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ABSTRACT: The Pb- and Sb- dual nanostructured PbTe
system exhibits anomalous electronic transport behavior
wherein the carrier mobility first increases and then de-
creases with increase in temperature. By combining in situ
transmission electron microscopy observations and theore-
tical calculations based on energy filtering of charge carriers,
we propose a plausible mechanism of charge transport based
on interphase potential that is mediated by interdiffusion
between coexisting Pb and Sb precipitates. These findings
promise new strategies to enhance thermoelectric figure of
merit via dual and multinanostructuring of miscible
precipitates.

hermoelectric materials, which reversibly convert thermal
energy into electrical power, will likely play increasingly
important role in clean and renewable energy.' "' An efficient
thermoelectric material must exhibit a high thermoelectric figure
of merit, ZT = (S’0/x) T, wherein, S is the Seebeck coefficient or
thermopower, 0 is the electrical conductivity, T is the absolute
temperature, and x is the total thermal conductivity.”® This
naturally leads to two conventional ways to improve ZT of the
thermoelectric material: (i) enhance the power factor (S0), and
(ii) lower the thermal conductivity. The examples of the former
approach include introduction of highly mismatched isoelectro-
nic doping” or changing the density of state by resonance levels in
the valence band.*The latter approach utilizes nanostructured
materials to lower the thermal conductivity through phonon
scattering by nanoscale features, interfaces, and defects,>  and
these reductions can approach the ultimate amorphous limit for
thermal conductivity.'> Hence, it is essential to balance the
desirable reduction in thermal conductivity and minimize reduc-
tion in the carrier mobility for further improvements in thermo-
electric performance.>®
Most of the past studies, however, have typically been limited
to one type of nanostructure. Herein, we report a synergistic
effect of Pb and Sb dual-nanostructuring not only to lower the
lattice thermal conductivity by enhancing phonon scattering” but
also to increase the high temperature power factor to obtain high
thermoelectric figure of merit.'® By integrating in situ transmis-
sion electron microscopy (TEM) and theoretical calculations we
find this intriguing synergistic effect may originate from
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suppression of interfacial potential mediated by interdiffusion
between Pb and Sb when they coexist in close proximity,
resulting in the anomalous electronic transport behavior in such
systems. We believe this new dynamic approach and transport
mechanism may fundamentally guide further improvement in
the thermoelectric power factor for nanostructured thermo-
electric systems, thereby potentially resolving the dichotomy
between high power factor and low thermal conductivity which is
often present in single nanostructured thermoelectric systems.

The synthesis methods and transport property measurements
of all the n-type PbTe based thermoelectric materials investi-
gated in this study can be found in our prior publication.'® The
in situ TEM experiments were carried out in a JEOL 2100F
FasTEM microscope equipped with a heating stage (Gatan
Corp.).”® In Figure la electrical conductivity data from three
main samples PbTe-Pb 0.5%-Sb 2% (Pb0.5Sb2), PbTe-Pb 1%-Sb
2% (Pb1Sb2) and PbTe-Pb 2%-Sb 3% (Pb2Sb3) taken between
300 and 750 K reveal a very different temperature dependence
compared to that of PbTe nanostructured either with Sb or Pb
nanodots (PbTe-Pb 2%(Pb2) and PbTe-Sb 3%(Sb3)). Although
Pb0.5Sb2 composition is quite similar to that of Pb2 and Sb3 samples
without any unusual electrical behavior, for Pb1Sb2 the electrical
conductivity remained constant from 300 to 450 K and fell only very
slowly from 450 to 675 K. Remarkably, for Pb2Sb3, the high room-
temperature electrical conductivity of approximately 950 S cm ™'
actually increased with increasing temperature, reaching about
1100 S cm ™" at 450 K before it started to fall, albeit very slowly, to
approximately 600 S cm™ ' at 700 K. Such changes in temperature
dependence of the conductivity imply a significant change in how
electrons (carriers) transport at these temperatures (Supporting
Information [SI], Figure S1).

