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ABSTRACT: Lead chalcogenide thermoelectric systems have
been shown to reach record high figure of merit values via
modification of the band structure to increase the power factor
or via nanostructuring to reduce the thermal conductivity.
Recently, (PbTe),_,(PbSe), was reported to reach high power
factors via a delayed onset of interband crossing. Conversely,
the (PbTe),_.(PbS), was reported to achieve low thermal
conductivities arising from extensive nanostructuring. Here we
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report the thermoelectric properties of the pseudoternary 2% Na-doped (PbTe),_,,(PbSe).(PbS), system. The
(PbTe);_,,(PbSe),(PbS), system is an excellent platform to study phase competition between entropically driven atomic
mixing (solid solution behavior) and enthalpy-driven phase separation. We observe that the thermoelectric properties of the
PbTe—PbSe—PbS 2% Na doped are superior to those of 2% Na-doped PbTe—PbSe and PbTe—PbS, respectively, achieving a ZT
~2.0 at 800 K. The material exhibits an increased the power factor by virtue of valence band modification combined with a very
reduced lattice thermal conductivity deriving from alloy scattering and point defects. The presence of sulfide ions in the rock-salt
structure alters the band structure and creates a plateau in the electrical conductivity and thermopower from 600 to 800 K giving
a power factor of 27 yW/cmK’. The very low total thermal conductivity values of 1.1 W/m-K of the x = 0.07 composition is
accounted for essentially by phonon scattering from solid solution defects rather than the assistance of endotaxial nanostructures.

B INTRODUCTION

Thermoelectric materials provide a means of direct electrical
power generation from sources of heat, making them
particularly appealing in waste heat recovery. The efliciency
of a thermoelectric material is related to the figure of merit, ZT
= (S’6T/k), where T is the operating temperature, S is the
Seebeck coefficient or thermopower, ¢ is the electrical
conductivity, and k is the thermal conductivity. Effective
strategies for improving ZT involve decreasing the thermal
conductivity by introducing substitutional alloying on specific
crystallographic sites in the structure and at the same time
inducing nanostructures in the matrix as scattering centers to
reduce the mean free path of heat carrying phonons.
Nanostructuring in a bulk material was first reported in the
system AgPb,,SbTe,,, (LAST), even though PbTe—AgSbTe,
was previously believed to be a solid solution.'”* The
nanostructures in this system increased the ZT to 1.7 for
AgPb gSbTe,, at 723 K and ZT ~ 1.6 at 650 K in the sister
system NaygsPb,oSbTe,, (SALT) compared to ZT =~ 1 for n-
type PbTe and ~1.5—1.7 p-type PbTe."*™® Additionally, Na
doping is known to introduce point defects and nanoscale
precipitates in the binary lead chalcogenides PbTe, PbSe, and
PbS as well as PbTe—PbS and other PbQ- based alloys.'*~'*
Subsequently, nanostructures have been incorporated in many
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systems or observed in systems which previously were thought
to be solid solutions. Examples include Na-doped PbTe—
PbS,">™'* PbTe—(Ca,Ba,Sr)Te,">'® PbSe—Cd(Se,S),"” PbSe—
Zn(Se,S),"”” PbSe—(Ca,Sr,Ba)Te,"” PbS—(Cd,Zn)S,"® PbS—
(Ca,Sr)S,'" and Na-free PbSe—PbS'® and PbS—PbTe.° The
nanostructures induced by simple Na doping in binary PbQ
phases are not effective phonon scatterers and do not
substantially reduce the lattice thermal conductivity.'®*'

The thermopower and electrical conductivity of degenerately
doped semiconductor thermoelectric materials are interrelated
through the carrier concentration and the density of states
(DOS) effective mass. The carrier concentration must be
selected to balance the inverse relationship between electrical
conductivity and thermopower to maximize the power factor
(S%6). Decoupling these relationships by increasing the
thermopower without adversely affecting the electronic
conductivity is possible primarily through altering the band
structure either via increased band degeneracy® or other
modification of the light- and heavy-hole valence band.**** In
heavily doped p-type PbTe, interplay between the light- and
heavy-hole valence bands can result in significant increases in
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the power factor at high temperature.”® These methods of band
structure engineering can increase the power factor and ZT
significantly. For example, Tl-doped PbTe reaches ZT ~ 1.5 at
773 K2° Tl in PbTe(;_,\PbSe(,) and PbTe(;_,PbS,) have also
been shown to produce enhanced ZT = 1.6 at 700 K.*’ Alloying
PbTe and PbSe alters the convergence temperature of the light
and heavy hole valence bands in PbTe. By increasing the
convergence temperature compared to PbTe the power factor
is maximized at a higher temperature resulting in ZT ~ 1.8 at
850 K>

In the family of lead chalcogenides, the pseudobinary systems
PbTe—PbS,"> '*?® PbTe—PbSe,***® and PbSe—PbS' have
been studied and developed to a state of remarkably high
performance. PbTe—PbS exhibits well-defined nanostructuring
both on the PbTe-rich side of the composition where PbTe is
the matrix and PbS is the second phase and on the PbS-rich
side where the roles are reversed. This system is known to
exhibit bulk phase separation by nucleation and growth
processes or spinodal decomposition depending on the relative
phase fraction.">'* The role of nanostructures in PbTe—PbS
has been extensively analyzed and has been shown to be critical
in reducing the lattice thermal conductivity.”® Similarly, when
the PbSe—PbS system (previously believed to be a solid
solution) was studied with transmission electron microscopy
(TEM) it was discovered that nanostructuring did occur and
could be used to account for the lower than expected thermal
conductivity.”” The PbTe—PbSe system is also a high-
performance thermoelectric system, but it has not been
analyzed in detail from the point of view of TEM. It is
believed to be a solid solution lacking nanostructuring, and its
low lattice thermal conductivity has been explained on the basis
of point defects created by the Te/Se mixed occupation in the
rock-salt structure and by the presence of doping.”?

Considering the latest developments in the pseudobinary
systems and in the context of (a) acquiring deeper under-
standing of the fundamental properties of the lead chalcogenide
family and (b) developing high performance materials, we
investigated the pseudoternary system PbTe—PbSe—PbS.
Given the altered valence band convergence of PbTe—PbSe,
the purported lack of nanostructures in PbTe—PbSe, yet the
proven presence of nanostructures in both PbTe-PbS and
PbSe—PbS, we wanted to examine the pseudoternary system
PbTe—PbSe—PbS to see if these techniques for enhancing ZT
can be combined into one system.

