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ABSTRACT: In this paper, we propose a heterogeneous
material for bulk thermoelectrics. By varying the quenching
time of Na doped PbTe, followed by hot pressing, we
synthesized heterogeneous nanocomposites, a mixture of
nanodot nanocomposites and nanograined nanocomposites. It
is well-known that by putting excess amounts of Na (ie,
exceeding the solubility limit) into PbTe, nanodots with sizes as
small as a few nanometers can be formed. Nanograined regions
with an average grain size of ca. 10 nm are observed only in
materials synthesized with an extremely low quenching rate,
which was achieved by using a quenching media of iced salt

water and cold water. Dimensionless thermoelectric gures of merit, zT, of those heterogeneous nanocomposites exhibited a zT
around 2.0 at 773 K, which is a 25% increase compared to zT of a homogeneous nanodot nanocomposite with the largest
quenching time in our experiment, i.e. furnace cooled. The power factor increase is 5%, and the thermal conductivity reduction is
15%; thus, zT increase mainly comes from the thermal conductivity reduction.

INTRODUCTION

Thermoelectric energy conversion can directly convert heat
into electricity or vice versa'  Thermoelectrics are scalable
and reliable, but their application for waste heat recovery from
automotive, power plant, industrial waste heat, and body heat
requires improvement in thermoelectric conversion e ciency.
The conversion e ciency of the thermoelectric device is
proportional to the dimensionless thermoelectric gure of
merit, zT = [S%/ ( /+ )]T, where T is the absolute
temperature, S is the Seebeck coe cient, is the electrical
resistivity, and | and , are the lattice and electronic thermal
conductivities, respectively. It is obvious that zT can be
enhanced either by maximizing the power factor, S?/ , and/or
by minimizing thermal conductivity, . As shown in the
expression, the zT is composed of purely material properties, so
the choice of right material in a designated temperature range
ensures high conversion e ciency.

As reviewed in several articles® ° there has been active
research on thermoelectrics after Hicks and Dresselhaus's®’
papers in 1993 where they proposed nanostructured materials
for high zT. Indeed, these e orts led to an increase in the
dimensionless thermoelectric gure of merit beyond 2 and
can be categorized into two di erent approaches: band
engineering for the power factor increase and nanostructuring
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for the thermal conductivity reduction. An example of power
factor enhancement by band engineering was demonstrated by
Heremans et al.. who showed that the Seebeck coe cient can
be increased due to the distortion of the electronic density of
states created by impurity atoms thallium in their study in
PbTe, yielding zT 1.5 at 773 K. This study proved a concept
suggested by Mahan and Sofo,? who suggested that the Seebeck
coe cient can be enhanced if there exists a local increase in the
density of states over a narrow energy range (i.e., a resonant
level). Pei et al.’ proposed another example of power factor
enhancement by band engineering through the convergence of
many valence (or conduction) valleys for a simultaneous
increase in Seebeck coe cient and electrical conductivity. They
achieved this by tuning the doping and composition in bulk
PbTe and showed a zT value of 1.8 at about 850 K.

It is known that interfaces and boundaries of nanostructures
scatter phonons and thereby reduce the thermal conductivity
and increase the thermoelectric gure of merit'* 3 In bulk
materials, two di erent types of nanocomposites were used for
the zT increase nanodot nanocomposites***® and nanograined
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nanocomposites.® Nanodot nanocomposites contain nano-
structures embedded in a host material and generally consist of
single crystals. The gures of merit for Na doped PbTe alloys
were about 1.6, 1.5, 1.3, and 1.7 for insertion of Mg,Te,'” CaTe
and BaTe,® and strained endotaxial SrTe nanostructures,*®
respectively. Recently, Biswas et al.** reported a dimensionless

gure of merit as 2.2 at 915 K in 2 mol % Na doped PbTe-SrTe
alloys synthesized by spark-plasma-sintering (SPS). The
increase in zT was attributed to the lower thermal conductivity
by ‘all-scale hierarchical architectures’ alloy atoms for
scattering high frequency phonons, nanodots for scattering
mid- frequency phonons, and mesoscale grains for scattering
low frequency phonons. Nanograined nanocomposites are
polycrystalline materials, with grain sizes on the order of 1 100
nm. Poudel et al.*® reported a peak zT of 1.4 at 100 °C in a p-
type nanocrystalline BiSbTe bulk alloy. They attributed the zT
increase to phonon scattering by 2 to 10 nm grains.

