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Experimental section

Material synthesis.

Polycrystalline SnTe-xSb,Te; (x = 0, 0.02, 0.04, 0.06, 0.08, 0.1) and Sn,_,Cd,Te-
0.08Sb,Te; (y = 0.02, 0.04, 0.05, 0.06, 0.07) were synthesized by vacuum hot-melting
the stoichiometric amounts of high-purity Sn (99.99%), Te (99.999%), Cd (99.99%),
Sb (99.99%). These mixtures are vacuum-sealed in quartz tubes, which are slowly
heated to 1173 K in a furnace after 400 minutes, and then quenched directly in cold
water after holding for 18 hours. The quenched samples were annealed at 873K for at
least two days. The obtained ingot was ground into powder for hot pressing. Dense
pellet samples were obtained by rapid hot pressing at 853 K for 30 min under a uniaxial
pressure of ~55 MPa, whose density d measured by Archimedes method and had not
less than 96% of the theoretical density (Table S1).

Table S1. Density of all SnTe-xSb,Te; and Sn;,Cd,Te-0.08Sb,Te; samples in this
work.

Composition Measzl;icrln I_);nsity Relative Density (%)
SnTe 6.398 97.40
SnTe-0.02Sb, Te, 6.292 98.06
SnTe-0.04Sb,Te, 6.271 97.07
SnTe-0.06Sb,Te, 6.270 97.06
SnTe-0.08Sb, Te, 6.257 96.86
SnTe-0.10Sb,Te, 6.254 96.81
Sn, ,,Cd, ,, Te-0.08Sb, Te, 6.261 96.92
Sn, ,Cd, ,, Te-0.08Sb, e, 6.321 97.85
Sn, ,.Cd, , Te-0.08Sb, Te, 6.279 97.20
Sn ,,Cd, , Te-0.08Sb, Te, 6.289 97.35
6.315 97.76

Sn, ,,Cd, ,,Te-0.08Sb, Te,
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Materials Performance Characterization

The powder X-ray diffraction patterns were recorded with Cu Ka radiation. Scanning electron
microscope (SEM) equipped with energy-dispersive spectroscopy (EDS) was used to characterize
surface morphology and qualitative and quantitative analysis of composition. The electrical
conductivity ¢ and Seebeck coefficient S were measured by CTApro measurement system (Beijing
Cryoall Science and Technology Co., Ltd. China). The Hall coefficient, which was closely related
to carrier concentration and mobility, was measured using the van der Pauw technique under a
reversible magnetic field of 1.5 T. The thermal conductivity () Was calculated by x=dC,D,
where D is the thermal diffusivity measured by a laser flash technique with the Netzsch LFA467
system (Fig. S6), C, is the heat capacity estimated by C,(kg/atom)=3.07+4.7(T/K-300)/10000.!: 2
Ignoring the bipolar thermal conductivity (), the lattice thermal conductivity (x;) was directly
obtained by subtracting the electronic conductivity (x,.) from the x.,;, the x, was calculated by the
Wiedemann-Franz relationship (Fig. S8), k. =LT/p, where L is the Lorentz number.? L was derived
with the single parabolic band (SPB) model (Fig. S7).*

The first principle calculations were performed by utilizing the Perdew-Burke-Ernzerhof
(PBE) formalism and generalized gradient approximation (GGA) implemented in Vienna ab initio
simulation package (VASP) code. The plane-wave basis was truncated at the energy cutoff of 600
eV.

Modeling study on electronic transport
The single parabolic (SPB) model: ’

The Seebeck coefficient S:
~ ky (r+5/2)F,, 5,(M)

i A e
e [(r +3/2)F, 1 ,() L (S1)

where 7 1s the reduced chemical potential, kg is the Boltzmann constant, e is the electron
charge, r is the scattering factor.

The carrier concentration 'H:

2m kT
0y = 4“[—2] Fip
b (S2)
where m" is the density of state effective mass taking into account band degeneracy, A
is the Plank’s constant, 7 is the absolute temperature.
The mobility s

Fon weFop

My =Moo = o on
2F0 m 2F0 (83)

where 70 is the relaxation time that is closely related to the energy in the case of acoustic
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phonon scattering:® 8\/2m Egefm kT

by the combination of the elastic constant,” E,,is a combination of deformation
potentials for multivalley systems.®
The Hall factor A4:

. Where C) is a parameter determined

A=JF )F-1/2
=R/
2 2F?

