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ABSTRACT Despite an effective p-type dopant for PbTe, the
low solubility of Na limits the fully optimization of thermo-
electric properties of Na-doped PbTe. In this work, Na-doped
PbTe was synthesized under high pressure. The formation of
the desired rocksalt phase with substantially increased Na
content leads to a high carrier concentration of 3.2×1020 cm−3

for Na0.03Pb0.97Te. Moreover, dense in-grain dislocations are
identified from the microstructure analysis. Benefited from
the improved power factor and greatly suppressed lattice
thermal conductivity, the maximal ZT of 1.7 is achieved in the
optimal Na0.03Pb0.97Te. Current work thus designates the ad-
vantage of high pressure in synthesizing PbTe-based ther-
moelectric materials.

Keywords: lead telluride, high pressure synthesis, carrier con-
centration, dislocation

INTRODUCTION
Thermoelectric materials, which can directly convert heat
to electricity and vice versa, are appealing candidates for
alternative and complementary energy sources [1–4]. The
performance of a thermoelectric material for energy
conversion relies on its dimensionless figure of merit,
ZT=S2T/ρκ, where S, T, ρ and κ are the Seebeck coeffi-
cient, temperature, electrical resistivity and thermal con-
ductivity, respectively. It is technically challenging to
enhance ZT due to the adversely dependence among S, ρ
and κ. Nonetheless, significant progresses have been
achieved during the past decades through a variety of
strategies, e.g., phonon-glass electron-crystal strategy [5],
electronic band engineering [6,7], nanostructure en-
gineering [8,9], and modulation doping [10,11], in a
broader range of materials systems [12,13].

Rocksalt-structured PbTe and related materials (both
n-type and p-type) are excellent thermoelectric materials

working in the mid-temperature region, which have been
investigated and successfully used for several NASA space
missions since 1960s [14,15]. A diversity of approaches
have been applied to PbTe-based materials for ZT en-
hancements, such as carrier concentration optimization
[16,17], introduction of resonance level [18,19], electronic
band engineering [6,20,21] and microstructure en-
gineering [8,22]. Recent researches also highlight lattice
dislocations as an effective phonon scattering source to
further suppress the lattice thermal conductivity of lead
chalcogenides [23–26]. For PbTe, the monovalent sodium
has been verified as the most viable p-type dopant [17].
Still, the low solubility of Na in PbTe limits to regulate the
hole concentration [15,21,27,28], which is unfavorable for
optimizing the electrical property of Na-doped PbTe.

Usually, Na-doped PbTe samples are synthesized with
melting-quenching methods under ambient conditions.
High pressure has been widely applied to materials
synthesis, with demonstrated effectiveness in thermo-
electric materials synthesis and performance optimization
[29–33]. High pressure can initiate significant changes in
the reaction equilibrium, lower the reaction temperature,
and facilitate the reaction [34,35]. The presence of high
pressure can effectively broaden the phase space where
traditional metallurgy and melt-growth fail, thus bene-
ficial to increase the solubility. It was confirmed that high
pressure can increase the solid solubility of solute in the
solid solution [36]. In addition, high pressure can induce
plastic deformation and promote the formation of dis-
locations [37]. In this work, Na-doped PbTe samples were
produced with high pressure synthesis (HPS). Under high
pressure, a remarkable increase of Na solubility in PbTe
and highly densified in-grain dislocations leads to en-
hanced power factor and suppressed lattice thermal
conductivity. As a result, the optimal Na0.03Pb0.97Te sam-
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ple shows the highest ZT of 1.7 at temperature higher
than 740 K.

