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In this paper, we systematically investigate three different routes
of synthesizing 2% Na-doped PbTe after melting the elements: (i)
quenching followed by hot-pressing (QH), (ii) annealing followed
by hot-pressing, and (iii) quenching and annealing followed by
hot-pressing. We found that the thermoelectric figure of merit,
zT, strongly depends on the synthesis condition and that its value
can be enhanced to ∼2.0 at 773 K by optimizing the size distribu-
tion of the nanostructures in the material. Based on our theoretical
analysis on both electron and thermal transport, this zT enhance-
ment is attributed to the reduction of both the lattice and elec-
tronic thermal conductivities; the smallest sizes (2∼6 nm) of
nanostructures in the QH sample are responsible for effectively
scattering the wide range of phonon wavelengths to minimize
the lattice thermal conductivity to ∼0.5 W/m K. The reduced elec-
tronic thermal conductivity associated with the suppressed elec-
trical conductivity by nanostructures also helped reduce the total
thermal conductivity. In addition to the high zT of the QH sample,
the mechanical hardness is higher than the other samples by a fac-
tor of around 2 due to the smaller grain sizes. Overall, this paper
suggests a guideline on how to achieve high zT and mechanical
strength of a thermoelectric material by controlling nano- and
microstructures of the material.

waste heat recovery | energy harvesting

Athermoelectric (TE) device is a solid-state device that con-
verts heat directly into electricity and vice versa (1–5). As

there are no moving parts involved and the device configuration
is simple, TE devices have demonstrated long-term reliability in
various space missions, usually running for tens of years without
maintenance (6). However, they are not yet widely used in many
other energy conversion applications on earth mainly due to
their low conversion efficiencies. The conversion efficiency of
a TE device largely depends on the material properties, i.e., the
figure of merit (1, 3), zT = [S2/ρ(κL + κe)]T, where T is the ab-
solute temperature, S is the Seebeck coefficient, ρ is the elec-
trical resistivity, and κL and κe are, respectively, the lattice (or
phonon) and electronic thermal conductivities. Increasing the zT
has proven challenging because the constituent TE properties
are interdependent; for example, decreasing the electrical re-
sistivity results in decreasing the Seebeck coefficient and in-
creasing the electronic thermal conductivity.
Among the various TE materials, PbTe is known to be a very

useful TE material for waste heat recovery in the temperature
range of 600–900 K (1, 4, 6–8). This material has been used
widely since the onset of the Space Age in the late 1950s.
According to an excellent review of 20th century TE materials
by Wood et al. (7) in 1988, PbTe was the core material used in
the first radioisotope TE generator launched into space, called
SNAP-3G. SNAP-3G had been operational for more than 26 y
without any failures since its launch in 1961 (7). Interestingly, the
zT of PbTe was believed to be around 0.7 at 600∼800 K (7).
However, according to a later paper by Pei et al. (9), the zT
of Na-doped PbTe was found to be as high as ∼1.4 at 750 K
after more precise thermal conductivity measurements at high

temperatures. Recently, PbTe has been the subject of extensive
research involving various new approaches for enhancing the TE
properties. These efforts include band convergence via alloys
(10) and electronic density of states distortion by resonant levels
(11, 12) to enhance the power factor (13, 14), as well as a variety
of embedded nanostructures to reduce the thermal conductivity
(15–19). Heremans et al. (11, 12) showed that the power factor
of PbTe can be enhanced by doping with an appropriate impurity
such as Tl, which creates resonant levels inside the electronic
band of PbTe. They reported a zT value of 1.5 at 773 K for 2%
Tl-doped PbTe. Band convergence has been suggested as an-
other method of increasing the power factor; Pei et al. (10)
reported an enhancement of the figure of merit to 1.8 at around
850 K due to an optimized power factor via the convergence of
at least 12 valleys in Pb0.98Na0.02Te1-xSex alloys. In addition, by
tuning the energy separation between the three bands (C + L + Σ)
to achieve an optimal carrier concentration in 2 mol % Na-
doped MgxPb1-xTe alloys (20), a significant enhancement of the
zT over a wide temperature range was achieved, with a peak zT
value of ∼1.7 at 725 K. It is now well known that nanostructures
such as nanoparticles (15–17, 21) and nanosized grain bound-
aries (18) can scatter phonons effectively, thereby reducing the
thermal conductivity. Girard et al. (22) reported that the
Na-doped PbTe–PbS 12% formed PbS nanostructures, which
reduced the lattice thermal conductivity significantly and thus
achieved a maximum zT of 1.8 at 800 K. Recently, a significant
enhancement of the figure of merit of 2.2 at 915 K in spark-
plasma-sintered (SPS) 2% Na-doped PbTe–SrTe alloys was
reported by Biswas et al. (15) These authors attributed the large
increase in zT to the thermal conductivity reduction achieved
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by “all-scale hierarchical architectures,” which cause extensive
phonon scattering over a broad range of phonon wavelengths
with structures of various length scales, i.e., atomic-scale impu-
rities for scattering short-wavelength phonons, nanoscale pre-
cipitates for midwavelength phonons, and mesoscale grains for
long-wavelength phonons.
The performances of these recently developed nanostructured

