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EXPERIMENTAL

Synthesis:

High-purity elements Sn (99.999%), Pb (99.999%), Te (99.999%), Snl,
(99.999%) were weighed according to the nominal compositions of Sni.xPbxTeo.9slo.02
(x = 0.2, 0.3, 0.35, 0.375, 0.4, 0.425, 0.45) and SnosPbo4Teryly (y = 0, 0.010, 0.015,
0.020, 0.025), and then loaded into the 13-mm-diameter fused quartz tubes,
flame-sealed at a residual pressure of ~ 10 Torr. The cubes were first slowly heated
from room temperature to 723 K in 12 h, then rapidly heated up to 1423 K in 6 h,
maintained at this temperature for 12 h, and cooled to room temperature in the furnace.
The obtained ingots were crushed into fine powders and poured into 15 mm diameter
graphite dies. Then these powders were densified by spark plasma sintering (SPS)
method (SPS-211LX, Fuji Electronic Industrial Co., Ltd.) at 823 K under an axial
compressive stress of 40 MPa for 5 min in vacuum. Highly dense (>95% of

theoretical density, Table S1) disk-shaped pellets of samples were obtained.

Structural characterization:

The phase compositions of all samples were analyzed by X-ray diffraction
(XRD), conducted with a D/max 2200PC diffractometer equipped with Cu K, (1 =
1.5418 A) radiation and a position-sensitive detector. The samples for structure
characterization were prepared by using FEI Helios G4 UX Dualbeam FIB/SEM. Pt
and C were coated on the sample surfaces to protect them from Ga ion damage. The
cross-sectional lamella was thinned down to ~ 200 nm thick at an accelerating voltage
of 30 kV with a current of 0.43 nA, followed by a fine polish at an accelerating
voltage of 5 kV and 2 kV with a low current of ~ 68 pA. Scanning transmission
electron microscope (STEM) experiments were conducted on a JEM ARM300F under
300 kV. The convergence angle and collection angle for the STEM high-angle annular
dark field (HAADF) imaging were 25 and 70-280 mrad, respectively. To reduce the
scanning noise and sample drift during acquisition, atomic-resolution HAADF images

were obtained by averaging a series of drift-corrected images. HAADF STEM image
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simulations were performed by Dr. Probe.! The simulation conditions: accelerating
voltage ~300 keV; semi-convergence angle ~ 25 mrad; a detector collection range ~

70 mrad to 280 mrad.

Elastic properties:

The longitudinal (v) and shear (vs) sound velocities were measured using an
ultrasonic instrument (Ultrasonic Pulser/Receiver Model 5058 PR, Olympus, USA).
Average sound velocity (va), Young’s modulus (E), shear modulus (G), Poisson ratio

(vp), and Grineisen parameter (y) were calculated from the sound velocities as
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The phonon mean free path (1) could be evaluated using the following equation:?
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3
where Cy represents the heat capacity at constant volume, which could be substituted

by Cv = Cp p (Cp is heat capacity at constant pressure and p is sample density).

Electrical transport properties:
The obtained SPS processed pellets were cut into bars of dimensions 10 mm x 3
mm x 3 mm and used for simultaneously measuring the Seebeck coefficient and

electrical conductivity with a Cryoall CTA instrument under a low-pressure helium
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atmosphere from room temperature to 823 K. The samples were coated with a thin
layer (0.1-0.2 mm) of boron nitride (BN) to protect the instruments from
contamination. The uncertainty in the Seebeck coefficient and electrical conductivity
measurements is ~ 3 %. Room temperature Hall coefficients were measured under a
reversible magnetic field of 1.5 T by the Van der Pauw method using Lake Shore

8400 instrument, and the uncertainty is estimated to be within 5%.3

Thermal transport properties:

The obtained pellets were cut into thin wafer with diameter of 8 mm and
thickness of 1-2 mm for thermal diffusivity measurements. The samples were coated
with a thin layer of graphite to minimize errors from the emissivity of the material.
The thermal conductivity was calculated by xiot = D-Cpp,* where the thermal
diffusivity coefficient (D) was measured using the laser flash diffusivity method in a
Netzsch LFA457, and was analyzed using a Cowan model with pulse correction. The
specific heat capacity (Cp) was calculated using the Debye model,® and the sample
density (p) was determined by the dimensions and mass of the samples. The
electronic thermal conductivity (xele) was estimated by xeie = LoT, where the Lorenz
number was calculated based on a single parabolic band (SPB) model.® Then the
lattice thermal conductivity (xiat) could be obtained via the relationship: xiat= &iot-Kele.
The uncertainty of the thermal conductivity is estimated to be within 10%,
considering the uncertainties for D, Cp, and p. The combined uncertainty for all

measurements involved in the calculation of ZT is within 20%.’

