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ABSTRACT: Thermoelectric generators can convert heat directly
into usable electric power but suffer from low efficiencies and high
costs, which have hindered wide-scale applications. Accordingly, an
important goal in the field of thermoelectricity is to develop new
high performance materials that are composed of more earth-
abundant elements. The best systems for midtemperature power
generation rely on heavily doped PbTe, but the Te in these materials
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alternative to PbTe, although it displays inferior performance due to
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a considerably smaller power factor S*, where S is the Seebeck

coefficient and o is electrical conductivity. Here, we present a new p-type PbSe system, Pby 9sNa, 0,Se—x%HgSe, which yields a
very high power factor of ~20 gW-cm™"-K™? at 963 K when x = 2, a 15% improvement over the best performing PbSe—x%MSe
materials. The enhancement is attributed to a combination of high carrier mobility and the early onset of band convergence in
the Hg-alloyed samples (~550 K), which results in a significant increase in the Seebeck coefficient. Interestingly, we find that
the Hg*" cations sit at an off-centered position within the PbSe lattice, and we dub the displaced Hg atoms “discordant”. DFT
calculations indicate that this feature plays a role in lowering thermal conductivity, and we believe that this insight may inspire
new design criteria for engineering high performance thermoelectric materials. The high power factor combined with a decrease
in thermal conductivity gives a high figure of merit ZT of 1.7 at 970 K, the highest value reported for p-type PbSe to date.

B INTRODUCTION

Global energy consumption is anticipated to double by
midcentury, which could impose enormous environmental
and socioeconomic challenges." More than two-thirds of
generated energy is lost as wasted heat, and accordingly,
technologies that can capture and utilize such heat sources are
expected to play an important role in the emerging sustainable
energy portfolio.”” Thermoelectric generators can convert heat
directly into usable electric power and can be scaled to
accommodate a wide variety of heat sources. Still, thermo-
electric devices suffer from poor efficiencies and high
manufacturing costs. Moving forward, an important goal in
the field is to develop new materials that can facilitate high
thermoelectric performance while also being composed of
inexpensive, earth-abundant elements.

The maximum efliciency of a thermoelectric material is
defined by the dimensionless figure of merit, ZT = S’0/k,
where S is the Seebeck coefficient, ¢ is the electrical
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conductivity, and « is the thermal conductivity. Thus, good
thermoelectric materials must have high electrical conductivity
and high thermopower (S) while also exhibiting low thermal
conductivity. Since these are typically conflicting material
properties, designing and optimizing thermoelectric systems
are notoriously challenging. Historically, chalcogenides of the
p-block metals (Bi, Pb, Sn, etc.) have been the most widely
used materials for thermoelectrics due to their intrinsically low
thermal conductivity, complex band structures, and chemical
versatility."™® PbTe is widely regarded as the best material
system for midtemperature power generation (500—900 K),9
but Te is among the rarest elements on Earth and very
expensive, which may prove problematic for wide-scale heat
recovery applications. PbSe is emerging as an attractive
alternative because it shares many of the same features as
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PbTe while also being composed of earth-abundant
elements.' Moreover, PbSe has a higher melting point, is
less brittle,"' and, surprisingly, has lower intrinsic thermal
conductivity than PbTe.'” Heavily doped p-type PbSe has
been predicted to have a figure of merit greater than 2.0 at high
temperatures (p-type),”” although the highest reported value is
1.6,"* which indicates that further optimization is possible.

In the past decade there has been an influx of new successful
strategies for optimizing thermoelectric materials. For example,
nanostructuring and defect-engineering have yielded materials
with extraordinary low thermal conductivity and record-
breaking performance.ls_21 In fact, in many important systems,
the thermal conductivity is now approaching the amorphous
limit, which places a boundary on further progress.
Accordingly, strategies that enhance the power factor (Sc)
of thermoelectrics are expected to play an increasing role in
future advances. It is well-known that large band degeneracy
(Ny) can yield an enhancement in thermopower by increasing
the density of states near the Fermi level.””~*’ In recent years,
chemical alloying has emerged as a powerful tool for
manipulating band structure to achieve greater Ny and
improved thermoelectric performance. For example, in p-type
PbTe, isovalent alloying can be used to fine-tune the energy
difference between the primary valence band (N, = 4) and the
secondary valence band (N, = 12).***° This provides control
over the temperature at which the two bands converge to give
maximum band degeneracy (N, = 16) and peak performance.
Such strategies are far less explored in p-type PbSe, in large
part due to the greater energy offset (~0.3 eV) between the
primary and secondary valence bands in this material, which
make it more difficult to converge.