Several key questions arise when considering this more
complex system. Is the PbTe—PbSe—PbS system a solid
solution or a phase-separated nanostructured assembly? For
which compositions? Can the lattice thermal conductivity be
lowered further in the pseudoternary system compared to the
pseudobinary systems? Can higher performance be obtained
from PbTe—PbSe—PbS than from the corresponding pseudo-
binary materials? One could argue that the pseudoternary
system of PbTe—PbSe—PbS would be even more nano-
structured than, for example, PbTe—PbS because of the
increased compositional complexity. However, a counterargu-
ment could state that entropic reasons may push the system
into a more homogeneous, atomically mixed, solid solution
state. Since the PbTe—PbSe—PbS system is not well under-
stood or investigated we have undertaken a study of it and we
present here our results for p-type Na doped samples.

Because the compositional scope of the pseudoternary
(PbTe);_,,(PbSe),(PbS), is very large, in this study we
limited ourselves to compositions that feature equal fractions of
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PbSe and PbS in PbTe: (PbTe),_,,(PbSe) (PbS),. We find
that the lattice thermal conductivity for specific compositions is
very low (e.g, 0.6 W/m-K at 800 K), and as a result a much
higher thermoelectric performance can be achieved in the
pseudoternary system compared to the respective pseudobinary
systems. Namely, we report that the Na-doped (PbTe),_,,
(PbSe),(PbS), x = 0.07 samples processed with spark plasma
sintering achieve a ZT of 2 at ~825 K. This is higher than the
PbTe—PbS and PbSe—PbS systems, but surprisingly, we find
that nanostructuring does not occur in the x = 0.07 samples nor
does it seem to be a dominant feature of the strong phonon
scattering we observed in (PbTe),_,,(PbSe),(PbS), composi-
tions. Instead, the strong phonon scattering seems to arise
mainly from a very effective combination of point defects and
scattering between grain boundaries rather than endotaxial
nanostructures.

B EXPERIMENTAL SECTION

Synthesis and Sample Preparation. PbyNa,,Te,_,.Se,S,
ingots, also denoted as (PbTe),_,,(PbSe),(PbS), with 2% Na, were
synthesized with x = 0.02, 0.0, 0.07, 0.10, and 0.12. Another series of
Na-free compounds with the same stoichiometries were also
synthesized for optical measurements, as the vibrational modes of
free carriers in samples can mask the interband transitions in mid-IR
spectral region. Ingots were prepared from elemental starting materials
as received from American Elements (99.99% Pb, 99.999% Te,
99.999% Se, 99.999% S, and 99.99% Na). Stoichiometric quantities
were loaded into carbon-coated fused silica tubes and flame-sealed
under vacuum (~107* Torr). The materials were heated to 1000 °C
over 12 h and held at 1000 °C for S h before cooling to room
temperature over 6 h. The ingots were ground to ~5 mm?® and further
mechanically powdered by mortar and pestle and sieved to <53 pm?®
under nitrogen. The powders were pressed into disk-shaped pellets
(10 mm diameter) using spark plasma sintering (SPS) where 60 MPa
of axial pressure was applied for 10 min at 550 °C under a pulsed
electric current in an argon atmosphere.

XRD Characterization. Powder X-ray diffraction patterns were
collected on finely ground powders for all samples on a CPS120 Inel
X-ray powder diffractometer using Ni-filtered Cu Ka radiation
operating at 40 kV and 20 mA. A position-sensitive detector was
used in reflection geometry.

Transmission Electron Microscopy (TEM). TEM samples were
prepared by traditional polishing and dimpling followed by Ar-ion
milling with a liquid Nitrogen cooling stage. Images were collected
using a JEOL 2100F transmission electron microscope operating at
200 kV. Extensive TEM studies utilized several types of sample
preparation techniques including ion beam milling and cryogenic
smashing. Ton beam milling was the most destructive for the sample,
and cryogenic smashing yielded the clearest images.

Atom Probe Tomography. An ultrahigh vacuum (UHV), at a
gauge pressure of 2 to 3 X 10™!! Torr, ultraviolet (UV) laser-assisted
local-electrode atom-probe (LEAP) tomograph (LEAP 4000XSi,
Cameca, Madison, WI), was employed utilizing picosecond lasers
pulses with a wavelength of 355 nm, an evaporation rate (ion pulse™)
of 2%, a pulse repetition rate of 500 kHz, and an energy pulse™ of 20
p_].30_32 LEAP tomographic specimens were prepared using a dual-
beam focused-ion beam (FIB) microscope (Helios Nanolab., FEI Co.,
Hillsboro, OR), initially with 30 kV Ga* ions, followed by S kV Ga*
ions and then finally 2 kV Ga* ions: this procedure minimizes the
concentration of Ga atoms implanted in a microtip. Needle-shaped
specimens with a microtip radius of ~20 nm were fabricated using the
dual-beam FIB-based lift-out method, which were attached to Si
microposts on a coupon.>® The coupon was subsequently inserted into
the LEAP tomograph’s UHV chamber and cooled to 25 K prior to
performing pulsed laser-assisted evaporation analyses. The microtips
were maintained at a positive potential, while the evaporation of ions
was triggered by the picosecond UV laser pulses. The times-of-flight of
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the detected ions were used to produce three-dimensional (3-D)
reconstructions in direct space using the program IVAS, version 3.6.3.

Electrical Properties. The pressed samples were cut and polished
into parallelepipeds with dimensions approximately 3 mm X 3 mm x
10 mm. Electrical conductivity and Seebeck coefficient were measured
on a Ulvac-Riko ZEM-3 system. Samples were spray coated with
boron nitride spray to minimize outgassing except where needed for
electrical contact with the thermocouples, heater, and voltage probes.
Samples were held between two nickel electrodes and two probe
thermocouples with spring-loaded pressure contacts. Graphite pads
were placed between the sample surface, electrodes, and thermocouple
contacts to ensure uniform contact and protect the thermocouples. A
resistive heater on the lower electrode created temperature differentials
of 10, 20, and 30 °C to determine the Seebeck coefficient. Seebeck and
electrical conductivity measurements were made under 0.1 atm of
helium and were collected from room temperature to 825 K. The
measurement error for thermopower is ~5% and less than 5% for
electrical conductivity.

Carrier concentration (1) was determined by Hall effect measure-
ments, at room temperature, using the same parallelepipeds as for
Seebeck measurements. Hall coefficients were measured in a home-
built system by placing the parallelepiped with a four-contact Hall bar
geometry in a magnetic field from 0.5 to 1.25 T. Measurements were
taken for both magnetic field directions to eliminate voltage probe
misalignment effects as well as magnetoresistance contributions. The
carrier concentration was calculated assuming R, = 1/ne, and mobility
(u) was calculated from y = 6/ne where e is the electron charge.

