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Abstract:

PbSe is an'ttract"e thermoelectric material due to its favorable electronic structure, high melting

point, and Qompared to PbTe. Herein, we describe the hitherto unexplored alloys of PbSe

with NaSb BEbSem:») and find them among the most promising classes of p-type PbSe-
H I

based th oelectrics. Surprisingly, we observe that below 500 K, NaPb,SbSe.., exhibits

unorthodose nducting-like electrical conductivity, despite possessing degenerate carrier

densities of cm™. We show that the peculiar behavior derives from carrier scattering by the

grain bouwnalogous to the electronic transport recently reported in MgsSb,. We further

demonstra@we high solubility of NaSbSe, in PbSe favorably impacts both the thermoelectric
properties whi intaining the rock salt structure. Namely, density functional theory calculations
and photo&a spectroscopy demonstrate that introduction of NaSbSe, lowers the energy
separationfbe the L- and 2-valence bands and enhances the power factors under 700 K. The
crystall ic disorder of Na*, Pb*, and Sb>* moreover provides exceptionally strong point defect
phonon scattenErielding low lattice thermal conductivities of 1-0.55 W-m™-K™* between 400-873 K

ures. As a consequence, NaPb,SbSe;, achieves maximum ZT ~ 1.4 near 900 K

withou
when opt!ally doped. More importantly, NaPb,,SbSe;, maintains high ZT across a broad
temperatur giving an estimated record ZT,,, of ~0.64 between 400-873 K, a significant

improveme existing p-type PbSe thermoelectrics.
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1. Introduction:

Thermoeleitric m'dules allow for interconversion between heat and electrical energy and are

attractive mg applications in clean energy generation and solid-state cooling.[l' 2

Unfortunat@hy h cost and relatively low conversion efficiencies of even high quality
H I

thermoeleric materials currently restricts usage to small scale and niche applications, making

further adwvt necessary to achieve wide spread commercialization.”! The key challenge in
developing effiCient thermoelectrics is the realization of materials that together possess high

electrical mity, o, large Seebeck coefficient, S, and low thermal conductivity, Ko, as

Ktot
temperatugnfortunately, attaining substantial ZT values has proven to be an extremely
difficult task, as the thermoelectric properties o, S, and k are intimately coupled through both the

electronic m and charge carrier density such that optimization of any one property generally

2
parameterized inithe dimensionless figure of merit ZT = 25" T in which T is the absolute

degrad d makes the development of robust strategies to enhance ZT very elusive.'®”

L cogenides are among the premier materials for intermediate temperature (cold
and hot sides respectively in the range 400-900 K) heat to electrical energy conversion, as a number
of powerf

developed@inating in outstanding maximum ZT greater than 2 at 923 K in Na-doped PbTe-

SrTe.™ ™) In contrast, the top PbSe-based alloys significantly underperform compared to PbTe, with

maximn& near 923 K. Despite possessing inferior figures of merit, PbSe remains an

(19]

to independently engineer the electronic and thermal properties have been

attractiv e because of its lower cost, intrinsically lower lattice thermal conductivity,

superior mechaniSI robustness, and higher maximum operating temperature.m] As such, PbSe

continu& significant attention directed towards improving its thermoelectric performance.
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Intriguingly, although the valence band structure of PbSe is more favorable than that of the
conduction band for achieving high power factor (S20), both p- and n-type alloys have been
reported t!e ibit comparable maximum figures of merit near 1.6. Furthermore, the ZTs of the n-

(2125 vielding superior

type mate exceed those of the p-type at most temperatures,
averageﬁroover 300-900 K compared to values of only ~0.5 for the p-type compounds. This is
the oppositg of ghat is observed in PbTe systems. A principal reason for this discrepancy is that
while high i p-type PbSe is generally achieved by means of electronic band structure

engineerinmwhich primarily improves the performance only at elevated temperatures,

exceptiona ttice thermal conductivity has been achieved in the n-type materials over a

broad ran peratures, providing a wider interval of enhancement to the figure of merit.!**>*

26l Therefoge, improving the thermoelectric performance of p-type PbSe requires the integration of

valence ba rgence and a wide interval of ultra-low thermal conductivity.

Allo Se with NaSbSe, (represented here as NaPb,,SbSe.,., or equivalently NaSbSe, +
meSe§ family of materials that may be well suited to fit this need. NaPb,SbSe,,.,
compo envisioned as solid solutions between NaSbSe, and PbSe, in which the three

cations are_randomly distributed across the Pb sites in the Fm3m crystal structure. Because of the
heavy cation disorder, all PbQ-NaSbQ, (Q = Te, Se, S) compounds are intuitively expected to exhibit
strong poi @ phonon scattering and low thermal conductivity. Indeed, alloys of PbTe with
ASbTe, (A , Na, K) are already well established thermoelectric materials that possess high
maximuﬁ 1.5-1.7 near 700 K as a consequence of their ultra-low lattice thermal

conductivitiessiea Historically, while the tellurides AgPb,,SbTe., and NaPb,,SbTe., have been well

<C
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studied and proven to be outstanding thermoelectrics, the selenide and sulfide analogues have not
been investigated and are strong candidates for new research.

