pressures and times to nd the optimal conditions which
maximize the gure of merit for 2% Na-doped PbTe, and
compare the results with previous reports. Once we nd a
reasonable range of the optimal conditions, these can serve as
useful synthesis conditions for a base material which can be
used to incorporate other techniques such as resonant impu-
rities,5 band-engineering6 and additional nanostructuring1–4 for
the further enhancement of zT. We nd that the optimal hot-
pressing pressure is 100 MPa and the optimal sintering time is
within 1.0–1.5 h for the maximum zT of this material. At this
optimal condition, the 2% Na-doped PbTe alloy reaches a gure
of merit of 1.74 at 774 K, which is about a 24% enhancement
compared to the value zT ¼ 1.4 presented in the previous work
for the same material composition.6
2 Experimental and theoretical section
Material synthesis

Several samples of Pb0.98Na0.02Te were synthesized by melting,
quenching, annealing and hot-pressing. Elemental lead (Pb, 3N,
Alfa Aesar), elemental tellurium (Te, 4N, Alfa Aesar) and
elemental sodium (Na, 99.95%, Alfa Aesar) were used as the
starting materials. They were weighted in stoichiometric
proportions and mixed in a carbon-coated quartz tube in a
N2-lled glove box. The tube was then evacuated to �10�4 Torr
and sealed. They were heated to 1073 K for 2 hours followed by
melting at 1273 K for 6 hours. An ingot was acquired by
quenching the sample in cold water. For annealing the sample,
we placed the ingot in another carbon-coated quartz tube and
heated it in a furnace at 973 K for two days. The resulting ingot
was then ground into a powder and subsequently hot-pressed in
a uniaxial hot-pressing machine at a sintering temperature of
773 K. Electrical resistance heaters supplied heat in the hot-
pressing machine. We varied the hot-pressing pressure to 70,
100 and 130MPa, and also varied the sintering time between 0.5
and 2 hours. Finally the samples were formed into bars for the
thermoelectric property measurements.
Material characterizations

Crystal structures of the samples were characterized by powder
X-ray radiation (XRD) with Cu Ka radiation at room temperature
using a Rigaku powder X-ray diffractometer. Lattice constants,
11270 | J. Mater. Chem. A, 2013, 1, 11269–11278
volumes and theoretical densities were calculated by Rietveld
renement using the Fullprof soware. The cross sectional
morphology was obtained by scanning electron microscopy
(SEM, JSM-6701F). The electrical resistivities and Seebeck
coefficients were measured simultaneously during heating from
room temperature to �800 K using an ULVAC ZEM-3. The
carrier concentration was determined by Hall coefficient
measurements (ResiTest 8340) at room temperature. The
thermal diffusivity was measured with a laser ash apparatus
(Netzsch LFA 457). The heat capacity was estimated by the
relationship Cp (kB per atom) ¼ 3.07 + 4.7 � 10�4 � (T/K:300),
which was obtained by tting the experimental data reported by
Blachnik and Igel.29 The thermal conductivity (k) was extracted
from the thermal diffusivity (l), the specic heat capacity (Cp)
and the density (d) based on the relationship k ¼ lCpd. Here d
was measured by Archimedes' method. The measured density is
close to the theoretical density estimated from the XRD data, as
shown in Table 1. The gure of merit was then obtained based
on the measured thermoelectric properties.
Theoretical analysis

The electronic thermal conductivity, ke, was calculated by the
Wiedemann–Franz relation.30,31 We also included the bipolar
thermal conductivity, kbi, in the electronic thermal conductivity
as

ke ¼ LT

r
þ kbi; (1)

where L is the Lorenz number. The bipolar term is given by32

kbi ¼ snsp

sn þ sp

�
Sn � Sp

�2
T ; (2)

where sn and sp are the partial electrical conductivities of the
electrons and holes, respectively, and Sn and Sp are the partial
Seebeck coefficients of the electrons and holes, respectively. The
calculation of these partial properties requires accurate
modeling of both the conduction and valence bands using
appropriate temperature-dependent band gap information.
Typically, the bipolar thermal conductivity is negligibly small at
low temperatures, when one type carrier transport is dominant.
However, it can become signicantly large at high temperatures
due to the increased contribution of thermally excited carriers.
The lattice thermal conductivity, kl, was obtained by subtracting
the calculated electronic thermal conductivity (ke) from the
measured total thermal conductivity (k):

kl ¼ k � ke. (3)
3 Results and discussion

Fig. 1 shows the powder X-ray diffraction pattern (XRD) results
for the Pb0.98Na0.02Te samples for various hot-pressing pres-
sures with a 1 h sintering time (Fig. 1(a)) and for various sin-
tering times with 100 MPa (Fig. 1(b)) and 130 MPa (Fig. 1(c))
pressures. Despite the high doping concentration of 2% Na in
This journal is ª The Royal Society of Chemistry 2013