TE materials can depend heavily on the material synthesis
method and conditions used; their enhanced TE properties
largely depend on the micro- and nanostructures in the materi-
als, which can be significantly altered by small changes in the
synthesis conditions. Despite recent extensive research on PbTe
and its alloys, however, the effects of different synthesis methods
and conditions on their TE properties have been neglected in the
research thus far. In this paper, we systematically investigate
three different routes of synthesizing 2% Na-doped PbTe to
study their effects on the TE properties. After melting the ele-
ments, three different material synthesis routes are used: (i)
quenching followed by hot-pressing (QH), (ii) annealing fol-
lowed by hot-pressing (AH), and (iii) quenching and annealing
followed by hot-pressing (QAH). We compare the TE properties
of the samples synthesized by these three methods and in-
vestigate the variation of the nanostructures and grain sizes in
the samples using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). It was found that the
zT strongly depends on the synthesis condition and that its value
can be enhanced from 1.5∼1.7 (AH, QAH) to 2.0 or higher
(QH) at 773 K. Based on a theoretical analysis of both electron
and thermal transport, we attribute this zT enhancement to the
reduction of both the lattice and electronic thermal conductivi-
ties; we found that the sizes of the nanoscale precipitates and
microscale grains vary significantly among the samples when
different synthesis methods are used. Our theoretical analysis
reveals that this clearly affects the TE properties of the samples.
In particular, QH showed the smallest sizes of both the precip-
itates and the grains, thus exhibiting a zT of 2.0 at 773 K. We also
tested the hardness of the samples, which is important for me-
chanical stability in practical applications. The hardness of the
QH samples was the highest among all samples and was nearly
double that of the QAH samples.

Results and Discussion
Based on the powder X-ray diffraction (XRD) pattern for the
three Pb0.98Na0.02Te samples synthesized by the three different
processes of QH, AH, and QAH (shown in Fig. S1), we con-
firmed that the XRD patterns of the three samples are fairly
similar to one another in the measured angle range. All of the
typical peaks of the three samples can be indexed to the face-
centered-cubic rock-salt structure. We obtained SEM images to
determine the morphological differences among the three dif-
ferent samples (Fig. 1 A–F). All of the figures are cross-sectional
images. In the low-magnification images (Fig. 1 A–C), it is clearly
observed that the grain sizes are homogeneous in the AH
sample, with an average grain size of ∼100 μm (Fig. 1A). On the
other hand, in the QH sample, although the grain sizes are
generally homogeneous, their average size (around 5 μm) is
much smaller than that of the AH samples (Fig. 1C). Inter-
estingly, these two different length scales of grains coexist in the
QAH sample (Fig. 1B). This can be observed more clearly in the
high-magnification SEM images shown in Fig. 1 D–F. The grain
boundaries are clearly shown in the figures, and the grains are
closely packed with almost no voids between them. In general,
the AH grain sizes are fairly large, such that whole grains cannot
be captured in the low-magnification SEM image (Fig. 1D), al-
though few smaller grains are observed in the grain boundaries.
Smaller grains in the QAH (Fig. 1E) and grains in the QH (Fig. 1F)
samples are clearly observable in the images. This result may be
attributed to the insufficient time for the grain to grow larger in

the QH sample due to the quenching process, whereas sufficient
time was given, along with sufficient atomic kinetics, during the
annealing process for small grains to grow into much larger grains
in the AH and QAH samples. Therefore, small grains ∼5 μm in
size on average could be formed by the quenching process,
whereas larger grains ∼100 μm in size are grown during the
annealing process. TEM images of the samples are shown in
Fig. 1 G–L. The TEM sample was prepared by a focused ion
beam, and the thickness variation should therefore be negligible.
In the high-magnification TEM images (Fig. 1 G–I), nanostruc-
tures with different sizes depending on the synthesis method, i.e.,
QH, QAH, or AH, are clearly shown. This is consistent with re-
cent reports by He et al. (23, 24) in which Na precipitates in 2%
Na-doped PbTe were observed, as the sodium content exceeded
the solubility limit (0.5 mol %) of the Na in the PbTe. The 0.5%
sodium content, below the solubility limit, introduces point
defects (solid solution formation) in PbTe, and the remainder
would precipitate as nanostructures. This solubility limit of 0.5
mol % was later confirmed by Yamini et al. (25) in their study on
the temperature-dependent solubility of Na in the PbTe. They
also showed that the additional Na in PbTe beyond the solubility
limit induces the formation of a Na-rich liquid phase at tem-
peratures above 633 K at grain boundaries. Magnified images of
the nanostructures are provided in Fig. 1 J–L. Although these
nanostructures are coherent, the shapes are quite different;
whereas a spherical shape with a diameter of a few nanometers is
observed for QH; irregular shapes are shown in the QAH and

