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Abstract

With years of development, SnTe as a homologue of PbTe has shown great poten-
tial for thermoelectric applications in p-type conduction, and the most successful
strategy is typified by alloying for maximizing the valence band degeneracy.
Among the known alloy agents, MnTe has been found to be one of the most effec-
tive enabling a band convergence for an enhancement in electronic performance of
SnTe, yet its solubility of only ~15 at% unfortunately prevents a full optimization
in the valence band structure. This work reveals that additional PbTe alloying not
only promotes the MnTe solubility to locate the optimal valence band structure but
also increases the overall substitutional defects in the material for a substantial
reduction in lattice thermal conductivity. In addition, PbTe alloying simultaneously
optimizes the carrier concentration due to the cation size effect. These features all
enabled by such a solute manipulation synergistically lead to a very high thermo-
electric figure of merit, z7 of ~1.5 in SnTe with a 20 at% MnTe and a 30 at% PbTe
alloying (Sng sMng,Pbg;Te), demonstrating the effectiveness of solute manipula-

tion for advancing SnTe and similar thermoelectrics.
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1 | INTRODUCTION

Thermoelectrics enabling a direct conversion between heat
and electricity based on either Seebeck or Peltier effect'
have been widely considered as an sustainable energy tech-
nology. The conversion efficiency of thermoelectric mate-
rials is determined by the dimensionless figure of merit,
7T = SZT/p(K‘E + k1), which depends on the Seebeck coeffi-
cient (S), the absolute temperature (7), the electrical resistiv-
ity (p), and the electronic (xg) and lattice (k) thermal
conductivity.? Thus, high-z7 materials are critical for high-
efficiency and large-scale thermoelectric applications, which
motivates numerous efforts to be put on z7 enhancements of
thermoelectric materials.

Owing to the strong coupling effects among S, p, and kg
via carrier concentration, band structure, and scattering of
carriers, historical efforts for z7T' enhancements have been
devoted to minimizing ki, the only independent parameter
determining z7. This can be realized by the introduction of
various defects, such as point defects,3’4 dislocations,s'8 and
nanostructures,”" ' for strengthening phonon scattering
due to the introduced mass and strain fluctuations.'*"?
Alternatively, complex crystal structures,'* soft chemical
bonds,lS 17 low sound Velocity,15 low acoustic cut-off
frequency,'® strong lattice anharmonicity,'®** and liquid-
like ions?'* are found to be effective sources leading to a
low k..

Band engineering approaches, typified by band
convergence,”>?” are demonstrated to be successful as well,
in terms of decoupling the relationship among the strongly
coupled electronic properties at some degree for electronic
enhancements. This has led to significant z7 improvements
in various materials such as PbTe,zg'31 half—Heusler,”'35
SnTe,36'38 silicides,”'41 GeTe,‘u'45 Zintl phase,%’47 and
Te.*® However, it should be noted that an optimal carrier
concentration () is always required to realize the maximal
performance for a given material because electronic trans-
port properties are optimized in a certain narrow range of
reduced Fermi level.?

Utilization of these proven strategies has frequently real-
ized significantly enhanced z7 in p-type PbTe thermoelec-
trics. This largely stems from the coexistence of L and X
valence bands, of which, respectively, have a high band
degeneracy (NV,) of 4 and 12. Importantly, the energy offset
between (AE;_s) can be engineered to be within a few
ksT**° for an overall high N, of 12 to 16 thus leading to an
enhanced power factor (PF = $%/p). With a further help of
microstructure engineering for k. reduction, an extraordinary
zT (>2) has been achieved.”**

As a homolog to PbTe with the same crystal structure
and similar band structure, SnTe has been considered as a
potentially promising thermoelectric material as well.