Thermal Properties. A Netzsch LFA 457 Microflash was used to
measure the thermal diffusivity of the SPS samples. Square
parallelepipeds approximately 2 mm X 10 mm X 10 mm in dimension
were coated with graphite prior to measurement. Total thermal
conductivity was calculated from ki, = DC,p, where D is the thermal
diffusivity, C, is the heat capacity, and p is the mass density of the
specimens. The density was rounded 8.1 g/cm? for all samples (Table
S1, Supporting Information). The densities of all samples measured by
an AccuPyc 1340 were greater than 98% theoretical density and ranged
from 8.05 to 8.11 g/cm3. The specific heat of the
(PbTe),_,.(PbSe),(PbS), alloy was determined by a weighted average
of the temperature-dependent specific heat literature values for PbTe,
PbS, and PbSe.>*3*

Infrared Optical Properties. Room-temperature diffuse reflec-
tance spectra of Na-free compositions were performed on finely
ground powders to probe the optical energy gap. The spectra were
collected in the mid-IR range (6000—400 cm™") using a Nicolet 6700
FTIR spectrometer. Absorption data (a/S) were calculated from
reflectance data via the Kubelka—Munk transformation.*®

Electronic Structure Calculations. Density functional theory
(DFT)*”"*® calculations were Ia)erformed using the Vienna Ab initio
Simulation Package (VASP) ? using projector-augmented wave
(PAW)* potentials and the generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof (PBE)*" for the exchange-
correlation functional. Calculations were carried out using plane-wave
basis sets with cutoff energies of 350 eV, k-point sampling was
performed with Monkhorst-Pack*” meshes containing k-point
densities of 2400 k-points per reciprocal atom (KPPRA), and Brillouin
zone integrations were carried out using Gaussian smearing of
electronic occupancies with a 0.1 eV smearing width. These settings
yield DFT formation enthalpies which are converged to within 1 meV/
cation with respect to cutoff energies and k-point meshes.*

B RESULTS AND DISCUSSION

Structural Characterization (X-ray, Bandgap, Misci-
bility Calculations). Despite the recent prominence of PbTe
PbSe, and PbS in the thermoelectrics literature, the combined
quaternary (or pseudoternary) PbTe—PbSe—PbS system is
relatively unexplored. The phase relations between PbTe—
PbSe—PbS have been reported be a complete solid solution
along the PbSe—PbS line, while a miscibility gap exists along
the PbTe—PbSe and PbS—PbTe lines as a function of
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temperature and composition.** Several reports have inves-
tigated the role of impurities on the electron and phonon
scattering in n-type PbTe—PbSe—PbS materials.*> No signifi-
cant variations of the energy dependence of the mechanism of
scattering were found compared to PbTe, and there is an
additive effect of Se and S atoms upon the scattering of
electrons up to 10 atomic % concentration of impurity
centers.*> The thermoelectric properties and figure of merit
for various compositions of n-type (PbTe);_,.(PbSe).(PbS),
samples were investigated between 77 to 300 K, and reported a
max ZT of 0.6 for (PbTe),40(PbSe)10(PbS)o10-"¢ However,
the structure and properties of p-type (PbTe),_,,(PbSe),-
(PbS), have not been previously reported and are described in
detail herein.

Experimental powder X-ray diffraction patterns for selected
samples are given in Figure 1 for (PbTe),_,,(PbSe),(PbS),
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Figure 1. (a) Powder X-ray diffraction data for 2% Na doped
(PbTe);_,,(PbSe),(PbS), samples. PbS peaks appear for samples with
more than 7% PbS. (b) The lattice parameter is plotted against %
PbTe. The lattice parameter decreases in general accordance with
Vegard’s law mixtures for PbTe—PbSe rather than PbT—-PbS.

compositions. Because of the very large number of
compositions in the system of (PbTe)l_x_y(PbSe)x(PbS)y we
limited out present study to a select few which we felt
represented well the phase space where the relevant issues
could be studied while keeping PbTe to be the majority
(matrix) phase. For simplicity, we kept the fractions of PbSe
and PbS equal.

As can be seen from Figure 1, simultaneous alloying with Se
and S results in lattice contraction, ie., shifting of the PbTe
Bragg peaks to higher 26 angles. The x = 0.02, 0.0S, and 0.07
compositions are macroscopically single phase, whereas for
higher x values additional reflections are observed attributed to
PbS precipitation. The determined lattice parameters shown in
Figure 1b were found to decrease on increasing sulfur and
selenium content, which is consistent with the increasing
incorporation of the smaller S and Se atoms in the lattice. The
lattice parameter values lie closer to the expected Vegard’s law
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Figure 2. (a) Bandgap shifts to higher energy with increasing amounts of PbSe/PbS alloying. No sodium dopant was added in order to minimize
interband states. (b) Bandgap and lattice parameter as a function of PbTe alloy composition. The lattice parameter decreases and the bandgap
increases with increasing PbSe and PbS content, which is consistent with PbSe/PbS incorporation.
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Figure 3. Pseudoternary isothermal sections of the (PbTe) 1,,C,y(l’l;)Se)x(PbS)y phase diagram calculated using DFT energetics at temperatures of (a)
300 K, (b) 600 K, and (c) 900 K. Single-phase boundaries are shown in black, and tie-lines are shown in green. At each temperature, alloy
compositions of (PbTe)y40(PbS)g0s(PbSe)qos, (PbTe)g36(PbS)g07(PbSe)q7 and (PbTe)q,6(PbS)g12(PbSe)q 15, are plotted as solid black, red, and
blue circles, respectively. The equilibrium matrix and precipitate compositions corresponding to each alloy composition are shown as open circles

connected by tie-lines of the same color as the alloy composition.

for the pseudobinary system (PbTe),_.(PbSe), than to the
(PbTe),_,(PbS), system indicating a higher solubility of Se in
PbTe while PbS tends to phase separate. In the PbSe/PbS-rich
compositions x = 0.10, 0.12 we observe PbS as a second phase.
Closer inspection of the minor phase PbS Bragg peaks in the
(PbTe)y6(PbSe)q.12(PbS),. 1, diffraction patterns gives a lattice
parameter of 5.954(3) A which is slightly expanded from 5.936
A of pristine PbS. The larger lattice parameter suggests some
incorporation of larger Se or Te atoms into the PbS rich
precipitate phase.

