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ABSTRACT

Narrow-band-gap, layered chalcogenide semiconductors provide a rich area of research for
designing highly-efficient thermoelectric materials for near-room-temperature applications due
to their intrinsically low lattice thermal conductivity and multivalley electronic band structure.
Here, we report on a comprehensive theoretical and experimental investigation of the
thermoelectric properties of one member of this class, SnBi>Tes, in the temperature range of 5—
700 K. Polycrystalline samples crystallize with a rhombohedral crystal structure described in

the R3m space group (No. 166) with room-temperature lattice parameters a = 4.398(1) A and



c=41.615(1) A. To probe the electronic tunability of SnBi>Tes, the synthesis of an Sn-deficient
sample Sno.osBi2Tes was attempted but led to an intergrowth of SnBixTes and SnBisTe,
indicating that only a very limited range of Sn-deficiency can exist. Transport properties
measurements combined with electronic band structure calculations show that SnBi>Tes1is a p-
type, narrow-band-gap semiconductor with a multivalley valence band structure and a strong
asymmetry between the valence and conduction bands. The presence of Sng; antisite defects,
supported by Maossbauer spectroscopy, plays an important role in shaping the electronic
transport properties through a decrease in the electronic band gap and a reduction in the hole
mobility, which causes the onset of bipolar conduction near 350 K. Some degree of anisotropy
in the electrical resistivity and thermal conductivity measured parallel and perpendicular to the
pressing direction exists, while the thermopower remains nearly isotropic. The complex crystal
structure of SnBi>Tes contributes to the very low lattice thermal conductivity of the order of 0.5
W m K-!'at 300 K, leading to peak ZT values of 0.32 at 350 and 400 K for Sn¢sBi»Tes and

SnBizTes, respectively.

1. INTRODUCTION

Thermoelectric materials enable conversion of a temperature difference into electrical power
and vice-versa, providing an emission-free and versatile way to harvest low-grade heat or to
cool electronic devices.> The thermoelectric performance of a material is quantitatively
captured by the dimensionless thermoelectric figure of merit ZT = a?T/p(k,; + Kiqr) Where
T is the absolute temperature, « is the thermopower (or Seebeck coefficient), p is the electrical
resistivity and k,; and k;,, are the electronic and lattice thermal conductivity, respectively.!-
Designing highly-efficient compounds, however, requires to meet a subtle balance between

electronic and thermal properties, which are interdependent through the carrier concentration.



Common strategies to optimize the electronic properties (@, p and k,;) rely on specific
modifications of the electronic band structure such as resonant levels or band convergence.*?
Specific crystallographic characteristics such as loosely-bound atoms in oversized cages or
tunnels, lone-pair-driven atomic off-centering or the formation of solid solutions are few
examples of approaches that have been demonstrated to be effective in lowering x;,; through
either dynamic or static disorder.”!?

The design of thermoelectric materials for low and near-room-temperature cooling
applications has received less attention than for medium-to-high temperatures, power
generation applications. Good thermoelectric performance at low temperatures can be typically
achieved in narrow-band-gap semiconductors and semimetals.>'* Bi>Tes-based alloys,'!517
MgsBiz-based compounds,!®!® BiiSby solid solutions?® or CsBisTes (Ref. 21) are the few
known examples of compounds where high Z7 values could be obtained at or below 300 K. To
mitigate the deleterious effect of minority carriers, promising candidate materials should
possess a high majority-to-minority carrier weighed mobility ratio, that is, a high asymmetry
between the conduction and valence band parameters.'#?? Searching for narrow-band-gap
semiconductors with these desired properties may therefore uncover novel -efficient
thermoelectric materials able to operate near room temperature.

In addition to providing a rich diversity of electronic and magnetic phenomena that

notably include magnetic topological states and superconductivity,?*28

compounds belonging
to the homologous series (A" Te),(Bi2X3)m (A" = Ge, Sn or Pb ; X = Se or Te ; n and m are
integers) exhibit tuneable narrow band gaps, along with structural and compositional
complexity that make them interesting candidates for thermoelectric applications.?*-3! They
adopt a trigonal crystalline structure described in the R3m (No. 166, similar to the parent

compounds BiX3) or P3m1 (No. 164) space groups. The crystal structure consists of

covalently-bonded quintuple and/or septuple layers that are stacked along the ¢ axis following



the sequence Tei-Bi-Te;-A!Y-Te,-Bi-Te; (Figure 1). These blocks are either held together by
Te-Te van der Waals interactions (for » = m = 1) or separated by quintuple interlayers

characteristic of BixTe; (for n > m).

Figure 1. Crystal structures of SnBi,Tes (left), SnBisTe; (middle) and SnBisTe1o (right). Both
SnBi,Tes and SnBieTeo crystallize in the R3m space group (a = 4.935 A and ¢ = 41.606 A and
a=4.930 A and ¢ = 102.470 A, respectively) while SnBisTe7 crystallizes in the P3m1 space
group (a = 4.404 A and ¢ = 24.067 A). Sn, Bi and Te are represented by orange, red and light
blue spheres. The environment of the Sn and Bi atoms is represented by the light and dark-blue
octahedra. The structures are built up by the stacking of septuple layers (SnBi,Tes) with one
(SnBisTe7) and two (SnBisTe10) quintuple layers being added between two consecutive septuple

layers.

Among this series, three line compounds were reported in the pseudo-binary phase
diagram of the system (SnTe),(Bi2Te3)n.2%*? The more pronounced contrast in the atomic size
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between Sn-Te and Bi-Te layers is expected to yield very low lattice thermal conductivity
values. Several experimental investigations have proposed that these compounds exhibit a
certain degree of disorder within their crystal structure, primarily due to the mixed occupancy
of Sn and Bi on the cationic sites.**=* Previous studies of their high temperature transport
properties have shown that SnBi;Tes and SnBisTe; are narrow-band-gap, degenerate p-type
semiconductors.%37 Attempts to dope SnBi>Tes by either acceptor or donor-like impurities have
resulted in only small variations in the hole concentration,?” suggesting that this compound is
relatively impervious to conventional doping strategies.

While there have been several studies of SnBi>Tes on either cold-pressed polycrystalline
or single-crystalline specimens,*®*” no detailed investigation on the low-temperature transport
properties on dense polycrystalline samples has been reported so far. In addition, the degree of
anisotropy in the transport properties measured parallel and perpendicular to the pressing
direction has not been determined. In this work, we report on a comprehensive theoretical and
experimental study of the transport properties of dense polycrystalline specimens of SnBixTes
over a broad range of temperatures (5 — 700 K). A further assessment of its electronic tunability
was performed by synthesizing an Sn-deficient sample Sno.osBi>Tes, with results indicating that
only a very narrow range of deviations from the ideal stoichiometry exists for this phase. We
notably demonstrate that the bipolar conduction that sets in near 350 K and strongly limits the
thermoelectric performance in the mid-temperature range is a consequence of the presence of

Sng; antisite defects, which govern the electronic properties of SnBi>Tes.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Synthesis. All of the elements and ingots were handled in a dry, Ar-filled glove box.

