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1. Experimental Section

Materials fabrication: Polycrystalline Teg 9g5Sbg 015-x%SmSe; (x =0, 0.5, 1, 1.5, 2, 3, and 4; x is in mole ratio), Te; ,Sm, (x <0.01) and Te;.
4Sb,, (¥ < 0.025) samples were prepared by melting the stoichiometric compositions of high-purity elements Te (99.999%, Aladdin), Sb (99.999%,
Aladdin), Sm (99.999%, Aladdin), and Se (99.999%, Aladdin), which were sealed in the graphite-coated quartz tubes under a vacuum (~10~* torr).
The raw materials were slowly raised to 1253 K in 10 h, then dwelled for 20 h, and subsequently quenched in cold water. After annealing at 723
K for 48 h, the obtained ingots were hand-ground into fine powders in an Argon-filled glove box and further consolidated using spark plasma
sintering (SPS-331Lx, Japan) at 658 K for 8 min under a uniaxial pressure of ~50 MPa. Finally, dense sintered (>98% of theoretical density)
cylinder-shaped pellets with a thickness of ~ 8 mm and a diameter of 17 mm were obtained.

Thermoelectric properties measurements: The electrical transport properties including electrical resistivity (p) and Seebeck coefficient (.S)
were measured on a Namicro-3L system in a high vacuum atmosphere from room temperature to 600 K. The typical dimensions of the required
SPSed samples are about 2x2x8 mm?. Heating and cooling cycles allow repeatable electrical transport properties for the synthesized products. The
measuring uncertainty of p and S was ~ 5%. The Hall coefficient (Ry) was investigated under a reversible magnetic field (1.5 T) using the van der
Pauw method across the temperature range of 300 K to 600 K during heating and cooling. The hole concentration (n;) and Hall carrier mobility
(un) were determined according to the relations ny = 1/(eRy) and uy = oRy, respectively, where e represents the electron charge. The total thermal
conductivity was calculated using x = DpC,,, where the thermal diffusivity (D) was measured on a Netzsch LFA457 instrument by the laser flash
method, the density (p) was estimated by the Archimedes principle (Table S1), and the specific heat capacity (C,) was calculated according to the
Dulong-Petit law, which was assumed to be temperature independent. Given the individual uncertainty of each parameter, the measurement
uncertainty of thermal conductivity x was estimated to be within 10%. The combined uncertainty for all measurements involved in z7 determination
is below 20%.

Materials characterizations: The phase compositions and crystal structure of all samples were identified through room-temperature powder
X-ray diffraction (XRD) analysis (Ultima IV, Rigaku, Japan) using Cu K, radiation (1 = 1.5418 A, 40 kV, 40 mA), with a scan speed of 2°/min
and a step size of 0.01°. In order to obtain the lattice parameter, the X-ray diffraction patterns were refined via FULLPROF software suite based
on the Rietveld method. The X-ray photoelectron spectroscopy (XPS) were conducted on Thermo ESCALAB 250XI1 using Al K, as the X-ray
source (1486.74 eV) with energy resolution of 0.43 eV. The carbon 1s peak (binding energy 284.8 eV) was used as a reference to calibrate the
binding energies of the other core level spectra. The fresh fracture morphologies and chemical compositions of fabricated samples were studied
by scanning electron microscope (SEM, TESCAN MIRA3) equipped with an energy dispersive spectroscopy (EDS). The electron backscattered
diffraction (EBSD) analysis was performed on a JEOL JSM-7800F system to characterize the crystalline orientation and crystal grain sizes. The
specimens suitable for EBSD investigations were subjected to ion-beam etching. The EBSD maps were obtained by using the Oxford Instruments
(OI) Channel 5 software. For transmission electron microscopy (TEM), the thin samples were prepared by conventional methods including cutting,
grinding, dimpling, polishing and Ar ion-milling (Gatan PIPS Model691). The nanostructures of the specimens were analyzed on a JEM-2100F
microscope equipped with an EDS detector at an accelerating voltage of 200 kV. Sound velocity measurements were performed on the SPSed
pellets at room temperature to collected the transverse () and longitudinal (v;) speed of sound, respectively. The sound speed data was obtained
by use of ultrasonic pulser/receiver (OLYMPUS-5077PR) equipped with a digital oscilloscope (KEYSIGHT). The room-temperature elastic
modulus, including shear modulus (G), bulk modulus (B), and Young’s modulus (£), can be calculated from the above sound velocities by using

the following equations [1-3]:

G=pv M
2
B :p[vf B J @)

98G PV (v -4v})
= = 3 3 (3)
3B+G (v -v)

The nano-mechanical properties of all bulk samples were measured in a Nanoindentation Agilent G200 Tester equipped with a standard
Berkovich indenter with a load of 20 mN. Nano-hardness and Young’s modulus were determined from the measured load versus depth curves
under loading/unloading process. The nanoindentation tests were carried out 12 times for each sample (six times for matrix and second phase,

respectively) to ensure the repeatability of the measuring data. The uncertainty in nanoindentation measurement is within 10%.
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2. Rietveld refinements for Te(g5sSbg.15-x%SmSe,
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Figure S1. Rietveld refinement plots of Tegog5Sbg.015-x%SmSe; (x =0, 0.5, 1, 2, 3, and 4) with the observed patterns in red, calculated patterns in

yellow, and the differences between the observed and calculated intensities as a solid line at the bottom of the figure.

3. Compositional characterizations for synthesized samples
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Figure S2. (a) XRD patterns for Sm-doped and Sb-doped Te, respectively. (b) The Se composition-dependent lattice parameter for Teg 955Sbg 015~
x%SmSe, with a comparison to that of Te;_(Sb,Ses),. It is found that the main diffraction peaks correspond well to the trigonal Te, besides, there
are additional weak peaks of SmTe; (corresponding to red lines) and Sb,Te; (green lines) in patterns, separately. These impurities peaks suggests

that the solubility limit of both Sm and Sb in Te is very limited (< 0.5 at.%), consistent with the previous reports [4, 5].
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Figure S3. (a) Second electron images for Te 9oSmy o pellet. (b—d) corresponding EDS mapping results for (a). All elements (Te and Sm) show a

homogeneous distribution, indicating that Sm can be doped into the Te.

4. Electrical transport properties of Sm/Sb doped polycrystalline Te samples
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Figure S4. Temperature dependence of the electrical transport properties of synthesized Te products doped with Sm and Sb. (a, b) Seebeck

coefficient, (c, d) electrical resistivity, and (e, f) power factor. Both samarium and antimony work as p-type dopants in tellurium. For Sm-doping

Te sample, the Seebeck coefficient and electrical resistivity increase with increasing temperature up to 7 = 400 K, and afterward significantly

decrease. These observations can be attributed to the bipolar effect deriving from thermal activation, suggesting Sm doping does not modify ny

notably. Generally, the relatively low ny would lead to a strong bipolar behavior and a larger reduced Seebeck coefficient [5]. In this work, the
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individual doping of Sb in Te is also discussed. As can be seen, both the Seebeck coefficient and electrical resistivity decrease upon increasing y,
which is mainly caused by the significantly enhanced ny due to Sb-doping. The integration of the reduced Seebeck coefficient and optimized

electrical resistivity results in a highest PF of 14.2 uW c¢cm™! K2 (at 7= 425 K) for Teg935Sbg 015 sample.

5. Thermal transport properties of Te9g5Sbg ¢15-x%SmSe, samples
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Figure S5. Temperature dependence of (a) thermal diffusivity (D), (b) Lorenz number (L), and (c) electrical thermal conductivity for Teg 9g5Sbg.015-

x%SmSe, samples.

6. Compositional and morphological characterizations of Te( 9g5Sbg 915-x%SmSe, samples

Figure S6. SEM images of fractured surface perpendicular (a) and parallel (b) the pressing directions for Teg 935Sbg 15-3%SmSe,, respectively. (c)
Enlarged view of the Te cleavage plane in (a) to see the quasi-one-dimensional structure. (d) Back-scattered electron image of polished surface

for synthesized Te 935Sbg.015-2%SmSe, sample. (e, f) corresponding EDS mapping taken from the marked region in (d) for Te, Sb, Sm, and Se.

S5



Q

Wide Scan

Te 3d

Intensity (a.u.)