Table 1 The lattice constants, volumes, theoretical densities and experimental densities of the Pb0.98Na0.02Te samples under various hot-pressing pressures and
sintering times. For example, a sample with 70–1.0 denotes Pb0.98Na0.02Te with a hot-pressing pressure of 70 MPa with a 1.0 hour sintering time

Samples (MPa–h) a (Å) V (Å3)
Theoretical density
(g cm�3)

Experimental
density (g cm�3)

70–1.0 6.4570 269.21 8.173 8.124
100–1.0 6.4569 269.20 8.173 8.148
130–1.0 6.4572 269.23 8.172 8.149
100–0.5 6.4562 269.11 8.176 8.148
100–1.0 6.4569 269.20 8.173 8.148
100–1.5 6.4562 269.11 8.176 8.120
100–2.0 6.4564 269.14 8.175 8.140
130–0.5 6.4558 269.06 8.177 8.131
130–1.0 6.4572 269.23 8.172 8.149
130–1.5 6.4559 269.07 8.177 8.130
130–2.0 6.4565 269.15 8.175 8.141
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PbTe, we do not nd any secondary phase such as Na2Te within
the detection limit of the powder XRD in any of the samples. All
of the typical peaks can be indexed by the simple face-centered-
cubic rock salt structure of PbTe, belonging to the Fm�3m space
group. The lattice constants, volumes and densities calculated
by Rietveld renement from the XRD data are shown in Table 1.
We nd that the lattice constant of each sample is slightly
smaller than that of pure PbTe (6.462 Å)33 by less than 0.1%.
This may be because the ionic radius of Na+ (1.02 Å) is smaller
than that of Pb2+ (1.19 Å). The measured density for each
sample is very close to the theoretical value, which indicates
that all of the samples are highly dense crystals. This was
conrmed again by the scanning electron microscopy (SEM)
images shown in Fig. 2. Fig. 2 shows the cross-sectional
morphologies of the samples obtained by SEM. From the SEM
images with low magnication (Fig. 2(a)), it can be observed
that all of the samples show similar microstructures; small
grains exist along the boundaries of much larger grains. These
small and large grain boundaries may reduce the lattice thermal
conductivity by additional phonon scattering, and thus lead to
an increase in the gure of merit.1 The average size of the large
grains in the 70 MPa sample is found to be slightly smaller than
those of the 100 and 130 MPa samples for a xed sintering time
of 1 h, as shown in Fig. 2(a). Obviously, the higher sintering
pressure increased the diffusion of atoms to create larger grains
by fusing smaller grains together. However, the average grain
size is saturated beyond 100 MPa, and a pressure of 130 MPa
produces almost the same grain size as 100 MPa. The sintering
time is another important factor in controlling the grain sizes.
When the sintering time was increased from 0.5 to 2.0 h with a
xed hot-pressing pressure, 100 MPa or 130 MPa, the average
grain size increased with the sintering time, especially for the
larger grains, as shown in Fig. 2(a). The average size of the large
grains is about 50–100 mm, showing an increase with increasing
sintering time.

We took SEM pictures under high magnication to further
investigate the small grains, as shown in Fig. 2(b). The average
sizes of the small grains in the samples pressed at 100 MPa are
4.5, 5.6, 2.9 and 6.1 mm for the sintering times of 0.5, 1.0, 1.5
and 2.0 h, respectively. The sample sintered for 1.5 h has the
smallest average grain size. In this sample, we also observed
This journal is ª The Royal Society of Chemistry 2013
some nano-scale precipitates. These may be the precipitates
containing Na, although these were not detected in the XRD
analysis due to the detection limit of the XRD; He et al.34

reported that the solubility limit of Na in PbTe is �0.5 mol%.
Above this amount the material should precipitate. The average
grain sizes in the samples hot-pressed at 130 MPa are 3.8, 5.4,
6.1 and 6.8 mm with 0.5, 1.0, 1.5 and 2.0 h sintering times,
respectively. Regardless of the hot-pressing pressure, we can see
the average size of the small grains generally increases with
increasing sintering time.