In this study, we propose a heterogeneous nanocomposite
mixture of the nanodot nanocomposite and the nanograined
nanocomposites as a route for enhancing zT of a material. In
this case, nanodots only form inside the nanodot nano-
composite and nanosized grains only exist in the nanograined
nanocomposite. It is known that thermal conductivity of the
heterogeneous material is less than that of the volume averaged
thermal conductivity due to the heterogeneous temperature
gradient.™ # In addition to this, the mean distance between
particles should be reduced because under a xed nanodot
concentration, nanodots have to reside in a more con ned
region compared to the homogeneous nanocomposites;
therefore, phonon scattering due to nanodots increases so
thermal conductivity decreases. Previously, Kang et al??
compared thermal conductivities of nanodot nanocomposites
and nanograined nanocomposites and concluded that the
nanograined nanocomposite could achieve lower thermal
conductivity than the nanodot nanocomposite as long as the
nanograined nanocomposite has a su ciently small grain size
(i.e., a few nanometers in size). In our case, we found that, in
the heterogeneous nanocomposite, there are regions where
grains with a few nanometers in size and where nanodots
resides, which led to a thermal conductivity reduction.

Lead telluride (PbTe) with a NaCl-type crystal structure is
one of the most promising thermoelectric materials in the
temperature range of 600 to 900 K.31013 151823 26 yye
previously reported zT 1.7 at 773 K for PbyggNagg, Te by
optimizing the hot pressing conditions.?® Later, we further
enhanced the zT to 2.0 at 773 K by quenching the PbTe melt
followed by the optimized hot pressing conditions.?® In this
paper, we varied the quenching medium from liquid N, (LN),
iced salt water (ISW), cold water (CW), air cooling (Air), to
furnace cooling (FC) to study the e ects of quenching rate on
thermoelectric properties. We intended to form nanodots by
putting excess amount of Na (i.e., exceeding the solubility limit)
into PbTe.?*® We found that the dimensionless gure of merit
increased from 1.6 to 2.0 by increasing the quenching rate from
FC to ISW, except for LN. An inhomogeneous mixture of the
nanodot nanocomposites and nanograined nanocomposites
were observed only in the ISW and CW samples. We attributed
the low thermal conductivity of these materials as the main
reason for such an increase in zT.

RESULTS AND DISCUSSION

Samples of PbgggNagg,Te were synthesized by melting,
quenching, and hot pressing (see Figure 1). High purity
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Figure 1. A schematic showing material synthesis processes. The
quenching media were liquid nitrogen (LN), iced salt water (ISW),
cold water (CW), room air (Air), and air inside the furnace (FC). The
Qed ingot and QHed pellet are denoted as quenched ingot and a hot
pressed pellet of the Qed ingot, respectively.