T T d T T
1200 1000 800 600 400 200 0
Binding energy (eV)

C

(o)

Te 3d Sb 3d
3:'5’2 3d5/2
—_ i —_ &
5 3dy, ] 3 i\
s ’ 8 3z 3
= it 2 %
= 1 sb(v) £ sbam
c e # .4 1 §
2 z § ¥ g 2
£ 3 1 £ g & E
RLUDE Tel) | bt )\ S b
- == % R g S *&f:@a&
T T T T T T T , ¥
588 584 580 576 572 568 544 540 536 532 528
d Binding energy (eV) e Binding energy (eV)
Sm 3d Se 3d
3y, Se 3d(Se0,)
5 5
& sm(ll) <
= e =
§ e, §
£ J-?ii%%% £
1096 1088 1080 1072 1064 64 60 56 52
Binding energy (eV) Binding energy (eV)

Figure S7. XPS survey spectra for Teg 9gsSbg 015-2%SmSe, sample: (a) wide scan spectrum, high resolution scans of XPS spectra for the elements
(b) Te 3d, (c) Sb 3d, (d) Sm 3d and (e) Se 3d. As can be seen, the Te 3d spectrum mainly exhibits two contributions, 3d;, and 3ds,, (stemming
from the spin-orbit splitting), located at 583.9 and 573.5 eV, characteristic of Te?". Additionally, small peaks at 587.2 and 576.8 eV alongside two
Te 3d signals can be also observed, which is attributed to Te oxide. The Sb 3d spectrum is illustrated in Figure S7c. The peak centered at 539.1
eV corresponds to Sb(III). In addition, binding energies of Sb 3d;,, (540.2 eV) and Sb 3ds); (530.8 eV) are good agreement with reported values
for an oxidation state of Sb(V'). The peaks of Sm 3ds/, appear at 1083.3 eV for Sm(II) and 1074.0 eV for Sm(II ) state. Se 3d(0) peak orbital

appears at 54.9 eV, indicating that metallic Se element was alloyed into Te matrix.

Parallel

Perpendicular

Figure S8. Schematic illustration of both the morphological and thermoelectric analyses performed from the perpendicular (a) and parallel (b)

directions.

S6



Figure S9. (a) EBSD maps distinguished recrystallized, substructured and deformed region taken from the perpendicular and parallel directions.

(b) corresponding local strain distribution showing that the maximum strain distribution is located in the substructured region.
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Figure S10. Orientation distribution function (ODF) patterns for the Teg 955Sbg.015-0.5%SmSe, sample along directions perpendicular (a) and
parallel (b) to that of SPS pressure. Euler angle ¢, is increased from 0° to 120° every 10 degrees.
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Figure S11. (a) An individual in-grain line defect embedded in the matrix. (b) HRTEM image along [110] showing coherent interfaces.
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Figure S12. (a) Brillouin zone with high symmetry points. (b) Schematic diagram of valence band structure for Te. In view of a small band offset
between the Hy and Hs valence bands, the nested valence bands can be approximated as an effective single band for simplicity [4]. In fact, the
lower Hs valence band close in energy to the upper H, valence band gives rise to the S-shape density of states at about 0.1 eV below the valence

band maximum (VBM), which plays an important role in the transport properties [6].
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Figure S13. Indentation hardness at max load of pristine Te and Teg 9g5Sby.015-4%SmSe; sintered pellets in comparison with other state-of-the-art

TEs.
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7. The repeatability of thermoelectric properties
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Figure S14. The repeated measurements of thermoelectric properties for Te 9g5Sbg.015-x%SmSe, (x = 0, 2) from the L direction, showing a
highly reproducible and stable performance. Temperature dependence of (a) Seebeck coefficient, (b) electrical resistivity, (c) power factor, (d)
total thermal conductivity, (e) zT values, and (f) Hall carrier concentration. Note that all the samples are prepared with the same synthesis

condition.
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Table S1. The Seebeck coefficient (S), Hall carrier concentration (ny), Hall carrier mobility (1), electrical resistivity (p), lattice thermal
conductivity (&1 ), deformation potential coefficient (£), density of state effective mass (m *pos), measure density (d), and relative density (%) of

Tep.085Sbo 015-x%SmSe; system (x = 0 — 4) at both room temperature (300 K) and high temperature (600 K).