Here, we present a new p-type PbSe system, Pb ¢sNaj o,Se—
x%HgSe (x = 1—S5), which exhibits an ultrahigh power factor
of approximately 20 yW-cm™ K™ at 900 K when x = 2. The
augmented electronic properties are due to a substantial
increase in the thermopower that begins around 550 K, which
is not observed in the unalloyed Pb,¢sNa; ,Se samples. We
attribute this enhancement to the early onset of band
convergence, which is caused by a decrease in the energy
offset between the valence bands located at the L-point
(primary) and along the Y -line (secondary) in the Brillouin
zone (Figure 1). From a chemical perspective this is intuitive
since the valence band edge in PbSe is dominated by the 6s*
electrons from Pb**, which are absent in Hg>* (Figure 1).
Combined with a moderate decrease in thermal conductivity,
the PbjosNayy,Se—2%HgSe sample is found to have a
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Figure 1. (a) Illustration of band diagram showing a decrease in the
energy offset between the L-band and Z-band with the addition of Hg
into PbSe. (b) Molecular orbital scheme highlighting the absence of
the 65> electrons in Hg*, which has the effect of lowering the energy
of the L-band edge.

maximum ZT of approximately 1.7 at 970 K, which is the
highest value reported for p-type PbSe.

From a fundamental chemistry perspective, the PbSe—x%
HgSe alloy is an intriguing material. PbSe is most stable in the
rocksalt-type crystal structure (cubic, octahedral coordination)
and has a narrow bandgap of approximately 0.27 eV. In
contrast, HgSe adopts the zincblende-type structure (cubic,
tetrahedral coordination) and is metallic. Surprisingly, we find
that the bandgap of PbSe—x%HgSe alloy increases with the
addition of HgSe, and we attribute this unexpected behavior to
the unusual 6-fold coordination environment of Hg*" in the
PbSe lattice. It is interesting to note that Hg is very rarely
found with true octahedral coordination in either solid-state or
molecular compounds,® which is attributed to relativistic
effects.””*” This led us to speculate that Hg may sit at an off-
centered position. Using '""Hg and "’Se NMR, we provide
empirical evidence for an asymmetric coordination environ-
ment of Hg*" in the PbSe-HgSe pseudobinary alloy, which is
supported by DFT calculations. We describe the off-centered
Hg atoms as “discordant”, since their intrinsic chemical
character is out of harmony with the coordination require-
ments of the surrounding crystal matrix (e.g, tetrahedral for
Hg vs octahedral for Pb). Such off-centering is being observed
in a growing number of materials, including the case of Ge?*
atoms in the n-type PbSe—12%GeSe system.”” We discuss the
influence this feature has on the charge and thermal transport
of PbSe—x%HgSe and believe this may be an important, yet
overlooked aspect in controlling the properties of lead
chalcogenide semiconductors.

B EXPERIMENTAL SECTION

Materials. Lead wire (Pb, 99.999%, American Elements, USA),
mercury metal (Hg, 99.999%, Sigma-Aldrich, USA), sodium chunk
(Na, 99.999%, Sigma-Aldrich, USA), and selenium shot (Se, 99.999%,
S N Plus, Canada) were all used as received.

Synthesis of HgSe Precursor. To synthesize the HgSe precursor,
elemental Hg and Se in a 1:1 stoichiometric ratio (30 g total) were
placed into a long fused-silica tube and flame-sealed at approximately
107* Torr. The sealed reaction tube was then placed into a vertically
oriented tube furnace with the top end of the tube extending outside
of the furnace. The samples were then heated to 823 K over 48 h and
soaked at this temperature for 10 h, followed by cooling to room
temperature in the furnace. Due to the high vapor pressure of HgSe,
the final product condenses on the cold end of the tube that is outside
of the furnace. Caution: Hg, Se, and HgSe are toxic and have high vapor
pressure at elevated temperatures that can result in explosions during the
synthesis. Accordingly, great care should be taken when handling and
synthesizing these materials and should only be carried out by trained
personnel.