EXPERIMENTAL SECTION

Sample preparation
High purity Na (99.95%, chunk), PbTe (99.999%, granule,
1−10 mm) and Te (99.999%, powder, 200 mesh) were
mixed according to the molecular ratios of x:1−x:x (x =
0.01, 0.02, and 0.03). The mixtures were cold-pressed into
cylinders for high pressure experiments with a six-anvil
high pressure apparatus (CS-1B, working pressure
1−6 GPa, working temperature 300−2,300 K). The reac-
tion temperature was measured with a thermocouple. The
pressure was pre-calibrated with the high-pressure phase
transitions of metals Bi and Ba, which were determined
from the sudden change in the measured electrical re-
sistance. A two-step HPS process was employed to im-
prove the sample homogeneity. The first step of HPS was
carried out at 4 GPa and 1,073 K for 0.5 h. The semi-
product was ground into powders, shaped with cold
press, and loaded into high pressure apparatus for the
second step of HPS (4 GPa and 1,073 K for 1 h). The HPS
product again was ground into powders and consolidated
into a dense pellet (ϕ10.7 mm×8 mm) under conditions
of 4 GPa and 853 K for 0.5 h. The mixing, grinding, and
shaping of the raw and intermediate materials were per-
formed in the glovebox under argon protection.

Structure and composition
Crystal structure and morphology of the final products
were characterized with X-ray diffraction (XRD, Rigaku
D/MAX/2500/PC) and scanning electron microscopy
(SEM, Hitachi S-4800 II FESEM) equipped with energy-
dispersive X-ray spectroscopy (EDS), respectively. The
chemical compositions were determined with electron
probe microanalysis (EPMA, JEOL JXA-8230). The mi-
crostructures of the samples were characterized by
transmission electron microscopy (TEM, FEI Titan
ETEM G2) with an accelerating voltage of 300 kV. The
TEM samples were prepared with focused ion beam (FIB,
FEI Scios), and cleaned by argon ion mill (Leica EM
RES102) after FIB sampling.

Thermoelectric properties
Rectangular blocks (2×2×8 mm3), disks (ϕ6 mm

×1.5 mm), and slices (2.5×0.5×8 mm3) were cut from the
final pellets for the electrical transport, thermal con-
ductivity, and Hall measurements, respectively. The See-
beck coefficient and electrical resistivity were measured

with a ZEM-3 apparatus (Ulvac-Riko). The thermal dif-
fusivity α was measured with a TC-9000H apparatus
(Ulvac-Riko), the sample density d was determined with
the Archimedes method, and the heat capacity in the unit
of kB per atom was estimated by Cp=3.07+4.7×10−4×(T
−300) for lead chalcogenides with an uncertainty of 2% at
temperature higher than 300 K [17,23]. The thermal
conductivity was calculated as κ=αdCp. The uncertainties
in S, ρ and κ are less than 5%. The room-temperature Hall
measurement was conducted with a Physical Property
Measurement System (PPMS, Quantum Design).

RESULTS AND DISCUSSION
XRD patterns of PbTe and Na-doped PbTe samples are
demonstrated in Fig. 1a. All the main peaks can be at-
tributed to the rocksalt structure of symmetry with no
apparent diffraction peak from secondary phases de-
tected. Our HPS samples are thus predominated by the
rocksalt phase. The diffraction peaks systematically shift
to larger angles with increasing Na doping level, as illu-
strated in Fig. 1b for the normalized and magnified (422)
peak, indicating a shrinking lattice constant due to the
incorporation of more Na atoms on Pb sites of the crystal
lattice (Table 1). Fig. 2 shows SEM images from the
freshly fractured surfaces of NaxPb1−xTe samples. All the
samples display similar morphology. The grains are well
sintered with no obvious pore or microcrack, which is

Figure 1 (a) XRD patterns of NaxPb1−xTe samples prepared under high
pressure. (b) The normalized and magnified (422) peak showing the
systematic shift to higher angle with increasing Na content.

Figure 2 Typical SEM images from the fractured surfaces of NaxPb1−xTe
samples. (a) x = 0.01, (b) x = 0.02, (c) x = 0.03.
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consistent with the high density of our HPS samples
(>96% of the theoretical density). The SEM-EDS ele-
mental mapping (Fig. 3) shows all the elements, i.e., Pb,
Te, and Na, are almost uniformly distributed throughout
the whole region, indicating a homogeneous composition
achieved in the HPS sample.