To further determine the influence of the incorporation of Se
and S into the PbTe matrix, the room-temperature electronic
absorption spectra of several Na-free (PbTe),_,,(PbSe), (PbS),
samples were measured, within the range 0.2—0.5 eV, are
shown in Figure 2a. As can be seen from Figure 2a, the
absorption lines shift to higher energies with increasing PbS
and PbSe content. The obtained band gaps as a function of
composition shown in Figure 2b increase from 0.276 eV for
PbTe to 0.304 eV for (PbTe)y0(PbSe),15(PbS)g 5. The room-
temperature band gaps for PbTe and PbSe are similar at ~0.3
and ~0.28 eV, respectively, while PbS has a larger band gap
around 0.4 eV at room temperature. Since Se incorporation
would be expected to slightly reduce the band gap, the
observed increase is attributed to the incorporation of S in the
lattice. Considering a (PbTe),_,,(PbSe), (PbS), alloy and
approximating the band gap of the solid solution as a
composition-weighted average of the band gaps of PbTe,
PbSe, and PbS, one would expect a band gap value at ~0.313
eV for x = 0.3 (70% PbTe), slightly higher than the observed
~0.304 eV of Figure 2b. Although a small reduction in the band

gap may be attributed to Se incorporation into PbTe, this
deviation more likely denotes that not all of the S is dissolved
within the matrix, which is further supported by the emergence
of the PbS rich peaks observed in the PXRD spectra of Figure
1.

Despite the previous reports on these pseudobinary and
pseudoternary systems, there remains considerable uncertainty
as to the extent of mixing or phase separation in lead
chalcogenides alloys. For example, PbTe—AgSbTe, and SnTe—
AgSbTe, were thought to be solid solutions but found to be
inhomogeneous on the nanoscale."*”** Similarly,
(PbSe),_,(PbS), was reported to be a solid solution below
1060 °C; however, nanostructuring was later observed with
TEM imaging.lg"tg_51 On the other hand (PbTe),_.(PbS), is
known to exhibit regions of solid solution, spinodal
decomposition, or nucleation and growth according to the
composition and temperature.’> To better understand the
solubility of these systems, theoretical phase diagrams were
calculated using DFT for the pseudoternary (PbTe) P
(PbSe)x(PbS)y isothermal sections at 300, 600, and 900 K.

The calculated pseudobinary phase diagrams of
(PbSe),_.(PbS),, (PbTe),_,(PbSe),, and (PbTe),_.(PbS),
show incoherent phase separation containing miscibility gaps
with maximum temperatures of 275 K, 630 K, and 1770 K for
(PbSe),_.(PbS),, (PbTe),_.(PbSe),, and (PbTe),_.(PbS),,
respectively.*> Though these calculated miscibility gaps over-
estimate the experimentally determined miscibility gap temper-
atures, they are still useful for understanding trends and
estimating pseudoternary miscibility gap temperatures.
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Several isothermal sections of the pseudoternary system are
shown in Figure 3. In the system (PbTe),, (PbSe).(PbS),
below any of the pseudobinary maximum miscibility gap
temperatures there exists a three-phase equilibrium between
PbTe-, PbSe-, and PbS-rich phases. Above the maximum
miscibility gap temperature of (PbSe),_.(PbS), (275 K), the
three-phase region disappears and the two-phase equilibria in
the (PbTe),_.(PbSe), and (PbTe),_,(PbS), pseudobinary
systems extend into the ternary composition space and connect
with one another (Figure 3a,b). This two-phase region is a
miscibility gap between a PbTe-rich phase and a
(PbSe),_,(PbS), rich phase. Above the maximum miscibility
gap temperature of (PbTe),_,(PbSe), (630 K), the two-phase
region of (PbTe),_,(PbS), extends into the ternary composi-
tion space but does not connect with the (PbTe),_.(PbSe),
pseudobinary edge (Figure 3c). From this discussion we can
conclude that phases formed from a PbTe-rich alloy in
(PbTe)l_x_y(PbSe)x(PbS)y above room temperature should be
PbSe—PbS—rich phases in a PbTe-rich matrix.

Taken together, the Na-doped (PbTe),_,,(PbSe),(PbS),
samples exhibit mainly solid solution behavior. The presence
of a few large PbS-rich precipitates >100 nm (not shown) is
supported by X-ray diffraction and theoretical calculations. The
behavior of these large precipitates at high temperature has not
been characterized, but they are not expected to contribute
significantly in the reduction of the ki, component based on
their size. Phonons with mean free paths smaller than 10 nm
comprise around 90% of the lattice thermal conductivity for
PbTe.** Therefore, to significantly reduce the lattice thermal
conductivity in these materials, nanostructures with character-
istic length smaller than ~20—30 nm are required. The PbS
precipitates observed are much larger than the mean free path
of the heat carrying phonons and are not expected to
contribute to phonon scattering and reductions in k. These
observations are consistent with the «j,, values observed in the
system, which are discussed in detail below. Initial calculations
confirm the kj,, values observed in the Na-doped
(PbTe),_,,(PbSe),(PbS), system are consistent with solid
solution alloy behavior. Future studies may explore the
formation, solubility, and transport effects of these PbS-rich
precipitates.

Electrical Transport Properties. Table 1 presents the
room-temperature electrical conductivity, hole carrier concen-

Table 1. Conductivity, Hole Carrier Concentration, and
Mobility at Room Temperature for 2% Na-Doped
(PbTe); ,,(PbSe),(PbS),”

sample o (S/cm) carriers (cm™3) mobility (em?/(V s))
x = 0.02 2625 1.07 x 10%° 153
x = 0.05 2138 0.973 x 10% 137
x = 0.07 1908 1.01 x 10%° 118
x =001 1623 1.05 x 10%° 96

“Since the carrier concentration is approximately constant, the
mobility decreases with decreasing o.

tration, and the hole mobility of the studied compositions. The
carrier concentration for all samples is ~1 X 10*° cm™, since
the Na doping fraction is fixed at 2%, denoting heavily doped
compositions. Na doping has been shown to not significantly
alter the band structure while providing sufficient acceptor
states for hi§h hole concentrations and high power
factors.”>'>>*7>> The room-temperature electrical conductivity
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decreases with increasing PbSe and PbS content. This reflects
the decreased mobility, probably due to scattering from the
increased atomic disorder alloying.