Synthesis of Pbggg_,Nag,Hg,Se. Ingots (1S g) of
Pby s_,Nag,Hg,Se (x = 0.01, 0.02, 0.03, 0.04, 0.05) were synthesized
by first placing the appropriate amount of Pb, Se, Na, and HgSe into
carbon coated fused-silica tubes, which were then flame-sealed at
approximately 10™* Torr. The reaction tubes were then placed into a
box furnace and heated to 773 K at a rate of S0 K/h and then soaked
at this temperature for S h, in order to react the Se and minimize the
chance of explosions at higher temperatures. The samples were then
heated to 1473 K at a rate of 100 K/h and then allowed to react for 4
h. The samples were shaken gently after 3 h to ensure good mixing.
To maximize the amount of Hg incorporated into the PbSe matrix,
the samples were then water quenched. The Pb,_ Hg,Se samples (2
g) used for bandgap measurements were synthesized using the same
technique.

Densification. The Pbgs_Naj,Hg,Se ingots were ground into
fine powders using an agate mortar and pestle, and then passed
through a 100 mesh sieve. The powders were then pressed into 12.7
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mm pellets using a spark plasma sintering instrument (SPS, SPS-
211LX, Fuji Electronic Industrial Co., Ltd.). The SPS was operated at
873 K under an axial pressure of 40 MPa for 10 min. The density of
the pellets was calculated from their physical dimensions and masses
and, in each case, exceeded 95% of the theoretical density.

Optical Properties. Fourier-Transform Infrared Spectroscopy
(FTIR) was used to determine the optical bandgaps of the
Pb,_,Hg Se (x = 0.02, 0.04, 0.06, 0.08, 0.10) samples. Reflectance
data was collected using a Nicolet 6700 IR spectrometer under a flow
of nitrogen, and the data was then converted to absorbance using the
Kubelka—Munk relationship (f(R) = (1 — R%)/2R = a/S, where R is
absolute reflectance,  is the absorption coefficient, and § is the
scattering coefficient).**

77Se and '"Hg NMR. Both 7’Se and '*’Hg solid-state NMR
experiments were performed using a Bruker 830 MHz DRX
spectrometer and a 31 mm 19.6 T magnet. The NMR Larmor
frequency is 158.90 MHz for "’Se and 150.35 MHz for 'Hg. A
home-built magic-angle spinning probe was used under static sample
conditions. Samples were packed into 3.2 mm thin-wall rotors with 36
uL sample volume. The Carr—Purcell-Meiboom—Gill (CPMG)
pulse sequence was emgloyed for enhancing sensitivity with multiple-
echo signal acquisition.”> The 90° pulse lengths were 2 us for ”’Se and
3 us for '"Hg. The recycle delays were set to be 30 s for both "’Se
and "”Hg NMR acquisitions. "Hg and 7’Se shifts were referenced to
0 ppm based on the frequency table*® and the 7O frequency of H,O
was calibrated externally prior to the measurement.

Thermal Conductivity. The thermal conductivity of the samples
was determined using the laser flash diffusivity (LFA) method. Briefly,
the diffusivity (D) of the SPS-processed Pby s Nago,Hg,Se pellets
(~6 mm X 6 mm X 2 mm) was measured as a function of
temperature using a Netzsch LFA4S57 instrument. To minimize
radiative heat loss, the samples were coated with graphite. Thermal
conductivity was then calculated using the equation & = DCyd,
where d is density and C, is heat capacity. Density was determined
using the dimensions and mass of the sample, and C, was estimated
from the relationship C, = [0.17078 + (2.64876 x 10™°) x T(K)] J-
g LK™'7 The electronic contribution to the thermal conductivity
was estimated using the Wiedemann-Franz relationship k... = oLT,
where o is the electrical conductivity and L is the Lorenz number. L
was calculated using the chemical potential, which was estimated from
the Seebeck coefficients as described elsewhere.*® The lattice
contribution to the thermal conductivity (ki) was calculated by
subtracting K. from K.

Electron Microscopy. To investigate the microstructure across
multiple length scales, scanning electron microscopy (SEM) and
scanning transmission electron microscopy (S/TEM) was performed
on both the Pb,gsNayg,Se-2%HgSe and PbSe-6%HgSe samples.
Larger microstructural features were investigated using SEM because
of the larger field of view, primarily through electron imaging, energy
dispersive spectroscopy (EDS), and electron backscattered diffraction
(EBSD). Samples were prepared for EBSD by grinding using 600,
800, and 1200 grit SiC grinding paper. Surface deformation was
polished away on a grinding wheel with a polishing cloth using 1 ym,
0.1 ym diamond slurry, and finishing with 0.05 ym alumina slurry in a
vibratory polisher. Simultaneous EDS and EBSD were then performed
on the samples using an FEI Quanta 650 ESEM. EBSD maps were
then cleaned using the AZtec software package offered by Oxford
Instruments. The image cleaning corrected unindexed points from
residual surface imperfections and did not fundamentally change the
grain structure that was revealed using EBSD. The TEM specimen
was prepared using conventional methods, which included dicing,
grinding, and dimpling, followed by 4 keV Ar ion milling until hole
formation and cleaned with 2 keV. Ar ion milling was performed with
a Gatan precision ion polish system (PIPS). Conventional TEM
imaging, STEM high angle annular dark field (HAADF) imaging, and
EDS were carried out with a JEOL ARM300F GrandARM TEM
operated under 300 kV and a Hitachi HD-2300A Dual EDS Cryo S/
TEM.