The room temperature properties of NaxPb1−xTe sam-
ples are summarized in Table 1. The EPMA determined
Na contents are very close to the nominal values, in-
dicating an effective incorporation of Na into the crystal
lattice under high pressure. The Hall measurements show
that all the samples are dominated with charge carriers of
holes. With increasing Na doping level, more holes are
introduced into the system, leading to increasing hole
concentration and decreasing electrical resistivity. Due to
the high pressure that can improve the solid solubility of
solute into the solid solution, the highest Na doping level
achieved in our HPS samples, i.e., 0.027 as determined
from EPMA, is beyond the solid solubility of Na in PbTe
under ambient pressure [28]. As a result, the hole con-
centration of 3.2×1020 cm−3 is achieved in Na0.03Pb0.97Te,
which is much higher than those achieved in state-of-the-
art p-type PbTe materials synthesized under ambient
pressure [8,17,38]. Na0.03Pb0.97Te also shows a larger
Seebeck coefficient than that of the two less doped sam-

ples. The enhancement of the Seebeck coefficient at high
hole concentration can be explained with a two-band
model [17,39]. For PbTe system, the two valence bands
near the Fermi level are the light L and heavy Σ bands.
While the light band dominates the Seebeck coefficient at
low hole concentration, the heavy band contributes sig-
nificantly at high hole concentration, leading to the en-
hanced Seebeck coefficient. A single parabolic band (SPB)
model within the acoustic phonon scattering approx-
imation can be used to roughly estimate the carrier ef-
fective mass, m*, of NaxPb1−xTe samples. In the SPB
model, the Seebeck coefficient is related to the carrier
concentration through the following equations: S=(kB/e)
(2F1(ξ)/F0(ξ)-ξ) and p=4π(2m*kBT/h2)3/2F1/2(ξ), where ξ, kB,
and h are the reduced Fermi energy, Boltzmann constant,
and Planck constant, respectively, Fj(ξ)=∫0

∞vjdv/(1+ev−ξ) is
the Fermi integral of order j with v being the reduced
carrier energy [40]. The estimated effective mass is listed
in Table 1. The large m* of Na0.03Pb0.97Te clearly indicates
substantial contribution from the heavy band. In com-
parison, m* for 2% Na doped PbTe synthesized under
ambient pressure are 0.83 me [8] and 0.79 me [17], very
close to 0.88 me of the corresponding HPS sample.

The temperature dependent thermoelectric properties
of NaxPb1−xTe samples from HPS are displayed in Fig. 4.
Representative results of 2% Na-doped PbTe samples
synthesized under ambient pressure from literature are
also included for comparison [8,17,27]. As shown in Fig.
4a, the electrical resistivity increases monotonically with
increasing temperature, indicating a heavily doped
semiconductor behavior. Also, the electrical resistivity
decreases with increasing Na content due to the incre-
ment in carrier concentration. A plateau-like feature ap-
pears in the resistivity of Na0.03Pb0.97Te at temperature
higher than 600 K. Similar features were previously ob-
served in heavily doped PbTe materials [8,41], which are
attributed to the onset of Na diffusion at high tempera-
ture. Note the electrical resistivities of 2% Na-doped
samples from different fabrication methods vary sub-
stantially from sample to sample, which may connect
with the specific fabrication process of each sample

Figure 3 EDS elemental mapping of Na0.03Pb0.97Te sample. (a) SEM
image. (b−d) The corresponding elemental mapping of Pb, Te, and Na,
respectively.