We'find that alloying NaSbhSe, into PbSe has two beneficial effects on the thermoelectric

pi

properties; n of the energy separation between L and 2 valence band raises the density

of states effective mass and boosts the power factors; (2) strong point-defect phonon scattering

¢

yields exceptionally low thermal conductivity without nanostructuring. As a result, properly doped
NaPb,,SbSe ves maximum ZT of 1.4 near 900 K and critically, a record estimated ZT,,, for p-

type PbSe @f @364 @ver 400-873 K, marking a significant improvement on existing tellurium free p-

SC

type PbSe- rmoelectrics. In addition, we surprisingly discovered that even when possessing

U

degenerat densities over 10%° cm™, the heavily doped samples of NaPb,,SbSe s, compounds

exhibit unigual semiconducting behavior with thermally activated electrical conductivity up to 500

N

K. We sug the unorthodox electrical transport under 500 K is the result of charge carrier

d

scattering grain boundaries analogous to the behavior recently observed in MgsSh,

[31-33]

thermoele Elimination of this effect may represent a future path towards further

\

improvi oelectric performance of NaPb,,SbSe,,,.

2. Results Discussion:

O

2.1. Struct optical characterization: While Na and Sb individually have limited solubility

[24, 34]

(under 2%Win lead chalcogenides, joint integration of both Na* and Sb* in equal quantities

g

mimics 2 allows for dramatically higher solubility. In fact, previous work on NaSbTe,—

{

PbTe dem that with proper processing, single phase samples could be prepared with even

U

A
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up to 50% NaSbTe,.” Such high solubility allows access to a broad compositional space over which

to study and optimize the thermoelectric properties.

|

To“explore the solubility of NaSbSe, in PbSe, we began by synthesizing a range of
NaPb,,SbS nds with m = 2-30 (or equivalently ~3-33% NaSbSe,). The powder X-ray

diffraction patterns are shown in Figure 1a. The experimental diffraction patterns reveal no

£

evidence of _secgndary phases and are in excellent agreement with the expected peaks for the

rocksalt cr

C

cture, suggesting that phase pure samples can be synthesized down to at least m

=2 (33% N@SbS8e,) Brhe refined lattice parameters are presented in Figure 1b as functions of NaSbSe,

S

fraction, i. «—(NaSbSe,), and decrease linearly as x increases (m decreases) as expected for a

U

solid solut aSbSe, and PbSe. The lattice parameters and diffraction patterns are identical

before and\ after SPS, indicating no chemical changes occur during sintering. Similarly, Fourier

[

transform ed (FTIR) spectroscopy data and the corresponding estimated band gaps

d

presented resp ely in Figures 1c and 1d show that the band gaps increase in a linear manner

from 0.27 eV as greater fractions of NaSbSe, are added to PbSe. This result is consistent with

M

the wi ic band gap of ~1.1 eV for NaSbSe, compared to that of 0.27 eV for PbSe.

Together, the clean diffraction patterns paired with linear trends in lattice parameters and band

{

gaps support the notion that NaSbSe, and PbSe form a solid solution over the compositions of

interest (

O

2.2. Microstructural characterization of NaPb,SbSe,.,: To characterize the microscopic nature of

th

the PbSe- lloys, we performed a combination of transmission electron microscopy (TEM)

U

and scanni on microcopy (SEM). A characteristic high-resolution TEM images of a m = 10

A

This article is protected by copyright. All rights reserved.

6



WILEY-VCH

sample is presented in Figure 2a and shows no evidence of nanoscale precipitation. The selected
area electron diffraction pattern shown in Figure 2b is in good agreement with the expected rock-
salt strUMxhibits no unexpected diffraction spots, further indicating a phase pure material.
Considerin osely related PbSe—AgSbSe, (AgPb,SbSe,.,) alloys have been reported to be
heavily Hag%red,m] these findings may initially be surprising. Despite this, the TEM results
reported h consistent with our previous work on the telluride analogues, NaPb,,SbTe..,,

which wer nd to be free of nanostructures after SPS sintering.®>” The lack of nanostructures

in NanmSwﬂoreover in agreement with theoretical calculations on phase stability in these

systems, lower mixing energies for PbQ-NaSbhQ, alloys than for PbQ-AgShQ,,* 3¢ 3"
suggesting tures of lead chalcogenides with NaSbQ, are less prone to the formation of nano-
precipitate!than those alloyed with AgSbQ,.

Intpi ) while the TEM analysis shows the PbSe—NaShbSe, alloys to be single phase on the
nanoscale, tHe results shown in Figures 2c-g indicate elemental segregation at the micron level.
Figure 2c a typical backscattered electron (BSE) image. Here, the image shows significant Z-
contras ilag that the sample is not perfectly homogeneous. Indeed, the energy dispersive

spectroscopy (EDS) maps of each element (Figure 2d-g) confirm that the brighter regions in Figure 2c

are richer in Pb, while the darker areas contain more Na and Sb. Despite this, the degree of

inhomogeely small, considering that the powder diffraction patterns do not show evidence
of second es. Therefore, the data presented in Figures 2c-g likely represents minor
perturbﬁe nominal NaPby,SbSe;, stoichiometry, i.e. some regions of slightly lower m
(richer in and other areas of slightly higher m (richer in PbSe). Similar micron-level
inhomogeﬁalso been reported in as-cast ingots of the related compounds AgPb,,SbTe .,

<C
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and NaPb,,SbTe ;.2 Considering the thermoelectric properties of identically prepared samples are

consistent (Figure S10), it is unlikely the above inhomogeneity has a significant impact on the

thermoele rif froperties.

2.3. Than@ properties of p-type NaPb,SbhSe,,.,: Stoichiometric NaPb,SbSe,., compounds

are valence-precise materials composed of Na“, Pb*", Sb**, and Se” ions, and therefore, are expected
to be intrQ

iconductors with low carrier densities. In principle, NaPb,,SbSe.,, should be
tunable aste with the proper dopants. Considering PbSe has a favorable band structure
for achievi power factor, we chose to first investigate p-type NaPb,,SbSe..,. In previous
studies on uride analogues, NaPb,,SbTe,..,, the highest ZTs were found near the PbTe-rich
side of the!;stem (m > 8),% 3% and here we focused our work on NaPb,SbSe;, (m = 10). To add p-
type charg (holes), we first introduced additional Na* into the lattice in place of Pb** (i.e.
Namem_xsmThe resulting thermoelectric properties are outlined and discussed below.