T S Ny I p Ki = m*pos Measured density Relative density
Composition
K) @VK"H (10%cm?3) (cm? Vst (mQ cm) (W m'K) (eV) (m,) (g cm?) (%)
x=0 300 132 14.49 261 1.65 1.56 2796  0.46
6.18 99.0
x=0 600 248 19.22 69 4.75 0.74 10.67  0.75
x=0.5 300 139 13.28 243 1.93 1.49 29.67 047
6.15 98.6
x=0.5 600 264 16.11 70 5.54 0.71 10.31 0.76
x=1 300 149 11.98 262 1.98 1.41 26.19 049
6.17 98.9
x=1 600 269 14.37 74 5.78 0.66 10.65 074
x=1.5 300 152 10.99 261 2.18 1.37 2833 047
6.16 98.7
x=1.5 600 276 12.60 75 6.51 0.62 11.41 0.71
x=2 300 159 9.92 274 2.18 1.31 27.87 047
6.14 98.4
x=2 600 283 11.65 76 6.51 0.59 11.16  0.72
x=3 300 170 8.03 276 2.83 1.26 31.21 0.46
6.11 97.9
x=3 600 290 10.43 75 8.10 0.58 12.02  0.70
x=4 300 185 6.49 295 3.29 1.16 30.41 0.46
6.12 98.1
x=4 600 299 7.48 79 10.47 0.56 16.57  0.61

Table S2. Elastic and thermal properties for Teg935Sbg 015-x%SmSe; at room temperature, including transverse (v,), longitudinal (v|) and average
sound velocities (vs), shear (G), bulk (B) and Young's (£) modulus, Griineisen parameter (y), Debye temperature (@p) and the minimal lattice

thermal conductivity (Kmin)-

i v Vg G B E Op Calculated rp;,
Composition y
(ms') (ms!) (ms') (GPa) (GPa) (GPa) (K) (W mK1)

x=0 1447 2462 1604 12.9 20.2 32.0 1.44 148 0.28
x=0.5 1441 2359 1591 12.8 17.2 30.7 1.30 146 0.28
x=1 1429 2473 1586 12.6 20.9 31.5 1.50 146 0.28
x=1.5 1489 2528 1650 13.7 21.2 33.7 1.43 152 0.29
x=2 1448 2320 1596 12.9 15.9 30.4 1.22 147 0.28
x=3 1455 2429 1609 12.9 18.8 31.5 1.37 148 0.28
x=4 1483 2471 1640 13.5 19.4 32.8 1.36 151 0.29
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Table S3. Parameters used for the modified Debye-Callaway modeling based on the various phonon scattering mechanisms of Umklapp processes

(U), Normal processes (N), grain boundaries (B), point defects (PD), dislocations (D), and Nanostructure interfaces (I) in Teg 9g5Sbg 915-2%SmSe;.

Scattering mechanisms Relaxation times (7) Parameters Symbol Values
Griineisen parameter y 1.22
o hy*T e T Average atomic mass M (kg) 2.11x10°%
VoM V: 0, Average sound velocity vs (msh) 1596
3 Longitudinal sound
112 1 ) v (msT) 2320
v,=|o| 5+ velocity
Umklapp processes 3\v, v .
Transverse sound velocity vi(msT) 1448
h [ 3N T/ 3 Debye temperature 6 (K) 14700
b kg L 4nV ) Number of atoms in a unit
N 3
cell
Unit-cell volume V(A% 101.81
Ratio of normal and
Normal processes 4 4 b
Ty =Py Umklapp process 0.6 (fitted)
OV
Grain boundary Ty = d Average grain size davg (NM) 1000
avg
L Ve , _
Tpp = 71 (rese) Average atomic volume Vv (m?) 3.43x10°%
4rv, ’
2 2 Point defect scattering
AM Ar F(Te,Se) 0.016
r(Te,Se) =X (1 - ) +é parameter
7,
(Tese) (Tese) Phenomenological
& 43
AM =M, — Mg, parameter
Point defects[5] M (Tese) = (1 -X )M e + XMy, Mre(g mol ') 127.6
Mole mass of Te, Se
Ar =1 =75, Ms. (g mol
) 78.9
r(Tc,Sc) = (1 - x)r'l'c + Xse
rre (A) 1.35
21 6.4x ;/(1 + r) ? Atomic radius of Te, Se
E=—| ————=
9 1-r rse (A) 1.16
0 T[;] - T;c + T[;]s Dislocation density Np (cm?) 1.34x10" (]
— Pre-factor of dislocation
N » . A 0.6
Dislocations[7] pe V: scattering

Burger’s vector b(A) 2.5[8]

1 1(1-2rY ’
T = AX NP 7’0 7+—[ — r) [1“‘\/5[‘/]]}
2 24\ 1-r Vi Poisson ratio r 0.18

L

Ny=——""— Lattice strain e (%) 0.385
(dav o X b)
Number density of
N R N1 o N, (m™) 6.96x10%
anostructure _ recipitates
' = v.N, (27[R2) Ly i7[122 [ﬁj R preeip
interfaces[9] 9 D A Average radius for the

o R (nm) 2
precipitates

S11



Matrix density D (g cm™) 6.14
Density difference
between matrix and 4D (g cm) 0.065

precipitates

Table S4. Comparison of room-temperature lattice thermal conductivity (x;) and average sound velocity for elemental and Te-related

thermoelectric semiconductors.