24-26

Unfortunately, compared with PbTe, SnTe shows a much
larger AE; s of 12 to 15 kgT at room temperature,5 !"and the
lighter atomic mass leads to a much higher lattice thermal
conductivity.”*? Eventually, pristine SnTe even with an
optimal carrier concentration shows a peak z7 of only 0.6 at
700 K.>

Greatly inspired by the successful strategies for zT
enhancements realized in PbTe with alloying, monotelluride
solutes such as MnTe,37’54’55 MgTe,SG"58 CdTe,Sg‘61 CaTe,62
and HgTe® are found to successfully minimize the AE; s
for an electronic improvement of SnTe. Among these sol-
utes, MnTe is found to be one of the most effective for maxi-
mizing the valence band degeneracy (,) due to its high
solubility of ~15 at%.>’ Fortunately, the solubility of MnTe
in SnTe is found to be further increased up to 25 at% with an
additional 5 at% GeTe alloying (Sng-GegosMngosTe).>*
Such an increase in MnTe solubility enables a further N,
maximization through an involvement of new highly
degenerated transporting band (A).>* A similar effect on
increasing N, due to the increase of solubility is also found
in SnTe with a MgTe alloying.64

It should be noted that a high z7 realized in above
mentioned alloys usually involves a further Cu,Te
alloying®*®*%> for a sufficiently reduced «; through the
strong phonon scattering by Cu interstitials®> and an excess
of Sn for reducing the carrier concentration. Precipitation of
excessive Sn and Cu,Te particularly at low tempera-
tures>*%%*> might lead to diffusion problems for practical
applications. This motivates the search of single-phase solid
solutions with a comparable or even higher z7.

One noticeable challenging is that the increase of MnTe
alloying leads to a significant deviation in carrier concentra-
tion from its optimum.’” An effective approach is inspired
by the feature that the carrier concentration of IV-VI tellu-
rides is closely related to the size of cation.®*® In more
details, a gradual increase in cation size from Ge to Sn and
then to Pb leads to a decrease in intrinsic carrier concentra-
tion from GeTe to SnTe and then to PbTe by orders of mag-
nitude.®®”" This indicates that an increase in the mean size
of cations such as by PbTe alloying might lead to an effec-
tive reduction in carrier concentration, an effect of which has
been observed in GeTe with Pb/Ge substitutions®® and
SnTe-PbTe.?®%” This effect is also related to a decrease upon
such substitution of the equilibrium vacancy concentration
in the metal sublattice, which in SnTe act as acceptors.n"74
In addition, PbTe alloying has shown the capability for
increasing the solubility of MnTe in SnTe.”> Furthermore,
the high overall concentration of alloy defects introduced is
expected to strengthen the phonon scattering for reduc-
ing k..

Motivated by the above reasons, this work focuses on the
thermoelectric properties of PbTe and MnTe alloyed SnTe,
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with an attempt of simultaneously achieving a high valence
band degeneracy,” a high overall concentration of substitu-
tional defects, and an optimized carrier concentration in
single-phase solid solutions. It is found that PbTe alloying
enables not only an increase in MnTe solubility for an inclu-
sion of maximal transporting valence bands and an increase
in mean cation size for a reduction in carrier concentration
but also a strengthening in phonon scattering for a minimiza-
tion in lattice thermal conductivity. All these synergic effects
successfully enable a revelation of a peak z7 as high as ~1.5
in single-phase solid solution of Sny sMng >Pbg 3Te.

2 | MATERIALS AND METHODS
Polycrystalline Sn,_,.,Pb,Mn,Te (0.1 <x <04, 0.1 <y<0.3)
was synthesized by melting the stoichiometric amounts of high-
purity elements Sn (99.99%), Te (99.99%), Pb (99.999%), and
Mn (99.98%) at 1223 K for 6 hours, quenching in cold water
and annealing at 950 K for 48 hours. In order to characterize
the microstructure, scanning electronic microscopy (SEM)
equipped with an energy dispersive spectrometer (EDS) was
used. The obtained ingots were hand ground into fine powder
for X-ray diffraction (XRD) and hot pressing. Dense samples
(>97% of the theoretical density) with ~12 mm in diameter and
~1.5 mm in thickness were obtained by an induction heating
hot press system’® at 900 K for 20 minutes under a uniaxial
pressure of ~70 MPa.