Fig nd 3b respectively display the electrical conductivities and Seebeck coefficients of
Na...Pb = 0.01-0.20). These compounds all have a fixed fraction of 9% NaSbSe, alloyed
into PbSe (m = 10 in NaPb,SbSe,..,) and are extrinsically doped with additional Na. The electrical
conductivities rise with greater Na doping (higher x) reaching maximum values ~ 600 S-cm™ at ~450
K for x = 0. eebeck coefficients are all positive over the measured temperatures, suggestive

ansport and decrease as the doping level rises. The trends in both electrical

conductivi eebeck coefficients indicate that the hole density is effectively raised by the Na
doping. S doping of NaPb,,SbSe,,., is confirmed by the temperature-dependent Hall effect
data showmimsfiiglite 3c. Na doping significantly increases the carrier density from 1.4x10® cm™ for x

This article is protected by copyright. All rights reserved.
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= 0.01 to 1.5x10%° cm™for x = 0.15. The Hall carrier mobilities are lastly shown in Figure 3d and
rapidly drop with greater Na content. Namely, at 300 K there is a large decrease in mobility between
X = 0.0lhrom 100 to 20 cm*V™'s™ followed by a smaller decline to 10 cm*V s for x =
0.15. Lastl e noted that the electrical conductivities are thermally activated below ~500K

(Figure !a)Ws highly anomalous and will be explained in detail at the end of the discussion

[

section.

FigOshows the temperature-dependent total thermal conductivities of Naj,Pby,.
SbSe,. Thwed thermal conductivities are very low and decrease as functions of temperature
to converg mum values of ~0.8 W-m™-K* at 873 K. At room temperature, the total thermal
conductivi ease with greater Na fraction because of the higher electronic conductivities,

which inc!ase the electronic contributions to the thermal conductivity k... Likewise, the

estimated mermal conductivities (shown as K¢, — Kejec) in Figure 4b are exceptionally low,
sun

with value W-m™-K™" over nearly the full temperature regime, all of which mostly converge
to a minim ~0.55 W-m™-K"at 873 K. The ZTs are finally displayed in Figure 4c and increase
with b ture and doping level, achieving high maximum values of approximately 1.3 at

873 K for x = 0.20.

To explore the best route to tune the carrier density in NaPb,,SbSe,.,, we also attempted to

introduce 3 M | Na in place of Sb (i.e. Nay,Pb,Sb,,Ses,). Figure 5a and 5b respectively display
the corres lectrical conductivities and Seebeck coefficients. Here, the electrical conductivity
increases dramatically between x = 0.05 and x = 0.10, accompanied by a decrease of the Seebeck
coefficientjtive of an increased hole concentration. As the Na doping level is further

increased 0.10 to 0.15, the Seebeck coefficients remain largely unchanged, indicating little

This article is protected by copyright. All rights reserved.
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effect on the carrier density. However, the electrical conductivity of the more heavily doped
compound is suppressed under ~600 K, while at high temperatures, the electrical conductivities of
both coMonverge to similar values near 200 S:cm™. The temperature-dependent charge
carrier de = 0.10 sample (shown in Figure 5c) shows a nearly constant value of ~2x10*
cm’ beﬁveim temperature and 650 K, the highest of all measured samples.

The highgr carrier densities that can be achieved by substituting additional Na in place of Sb
is the key ce between the data in Figure 5 and that presented in Figures 3 and 4. As a
consequenge, fthe pbower factors of NaiPbioSb1,Se;, are slightly higher and achieve maximum
values of .cm™K? between 700-873 K (Figure 4d). Furthermore, the total thermal
conductivig\iﬂPbmel_xSeu shown in Figure 5e are again very low over the measured
temperatug regime with small differences between doping level. In general, the total thermal
conductivitj ase with temperature from 1.6 to 0.8 W-m™-K" over 323873 K. The ZTs are
shown in mand are slightly improved compared to those shown in Figure 4c for Nay,Pbio.

SbSe,, inc ing with temperature over the full measurement range and approaching a maximum
of1.4a =0.10.

2.4. Low Iaﬁrmal conductivity in NaPb,,SbSe,..,: Figures of merit approaching 1.4 near 900 K
make NaPz competitive with state-of-the-art p-type PbSe-based thermoelectrics such as
PbSe-SrSe, PBSR-Cas,™® and PbSe-HgSe.' To understand the origin of the outstanding
thermoele ormance, we note that the lattice thermal conductivities displayed in Figure 4b

and 5e arj the lowest measured in a PbSe-based alloy, particularly at intermediate

temperatu r 700 K. Unfortunately, investigating the details and origin of the low thermal

<C
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conductivity is challenging, primarily complicated by the fact that anomalous electrical conductivity
described previously limits our ability to reliably estimate k.. This issue is outlined in greater detail
in the sumeformation.