starting elements of lead (Pb, 3N, Alfa Aesar), tellurium (Te,
4N, Alfa Aesar), and sodium (Na, 99.95%, Alfa Aesar) were
used for the reaction. They were mixed in stoichiometric
proportion and put into a carbon-coated quartz tube under N,
atmosphere in a glovebox. The tube was ame-sealed under a
pressure of approximately 10 * Torr. The reaction mixtures
were heated to 1073 K for 2 h followed by melting at 1273 K
for 6 h. Then, the mixtures were quenched. To vary the
quenching rate, we used the di erent quenching media of liquid
N, (LN), iced salt water (ISW), cold water (CW), and room air
(Air) as well as natural cooling in the reaction furnace (FC).
The quenching time, the time for the reaction mixture to reach
room temperature, was roughly estimated with the lumped
capacitance approximation to be about 6, 15, and 30 s for LN,
ISW, and CW, respectively as presented in Figure S2 in the
Supporting Information. The quenching times for air
quenching and furnace cooling were measured approximately
to be about 0.5 and 8 h, respectively. We found blankets of
vapors wrapping around the quartz tube especially in liquid
nitrogen quenching, which should inhibit heat transfer between
the liquid nitrogen and the sample. Therefore, the actual
quenching time should be slower than the estimated time.*’
After the quenching, the ingots were then ground into powder
and subsequently hot-pressed at 100 MPa at 773 K for 1 h.
Electrical heaters supplied heat in the hot pressing machine.
The hot pressing condition used was based on an optimized
condition for this material obtained in our previous work.? For
comparison purposes, the grounded powders were also spark-
plasma-sintered (SPSed) as well. The SPS conditions we used
were similar to that of the reference paper by Biswas et al.**
(i.e, 50 MPa at 773 K for 10 min). The pellet with a relative
density of 99% or higher was used for simultaneous
measurements of the thermoelectric properties.
Cross-sectional morphology was observed using a JSM-
6701F scanning electron microscope (SEM) by looking at the
fractured surface of samples. Transmission election microscopy
(TEM) was carried out using a JEM-2100F microscope.
Specimens for TEM were prepared by a focused ion beam
(FIB) using a milling power below 5 keV as suggested by
Baram and Kaplan.”® An ULVAC ZEM-3 was used to measure
electrical resistivities and Seebeck coe cients simultaneously
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during heating from room temperature to 800 K. Thermal
di usivity was measured with a laser ash apparatus (Netzsch
LFA 457). Heat capacity was estimated by the relationship, C,
(kg per atom) = 3.07 + 4.7 x 10 * x (T/K-300), which was
obtained by tting the experimental data reported by Blachnik
and Igel.?® The thermal conductivity, , was extracted from the
thermal di usivity, , the speci ¢ heat capacity, C,, and the
density, d, based on the relationship = C,d. Here, the density
was measured by Archimedes’ method. The data of density is
shown in Table S1. The dimensionless gure of merit was then
calculated from the measured thermoelectric parameters. The
crystal structure analysis of each samples was done by powder
X-ray di raction (XRD) with Cu K radiation using Rigaku
powder X-ray di ractometer. The result is shown in Fig S1.
We performed theoretical calculations focusing on the lattice
thermal conductivity. The lattice thermal conductivities were
deduced based on the Wiedemann Franz law using the Lorenz
number that we have calculated in our previous study.? In the
paper, the Lorenz number was calculated based on the
linearized Boltzmann transport equation (BTE) with an
approximate relaxation time considering convergence of
valence bands. The lattice thermal conductivity was calculated
using Callaway’s model.*® The details for simulating the Lorenz
number and Callaway’s model are available else-
Where 111222233031 o4 it will not be repeated here. E ective
thermal conductivity should be calculated in a material
containing regions of di erent thermal conductivities. Parrott
and Stuckes reviewed>? treatments on these cases. In this study,
we used the following relationship suggested by Klemens et

al.® 2! to calculate the e ective thermal conductivity,
— S 2
ei= oS = cos | @)
0 g €))
where  is the volume-averaged thermal conductivity, is the

thermal conductivity as a function of a wave-vector g, and s
the angle between each q and the direction of the average
temperature gradient. In our case, the nanodot nanocomposites
and the nanograined nanocomposites are distributed randomly,
so we assume that they are isotropically dispersed. In this case,
the e ective thermal conductivity can be expressed as
follows™® 2

1

sy, [0S 3tr

= ,S
eff 0 (2)
where (r) is the thermal conductivity as a function of position
r, and V, is the volume of the domain of the integration.

Figure 2 shows micro- and nanostructures of the samples.
Scanning electron microscope (SEM) images of as-quenched
ingots (i.e., Qed Ingot) are shown in Figure 2(a). Except for the
furnace-cooled sample (FC), morphologies of all samples look
similar; there are many tiny blobs throughout. The density of
the tiny blobs is higher in the ISW and CW samples than in the
others. Interestingly, these tiny blobs survived even after the
hot pressing only in the ISW and CW samples as shown in
Figure 2(b), where the SEM images of the hot pressed pellets
of the quenched ingot (i.e., QHed pellets) are shown. Looking
at these tiny blobs under the transmission electron microscope
(TEM) in Figure 3 reveals that they consist of nanosized grains
around 10 nm in size (ie, the tiny blobs constitute the
nanograined nanocomposite). As shown in Figure 2(b), the
grain size of each samples increases when decreasing the
quenching rate, except for the LN case. During the quenching
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Figure 2. Micro- and nanostructures of samples. (2) SEM images of as
quenched ingot (Qed ingot). (b) SEM images of the pellets obtained
by hot pressing the Qed ingots (QHed npellet). (c) The low
magni cation and (d) high magni cation TEM images of the QHed
pellets probing the nanodot nanocomposite.