Hall Measurements. The temperature-dependent Hall effect was
measured using homemade AC 4-probe system with excitation fields

of plus/minus 0.5 and 1.0 T. The homemade system employs an air-
bore, helium-cooled superconducting magnet to generate the field in a
high temperature oven that surrounds the Ar-filled sample probe. The
carrier concentration was estimated using the equation Np =1/ eRy,
where ¢ is the elemental charge and Ry is the measured Hall
coefficient. The Hall mobility (py) was determined using the
relationship pty; = 6Ry, where o is the electrical conductivity obtained
from the ULVAC instrument.

B RESULTS AND DISCUSSION

In order to understand how Hg-alloying affects the optical
properties of PbSe and also determine the approximate
solubility limit, undoped PbSe—x%HgSe samples were
synthesized using the high-temperature methods described
above, and the corresponding XRD are shown in Figure 2a.
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Figure 2. (a) Powder X-ray diffraction data and (b) refined lattice
parameters for the PbSe—x%HgSe samples. A second set of peaks
emerge as a shoulder at the (111) reflection of the 8% and 10% HgSe
samples, which are denoted with an asterisk and are indexed to
zincblende-type HgSe (Figure S1). (c) Absorption spectra for the
PbSe-x%HgSe samples along with (d) calculated bandgaps. The red
lines in parts b and d represent the approximate solubility limit.

Rocksalt-type PbSe can be indexed to each pattern and the
lattice constants are found to decrease through 6% Hg, after
which there is only a small change as shown in Figure 2b. The
lattice contraction is expected since Hg®* has a smaller ionic
radius (1.02 A) than Pb** (1.29 A). A second set of peaks
emerge in the 8% and 10% Hg samples, which can be indexed
to zincblende-type HgSe and indicates that the maximum
solubility was exceeded (Figure 2a, S1). Diffuse reflectance
spectra were collected for each composition using FTIR and
then converted to absorption using the Kebulka—Munk
relationship, as is shown in Figure 2c. Clearly, there is a
blueshift in the absorption edge with increasing Hg content,
which appears to saturate at approximately 6% Hg. The
bandgaps of the samples are found to increase from 0.27 (x =
0) to 0.33 eV (x = 6), after which there is only a minimal
change (Figure 2c). SEM and EBSD were used to examine the
chemical homogeneity and microstructure of the PbSe—6%
HgSe sample, and the data is shown in Figure S2. We observe
that Hg is well distributed throughout the PbSe matrix at the
micron scale, while there are trace amounts of Se at the grain
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boundaries. We note that the trace amount of Se is not
observed in the SPS-pressed samples used for property
measurements, as described below. Collectively, the absorption
and XRD data indicate that the bandgap of PbSe increases with
the incorporation of Hg and the solubility limit is
approximately 6%.

The blueshift in the bandgap of PbSe-x%HgSe is somewhat
unexpected, since HgSe itself is a semimetal (Eg = 0). We
attribute this unexpected behavior to the fact that Hg** is in an
unusual coordination environment when alloyed into PbSe
(nominally octahedral), whereas in zincblende-type HgSe it is
found in the tetrahedral sites. We note that Hg is rarely found
with true octahedral coordination in either solids or molecules,
and this observation led us to speculate that the Hg*" cations
may sit at an off-centered position within the Se sublattice.
Local breaking of symmetry can allow orbital hybridization
that would otherwise be forbidden, yielding stronger bonding
interactions that lower the energy of the system.**”” Such off-
centering is being observed with increasing frequency and can
lead to emergent properties.*”*' For example, dynamic off-
centering in hybrid halide perovskites has been shown to
facilitate greater polarizability in these materials, which helps to
explain their remarkable defect-tolerant transport proper-
ties."””"> Importantly, off-centering phenomena are often not
detected using bulk diffraction, since these methods rely on the
statistical average of atomic positions and do not perceive local,
random distortions.