Ye till glean several insights on the low thermal conductivities from other
perspecﬂv§MOur TEM study, no nanostructures nor precipitates were observed in any of the

NanmeSﬁles, suggesting that the bulk of the reduction in thermal conductivity stems from

strong poi phonon scattering, the result of the random occupation of Na*, Pb**, and Sb* on
the cationfsites. provide evidence for this, we estimated the lattice thermal conductivities of
undoped €m:2 (m = 2-30) and pure PbSe and compared the experimental values with
calculation simplified Debye-Callaway model that considered only phonon-phonon and point

defect sca!ering.[34' ) Here, the low carrier densities of the undoped samples yield small ko,
making a in the estimated k;,; stemming from the unusual electrical conductivity
negligible. Det concerning the model are found in the supporting information. The data is
presente igiire S1 and shows that the k;,; of the undoped samples decrease monotonically with
NaSbSe i greeing reasonably well with the projected values from the alloy model. While

the strong bipolar diffusion in the undoped samples limits analysis of the temperature dependence,

conductivi

r—

2.5. Role cﬁez in modifying the electronic structure of PbSe: In addition to the low lattice
o

Pb,.SbSe .., is point defect scattering, although other mechanisms may also be at

the results irowae support that the primary origin of the extremely low lattice thermal

thermal ¢

<C
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the electronic properties. Namely, the Seebeck coefficients shown in Figure 3b and 4b are

comparable to those found in band engineered PbSe,*”

indicating NaSbSe, may have a favorable
impact anic structure of PbSe. To probe this, we used density functional theory (DFT) to
calculate t uctures of several PbSe-NaSbSe, compounds. The results are presented in
Figure &i wnonstrate that NaPb,SbSe., retains the same general features as that of pure
PbSe. In pagticular, the NaPb,SbSe.., compounds are direct gap semiconductors with a primary
band gap a oint of the Brillouin zone and secondary valence- and conduction-bands deeper
in energy wpoint. The calculations further demonstrate that the band gap widens as a
function o Se, fraction, consistent with the experimental trends observed in Figure 1d.

Im y, Figure 6b reveals that the energy offset between the L and 2 valence bands

(AE,.5) significantly decreases with greater NaSbSe, content, from ~0.3 to 0.14 eV between n = 0 and

2. This sup suggestion that high Seebeck coefficients may result from the converging bands.
Care must n in this interpretation, as the calculations also show that as more NaSbSe, is
added to oth valence and conduction bands flatten, i.e. the band effective mass m;
increas isi derstandable, as introduction of Na* and Sb* into PbSe is expected to increase

the ionicity of the compound and in turn widen the band gap and flatten the bands.*” Considering

the large frac!lon of NaSbSe, found in NaPb,ShSe;, (~9%), it is reasonable to expect a significantly

higher m, aterial compared to PbSe. Unfortunately, because band flattening (increasing

mp) an(ﬂergence (increasing mp ) will both enlarge the Seebeck coefficient (S o« mp s

and mpos & Ny, b, Where Ny is the degeneracy of the bands), these two processes must be
separated 3tand both the origin of the high Seebeck coefficients and the full role of NaSbSe,

in PbSe.

<C
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To decouple the potential impacts of valence band flattening and band convergence in
NaPb.SbSe..,, we generated theoretical graphs of the carrier density vs. Seebeck coefficient
(Pisarenmmg both a single Kane band (SKB)?*****! and a two-band model™*® and compared
the results perimental data. The details of our Pisarenko calculations are shown in the
supportﬁ]g_t!iormaion and the results are presented in Figure 6¢c. The Pisarenko curves confirm the
increase in effegtive mass predicted by the DTF calculations, as we find that an L-band density of
states mas 0.37m, is required to fit the experimental data at 323 K, a considerable increase
over that wbSe (m] = 0.27m;). We moreover find that while both the single-band and 2-
band curv fit reasonably well with the experimental data at 323 K, the SKB model severely
underesti e measured points at 623 K, implying that the effective mass of NaPb,,SbSe;,

increases \!th heating faster than anticipated from a SKB model and thus suggesting the single band

model is im On the other hand, the two-band model provides a much better prediction of
n

the experi ata at 623 K while also giving a more satisfactory fit to the high n, data at 323 K.
The goo ent between the two-band Pisarenko curves and experimental data therefore
suppor ts observed in the calculated electronic band structures, that the energy

separation between the L and 5 valence bands decreases upon alloying with NaSbSe, and that both

bands contm the charge transport.

Tofurther experimental support for two band charge transport, we measured the
temperzﬂdent Hall coefficients, Ry, the results of which are shown in Figure 6d. In p-type
lead cha Ciﬁem ii a peak in Ry plotted as a function of temperature is often interpreted as

evidence isband behavior, characteristic of the carriers redistributing between converging
6

bands.[**

<C

easured Hall coefficients displayed in Figure 6d are approximately constant
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functions of temperature until 600 K, at which point they decrease with further heating. Close
inspection of the individual curves of Figure 6d does reveal that the Hall coefficients increase weakly
with tempfebefore ~600 K (Figure S8); however, the peaks in the Ry vs. T plots are clearly
much wea tis typically observed in p-type PbSe.”®! Although at first glance the Hall data

appears‘ciﬁstic of single band transport, in disagreement with the DFT calculations and
Pisarenko plgts, this interpretation requires closer inspection.

