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Section 1: Supplementary figures
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Fig. S1 The XRD patterns of SnTe;,Se, (x = 0.00-0.20) and Sn;_,Ge,Teg3Sep, (y =
0.00-0.20) samples, The Si powders in SnTe;_Se, samples are used as the standard.

a 640 b 6.40
SnTe, ,Se, Sn;Ge,TeggrSe o0
6.35 6.35 1
[
6.30 | \ 6.30
2 ~| =
o 6251 v B25 \
6.20 - 6.20 ,
6.15 - 6.15
6.10 T T T T T 6.10 T T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
X y

Fig. S2 The lattice parameters (a) of SnTe;.Se, (x = 0.00, 0.05, 0.10, 0.15 and 0.20)
and Snl_yGeyTeo.goseo_zo (y = 005, 010, 015, 020)
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Fig. S3 The quantitative SEM-EDS result of Sn3Geg,TesSeq

Fig. S4 (a) Low and (b) high magnified metallographic images for SnysGe,,TeysSe) 2
sample. (c) The back-scattered electron image of the polished surface of
SngsGeg,TepsSep, sample. The black region may be holes in the sample or holes

caused by grinding and polishing. (d) EDS mapping of the polished surface of
SngsGeg,TepsSeq, sample.
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Fig. S5 (a)-(c) HAADF images for Sn 3Geg,TeqsSeq, sample. (d) EDS mapping of the
SngsGeg,TepsSep, sample conducted on the region indicated in (a) by a yellow dash
box.
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Fig. S6 (a-c) The band structure of Sn,;Te;;, Sny;TessSe and Sny;TeysSe;. (d) The
changes of band gap and energy difference with alloying Se in SnTe.
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Fig. S7 (a-c) The band structure of (SnTe),.5(GeSe)s (6 = 0.05, 0.10, 0.15). (d) The
changes of energy offset between 1, 2 and 3 band near VBM.
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Fig. S8 A-dependent Rashba energy (Er) and momentum offset (k).
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Fig. S9 The L band structure of SnygGey,TeggSey, sample. The inset shows the
meaning of Rashba energy (Er) and momentum offset (ko).
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Fig. S10 7-dependent thermoelectric properties of SnTe;_Se, (x = 0.00, 0.05, 0.10,
0.15, 0.20) samples: (a) Electrical conductivity, (b) Seebeck coefficient, (c) total
thermal conductivity, and (d) z7 value. The inset of b shows the 7-dependent power
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Fig. S11 The plot of In(s) versus In(7) for SnTe, SnggGe,TeypsSeps and
(Sng 85Sbo.10)0.8G€0.2Teg8Seo» samples.
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Fig. S12 T-dependent Lorentz number (a) and «. (b) of Sn;.,Ge,Teg3Seq, (v = 0.05,
010, 015, 020) and (Sll1_ZSb22/3)0.gG60.2Te()_gSeo.z (Z =0.00 003, 009, 015, and 021)

samples.
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Fig. S13 T-dependent bipolar thermal conductivity (x;) of (a) Sn;_,Ge,TeggSep, (v =
005, 010, 015, 020) and (b) (SIl1_Zszz/3)0.gGe().2Te().8Seo.z (Z = 003, 009, 015, and
0.21) samples.

a 102 b
—— SN, ;Gey,Te;:5€e;,
100 A — (Shy g5Sby 10)p 8G€0 2 T€ 5580
981 z
S 8l
= g 2
.':g:; =0 —— Sn, sGegy ,Te Se; , g
——(Sny gsSh, Ge,,Te,:5¢ =
= 94 - (SNg gsSbg 10) £G&y 2 T 6560 2 8
I
92 1
a0 T T T T T T T T T T
300 400 500 600 700 800 300 400 500 600 700 800

T (K) T(K)

Fig. S14 The TG and DSC curves of SnggGeg,TepsSer, and
(Sn g55by.10)0.8Ge€0 2 Teg gSep » samples.
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Fig. S15 The reproducible test of the (Sng g5Sbg 10)0.8Gep2TeosSe, sample.
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Fig. S16 Repeat tests of the (Sng gsSbo.10)0.8Gep2TeosSe, sample.




Section 2: Supplementary tables

Table S1. The density and relative density of the sintered SnTe,.,Se,, Sn;.,Ge,Te,_Se,,
and (Sn1_ZSb22/3)0.gGeo.2Te().gSeo.z samples.