The microstructure and energy dispersive spectroscopy
(EDS) mapping shown in Fig. 3 presents the elemental distri-
bution, i.e. for Pb, Te and Na, of the 100 MPa and 1.5 h sample.
The sample was not polished before the EDS mapping to allow
the precise determination of the elemental distribution. While
Pb and Te are largely distributed homogenously throughout the
material, Na is predominantly accumulated at the grain
boundaries. This is consistent with the previous observations
reported by Biswas et al.1 and He et al.;34,35 a 2%mole fraction of
Na is already beyond the solubility limit of Na in PbTe. Thus,
excessive Na atoms tend to form nano-scale precipitates in the
form of Na2Te, or accumulate at grain boundaries or defect
sites.1 It is noted that the Na solubility limit could increase at
high temperatures.34 Thus, more Na atoms which have accu-
mulated at the boundaries can diffuse into the matrix at higher
temperatures, so that the carrier concentration increases
with increasing temperature due to the increased doping effi-
ciency of Na.

Fig. 4 presents the thermoelectric properties of the 2% Na-
doped PbTe samples that were hot-pressed under various
pressures for 1 hour. Throughout the study, we xed the sin-
tering temperature as 773 K. The temperature dependency of
the electrical resistivity shows metallic behavior; the electrical
resistivity increases with increasing temperature. Although the
variation of the electrical resistivity with the hot-pressing pres-
sure is small, the 100 MPa–1.0 h sample shows the lowest
electrical resistivity among the samples. According to the room
temperature Hall measurements (Fig. 4(b)), the electrical
mobility increases with increasing the hot-pressing pressure
from 70 MPa to 100 MPa, but it remains almost constant for the
hot-pressing pressures between 100 and 130 MPa. This may be
J. Mater. Chem. A, 2013, 1, 11269–11278 | 11271



Fig. 1 XRD patterns for the Pb0.98Na0.02Te samples hot-pressed (a) under various
hot-pressing pressures for a fixed 1 hour sintering time, (b) under a fixed pressure
of 100MPa for various sintering times and (c) under 130MPa for various sintering
times.

Fig. 2 SEM images of the Pb0.98Na0.02Te samples synthesized under various hot-
pressing pressures and sintering times. (a) and (b) are the lower and higher
magnification images for the large grains and small grains respectively.

Journal of Materials Chemistry A Paper
related to the variation of the grain size by different hot-
pressing pressures. The average size of the large grains
increases when the hot-pressing pressure increases from 70
MPa to 100 MPa, but remains almost the same for 100 MPa and
130 MPa as discussed above in Fig. 2(a). The larger the average
grain size, the smaller the grain boundaries per unit volume.
Therefore, the grain boundary scattering is stronger in the
70 MPa sample with smaller grain sizes than in the 100 and
130 MPa samples, which could explain the lower mobility for
the 70 MPa sample, as shown in Fig. 4(b). The variation of the
carrier concentration with the hot-pressing pressure, although
small, may be related to the carrier compensation by defect
sites. Although the high pressure could induce grain growth,
11272 | J. Mater. Chem. A, 2013, 1, 11269–11278 This journal is ª The Royal Society of Chemistry 2013



Fig. 3 Microstructure and energy dispersive spectroscopy (EDS) mapping of
the 100 MPa–1.5 h sample. The EDS mapping presents the distribution of Pb, Te
and Na.

Fig. 4 Thermoelectric properties of the Pb0.98Na0.02Te sample with a fixed 1 hour s
concentration and mobility at room temperature, (c) Seebeck coefficient, (d) power

This journal is ª The Royal Society of Chemistry 2013
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the grain growth may be limited to the direction perpendicular
to the uniaxial hot-pressing. Therefore, we suspect that the
amount of defects may be different in different directions,
which might have caused this discrepancy—the carrier
concentration decreases with increasing hot-pressing pressure
as shown in the top plot in Fig. 4(b). It saturates beyond 100
MPa, which may indicate that the defect density does not
increase further above this pressure. As can be seen in Fig. 4(c),
the Seebeck coefficient is relatively independent of the different
hot-pressing conditions. The Seebeck coefficient is mainly
determined by the band structure and the position of the Fermi
level. The slight variation of the carrier concentration at room
temperature shown in Fig. 4(b) indicates that the Fermi level is
similar among the samples, and thus the Seebeck coefficient
remains similar as well. All of the samples showed p-type See-
beck coefficients over the entire temperature range, and their
magnitudes increased with increasing temperature. Typically
the Seebeck coefficient increases with temperature for a
constant carrier concentration, as the Fermi level is relatively
lower at higher temperatures with a constant carrier
intering time and various hot-pressing pressures: (a) electrical resistivity, (b) carrier
factor, (e) total thermal conductivity and (f) figure of merit.