Polycrystalline SnBi>Tes and Sno 9sBi2Tes samples were synthesized by direct reaction of high-



purity elemental Sn (Alfa Aesar, 99.999%, purified), Bi (5N+, 99.999%, purified), Te (SN+,
99.999%, purified) in pre-evacuated, carbon-coated silica tubes sealed under inert atmosphere
of Ar/H, mixture (95/5%). The sealed silica tubes were heated in a vertical furnace to 923 K,
dwelt at this temperature for 4h before being quenched in room-temperature water. The
obtained ingots were crushed and cold-pressed into several cylinders that were loaded into silica
tubes, pumped to secondary vacuum and sealed under the same inert atmosphere for a
subsequent annealing of 10 days at 823 K to improve the chemical homogeneity. An additional
sample was annealed for 75 days at 823 K to assess the influence of long-term annealing on the
structure at the atomic scale. The annealed polycrystalline ingots were crushed into fine
powders that were loaded into a 10 mm diameter graphite die. These fine powders were
consolidated by spark plasma sintering (SPS, Dr Sinter 515S, SPS syntex Inc.) at 673 K under
a uniaxial pressure of 80 MPa for 5 min in vacuum. The cylindrical pellets obtained show a
relative density higher than 95% of the theoretical density from crystallographic data. All
subsequent chemical and physical characterizations have been performed on annealed,
chemically-homogeneous samples. Except for powder X-ray diffraction, quenched samples
were not further characterized.

2.2. Powder X-ray diffraction (PXRD). The crystal structure and phase purity of the samples
were determined by powder X-ray diffraction at 300 K using a D8 Bruker Advance
diffractometer equipped with a LynxEye detector (Cu Ko radiation, A = 1.54056 A). The data
were collected for 10h in the 20 range of 10 — 150° with a step of 0.028°. Rietveld refinements
of the unit cell parameters were performed with the FullProf suite.?®

2.3. Scanning Electron Microscopy (SEM). SEM experiments were carried out on polished,
dense pieces cut from the consolidated ingots using a Quanta FEG 650 (FEI). Backscattered
electron (BSE) images and elemental X-ray mappings were collected to further assess the phase

purity and the spatial distribution of the elements.



2.4. Electron Probe Microanalysis (EPMA). Bulk pieces of the consolidated samples were
carefully polished using alumina powders below 1pum. The chemical composition of both
samples was examined by EPMA using a JEOL JXA 8530F instrument equipped with
wavelength-dispersive spectrometers. For SnBi>Tes, elemental Sn and BixTe; were used as
standards to determine the Sn, Bi, and Te concentrations, respectively. Owing to its nearly-
stoichiometric composition, this sample was then used as a standard to determine the chemical
composition of the SnogsBi2Tes sample. The final chemical compositions were obtained by
averaging the atomic percentages over more than 50 measurement spots for each sample.

2.5. Transmission Electron Microscopy (TEM). For these experiments, thin slices were
prepared from pieces of the consolidated ingots by the dual focused ion beam (FIB, Helios
NanoLab 600i, FEI) — scanning electron microscope system using the in-situ lift-out technique.
High-resolution TEM (HRTEM), scanning TEM (STEM) in high-angle annular dark-field
(HAADF) and annular bright-field (ABF) mode were performed with a JEOL ARM 200F —
cold FEG TEM/STEM microscope operating at 200 keV, equipped with a spherical aberration
(Cs) probe and image correctors.

2.6. Mossbauer spectroscopy. ''’Sn Mossbauer spectra were measured in transmission
geometry with a spectrometer operating in the constant-acceleration mode. Spectra were
recorded at 15 K in a JANIS (Research Company Inc.) liquid helium cryostat. Polycrystalline
absorbers, with natural abundance of the !'”Sn isotope and an area density of ~10 mg cm2,
were used. The source, kept at room temperature, was Ba!!™SnO; with a nominal activity of
10 mCi. A 0.05 mm thick palladium foil was used as a critical absorber for Sn X-rays. The
velocity calibration was performed against a 12-pm-thick a-Fe foil at 300 K using a source of
7Co in Rh. '""Sn isomer shifts (IS or o) are referred with respect to BaSnOj3 at 300 K. Mossbauer

spectra were fitted with a standard least-squares-method program assuming Lorentzian peaks.



2.7. Transport Properties Measurements. Due to the anisotropic crystal structure of
SnBisTes, the transport properties were measured on samples cut perpendicular and parallel to
the pressing direction. Electrical resistivity, thermopower and thermal conductivity were
measured between 2 and 300 K using the thermal transport option of a physical property
measurement system (PPMS, Quantum Design). Bar-shaped samples with typical dimensions
2.5x2.5x7 mm?® were cut from the consolidated pellets with a diamond-wire saw. Four copper
leads were attached onto the samples with a low-melting-point braze to achieve good electrical
and thermal contacts. Hall effect was measured on the same samples using the AC transport
option of the PPMS in a five-probe configuration. Five copper wires were brazed onto the
samples. The transverse electrical resistivity p,, was measured between 5 and 300 K under
magnetic fields yyH varying between —0.4 and +0.4 T. To dismiss possible magnetoresistive
contributions to the measured signal, the antisymmetric part of p,, under magnetic field
reversal was considered according to the formula py = [pxy (FuoH) — pyy(—uoH )] /2. The
Hall coefficient Ry was determined from the slope of the Hall resistivity py as a function of
UoH in the limit uyH — 0. Hall hole concentrations py and mobilities py were inferred from
the single-band formulas py = ry/Rye and uy = Ry /p, where e is the elementary charge and
ry is the Hall factor assumed to be equal to 1 in the present case. Deviations of ry from unity
will be discussed below based on theoretical results. The experimental uncertainty associated
with low-temperature measurements of the electrical resistivity, thermopower, thermal
conductivity and Hall coefficient are estimated to be 4%, 3%, 5% (below 200 K and 10% near
300 K) and 3%, respectively.

Thermopower and electrical resistivity were measured on bar-shaped samples with
typical dimensions 1.5x1.5x7 mm? between 300 and 600 K using a ZEM-3 setup (Ulvac-Riko).
Measurements performed upon heating and cooling did not show significant differences within

experimental uncertainty (Figure S1 in SI), suggesting thermal stability up to at least 600 K.



The thermal conductivity was determined in the same temperature range by combining the
thermal diffusivity a and specific heat C,, according to the relation k = aC,d where d is the
experimental density of the sample. a was measured on graphite-coated disc-shaped (parallel
direction, 10 mm in diameter and 1 mm in thickness) and prism-shaped (perpendicular
direction, 6x6x1 mm?®) samples by a laser flash technique using an LFA 427 instrument
(Netzsch). As a first approximation, C,, was determined using the Dulong-Petit law. The
temperature dependence of the density was neglected. The experimental uncertainties for the
electrical resistivity, thermopower and thermal conductivity are estimated to be 5%, 5% and
10%, respectively, yielding a combined experimental uncertainty in the Z7 values estimated to
be 17%.%

2.8. Electronic Band Structure Calculations. Relaxation of the volume and atomic
coordinates of SnBixTes; was performed with the Vienna ab initio simulation package
(VASP).4-4 Projector-augmented wave (PAW) pseudopotentials*® with local density

approximation (LDA) of Ceperley and Alder***’ as

the exchange-correlation functional were
used with a strict force convergence limit of 10™* eV/A and 107° eV for the self-consistent
field (SCF) cycle convergence threshold. Monkhorst-Pack mesh of 15x15X%15 k-points and
plane-wave cutoff energy of 280 eV were used.