The electrical transport properties including resistivity,
Seebeck coefficient, and Hall coefficient were simulta-
neously measured on the pellet samples. The resistivity and
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Hall coefficient (Ry) were measured using the van der Pauw
technique under a reversible magnetic field of 1.5 T. The
Seebeck coefficient was obtained from the slope of the the-
rmopower vs temperature gradients within 0 to 5 K.”” Ther-
mal diffusivity (D) was measured using a laser flash
technique with the Netzsch LFA457 system, the heat capac-
ity was determined by Cp(kg/atom) = [3.07 + 0.00047(7/K-
300)],”®7° where T is the absolute temperature. This simple
equation is obtained by fitting the reported experimental data
of Blachnik, within an uncertainty of 5% for all the lead
chalcogenides and tin telluride.*® The thermal conductivity
was calculated via x = dC,D, where d is the density mea-
sured using the mass and geometric volume of the pellet.
The measurement temperatures are in the range of 300 to
900 K for resistivity, Seebeck coefficient, and thermal diffu-
sivity and 300 to 850 K for Hall coefficient. The measure-
ment uncertainty for each transport property is about 5%.
Both longitudinal and transverse sound velocities were mea-
sured using an ultrasonic pulse receiver (Olympus-NDT)
equipped with an oscilloscope (Keysight). The optical
absorption was measured using diffuse reflectance spectros-
copy (Bruker Tensor II equipped with a diffuse reflectance
attachment) at room temperature.

3 | RESULTS AND DISCUSSION

Room temperature XRD patterns for the samples are shown
in Figure 1A and Figure S1. All the diffraction peaks in
Sngs.,Mng,Pb, Te (0.12 < x <0.3; Figure 1A) can be well
indexed to the rock-salt structure, indicating the formation of

6.36 _Sn1_XPbXTe, ref. U.Argchchige A 243
| Sn, Pb Te, ref. T Story
6.34 |-
¢
A
6.32 |-
6.30 |-
6.28 |- o v \v4
3 v v
626 o v Sn,, Mn ,Pb Te
'l.l."ll.'lll"l..l'll..
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Room temperature X-ray diffraction patterns (A) and composition-dependent lattice parameters (B) for Sny g .Mn0.2Pb, Te
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FIGURE 2 Scanning electronic microscope images and energy dispersive spectrometer mappings for Sng gMng »,Pbg ;Te (A) and

Sn0_5Mn0_2Pb0_3Te (B)
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FIGURE 3 Composition-dependent Hall carrier concentration (ng5) (A) and photon energy—dependent absorption by free carriers (B) for

Sny g.,Mng ,Pb,Te at room temperature

single-phase solid solutions. This suggests a successful
increase in MnTe solubility to 20 at% enabled by a 10 to
30 at% PbTe alloying. Once the MnTe concentration is
higher than 25 at%, no solid solution region is found within
a PbTe concentration of 10 to 40 at%. The formation of solid

solutions in Sng g Mng,Pb,Te (0.12 < x < 0.3) is confirmed
by SEM observations and EDS mapping analyses as shown
in Figure 2A,B. Composition within the miscibility gap
leads to the formation of MnTe impurities as verified by the
SEM observations (Figure S2). This work focuses on solid

5U9D1] SUOWIWIOD BAIIERI0 3|edtidde U} AQ PEUBACD 9.8 DI YO ‘35N JO'SDINI 10} ARIGITBUIIUO /B]IM UO (SUO1 PUCO-PUE-SWLBYWIOD /B |1 ARG IPUIIUO//SANU) SUOIIPUOD PUE SIS | 8U) 39S *[2202/0T/8T] U0 AIqITauIluO AB1IM ‘0Keiid 8y ARiqr BOIRIN UOEN Ad 02T ZJU1/Z00T OT/I0p/LIC A8 |1 Aeiq|[pu|uo//'Sdy Woiy popeojumod ‘v ‘6T0Z ‘SITELISE



