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Figure S1. (a) XRD pattern and (b) the magnified XRD pattern of Sb,Te;(SnTe), samples.
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Figure S2. (a) The false-color HAADF-STEM image of Sb,Te;(SnTe)g sample, (b) the atomic line
scanning profile of corresponding area, (c) the statistical data of the distance between Sn vacancies,

and (d) the schematic diagrams of characteristic length between two gaps in an area of 35x35 nm?.
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Figure S3. (a) XRD pattern and (b) the magnified XRD pattern of the Sb,Te;(Sn;Re,Te), samples.
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Figure S4. The temperature dependence of (a) Lorenz number, (b) diffusivity, (c) lattice thermal

conductivity, and (d)carrier thermal conductivity of Sb,Te;(Sn;_ Re,Te), samples.



Energy & Environmental Science

(a) 2400 (b) 220
I —0-x=0.004 200l
repeat 1
,:“2000 i ~O—repeat2 | ~—~ 180
'E F error bar-7% ¥ 160 [
© 1600 |- 2
» = 140}
© 1200 P 1201 ~CF-x=0.004
100 | repeat 1
—O—repeat 2
800 . . . ) . 80 | ) | | error bar-5%
300 400 500 600 700 800 300 400 500 600 700 800
Temperature (K) Temperature (K)
2.2
(¢) 241 —-0-x=0.004 |(d) 14r
- repeat 1 12+
‘_! 20r —O—repeat 2
'E 19 error bar-5% - 1.0
2 18 N osf
E17} 06 —-x=0.004
v r i repeat 1
16 0.4 —O—repeat 2
15} 0.2} error bar-10%
300 400 500 600 700 800 300 400 500 600 700 800
Temperature (K) Temperature (K)

Figure S5. The repeatability test of the Sb,Tes;(SnggosRegoosTe€)s sample. The temperature
dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c) total thermal

conductivity, and (d) ZT value.
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Figure S6. The high magnified STEM-HAADF images of Sb,Tes(Sngg9sRe0 004T€)s sample.
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Figure S7. the temperature dependent (a) electrical conductivity, (b) Seebeck coefficient, (c)
total thermal conductivity and (d) ZT value of Sb,Te;(SnTe);, along different directions.
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Figure S8. (a) the STEM-HAADF images of Sb,Tes(Sngg9sReq006T€)s, (b)-(€) EDX images
of the corresponding sample, and (f) the schematic diagrams of the materials before and after

doping method.
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Tables

Table S1. The room temperature Hall measurement value of Sb,Te;(Sn; Re,Te), samples.

Composition Hall coefficient  Cqrrier concentration Mobility Conductivity

(at%) (x10° m3/C) (x102° 1/cm?) (cm?/V-s) (S/cm)
x=0.0 8.81 7.09 15.6 1766.78
x=0.1 8.33 7.50 15.2 1821.78
x=0.2 7.17 8.72 13.9 1932.67
x=0.4 6.23 10.0 12.5 2002.38
x=0.6 4.24 14.7 8.95 2110.04

Table. S2 The calculated cation defect formation energy of 5 different configurations of
(SboTes)x(SnTe),,

Ewt(Vsn) €V E €V E(Snpu) eV E(Vsy) eV
SnTe -237.24 -241.95 -3.83 0.88
(Sb,Tes)3(SnTe)p3-Vsnr  -222.90 -227.26 -3.83 0.53
(Sb,Tes)3(SnTe)r3-Vsny  -222.80 -227.26 -3.83 0.63
(SbyTes)s(SnTe)y3-Vens  -222.62 -227.26 -3.83 0.81
(SbyTes)3(SnTe)r3-Vens  -222.65 -227.26 -3.83 0.78
(Sb,Tes)s(SnTe)y3-Vsns  -222.78 -227.26 -3.83 0.65
average 0.68