Further electronic structure calculations in the relaxed structure were performed using the
all-electron full-potential linearized augmented plane wave (FP-LAPW) method, as
implemented in the WIEN2k package,*® with the modified Becke-Johnson (mBJ) semilocal
exchange-correlation potential.** A dense grid with 50 000 k-points was used with spin-orbit
coupling included. The energy convergence limit was set to 10 Ry. Valence and core

separation was set to —6 Ry with muffin tin radii of 1.322 A. Transport properties were

calculated using the BoltzTraP code.>



3. RESULTS AND DISCUSSION

3.1. Electronic Band Structure. As a first step, structural relaxation of SnBiTes was
performed, with the experimental lattice parameters and atomic positions chosen as a starting
point.>! Although a possible mixing of Sn and Bi was suggested in prior studies,***° a fully
ordered structure was first considered in these calculations, each metalloid atom occupying only
one crystallographic site (Table 1). The optimization process resulted primarily in a slight
decrease in the ¢ lattice parameter. For atomic positions that are not constrained by the
symmetry, the changes were found to be negligible. Overall, the relaxed unit cell remains in

good agreement with the experimental parameters.

Table 1. Results of structural optimization for SnBi>Tes. The Bi, Tel and Te2 atoms are located

at the 6¢ Wyckoff position of coordinates (0,0,z), while Sn is located at the 3a site (0,0,0).

a,b (A) c(A) ZBi ZTel ZTe2
Experimental [11] | 4.395(4) 41.606(2) | 0.428(1) 0.135(9) 0.288(3)
Calculated 43712 40.6935 0.4273 0.1360 0.2887

Figure 2 shows the electronic band structure calculated along high symmetry points (see Figure
S2 in the Supporting Information for a sketch of the Brillouin zone (BZ) with the location of
the high-symmetry points). As Bi>Tes,>?> SnBi>Tes has a multivalley band structure, where the
valence band maximum (VBM) is located away from high symmetry points. This VBM is found
in the I'-Z-U-F plane ("mirror plane"), close to the L*-U direction. From the theoretical
calculations using the mBJ exchange-correlation potential, SnBi>Tes is a semiconductor with

an indirect, narrow band gap of 45 meV, which is in good agreement with the experimental
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value of 50 meV reported in a prior study.’* The conduction band minimum (CBM), on the

other hand, lies along the I'-Z direction.

H IS A A I A A AR
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Figure 2. Electronic dispersion curves for SnBi>Tes. Horizontal dotted lines represent the Fermi
level location for hole and electron concentrations of 10'® (dark blue), 10'° (red) and 1.5x10%°

cm (cyan).

1.0-10*® cm ™3 1.0-10* cm™3 1.5-10% cm ™3

p — type

n — type

Figure 3. Fermi surfaces of p-type (a-c) and n-type (d-f) SnBiTes for hole and electron

concentrations of 10'%, 10'” and 1.5x10%° cm™.
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The calculated Fermi surfaces (FS) of both p- and n-type SnBi>Tes are presented in Figure
3 for three selected carrier concentrations. For hole-doped SnBixTes at p = 10! cm, six
ellipsoidal pockets lie in the I'-Z-U-L plane (Fig. 3a). With an increasing number of holes, the
shape of those pockets remains mostly unchanged (Fig. 3b), becoming only slightly larger while
pointing towards the U points in the BZ. Upon shifting the Fermi level (Er) deeper inside the
bands, multiple valence band maxima are crossed (e.g., Z-F or L-I" in Fig. 2) leading to the
appearance of additional pockets near the Z-U direction (Fig. 3c). In addition, a single pocket
forms at the I" point with a distinctive shape of two rotated tetrahedrons. Considering n-type
SnBi,Te4 with low electron concentration (Fig. 3d), the FS consists of two small pockets along
the Z-I'-Z direction. In addition to the growth of these pockets, further doping leads to the
formation of three flat surfaces in the I'-Z-F-L plane (Fig. 3e). Finally, for SnBi>Tes doped to n
= 1.5x10%° cm?3, those surfaces begin to form pipelike shapes in the Z-U direction. Previously-
separated pockets now form one cylindrical sheet along the Z-I"-Z direction. Furthermore, with
Er deeper into the CB, the second band is crossed, which appears as a single, small pocket

centred at the I" point (Fig. 31).
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Figure 4. a) Electronic density of states (DOS) of SnBi»Tes with atomic contribution. The inset
shows a magnification in the energy range around the Fermi level Er. Density-of-states effective

mass mp,,s of charge carriers for b) p- and c¢) n-type SnBi>Tes.

The total and partial densities of states (DOS) of SnBi>Tes are presented in Figure 4a (see
Figure S3 in SI for the orbital decomposition of the DOS). The total DOS in the valence band
is mainly formed by the Te 5p states, while the contribution from the Sn 5s and Bi 6p states is
much lower. The DOS near the VB edge is relatively low, corresponding to a small density-of-
states effective mass myp, ¢, which was calculated with a method given in Ref. 54 and shown in
Figures 4b and 4c as a function of the carrier concentration. For p = 10'® cm?3, mj,,g = 0.2m,
(m, is the bare electron mass) even though 6 FS pockets contribute to the DOS at this carrier
concentration. This gives a small average single-pocket effective mass of m* = 672/3m} ¢ =
0.06m,, in agreement with the dispersive character of the valence band edge (see Fig. 2). The
small band-effective mass can yield high carrier mobility, which together with a large valley

degeneracy, is beneficial for thermoelectric properties. The structure of the valence bands is
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qualitatively similar to BioTes, where 6 FS pockets also contribute to the transport at low hole
concentrations.’> However, m} s in SnBi>Tes is lower than that observed in Bi>Tes, for which
at the same hole concentration of 10'® cm™ mp,s = 0.37m,.>3 m} s increases gradually in
SnBi;Tes with increasing p, and as the DOS rapidly rises below —0.1 eV (see Fig. 4a), mpgs
reaches 1.0m, above 4x10' c¢m™ and 1.3m, around 10*° cm?, in good agreement with the
value determined from thermopower measurements, as discussed below. The conduction band,
on the other hand, has a steeper DOS slope near the band edge, with a larger contribution from
Bi states. This results in a heavier m},,¢ near the band edge, with mj s ~0.5m, atn=10'8 cm
3. Two FS pockets contribute to this value, albeit with a much larger single-pocket average band
mass of ~0.31m, that originates from flatter electronic dispersions (see Fig. 2). Thus, the
structure of the conduction bands is different from Bi>Tes, for which the FS is composed of 6
pockets at n = 10'® cm™ which evolves into 8 pockets around 5x10'® ¢m.5® The increase in
mpos With n in SnBi;Tes is then slower compared to the valence bands, with mj,,¢ remaining
below 1.0m, over a broader carrier concentration range. The calculated electronic structure
agrees very well with those determined theoretically by DFT (Refs. 20, 21, 33, 34, 48, 50, 52-
55) and experimentally by ARPES measurements.*>> Compared to available DFT studies,?%
38 only slight differences are observed, most likely due to calculation details.

Calculations of the transport properties (electrical conductivity, thermopower and power
factor) were performed within the Boltzmann theory within the constant relaxation time
approximation. Thus, both the electrical conductivity o and the power factor PF depend linearly
on the relaxation time. For this reason, a direct comparison with the experimental values is only
possible for the thermopower, as the constant relaxation time is cancelled when « is calculated.
Since SnBixTes has a thombohedral crystal structure, we analyse the diagonal elements of the

tensors of the transport properties in the in-plane direction (denoted xx) and along the trigonal
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axis (denoted zz). Effective values of a, corresponding to a polycrystalline material, has been

approximated using the parallel grain model*®

Oy Opxe + Ay 0yy +a,,0,,

a =
eff Oxx + 0yy + 0y, (1)

with a,, = a,,, and gy, = 0,,,, due to the thombohedral symmetry of SnBi>Tes4 (see Figure S4

in SI for the power factor, PF).
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Figure 5. Calculated energy-dependent ratio of the electrical conductivity o to the relaxation
time 7 for selected temperatures 7= 100, 300 and 700 K as a function of the chemical potential

u. Ep corresponds here to the edge of the valence band.