YAO ET AL. Wl LEY 575
(A) (B) 10° ¢
10° _W SnTe
R RIS |
— R LA ”"q:ﬂ"vﬁ- !,.’.t__ — 102 = )
‘g 102 L %ﬁ:&-‘»’éﬁﬂ%d ; p~T®
£ F —D—12% (6.8E20) NE [
o [ —0—14% (5.8E20) o
tr: [ —A—16% (6.8E20) ~ 1
—7—18% (4.9E20) S |
103 | —0—20% (3.3E20) =100k
F —<—22% (3.9E20) N
F —{>—24% (3.1E20) i
L —0—26% (2.4E20)
- —%—30% (1.6E20) Sn, . Mn .Pb Te I
| IEPYRPIREPUNN ST W T ST VY ST TN T S T W N SN N S NRNYY 1 os 30 oo larennrealogensanalansgrnrelanngenly
300 400 500 600 700 800 300 400 500 600 700 800
T (K) T (K)
(€) 70 (D) 4¢°
i % 300 K - 300K
60 o !
e < — |
50 X9 N » _
< i o O 5.2
2 40 | %5,:G,
= i Model prediction QE’ 5 10° £ 60'0544/70:7,8
v 4 O  Ref. 54 Sn,... Ge, . Mn,,Te(Cu,Te), - . : (c% T,
[~ O  This work Sn,, PbMn,,Te X . %0 20,
X [ 00@
20 i Q4
i i Sn » o<
10 |- QM'E; Te
PR S R | 1 N 1 1 PR T T 1 PR T W B | " 1 " 1 PR Y N
1E20 1E21 1E20 1E21
n, (cm?®) n, (cm?)

FIGURE 4 Temperature-dependent Hall coefficient (Ry) (A) and Hall mobility (my) (B) and room-temperature Hall carrier concentration—

dependent Seebeck coefficient (C) and Hall mobility (D) for Sng g..Mng ,Pb, Te, with a comparison to literature modeling and measurements

solutions of Sng g Mng,Pb, Te (0.1 <x <0.3), of which a
MnTe concentration of 20 at% is found to maximize the
valence band degeneracy according to the literature work.”*
The lattice parameter for Sngg Mng,Pb,Te is found to
increase linearly with increasing x (Figure 1B), which can be
well understood by the larger atomic size of Pb than
that of Sn.

The origin of the increase in the solubility of MnTe in
SnTe by addition of PbTe is not entirely sure. However, this
might be closely related to the cation size effect, as with a
decrease in cation size from Pb to Sn and then to Ge the
crystal structure transits from a cubic structure for PbTe and
SnTe to a rhombohedral structure for GeTe at room tempera-
ture. Because MnTe alloying decreases the lattice parameter
of SnTe, a further PbTe alloying would compensate such a

37.54

lattice shrinkage for stabilizing the cubic structure, which
might promote the solubility of MnTe. However, in SnTe
heavily alloyed with PbTe, the formation of MnTe precipi-
tates could be understood by the limited solubility of MnTe
in PbTe. Nevertheless, the observed change in MnTe solu-
bility in this work is very similar to that in the literature.”
As the increase in mean size of cations accompanies
with a reduction of -carrier concentration in IV-VI
thermoelectrics,66"’8 a reduction of carrier concentration is
expected in Sng g Mng,,Pb, Te with increasing x. Indeed, it
is found that the Hall carrier concentration (ny) linearly
decreases from ~7 x 10% to ~2 x 10*°/cm’® with increasing
x (Figure 3A), which can be roughly understood by the
increased mean size of cations by PbTe alloying because of
a decrease upon Pb/Sn substitution of the equilibrium cation
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FIGURE 5 Temperature-dependent Seebeck coefficient (A) and resistivity (B) for Sngg.,Mng ,Pb, Te

vacancy concentration.”>”* Similar cation-sized effect on car-
rier concentration has been found in GeTe thermoelectrics.®®

Optical measurements at room temperature for
Sng g..Mng,Pb,Te are shown in Figure 3B. The observed
shift of the absorption maximum to lower energies indicates
a lowering of Fermi level in agreement with decreasing ny.
Furthermore, the optical measurements enable an estimation
of inertial effective mass (m;*) using the Lyden method®'
via the equation of wp2 = nezlml*sooso, where the wy, is the
angular frequency of the absorption maximum (Figure 3B),
n is the carrier concentration, e is the electronic charge,
€. = 48 is the relative dielectric constant at the high fre-
quency limit,**® and g, is the permittivity of free space.
The estimated m;* shows no obvious change due to PbTe
alloying (Table S1).