J. Mater. Chem. A, 2013, 1, 11269–11278 | 11273



Fig. 5 Thermoelectric properties of the Pb0.98Na0.02Te sample hot-pressed with a fixed 100 MPa hot-pressing pressure and various sintering times: (a) electrical
resistivity, (b) carrier concentration and mobility at room temperature, (c) Seebeck coefficient, (d) power factor, (e) total thermal conductivity and (f) figure of merit.
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concentration in most semiconductors including PbTe. The
slow-down of the increase in the Seebeck coefficient at high
temperatures above 650 K in Fig. 4(c) is evidence for the
increased carrier concentration at these high temperatures,
where some of the Na atoms which were conned at the grain
boundaries at low temperatures diffuse into the matrix to
become electrically active.1 The power factor, S2/r, increases
rapidly up to around 500 K due to the rapid increase of the
Seebeck coefficients with temperature, and almost saturates
with a slow decrease with temperature beyond this temperature,
as shown in Fig. 4(d). The sample hot-pressed under 100 MPa
for 1.0 h has the highest power factor over the entire tempera-
ture range because of its lowest electrical resistivity. The total
thermal conductivities for all of the samples are nearly the
same, especially at high temperatures, but at low temperatures,
the 130 MPa pressed sample has a slightly higher thermal
conductivity as shown in Fig. 4(e). The gure of merit still
increases with increasing temperature over the entire temper-
ature range for these samples, as shown in Fig. 4(f). The sample
11274 | J. Mater. Chem. A, 2013, 1, 11269–11278
hot-pressed under 100MPa for 1 hour showed the highest gure
of merit with the lowest thermal conductivity and highest power
factor among the samples, which combined to reach zT ¼ 1.65
at 774 K.

Next, in order to study the effect of the sintering time on the
thermoelectric properties, we xed the hot-press pressure at 100
and 130 MPa because these sintering pressures produced high
gures of merit, and varied the sintering time from 0.5 to 2.0 h
for each pressure. Fig. 5 and 6 show the effect of the sintering
time on the thermoelectric properties of the hot-pressed
samples under 100 and 130 MPa, respectively. The electrical
resistivity gradually increased with increasing sintering time for
these two different pressures. According to the room tempera-
ture Hall measurements, the carrier concentration decreases
with the increasing sintering time, while the carrier mobility
increases with the increasing sintering time at room tempera-
ture in the case of the 100 MPa-pressed samples (Fig. 5(b)). The
slight decrease in the carrier concentration with the increasing
sintering time may be caused by the increased Te deciency,
This journal is ª The Royal Society of Chemistry 2013



Fig. 6 Thermoelectric properties of the Pb0.98Na0.02Te sample hot-pressed with a fixed 130 MPa hot-pressing pressure and various sintering times: (a) electrical
resistivity, (b) carrier concentration and mobility at room temperature, (c) Seebeck coefficient, (d) power factor, (e) total thermal conductivity and (f) figure of merit.
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which produces n-type carriers,36 and compensates for the
majority p-type carriers. For a higher pressure, i.e. 130 MPa,
shown in Fig. 6(b), the variation of the carrier concentration
with the sintering time is relatively small and does not show
monotonic behavior. However, the general trend, a slight
decrease in the carrier concentration with the increasing sin-
tering time, is similarly observed as in the case of the 100 MPa
sample. Also, the increase in the carrier mobility with the
increasing sintering time could be due to the reduction of
boundary scattering by a larger average grain size for the longer
sintering time, as well as reduced ionized impurity scattering
with a lower carrier concentration. The re-distribution of Na
impurities along the grain boundary for different sintering
times could also be responsible for the variation of the carrier
concentration and mobility.