Figure 5 shows the energy-dependent electrical conductivity over the relaxation time for
SnBi,Te4 for three selected temperatures 7= 100, 300 and 700 K. The o, and g,, components
of the transport function tensor are marked with dotted and dashed line, respectively (this

convention will be also used for Figure 6 below). In these transport calculations, the band gap
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determined above (that is, 45 meV) was used. Overall, the transport function highly resembles
the DOS plot, with significant anisotropy present. Considering a wide range of chemical
potential, the o,, component dominates close to the valence band (VB) edge, especially at high
temperatures. When sufficiently far away from VB, the situation is inverted (0,, > 0yy).
Furthermore, in n-type SnBi>Tes, a steep slope of gy, is visible between 0 and 0.4 eV, which
results in high a,, at low carrier concentrations (see Fig. 6) as @ « d(Ino)/dE.

The results of calculations of a are shown in Figure 6 for both p- and n-type SnBi>Tes.
The variations in the carrier concentration were simulated by a rigid shift of the Fermi level.
Starting with the hole-doped variant, the maximum value of the effective thermopower a,f is
about 175 — 180 uV K1, At lower temperatures (100 and 300 K), the anisotropy is weak, being
only important at 300 K below 10" cm™ where the a,, component dominates. Stronger
anisotropy is present in the whole concentration range at 700 K. Anisotropy is more prominent
for n-type, but with a reverse dominant direction at lower carrier concentration. The a,,
component is higher at low concentration range, while above ~10*° cm™, a,, outweighs a,,.
At 300 K, we observe similar absolute maximum values of a, s ~ 190 pV K, as in the p-type
analogue, although at a much higher carrier concentration (2x10' compared to 5.3x10'8 cm).
Because of the asymmetry of effective masses and conductivity, bipolar effect is much stronger
in the n-type region, especially along the z axis. Upon increasing temperature, a strong bipolar
effect occurs in electron-doped SnBi>Tes, suppressing the maximal a, ¢ at high temperatures
down to approximately —150 pV K-'at 700 K. A comparison of the calculated and measured «

values is shown in Table 2.
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Table 2. Comparison of the experimental (perpendicular direction) and calculated values of a
in uV K'! at 300 K for carrier concentrations of 1.11£0.03x10?° ¢m™ (SngosBi>Tes) and
1.56+0.05x10%° ¢cm™ (SnBixTes). Theoretical results include values for nominal carrier

concentrations as well as corrected for the two possible Hall factors.

Snp.9sBixTes SnBi;Te4
Experimental values 119.943.6 103.0£3.1
Aefr Ay Azz Aefr Aex Azz

Calculated Nominal 93.5 90.0 1053 | 83.5 79.7 1963
SnBixTeq4 ‘in-plane’' 97.9 94.5 109.3 | 87.7 84.0 100.1

Hall factor

‘trigonal’ 121.2 | 118.7 [ 129.5 | 112.1 |109.2 |121.8

Hall factor

The comparison with the experimental results (measured at 7 = 300 K) shows that our
calculations agree well with experimental data available in the literature for both n- and p-type
doped SnBixTes,>313637 despite the approximation of constant relaxation time. Of note, the
experimental data points were placed assuming that the Hall carrier concentration equals the
nominal one. However, the concentrations obtained from the formula py = 1/Rye probably
overestimate the actual ones as discussed below. Thus, the experimental data points can be seen
as shifted towards the right in the figure with respect to the calculated lines. For n-type samples,

a slight underestimation of the thermopower of about 20 uV K! occurs from n = 5x10" to n ~

1.5x10%° cm. This difference is however not surprising as n-type samples were only obtained

upon heavy-alloying on the Sn site with Pb.3%-3!
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Figure 6. Calculated thermopower a as a function of carrier concentration at 7= 100, 300 and
700 K. Experimental data from literature have been collected from Refs 29, 30, 31, 36, 37, 60

and 61.

To be able to compare more precisely the results of calculations with the experimental
values, the Hall coefficient tensor ng was analyzed. The indexes i, j and & refer to the direction
of the current, Hall voltage and magnetic field, respectively. The Hall carrier concentrations
(pgk =1 /eng), calculated from the two independent components of R;{k, are shown as a
function of the ‘true’ nominal carrier concentration in Figure 7. In the rhombohedral
(hexagonal) symmetry, there are two independent Hall coefficients, for the in-plane (x,y) and
trigonal (z) magnetic field directions. Within the experimentally-accessible p range, a
significant anisotropy is present, similar to what has been observed for the electrical
conductivity, with the p;,>* component (that is, with the magnetic field along the trigonal axis)

visibly deviating from the x = y line. As a result, the Hall carrier concentration inferred from

Hall effect measurements performed in this geometry may be significantly different from the
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nominal one and a correction (the so-called Hall factor 13;) should be used py; = 1y /eRy. In the
present case, as discussed in the experimental part below, polycrystalline samples are textured,
even though the degree of anisotropy remains moderate. The Hall measurements were
performed with the current flowing along the direction perpendicular to the pressing direction

and the magnetic field along the pressing direction.
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Figure 7. Hall carrier concentration p;,j =1 /eRy for 50 K (left panel) and 300 K (right panel)
as a function of the nominal carrier concentration p for p-type SnBi>Tes. The indexes i, j, k refer

to the direction of the current, voltage, and magnetic field, respectively.

The anisotropy of the measured electrical resistivity (larger in the direction parallel to the

pressing direction) suggests that the orientation of crystallites with the trigonal axis along the

SPS direction was dominating, as in the calculations N Thus, the measured Hall

Ozz Oxx
resistivity represents mostly the p;,”* component of the Hall resistivity tensor, for which the
calculated Hall factor is as low as 0.402 (that is, the experimental Hall carrier concentration
with no applied Hall factor overestimates the nominal values by 250%). On the other hand, for

the magnetic field oriented along the in-plane direction, this effect would be much weaker, with
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a calculated p},”* = p,;” Hall factor of 0.866. Thus, the representative value for textured

polycrystalline samples should fall between these two limits. However, with a tendency of
preferred alignment of basal planes perpendicular to the pressing direction, our samples should
be closer to the p;,”” limit. Even though the measured thermopower (see below) shows a
moderate level of anisotropy in agreement with the calculations presented above, the predicted
anisotropy of the Hall resistivity makes the comparison of the experimental and theoretical data
more difficult due to the sensitivity on the assumed carrier concentration. In Table 2, we have
included the values of the average thermopower obtained by correcting the experimental Hall
carrier concentration with these two limits of the Hall factor, with the experimental results
falling in between.