Ew(Vsp) €V E eV E(Sbyu) €V Ef(Vgp) eV
(Sb,Tes)3(SnTe)ps-Vspr  -222.63 -227.26 -4.12 0.51
(SbyTe3)3(SnTe)xs-Veyy  -222.82 -227.26 -4.12 0.32
(Sb,Tes)s(SnTe)y3-Veps  -222.48 -227.26 -4.12 0.66
(SbyTe3)3(SnTe)r3-Veps  -222.69 -227.26 -4.12 0.45
(Sb,Tes)s(SnTe)y3-Vepe  -222.78 -227.26 -4.12 0.36
average 0.46
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Table S3. Physical properties used to calculate .. based on various phonon scattering

processes

Parameters Values

Debye temperature 0p (K) 15589

Parameter B 2.389

Longitudinal sound velocity v;(ms™) 3314

Transverse sound velocity vz (ms') 1791

Sound velocity v(ms™) 1999

Grain size d (um) 50

Poisson’s ratio / » 0.24%2

Griineisen parameter y 2.189

The average lattice parameter a;,, 4.278

Density of gaps Ny (m2) 2.7x10

Table S4. Mass densities p(g/cm?) of all samples

Compositions p(g/em?) Compositions p(g/em?)

n=17 6.4279 x=0.1% 6.3983
n=14 6.4292 x=0.2% 6.3838
n=12 6.4030 x=0.4% 6.3894
n=10 6.4054 x=0.6% 6.3657
n=8 6.3983
n=7 6.3454
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Table S5. The calculated cation defect formation energy of 4 different configurations of

SnsoReTes,
E¢«t(Vsn) €V E¢t €V E(Snpy) eV Ef(Vs,) eV
Snj;Tes, -237.28 -241.946 -3.83323 0.833207
Sn3gReTe;-1  -242.78 -246.651 -3.83323 0.037665
SnzoReTe;-2  -242.755 -246.651 -3.83323 0.063106
SnzgReTe;-3  -242.725 -246.651 -3.83323 0.092986
SnzoReTe;-4  -242.733 -246.651 -3.83323 0.084499

10
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Density functional theory (DFT) calculation

The formation energy calculations of Sn vacancy have been performed within the Vienna ab
initio simulation package (VASP),! using the projector augmented wave (PAW) method, the
Perdew-Burke-Ernzerhof (PBE) functional and the generalized gradient approximation
(GGA).? The valence electrons of Sn, Sb and Te are 5s?5p?, 5s?5p? and 5s%5p* respectively. A
plane wave cutoff energy of 350eV and a k-point density of 2mx0.027 A~! using the I'-
centered Monkhorst-Pack scheme? were employed. A cubic 2x2x2 SnTe supercell containing
64 atoms was constructed for simulation. The special quasi-random structure (SQS) of
(Sb,Tes),(SnTe),; (close to the ratio of Sb,Te;(SnTe)g) was generated using the mcsgs tool as
implemented in the alloy theoretic automated toolkit (ATAT).* The additional vacancy sites
were selected randomly and an average value of formation energy was calculated for 5
configurations (Table S2). The atoms and the structures were fully relaxed until the total
energy converges within 10° eV and the force converges in 0.01 eV/A. The vacancy
formation energy of Sn is defined by: Ef(Vs,)=Eo(Vsn)-EiortE(Snpui), where Eqo; and E(Vs,)
represents the total energies of the supercell before and after the introduction of an additional
Sn vacancy, respectively; E(Snyyx) is the energy for a single Sn atom in the bulk phase.

The band structure and the density of states (DOS) of SnTe and (Sb,Te;),(SnTe),; were
calculated within a 3x3x3 supercell containing 54 atoms. 6 Sn atoms are substituted by 4 Sb
atoms and 2 vacancies randomly using ATAT. The spin-orbit coupling is included in the

calculation.

11
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Calculation of lattice thermal conductivity
To understand the phonon scattering mechanisms in this SnTe-based system, theoretical
calculation based on the modified Callaway’s model is carried out. According to Callaway’s

model, the lattice thermal conductivity is expressed as>:

0./T

kg kgl g xte*

_ 3
= 2% ( h ) f G l)zdx
0 Tc

avg

Equation (S1)

where * = hw/kgT

is the reduced phonon frequency, w is the phonon frequency, kj is the
Boltzmann constant, 7 is the reduced Planck constant, wp is the Debye temperature, and z¢ is
the overall phonon scattering relaxation time. Five phonon scattering mechanisms are
considered here, including phonon-phonon Umklapp scattering (U), Normal process (N),
grain boundary scattering (GB), point defect scattering (PD) and gap scattering (Gap). The
overall phonon scattering relaxation time is expressed as