Temperature-dependent Hall coefficient (Ry) and Hall
mobility (uy) are shown in Figure 4A,B, respectively. Tem-
perature peaking Hall coefficient, stemming from the redis-
tribution of the carriers between different valence bands with
different mobilities, has been commonly considered as an
indication of band convergence in SnTe.*® Comparing to
pristine SnTe, a distinct reduction in the peak temperature
for Sngg Mng,Pb,Te alloys indicates the convergence of
valence bands. Due to the increased carrier concentration
and carrier scattering by Mn/Sn substitutional defects, the
samples show a lower py as compared with that of pristine
SnTe. Moreover, the increase in puy with increasing PbTe
concentration mainly results from the reduced ny. Impor-
tantly, temperature-dependent py for Sngg.,Mng,Pb,Te
shows a similar tendency with that of pristine SnTe, indicat-
ing an unchanged charge carrier scattering by acoustic
phonons.

Room-temperature Hall carrier concentration—dependent
Seebeck coefficient and Hall mobility for Sng g.,Mn, ,Pb,Te
are shown in Figure 4C,D, respectively. It is found that
Seebeck coefficient for the samples obtained in this work is
much higher than the model prediction (gray curve in
Figure 4C) for pristine SnTe, which further confirms the
convergence of valence bands leading to an increased den-
sity of state effective mass. Due to the additional carrier scat-
tering coming from the Pb/Sn and Mn/Sn substitutions, py
for all the samples is lower than that of pristine SnTe (gray
curve in Figure 4D). The tendency of the increase in
S and uy with decreasing ny is quite similar with that of
Sn0_75+xGeo_05Mn0,2Te(CuzTe)0405A65 Therefore, SnTe alloys
obtained in this work enable a very comparable electronic
performance to that of Sng75.5GegosMng,Te(Cu,Te)g o5
with the highest z7 among SnTe thermoelectrics so far.®’

Figure 5A,B shows temperature-dependent resistivity (p)
and Seebeck coefficient (S) for Sngg . Mng,Pb,Te, respec-
tively. The increase in both S and p with increasing tempera-
ture suggests a degenerated semiconducting behavior in all
samples. Both resistivity and Seebeck coefficient increase in
the entire temperature range with increasing PbTe concentra-
tion, which dominantly results from the decreased ny. In
addition, it is known that alloying SnTe with PbTe decreases
the band gap (band gap equals to zero in Sng4Pbg¢Te as a
topological crystalline insulator®*®), whereas this is com-
promised by the 20 at% MnTe alloying as Mn/Pb substitu-
tion tends to increase the band gap.®® Nevertheless, no
strong indication of bipolar conduction is observed in
this work.

Temperature-dependent total (x) and lattice (x) ther-
mal conductivity for Sngg ,Mng,Pb,Te are shown in
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FIGURE 6 Composition-dependent sound velocities (A) and lattice thermal conductivity (k; ) with a model prediction (black curve) for

Sng g.,Mng,Pb,Te at 300 K (B). Temperature-dependent total (k) and lattice (ki ) thermal conductivity (C) and a comparison of ki, with literature

results for materials containing 20% MnTe alloying®’->*

estimated by either Debye-Cahill model®” or a recently developed model taking into account the Born von Karman boundary conditions

Figure 6C. The lattice thermal conductivity is estimated
by subtracting the electronic contribution according to
Wiedemann-Franz law (x. = LT/p) from total thermal con-
ductivity, where L is the Lorenz factor determined by a single
parabolic band model with acoustic phonon scattering.®’
Both « and k., decrease with increasing temperature and PbTe
concentration. The reduction in ki largely stems from the
additional phonon scattering by Mn/Sn and Pb/Sn point
defects introduced. As a result, the lowest «;, of 0.5 W/m K
is achieved in this work. This approaches the amorphous
limit of SnTe estimated by the Debye-Cahill model (gray line

at 300 and 900 K (D). The amorphous limit of . is also included for comparison, which is

88.89

in Figure 6C),*® but there is still available room for a further
reduction according to a recently developed model taking
into account the periodic boundary conditions.®>*° It is worth
noticing that the lowest «_ in this work is comparable to that
of literature high-zT  Sng7s,5GegosMng,Te(Cu,Te) o5
alloys.> In addition to the cubic structure of SnTe alloys
involved in this work, the thermoelectric properties are there-
fore believed to be isotropic.