Table 1 Nominal and EPMA-determined sodium contents, lattice parameter (a, Å), electrical resistivity (ρ, μΩ m), Seebeck coefficient (S, μV K−1),
carrier concentration (p, 1020 cm−3), carrier mobility (μ, cm2 V−1 s−1), and effective mass (m*, me) of NaxPb1−xTe (x = 0.01, 0.02, and 0.03) samples
measured at room temperature

Nominal EPMA a ρ S p μ m*

0.01 0.009 6.4586 9.6 63 0.8 81 0.57

0.02 0.017 6.4574 4.1 53 2.0 76 0.88

0.03 0.027 6.4560 3.4 72 3.2 57 1.66
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[8,17,27].
All the samples show positive Seebeck coefficient, in-

dicating a p-type conduction (Fig. 4b). At low tempera-
ture, the largest Seebeck coefficient is achieved in
Na0.03Pb0.97Te due to the heavy band contribution at high
hole concentration. However, the variation of the Seebeck
coefficient as a function of Na content (and hole con-
centration) restores the general trend at high tempera-
ture: The higher the hole concentration, the lower the
Seebeck coefficient. This is due to the temperature de-
pendent band offset between the light and heavy bands of
PbTe: The light band falls below the heavy band at ca.
450 K [42]. The temperature dependent power factor,
PF=S2/ρ, of NaxPb1−xTe samples is shown in Fig. 4c. PF
increases with elevating Na doping level. Na0.03Pb0.97Te
exhibits the best power factor among all the samples,
which is 1,500 μW m−1 K−2 at room temperature and rises
to values close to 2,900 μW m−1 K−2 at temperatures
higher than 500 K. Compared with those ambient pres-
sure synthesized samples, the improved power factor
achieved in Na0.03Pb0.97Te can be attributed to the balance
between electrical resistivity and Seebeck coefficient oc-
curring at higher hole concentration.

Fig. 4d presents the temperature dependent thermal
conductivity of NaxPb1−xTe samples. The thermal con-
ductivity decreases with increasing temperature but does
not show an explicit dependence on Na content. The total
thermal conductivity κ is a sum of the electronic con-
tribution κe and the lattice thermal conductivity κl. In Na-
doped PbTe samples, the substitutional Na atoms can
introduce holes to increase κe and scatter phonons to

suppress κl. The rapidly increased κe may offset the de-
crease in κl, resulting in larger thermal conductivity at
higher Na content. κe can be estimated with the Wiede-
mann-Franz law (κe=LT/ρ, where L is the Lorenz num-
ber) from the measured electrical resistivity. It is not easy
to accurately determine L of PbTe due to the complexity
such as non-parabolic Kane bands, multiple bands, and
alternate scattering mechanisms. Here we use a simple
empirical formula, L=1.5+exp(−|S|/116), to estimate L (in
the unit of 10−8 W Ω K−2) from the Seebeck coefficient (in
the unit of μV K−1) with an acceptable accuracy [43]. κl

can then be calculated by subtracting κe from κ. The inset
to Fig. 4d shows κl of NaxPb1−xTe samples. Clearly, the
lattice thermal conductivity decreases with increasing Na
content. Our HPS Na0.02Pb0.97Te exhibits a lattice thermal
conductivity lower [8,27] or comparable to [17] those of
ambient pressure synthesized samples at high tempera-
ture. κl for Na0.03Pb0.97Te drops further and reaches the
minimum value of 0.67 W m−1 K−1 at temperature higher
than 700 K, which is one of the lowest value achieved in
single elemental doped PbTe. Higher Na content can
introduce more point defects to increase phonon scat-
tering and lower lattice thermal conductivity. Other
phonon scattering mechanisms, such as nanoinclusions,
dislocations, may also contribute to the reduction of lat-
tice thermal conductivity.