Firucrease in the experimental Ry vales as functions of temperature beginning at 600
K cannot, way initially suspect, be from the onset of intrinsic conduction, as the Seebeck

coefﬁcient; in Figure 3b) do not exhibit a corresponding downturn. Furthermore, no

evidence f r diffusion is found in the estimated electronic and lattice thermal conductivities

(Figures 4bgand S4 respectively). Therefore, despite the relatively flat temperature dependence, the

Hall data ismt characteristic of single-band transport. As discussed by Allgaier, a maximum in

a plot of Ry%¥s. ccurs in two band systems not when the energies of each band are equal, as is
commonly ted, but instead when the respective contributions to the total electrical
conduc ach band are equal.””! As a result, signs of band convergence in the electronic

transport may be suppressed even in true multi-band systems depending on the specific parameters

of each ban!
In, work by Wang et al. on p-type PbSe—SrSe shows very similar Hall data for high

fractions o =12%), in which the Hall coefficients are nearly independent of temperature until
~600-7 , " praviding an example of a well-established two-band system lacking a strong Ry
peak. This nderstood by considering Allgaier’s general two-band model and the impact of

NaSbSe, ( n the electronic structure. As discussed previously, introducing NaSbSe, (or Sr)

<C
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into PbSe will flatten the bands, increasing mj, and therefore lowering the mobility ratio between L-
and 2- bands. In this interpretation, the relatively flat temperature dependence of R, between 300
and 600H that both L- and 3-bands have comparable partial electrical conductivities over
this tempe, (i.e. both contribute significantly to the charge transport), and the decrease

in Ry be-gir!moo K marks the temperature at which the majority of the conduction occurs in

the second bandg. " *®
As i eans of experimentally probing the electronic band edge positions, we utilized

photoemisglonyidld spectroscopy in air (PESA)“*Y to determine the work functions of several

nominaIIy; samples of NaPb,SbSe,,., for m = 10-30 and pure PbSe. The photoemission
spectra ar in Figure 7a. Extrapolating the linear region of each spectrum to the baseline

determine!the work function. Because these samples are only weakly p-type (see Figure S2 in the

Supportinmion), the carrier densities are small, and the work functions give the energies of

the valence™a ge (L-point) vs. vacuum. Adding the experimentally determined band gaps to the
work func ill therefore determine the energy of the conduction band edge. The results are
display i 7b and show that between 0-9% NaSbSe; the valence band edge (work function)

moves deeper in energy from ~4.97 to 5.06 eV, while the conduction band edge remains

approximately unchanged.

Siom temperature energy difference between L- and X-bands in pure PbSe is
known ﬁevm' 1 we can use the observed energy shifts in the measured work functions
to estima i e e:irgy difference between L- and 2- valence bands. To do this, we must assume that
the positi 2-band does not change appreciably with NaSbSe, alloying. This assumption is

supported DFT calculated band structures shown in Figure 6a and is further justified

<C
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considering the significant cation (Pb s-orbital) character of valence band at the L-point, whereas the
2-band is expected to be mostly anion (Se p-orbital) in character and therefore weakly impacted by
aIoninghtion site.”*”*2 The energy differences between L and 3-valence bands estimated
from the ions of each compound are presented in Figure 7c and show that the AE,;
decreasgs m!labSez fraction down to ~0.16 eV for 9% NaSbSe,. These results are in general

agreement ﬁith:ie DFT calculations shown in Figure 6a (which are calculated for 0, 4, and 8%

NaSbSe,), e experimental values are somewhat higher than the calculated energy
differencew)erimentally estimated values of AE,.; are moreover in excellent agreement with
the theore nd Pisarenko calculations found in Figure 6¢c. To generate the Pisarenko curve,

we used a difference (AE,;) of 0.15 eV at room temperature (see supporting information for

more detag) to fit the experimental Seebeck coefficients, clearly in strong agreement with the

experimenmof 0.16 eV.

The“€o ed results from the DFT calculations, the 2-band Pisarenko curves, experimental
Hall effE photoemission experiments all indicate that introducing NaSbSe, into PbSe both
raises t ective mass and reduces the energy separation of the L and 2 valence bands,
allowing both bands to contribute similarly to charge transport even at relatively low temperatures

near 300 K. |He nek effect of the two-band transport is significantly increased valley degeneracy (N,

=4 and 12@ and 2 bands respectively), which boosts the density of states effective mass and
enhances ck coefficients as is well known in many high quality thermoelectrics.”® Indeed,
as disp%re S9, at temperatures under ~700 K our optimally doped NaPb,,SbhSe;, has
superior pﬁors to both Na-doped PbSe and band engineered PbSe-HgSe.™® Considering that

our NaPbj samples have comparable carrier concentrations and lower charge carrier

<C
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mobilities than the aforementioned materials, we attribute the improved power factors (under 700

K) to the fact that in NaPb,SbSe,, both valence bands contribute more significantly to the charge

t

P

transport eve ear room temperature.

2.6. ThEr ic figure of merit: In NaPb,SbSe..,, the high solubility of NaSbhSe, in PbSe
discussed in Figuke 1 allows for a significant fraction (~9% for m = 10) of NaSbSe, to be incorporated

into the P

cn

ix. As a consequence, both extremely low lattice thermal conductivity and two-

band charge tf@nsport are accessed over a wide temperature interval, substantially augmenting the

S

thermoele ormance. As an illustration, the temperature dependent ZTs for optimally doped

U

NaPb4,SbS several of the highest performing p-type PbSe alloys found in the literature is

presented Figure 8a. While the maximum ZTs at high temperature are somewhat lower in

q

NaPb;,SbS red to the other materials, the ZTs found here are superior over nearly the full

d

range of teMp res. The broad span of improved ZT has a direct impact on the performance

NaPb,SbSe€7 reach when integrated into a thermoelectric module. This is parameterized by the

M

device it ZT,g (also often referred to as ZTgey, ZTeftectives OF ZTeng in Other publications) and

related to the energy conversion efficiency 7] as follows.”* "

[

_ (Ta—Tc\ . T+ZTapg—1
O 1= (59 VT 7Tasg+("/r,) .