The room-temperature Seebeck coefficient shows similar
values for all the studied compositions. A Pisarenko plot of the
Seebeck coeflicient vs hole carrier density is shown in Figure 4
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Figure 4. Two-band theoretical model for PbTe Pisarenko relation is
plotted. Experimental points for varying compositions of 2% Na doped
(PbTe)l_x_y(PbSe)x(PbS)y samples fall near the expected Seebeck
coefficient values for PbTe within the error of the effective mass. No
enhancement from resonance scattering is observed. The theoretical
solid line for PbTe is from ref 54.

together with the theoretical line calculated based on a two-
band model for p-type PbTe.”** In heavily doped p-type PbTe
it is important to consider effects of the light hole band (LHB)
at the L point of the Brillouin zone with density of states mass
m;* and the heavy hole band (HHB) at the X point with
density of states mass m;,*. The presence of the second sub-
band manifests itself by the constant values of thermopower in
the high carrier density range. The theoretical line of Figure 4 is
obtained taken m;,* = 1.2 m, and m;* = 0.36 m, and includes a
band gap AE ~ 0.12 eV between the valence sub-bands at room
temperature.>* The experimental data points found lying on the
high carrier density side of the theoretical line suggest the room
temperature Fermi level lies deep in the valence band and a
significant contribution of the HHB to the Seebeck coefficient.
The experimental Seebeck values are slightly above the
theoretical values, probably due to a slightly higher effective
mass. Based on the Pisarenko plot in Figure 4, it is clear the
HHB contributes to the thermopower. This is consistent with
the heavy valence band involvement reported previously”*®*
and does not indicate any enhancement of the Seebeck values
due to resonance scattering.ls’19

As shown in Figure Sa,b, there is a noticeable flattening of the
electrical conductivity and the Seebeck coefficient beginning at
600 K. The observation of plateau behavior in the hole Seebeck
coeflicient at high temperatures has been reported previously in
PbTe and (PbTe),_,(PbS),.'”** Figure 6 compares the
Seebeck values of p-type PbTe, (PbTe),g5(PbSe)qq7(PbS)o07
(PbTe)q55(PbS)g.1» and (PbTe)y75(PbSe)ys. For p-type PbTe,
the plateau region was attributed to the contribution from
carriers of the opposite sign negating the increase in Seebeck
from HHB contributions seen from 300 to 700 K.** The initial
proposition of intrinsic electrons causing the plateau is suspect
since the number of intrinsic negative carriers in similarly
doped materials is reported to be ~10" cm™ at 500 K, which is
too low to create such a pronounced effect on the Seebeck
coefficient with an extrinsic hole concentration ~10%° cm=33%°°
Recent research on the temperature dependence of the valence
band structure of PbTe and (PbTe),_,(PbS), alloys reported
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Figure S. (a) Electrical conductivity, (b) Seebeck coefficient, and (c)
power factor of 2% Na-doped (PbTe),_,,(PbSe),(PbS), alloyed
materials upon heating. A sharp transition is observed at 600 K for the
electrical conductivity and Seebeck coefficient. Instead of monotonic
behavior upon cooling, from 600 to 825 K a plateau is observed.
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Figure 6. Comparison of Seebeck coefficient values for different lead
chalcogenide systems. The PbS-containing compositions show higher
Seebeck values in the 400—600 K temperature range accompanied by a
plateau which is onset (shown with arrows) and shifted to lower
temperatures relative to the PbTe single crystal of Airapetyants et al.>*

negatively sloped Hall coeflicient data with applied magnetic
field at around 620 K suggesting the presence of topological
electrons on the order of ~10” cm™.>’ The origin of the
electron-like behavior at high temperature was attributed to the
topology of the band structure. For high doping levels the LHB
and HHB are singly connected through a continuous Fermi
surface giving rise to regions of negative curvature.****% These
regions respond as electrons showing negative Seebeck values,
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and they begin to contribute negatively to the absolute value of
the Seebeck coefficient as the temperature is increased to X600
K and above. At this temperature range they are located within
a few kpT of the Fermi level, giving rise to the saturation of the
thermopower and electrical conductivity.>

Curiously, the conductivity and thermopower measurements
show different behavior on heating and cooling in the high
temperature range around 650 K. Figure 7 shows the measured
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Figure 7. (a) Electrical conductivity, (b) thermopower, and (c) power
factor of 2% Na-doped (PbTe),_,.(PbSe),(PbS), alloyed materials
upon cooling. The cooling data decrease monotonically for the
electrical conductivity and increase for the Seebeck. The highest power
factor is observed in (PbTe),gs(PbSe)q0,(PbS)g ¢

electrical conductivity, Seebeck coefficient, and thermopower
versus temperature for the 2% Na (PbTe),_,,(PbSe),(PbS),
samples upon cooling from high temperature. The trend upon
cooling shows a smooth and monotonically decreasing
behavior, similar to other PbTe systems. However, during the
heating cycle, shown in Figure 6, the conductivity decreases
linearly from 300 to 600 K while the thermopower increases
linearly. At 600 K however a sharp break in the linearity in both
properties is observed. At higher temperatures, the thermo-
power and electrical conductivity reach a plateau from 650 to
800 K. When cooling, the sharp break seen in the Seebeck
coefficient and electrical conductivity observed upon heating is
not observed around 650 K and the conductivity values of the
same sample are slightly higher and Seebeck coefficient values
slightly lower than the heating cycle (see Figure S1, Supporting
Information). However, above 700 K the conductivity and
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Figure 8. (A) Total thermal conductivity, (b) calculated Lorenz numbers from a single parabolic model Fermi integral calculation using data from
the heating cycle, (c) lattice thermal conductivity calculated from the single parabolic model, and (d) lattice thermal conductivity calculated from the
Sommerfeld value of L, = 2.45 X 10 QW/K? of 2% Na-doped (PbTe),_,,(PbSe),(PbS), alloyed materials.

Seebeck coefficient are the same for heating and cooling and do
not adversely affect the maximum of the power factor. Upon
cooling, the power factor reaches and maintains a very high
value of ~27 uW/cmK? between 600 and 800 K for
(PbTe)y56(PbSe)qo7(PbS)oq; as seen in Figures Sc and 6c.
The lowest power factor in this system is still very high,
reaching ~20 UW/cmK? between 600 and 800 K for
(PbTe)q76(PbSe)o 5(PbS)g - The reason for the different
behavior during the two cycles is not yet clear and one may
suppose that this situation is related to structural changes taking
place, possibly including the dissolution of excess Na* into the
matrix.'”'* Further studies are needed to better understand this
effect.

Comparing the onset temperature of the saturation of the
Seebeck coeflicient between the PbTe and the PbTe—PbS
compositions of Figure 7, it is obvious that the saturation onset
of the PbS containing samples is located at a lower
temperatures than the pristine PbTe sample. This may be
attributed to the fact that sulfur p orbitals lower the energy of
the LHB, i.e,, increasing the band gap as shown in Figure 2. By
lowering the LHB, the electron-like regions are closer to the
Fermi energy and start to contribute to the Seebeck coefficient
at lower temperatures compared to pure PbTe. The fact that
the S incorporation is related to the Seebeck plateau formation
(Figure S) is further supported by the absence of this behavior
in the Na doped (PbTe),_,(PbSe), compositions. Given that
the band gap of PbSe is slightly narrower than that of PbTe,*!
we expect that Se alloying does not lower the energy of the
LHB and thus the contribution of the negative curvature
regions of the Fermi surface, with rising temperature, remains
unaffected or even delayed.