3.2. Crystal Structure and Phase Purity of Polycrystalline Samples. SnBi;Tes crystallizes
with a layered, anisotropic unit cell described in the rhombohedral space group R3m (see Fig.
1).29-3236 The crystal structure consists of a stacking along the ¢ axis of seven-layer building
blocks forming an infinite 7—7 sequence, which can be viewed as the insertion of an additional
layer of Sn-Te octahedra into the quintuple layers that are characteristic of BirTes. In a
perfectly-ordered structure, each Sn atom occupy nearly-symmetrical octahedra (3¢ Wyckoff
site) formed by six Tel atoms with Sn-Te interatomic distances (3.16 A) very close to those
observed in the binary Sn;sTe (3.14 A).3%%2 Bi atoms occupy slightly-distorted octahedra (6¢
Wyckoff site), due to the 6s* Bi lone pair, formed by three Tel and three Te2 atoms.>¢%? The
corresponding interatomic distances Bi-Tel and Bi-Te2 of 3.32 and 3.05 A, respectively, are
close to those characterizing BirTes (3.24 and 3.04 A, respectively). The close agreement
between the atomic environments of Sn and Bi in SnBi>Te4 and those in their respective parent
compounds SnisTe and BixTe; suggests an ordered structure. In contrast to these
crystallographic considerations, some experimental evidence based on Mdssbauer spectroscopy

on polycrystalline SnBi>Tes specimens have suggested a mixed occupancy of Sn/Bi, with 33%
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of Sn atoms occupying the Bi site.?>-” This picture may be supported by the small difference in
electronegativity between Sn and Bi (1.96 and 2.02 on the Pauling scale, respectively).
Nevertheless, both SnBi,Te4 and its sister compound SnSb,Tes have been suggested to be the
two members of the (A4!Y Te),(Bi2X3)» family exhibiting the least cation exchange, based on
resonant synchrotron X-ray diffraction for the latter.> While the presence of Sng; antisite
defects that contribute one hole per defect possibly explains the intrinsic heavily-doped p-type
nature of SnBixTes, their concentration remain to be determined.

To further investigate the possible presence of a statistical distribution of Sn and Bi on
the 3a and 6¢ sites, !'?Sn Mdssbauer spectroscopy experiments were performed at 15 K to probe
the chemical environment of Sn atoms. The experimental Mdssbauer spectrum (Figure 8 and
Figure S5 in SI) evidences the presence of two components. The weak one, on the left part of
the spectrum, is characterized by an isomer shift (IS) of 0.08+0.04 mm s with respect to
BaSnOs at room temperature and a quadrupole splitting (QS) of 0.54+0.04 mm s!'. It
corresponds to a Sn** oxidation state and can be ascribed to the presence of a minute amount
of SnO», whose literature hyperfine parameters are respectively IS = 0+£0.03 mm s at 300 K

and 0.06£0.01 mm s™'at 4.2 K, and QS = 0.584+0.04 mm s°! 646>
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Figure 8. !'?Sn Experimental spectrum of SnBi,Tes at 15 K. The broadened component close

to 0 mm s’! is attributed to SnO»-.
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The minimum of the main symmetrical component is at 3.34+0.04 mm s! associated with
Sn*? oxidation states, which is consistent with charge balance according to the ionic formula
Sn**(Bi**)2(Te*)s. Various fits were attempted with either a single peak or with a sum of a
single peak and of a doublet as considered in a prior ''?Sn Mossbauer study at 77 K.>> The
single peak and the doublet have the same isomer shifts within experimental errors (IS =
3.34+0.04 mm s™). This IS differs from that (IS = 3.50+0.04 mm s™!) reported in this previous
study.® This difference is too large to be solely attributed to the difference of the recording
temperatures (15 and 77 K). Usually, the velocity scale is calibrated from the room-temperature
spectrum of bcc Fe as performed herein and in Ref. 35. However, the origin of the velocity
scale must still be determined. Here, this origin was determined from a !'?Sn spectrum of
BaSnOs. This correction yields a shift of —0.09 mm s™! of the Fe scale. The above-mentioned
hyperfine parameters of SnO> provide a test of its correctness herein.

While using a single peak yields a good fit, in spite of visible deviations around the peak
maximum and in the tails, the best fits are obtained by considering both a singlet and a doublet.
However, the weight of each contribution cannot be unequivocally determined from the
measured signal, with various ratios providing fits of similar qualities (Figure S5 in SI).
Therefore, a firm conclusion about their respective weight cannot be reached. This limitation is
intrinsic to the shape of the main peak and is not a consequence of the counting statistics (see
the additional discussion and Figure S6 in the SI where the dependence of the fitted quadrupole
splitting QS(p) of the doublet when the singlet is assumed to originate from a proportion of Sn
atoms p is shown). These findings nevertheless indicate that Sng; antisite defects exist in
SnBi»Tes, in agreement with prior studies.?*33-37

The PXRD patterns of the SnBixTes and Sno.9sBizTes samples collected after annealing
for 10 days (for sake of completeness, diffraction patterns collected on samples before

annealing are shown in Figure S7 in SI) and of SnBi>Tes after annealing for 75 days can be well
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indexed to the theoretical diffraction pattern of ordered SnBixTes (structural model
COD1520774), suggesting the absence of secondary phases within the detection limit of this
technique (Figure 9). Rietveld refinements were performed by considering an ordered model
(Figures S8 to S10 in SI), giving lattice parameters a = 4.398(1) A and ¢ = 41.615(1) A for
SnBirTes (a = 4.3995(1) A and ¢ = 41.603(1) A for the sample annealed 75 days) and a =
4.399(1) A and ¢ = 41.602(2) A for SnoesBi>Tes. Attempts at refining the concentration of Sn
on the Bi site were inconclusive, as the final stoichiometry does not match the chemical
composition measured by EPMA (see below), as discussed previously.’® While a model
considering Sn/Bi mixing improves the description of low-intensity diffraction peaks, the
presence of a slight renormalization of the peak intensities due to the anisotropic crystal
structure of SnBi>Tes, make it difficult to disentangle the contribution of both effects on the
measured signal. This is demonstrated by additional XRD data collected on consolidated bulk

pieces cut parallel and perpendicular to the pressing direction (Figure S11 in SI).
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SnBi, Te, after 75 days annealing
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Figure 9. Powder X-ray diffraction patterns of SnBi>Tes and Sno.osBi>Tes annealing for 10 days
and of SnBi;Te4 annealed for 75 days. The theoretical PXRD pattern is also shown for

comparison (green vertical ticks). The main reflections are indexed.
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SEM images in backscattered electron (BSE) mode and the corresponding elemental
mapping from EDXS show that all the elements are homogeneously distributed, without any
evident secondary phase observable at this scale (Figure S12 in SI). The average chemical
compositions determined by EPMA are Sno.99(1)Bi2.00(1yTe4.01(1) and Sno.o(1)Bi2.02(1)T€3.99(1) for
SnBixTesand Sno.9sBizTes, respectively. While these results indicate that the actual composition
of SnBi>Tes matches the nominal one to within experimental uncertainty, a larger difference is
observed for SnoosBixTes for which the actual Sn atomic content is clearly higher than the
nominal one. This suggests that only a narrow compositional window exists around the
stoichiometric composition SnBixTes. According to the Sni.sTe-BixTes; pseudo-binary phase
diagram,*? the strong off-stoichiometry used in the nominal composition of SngosBi>Tes is
expected to give rise to the formation of SnBi>Tes as the main phase with a small fraction of the
SnBisTe; compound. The presence of SnBisTe7 is however not observed in the PXRD pattern,
with its characteristic (005) reflection at 18.4° being well separated from the (009) reflection of
SnBiTes at 19.1°. Hereafter, we will use for clarity the EPMA compositions to label these two
samples.