Here, T4 Tc are the hot and cold side temperatures respectively. We utilized the method

&

presented gy Snyder et al. to estimate the device ZT directly from the thermoelectric properties for

{

our NaPb, d for the other PbSe-alloys shown in Figure 8.5%1 This method is considered an

L

accurate f estimating the device figure of merit and provides for a reliable means of

A
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comparing our NaPb,;SbSe;, compounds with the state-of-the-art PbSe-alloys found in the
literature. Considering a cold side temperature of 400 K and hot side of 873 K, Figure 8b

demonstrates that the ZT,, ~ 0.64 of the best NaPb;,SbSe;,is markedly improved compared to the

pi

competing d is to our knowledge the highest value yet reported in p-type PbSe. It should
be poin!e out that superior performance was very recently achieved in p-type Cd-alloyed PbSe;.

Te,,:;®” however, these compounds are not tellurium free, so this is not a direct comparison and the

Crl

higher ZT ted. Evidently, NaPb,SbSe., should have strong potential as a PbSe-based

thermoelegtrigdmagerial for modules with intermediate operating temperature.

US

2.7. Unort arge transport below 500 K and future directions: As noted earlier, the electrical

properties@isplayed in Figure 3 and to a lesser extent Figure 4 are highly anomalous and warrant an

)

explanatio , the Seebeck coefficients are characteristic of degenerate semiconductors and

d

increase ne arly as functions of temperature between 300 and 900 K. Given the 10°~10%° cm’

ly

* charge ¢ oncentration for the heavily doped samples, one should anticipate electrical

M

conduc follow a negative temperature dependence characteristic of acoustic phonon

scattering. Clearly, however, the experimental electrical conductivities shown in Figure 3a deviate

I

dramatically from this expectation, with semiconducting-like thermally activated conduction up to

~500 K. Th w ect data adds to the puzzle, showing that the carrier concentrations are nearly

constant emperatures of interest, implying the charge carrier mobilities increases with

n

temperature un 500 K as shown in the inset of Figure 3d. This type of charge transport behavior

i

is rarely o n PbTe or PbSe and is therefore a highly unorthodox finding for a degenerately

Li

doped lea enide. To investigate if the unusual electrical behavior is from a phase change or

A
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temperature dependent increase in dopant solubility, we performed in-situ PXRD over 300—650 K.
The variable temperature PXRD patterns shown in Figure S7 are unchanged with heating, and the
corresponjn attice parameters increase linearly, indicating a different origin for the strange

charge tra

58 and

gin!_ar results have been reported in the analogous systems AgPb,SbSe.,

[60] [31, 32]

AgPb,,SnSe and also in SnSe™™ and Mg;Sh,-based thermoelectrics, all of which show

C

thermally a€gi charge carrier mobilities well above room temperature. In AgPb.,SnSe., and

MgsSb,, t pl€al charge transport mechanism was first suggested to be ionized impurity

$

scattering, nerally gives carrier mobilities with positive T->temperature dependence and

U

was show n good agreement with the experimental data for these respective compounds.

Here, how&\er, we believe that ionized impurity scattering is insufficient to explain the experimental

)

data, nam ebeck coefficients. This is best illustrated by inspecting the general equation for

d

the Seebeck®o ient, assuming a single parabolic band, as shown below:

= k_3<(T+5/2)Fr+3/2(TI) _ ) 2)

e \(r+3/2)Fr41/2(1)

M

where kj is the Boltzman constant, ) is the reduced chemical potential, F.(n) are the Fermi-Dirac

integrals, dAd r is a constant that is reflective of the energy dependence of the carrier relaxation

[

time. Bec temperature dependence of S is contained in the E.(n) terms, Equation 2 clearly

O

demonstrat the Seebeck coefficient is a strong function of r. In the cases of acoustic phonon

and ionize@ impurity carrier scattering, r is equal to -1/2 and 3/2 respectively. Therefore, if the

I

positive e dependence of the carrier mobilities measured in NaPb.SbSe.,is indeed due

{

to ionized impurity scattering, r would switch from 3/2 to -1/2 between 400-500 K when acoustic

Ul

phonon scatteri egins to dominate the transport. According to Equation 1, such a change inr

A
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would dramatically alter the temperature dependence of the Seebeck coefficients, which is clearly

not observed in Figure 3b; as such, we conclude that ionized impurity scattering is insignificant in our

Re@et al. have pointed out the same issue in their analysis of MgsSb,.¥ In the

place oFioganurity scattering, they proposed a model of grain boundary (GB) dominated

{

sample

electrical trapspart which provides a good theoretical prediction of both the electrical conductivities
and SeebeDicients. In short, their model expanded on previous works, highlighting that
electrostawial barriers can form at the grain boundaries of some polycrystalline materials,
possibly g from inhomogeneity, phase separation, lattice mismatch, defects, or

impurities. the barrier height is sufficiently high, the charge carriers would require

considerabg thermal energy to pass the grain boundaries and participate in electrical conduction.

Therefore, rature is increased an increasing number of electrons or holes will overcome the
grain boundar entials, thereby augmenting the carrier mobility as the material is heated. At
high erEeratures, a sufficient number of charge carriers can cross the grain boundary
barrier tic phonon scattering becomes the dominant mechanism, giving the classical

negative temperature dependence of the carrier mobility and electrical conductivity.
The EB model is in excellent qualitative agreement with the electrical properties measured

here in Na+2, and we believe it is the origin of the unanticipated charge transport. Because

the GB sca ignificantly degrades the charge carrier mobility, while providing no competing

beneficial e is an undesirable feature in thermoelectric materials and should be eliminated if
possible. T, , this indicates that NaPb,,SbSe., likely has room for further improvement, as

the GB scattemni severely detrimental to the power factor at lower temperatures.® Future work

This article is protected by copyright. All rights reserved.