Figure 3. A schematic diagram showing heterogeneous nano-
composite, a mixture of nanograined and nanodot nanocomposites;
inside the 10 m grain, there exists a region with nanosized grains
and a region containing nanodots. The tiny blobs in SEM images of
CW and ISW turned out to be a region composed of nanosized grains
around 10 nm in size as shown in the TEM images at the bottom.
Also, these blobs did not disappear even after 1 week of annealing at
773 K, as shown in the SEM image.

process, we found the quenching rate of LN is slower than that
of CW and ISW. In the liquid nitrogen quenching (LN),
blankets of vapors generated during the quenching process
blocked heat transfer between the liquid nitrogen and the
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molten sample, which should delay the quenching process
leading increased grain sizes. In the Air and FC cases, grains
greater than >100 m coexist with midsized ( 10 m) grains.
For the cold water (CW) and ISW samples, variation in grain
size is large; there are 20 60 m sized grains and <10 m sized
grains. Figure 2(c) and (d) show the low and high
magni cation images of TEM. In the TEM images, precipitated
nanostructures are clearly observable. According to previous
reports,**333* the 2% mole fraction of Na is already beyond the
solubility limit of Na in PbTe. Thus, excessive Na atoms tend to
form nanoscale precipitates in the form of Na,Te or accumulate
at the grain boundaries or defect sites. We found the shape of
the precipitates depends on the zone axis. In the LN samples,
for example, the precipitates are platelet shaped at the [100]
zone axis, but at the [110] and [111], the shape is rounded or
ellipsoidal. Therefore, the shape of the precipitation is platelet-
like, but it looks di erent depending on the direction where it is
being looked at, which is consistent with observations by He et
al3* The bright eld (BF) and high angle annular dark eld
(HAADF) images in Figure S3 in the Supporting Information
con rmed that the contrast in the TEM image is caused by
compositional di erences. Also, we deduced the lattice constant
based on high resolution TEM images and found that the
lattice constant in the nanodot region is smaller than that of the
PbTe matrix, which is also consistent with ndings by He et
al® It was Na rich precipitation revealed in recent
studies. X343

Figure 3 shows a schematic of the heterogeneous nano-
composite, a mixture of nanodot nanocomposite and nano-
grained nanocomposite, along with SEM and TEM images. We
observed this heterogeneous nanocomposite only in the ISW
and CW samples, but we cannot rule out the existence of this in
other samples as well. The tiny blobs in Figure 2(a) and (b)
turned out to be a region composed of nanosized grains around
10 nm in size. Also, these blobs did not disappear even after 1
week of annealing at 773 K, as shown in the SEM image in
Figure 3. According to the energy dispersive X-ray spectroscopy
(EDS) analysis, we found the nanograined region is Te rich,
Pb:Te = 4:6. The fact that the blobs survived a week of
annealing at 773 K might rule out the possibility of existence of
pure Te. The Na, which was not detected by the EDS analysis,
probably due to the resolution limit of the EDS, may exist
inside the grain. Since we have looked at small TEM specimens,
further rigorous investigation is required to gure out the exact
composition for this nanograined region. Although further
study is needed to understand why the nanograined region was
observed in samples with low quenching rate, our hypothesis is
as follows. In general, in the case of quenching, nucleation site
is small and activation energy for grain growth is large, which
could lead to the generation of a nanograined region as
observed in the “as-quenched ingot”. During the hot pressing,
as the excess Na precipitated to the Na Te compound, to
relieve the strain generated due to the lattice mismatch between
the matrix, the Na Te compound may give a chance for those
nanograined regions to be stable. As shown in the schematic in
Figure 3, the material is highly heterogeneous; inside the 10

m grain, there exists a region with nanosized grains and a
region containing nanodots. We did not observe nanodots in
the nanosized grains. According to experimental data and
theoretical analysis provided later in this paper, thermal
transport was reduced in the heterogeneous nanocomposite,
yet electrical transport was not signi cantly a ected. In addition
to the fact that the thermal conductivity of the heterogeneous
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material is less than the volume averaged thermal con-
ductivity,'® ?* the mean spacing between nanodots, which
a ects phonon mean free path, could be closer than that in the
homogeneous material. This is because the precipitated
nanodots should only exist in a con ned region where there
are no nanosized grains.