0 (S4)
The Hall factor reflects the energy scattering mechanism and the anisotropy of the
energy band. For the SPB model, anisotropy does not need to be considered.
The Lorenz number L:

KE3FF, - 4F]

2
(&

L
2

fo (S5)
In the equations above the integral Fy is defined by

[ dae
F=l—s
1 +e=t

(S6)

The single Kane band model:

Assumed that the light band is nonparabolic and the heavy band is parabolic, SKB
(single Kane band) model and SPB mode are applied for for light band and heavy band
respectively. it should be noted that the rigid band approximation is adopted which
assumes that the changing carrier concentration adjusts only the chemical potential
position and not the shape or position of the bands.>

As for the single Kane band:* > 10
The Seebeck coefficient S:

kB Fl -2
= ? _0 - ‘r]
i (S7)
The carrier concentration 'H:
—i 8m kBT 3/2]: 0
Ny = _,m[ 2 3/2,0
h (S8)
The mobility g
4 0
h*eC, 3F,°,
L B * 32 25 0
8n'm | (2m, kgT) “Ege Fy (S9)

Due to the anisotropy of both conduction and valence bands, the inertial effective mass

M| andthe density of states effective mass m" are governed by the effective band mass
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of a single pocket along two directions m ;" and m | *:!!
2 % 3( 2 n 1 )_ 1
* * Py * * m; = _* _*

m’ =N¥m; =NJmPm'D? T Tm] my (S10)
where Ny is the band degeneracy (Ny,;=4 for the light-mass valence band, N;,=12 for
the heavy-mass valence band of SnTe. 12
The Hall factor A:

A 3K(K + 2)F 1/2[,)- 4F3/g,0
eK+17 (F,°) (S11)

where K=" /m, (K=4, assumed T independent), which reflects the anisotropy of the

energy band.®
The Lorenz number L:

2 1
L:(E)z[Fl’(; 2. f - 2)2]
¢ F o [F (S12)

l
In the equations above the integral Finn is defined by

F, = I( . Z—f)sl(s + BeA)(1 + 2e)” + 2] de
o (S13)
'8 =

where Eg (Egis the band gap) is the reciprocal reduced band gap, is the

nonparabolicity parameter.

Relaxation Time Model for Carrier Scattering : 3

In heavily heterovalently doped semiconductors, acoustic phonon-dominated
deformation potential scattering is often not the only dominant role in carrier scattering.
Alloy scattering, polar scattering, ionized impurity scattering, and inter-valley
scattering also play an important role. Herein, acoustic phonon scattering, polar
scattering, alloy scattering and together with ionized impurity scattering, with the total
relaxation time determined by Matthiessen's rule, are considered to understand the
transport properties of Sb,Te; alloying and Cd doping:

Tl = Tae o Tl T (S14)
The relaxation time for acoustic phonon scattering based on deformation potential
theory can be expressed:®
1

nh4V%pNV -—
. 20 2 -1
(e+eB) “(1+2Be) 1

w@+8mrl
3(1 + 2Be)’

2’m (kT Egey (§15)

Tac(g) = 1
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where Vlis the longitudinal velocity, P is the density.

For SnTe, a typical polar molecule, carriers are also scattered due to the change in
polarity caused by optical vibrations. At room temperature and above, polar scattering
from optical phonons can be viewed as an elastic process whose relaxation time can be
defined as:!4

T,0(0)

1
41th281/2N1\/,3

- (1+ eyl +2B8)'1{[1 -51n(1 +%)] .

1 1

2B(c +€°B)

[1-28+28%n]
(1+2pe)’

2 *12 22, -1 -1
2'm, “(kgT)e (e, -&5)

(S16)

where £ and 0 are the high frequency and static dielectric constants, respectively. &

is a function of reduced carrier energy € defined as:
12
2 *2.:3
em "Ny o
8(e) =——————(1+p) " 'F,
-1

228(kBT)2nh8w (S 1 7)

The relaxation time of alloy disorder is mainly determined by the macroscopic uniform
crystal structure changes caused by its alloying and doping atoms, which can be
expressed as: !

! 2
(+ %) 2 +2Ba)'1[1 RLGa
3(1 +2Pe)?

3270x(1 - x)m (kg T)E (S18)

Where { is the volume per atom, x is the concentration ratio of the alloy atom, £, is

the alloy scattering potential which determines the magnitude of the alloy scattering.'®:
17

s’
3 1

tal(s) =

3

afomem | e, T b
T 220+ 6By +2Be) Tin(1 +b) - ——]

2 4 1
NZ'e o (S19)

1

i(e) =

23/27T280h(kBT) 172 €

mzl/zez F ()
2 (S20)

where N is amount of impurities per unit volume, Z represents the Z effective charges.