The Seebeck coefficient did not change much with varying
the sintering time for these hot-press pressures. The power
factors for the samples hot-pressed under 100 MPa are 19.7,
20.6, 18.6 and 19.3 mWK�2 cm for the sintering times of 0.5, 1.0,
1.5 and 2.0 h, respectively, at 774 K. For the samples hot-pressed
This journal is ª The Royal Society of Chemistry 2013
under 130 MPa, the power factors are 18.5, 19.2, 19.6 and
18.7 mWK�2 cm for the sintering times of 0.5, 1.0, 1.5 and 2.0 h,
respectively, at 774 K. The sample with a sintering time of 1.5 h
shows the lowest total thermal conductivity among the four
samples with 100 MPa hot-pressing. On the other hand, among
the 130 MPa pressured samples, the sample with a sintering
time of 0.5 h shows the lowest total thermal conductivity, as
shown in Fig. 6(e). The low thermal conductivities for these two
samples may be related to the smaller average grain sizes as
shown in Fig. 2(b). The gure of merits of the samples pressed
under 100 MPa and 130 MPa increase with increasing temper-
ature. The highest values of the gures of merit are zT¼ 1.74 for
the 100 MPa–1.5 h sample, and zT ¼ 1.53 for the 130 MPa–1 h
sample at 774 K.

For comparison, we plotted the thermoelectric properties of
these samples along with data from the literature6,7 for 2% Na-
doped PbTe in Fig. 7. Fig. 7(a) shows the gures of merit at 774
K as a function of the sintering time for pressures of 100 and
130 MPa. The gure of merit for the 100 MPa samples rstly
increases until a sintering time of 1.5 h , and then decreases
J. Mater. Chem. A, 2013, 1, 11269–11278 | 11275



Fig. 7 (a) The figure of merit (zT) of all of the Pb0.98Na0.02Te samples at 774 K. The black line is as the reference value of 1.4 from ref. 6 for the same material
composition. Temperature-dependent data of the (b) electrical resistivity, (c) Seebeck coefficient, (d) power factor, (e) total thermal conductivity (k) and lattice thermal
conductivity (kl), (f) electronic thermal conductivity (ke), bipolar electronic thermal conductivity (kbi), and (g) figure of merit.
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with the increasing sintering time, while it generally decreases
with the sintering time for the 130 MPa samples except for a
slight increase for the 1 h sintering time. These values are all
above zT ¼ 1.4 from ref. 6, due to their lower thermal conduc-
tivities, except for the 130 MPa–2 h sample. In particular, the zT
of the 100 MPa–1.5 h sample shows about a 24% increase over
the reference value. Based on these data, we can conclude that
the optimal synthesis conditions for 2% Na-doped PbTe occurs
11276 | J. Mater. Chem. A, 2013, 1, 11269–11278
when the sintering time is between 1.0 h and 1.5 h and the hot-
pressing pressure is 100 MPa.

In order to further understand the higher gure of merit we
obtained, we compared the thermoelectric properties of our two
best samples (100 MPa, 1 and 1.5 h) with the reference data
from the literature6,7 in Fig. 7(b)–(g). Along with the experi-
mental data, we also plotted the calculated results based on the
linearized Boltzmann transport with the two valence bands and
This journal is ª The Royal Society of Chemistry 2013
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one conduction band model for bulk PbTe.37 At high tempera-
tures, the maxima of the L and the S valence valleys converge to
be close to each other, so both of the valleys must be considered
for the accurate calculation of the properties of p-type PbTe.
Non-parabolic bands based on the modied Kane model and
temperature-dependent anisotropic effective masses for holes
(the density of state effective masses: 0.148 m0 for the L valley
and 0.368 m0 for the S valley at 780 K) have been considered in
the calculations. Since the best zT samples with 100 MPa and
1–1.5 h hot-pressing showed the room temperature carrier
concentration to be �6 � 1019 cm�3, we calculated the theo-
retical properties at similar and slightly higher carrier concen-
trations, i.e. 6, 8 and 10 � 1019 cm�3 for comparison. We expect
that the carrier concentration increases with temperature in
these samples due to the re-distribution of the Na atoms into
the matrix at high temperatures.1 As shown in Fig. 7(b) and (c),
the samples showed higher resistivities and lower Seebeck
coefficients than the calculated values at all temperatures. The
higher resistivity could be due to the increased carrier scattering
by the grain boundaries and the nano-scale precipitates which
form in the samples. This grain boundary scattering and nano-
precipitate scattering is seen to decrease the Seebeck coeffi-
cient, as well as the change in the energy-dependent carrier
scattering time. In the calculations, however, these additional
scatterings are not included; only the major scattering mecha-
nisms in bulk PbTe, such as acoustic phonon scattering and
ionized impurity scattering, have been included. On the other
hand, the reference data from ref. 6 had a higher carrier
concentration of 1.27� 1020 cm�3 at room temperature, so both
the resistivity and the Seebeck coefficient were lower than our
experimental data over the entire temperature range, and thus
the power factor was about 40% higher than those of our
samples at high temperatures.