Fig. 1. SEM and TEM images of the Pb0.98Na0.02Te samples. Low- (A–C) and
high- (D–F) magnification SEM images of the QH, AH, and QAH (27) samples
showing microsized grains. Nanostructures of different sizes are observed in
the low- (G–I) and high- (J–L) magnification TEM images. The sizes of these
nanostructures are quantified and presented in M–O.
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AH results. The spherical nanostructures may have agglomerated
during the annealing process. A similar finding was reported by
Lensch-Falk et al. (26) in their study on Ag2Te precipitates in
a PbTe matrix; they found that Ag2Te precipitates form as co-
herent spherical nanoparticles in the quenched sample, yet these
evolve into flattened semicoherent disks in the annealed sam-
ples. The sizes of these nanostructures are quantified and shown
in Fig. 1 M–O. The mean size of the AH sample is the largest,
and that of the QH sample is the smallest. The mean size of
QAH sample is between these values, but it is more toward the
AH size. Also, the distribution of the sizes in the AH set is the
largest. As expected, quenching is a very effective means of
forming smaller nanostructures, whereas annealing makes them
grow into larger structures.
The temperature-dependent figures of merit for the QH, AH,

and QAH samples are presented in Fig. 2. In addition, sche-
matics of their nano- and microstructures are shown. The zT
value for the QH sample at each temperature is the average
value of 13 measurements. Error bars indicate deviations in the
zT measurements. It was predicted in a previous report (10) that
an optimized zT in heavily doped p-type PbTe could be as high as
1.7 at 750 K based on a model that takes multiple bands into
account. However, the zT of our QH sample is even higher than
that, reaching ∼2.0 at 773 K. On the other hand, the AH and
QAH samples had zT values of ∼1.5 and 1.6, respectively, at 773
K, which is lower than that of the QH sample at the same
temperature. Our theoretical analysis, explained later in this
paper, revealed the following: At high temperature, the power
factor of QH sample is around 4% higher than that of QAH
sample, yet the thermal conductivity of QH is around 14% lower
than that of the QAH. Also, even though the electrical resistivity
of QH sample is lower than that of QAH, i.e., higher electronic
thermal conductivity of QH over that of QAH, the total thermal
conductivity of QH is lower than that of QAH. This clearly
indicates the lattice thermal conductivity of QH is lower than

that of QAH. The theoretical analysis reveals that the smaller
sizes of nanostructures in QH samples led to reduced in-
terparticle spacing in nanostructures which effectively scattered
phonons. For comparison, we also plotted in Fig. 2 previously
reported zT values of PbTe:Na (9, 15). Pei et al. (9) synthesized
PbTe:Na by melting–quenching–annealing followed by a hot-
pressing process similar to our QAH process. The zT value for
this reference material is ∼1.4 at a temperature of ∼750 K, which
is slightly lower than the zT of our QAH. This may have arisen
because our QAH sample was synthesized based on an optimized
hot-pressing condition (27). In addition, Biswas et al. (15) syn-
thesized PbTe:Na via melting–quenching followed by an SPS
process and reported a zT close to 1.4 at 800 K. We suspect that
a different synthesis process might have caused this deviation.
Furthermore, it is known that an alkali-doped (2P) material has
poorer mechanical properties (28). However, in our mechanical
hardness analysis, shown in Fig. 2 (Inset), the hardness of the QH
sample is nearly double that of the QAH sample. The mechan-
ical hardness was measured by a Zwick μ-S Vickers hardness
tester. These values are based on the average of five measure-
ments each. It is known (29) that the hardness increases as the
grain size becomes smaller, given that a smaller grain restricts
slip and dislocation (30).
The electrical resistivities, Seebeck coefficients, and power

factors of the three samples are presented as a function of the
temperature in Fig. 3. Along with the experimental data, the
theoretical calculations for bulk p-type PbTe are plotted in
the figure. Details regarding the theoretical transport modeling
can be found in SI Text. The electrical resistivities for all three
samples increase with an increase in the temperature, as similarly
occurs in metals. The difference as regards metals is that the hole
concentration increases with the temperature in all of the sam-
ples, as evidenced by the Hall effect measurement results shown
in Fig. S2. According to earlier work (ref. 15), the sodium atoms
trapped at the grain boundaries cannot donate carriers to the
matrix. However, these sodium atoms diffuse into the matrix as
the temperature rises, becoming electrically active to provide
more carriers at a higher temperature. The AH sample had a
lower hole concentration (3.5 × 1019 cm−3) compared with the
QAH and QH samples (5.0 × 1019 cm−3 and 6.5 × 1019 cm−3

,
respectively) at room temperature, but it increased more rapidly
with the temperature than the others, particularly at high tem-
peratures above 600 K, such that the AH sample showed a slight
decrease in its resistivity when the temperature exceeded 650 K
despite the fact that the mobility decreases with the temperature
due to the increased acoustic phonon scattering. This is consis-
tent with the theoretical calculations shown in Fig. 3A. The
higher experimental resistivity compared with the calculation for
all of the samples is believed to be due to additional carrier
scattering by the grain boundaries and nanostructures in the
material, although this was not included in the modeling.
The Seebeck coefficient also increases with an increase in the

temperature for all of the samples, but it becomes saturated at
250∼300 μV/K above 650 K. Typically, the Seebeck coefficient
tends to increase steadily with the temperature at a constant
carrier concentration. However, in these samples, the hole con-
centration rapidly increases with the temperature at high tem-
peratures above 650 K, which prevents the Seebeck coefficient
from increasing further. The QH sample had the highest hole
concentration (∼1.0 × 1020 cm−3 at 773 K) among the three sam-
ples over the entire temperature range, although it is not much
different from that of the QAH sample. Therefore, the QH
sample has the lowest Seebeck coefficient and lowest resistivity
among them. The reason for the variation in hole concentration
among the samples is not yet clearly understood, but it may be
related to the densities of the defects and/or electrically active
impurities such as Na in the matrix.