Materials kL (W m'K1) vs (msh) References
PbTe 2 1850 [10, 11]
SnTe 2.85 1800 [10, 12]
AgsGeTeg 0.2 1723 [13]
AgoTITes 0.22 1203 [14]
TISbTe, 0.6 1870 [15]
TIBiTe, 1.1 1399 [16]
Bi,Te; 1.4 1615 [17, 18]
GeTe 2.8 1900 [10, 19]
Cu,Te 1.6 1833 [20]
Te 1.65 1611 This work
Sb 5 3145 [21]
Bi 1.9 1712 [21]
Ge 62 3829 [21]
Si 156 6401 [21]
Ag,Te 0.26 1360 [22]
La;Tey 2 2237 [23]
CdTe 7.5 2000 [24]
MnTe 1.2 2180 [25]
MnTe, 1.9 2180 [26]
AgSbTe, 0.6 1727 [27, 28]
Pr;Tey 0.78 2147 [29]
ZnTe 18 2210 [30, 31]
BaTe 10 2470 [32, 33]
MgTe 16 2578 [32]
In,Te; - - [34]
Ga,Tes 0.58 - [35]
CulnTe, 4.6 1992 [36, 37]
Sb,Te; 1.5 2900 [38, 39]
AgBiTe, 0.44 2318 [40]
CuGaTe, 7.5 2364 [41]
CaTe 3.1 2249 [32,42]
SrTe 2.5 1937 [42]
BeTe 175 4180 [32, 43]
AsyTes 0.6 1600 [44]
CsBisTes 0.5 - [45]
Li,Te - 2502 [46]
Rb,Te - 1471 [46]
K,Te - 1942 [46]
Na,Te - 2225 [46]

S12



HgTe 24 1763 [21, 47]

InTe 0.75 1394 [48]

TlnTe, 0.63 1707 [49, 50]

TlGaTe, 0.73 1479 [50, 51]

AgTITe 0.25 1282 [52, 53]

CuGaTe, 75 2364 [54]

CuTloTes 0.23 1249 [20]

T1,GeTe; 0.29 1011 [55]

T1,SnTe; 0.29 1428 [55]

TI,PbTe; 0.58 1411 [55]

Tl,Te 0.34 1136 [20]

TlsGeTes 0.14 1052 [56]
Composition ! S ’ o e ’ ! " ? 1 Device ZT

K) MVK!) (mQem) (Wm'KY) @) VH V%) V) (%)
x=2 300 159 2.18 1.51 0.23 5.2 2.29 3.50 3.9 0.3334
x=2 325 171 2.33 1.38 0.29 6.4 2.48 3.58 54 03346 04 0.21
x=2 350 183 2.51 1.26 0.37 7.8 2.65 3.67 69 03362 0.8 0.24
x=2 375 195 2.74 1.16 0.45 9.3 2.79 3.78 83 03379 14 0.28
x=2 400 207 3.01 1.06 0.54 10.7 2.89 3.89 9.7 0.3400 1.9 0.32
x=2 425 219 3.33 0.98 0.63 12.1 2.95 4.02 109 03421 26 0.35
x=2 450 231 3.69 0.91 0.71 13.4 2.98 4.16 11.9 03444 32 0.39
x=2 475 242 4.09 0.85 0.80 14.6 2.97 431 12.6  0.3467 39 0.42
x=2 500 252 4.54 0.80 0.87 15.6 2.93 4.48 12.8  0.3490 4.5 0.45
x=2 525 261 5.01 0.76 0.94 16.4 2.86 4.67 124 03512 5.1 0.47
x=2 550 270 5.51 0.73 0.99 17.1 2.78 4.88 11.4 03532 56 0.48
x=2 575 277 6.01 0.71 1.03 17.6 2.67 5.11 9.5 0.3550 6.1 0.49
x=2 600 283 6.51 0.70 1.06 17.9 2.56 5.37 6.6 03562 64 0.49

Table S5. The calculation of ZT from device efficiency according to the Snyder’s model in Teg ggsSbg 015-2%SmSe; system.
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