Density functional theory (DFT) calculations:

First-principles calculation was performed based on the density functional theory
(DFT) as implemented in the Vienna ab initio simulation package (VASP).8° The
Perdew-Burke-Ernzerhof  (PBE)'® functional of the generalized gradient
approximation (GGA) was adopted to describe the exchange-correlation. The
electronic wave function was expanded in plane waves with an energy cutoff of 500
eV. The inner coordination of atoms was fully relaxed until the residual forces less
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than 0.001 eV AL, A 3 x 3 x 3 supercell (Snz7Tez7) was constructed to model one Pb
substitution of Sn atom. Considering the symmetry change and band folding due to
the substitution in supercell, the electronic band structures were unfolded to primitive
Brillouin zone by using BandUP code.!''? The Seebeck coefficient and carrier
mobility were simulated based on the single band model*® and deformation potential

theory*, respectively.

Calculation for the specific heat (Cp) through the Debye model:
Based on the Debye model® considering the individual contributions of phonon
and the effect of thermal expansion, the total specific heat Cptt as a function of

temperature can be obtained as:
Cp,tot (T) = Cp,ph (T) + Cp,D (T) (87)

where Cpph and Cpp represent the phonon specific heat capacity and the effects of
lattice dilation on the specific heat capacity, respectively. The contribution of
electrons to the heat capacity, as Cp.ele, Was not taken into account, since the effects of
dilation is mostly phononic in origin, as Cppn is much larger than Cp ele.

Due to the Debye assumption and elastic wave approximation, the phonon

specific heat capacity Cppn can be written as:

3 4.x
Con (T/6y) :9R[lJ J‘GD/T X (S8)

D

where éb refers to the Debye model, R = 8.314 J mol*K™%, and x = %w/ksT, in which 7,
o and kg represent Planck constant, phonon vibration frequency and Boltzmann
constant, respectively.

The effects of lattice dilation on the total specific heat capacity Cpp can be

obtained from:

9BT &*
Cp,D (T) = Cele,D (T) + Cph,D (T) = 1—

o (59)

where B is the isothermal bulk modulus, « is the linear coefficient of thermal

expansion, and p is the sample density (all dependent on temperature).
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Calculation for the Lorenz number:

An estimation of L can be made using a single parabolic band (SPB) model with
acoustic phonon scattering,® resulting in a L with a deviation of less than 10% as
compared with a more rigorous single non-parabolic band and multiple bands model
calculation. Based on the SPB model, the Lorenz number can be given by formula:

Lz(k_sz (F+7/DF.50(n) [ (r+52)F.q0(n) | (510)
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where kg is the Boltzmann constant, e is the electric charge, r is the scattering rate,
and # refers to the reduced Fermi energy, which can be derived from the measured
Seebeck coefficients with consideration of acoustic phonon dominated scattering (r =

-1/2) via the following equation:
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where Fx(7) is Fermi integral and Eg is the Fermi energy.

Theoretical calculation of lattice thermal conductivity:
The theoretical lattice thermal conductivity of a material after introducing point
imperfections into the host lattice can be estimated by:°

Ky _tan~(u)

Klat,p u

(S14)

where kit and xiatp are the lattice thermal conductivities of the defected and parent

materials, respectively. In this work, xiatp = 2.89 W m™ K, u is defined as:

7[29 Q 1/2
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where 6p, Q, h, ks and va, are the Debye temperature, average atom volume, Planck
constant, Boltzmann constant and average sound velocity, respectively. The
imperfection scattering parameter (I), is a weighted sum of the mass fluctuation (7'w)
and strain field fluctuation (/s), can be written as 7" = I'm + &ls. And ¢ is a
phenomenological adjustable parameter related to the Poisson ratio (vp) and
Grineisen parameter (y), and can be expressed by
6.4 x (l—H)) i
A
p

where vp and y were obtained from sound velocities via Equation S3 and S5,
respectively.