Fig. 2. TE figures of merits for the QH, AH, and QAH samples with other
reference data (9, 15). The zT values of the QH sample are based on the
average values of 13 measurements. The error bar indicates the highest and
the lowest zT values in the measurements. The schematics of morphologies
of the sample are also shown. (Inset) Normalized mechanical hardness of the
QH, AH, and QAH samples.
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Fig. 3C shows the measured total thermal conductivity (κ)
along with the calculated electronic and bipolar thermal con-
ductivities for the three samples. The electronic thermal con-
ductivity (κe) includes the bipolar thermal conductivity (κbi), and
it is used to extract the lattice thermal conductivity via κl = κ−κe.
More details about the bipolar thermal conductivity calculation
are found in SI Text. The electronic thermal conductivity before
the bipolar term is included is calculated by the Wiedemann–

Franz law as κe−κbi = LT/ρ, where L is the Lorenz number. The
Lorenz number is calculated from the multiband Boltzmann trans-
port model described in SI Text. As the Lorenz number remains
almost constant for all three samples at a given temperature, as
shown in Fig. S3A, the electronic thermal conductivity without
the bipolar term is largely determined by the resistivity. As shown
in Fig. 3C, bipolar thermal conductivity starts to appear beyond
600 K in all three samples, becoming as large as 0.27 W/m K at
773 K for the AH sample. The QH and QAH samples have bi-
polar thermal conductivity of ∼0.15 W/m K at the same tem-
perature, which is lower than that of the AH sample due to their
relatively higher hole concentrations compared with the AH
sample, which lowers the contribution from the electrons to the
bipolar thermal conductivity. As a result, the AH sample has
higher electronic thermal conductivity (∼0.46 W/m K at 773 K)
than the QH (0.4 W/m K) and QAH (0.36 W/m K) samples,
although it has the highest resistivity among the samples. The
large bipolar thermal conductivity of the AH sample is re-
sponsible for the slight increase in the measured total thermal
conductivity at high temperatures beyond 750 K for the AH
sample, as shown in Fig. 3C.
The lattice thermal conductivity κL is then obtained by sub-

tracting the electronic thermal conductivity from the total ther-
mal conductivity, as shown in Fig. 3D. To understand why the
QH exhibited the lowest thermal conductivities among the
samples, we used the Callaway model (31). A detailed analysis is
available in SI Text, and the results are presented as solid curves
in Fig. 3D. We reflected in the simulation what we observed in
the SEM and TEM images (Fig. 1). First, we set the size of the
grain to be 100, 8, and 3.7 μm for the AH, QAH, and QH
samples, respectively, based on the SEM images in Fig. 1. Also,
based on findings by He et al. (23), the solubility limit of Na in
PbTe is 0.5%. The remaining 1.5% should be precipitated, al-
though the exact amount of this should be varied among samples
due to the different synthesis condition, measurement history,
sample variation, etc. Based on the SEM and TEM images, we
assumed that the remaining 1.5% was precipitated in the form of
Na2Te, with a diameter of around 10, 7, and 2.4 nm for the AH,
QAH, and QH samples, respectively. However, the solubility
limit of Na atoms in PbTe can increase as temperature increases
(25), which can be the reason that the carrier concentration
increases with temperature due to the further diffusion of Na
atoms into the matrix at higher temperatures. This may affect the
size distribution of the nanoprecipitates at high temperatures,
which is subject to future study. As shown in Fig. 3D, in-
corporation of these values indeed explains why the QH sample
has the lowest thermal conductivity. In the simulation, lattice
thermal conductivities of QAH and AH are similar despite the
fact that they have different grain sizes and diameters of their
nanostructures. It is known that phonon grain boundary scat-
tering is usually dominant at temperatures lower than the Debye
temperature (32) unless the sizes of the grains are very small,
e.g., on the order of a few tens of nanometers (16). Considering
that the Debye temperature of PbTe (33) is 136 K, the differ-
ences in the grains did not affect the lattice thermal conductiv-
ities significantly in the measured temperature range. Thus,
scattering due to the nanostructures indeed causes this discrep-
ancy. In fact, given that we fixed the concentration of the
nanostructures at 1.5%, the differences in the diameters of the
nanostructures, which effectively scatter mid- to long-wavelength
phonons (17), affected the lattice thermal conductivities. It is
known (34) that, given the same nanostructure concentration,
the mean size of the nanostructure is directly related to the in-
terparticle spacing assuming homogeneous distribution of nano-
structures; the smaller the size of the nanostructure, the closer the
interparticle spacing. The spacings between the nanostructures
could be estimated as 22.7, 15.8, and 5.4 nm for the AH, QAH,
and QH samples, respectively. This suggests that the phonon