To probe the local structural environment of Hg and Se
within the PbSe—6%HgSe sample, we employed "Hg and
77Se. NMR. Solid-state NMR has emerged as a powerful
technique for probing the coordination environment of
transition metals in solids and provides information regarding
subtle distortions within a given coordination geometry."* The
'"Hg CPMG static NMR spectra together with the
corresponding spectral simulations are shown in Figure 3a,
and parameters used for the simulations are shown in Table S1.
The 199Hg NMR spectrum of HgSe exhibits two components,
and the major one resonates at —1642 ppm with a shift
anisotropy of 27 ppm that is assigned to Hg with tetrahedral
coordination. The resonance position is greatly displaced from
0 ppm due to interactions between Hg and charge carriers (the
so-called Knight shift), while the shift anisotropy strongly
depends on the symmetry of the local structural environ-
ment.”” The highly symmetric tetrahedral coordination renders
the shift anisotropy very small, 27 ppm. The second minor
component of the 'Hg NMR spectrum of HgSe has a
resonance position of —1720 ppm with a shift anisotropy of
200 ppm. Based on previous investigations on mercury
complexes, the large anisotropy parameter indicates a linear
coordination environment for Hg.46 This may be due to a trace
amount of the cinnabar-type HgSe (which has Hg in a linear
coordination). The '"’Hg NMR spectrum of PbSe—6%HgSe
shows one component with a shift of —1860 ppm and a shift
anisotropy of 65 ppm. We attribute the difference in '*’Hg
shifts for HgSe and PbSe-6%HgSe to the different coordination
environments in the two systems. Importantly, the increased
shift anisotropy of Hg in PbSe—6%HgSe compared to HgSe
indicates a less symmetric environment,** likely a distorted
position. The 7’Se NMR spectrum of HgSe, which is shown in
Figure 3b, displays one single sharp resonance at —245 ppm
with a very small shift anisotropy of 2.4 ppm, while the "’Se
NMR spectrum of PbSe—6%HgSe shows a resonance at —710
ppm with a shift anisotropy of 46 ppm. Again, the relatively

(a) 1%¥Hg CPMG Simulation

shift anisotropy:

27 ppm
N

HgSe %

shift anisotropy:

_RO,
PbSe-6%HgSe 65 ppm

W
. \
/

-1300 -1500 -1700 -1900 -2100 -1300 -1500 -1700 -1900 -2100

199Hg shift (ppm) 199Hg shift (ppm)

(b) Se CPMG Simulation

shift anisotropy:
HgSe s 2.4 ppm

WL

shift anisotropy:
46 ppm

N

PbSe- /
6%HgSe i

A,

0 -200 -400 -600 -800 -1000 O -200 -400 -600 -800 -1000
77Se shift (ppm) 77Se shift (ppm)

Figure 3. (a) ""Hg CPMG static NMR spectra together with the
corresponding spectral simulations for HgSe and PbSe—6%HgSe. The
major peak (green) in the HgSe spectrum is attributed to Hg at the
tetrahedral site within HgSe, and the small shift anisotropy (27 ppm)
indicates high symmetry. Conversely, the PbSe—6%HgSe spectrum
(red) shows a large shift anisotropy of 65 ppm, indicating an
asymmetric bonding environment. (b) 7’Se CPMG static NMR
spectra together with the corresponding spectral simulations for HgSe
and PbSe—6%HgSe. The small shift anisotropy (2.4 ppm) observed in
the HgSe sample is expected with the high symmetry coordination
environment for Hg (tetrahedral), whereas the greater 46 ppm value
for the PbSe—6%HgSe sample indicates a lower symmetry, off-
centered position.

large "’Se shift anisotropy is an indication of a less symmetric
structural environment for Se in Pbgg,Hg; 0sSe compared with
that in HgSe. Taken together, the NMR data suggest that Hg
does not sit at the center of the octahedral position within the
PbSe matrix, which is consistent with its well-known chemical
tendency to avoid this type of coordination geometry.”” The
nature of the off-centering and its influence on thermal
transport are discussed in detail below.