20



WILEY-VCH

dedicated to the understanding and mitigation of this undesired effect will be thus expected to

provide an additional boost to the thermoelectric performance.

T

3.Sum onclusions:
N

NanmeSMe—NaSbSez) compounds were synthesized over the range m = 2-30 (3-33%
NaSbSe,), @hermoelectric properties were investigated with a focus on m = 10. We show
that the hi ility of NaSbSe, in PbSe facilitates two beneficial effects on the thermoelectric
properties. “Fhe NaSbSe, both flattens the bands and lowers the energy separation between L and 5
valence bands, allgWwing both bands to contribute to the transport even near room temperature and
resulting i er factors of ~2—13 pW-cm™K?in the intermediate temperature interval of 323
and 700 Kmlly, strong point defect phonon scattering from the crystallographic disorder of
Na* Pb*, ahd @ results in exceptionally low lattice thermal conductivities of ~1-0.55 W-m™K*
over 40 out nanostructuring. Together, the high Seebeck coefficients and broad interval
of low IEI conductivity produces maximum ZTs approaching 1.4 at 873 K and outstanding
ZT,, of 0.64 between 400-873 K, marking nearly a 20% improvement over existing tellurium free

PbSe base

[

electric materials. We moreover find that NaPb,,SbSe,,., exhibits highly unusual

semicond arge transport below ~500 K, which we ascribe to charge carrier scattering at the

grain boundaries. Because the GB scattering degrades the power factor at low temperatures under

H

500 K, ncement to the thermoelectric performance can likely be expected through

[

enginee ins in order to eliminate the undesired scattering.

AU
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4. Experimental Section

Synthes essing: The starting materials were as follows: Pb wire (99.99%, American

L

Elements, m shot (99.99%, American Elements, USA), Sb shot (99.999%, American Elements,

&

USA), apgl Nagcubes (99.95%, Sigma Aldrich). Prior to synthesis, a razor blade was used to scrape the

surface oxihf the lead and sodium pieces. All sodium was handled in a N, filled glovebox.

C

Po ine ingots with nominal compositions of NaPb,,SbSe..,, Na;,Pbi,,SbSe;,, and

Na,.Pb1,S:..S€1, Were synthesized by weighing stoichiometric quantities of each element (15 g total

S

for each s o 13 mm diameter carbon coated fused silica tubes that were then flame sealed

U

at ~2x107 e tubes were heated in a box furnace to 773 K over 12 h, held for 2 h, then heated

to 1473 K\@ver 7 h where they were held for 5 h. The tubes were next quenched in ice water

[

followed b ng at 773 K for 12 h. After annealing, the tubes were again quenched in water,

d

and the ingots e removed and ground to a fine powder with a mortar and pestle. To provide a

homogene der, the powders were passed through a 53 um mesh sieve, then loaded into

\

12.7 m ies, and sintered into dense pellets by spark plasma sintering (SPS-211LX, Fuiji

Electronic Industrial Co. Ltd) at 823 K and 40 MPa for 10 min. The pellets were finally cut and

r

polished into bars and squares of approximate dimensions 3x3x10 mm?® and 6x6x2 mm? for electrical

and therm @ erization respectively. The cuts were made such that transport measurements

were cond pendicular to the pressing direction in the SPS.

n

Thermo surements: Using the 3x3x10 mm? bars, the Seebeck coefficients and electrical

{

conductivities wee measured jointly between room temperature and 873 K using an Ulvac Riko

Ul

ZEM-3 instrum operating with partial He backpressure. To limit outgassing at elevated

A
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temperatures, the bars were spray-coated with boron nitride aerosol prior to measurements except
at the points needed for contacts with the electrodes and thermocouples. The uncertainty in the
eIectricMents is approximately 5%, which is well accepted for ZEM-3 instruments.’®® All
samples s resis between the initial heating and cooling profile; however, because the
propertﬁas qseneray stabilized upon cooling and become reversible upon further heating/cooling

cycles, the data rgported in this work is from the cooling profile (see Figure S11 for more details).
Th

al diffusivities (D) were measured with the laser flash method using the 6x6x2
mm? squar etzsch LFA-457 instrument, and the data was analyzed using a Cowen model with
pulse correction. iefore each measurement, the samples were spray coated with a thin graphite

layer to pr rors from emissivity. The total thermal conductivities were obtained from the

relation r; d, in which C,, is the constant pressure heat capacity and d is the density. The

densities Iated using the sample masses and geometries, and (), was estimated from the

relatio

(per atom) = 3.07 + 4.7x10~#(T — 300).*” This equation has an estimated

uncertaint b across the measured temperature range. To ensure consistency with the

electrical properties, the thermal data reported in this work was also obtained from the cooling

cycle. Th!uncertainty in the total thermal conductivity arising from the measurements and

calculation®ensity, heat capacity, and diffusivity is estimated to be approximately 8%.*

Hall Effect; Il effect measurements were completed using an AC 4-probe method in a
home with excitation fields of + 0.5 Tesla. The system uses an air-bore, helium-cooled
supercond!ctinf magnet to generate the field within a high temperature oven that surrounds the

Ar-filled sa

<C
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single carrier band, i.e., ny = 1/eRy, where Ry is the Hall coefficient. The estimated error is based

on the standard deviation of several data points at a single temperature.