Thermal Conductivity and Figure of Merit. The total
thermal conductivity (k) as a function of temperature is
shown in Figure 8a. The room temperature K, values decrease
with increasing amounts of PbSe and PbS. At high temper-
atures, the values reach ~1.1 W/m-K for the x = 0.5-0.10
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samples. The x = 0.12 sample is slightly lower at ~1.0 W/m-K..
The addition of the PbSe and PbS contribute to a 30%
reduction in K, at high temperature over that of pristine
PbTe."” These low values coupled with the high power factors
give rise to exceptional values of ZT. Figure 9 presents the
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Figure 9. ZT of 2% Na-doped PbTe and PbTe—PbSe—PbS alloyed
materials. (PbTe),g5(PbSe)q;(PbS)y,, reaches ZT of 2.0 at 825 K.

temperature dependent ZT values of different 2% Na-doped
(PbTe);_,,(PbSe) (PbS), samples. The (PbTe)ygs(PbSe)qqr-
(PbS)g, composition achieved the highest ZT ~ 2.0 at 823 K
by combining high power factor values of 27 yW/cm-K* with a
Kyt of 1.1 W/m-K. (PbTe)g.90(PbSe)q05(PbS)g0s also achieved a
high ZT of 1.8 at 825 K. The x = 2% sample achieved a high
power factor, similar to x = 7%, but the x was higher giving an
overall ZT = 1.6 at 825 K. Likewise, the x = 10, 12 samples had
low thermal conductivity but the lower power factor resulted in
ZT = 1.5 for both samples.

These low total thermal conductivity values imply a very low
lattice thermal conductivity. The lattice thermal conductivity
was determined by subtracting «,, from the Wiedemann—Franz
relation k, = LTo from K such that kj,, = ko, — LTo where L
is the Lorentz number, T is temperature, and o is electrical
conductivity. In the present case, great care must taken on

dx.doi.org/10.1021/ja4121583 | J. Am. Chem. Soc. 2014, 136, 3225—3237



Journal of the American Chemical Society

Spectrum 1: matrix

[
’Q
70 fu QO’QA

tun |

Spectrum 2: precipitatem

$

®
| VXY S XXX

Figure 10. TEM images (PbTe),s5(PbSe)q07(PbS)g07- (2) Low magnification image shows homogeneous material. Inset shows the corresponding
SAD. (b) High magnification image indicates the single-crystal lattice. (c) The Z-contrast image shows the existence of the large precipitate, and the
corresponding EDS spectra are shown in (d). The C, Cu, and O peaks in spectrum 2 are from the TEM grid underneath the sample.

estimating the Lorentz number. There are two limiting values
for L, the Sommerfeld value of Lpgg = 2.45 X 107 QW/K?,
which is valid for metals and highly degenerated electron gas,
and the value for the nondegenerate limit Ly_p, = 1.49 X 107
QW/K?. Clearly, the former value overestimates the electronic
contribution to thermal conductivity, while the later one
underestimates it. In a single band parabolic model when only
one type of carriers is present, L is easily calculated. We will
return to this issue below when discussing the calculation of
K The Lorentz number can be estimated based on the
Seebeck coeflicient measurements and assuming scattering
from acoustic phonons, following the equations from the
Fermi—Dirac statistics

_  ks| 260 _
S_ie[Po(ﬂ) ’7} W
L= (k_)[ 3E(ME(n) — 4F12(f7)]
¢ Fy(n) @
Y
B = [ — v .

where # is the reduced Fermi energy (Ep/kzT), Fi(17) the
Fermi—Dirac integrals, and kg the Boltzmann constant.
However, due to the complexity and nonparabolicity of the
valence band structure around the Fermi level for p-type PbTe,
a more accurate determination of the Lorenz number is
difficult, though it can be roughly estimated using a single
parabolic band (SPB) model with acoustic phonon scattering.”’
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The calculated L values for all samples are shown in Figure 8b.
As can be seen, in the entire temperature range the Lorenz
numbers are well below the Sommerfeld value of Ly and
above the nondegenerate limit.

Figure 8c gives the lattice thermal conductivity calculated
with the L values for the SPB model. The lattice thermal
conductivity values are strongly reduced by 50—60% compared
with PbTe.'"” The lowest lattice thermal conductivity is
observed in (PbTe)yq0(PbSe)oos(PbS)gos with ke = 0.5 W/
m-K at 825 K. The alloy compositions greater than x = 0.05 are
also very low with values around 0.6 W/m-K. The smallest
reduction of K, =0.7 W/m-K is observed at 800 K in the
(PbTe)o6(PbSe) s (PbS)g0, sample, most likely due to the
lowest alloy composition. However, a significant reduction
compared to PbTe is still observed with only 4% alloying on
the Te site.

Similar low lattice thermal conductivities have been reported
in lead chalcogenide systems such as the nanostructured
systems NaggPb,,SbTe,,, PbTe—2%SrTe, and (PbTe),,-
(PbS), system.”'>'> Therefore, we investigated the high ZT
Na-doped (PbTe);_,,(PbSe),(PbS), samples for the presence
of nanoparticles using TEM characterization. Figure 10 shows
an image of the matrix of 2% Na-doped (PbTe),s5(PbSe)qqr-
(PbS)gg7- The low magnification image of (PbTe),g5(PbSe)qo7-
(PbS)p; doped with 2% Na in Figure 10a shows a
homogeneous matrix. The corresponding selected area electron
diffraction pattern (SAED) along the [001] direction, shown in
the inset, also illustrates the single crystal nature of the sample
and its rock-salt NaCl type structure. Figure 10b is the high
magnification image showing a clean single crystal and the
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absence of any small second phases. However, a few large
~100—200 nm particles were observed as shown in Figure 10c.
The elemental composition of the matrix and these precipitates
was investigated by EDS. By comparing the EDS spectrum 1
and spectrum 2 in Figure 10d, which were collected from the
matrix and the precipitate respectively, it is shown that the
sulfur is aggregated at the large precipitate labeled 2 in Figure
10c. The EDS spectrum 1 lacks the front shoulder on the Pb
peak indicating very little S appears to be present in the matrix.
Exact quantification of the amount of sulfur is difficult due to
the close proximity of the Pb Ma, and S Ko, emission energies
at 2.34 and 2.31 keV, respectively. However, from qualitative
analysis, the precipitates are more sulfur-rich than the matrix,
which suggests the precipitates are PbS, consistent with the
powder X-ray diffraction data and the calculated phase
diagrams.