To determine the p-type properties of Hg-alloyed PbSe, a
series of Na-doped samples with the composition
PbgosNagg,Se—x%HgSe (x = 0—S) were synthesized using
the high-temperature methods described above. The resulting
ingots (Figure S3) were ground and passed through a 100 ym
sieve, followed by spark plasma sintering. The densified pellets
were then cut and polished into the appropriate sizes and
shapes for transport measurements. A representative pellet is
shown in Figure S3, and all the samples were found to have
densities greater than 95% of the theoretical value. SEM and
EBSD for the PbgggNayg,Se—x%HgSe pellet are shown in
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Figure 4. Analytical electron microscopy for PbggsNay(,Se—2%HgSe. (a) Secondary electron image of the sample surface that was characterized
using both (b) EBSD and (c—f) SEM-EDS. The SEM data reveals distinct grains with no meaningful chemical segregation detected at the
micrometer length scale. (g and h) HAADF STEM images of PbysNa,4,Se—2%HgSe. Point EDS spectra were obtained at the three locations
(green, red, and blue dots) indicated in part h. (i and j) Three spectra shown in the energy range of 1—3 and 9—15 keV, respectively. The three
spectra obtained from precipitates 1 and 2 and the matrix were normalized using the Se K peak.

Figure 4a and b, respectively, along with the corresponding
EDS maps (4c—f), which show distinct grain boundaries in the
samples but no chemical segregation at the micrometer scale.
Figure 4g and h show high magnification HAADF-STEM
images of the sample and reveal nanoscale precipitates in the
matrix. The composition of the precipitates was characterized
with EDS. Point EDS spectra were obtained from two different
precipitates, and the locations are indicated with green and red
dots, as shown in Figure 4h. An additional EDS spectrum was
obtained from the matrix as located by the blue dot. In order to
compare the chemical composition of the spots, the three
spectra were normalized using the Se K peak. The 1—-3 keV
energy range and 9—15 keV energy range of the same three
spectra are shown in Figure 4i and j, respectively. The EDS
analysis shows that the precipitates are rich in Hg and deficient
in Pb, compared to the surrounding matrix. The presence of
Hg precipitates in the Pbg¢gNago,Se—x%HgSe pellet suggests
that the incorporation of Na may decrease the solubility of Hg
in PbSe.

Figure 5 shows the temperature-dependent electronic
transport properties for the various Pb,gsNaj,Se—x%HgSe
samples. As expected, the electrical conductivity decreases with
increasing temperature due to carrier-phonon scattering and is
consistent with degenerate semiconductor behavior (Figure
Sa). The values range from 1500 to 2500 S-cm™' at room
temperature depending on the amount of Hg in the sample,
and span 250—500 S-cm ™" at 900 K. At low temperatures there
is a slight deviation from the expected 1/T behavior, which we
believe is due to grain boundary scattering effects described by
Kuo et al.*” and is not observed in the temperature regime that
is the focus of this study.

Figure 5b shows the temperature-dependent Seebeck
coefficients, which are positive in all cases indicating p-type
behavior. The room temperature values are approximately 25
VK" for all of the samples, but upon heating, the Hg-alloyed
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Figure 5. Electronic properties as a function of temperature for
PbygsNagg,Se—x%HgSe. (a) Electrical conductivity, (b) Seebeck
coefficient, and (c) power factor with inset showing values at 900 K
for x = 0—S. (d) Temperature-dependent Hall data, showing a peak in
the Hg-alloyed samples that shifts to lower temperature with
increasing concentration.