{

Microscop erization: To prepare for analysis with scanning electron microscopy-energy
dispersive y (SEM-EDS), bulk samples were ground and polished to remove maximum
I I

surface def@rmation and reveal the true pristine sample structure. The samples were first ground

using SiC ding\eaper of grit size 600, 800, and 1200 for 5 min each to produce an even surface

5C

with minimal roughness. Ethanol was used as the water-free lubricant, as the samples contain Na.
Next, the s ere polished using a polishing pad and water-free diamond slurry of particle size

1 um, and 0.1 um¥for 15 min and 30 min respectively. Finally, the sample was placed in a vibratory

U

polisher wi pm alumina for 3 hours to achieve the final surface finish. SEM analysis was

'l

performed using a Hitachi S-3400N-II SEM.

S

S/

les were polished on one surface in the same manner as the SEM samples, with

the exc of the vibratory polishing step. Once the top surface was polished, a TEM grid was

fastene polished surface using M-Bond. The sample was then thinned using 600 and 800 grit

M

SiC grinding paper until it was less than 80 pum thick (again using ethanol as the water-free lubricant).

[

Next, the as dimpled, and subsequently thinned with an argon ion mill at cryogenic

temperatu @ g took place at 2.8 kV and 8° until a hole was formed in the sample, forming an

electron tr t wedge at the edge of the hole. Final milling took place at 1.5 kV and 6°, and 0.3

1

kV at in each to properly clean the sample surface and remove any sample defects

|

potentially®¥ntroduced by higher energy ion milling. STEM was performed at 200kV using a JEOL JEM-

2100 FasTEM, andshigh resolution TEM was performed at 300 kV using a JEOL ARM300F GrandARM

3

TEM.

A
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Photoemission spectroscopy: The work functions (Valance band maxima), were measured by
photoemission yield spectroscopy in air (PESA, AC-2, Riken-Keiki). In PYSA, the sample is scanned by
tunablemmc ultraviolet light (UV, 4.2-6.2 eV) under ambient conditions, and the number
of genera ctrons are measured at each excitation energy. Photoelectrons are only
generatgd A hen e photon energy is higher than the work function. The work function is

determined by figding the onset of the PESA spectra.

)[65, 66]

Electronic structure calculations: Density Functional Theory (DFT calculations were performed

using the WigMnaPab initio Simulation Package (VASP)®" with projector augmented (PAW)"
pseudopotentials Wtilizing Perdew- Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)

: n[72]

exchange . NaSb-doped PbSe calculations were performed on 54-atom supercells

created by s with Na and Sb. We calculated the energies of Na and Sb placed far from or
near each mm PbSe lattice and selected those with lower energies. For Pb and Na atoms, the

semicor, ectrons were treated as valence states, respectively. Both relaxation calculations

and band str calculations were performed with a plane-wave basis cutoff energy of 520 eV.
The total energies were converged within 10° eV with a Monkhorst—Pack k-mesh"®! with 8000 k-

points per SCiprocaI atom in the Brillouin zone. Spin-orbit coupling (SOC) is taken into account only

in our ban@e calculations.
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Figure 1. (w X-ray diffraction patterns for NaPb,,SbSe., (m = 2—30). (b) Refined lattice
parameters foeNaPb.,SbSe,.,, represented as PbSe + x% NaSbSe,. (c) Fourier transformed infrared
spectrosco a for the same NaPb,,SbSe,,., compounds (the dashed lines show the

extrapolatio
lines in (b)
and band
from samples afte

o'to estimate the band gaps) and (d) the estimated band gaps. The dashed blue

re guides to the eye showing the approximately linear trends in lattice parameter
as functions of NaSbSe, content. Unless noted, the data shown above was obtained

PS sintering.
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d) EDS-Pb M
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(g) EDS-Sb La

50 pym

Figure cteristic high-resolution TEM image of a sample with nominal composition

d (b) aselected area electron diffraction pattern, both confirming a clean

ure with no nanoscale precipitates. (c) Backscattered electron image showing
noticeable micron-level Z-contrast, and (d-g) EDS elemental maps over the region shown in (c). The
EDS maps confirm minor elemental segregation into Pb-rich regions and Na/Sb-rich regions.
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Figure re-dependent (a) electrical conductivities, (b) Seebeck coefficients, (c) Hall
carrier densities, and (d) Hall carrier mobilities for Na;,,Pb1g.SbSe;,. The inset in (d) shows a close up
of the mohilities of samples for which x = 0.05 and 0.15, emphasizing the positive temperature

dependen low 500 K.
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Figure 5. Temperature-dependent thermoelectric properties of Na,Pb1,Sb,,Seq,. (a) electrical
conductivi eebeck coefficient, (c) Hall carrier concentration for x = 0.10, (d) power factors, (e)
total ther ctivities, and (f) ZT.
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Figure 6. (a culated band structures for NaPb,,SbSe ., (shown as Na,Sb,Pb,;.,,Se and
representi 4, and 8 percent NaSbSe, respectively). (b) DFT calculated energy differences
betwee ds for the band structures shown in (a). (c) Pisarenko plots for NaPb,,SbSe;, at
323 Kand 623 K. The theoretical lines were calculated with both a single band (SKB) and two-band
model, shoWn as dashed and solid lines respectively. (d) Temperature-dependent Hall coefficients

for p-type doped NaPby,SbSe;,.
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emission yield spectroscopy in air (PYSA) spectra for nominally undoped samples
m = 10-30, and pure PbSe). (b) Energies of the valence band edges (work
conduction band edges for each sample extracted from the linear regions of the

functions) and
photoemisgfon spectra, shown as red and blue points respectively. 9% NaSbSe, corresponds to the m
=10sa i ed most thoroughly in the text. (c) Experimentally estimated energy differences

betweerence band for each sample.
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