In order to quantitatively evaluate the contribution of
both Mn/Sn and Pb/Sn substitutional defects to the x; reduc-
tion, sound velocities for all the samples are measured at
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TABLE 1 Mass density and estimated physical parameters according to sound velocity measurements for Sng g_,Mng ,Pb,Te at room
temperature
Pb content Op (K) € G (Gpa) B (Gpa) Y d (g/cm3)
X=12% 191 0.28 21.7 42.6 1.6 6.79
X =14% 189 0.28 21.5 43.6 1.7 6.85
X=16% 187 0.28 21.2 42.2 1.6 6.92
X=18% 186 0.28 21.1 41.3 1.6 6.96
X=20% 186 0.28 21.2 41.0 1.6 7.00
X=22% 188 0.33 21.5 57.1 1.9 7.09
X =24% 173 0.32 18.3 46.1 1.9 7.03
X =26% 183 0.28 21.0 41.6 1.6 7.14
X=28% 167 0.33 17.3 47.8 2.0 7.20
X =30% 183 0.28 21.4 42.6 1.6 7.29
1.6 the periodic boundary conditions.®® The detailed model pre-
LSn, ;. Mn,Pb Te diction can be found in Supporting Information.
1.4 F——12% With the synergistic effects of band convergence by

- —o—14%
1.2 F——16%
F —o—18%
1.0 F——20%
. F ——22%
n 0:8 F——24%

- —0— 26%

0.6

0.4
0.2

300 400 500 600 700 800 900
T(K)
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FIGURE 7 Temperature-dependent figure of merit (z7) for
SnO,S—xMHO.ZPbee

room temperature and shown in Figure 6A. It is seen that
both transverse (v1) and longitudinal (v1) sound velocities
decrease linearly with increasing PbTe content, which could
be understood by the heavier atomic mass of substitutional
Pb as compared with that of Sn. The measured sound veloci-
ties enable an estimation of physical parameters including
Debye temperature (fp), Poisson ratio (e), shear (G) and
bulk (B) modulus, and Griineisen parameter (7/).91’92 The
corresponding results are listed in Table 1. Using the mea-
sured sound velocities, composition-dependent «y for
Sngg.,Mng,Pb, Te at room temperature can be reasonable
predicted by recently developed model taking into account

increased MnTe alloying concentration for electronic perfor-
mance enhancement, an optimization of carrier concentra-
tion by the cation size manipulation, and strong phonon
scattering by point defects for x reduction, thermoelectric
figure of merit (z7) is successfully improved to 1.5 for
Sng g..Mng ,Pb, Te (Figure 7), which is comparable to the
highest zT reported so far for SnTe thermoelectrics.®> In
addition, the high performance is found to be highly repro-
ducible and thermally stable (Figure S3).

4 | SUMMARY

In summary, alloying SnTe with PbTe enables an increase in
solubility of MnTe that leads to optimally converged valence
bands for enhancing the electronic performance of SnTe.
The involvement of PbTe alloying optimizes the carrier con-
centration due to cation size effect. Moreover, the high over-
all concentration of Mn/Sn and Pb/Sn substitutions enables
strong a phonon scattering for minimizing the lattice thermal
conductivity to 0.5 W/m K. These synergistic effects, all
enabled by a solute manipulation, successfully lead to a real-
ization of a peak zT as high as ~1.5 in single-phase solid
solution Sn, sMng ,Pbg 3Te, being one of the highest realized
in SnTe thermoelectrics.
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