For Sni.xPbxTe1yly, I"is defined as:
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where M represents the average atom mass. Msnpb) = (1 — X)Msn + XMpb, AM(sn pb) =
Msn — Meb, Isnpb) = (1 — X)I'sn + Xrpp, Al(snpb) = I'sn — I'pb, and SO as Mre,1), AM(te,1),

I(te,1), Al'(Te ).
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Figure S1. Seebeck coefficient as a function of Pb and I content for SnixPbxTeryly

(0.20 < x < 045,0 < y < 0.025) at 573 K.
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Figure S2. Powder XRD patterns and lattice parameters for (a-b): Sni-xPbxTeo.gglo.02

(x =0.2-0.45), and (c-d): Sno.sPbo4Te1yly (y = 0-0.025).
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Figure S3. Thermoelectric transport properties as a function of Pb and | content for
SnixPbxTeryly (0.30 < x < 0.45,0.01 <y < 0.025) at 573 K: (a) heat capacity; (b)

thermal diffusivity; (c) Lorenz number; (d) electronic thermal conductivity.
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Figure S4. Thermoelectric transport properties as a function of temperature for

Sn1xPbxTeogslo.o2 (x = 0.2-0.45): (a) electrical conductivity; (b) Seebeck coefficient;

(c) power factor; (d) total thermal conductivity; (e) lattice thermal conductivity; (f) ZT

value.
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Figure S5. Thermoelectric transport properties as a function of temperature for

SnosPboaTeryly (y = 0-0.025): (a) electrical conductivity; (b) Seebeck coefficient; (c)

power factor; (d) total thermal conductivity; (e) lattice thermal conductivity; (f) ZT

value.
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Figure S6. Lorenz numbers as a function of temperature for (a) Sni-xPbxTeo.gglo.02 (X =

0.2-0.45) and (b) Sno.éPbo.4Te1yly (y = 0-0.025).
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Table S1. Experimental and theoretical sample density and the relative ratio for

SnTe-based samples.

Samples Experimental density Theoretical density Relative ratio
(gem?®) (gem?®) (%)
SnpsPbo.aTe 7.072 7.191 98.34
Sno.6Pbo.4Teo.99l0.01 7.027 7.180 97.87
Sno.6Pbo.aTeo.gssl0.015 7.019 7.186 97.67
Sno.6Pbo.4Teo.9slo.02 6.969 7.176 97.13
Sno.6Pbo.4Teo.97510.025 6.979 7.180 97.20
Sno.gPbo.2Teo.9slo.02 6.643 6.819 97.42
Sno.7Pbo.3Teo.9slo.02 6.851 6.993 97.97
Sno.e5Pho.3sTeo.980.02 6.901 7.090 97.34
Sno.625Pbo.375 T€o.98l0.02 6.940 7.139 97.21
Sno.575Po.425 Te0.98l0.02 7.074 7.215 98.05
SnpssPbo.4sTeo.9sl0.02 7.146 7.269 98.31

The experimental sample density pexp Was determined by using the dimensions and
mass of the samples, and the theoretical density pwe of the samples were calculated
using:

Poe = (S25)

D

where M represents the average atom mass and Q is the average atom volume.
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Table S2. The experimentally measured lattice thermal conductivity (xat) and sound

velocity (v, vs, va) Of the samples at 300 K. The elastic properties (E, G, and uvp), the

Grineisen parameter (y) and the phonon mean free path (1) calculated using the sound

velocities.

Klat Wi Vs Va E G | ()
Samples Op y

(WmiK1) (ms?) (ms? (ms!) (GPa) (GPa) (nm)  (K)
Sno.ePbo.4Te 0.92 3244 1835 2041 60.2 238 026 157 110 190
Sno.6Pbo.4Teo.99l0.01 1.35 3266 1840 2047 60.4 23.8 027 159 163 191
Sno.6Pbo.4Teo.98510.015 1.26 3263 1874 2081 61.8 246 025 152 149 194
Sno.6Pbo.4Teo.oslo.02 1.22 3258 1844 2051 59.9 23.7 026 157 148 191
Sno.6Pbo.4Teo.97510.025 1.76 3268 1820 2027 59.0 23.1 028 163 215 189
Sno.sPbo.2Teo.oslo.02 1.66 3400 1918 2133 61.9 24.4 0.27 158 190 200
Sno.7Pbo.sTeo.gslo.02 1.34 3469 1872 2090 62.2 240 029 174 157 195
Sno.65Pbo.35 Teo.98l0.02 1.45 3320 1863 2073 60.9 24.0 027 160 173 194
Sno.625Pbo.375T€o.980.02 1.55 3301 1839 2048 59.8 235 028 163 187 191
Sno.575Pbo.425 Teo.98l0.02 1.63 3251 1829 2035 60.0 237 027 159 197 189
Sno.ssPbo.ssTeo.gslo.02 1.64 3214 1779 1982 57.8 22.6 028 165 203 185

Kat, VI, Vs, Va, E, G, vp, 7, |, 6p are the Lattice thermal conductivity, Longitudinal sound

velocity, Shear sound velocity, Average sound velocity, Young’s modulus, Shear

modulus, Poisson ratio, Grlneisen parameter, Phonon mean free path, and Debye

temperature, respectively.
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