To study the composition of the matrix in greater detail,
LEAP tomography was employed to analyze it on an atomic
scale. A volume of the (PbTe),g5(PbSe)qo;(PbS)gg; sample
was analyzed (90 X 90 X 600 nm?), which contained 25746245
atoms. LEAP tomography vyields the compositions of
subnanoscale solute clusters, nanoscale precipitates, and solute
excesses at interfaces.®>” %> LEAP tomography achieves a true 3-
D atomic-scale analysis by using picosecond UV laser pulses to
remove individual atoms from a microtip’s surface, essentially
one atom at a time. A position-sensitive detector (microchannel
plate) plus a delay-line detector are used in series to determine
the chemical identity of each evaporated ion by time-of flight
mass spectrometry, which yields the ratio of mass to charge
state of each ion detected, and its position in 3-D direct space,
respectively.

The results of a LEAP tomographic analyses of the matrix are
presented in Table 2 for a sample with the overall composition

Table 2. LEAP Tomographic Elemental Analysis Results for
(PbTe) s6(PbSe),0,(PbS)o 07

element concentration (atomic %) LEAP tomographic results (atomic %)
Pb 49.0 S51.1 + 0.031
Te 43.0 40.8 + 0.026
Se 3.5 4.2 + 0.0074
S 3.5 2.4 + 0.0055
Na 1.0 1.5 + 0.0044

(PbTe)56(PbSe)07(PbS)g7- Given the nominal composition
of 3.5 at.% S, LEAP tomography detected 2.4 atomic % S in the
matrix. All the semiconducting thermoelectric systems, we have
studied and are studying, are not at thermodynamic equilibrium
and therefore it is not surprising that we do not obtain exact
stoichiometric ratios for the different semiconducting phases.
This question can best be answered experimentally in the long
run by performing aging experiments at constant aging
temperatures, performing isothermal experiments, and observ-
ing how the compositions of the precipitate phases evolve
temporally as well as how the composition of the matrix evolves
with time. More LEAP tomographic analyses are required to
establish whether or not a decreased sulfur concentration in the
matrix is real, but current results seem to indicate that not all
the sulfur ends up in the matrix, as also observed in the TEM.
While we cannot completely rule out the presence of small
nanostructures, the LEAP tomographic studies could find no
evidence of them.
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Despite the absence of evidence for small nanostructures, 2%
Na-doped (PbTe),_,,(PbSe),(PbS), samples do possess very
low thermal conductivities. At room temperature, the reduction
in K follows the reduction in electronic mobility more than
the reduction of k. Mass contrast between the three different
chalcogenide atoms introduces extra sources of strain compared
to a two component alloy.

Alloying PbTe with PbSe and PbS, reduces the lattice
thermal conductivity of PbTe by introducing point defects
which scatter phonons. If the phonon scattering from
endotaxial interfaces is further negligible, as is the case for
materials without nanostructuring, one may assume that the
only existing phonon scattering mechanism in solid solutions
would be the Umklapp and the point defect scattering. Klemens
has proposed the following relation between K, o, 2nd that of
the pure compound Klatt,pure66

0,0
=7 Zfll)z Klatt,purer

e _x>[(%m)z+g(%)2]

where O, is the Debye temperature, €2 is the molar volume, v
is the velocity of sound, and the I' is a disorder scaling
parameter that depends on mass and strain field fluctuations
(Am/m and Aa/a). This expression has been successfully used
by Wang et al% to show that the PbTe—PbSe system forms
solid solution (experimental K is well described by the

-1
tan (u) )
Klatt,alloy - Klatt,pure ) U

(4)

theoretical one) and by Androulakis et al. to demonstrate
nanostructuring in the PbSe—PbS system'® (experimental ki
values are lower than the theoretically predicted ones). Abeles
extended the formula by Klemens, taking into account not only
Umklapp and point defect scattering but also phonon scattering
by a normal process®®

_ 1 tan"' u
Klatt,alloy - K]att,pure 1 Sa u
9
fanu |
an” " u
" u
1+a u_4 _ u_z _ tan"' u +1
a S 3 u (5)

where «a is the ratio of normal-to-Umklapp process. Zaitsev et
al.® have used the Abeles expression for the Mg,Si—Mg,Ge
system and concluded that the lattice thermal conductivity is
better described with the ratio of normal-to-Umklapp process
should be @ = 1. Adachi”® simplified the Klemens and Abeles
expression, introducing a bowing factor (Cg_c)

W(x) = =axWy + (1 — x)Wyo + x(1 — x)Cy_¢

(6)

where W, and W, are the thermal resistance for the two end
members. Later, Adachi’' expanded eq 6 for quaternary alloys
(ABxCyD7) as

1
Kk(x)
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W(x, y,z) = ————— = aW,p + yW,c + zW,p
k(x,y, 2)

+ xyCyc + y2Ccp + zxCpp
withx +y+2z=1 (7)

In our case, for pseudoternary (PbTe),_,,(PbSe) (PbS),, eq 7
can be written as

1
w(x) = @ = (1 = 22)Whyr + %[ Whpse + Wops]
+ (1 = 20)a[Cre_ge + Cre_g] + 2°Cgo_s (8)

where Cr, gy Cre_s, and Cg,_g are the corresponding bowing
factors for substituting Se and S to Te. Figure 11 shows the
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Figure 11. Comparison of the experimental lattice thermal
conductivities and lattice thermal conductivities calculated based on
point-defect, Umklapp, and normal scattering processes. The
experimental data points (triangles) fall very close, within 10% error,
to the theoretical lattice thermal conductivity curve for the pseudo
ternary (PbTe),_,,(PbSe),(PbS), pure solid solution. The calculated
pseudo binary (PbTe),_,(PbSe), lattice thermal conductivity (top
curve) is similar to the calculated pseudo ternary lattice thermal
conductivity (bottom curve) at high PbTe compositions.

theoretical dependence of lattice thermal conductivity for the
pseudo binary (PbTe),_.(PbSe), system (top curve), and the
pseudoternary (PbTe),_,,(PbSe),(PbS), system (lower curve).
As expected, additional alloying of PbTe with PbS will further
reduce the lattice thermal conductivity. Interestingly, the
experimental values for thermal conductivity for the pseudo
ternary system are in good agreement with the theoretical
curve, supporting the notion that the pseudo ternary
(PbTe),_,,(PbSe),(PbS), system does not have significant
contributions from nanostructuring. The model and our

experimental results indicate a maximum of 48% reduction
(relative to that of pure PbTe) in Ky, at room temperature.