Fig. 3. TE properties of the QH, AH, and QAH samples: (A) electrical re-
sistivities; (B) Seebeck coefficients; (C) the total electronic and bipolar thermal
conductivities; and (D) the lattice thermal conductivities. The dots indicate the
experimental data, and the line denotes the theoretical analysis data.
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mean-free path of scattering processes other than scattering due
to the nanostructures should be shorter than 15.8 nm because the
lattice thermal conductivities of QAH and AH do not appre-
ciably depend on the sizes of the nanostructures. Lattice thermal
conductivities of the QH, AH, and QAH samples with and without
nanoparticles (NP) were calculated as shown in Fig. S4. It is clear
in the figure that effects of NPs on the lattice thermal conduc-
tivities are evident in the QH but are negligible in the others.
This clearly suggests that, given the same nanostructure con-
centration, the sizes of the nanostructures are closely related to
the interparticle spacing which affects the phonon mean-free
path (35).

Conclusions
We demonstrated a zT of ∼2.0 at 773 K in Na-doped PbTe in
one of the synthesis methods, (QH), used in this paper. Based on
our theoretical analysis, the main reason for such a high zT in
QH is the reduction of the thermal conductivity. Interestingly,
although the microsized grains and nanostructures occur in all
three samples, QH, AH, and QAH, nanostructures only a few
nanometers in diameter present in QH effectively reduced the
lattice thermal conductivity. Based on this finding, we should
emphasize that nanostructures are not always effective in re-
ducing the lattice thermal conductivity. They are the most ef-
fective when the spacing between them is smaller than the
phonon mean-free paths of other scattering processes. There-
fore, optimal synthesis condition should be sought to find the
right sizes of nanostructures for this material. Our study shows
that the size of nanostructures can vary significantly by the choice
of synthesis methods and parameters, which can explain the
variation in zTs among the samples from different synthesis
methods. In addition to the high zT, the QH sample possesses
mechanical hardness superior to that of the other samples by
a factor of 2. This is due to the relatively small grain sizes
compared with the others (29, 30). Overall, this QH sample
demonstrates great potential for vehicle waste heat recovery not
only due to its high TE figure of merit but also due to its high
mechanical hardness for practical use.

Materials and Methods
Materials. Pb0.98Na0.02Te was synthesized by the three different synthesis
processes of QH, AH, and QAH. Elemental lead, tellurium, and sodium were
used as the starting materials. They were weighted and mixed in a carbon-
coated quartz tube under a N2-filled glove box. The tube was then evacu-
ated and sealed. The elements were heated at 1,073 K for 2 h followed by

melting at 1,273 K for 6 h. The ingots were then prepared by the following
three different processes: (i) The QH sample was obtained by quenching in
cold water followed by hot-pressing. (ii) For the AH sample, after the
melting process, the sample was annealed at 973 K for 2 d in a furnace. After
this process, the sample was cooled naturally to room temperature in the
furnace, after which it was hot-pressed. (iii) For the QAH sample, the melted
sample was quenched into cold water. The ingot formed in this way was
placed into another carbon-coated quartz tube and was annealed at 973 K
for 2 d. The sample was then cooled to room temperature. The QAH sample
was obtained after hot-pressing this ingot. In all three processes, the
resulting ingot was then ground into powder and subsequently hot-pressed
in a uniaxial hot-pressing machine at 100 MPa at 773 K for 1 h, which was
found to be the optimal condition for hot-pressing in our previous work (27).
Electrical heaters supplied heat in the hot-pressing machine. Details regard-
ing material synthesis can be found in Supporting Information.