This anomalous temperature dependence of the conductivity
in the dual-nanostructured PbTe samples cannot be attributed to
a change in carrier concentration which is constant as determined
by the Hall effect and Seebeck coefficient measurements (SI,
Figure S1).1° Normally, when Sb or Pb dissolve (see later) in the
PbTe matrix with increasing temperature, the electron concen-
tration should increase (i.e, n-type dopants). However it is
known that in the presence of excess Pb, some antimony can
be forced to occupy Te positions in PbTe, thereby becoming a
p-type dopant, which will create holes.'" Therefore, the observed
constant carrier concentration is likely due to this carrier sign
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Figure 1. Temperature-dependent charge transport measurements and
corresponding calculations of electrical conductivity (a), power factor
(b), thermal conductivity (c), and ZT (d) for five samples Pb2, Sb3,
Pb0.5Sb2, Pb1Sb2, and Pb2Sb3. In (b) Pb0.5Sb2 and Pb2Sb3 showing
around 70% and 40% increase at 700 K compared to their conventional
PbTe with the same carrier concentration.

Figure 2. Typical images of the sample Pb1Sb2. The images show two
types of precipitates: (a) nanoscale regime and (b) microscale regime.

competition. More n carriers are created with Pb dissolving in the
PbTe matrix, but at the same time approximately equal holes are
also created with Sb occupying Te sites in the PbTe matrix.""
This slow rate of decrease in electrical conductivity in the dual-
nanostructured PbTe samples gives rise to a much higher power
factor at elevated temperatures as shown in Figure 1b. It shows
two sets of samples; Pb0.5Sb2 and Pb2Sb3, with respective
carrier concentration of 3 x 10" em™> and 6 x 10" cm 3,
exhibiting 70% and 40% increase in power factor at 700 K
compared to the conventional PbTe with the same carrier
concentration. The plots of the total thermal conductivity of all
the samples (Figure 1c) show the three dual-nanostructured
samples have trends similar to those of the Sb3 sample, and much
higher than those of the Pb2 sample. The measured ZT values in
Figure 1d represent a notable and significant increase compared
to those of similarly doped PbTe, and the enhancement comes
from the power factor.

In order to investigate the microstructural basis for the power
factor enhancement, TEM measurements were conducted to assess
the presence and extent of nanostructures. The TEM results of the
three PbTe-based samples show nanoscale- and microscale precipi-
tates in all specimens. The presence of microscale precipitates is
further confirmed by X-ray data (SI, Figure S2). The nanoscale

Figure 3. Temperature-dependent TEM/STEM images of the Pb1Sb2
sample. Images (a—g) focus on small precipitates which have the same
magnification. The bright spot at the top left of the image is a result of
intentional electron damage to track the location of the sample during
heating. Image (h) showing some precipitates again after cooling down
to room temperature. Images (i—n) concentrate on one large precipitate
with Sb and Pb, which show the Pb melting and diffusing into Sb

precipitate. (n) Image after cooling to room temperature.

precipitates have notably higher population, ~2 x 10'*/cm? but the
microscale precipitates exhibit much lower density, ~4 x 10%/cm’.
Most precipitates in all the samples have a regular spherical morphol-
ogy, except for a very few platelet-like nanoscale precipitates in some
specimens. Figure 2 shows the typical low magnification images of the
Pb1Sb2 sample. In Figure 2a we find precipitates with three types of
contrast levels: mostly dark, gray, and dual dark/gray contrast. All
three kinds of contrast are present in the precipitates, although
generally, the number density of the first two types is higher than
that of the third type. A combination of high-resolution TEM and
energy dispersion X-ray spectroscopy (EDS) reveals that the dark and
gray contrast precipitates are rich in Pb and Sb, respectively. When the
particle has both dark and gray contrast, it means that Pb and Sb
coexit in one precipitate. Figure 2b is a typical image of a sample with
such a dark and gray contrast in one single precipitate. Subsequent
EDS analysis determined that the composition of precipitates with a
large gray part is rich in Sb, while the two small dark parts are rich in
Pb, as labeled in Figure 2b.

In order to determine the stability of the Pb and Sb pre-
cipitates at high temperature, in situ TEM was performed using a
heating stage. A constant heating rate of 10 deg/min was used,
and TEM images were collected from room temperature to 678
K, Figure 3a—g. A reference hole was created by electron beam in
the sample to accurately determine the location of the sample
(bright spot in images). Initially, at room temperature a large
number of precipitates are clearly observed. As the temperature is
increased, the Pb-rich precipitates begin to melt and evaporate at
approximately 398 —448 K, which is much lower than the Pb bulk
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Figure 4. Schematic diagram of Pb and Sb nanoscale precipitates in the
PbTe at room temperature and higher temperature.