b=

Therefore, the carrier mobility # can be expressed as:
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I( - ?)ttotal(a + 82[3)3/2(1 +2Be) " 'de
€

e 0
n=— —
m of
I I(-a—)8+85)3/2d
0 (S21)
The Seebeck coefficient S:
© 3
Of\ 5
J (-5 %0+ 200"
B )
5= ?( Ee) 1 2 ) n)
_[ (e + BP0 + 20"
(_ ag)Ttotalg (8 € B) ( Be) €
0 (S22)
The Hall coefficient A:
w 3 3 o 3 3
of\ of
I( ) ot (1 +EB)°(1 +2Be)” dSJ-( ) ot (1 +€B)7de
73K(K+2)0 ot . Oe otal
(2K + 1) 2 o !
(J'( ('Bs;),l:total8 (8 te B)3/2(1 + ZBE) dS)
(S23)
And the Lorenz number L:
© 7 3 © 5 3
of £
J.( B P ) total® (1 + SB) (1+2pe)” 'de J.( B P ) total® (1 + SB) (1+2Pe) 'de
kB 0 0
_ 2 5
L=, 3 2 1o 3 > ]
I o 2 3 1 o 3 3 0
(_ &)"ztotal8 (1+¢B)’(1+2Pe) de J.( B &)‘Etotal8 (1+¢B)’(1+2Pe) de
0 0 (S24)

The two valence band model:

It should be noted that the relative positions of the Fermi level and the two valence
bands need to be considered when using the two-band model. That is, the difference
between the reduced chemical potentials corresponding to the two valence bands

AE

A=——
kT 4,10 And the total electrical conductivity:
6 =0 Tt oy (S2 5)
The total Seebeck coefficient:
S, 6, + S50y
S -
oL+ Oy (S26)

The total Lorenz number:
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Lo, +L

LOL T L3Oy

r=—
GL + GZ (827)

The total carrier concentration ny:

2
[bny ; + ngyl

IlH—

ALHbanH + Agyyy (S28)
where b=4, that is suitable for PbTe/SnTe system.
The total Hall coefficient Ry;:

2 2
o; Ry + o5Ryy
Ry=————
2

(o +0y) (S29)

The total Hall mobility Hu.

My = Ryyo (S30)

Debye-Callaway Model Simulation

According to the Debye-Callaway model, '® 1° k; can be calculated by
o n

Kp Kpy, X'e
KL = —2(?) T(X) N 2dX
o (e-1) (S7)
The integrand item in conjunction with the coefficient of the above equation is the
spectral lattice thermal conductivity (x), 2%2! can be given by:

kg kg, x'e
K= (—) T(X)

b ey (S8)

210

v= 31/3(171_3 +2vt_3’)_1/3

Where (with VI and "t respectively denoting the

transverse and longitudinal sound velocities) is the average speed of phonon, x = Aaw/kgT

(with @ denoting the phonon frequency) is the reduced phonon frequency, © is Debye

temperature, 7 is the reduced Planck constant, kg is the Boltzmann constant, and 7, is

the total relaxation time. The phonon scattering pathways include Umkalapp (U)
phonon scattering, normal process (N), point defects (PD), and others.The relevant
phonon relaxation times are given by:
Umklapp phonon scattering and Normal process

-1 h‘”zsz -e/T

Ty = e

MV’ (S9)

-1
Normal process © N :
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-1 -
T =Py (512)

Point defect phonon scattering

41 (512)

where M is the average atomic mass, y is the Griineisen parameter, SBis the ratio between
normal process and Umklapp phonon scattering, V) is the average atomic volume, /is
the point defect scattering parameter. Remarkably, the disorder scattering parameter I

can be derived from the model of Slack and by Abeles assuming F=Ty+ FS,”’ 2

where the scattering parameters Ly and Fs are due to mass and strain field fluctuations,

respectively. The mass and strain fluctuation scattering parameter is given by:
n
D oMM - MD/MT

i=1

I..=

M n
>
=1 (S28)
o{(MyMYfi fel(r] - r/r]’
ry= i=1 .
>
= (S29)

where n, ¢, M I M , M]l?, r]l?, f ]l( and ¢ are the number of sublattice, the relative
degeneracies of the respective sites, the average atomic mass of the ith sublattice, the
average atomic mass of the compound, the atomic mass of the kth atom of the ith
sublattice, the atomic radius of the kth atom of ith sublattice, the fractional
concentrations of kth atom of the ith sublattice and the lattice inharmonic parameter,
respectively. In particular, the mass of the Sn vacancy is estimated to be 0, and the

radius is 0.5-0.6 of the ionic radius of Sn.
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SnTe-0.08Sb,Te, Sn g4Cdy s Te-0.08Sb, Te,