'[_Cl = T_Ul + T_Nl + '[5; + T;g + TG_a; Equation (S2)

The first two contributions originate mainly from the matrix. Umklapp scattering occurs when

phonons in a crystal are scattered by other phonons. Its relaxation time is of the form

h 2
)= y yzg w*Texp( - 6,/3T)
Vs “p Equation (S3)

where ¥ and M are the Gruneisen parameter, and the atomic mass, respectively. And the
relaxation time for normal process is

Ty =BTy Equation (S4)
We obtained the ratio of normal phonon scattering to Umklapp scattering, B, by fitting the
lattice thermal conductivity of SnTe sample using the U+N+GB processes based on
Callaway’s model, shown in Figure 3(e) (red line and black plots). For common grain
boundary, there is perfect acoustic mismatch at the interface between the material and vacuum,
the relaxation times of phonons will be independent on the phonon frequency. The frequency-

independent %65 is given by
12
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v
Tos = -
d Equation (S5)

where Vs is the average sound velocity and d is the experimentally determined grain size. Here,
the average sound velocity is estimated by longitudinal and transverse sound velocity, which
are measured by an ultrasonic pulse-echo method at 273 K (Table S3).
Point-defect scattering “Pp arises from an atomic size disorder in alloys. The disorder is
described in terms of the scattering parameter (I') as
1 Vo't

Tpp = 3F
Amvg Equation (S6)

For the pyrochlore-type solid solution Sb,Te;(SnTe)g sample, Sb and Sn are substituted for
each other and there are three crystallographic sites, including the sites of (Sn, Sb), Te and Sn
vacancy Vg, with their respective degeneracy of 10, 11, 1, respectively. And part of the
vacancy in this work would generate gaps as shown in Figure 3, therefore we separately
calculate the contribution of substitution, vacancy and gaps. Then®,

Vot 10(M (Sn, Sb)_ »

-1
Tpa(Sn,Sh) = o322 0 )T (s, 51
S

Equation (S7)

2
Ton, 51 = 02+ 08[(AM/M 5, 5,0 +2(A9/8(5,, )] Equation (S8)

where
AM = Mg, - Mg, Equation (S9)
A6 =65, =3 Equation (S10)
M (sn,spy = 02 * Mg, + 0.8 x M, Equation (S11)
O(sn, spy = 0-2 * &g, + 0.8 % 8 Equation (S12)
2 64y(1+V,)
£= 5[—

1=V Equation (S13)
Where Msn s) is the average mass of the (Sn, Sb) sites and M is the average mass of

Sb,Tes(SnTe)g sample. Vb is the Poisson’s ratio, 6 is the radius of atoms.

13
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Vot 1 rM (Sn, Sb)_ 5

3920 M V) .
4mv722 M * Equation (S14)

TI;Dl (V.S'n) =

__10 24 e(Bsn 2
Cwgy = 11w 17l Mon/Mcsn,s6)” + Csn/8(sn,51,)°] Equation (S15)

The gap in this work is recognized as stacking fault, which can be expressed as, ’

2.2
_ QoY Ns
T 1_ a)Z

SF — ¥

Vs Equation (S16)

Here, 75 represents 7,,, and aj, y, N, vy and o are the average lattice parameter,
Griineisen parameter, density of gaps, sound speed and frequency, respectively. All the

calculated parameters could be found in the Table S3.

14



Energy & Environmental Science

Predicting the number density of vacancies from the starting composition

Firstly, suppose that the size of the planar defects is as 35%35 nm?. A line profile result
from our TEM observations presented that every 10 vacancies deserved ~3.5 nm, indicating
that there are ~10* vacancies in this area of 35x35 nm?.

Secondly, according to our XRD results, Sb,Te;(SnTe)s has the same lattice matrix with
SnTe, thus, there are 4 SnTe in a unit cell (@ ~ 0.6 nm), which means 4/11 vacancies in a
Sb,Te;(SnTe)g unit cell. Therefore, the volume of 10* vacancies in the Sb,Te3(SnTe)g can be
calculated as a®*10%/(4/11).

Thirdly, the characteristic length between two gaps can be calculated as volume/area ~

4.85 nm (depicted in Figure S2(d)).

15
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