Thermoelectric Properties. The electrical resistivity and Seebeck coefficient
weremeasured simultaneously over the temperature range between 300 and
800 K using a commercial ULVAC ZEM-3 system. The thermal diffusivity was
measured using a laser flash apparatus (Netzsch LFA 457; see Fig. S5). The
heat capacity was estimated by the relationship of Cp (kB per atom) = 3.07+
4.7 × 10−4 × (T/K − 300), which was obtained by fitting the data to the ex-
perimental data reported by Blachnik and Igel (36). The thermal conductivity
(κ) was extracted from the thermal diffusivity (λ), the specific heat capacity
(Cp), and the density (d) based on the relationship κ = λCpd. Here, d was
measured by the Archimedes method. The figure of merit was then
obtained from the transport property measurements above. We only mea-
sured samples with a relative density (see Table S1). Details of other char-
acterization tools used here, such as the mechanical hardness, XRD, and Hall
measurements, the theoretical transport modeling, etc. are available in SI
Text. Specially, sensitivity analysis on lattice thermal conductivity regarding
the variation of sizes of nanoparticles and microsized grains is provided in
Fig. S6, and the repeated thermoelectric properties of the QH samples are
shown in Fig. S7. Additionally, Fig. S8 shows the thermoelectric properties,
measured a few months after the synthesis, for QH while heating and
cooling the sample.
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Synthesis. Pb0.98Na0.02Te samples were synthesized by three dif-
ferent synthesis processes: quenching followed by hot-pressing
(QH); annealing followed by hot-pressing (AH); quenching and
annealing followed by hot-pressing (QAH). Elemental lead (Pb,
3N, Alfa Aesar), tellurium (Te, 4N, Alfa Aesar), and sodium
(Na, 99.95%, Alfa Aesar) were used as the starting materials.
They were weighted in a stoichiometric proportion and mixed in
a carbon-coated quartz tube under a N2-filled glove box. The
tube was then evacuated to ∼10−4 torr and sealed. They were
heated to 1,073 K for 2 h followed by melting at 1,273 K for 6 h.
In the following process, the ingots were prepared by three dif-
ferent synthesis processes: (i) the QH sample was obtained by
quenching in cold water followed by hot-pressing at 100 MPa
at 773 K for 1 h. (ii) For the AH sample, after the melting
process, the sample was slowly cooled from 1,273 to 973 K at
a cooling rate of 300 K/h. The sample was then soaked at the
annealing temperature, 973 K, for 2 d in a furnace. After this,
the sample was cooled naturally to room temperature in the
furnace. The sample was then hot-pressed under the same
condition used in the QH process. (iii) For the QAH sample,
the melted sample was quenched into cold water. The ingot
formed in this way was placed into another carbon-coated
quartz tube and heated to 973 K for 2 d. The sample was then
cooled to room temperature. The QAH sample was obtained
after hot-pressing this ingot. In all three different processes,
the same hot-pressing condition was used based on the opti-
mized condition for this material obtained from our previous
work (1).

Characterization. The crystal structures of the samples were
characterized by powder X-ray diffraction (XRD) with Cu Kα
radiation at room temperature using a Rigaku powder X-ray
diffractometer. The cross-sectional morphology was obtained
by a JSM-6701F scanning electron microscope (SEM). Trans-
mission election microscopy (TEM) was carried out using
a JEM-2100F microscope. The thin TEM specimen was pre-
pared by a focused ion beam with a condition suggested by
Baram and Kaplan (2). The electrical resistivities and Seebeck
coefficients were measured simultaneously over the temperature
range of 300 to 800 K using an ULVAC ZEM-3 instrument in
a helium atmosphere. The carrier concentration was determined
by temperature-dependent Hall coefficient measurements. The
thermal diffusivity was measured with a laser flash apparatus
(Netzsch LFA 457) as shown in Fig. S1. The heat capacity was
estimated by the relationship Cp (kB per atom) = 3.07 + 4.7 ×
10−4 × (T/K − 300), as obtained by fitting the data to the ex-
perimental data reported by Blachnik and Igel (3). The thermal
conductivity κ was extracted from the thermal diffusivity (λ), the
specific heat capacity (Cp), and the density (d) based on the
relationship κ = λCpd. Here, d is measured by the Archimedes
method. The figure of merit was then obtained from the trans-
port property measurements above. The mechanical hardness
was measured by a Zwick μ-S Vickers hardness tester.

Power XRD.The powder XRD patterns for the three Pb0.98Na0.02Te
samples synthesized by the three different processes, QH, AH,
and QAH, are shown in Fig. S2. XRD patterns of the three
samples are similar to one another in the measured angle range.
As shown in the figure, all typical peaks of the three samples can
be indexed to the face-centered-cubic rock-salt structure. We
confirmed that the PbTe belongs to the Fm-3m space group and

did not observe Na or other phases within the detection limits of
XRD. The lattice constants, volumes, theoretical densities cal-
culated from XRD data, and experimental densities are shown in
Table S1.

Electron Transport Modeling for Bulk PbTe. PbTe is a semiconductor
with a relatively large band gap, having a 320-meV band gap at
room temperature. A direct band gap is located at the L valley in
the Brillouin zone, and another valence band at the Σ-valley has
its band maximum close to that of the L-valley valence band with
∼40-meV energy spacing (4). The band gap remains almost
constant at ∼360 meV at temperatures higher than 400 K, as the
second valence band at the Σ-valley of 12 degeneracy becomes
the primary beyond ∼550 K, whereas the L-valley valence band
steadily decreases in energy as the temperature moves away from
the conduction band minimum (5). Our transport model is based
on the linearized Boltzmann transport equation with an ap-
proximate relaxation time. All of the transport properties are
expressed as integral functions of the differential conductivity
σd(E) over energy E, defined as

σdðEÞ= e2τðEÞv2x ðEÞρDOSðEÞ
�
−
∂f0ðEÞ
∂E

�
; [S1]

where e is the electron charge, τ is the relaxation time, ρDOS is
the density of states, v is the carrier velocity, and f0 is the Fermi–
Dirac distribution. For the multiple-band transports in PbTe, the
transport properties are calculated in each of the bands with the
relative position of the Fermi level EF from the band extremum
and the contributions from each band are then added together to
find the total transport values in the bulk. The electrical conduc-
tivity σ, the Seebeck coefficient S, and the Lorenz number L are
given, respectively, by

σ =
XZ

σdðEÞdE; [S2]