The presence of this secondary phase as well as the crystal structure of both samples were
further investigated at the atomic scale by transmission electron microscopy (TEM). The
expected infinite sequence of septuple layers stacked along the ¢ axis, experimentally evidenced
on nanoplates of SnBi>Tes,”’ is observed in the sample annealed for 75 days, as shown by
typical STEM images taken along the [100] direction (Figure 10). Similar analyses performed
on the samples annealed for 10 days reveal a more complex situation, with the presence of a
large number of stacking faults (see Figures S13 to S15 and additional discussion in SI). This
stacking complexity can be viewed as an incommensurate modulation along the ¢ axis, possibly
being fully disordered or forming a composite structure that can be represented as several

intergrown sublattices, similar to what has been observed in several other homologous series
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such as (Bi2)u(Bi2X3)m (X = Se or Te) or (GeTe)(BixTe3),.°%® The main reason for the lack of
long-range stacking ordering in Sno.99(1)Bi2.001)Te€4.01(1) and Sno.os(1)Bi2.021)Te3.99(1) is thus the
annealing time being too short to obtain a fully-ordered structure. In comparison, annealing
only three days was reported to be sufficient to obtain a well-ordered structure at the atomic
level in GeBi2Tes,” suggesting distinct formation kinetics depending on the nature of the 4™
cation. Additional TEM-EDXS mappings (Figure S16 in SI) confirms an overall homogeneous
spatial distribution of the three elements in most areas of the samples, with small regions where
Sn excess is observed. In Sno.og(1)Bi2.02(1)Te3.99(1), Te-rich regions, possibly related to the binary

Sni.sTe present before annealing (see Figure S7 in SI), are also observed (Figure S16j in SI).
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Figure 10. STEM images on a SnBixTes sample annealed for 75 days. The inset in panel a)
shows the corresponding electron diffraction pattern. In panel b), the inset shows the inverse

fast-Fourier transform (IFFT) of a fragment of the STEM image with a septuple layer overlaid.
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3.3. Transport Properties. The temperature dependence of the electrical resistivity p and
thermopower a measured perpendicular and parallel to the pressing direction for
Sno.99(1Biz.0o(1yTes.01(1) and Sno.og1)Biz.oz(1yTes.99¢1) are shown in Figures 1la and 11b. For
comparison purposes, the results reported in Ref. 36 have been added. The comparison of the
transport properties measured for Sno.gg(1)Bi2.ooyTe4.011) and for the sample annealed for 75
days are shown in Figure S17 in the SI. For both samples annealed for 10 days, p(T) has a
positive temperature dependence, characteristic of degenerate semiconducting behavior with
room-temperature values of 10.9+0.4 and 12.6+0.5 pQ m for Sno.g91)Biz.ooyTes.01(1) and
Sno.og(1)Bi2.02(1yTe3.991), respectively. The difference in the p values between the parallel and
perpendicular directions remains relatively small, amounting to at most ~15%, in spite of the
layered crystal structure of SnBixTes. a(T') increases nearly linearly up to about 300 K where
values of 105+3.1 and 12043.6 uV K are achieved for SnooonBizoonTeso1(1) and
Sno.og(1)Bi2.02(1yTe3.991), respectively. The higher a values achieved in Sno.og1)Bi2.o2(1)Te3.991)
compared to Sno.o91)Biz.oo)Tes01(1) suggests close, yet slightly different Sn deficiencies.
However, the fact that the nominal Sn-deficient sample shows higher a values indicates a lower
Pu, contrary to the nominal composition for which the reduced Sn content is expected to
increase py due to the acceptor-like nature of Sn vacancies. This trend is consistent with the
TEM analyses revealing the presence of intergrown SnBisTe;, indicating that a large
concentration of Sn vacancies cannot be accommodated in SnBi;Tes. a remains positive over
the entire temperature range indicative of p-type behavior, in agreement with prior studies.?-
Upon warming, an intrinsic regime of conduction sets in around 350 K, evidenced by decreased
p and a values due to the thermal activation of minority carriers across the electronic band gap.
Compared to previous studies,?’*® the maximum « values are shifted towards lower
temperatures, suggesting that our two samples have lower hole concentrations. Interestingly,

all these characteristics remain similar in the sample annealed for 75 days, indicating that the
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disordered or ordered character of the septuple layers plays a secondary role in the transport

properties. This might be due to the inherent disorder in the crystal structure induced by the

Sng; antisites that would mostly dominate the transport properties over the additional stacking

disorder.
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Figure 11. Temperature dependence of the a) electrical resistivity p, b) Seebeck coefficient a,

¢) hole concentration py and d) Hall mobility . In panels a and b, the data from Ref. 36 have

been added for comparison.
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The Goldsmid-Sharp relation,”” Ej = 2edpqxTmax, that relates the band gap E; to the
maximum values d,, 4, reached at Ty, (110£5.5 pV K! at 376 K for SnBixTes), yields an

Egvalue of 83+4 meV. Although this value is in fair agreement with the experimental value of

3338 and with our calculated value of 45 meV, the

50 meV derived from ARPES measurements
calculated temperature dependence of a (Figure 12) significantly deviates from the

experimental one, with the bipolar effect predicted to occur above 600 K, at odds with the

experimental maximum reached around 350 K.
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Figure 12. Calculated thermopower a as a function of temperature for the nominal carrier
concentration corrected for the two Hall factors and compared to the experimental data (the ’in
plane’ and ‘trigonal’ Hall factors refer to the magnetic field direction as discussed in the
theoretical part, with the trigonal one expected to be closer to the experimental values). The
Hall carrier concentrations of SnoosBixTes (1.11£0.03x10° cm™) and SnBixTes

(1.5610.05x10%° cm™) were used in panel a) and b), respectively.
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This difference reflects the inaccuracy of the estimation of E; based on the Goldsmid-Sharp

relation, which is valid only for non-degenerate semiconductors with no asymmetry between
the conduction and valence band mobilities. The estimation from the calculated peak a value
of about 17548.8 uV K- at 600 K would yield a band gap greater than 210+10 meV, that is,
more than 4.5 times larger than the value used in these calculations (45 meV). This can be
attributed to the large asymmetry of the mobility between the valence and conduction bands

Figure S18 and S19 in SI).”! If this 4.5-times overestimation of E,, is applied to the 83+4 meV
g 9

value extracted from our measurements, the actual band gap of SnBi,Tes is estimated to be less
than 20 meV. To determine whether this explains the difference in the a(T) behavior, we have

reduced twice the band gap value and recalculated a(T) for E; = 23 meV. This effect alone is

still not sufficient to explain the onset of the bipolar conduction, as the calculated a values do
not match the measurements (Figure S20 in SI). Considering the Mdssbauer spectroscopy
results, we have tested whether the presence of antisite defects is at the origin of this behavior
by comparing two models, a first one with Sn on Bi sites and a second one with Bi on Sn sites.
Figure 13 shows the results for the first model, where a supercell of Sni2Bix4Tess was created
and a single Bi atom was replaced by Sn (this yields the stoichiometry of Sni2(Bi23Sn)Tess =
Sn(Bi1.958Sno.042) Tes, that is, 4.2% of Sng; antisite defects). The calculated density of states near
the band gap is shown in the left panel. The Sng; antisite defects visibly reduce the band gap to
16 meV, modify the shape of the DOS curve, and push the Fermi level deeper into the valence
bands due to their acceptor-like character. The calculated DOS effective mass for the hole
concentration of ~10?° cm™ remains similar to the experimental estimate with a value of 1.1m,,.
However, the effect on the temperature dependence of « is very strong above 300 K, as seen in
the two right panels of Figure 13. As previously, a is presented for the two possible corrections
of the hole concentration between the Hall and nominal values (here the Hall factors near 10%°

cm are 0.16 and 1.22 for the trigonal and in-plane magnetic field directions, respectively, see
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Table 3). With the assumption of the ‘trigonal’ Hall factor, the temperature dependence of « is
very well described, especially the onset of the bipolar effect. For temperatures above 400 K,
the larger deviation between calculations and measurements can be attributed to the growing

importance of electron-phonon scattering, neglected in the constant relaxation time

approximation.
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Figure 13. Panel a): Electronic density of states (DOS) of supercell Sni>(BixzSn)Tess =
Sn(Bi1.958Sno.042)Tes. Panels b) and c): Comparison of the experimental and calculated
thermopower a of the supercell at the nominal carrier concentrations obtained from Hall effect
measurements with the two possible Hall factors as a function of temperature for b) Sng.9sBi2Tes

(that is, Sno.9g(1)Bi2.02(1)Te3.99¢1)) and ¢) SnBixTes (that is, Sno.oo1)Bi2.0o(1)Te4.01(1)).
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Table 3. Comparison of the experimental (perpendicular direction) and calculated (supercell
Sni2(Bi23Sn)Tess) values of a in uV K! at 300 K for experimental carrier concentrations of
1.1140.03x10%° cm™ (Sno.98(1)Biz.02(1)Te3.99(1)) and 1.56£0.05x10%° cm (Sno.99(1)Biz.00(1)Te4.01(1))

assuming the presence of a small concentration of Sng; antisite defects.