The Lorenz number is calculated by the multi-band Boltz-
mann transport model described above, and is found to be
2.0 � 10�8 W U K�2 at 300 K, which steadily decreases with
temperature to reach 1.15 � 10�8 W U K�2 at 780 K for the
samples. This value is signicantly lower than the conventional
Lorenz number for metals, 2.44 � 10�8 W U K�2. At 700–800 K,
the Lorenz number remains at 1.15 � 10�8 W U K�2 for hole
carrier concentrations up to �3 � 1020 cm�3. Note that ref. 6
used L � 1.5 � 10�8 W U K�2 in this temperature range for the
calculation of the electronic thermal conductivity of Na-doped
PbTe (no Se). In Fig. 7(e), we used the Lorenz number value
obtained from our calculations for both our data and the
reference data for fair comparisons.

As shown in Fig. 7(e), the measured total thermal conduc-
tivities of our samples are about 0.4–0.5 W m�1 K�1 lower than
the reference data from ref. 6 at �750 K. The electronic thermal
conductivities of our samples are calculated to be 0.37 W m�1

K�1 at 750–780 K, including the bipolar contribution, which is
about 0.13 W m�1 K�1 lower than the reference value of 0.5 W
m�1 K�1 at the same temperature. The reduction of the elec-
tronic thermal conductivity is due to the higher resistivities of
our samples, which are about three times higher than that of
the reference at this temperature. In our samples, the bipolar
term of the electronic thermal conductivity gradually increases
This journal is ª The Royal Society of Chemistry 2013
with temperature and becomes as large as 0.16 W m�1 K�1 at
780 K, as shown in Fig. 7(f). The lattice thermal conductivities of
our samples are found to be 0.47–0.58 W m�1 K�1, which is
about 0.2–0.3 W m�1 K�1 lower than the reference value at high
temperatures. This may be due to differences in the sizes of the
grain boundaries and the locations of Na-rich precipitates,
which should affect the lattice thermal conductivity, all of which
is caused by differences in the synthesis conditions. At lower
temperatures below 500 K, our lattice thermal conductivity is
slightly higher than that of the reference. This may be due to the
increase in the charge carrier–phonon scattering of the refer-
ence sample with a higher carrier concentration than those of
our samples. All in all, we nd that both the reduced electronic
thermal conductivity and the reduced lattice thermal conduc-
tivity at high temperatures are responsible for the enhancement
of the gure of merit in this material as shown in Fig. 7(f), in
spite of the reduction of the power factor.
4 Conclusion

In conclusion, optimized synthesis conditions searching for a
higher gure of merit have been used to synthesize 2% Na-
doped PbTe alloys by the melting, annealing and hot-pressing
method. The effects of various hot-pressing conditions on the
crystal structure, microstructure and thermoelectric properties
have been systematically investigated by adjusting the hot-press
pressure and time. The optimal synthesis conditions are
obtained as a hot-pressing pressure of 100 MPa and a sintering
time between 1 and 1.5 h. The highest gure of merit of 1.74 is
achieved at 774 K, which is 24% higher than the reference
data.6,7 Although the power factor of the sample is lower than
that of the reference data, the thermal conductivity is even lower
and this indeed leads to an enhanced gure of merit. We nd
that both the electronic and lattice thermal conductivities were
reduced to achieve the zT enhancement. The electronic thermal
conductivity is lower due to the higher electrical resistivity. The
low lattice thermal conductivity may be due to differences in the
sizes of the grain boundaries and the locations of Na-rich
precipitates compared with those in the reference sample. We
expect that our ndings could serve as reference synthesis
conditions for a base PbTe-based thermoelectric material to
later incorporate other techniques such as resonant impurities5

and band-engineering6 for power factor enhancement, and
additional nanostructuring1–4 for lattice thermal conductivity
reduction.
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