S=
X�

kB
q

�Z �ðE−EFÞ
kBT

�
σdðEÞ
σ

  dE; [S3]

and

L=
X 1

σ

�
kB
q

�2 Z �
E−EF

kBT

�2
 σdðEÞdE − S2; [S4]

where Σ is the sum over the bands, q is −e for the conduction
bands and +e for the valence bands, T is the absolute tempera-
ture, and EF is the Fermi energy. The electrical resistivity ρ is the
reciprocal of the electrical conductivity such that ρ = 1/σ.
As shown in Fig. S3A, the Lorenz number almost linearly

decreases from 2.0 × 10−8·W Ω−1·K−2 to 1.05 × 10−8·W Ω-1·K−2 as
temperature increases from 300 to 500 K, after which it increases
slightly with the temperature to reach 1.15∼1.18 × 10−8·W Ω-1·K−2

at 780 K for a wide range of hole concentrations between
0.4 ∼ 1.5 × 1020 cm−3, which includes all of the actual hole con-
centrations of the three samples over the temperature range.
Thus, the Lorenz numbers are nearly identical for all three sam-
ples at each temperature. Fig. S3B shows the reduced Fermi levels
EF/kBT with regard to the valence band minimum in terms of
the hole energy for the three samples. The hole concentra-
tions obtained from the temperature-dependent Hall effect
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measurements were used to calculate the Fermi levels. The re-
duced Fermi level steadily decreases with the temperature, but be-
yond ∼550 K it becomes almost constant. This occurs because,
at this temperature, the Σ-valley valence band becomes the
lowest valence band such that the Fermi level is then refer-
enced to the band minimum of the Σ-valleys. Because the band
degeneracy of the Σ-valley is very high, the Fermi level does not
change much with the variation of the hole concentration with the
temperature.
The electronic thermal conductivity is obtained by the

Wiedemann–Franz law using the Lorenz number from Eq. S4
and adding the bipolar term (κbi) as

κe =LσT + κbi; [S5]

where the bipolar electronic thermal conductivity is given by (6)

κbi =
σeσh

σe + σh
ðSe − ShÞ2T; [S6]

where the subscripts e and h denote the partial contributions of
the electrons and holes, respectively, to each quantity. The bi-
polar electronic thermal conductivity can be significantly large,
particularly at high temperatures, even if the intrinsic carrier
densities are much lower than the doping density because the
Seebeck coefficients of the two types have opposite signs; they
are added in Eq. S6. Also, κbi increases proportionally to the
temperature.
The relaxation time is determined by several major scattering

mechanisms in the bulk materials. Acoustic phonon defor-
mation potential scattering, polar optical phonon scattering,
and ionized impurity scattering are included in the calculations,
but it was found that the acoustic phonon deformation poten-
tial scattering is the dominant scattering mechanism in bulk
PbTe. In our nanostructured materials, however, the addi-
tional scattering mechanism of the grain boundary scattering
can be very strong and increase the electrical resistivity quite
significantly. Our electrical resistivity measurements confirm
this; they are significantly higher than the calculated bulk
values, as shown in Fig. 3A.
The hole concentrations were measured by the Hall effect

measurements from room temperature to 780 K. These are
plotted in Fig. S4 for the three samples. The data are quite
substantially noisy because the electrical current used for the
Hall effect measurements was limited to 100 mA by the Hall
effect measurement system. Due to the large size and relatively
low resistivity of the samples, the voltage signal was weak and
the noise level was high. Despite the noisy data, the trend of the
increasing hole concentration with an increase in the tem-
perature is clearly shown for all three samples. Therefore, we
were able to fit the temperature-dependent hole concentrations
for the samples, shown as solid curves in Fig. S4. The AH
sample had the lowest hole concentration (3.5 × 1019 cm−3)
compared with those of the QAH and QH samples (5.0 × 1019

cm−3 and 6.5 × 1019 cm−3
, respectively) at room temperature,

but it increased more rapidly with the temperature compared
with the other two samples above 600 K, reaching 6 × 1019 cm−3 at
780 K. The QAH and QH samples have similar hole concen-
trations of 1.09 × 1019 cm−3 and 1.05 × 1019 cm−3

, respectively,
at 780 K according to the fitting result.

Simulation on the Lattice Thermal Conductivity. The thermal con-
ductivity of the phonons is predicted using Callaway’s model (7),
which is calculated as

κ=
kB
2π2υ

×
�
kBT
Z

�3

×

8>>>><
>>>>:

Zθ=T

0

τcx4ex

ðex − 1Þ2 dx+

h R θ=T
0

τc
τN

x4ex

ðex − 1Þ2 dx
i2

R θ=T
0

1
τN

�
1−

τc
τN

�
x4ex

ðex − 1Þ2 dx

9>>>>=
>>>>;
;

[S7]

where Z is Planck’s constant divided by 2π, x is the normalized
frequency, and Zω/kBT. υ, and θ are the speed of sound and
the Debye temperature, respectively. Here, τN is the relaxa-
tion time due to normal phonon–phonon scattering, and τc is
the combined relaxation time using Matthiessen’s rule (8, 9),
given as