Sample ID Density  Relative
(gcm?)  density (%)

SnTe 6.435 99.5

SnTeg955€0.05 6.43 99.4

SnTeg 90S5€0 10 6.395 98.8

SnTeggsS€eo 15 6.38 98.6

SnTej g0Seo.20 6.385 98.7

Sng 95Geg o5 Te.805€0 20 6.22 96.1

Sng 90Geg.10T€0.805€0 20 6.37 98.5

Sng g5Geg 15Tep.805€0 20 6.33 97.8

Sng g0Gep 0T e€0.805€0 20 6.31 97.5

(Sng.97Sby.02)0.8Ge0 2 Teg sSep.  6.28 97.1

5 6.30 97.3

(Sng.91Sbg.06)0.8Ge0 2 Teg sSep,  6.31 97.5

5 6.31 97.5

(Sng.85Sby.10)0.8Ge0.2 Teg.8S€0.

2

(Sng.79Sby.14)0.8Geo 2 Teg sSey,

2




Table S2. The formulas for relaxation times (7) corresponding to different phonon
scattering mechanisms, where 7;7,! o', zpp~!,? and 7, 13* are the relaxation times
due to the scattering of Umklapp processes, Normal processes, point defects, and
vacancies, respectively.
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Table S3. Parameters used for the Debye-Callaway model simulation.

Symbol Parameters Value Ref.
Y Gruneisen parameter 2.1 >
M (kg) Average atomic mass Momua/(2%6.022x10%3)  calculated
Uy (m/s) Average sound velocity 2107 exp.
Op (K) Debye temperature 155 3
The ratio of N- to U-
B processes 1.7 fitted
\
Vo (A3) Volume per atom Value . .depends " calculated
composition
. Phenomenological
1
parameter for Ge doped at 5
fittt
. Sn, Se doped at Te, 1 ittted
2 respectively
Ms, (g/mol) 118.71
M. 1 127.
re (g/mol) Mole mass of Sn, Te, Ge, 7.6 .
Mg, (g/mol) Se and Sb 72.64 this work
Ms. (g/mol) 78.96
Mgy, (g/mol) 121.76
rsn (pm) 132
2
rre () The radius of Sn, Te, Ge, —' .
7Ge (Pm) Se and Sb atoms 87 this work
rse (pm) 184
rsp (pm) 90
_ _7)¥
j:s B Fractional occupant for Sn, i z’ gl 82) 0.8
fT ¢ Te, Ge, Se and Sb in Sn,. (), 2' this work
fGe ,Ge,Te;Sex  and  (Sn. i’ O. 5
Se , U.
e 25b273)0.8G€0.2Te€0 55€0.2 0. 22/3%0.8
n The number of sublattices 2 this work
i The ordinal value of atom Sn: 1, 2; this work
species at each sublattice Te: 1,2
; The f)rdlnal value of 1,2 this work
sublattice
A measure of the vacancy
2 3
s scattering 0.89
e The  concentration of 0.02z=0.15; calculated

vacancy per atom 0.028 z=0.21




Section 3: Study on the mobility of SnTe; Se, samples

We find the SnTe,_,Se, samples have similar u values as that of single-doped SnTe
materials (Fig. 3¢ in the main text). This result can be explained as follows. The
scattering ability of one dopant on carriers depends on the mass fluctuation and strain.®
So, we analyzed the effect of Se doping on carrier mobility from these two perspectives.
The relative mass change between Se and Te is around 38%, which is smaller than or
close to those between Sn and the common cationic site dopants, such as Mn (53.7%)
and Ge (39%). The strains of SnTe,..Se, samples were calculated by analyzing XRD
peak broadening through a typical Williamson-Hall fitting” (Fig. S17). The calculated
lattice strain (¢) increases from 0.22% for SnTe to 0.24% for SnTegsSeq s. In
summary, the small mass fluctuation and tiny strain induced by Se alloying help to
maintain the as high x4 value for SnTe; ,Se, samples as those of single-doped SnTe
materials.
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Fig. S17 (a,b) The (220) and (420) diffraction peaks for SnTe;Ses (x = 0.00, 0.05,
0.10, 0.15, 0.20) samples. (c) The full width at half maximum (FWHM) of (220) and
(420) peaks for SnTe;,Se, (x =0.00, 0.05, 0.10, 0.15, 0.20) samples. (d) The calculated
lattice strain by a typical Williamson-Hall fitting for all diffraction peaks of SnTe and
SnTe(g5Se.15s samples. The By value is the FWHM of the (hkl) peak.



Section 4: Density functional theory calculation.