melting temperature of 600 K and the Sb bulk melting tempera-
ture of 900 K.'* At higher temperatures the precipitates continue
to evaporate and start to dissolve, eventually completely dis-
appearing at 678 K. The majority of the small precipitates
disappeared most likely due to the thin-foil nature of the PbTe
matrix samples, in addition to the presence of high vacuum and
high vapor pressures of constituent elements. Yet, we believe that
the nanoscale precipitates in this system should be stable at high
temperature under operating (room atmosphere and bulk con-
dition) detailed by SI, part A. When the high temperature
specimen was cooled down to room temperature, some pre-
cipitates reappeared, as in Figure 3h. The dark contrast particles
are Pb, and gray ones are Sb. However, compared to the
precipitates before heating, their number density and size is
reduced because of loss of mobile Pb/Sb atoms to the atmo-
sphere during the experiment. The reappearance of the particles
offers evidence that during the heating experiment a small
portion of precipitates has diffused and dissolved into the PbTe
matrix and another portion of Pb/Sb clearly evaporated from the
very thin specimen.

Figure 3i—m shows scanning TEM (STEM) images from the
heating sequence repeated on a larger precipitate. Figure 3i is an
image taken at 573 K, which appears similar to that at room
temperature. As shown, the large precipitate includes two parts:
the small white area close to the edge is Pb-rich, and the other
large darker region is Sb-rich, with the remaining sample being
nominal matrix, PbTe. When the temperature is increased from
573 to 723 K (Figure 3j—m), the dark contrast region (defined as
Sb) changes to lighter contrast starting from the Pb region, and
finally the big precipitate becomes entirely of white contrast. This
suggests that Pb begins to diffuse into Sb and also the whole Sb
particle. As shown in Figure 3m, after the sample is cooled to
573 K, the Pb particles reappear. While one precipitate is at its
original position, the other has diffused through the Sb particle to
get to the interface between the Sb particle and PbTe matrix.
EDS showed that the part labeled as “A” is still predominantly
Sb-rich, and the brighter region is predominantly Pb-rich. These
observations corroborate with expectation that liquid Pb can
readily diffuse into solid or liquid Sb, but has difficulty diffusing
into the PbTe matrix. Such analogous diffusion of liquid Pb in Al
was also observed by Dahmen and co-workers."*

Figure 4 shows the schematic illustration of the behavior of
small precipitates before and after heating. There is a small
shrinkage associated with Pb and Sb-rich precipitates during
heating above 450K due to interdiffusion in the PbTe matrix. As
illustrated in Figure 4b, the dotted lines outline the particle size
before heating and the solid lines represent their outline at higher
temperature. For precipitates containing both Sb and Pb, Pb
appreciably diffuses into Sb after heating due to its higher

diffusivity. This leads to conversion of PbTe-Pb interfaces to
PbTe-Sb. Therefore, nominally Pb-rich precipitates become
Sb-rich precipitates at the higher temperature. We presume
similar effects to occur for smaller nanoscale precipitates in the
samples as well.

Following the microstructure dynamics, there is a need for
understanding the associated transport properties, particularly
the observation of enhanced power factor (due to higher carrier
mobility at elevated temperature). Here, we provide the brief
theoretical basis for the observed electrical properties of the
samples over the range of 300—700 K based on Boltzmann
transport equation (BTE) and modified two-band Kane model
(details in SI, Part B)."* The electron conductivity, 0, can be
given as follows:

¢ Colpony [ (o

m’ 32k’ Y Y'(z) \ 9z

where m is density of states effective mass, fis the Fermi—Dirac
distribution function, z = E/(kgT) is dimensionless variable,
y(z) =z + bz* (b= kpT/E,), m? is the effective conductivity
mass, zg = Ep/(kgT), and 7 is the total relaxation time. The latter
is estimated by integrating the relaxation times from various
scattering mechanisms, which can be expressed by:
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where the first four terms: 7p (polar optical phonons), 7, (deform-
ation potential acoustic phonons), 7o (deformation potential
optical phonons) and 7, (short-range potential of vacancies) are
from bulk which have been extensively investigated.'>~*°
The last variable, 7;, is due to scattering from the nanoscale
precipitates, mainly from the interfaces between PbTe matrix and
metal precipitates. Based on the energy filtering theory'” and our
TEM observations, it is given by:
1