25um 25um 25um 25pum

25um 25um

Fig. S1. Backscattered electron (BSE) images and corresponding elemental mappings (EDS) of
carefully polished surfaces for (a) SnTe-0.08Sb,Te; and (b) Sng94Cdg0sTe-0.08Sb,Tes.
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Fig. S2. Temperature dependence of (a, b) Hall coefficients, (c, d) carrier mobility and (e, f) carrier
concentration for (a, ¢, €) SnTe-xSb,Te; (x = 0, 0.02, 0.04, 0.06, 0.08, 0.1) and (b, d, f) Sn,_,Cd,Te-
0.08Sb,Te; (y =0.02, 0.04, 0.05, 0.06, 0.07).
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Fig. S3. (a) Electronic band structures of Sny;Te,7, Sny, V,SbsTe,; and Sny V,CdSb;Tey; supercells
as a function of wave vector in the Brillouin zone; (b) Density of states (DOS) of Sny;Te,s,
Snp, V,SbsTe,; and Sny V,CdSb;Te,; supercells, V is the vacancy.
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Fig. S4. Taking single-band transport as an example, the changes of (a) Seebeck coefficient S, (b)

carrier mobility “# and (c) Lorentz number L by carrier scattering mechanisms such as acoustic
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phonon scattering, optical polar scattering, alloy scattering and ionized impurity scattering.
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Fig. S5. Carrier distributions of SnTe L-band and 2~band in (a) non-converged and (b) converged
states, the gray line represents 300 K, and the red line represents a higher temperature of 600 K.
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Fig. S6. (a) Temperature dependent thermal diffusivity D for (a) SnTe-xSb,Te; (x = 0, 0.02, 0.04,
0.06, 0.08, 0.1) and (b) Sn;.,Cd,Te-0.08Sb,Te; (y = 0.02, 0.04, 0.05, 0.06, 0.07).
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Fig. S7. (a) Temperature dependent Lorenz number L for (a) SnTe-xSb,Te; (x =0, 0.02, 0.04, 0.06,
0.08, 0.1) and (b) Sn;_,Cd,Te-0.08Sb,Te; (v = 0.02, 0.04, 0.05, 0.06, 0.07).
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Fig. $8. Temperature dependent electronic thermal conductivity e for (a) SnTe-xSb,Tes (x = 0,
0.02, 0.04, 0.06, 0.08, 0.1) and (b) Sn,_,Cd, Te-0.08Sb,Te; (y = 0.02, 0.04, 0.05, 0.06, 0.07).
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Fig. S9. Temperature dependent power factor PF for (a) SnTe-xSb,Te; (x =0, 0.02, 0.04, 0.06, 0.08,
0.1) and (b) Sn,;.,Cd,Te-0.08Sb,Te; (y = 0.02, 0.04, 0.05, 0.06, 0.07).
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Fig. S10. The average thermoelectric figure of merit z7,,, for (a) SnTe-xSb,Te; (x = 0, 0.02, 0.04,
0.06, 0.08, 0.1) and (b) Sn,;.,Cd,Te-0.08Sb,Tes (y = 0.02, 0.04, 0.05, 0.06, 0.07) between 303K and
853K.

Table S2. Parameters used to calculate carrier transport of SnTe based on two band model.
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Paramaters Values
Combination of elastic constants C (Pa) 5.8x1010
Ratio of the longitudinal to transverse band effective mass 44
K
Ratio of the longitudinal to transverse band effective mass 14
Ky
Band gap E, (eV) 0.054+4.2x104xT %
Energy offset AE (eV) 0.45-2.5%104xT >

Band effective mass of V; mp (myg)

Band effective mass of V;m; (my)
Deformation potential of V;, Eqr(eV)
Deformation potential of Vy Eqr(eV)

Light valence Band degeneracy N,

heavy valence Band degeneracy Ny

T
190.17 + 0.51g——
o g 9300

1.92
35 (this work)

25 (this work)

12

Table S3. Parameters adopted in the Debye-Callaway Model Simulation.

Parameters Values
Longitudinal sound velocity YL (m s) 317126
Transverse sound velocity T (m s™!) 1220%
Sound velocity v (m s) 1967
Atomic mass Sn (kg) 1.97x102
Atomic mass Te (kg) 2.12x10°%
Atomic mass Sb (kg) 2.02x10-%
Atomic mass Cd (kg) 1.87x10%
Atomic mass vacancy (kg) 0
Tonic radius Sn (A) 0.93
Tonic radius Te (A) 2.11
Tonic radius Sb (A) 0.76
Tonic radius Cd (A) 0.97

. . 50%
Tonic radius vacancy (A) r

Gn2+

Griineisen parameter y 2272729
Point defect scattering parameters I (fitted)
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Temperature-dependent ratio of normal phonon scattering to Umklapp scattering B 2.3 (fitted)
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