Figure 4(a) shows temperature dependent values of zT,
power factor (PF = $%/ ), and thermal conductivity, and Figure

Figure 4. (a) Temperature dependent values of the dimensionless

gure of merit, zT, power factor (PF = S?/ ), and thermal conductivity
of PbyggNag g, Te and (b) zT, PF, and at 773 K for various quenching
rates.

4(b) represents those at 773 K with various quenching rates.
The values shown for the LN, ISW, CW, Air, and FC samples
are average values of 6, 6, 13, 2, and 3 measurements,
respectively. In Figure 4(a), we also show the thermoelectric
properties of the quenched samples that were spark plasma
sintered (SPSed) (i.e. LN-SPSed and CW-SPSed) as well for
comparison purposes. The zTs of these SPSed samples are
consistent with those of Biswas et al.** Both the hot-pressing
method and the SPS synthesize a sample by applying pressure
at elevated temperatures. Although imposing pressure on the
sample could be identical for both methods in the case of the
uniaxial pressing machine, the ways to apply heat transfer on
the sample are di erent; heat is transferred to the sample by
convection and/or radiation in the hot-pressing method, while
volumetric heat generation generated inside the sample through
the Joule heating occurs in the SPS. Thus, thermal history on
the sample by the hot-pressing method depends on convec-
tional and/or radiational thermal time constant; it takes some
time for the sample to reach steady-state temperature.
However, the temperature of the SPSed sample does not
need to equilibrate surrounding temperature; it can be
processed in a short time. In addition to this, the temperature
gradient inside the sample during SPS cannot be avoided, yet
isothermal condition in the sample can be assumed in the hot-
pressing method depending on the synthesis time. Based on
this, we have hypothesized that the tiny blobs might have
survived even in the larger quenching rate in the SPSed sample
owing to the short sintering time, but the reason for deviations
in properties between the hot pressed, QHed, and spark plasma
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sintered, QSPSed, samples is a subject for future study. It is
necessary to nd the optimal synthesis condition for the
QSPSed samples for a fair comparison.

The dimensionless gure of merit increases as a function of
measured temperature up to the limit of our measured
temperature range for all samples except the air-quenched
sample. The dimensionless gure of merit for the air-quenched
sample rst increases to a saturation value around 700 K and
then slowly drops, which may be due to the increase of bipolar
thermal conductivity at high temperature.”® Electrical resistiv-
ities and Seebeck coe cients for the hot pressed specimens are
presented in Figure S4. The power factor increases rapidly up
to around 500 K due to the rapid increase of Seebeck
coe cients with temperature and then slowly decreases with
the increase of measured temperature, which is related to the
rapid increase of electrical resistivity and saturation of Seebeck
coe cient at higher temperatures. In the limit of measured
temperature, the values of the power factor for all samples are
almost the same. Based on this, we found that the quenching
rate does not signi cantly a ect the electrical properties for
PbggsNay g, Te alloys, which is also summarized by the PF
versus various quenching rates in Figure 4(b).

To understand the reason for this trend in zT, the values of
power factors and thermal conductivities of various quenching
time are also shown in Figure 4(b). As shown in Figure 4(b),
zT does depend on the quenching time, and zTs of ISW and
CW at 773 K are around 2.0. We clearly see that the
dimensionless gure of merit increases from 1.6 to 2.0 with
shorting quenching time except for the LN sample, which may
be related to the longer quenching time due to the blanket of
vapors generated during the quenching process. Based on
percentage variations in the power factor, thermal conductivity,
and zT normalized to those of the furnace-cooled sample (FC)
as shown in Figure S5, which spans from 2% to 5%, 9% to
15% and from 7% to 25%, respectively, it was deduced that
di erences in zTs resulted from variances in the thermal
conductivities.