The vibration entropy (Syi,) and electronic structure were both performed through
density functional theory within projected augmented wave (PAW) method® and
generalized gradient approximation reported by Perdew, Burke, and Ernzerhof (GGA-
PBE)° for exchange correlation functional.!®!! To obtain the SnTe-based high-entropy
structure for Sy, calculation, a series of 2x2x2 supercells (containing 64 atoms) with
special quasi-random structures were constructed via alloy theoretic automated toolkit
(ATAT) code.> A series of 4x4x4 high-entropy supercells (containing 128 atoms)
expanded from the SnTe primitive cell are used for calculating the electron density of
states (DOS) and unfolded band structure for Se alloyed and high-entropy SnTe,
respectively.

The energy cutoff was set to 400 eV for all following calculations. During structure
relaxation, the convergence precision of Hellman-Feynman force was smaller than 10-
5 eV/A-!. The relaxed lattice parameters are within an error of 2% from each sample’s
experimental values (Table S4). The Brillouin-zone sampling was performed on
Monkhorst—Pack meshes® except for S,;, and DOS calculation, which are calculated by
using a I'-centered k-mesh and tetrahedron method with Blochl corrections.” The
second order force constants matrices of a series of high entropy structure were
calculated?® through density functional perturbation theory (DFPT).? Using the Phonopy
code for post-processing, we got Sy, and other thermal properties at 300 K. The spin
orbit coupling (SOC) effect were considered in all electronic structures. DOS and band
structure data were extracted via VASPKIT code.!?

Usually, there are three methods to carry out the construction of high entropy alloys
(HEA), which are special quasi-random structure (SQS),!3-'4 cluster plus approximation
(CPA),'>:16 and supercell method.!” SQS method optimizes the atomic arrangement by
minimizing the interatomic correlation function, which preserves the short-range
ordered structure and can more accurately reflect the chemical environment of the
system.

To date, researchers have performed a series of calculations on the formation energies, '
elastic properties,!® bond length distributions,?® and electronic structures?!*?> of HEAs
by supercells constructed by the SQS method, which are in good agreement with the
experimental results. We performed structural search of high entropy alloys with
different components by Monte Carlo-SQS tool**** and used the best-searched
structure, all of which have the lowest symmetry (P1 space group).

Through structural relaxation by DFT, we optimized both the lattice parameters and
atomic positions to keep the internal lattice stresses as small as possible in order to
obtain a more stable and realistic HEA structure.



By XRD refinement, we obtained the experimental lattice parameters. The Rietveld
structure refinements of studied samples are conducted by FullProf software? and the
results of two typical samples are shown in Fig. S18. The lattice parameters obtained
from DFT calculations are shown in Table S4 in comparison with their counterparts.
The relative error is within 2%, which is acceptable.?® Both experimental and
theoretical values show that the cell parameters decrease with the increase of solid

solubility.
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Fig. S18 The Rietveld structure refinement results of two typical samples: SnTe and
Sl’lo'gGeo'zTeO.gseo'z.

In the construction of the SQS structure, we try to make the content of each element as
close as possible to the experimental value, and the relevant data are shown in Table
S5. For Gibbs free energy calculations, we constructed 2x2x2 SQS supercells from
conventional cell of SnTe, containing a total of 64 atoms. For electronic structure
calculations, we constructed 4x4x4 SQS supercells from the primitive cell of SnTe,
which contain 128 atoms. Referring to the search principle of SQS?7 with some high-
level computational papers on high-entropy alloys,?? our supercells are large enough
for the relevant computational needs.



Table S4. Comparison of experimental and calculated lattice parameters (normalized).

Lattice parameter Lattice parameter
obtained by Rietveld obtained by
Nominal component refinement (a=b=c, A) relaxation Relative error

calculation (a=b=c,
A)

Structures for Gibbs free energy calculation

SnTe 6.324 6.412 1.39%
Sl’lTeo_95seo'05 6.313 6.402 1.41%
SnTeolgoseoAlo 6.296 6.384 1.40%
SHT60.15SG()_15 6.278 6.368 1.43%
SnTeg goSe

08077020 6.268 6.351 1.32%
(nonholomorphic)
Sny95Geg gsTegs0Se
03T 005 THOS070.20 6.249 6.341 1.47%
(nonholomorphic)
Sl’logoGCoJoTCo_g()SCoQo 6.232 6.318 1.38%
Sno.gsGeo.lsTeo_goseo.zo 6.214 6.301 1.40%
Sng.goGCO.oneo'gQSCO.zo 6.198 6.278 1.29%

Structures for electronic structure calculation

SnTe 6.324 6.412 1.39%
Sl’lo.goGeo.oneo_Soseo.zo 6.198 6.306 1.74%

Table S5. Structure and chemical formula for Gibbs free energy and electronic structure
calculation.

Experimental Chemical formula of
component (Nominal supercell Supercell structure
component)

Structures for Gibbs free energy calculation
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