To declare other possible phonon scattering mechan-
isms, the microstructure of Na0.03Pb0.97Te was investigated
with TEM. The dark field TEM image displays numerous
sand-like features (Fig. 5a), which are attributed to highly
densified dislocations and lattice distortion as revealed
from the HRTEM observations. An HRTEM image
viewed along the zone axis is shown in Fig. 5b, where no
obvious nanoinclusion or nanoprecipitate is identified.
The inset to Fig. 5b shows the corresponding fast Fourier
transform (FFT) pattern. Split {111} diffraction spots are
observed, indicating significant lattice distortion in {111}
lattice. Fig. 5c displays the inverse FFT (IFFT) image from
selected {111} diffraction spots, revealing the highly
densified dislocations and remarkable lattice distortion.
Similar dislocations and lattice distortion but to a less
extent can also be revealed from the FFT-filtered image
by selecting {002} spots (Fig. 5d). The plastic deformation
process under high pressure facilitates the formation of
dense in-grain dislocations, which can scatter mid-fre-
quency phonons and further lower the lattice thermal
conductivity [23−25,44].

The temperature dependent ZT of NaxPb1−xTe samples
is calculated on the basis of thermoelectric properties and
demonstrated in Fig. 6. Typical results from Na0.02Pb0.98Te

Figure 4 The temperature dependent thermoelectric properties of
NaxPb1−xTe samples. (a) Electrical resistivity. (b) Seebeck coefficient. (c)
Power factor. (d) thermal conductivity. The inset of panel d shows the
lattice thermal conductivity.
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samples from literature are also presented [8,17,27]. The
high pressure synthesized samples show excellent ther-
moelectric performance. The highest ZT reaches 1.7 in
the optimal Na0.03Pb0.97Te at temperature high than 740 K.
In comparison, ZT for HPS Na0.02Pb0.98Te peaks at 1.57,
slightly higher than that achieved in ambient-pressure
synthesized samples with the same Na doping level. The
HPS method employed in current work shows several
advantages compared with ambient-pressure synthesis

methods. It provides a prompt fabrication method to the
final products. High pressure promotes the doping pro-
cess and increase the solubility of Na in PbTe, leading to
much higher hole concentration (3.2×1020 cm−3 for
Na0.03Pb0.97Te) and mildly enhanced power factor. More-
over, high pressure facilitates the formation of dense in-
grain dislocations, which further suppress the lattice
thermal conductivity.

CONCLUSIONS
p-Type Na-doped PbTe samples were successfully syn-
thesized with high pressure synthesis. Due to the presence
of high pressure, Na solubility in PbTe is substantially
improved compared with those ambient-pressure syn-
thesized samples, meanwhile abundant dislocations are
formed within the grains. For the optimal Na0.03Pb0.97Te,
the power factor reaches 2,900 μW m−1 K−2 at temperature
higher than 500 K. Combined with the greatly suppressed
lattice thermal conductivity (ca. 0.7 W m−1 K−1 in the high
temperature region), a ZT value as high as 1.7 is achieved.
High pressure synthesis thus offers an effective approach
to synthesizing PbTe-based thermoelectric materials.
Further enhancement in thermoelectric performance of
PbTe-based thermoelectric materials can be expected
through combining HPS with strategies of band structure
and microstructure engineering.
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钠掺杂碲化铅热电材料的高压合成及性能研究
蔡博文, 李江华, 孙浩, 张隆, 徐波*, 胡文涛, 于栋利, 何巨龙, 赵智胜, 柳忠元, 田永君*

摘要 尽管钠可以对碲化铅进行有效的p型掺杂, 但其较低的固溶度限制了对掺杂样品热电性能的全面优化. 本工作采用高压合成方法合
成钠掺杂的碲化铅样品. 结构及成分分析表明样品具有典型的岩盐矿结构, 且钠的含量显著提高. 相应的, Na0.03Pb0.97Te样品的载流子浓度
也提高至3.2×1020cm−3. 此外, 显微结构分析确认在高压合成样品的晶粒中形成了高密度的位错. 受益于增强的功率因数和大大抑制晶格
热导率, Na0.03Pb0.97Te样品的热电优值达到1.7. 该工作展示了压力在合成碲化铅基热电材料中的优势.
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