Comparison to Other Systems. Figure 12 compares the
thermal conductivity values for three lead chalcogenide alloy
systems. The lowest value is observed in the
(PbTe)o6(PbSe) o7 (PbS)go, system where ki, reaches 1.0
W/mK . The (PbTe)gPbS)y;, reaches 1.1 W/m-K (ref 12)
and (PbTe)y,5(PbSe)g,s ~1.2 W/m-K (ref 23). For the lattice
contribution to thermal conductivity, PbTe—PbSe has the
lowest reported value of 0.5 W/m-K but also has the highest
electrical conductivity contributing to an overall highest total
thermal conductivity for these alloyed materials.

In the (PbTe),_.(PbSe), system, the high ZT of 1.8 is
credited to the convergence of multiple degenerate valley
pockets at the Fermi level.*” Alloying PbTe with Se tunes the
location of the valence band with temperature to effectively
increase the density of states effective mass without negatively
impacting the mobility leading to very high power factors and
high ZT. % In contrast, the effects on the band structure are not
clear when alloying PbTe with PbS. It is reasonable to expect
that the substitution of S for Te atoms will lower the energy of
the PbTe LHB and decrease the energy difference between the
LHB and HHB thereby changing the transport properties. This
lowering of the LHB enables the contribution of the recently
discovered topological electrons® to give rise to the observed
Seebeck plateau behavior.

Figure 13 compares the ternary (PbTe), 6(PbSe)q07(PbS)g07
material from this report with (PbTe),,5(PbSe),s from Pei et
al** and (PbTe)O_SS(PbS)O_n reported by Girard et al.'? All
three materials are doped with 2% Na and have comparable
carrier concentrations between 0.5 and 1.6 x 10 cm™. The
conductivity and thermopower in Figure 13a,b show similar
behavior for the (PbTe)ygyPbS)y;, and the (PbTe) g
(PbSe)o07(PbS)oo, upon heating. The shape of the thermo-
power data curve upon cooling for (PbTe),ss(PbSe)gqr-
(PbS),, is similar to the (PbTe),_.(PbSe), data, except the
ternary system has higher values of 250 V/K compared to 210
uV/K for the Se-alloyed binary. The steeper increase of the
Seebeck coefficient at low temperatures may be explained by
the different temperature dependence of the AE (energy gap
between LHB and HHB) in the two samples. The similar
valence band of the two PbS containing systems results in
similar Seebeck behavior, but the higher conductivity for
(PbTe)g.36(PbSe).07(PbS),07 yields a power factor greater than
either binary alloy system, as seen in Figure 13c.

In comparing the three systems in Figure 13, the Seebeck
plateau clearly exists in the PbS containing systems but is
absent in the PbTe—PbSe system. As mentioned above the
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Figure 12. (a) Lattice thermal conductivity and (b) total thermal conductivity (PbTe)y5(PbSe)q,s (ref 23), (PbTe)g5(PbS)e1, (ref 7), and
(PbTe)s6(PbSe)o07(PbS)g o, materials each doped with Na 2%. The reduction in Ky is greatest for the pseudoternary system.
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Figure 13. (a) Electrical conductivity, (b) Seebeck coefficient, and (c) power factor of PbTe),,5(PbSe),,s (ref 23), (PbTe)qg5(PbS)g 1, (ref 12), and
(PbTe)56(PbSe)o07(PbS)g o7 (both heating and cooling cycles) each doped with Na 2%. The plateau from 600 to 900 K in the Seebeck coefficient is
present in the sulfur-containing systems but not (PbTe),,5(PbSe),,s. The pseudoternary alloy exhibits the highest power factor.

absence of a plateau in the PbTe—PbSe system likely arises
because selenium does not lower the HHB of PbTe and its
energy level remains inaccessible to the topological electrons. In
the S analog, the LHB is lowered relative to the HHB, so the
topological electrons are accessible in S-containing PbTe at a
lower temperature than in pure or Se-containing PbTe,
consistent with the experimental data. Therefore, sulfur is the
more important component to observing this plateau behavior.
Figure 14 shows ZT as a function of temperature for the three
systems, and the 2% Na-doped (PbTe),s5(PbSe)q07(PbS)oq7
material is the highest performing with ZT of 2.0 at 823 K.

2.0
1.6 o

»

)

Kl 1.2 ‘....'F
0.8 v,'- u'.
o O
0.4/ ,.L'.o° B (PbTe), ,,(PbS), ,
5_3’.‘.' o (PbTe),,(PbSe), .

0.0 PbTe), 55(PbSe), ,(PDS), 7

300 450 600 750 900
Temperature (K)

Figure 14. Figure of merit of (PbTe)y;5(PbSe)g,s (ref 23),
(PbTe)oss(PbS)g, (ref 12), and (PbTe),s5(PbSe)qo7(PbS)g7
doped with 2% Na. The heating and cooling cycle is shown for
(PbTe)s6(PbSe)o7(PbS)ge7, and the ZT upon cooling is slightly
higher than the heating cycle.

B CONCLUSIONS

The thermoelectric performance of the p-type pseudoternary
(PbTe);_,_,(PbSe),(PbS), system is superior to those of the
corresponding the pseudobinary (PbTe),_,(PbSe), and
(PbTe),_,(PbS), systems as well as those of the single phase
p-type PbTe, PbSe, and PbS systems. Although the scope of
any investigation of the (PbTe)l_x_y(PbSe)x(PbS)y system is
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very large due to the enormous composition space available,
here we have presented an initial investigation and assessment
of thermoelectric properties of selected p-doped samples with
PbTe-rich compositions and equal molar fractions of PbSe and
PbS. We have demonstrated that when the mole fractions of
PbSe and PbS are <10% very high ZTs are possible,
outperforming the simpler pseudobinary systems. Our study
also uncovered that while very low lattice thermal conductivity
can be achieved, e.g, for (PbTe),s5(PbSe)q0,(PbS)yey this
reduction cannot be accounted for by nanostructuring but
rather by highly effective point defect scattering involving a
broad set of multiple types of point defects such as Te/S, Te/
Se, and Se/S. These defects arise from the triple disorder
created by the alloying of three different components in the
rock-salt structure. The pseudoternary system’s presumed
higher entropy may favor a reduced nanostructuring, and this
counterintuitive outcome is a sharp departure from the simpler
pseudobinary systems of PbTe—PbS and PbSe—PbS where
nanostructuring plays an important role. Undoubtedly, the
(PbTe);_,,(PbSe),(PbS), system is an excellent platform to
study phase competition between entropically driven atomic
mixing (solid solution behavior) and enthalpy driven phase
separation. This completion is expected to be highly dependent
on x. Nevertheless, given the small number of compositions
investigated here additional work will be required to fully
understand the nanoscale nature of this complex system.
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Description of multiple high-temperature thermoelectric
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