Snp.osBixTes SnBi;Te4
Experimental values 119.943.6 103.0£3.1
Aefr Ay Azz Aefr Aex Azz
Calculated Nominal 88.7 904 274 |673 68.7 223
SnBi1.958Sno.042Tes | “in-plane' 49.4 48.3 64.7 |47.7 |45.1 81.1
Hall factor
‘trigonal’ 1146 |119.6 |76.0 |99.3 104.2 | 573
Hall factor
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The second possibility of Bis, antisite defects also leads to the shrinkage of the band gap
to about 18 meV, as obtained for the Bio.0s3Sno.917Bi2Tes supercell. However, for this case, the
modifications mostly concern the conduction band DOS. Bis, defects are also electrically active
but behave as electron donors, leading to a predicted thermopower being in worse agreement
with the experimental results (Figure S21 in SI). In addition, according to our calculations, the
third possible type of defects, that is Sn vacancies, as in Sni-sTe,’? only leads to rigid-band-like
shift of the Fermi level position deeper inside the valence bands, with no significant changes of
the electronic band structure of SnBixTes (see Figure S22 in SI). Thus, it also cannot explain
the experimentally observed behavior of a(T). These findings show that Sng; antisite defects
are the dominant defects in SnBi>Tes, which have a significant impact on the thermoelectric
properties by shifting the onset of bipolar conduction towards lower temperatures, a detrimental
effect for mid-temperature range applications. In addition to the reduction of the band gap, the
presence of these defects changes the mobility ratio (see Figure S18 in SI), promoting stronger
bipolar effects in p-type samples. The calculated mobility ratio (within the constant relaxation
time approximation) between holes and electrons drops below 1.0 if the Fermi level is located
deeper in the valence/conduction bands. This effect suggests that n-type samples may have
better thermoelectric performance with respect to p-type samples for which, the reduction of
the concentration of Sng; antisite defects appears as a necessary step to optimize their efficiency

in the mid-temperature range.
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Returning to the experimental results, the Hall coefficient Ry is positive for both samples
in agreement with the sign of «, indicating holes as the dominant charge carriers. At 300 K, the
Hall carrier concentration py is equal to 1.56+0.05x10%° cm™ for Sno.99(1\Bi2.00(1)T€4.01(1), which
is slightly lower than that estimated from a Pisarenko plot in a prior study (2.2x10%° ¢m™).3
For Sno.og(1)Biz.o21yTe€3.99(1), py is only slightly decreased to 1.11+0.03x10%° ¢cm™, consistent
with the higher p and a values with respect to the Sno.99(1)Bi2.001)Te4.01(1) sample. According to
the discussion above, we expect Sng; antisite defects (contributing one hole per defect), to be
the dominant defects in our samples. Small concentrations of Sng; antisites of ~3.6 and 2.6%
for Sno.99(1)Bi2.00(1)Te4.01(1yand Sno.og(1)Bi2.02(1)Te3.99(1), respectively, would explain the measured
hole concentrations. The similar py values further indicate that the concentration of hole-like
defects remains relatively similar from sample to sample, confirming that deviations from the
ideal stoichiometry exist over a narrow compositional window at the annealing temperature
considered herein (823 K). The situation is thus different from that of the parent compounds
Sni.sTe and Bi;Tes for which the carrier concentration can vary by up to two orders of

magnitude depending on the defect concentration.!:’?

py remains practically temperature-
independent upon cooling to 5 K (Figure 11c¢), consistent with the highly-doped character of
these samples. At 300 K, the values of the Hall mobility uy are similar for both samples,
amounting to 3842.7 cm? V-! sl in the perpendicular direction (Figure 11d). Between 5 and
~100 K, py remains constant to a value of ~75+5.2 cm? V! 'l indicative of neutral impurity
scattering. Above this temperature, py decreases upon approaching 300 K following a

temperature dependence close to T~3/2

, suggesting that acoustic phonon scattering becomes
dominant around room temperature. Interestingly, the py values remain similar in these two
strongly-disordered samples and in the sample annealed for 75 days (see Figure S17 in SI). The

lack of influence of the stacking disorder on the py values might be due to the coherent

interfaces between the different types of layers, thereby mitigating hole scattering. Of note,
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these values exceed those reported on single-crystalline SnBi>Tes (Ref. 51) and are nearly three
times higher than those reported in polycrystalline SnSboTes (~13 cm? V! s''at 300 K) in the
absence of stacking disorder.®® In SnBi>Tes, these rather high mobility values may be afforded
by the highly-dispersive valence bands giving rise to very low band effective masses, as
predicted by our calculations.

The experimental a and py values measured at 300 K agree very well with the predicted
Ioffe-Pisarenko curve. Within a single-parabolic band (SPB) model and assuming acoustic
phonon scattering, these values correspond to a density-of-states effective mass myp,g of
1.45m,, which also matches quite well our theoretical value of my,¢ = 1.1m, obtained by
including Sng; antisite defects.

Due to the contribution of the minority charge carriers to the transport above ~300 K, the
power factor PF reaches its peak value of 1.0+0.1 mW m™! K-! at 330 K for both samples in the
perpendicular direction due to the lower p values (Figure 14). Due to the concomitant increase
in @ and decrease in p values, higher PF values are obtained with respect to prior studies.
However, this trend is reversed above 450 K, with the samples prepared in this study exhibiting
lower PF values than in Ref. 36. This can be linked to the higher hole concentration achieved
in this last study, which shifts the onset of the intrinsic regime towards higher temperatures.

As pertinent measures of the electronic quality of thermoelectric materials, the weighed

mobility p,, and thermoelectric quality factor B were calculated using the following relations

Mpos\>' 3)
Hw = .u0< m, )
B = (kB)Z 8me (2mokp)®/? u, T/ 4
~\e h3 Kiat
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where p, is the intrinsic hole mobility calculated from the SPB model (~53£3.7 cm? V! s,

kg is the Boltzmann constant, e is the elementary charge, h is Planck constant and k;,; is the

lattice thermal conductivity. The calculated p,, value amounts to ~92+6.4 cm? V-!s'! for both

samples. The value of the quality factor B of 0.1120.02 at 300 K is lower than those reported

for non-optimized BirTe; samples (between 0.20 and 0.26) (Ref. 73) due to the lower K,

values achieved in SnBi;Tes which do not counterbalance the decrease in mobility.
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Figure 14. Temperature dependence of the power factor PF for SnBi;Tes and Sno.osBixTes

parallel and perpendicular to the pressing direction. For comparison, results reported in Ref. 36

have been added.
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The temperature dependence of the total thermal conductivity k is shown in Figure 15a.
At 300 K, both samples have low « values, ranging between 0.90+0.10 and 1.20+0.12 W m'!
K-! along the parallel and perpendicular directions, respectively. Upon cooling, x(T) follows a
temperature dependence typical of crystalline materials with a well-defined, low-temperature
Umklapp peak centered at 30 K, with the magnitude of which varying between 1.60+0.08 and
2.10+£0.10 W m™! K-!. The k values measured along the parallel direction are lower than those
measured perpendicularly due to the layered crystal structure of these compounds. The
anisotropy in x between these two directions is ~30%, and is reversed compared to the p values.
In comparison to prior studies,’®3%37 the present samples have higher x values over the entire
temperature range, consistent with the lower relative density of cold-pressed samples that

lowers the k values.
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Figure 15. Temperature dependence of (a) the total thermal conductivity k and (b) the sum of
the lattice thermal conductivity k;,, and bipolar contribution k,;. The mismatch in the k values
at 300 K is due to the contribution of thermal radiations that are inherent to the low-temperature
measurement technique used. The horizontal dashed line stands for the glassy limit k455 Of