samples show a marked enhancement beginning at approx-
imately 550 K. The change in slope ultimately yields values
exceeding 270 uV-K™' at 962 K for 4% Hg, whereas the
unalloyed Pb,¢sNaj,Se sample is found to have value of 220
uV-K! at approximately the same temperature. Combined
with the relatively high electrical conductivity, we find power
factors as high as 20 yW-cm™ K™ in the PbgosNag,Se—2%
HgSe sample. To the best of our knowledge, the highest value
reported for p-type PbSe is 18 puW-cm™'K™? in the
Pby 9oNag;Se-2%SrSe alloy,” and accordingly, the power
factors reported here represent a new record.
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Temperature-dependent Hall measurements were employed
to probe the origin of the enhanced electronic properties. For
semiconductors with charge carriers in a single band, the Hall
coefficient (Ry) is expected to be temperature independent,
while materials with two or more contributing bands will
exhibit more complex behavior. Figure 5d shows temperature-
dependent Ry for the Pby¢gNay,Se—x%HgSe samples for x =
0, 1, and 2. As expected, the Ry; values for the x = 0 sample are
nearly temperature independent, with a small peak at ~700 K.
In contrast, the Hg-alloyed samples show noticeable peaks that
clearly shift to lower temperature with increasing Hg content,
providing strong evidence for contribution from multiple
bands at the Fermi level. This is commonly observed in p-type
PbTe systems and is attributed to the convergence of valence
bands located at the L-point and along the Y -line in the
Brillouin zone, and typically occurs around 450—3500 K.*”
Here, the highest performing Pb,¢sNay,Se—2%HgSe sample
shows a peak between 550 and 600 K, which is comparable to
heavily doped PbTe. Supplementary Table 2 shows the room-
temperature electronic transport properties of Pb ggNay g,Se—x
%HgSe, along with data for the PbgsNaj,Se—x%CdSe and
PbyosNagp,Se—x%ZnSe systems reported by Zhao et al.'”*
Although having similar hole concentration (N,), the carrier
mobility (u) of the 2% HgSe sample (61 cmz-\Ff-s_l) is found
to be higher than that of 2% CdSe (37 cm®>V~"s7") and 2%
ZnSe (36 cm>V~'.s7!). We attribute the enhanced u to the
smaller radius contrast between Pb** (1.29 A) and Hg** (1.02
A) and similar degree of covalency of the M-Se bonds, which
we believe results in a lower concentration of crystal defects
and less scattering.”® The relatively high # combined with the
band convergence now occurring at lower temperature in this
system explains the high power factor observed in the Hg-
alloyed PbSe system.

The thermal transport properties as a function of temper-
ature were determined using the laser-flash diffusivity method,
and the details of the measurement and pertinent calculations
are provided in the Experimental Section. Figure 6a shows the
total thermal conductivity (k) of the samples as a function of
temperature (see Figure S4 for thermal diffusivity data). We
observe that the room temperature thermal conductivity
decreases with increasing amount of Hg, dropping from
approximately 4.5 W-m ™K™' (PbgosNa,,Se) to less than 4
W-m™ K™ for the PbyosNayg,Se—1%HgSe sample, followed
by a small but observable decrease thereafter. The k,, values
decrease with increasing temperature, as expected for
degenerate semiconductors, and drops to approximately 1.1
W-m™ K" at 950 K for the 5% Hg-alloyed sample. The lattice
thermal conductivity (k) was determined by subtracting the
electronic component (k..) from the ., and exhibits a similar
trend, as shown in Figure 6b. Specifically, for the high-
performance PbNay,Se—2%HgSe composition, we see a
value of 0.68 W-m™ 1K™t at ~950 K, which is noticeably lower
than the unalloyed sample (~0.88 W-m™"-K™), as well as
other similar PbSe—2%MSe systems.'”** This is somewhat
unexpected, since Hg and Pb have nearly identical atomic
mass, and accordingly, Hg-alloying is not expected to produce
significant mass fluctuation scattering to strongly affect thermal
transport. Figure 6¢ shows the figure of merit ZT of the
samples as a function of temperature, showing a high ZT of
approximately 1.7 at 950 K in the PbjggNagg,Se—2%HgSe
sample, which is the highest value reported for p-type PbSe.

To better understand the nature of the asymmetric
coordination environment of Hg in PbSe, and its effect on
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Figure 6. (a) Total thermal conductivity and (b) lattice thermal
conductivity of the PbSe—x%HgSe samples as a function of
temperature, with the electronic component shown in the inset. (c)
Figure of merit ZT as a function of temperature for the PbSe—x%
HgSe samples, showing a peak value of approximately 1.7 for the x = 2
sample at 950 K.

thermal transport, we used density functional theory (DFT) to
calculate the total energy of the Pb,sSe,;Hg, supercell (see
Supporting Information for experimental details) with Hg
located at various positions between the octahedral and
tetrahedral sites (Figure 7a). We observe that the system has
an energetic minimum when Hg is approximately 0.2 A away
from the octahedral center, which suggests an off-centered
position that corroborates the NMR data shown above.
Critically, oft-centered atoms, which we deem “discordant”,
can lower phonon velocities and introduce additional phonon
scattering modes,*¥*%° a5 well as alter the electronic
properties of semiconductors.”’ We also calculated ki, using
DFT for pure PbSe and PbSe—1.5%HgSe with Hg in the off-
centered position. By comparing the phonon dispersions of the
two systems (Figure SS), we find that the longitudinal Debye
temperature and phonon velocity is lower in Hg-Alloyed PbSe
than in pure PbSe. Specifically, the average longitudinal Debye
temperature is calculated to be 65 K for pure PbSe and 44 K
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Figure 7. (a) Plot showing the total energy of PbSe—4%HgSe with
Hg placed at various positions between the octahedral and tetrahedral
sites, showing local minima at approximately 0.2 A from the
octahedral center. (b) DFT-calculated ki, for PbSe and PbSe-1.5%
HgSe with off-centered Hg cation. (c) DFT-calculated band
structures for pure PbSe and (d) PbSe-4%HgSe, indicating that Hg-
alloying decreases the energy offset between the L-band and ) -band.