τ−1c = τ−1B + τ−1U + τ−1N + τ−1A + τ−1D + τ−1e−ph [S8]

expressed in terms of the grain boundary scattering τB, the
Umklapp scattering τU, the alloy scattering τA, the scattering
due to nanoparticles τD, and the electron–phonon scattering τe-ph.
The relaxation time expressions for normal, Umklapp, alloy
and electron–phonon scattering are based on those found in
the literature (10–13). The sizes of the grain boundaries were
set to 100, 8, and 3.7 μm for the AH, QAH, and QH samples,
respectively, based on the SEM images. In particular, for the
electron–phonon scattering rate to be consistent with the
power factor calculation, we considered the band convergence
(14). The effective electron mass for the L valley is 0.15 me
(me is the electron rest mass), which is the dominant valley at
300 K; at 560 K, this overlaps with the Σ-valley, which becomes
the dominant valley at 800 K. The effective mass for the Σ-valley
is 0.37 me. The scattering caused by nanoscale precipitates τD
was approximated by scattering due to the nanoparticles (15).
In this case, out of 2% Na-doped on PbTe, 0.5% Na was dis-
solved due to the solubility limit (16) and the remaining 1.5%
was assumed to be precipitated in the form of Na2Te with sizes
of around 10, 7, and 2.4 nm diameter for the AH, QAH, and
QH samples, respectively. We used (17) a Debye temperature
of 136 K, the average sound velocity among different branches,
a lattice constant of 6.46 Å, and a lattice anharmonic constant
(18) of 65.
Lattice thermal conductivities of the QH, AH, and QAH

samples with and without nanoparticles (NP) are shown in Fig. S5.
It is clear in the figure that effects of NPs on the lattice thermal
conductivities are evident in the QH but are not significant in the
others. Interestingly, although the nanostructures occur in all
three samples, QH, AH, and QAH, nanostructures only a few
nanometers in diameter present in QH effectively reduced the
lattice thermal conductivity. Based on this finding, we emphasize
that nanostructures are not always effective in reducing the lattice
thermal conductivity. They are the most effective when the spacing
between them is smaller than the phonon mean-free paths of other
scattering processes.
We performed sensitivity analysis on lattice thermal conduc-

tivity regarding the variation of sizes of nanoparticles and
microsized grains in our samples (Fig. S6). As shown in the
figure, the variation of micrograin sizes by ±10% affects
the lattice thermal conductivity almost negligibly in all of the
samples. On the other hand, the variation of nanoparticle sizes
by ±10% varies the lattice thermal conductivity by 3 ∼ 4% in
the QH sample, and by less than 1% in the AH and QAH samples.
This indicates that our analysis based on the room-temperature
size distribution could still be valid at high temperatures
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unless there is a significant variation of the size distribution by
much larger than 10%. In addition, the largest variation of
lattice thermal conductivity in the QH sample by the same de-
gree of size variation further supports our conclusion that by
the optimized synthesis process and conditions, the sizes of
nanoparticles finally became small enough to effectively alter
the lattice thermal conductivity in the Na-doped PbTe at high
temperatures.

The Repeated Measurements on Thermoelectric Properties of the QH
Samples. The repeated thermoelectric properties of the QH sam-
ples are presented in Fig. S7. Regarding the 13 measurements for
4 QH samples, some of the measurements were performed at
Korea Electrotechnology Research Institute for corroboration pur-
pose. Unusually low thermal conductivities of s2-2nd and s2-3rd
were mainly due to the low thermal diffusivities. Fig. S8 shows the
thermoelectric properties forQHwhile heating or cooling the sample.
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Fig. S1. XRD patterns of Pb0.98Na0.02Te samples with different synthesis methods.
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Fig. S2. Hall effect hole concentrations as a function of the reciprocal temperature (1,000/T) for the QH, AH, and QAH samples with fitting curves (solid lines).

Fig. S3. Temperature dependence of (A) the Lorenz numbers and (B) the reduced Fermi levels for the QH, AH, and QAH samples.
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Fig. S4. Lattice thermal conductivities of the QH, AH, and QAH samples with and without NP.

Fig. S5. Thermal diffusivities of the QH, AH, and QAH samples.
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Fig. S6. Sensitivity analysis results for the QH, AH, and QAH samples at varying temperatures.
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Fig. S7. Repeated measurements of thermoelectric properties for the four QH samples: (A) electrical resistivities, (B) Seebeck coefficients, (C) total thermal
conductivities, and (D) the thermoelectric figures of merit.
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Fig. S8. Thermoelectric properties for QH while heating or cooling the sample; (A) electrical resistivities, (B) Seebeck coefficients, (C) total thermal conduc-
tivity, and (D) the thermoelectric figures of merit.

Table S1. Lattice constants, volumes, theoretical densities, and experimental densities for
Pb0.98Na0.02Te samples with different synthesis methods

Samples a, Å V, Å3
Theoretical density,

g/cm3
Experimental density,

g/cm3

QH 6.456 269.09 8.176 8.174
AH 6.457 269.19 8.173 8.172
QAH 6.457 269.20 8.173 8.148
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