K4 according to the model of Cahill and Pohl.”*
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Above 300 K, k increases with increasing temperature due to the contribution of
thermally excited minority charge carriers that results in an additional bipolar contribution kp;.
The lattice thermal conductivity k;,; was calculated by subtracting the electronic contribution
K¢ calculated using the Wiedemann—Franz law k,; = LT /p, where L is the Lorenz number
estimated by the SPB model. For both samples, k;,; ranges between 0.50+0.06 to 0.70£0.09 W
m™ K! at 300 K in the parallel and perpendicular directions, respectively (Figure 15b). These
values are close to the high-temperature glassy limit k455 0f 0.30 W m™ K-, inferred from the
longitudinal and transverse sound velocities (v, = 2860485 m s™! and vy = 1782453 m s},
respectively) measured at 300 K. These k;,; values are similar to those achieved in other layered
compounds of the family (A" Te),(Bi2X3)n such as in the substituted series SnSb.Tes.Seyx, Gei-
+SbyBixTes or PbBi>TesSe,. 00097

In the sister compound SnSb,Tes,’® lattice dynamics calculations have revealed high
average Griineisen parameters of the acoustic dispersions. Because the strength of phonon-
phonon scattering is proportional to the square of this parameter, high values are usually
observed in compounds with very low lattice thermal conductivity. Furthermore, these
calculations, coupled with Raman spectroscopy, have evidenced the presence of low-frequency
optical modes between 30 and 40 cm!, with the lowest Raman-active interlayer mode measured
at 40 cm’l. SnBixTes might exhibit similar characteristics, in addition to a shift of the
characteristic frequencies of the optical modes due to the mass contrast between Sb and Bi,
which would further contribute to the low k;,; values. This is consistent with the lower k
measured in Sng.o91yBiz.0ooyTeso01(1y (1.20+0.12 W m! K-! at 300 K) with respect to SnSb,Tes

(2.10 W m™ K'! at 300 K).36:60
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The favorable combination of very low lattice thermal conductivity and relatively high
power factors results in peak Z7 values of ~0.32+0.05 at 325 and 400 K for
Sno.o8(1)Bi2.02(1yT€3.99(1) and Sno.99(1\Biz.0o(1yTes.01(1), respectively, in the parallel direction (Figure
16a). This peak ZT is similar to that measured in other pristine compounds of this family, such
as in SnSboTes or GeBizTes, and lower than those achieved upon forming solid solutions or
doping,®%%%-7> with a maximum ZT of 0.55 achieved at 673 K in I-doped SnSb>Tes.””

The room-temperature hole concentrations in our two samples (1.11+0.03x10%° cm™ and
1.56+0.05x10%° ¢m™) are only slightly higher than the optimal value predicted by the SPB
model (Figure 16b). Using the input parameters mj,og = 1.45m,, o =53 cm? V''sland k;, =
0.65+0.08 W m! K*! (average value from the two samples in the perpendicular direction), the
predicted optimum value is around 3x10'” ¢cm™ where a peak ZT of ~0.4 is achieved. Our two
samples cluster around this optimum, indicating little room for further enhancing the

thermoelectric performance at 300 K using donor-like impurities.
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Figure 16. a) Temperature dependence of the dimensionless thermoelectric figure of merit Z7.
b) Hole concentration dependence of ZT (solid curve) with the experimental values obtained

herein and from Ref. 36.
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Switching the majority carriers from holes to electrons may be a strategy worth pursuing
due to the significant asymmetry between the conduction and valence band manifolds
evidenced by our calculations. Recent theoretical considerations have shown that bipolar

conduction effects can be mitigated in narrow-band-gap semiconductors exhibiting a large

asymmetry parameter Rp.'" This parameter is defined as Ry = pu, eJ JUmm where p,, “Jand

pm are the weighed mobility of the majority (holes in the present case) and minority carriers

*

ety my

expressed as u,, = — Ny ( ) where my, is the band effective mass, N, the number of valleys

mj, Mme

and 7, is the relaxation time present in the energy dependence of the average relaxation time
EN\" . . . . . .

©(E) =1 (ﬁ) with r being a parameter representing the scattering mechanism. Assuming
B

as a first approximation that 7, is similar for holes and electrons, this ratio can be expressed as

maj N m* . .
Z W VY (mf'”) with N, and N, the number of valleys of the valence and conduction bands,
w b,c

Ny,
respectively, and m;, ,, and mj, . the respective band effective mass. A Rp value higher than 1
corresponds to a strong asymmetry in favor of the majority carriers, thereby mitigating the
detrimental influence of minority carriers. Using the values of these parameters inferred from
our calculations (N, =6, N, =2, my, =0.06m, and m; .= 0.31m,), Rz~ 0.6 for
SnBi,Tes. Thus, a strong asymmetry in m;, is observed but in favor of the minority carriers.
This implies that better thermoelectric performance near room temperature may emerge in 7-
type samples for which Ry ~ 1.7, assuming that band parameters remain similar. This
conclusion is in agreement with the calculated mobilities of holes and electrons (see Figure S16
in SI) showing that their ratio drops below 1.0 for p-type samples due to the presence of Sng;

antisite defects.
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4. CONCLUSION

Polycrystalline samples of the layered chalcogenide SnBi;Tes were synthesized by a
combination of high-temperature melting reactions followed by annealing. Sn deficiency
intentionally introduced in the sample Sno.os(1)Bi2.02(1yTe€3.99(1) leads to the presence of quintuple
layers, suggesting the intergrowth of the SnBisTe; compound in agreement with the pseudo-
binary SnTe-BixTe; phase diagram. In agreement with measurements of the transport
properties, ab initio calculations show that SnBi;Tes is a p-type, narrow-band-gap
semiconductor with a multivalley valence band structure. The bipolar conduction that sets in
above room temperature is due to the presence of a few percent of Sng; antisite defects,
supported by 'Sn Méssbauer spectroscopy, that modify the mobility ratio and shrink the band
gap. The combination of low lattice thermal conductivity of the order of 0.50 W m™! K-! at 300
K and relatively high power factors leads to a peak ZT value of ~0.32+0.05 at 325 and 400 K
for Sno.og1)Bi2.02(1yT€3.991) and Sno.o91yBiz.ooyTes01(1), respectively. Based on the SPB model,
the hole concentrations are close to the optimum value predicted around 300 K, suggesting that
alloying with non-rigid-band-like impurities might help to enhance the thermoelectric
performance. Alternatively, investigating n-type samples may be an interesting strategy to
pursue to take advantage of the large asymmetry between the valence and conduction bands,
thereby possibly mitigating the detrimental influence of minority carrier effects. Finally,
designing strategies aiming at decreasing the concentration of Sng; antisite defects that limit the

thermoelectric performance at high temperatures may be also considered in future studies.
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