for PbSe—1.5%HgSe, while the average phonon velocity of
pure PbSe is 2614 and 2550 ms™' for PbSe—1.5%HgSe. The
calculated k,, for the two systems is shown in Figure 7b,
displaying room-temperature values of 2.5 and 2.3 W-m™"-K™*
for PbSe and PbSe—1.5%HgSe, respectively. This data strongly
suggests that the discordant Hg atoms play a role in
suppressing thermal conductivity, although it is difficult to
quantitatively determine its true contribution due to the
presence of Hg-rich nanoprecipitates, which can also act as
phonon scattering centers.

The effect of Hg-alloyed into PbSe on the electronic
structure, was probed with first-principles density functional
theory (DFT) electronic structure calculations using the
Pb,,Se,; (pure PbSe) and Pb,sSe,;Hg; (PbSe-4%HgSe)
supercell with the off-centered Hg position (experimental
details can be found in the Supporting Information). The DFT
band structure with spin—orbit coupling for pure PbSe is
shown in Figure 7¢, and the band structure for PbSe—4%HgSe
is shown in Figure 7d. The electronic structure for pure PbSe
shows a primary valence band at the L-point and heavy
secondary band along the ) -line, with a band offset of 0.28
eV, which is consistent with previous studies. It is apparent
from Figure 7d that there is an impurity state in the
conduction band of the Hg-alloyed band structure, which
runs up from the I'-point to the L-point. The direct gap at the
L-point is found to increase relative to pure PbSe, which is
consistent with the FTIR data. Importantly, the energy offset
between the L-band and lower lying }’-band (AE, y) is found
to decrease significantly from 0.28 eV (pure PbSe) to 0.16 eV
in PbSe-4%HgSe. It is known that in PbQ (Q = S, Se, Te) as
the temperature increases the valence band (L-point)
decreases in energy, until at some critical temperature it
converges with the lower lying Y -band.”" ~>* Since the L-band
and ) -band have 4-fold and 12-fold valley degeneracy (N,),
respectively, this convergence results in a combined 16-fold
N,.»*¥*” This is important, since large band degeneracy yields
an increase in the density of states and greater carrier entro;) f
which delivers a large boost to the thermopower.””>*>
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Accordingly, the decrease in AE, y- for Pb,_,Hg,Se is expected
to lower the temperature at which band convergence occurs,
and also provide a boost to the thermopower, which is
consistent with the temperature-dependent Hall measurements
described above. Taking all of the data into consideration, we
attribute the augmented electronic properties to the early onset
of band convergence, which is facilitated by a decrease in
AE, y in the Hg-alloyed samples.

B CONCLUSIONS

The new Pbggs Najg,—x%HgSe system we presented above
achieves a power factor of 20 yW-cm™ K> at 950 K, which
outperforms any other p-type PbSe system to date and delivers
a record high figure of merit ZT of 1.7. The enhancement
reflects the sharp increase in the slope of S at around 550 K,
attributed to the early onset of valence band convergence. In
general, it is much more challenging to increase the power
factor in top thermoelectric materials than to decrease thermal
conductivity. Unlike in previous reports where increases in ZT
for PbSe were achieved with large decreases in thermal
conductivity, in the present case we have shown how ZT can
be improved by increasing the power factor.

In addition to displaying outstanding thermoelectric
performance, the PbSe—x%HgSe samples provide a model
system for probing local asymmetry in lead chalcogenide
alloys. Using 'Hg and 7’Se NMR, we show evidence for Hg
asymmetry within the PbSe lattice, which was anticipated
because Hg’* is rarely found in true octahedral coordination.
DEFT calculations indicate that the Hg atoms are likely sitting
approximately 0.2 A away from the center of the octahedral
site, and we dub the off-centered atoms “discordant”, since
they deviate from the periodicity of the PbSe matrix. It is likely
that this distortion lowers the lattice thermal conductivity of
the material. We believe this may be an important, yet
overlooked aspect in lead chalcogenide thermoelectrics, which
could inspire new criteria for designing high performance
materials.
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