The lattice thermal conductivities of the samples are shown
in Figure 5. Although the solubility limit of Na in PbTe
depends on the synthesis condition and temperature,?® in our
analysis, we assumed that the solubility limit is 0.5% based on
the literature value,® so the remaining 1.5% should be
precipitated in the form of Na,Te with a diameter of 5.5, 2.4,
2.4, 8.5, and 8.5 nm for the LN, ISW, CW, Air, and FC samples,
respectively based on the TEM images in Figure S6. The size
distributions of the nanoprecipitates along with the sensitivity
analysis are also presented in Figure S6. As shown in the
simulated values, lattice thermal conductivities of LN, Air, and
FC are almost similar to one another. It is known?® that, given
the same nanodot concentration, the mean size of the nanodot
is directly related to the interparticle spacing assuming
homogeneous distribution of nanostructures; the smaller the
size of the nanostructure, the closer the interparticle spacing.
The spacings between the nanodots could be estimated as 12.5,
19.3, and 19.3 nm for the LN, Air, and FC samples,
respectively. Therefore, we can deduce that the phonon mean
free path of scattering processes other than scattering due to
the nanodots should be shorter than 12.5 nm. Lattice thermal
conductivities of hot-pressed ISW are presented separately in
Figure 5(b). The thermal conductivities of the nanodot
nanocomposite were calculated assuming 1.5% of nanodots
are homogeneously distributed, and those of the nanograined
nanocomposites were simulated with grain size of 10 nm
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Figure 5. Lattice thermal conductivities, LTC, of (a) QHed pellets
showing experimental data and theoretical analysis and (b) the ISW
pellet with a prediction for a heterogeneously alloyed nanocomposite.
The lattice thermal conductivities of heterogeneous ISW nano-
composite lay between those of nanodot nanocomposites and
nanograined nanocomposites.

deduced based on TEM images in Figure 3. The actual data lies
somewhere between those two models. In calculating the lattice
thermal conductivities of the heterogeneous nanocomposite, we
assumed that the nanograined region is 20% based on SEM
images and the rest is occupied by the nanodot nanocomposite.
The total concentration of nanodots is also xed at 1.5%,
consistent with other samples. However, the actual concen-
tration inside the nanodot nanocomposite is around 1.9% since
the nanodots are con ned in the nanodot nanocomposite only.
Yet, the interparticle distance of 1.5% concentration is around
5.4 nm, and that of 1.9% is 4.9 nm; this reduces the thermal
conductivity.

CONCLUSION

In conclusion, we observed heterogeneous nanocomposites
(i.e., a mixture of nanodot nanocomposite and nanograined
nanocomposite) only in materials quenched with either iced
salt water (ISW) or cold water (CW). We found the tiny blobs
in the SEM images to be nanograined regions, based on the
TEM study of the hot pressed pellets of the materials obtained
under di erent quenching conditions. Surprisingly, these blobs
remain unchanged even after annealing the QHed pellets at 773
K for a week. The nanograined regions could have survived
during the hot pressing to relieve strain generated due to the
lattice mismatch between the PbTe matrix and precipitated
nanodots. Further study is required to verify this hypothesis.
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The dimensionless thermoelectric gure of merit, zT, for both
ISW and CW is around 2.0 at 773 K, which is a 25% increase
compared with the zT of FC, i.e. 1.6 at 773 K, which is
supposed to be the most homogeneous nanodot nano-
composite in our study. The main reason for such a high zT
is due to the thermal conductivity reduction. In the theoretical
analysis, we suggested that interparticle distance should
decrease due to the fact that under a xed nanodot
concentration, nanodots have to reside in a more con ned
region compared to the homogeneous nanodot nanocompo-
sites, which reduces phonon mean free path, thereby reducing
the thermal conductivity. Also, It is known that thermal
conductivity of the heterogeneous material is less than that of
the volume averaged thermal conductivity due to the
heterogeneous temperature gradient. The heterogeneous nano-
composite could be generated to other materials by the
following; Quenching inhibits grain growth leading to produce
regions of nanograins. Some of these nanograined regions
could be stable in the following synthesis process to relieve
strain caused by the lattice mismatch between the matrix and
precipitations.
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Figures show the XRD, calculated quenching time, TEM,
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