Xpb XSb
= = opy (B) Vb, —2E 3% + cgy (E) Vb2, —2E >/
T Rpy Rgy,

Xinter _
+ cpb (E)Vb%bR—I:bexp( —aT +B)E 3 (3)

where the parameter ¢(E) is the Born factor; Vb is the interface
potential between matrix and the precipitates;'”*' R is the radius
of the nanoscale precipitates; x is the volume fraction and the
subscript inter denotes the interdiffusion between Pb and Sb;
o and f3 are fitting parameters. The first two terms in the above
equation represent contributions from each type of nanoscale
precipitates, based on the theory of nanoscale precipitate
scattering.'"The third term accounts for the effects of interdiffu-
sion between two nanoscale precipitates of different types (see,
e.g., Figure 4). For two nanoscale precipitates close to each other,
electrons are scattered by interface potential induced by such
combined nanoscale precipitates.

As discussed previously, there is significant interdiffusion of
Pb and Sb at elevated temperature. The electron scattering in
these regions will be governed by complicated mechanisms,
including some effects from the temperature-modified interface
potential. In order to take into account some of the effects of
interdiffusion, we have constructed an approximate model for
“interdiffusion scattering” assuming decreasing interface po-
tential (following the third term in the above equation) when
temperature increases. For all samples, besides the parameters
mentioned in SI, part B, three parameters, @, 3, and X, are
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optimized by fitting the experiment data. For Pb0.5Sb2, very
small interdiffusion effects are included. However, for samples
Pb1Sb2 or Pb2Sb3, the interdiffusion term has to be considered
in order to achieve a good fit, and we obtained ot = 0.006, 5 = 1.8
for both samples, and e, = 0.5% for Pb1Sb2 and = 0.8% for
Pb2Sb3. Without the inclusion of the interdiffusion term, it is
not possible to obtain the unusual feature of the bump in the
electrical conductivity data (Figure 1a); i.e, the increase in electrical
conductivity has to be rationalized by invoking interdiffusion-
induced potential change at the interfaces. This indicates that Pb
with high interdiffusion in Sb can account for the unusual
temperature dependence of the electrical conductivity.

The scattering calculations (open symbols in Figure 1a) are
in good agreement with the measured experimental data,
suggesting the important role of Pb/Sb interdiffusion in
(enhancing) the electrical conductivity of these systems. The
novel temperature dependence of the mobility mentioned
above is related to the behavior of electrons at the interfaces
between matrix and precipitates. The TEM results lead to the
following hypothesis for the observed mobility behavior. At
room temperature the PbTe matrix contains Pb- or Sb-rich
precipitates as well as those which contain both Pb and Sb
in appreciable amounts. It has been shown previously” that Pb
precipitates significantly reduce the electron mobility. How-
ever, as the temperature increases the Pb portion in precipitates
with both Sb and Pb (which can significantly reduce the
mobility) begins to diffuse into the Sb precipitates, thereby
increasing the Sb atom contribution to interfacial electron
scattering. Since Sb-rich precipitates do not compromise the
electron mobility as much as Pb-rich precipitates do, the Pb-
induced electron scattering decreases, and the overall mobility
increases. This would explain the observed bump (enhan-
cement) in electron mobility in transport measurements, which
are corroborated with the observed decrease in Pb contribution
to interdiffusion. As the temperature increases further, the
volume contribution of Sb and Pb attains stability and pseu-
doequilibrium consistent with phase stability, and the mobility
falls as expected with increasing temperature. The theoretical
calculations utilizing the temperature dependent structural
characterization provide complementary and corroborating
evidence for understanding the transport behavior of this
promising PbTe composite.

In summary, in situ transmission electron microscopy analysis,
transport measurements, and theoretical calculations of dual-
nanostructured PbTe with Pb and Sb precipitates have been
presented to understand the observed anomalous increase in
electron mobility at elevated temperature. We propose that the
mechanism of the unusual transport is related to the interdiffu-
sion of Pb and Sb atoms between the coexisting precipitates,
wherein Sb-rich interfaces (due to high diffusivity of Pb) notably
reduce the electron scattering at such dual-nanostructured
interfaces, thereby increasing charge mobility at elevated tem-
peratures. The theoretical analysis based on such chemically
diffuse interfaces is consistent with experimental transport mea-
surements. There effects stimulate new scientific inquiries and
ideas on designing even more efficient thermoelectric materials
based on multiphase nanostructuring of thermoelectric matrices.
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