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1.Experiment details

1.1 Material Synthesis: Raw elements in trace-metal purities, namely Ge (99.99%), 

Te (99.99%), Cu (99.99%), Sb (99.99%), and S (99.99%), were weighed based on the 

nominal compositions of GeTe–xCuSbS2 (x=0, 2, 4, 6, 8, 10, 12, 20, 30 mol%). The 

reagents were sealed in the evacuated quartz tubes, slowly heated up to 1223 K over 12 

h in a muffle furnace, soaked at this temperature for 10 h, and followed by quenching 

in iced water. Subsequently, the attained ingots were annealed at 923 K for 3 days, 

before being ground into fine powder and sintered by spark plasma sintering (LABOX-

110H Sinter Land) under a uniaxial pressure of 50 MPa at 823 K for 5 min in vacuum. 

The as-fabricated highly dense round disks with a dimension of 12.7 mm were used for 

property measurement.

1.2 Characterization: Room temperature X-ray diffraction (XRD, Rigaku Smartlab) 

was performed to analyze the phase purities and crystal structures. Scanning electron 

microscopy (SEM, Hitachi TM3000) equipped with an energy-dispersive X-ray 

spectroscopy (EDS) detector and transmission electron microscopy (TEM, FEI Talos 

F200) were used to investigate the microstructures, lattice structures and compositions. 

The TEM lamella specimen was prepared using focused ion beam (FIB, FEI Scios). X-

ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250) was performed to study 

the valence states of the samples. The XANES and EXAFS spectra were measured at 

the XAS beamline in the Australian Synchrotron, and the data was post-processed using 

the Demeter package.

1.3 Thermoelectric Performance Measurement: Temperature-dependent electrical 

conductivity (σ) and Seebeck coefficient (S) were measured using a four probe method 

(SBA 458, NETZSCH) under a protective atmosphere of Argon. Thermal conductivity 

(κ) was calculated based on κ = ρCpD, where the density (ρ) was determined by the 

Archimedes method, and the heat capacity (Cp) values were calculated by the Dulong-

Petit’s law,1 and the thermal diffusivity (D) was measured by a laser flash method (LFA 

457, NETZSCH). The Hall coefficient (RH) values were measured by the Van der Pauw 

method with a magnetic field up to ±1.5 T at room temperature. Carrier concentration 

(n) and mobility (μ) were calculated using n =1/(eRH) and µ=σRH, respectively, where 



e represents the electron charge.

1.4 Density Functional Theory (DFT) Calculations: First-principle calculations were 

performed based on density-functional theory (DFT) with all electron projected 

augmented wave (PAW) method, as implemented in the Vienna Ab initio Simulation 

Package (VASP).2-7 Semi-local generalized gradient approximation (GGA) with the 

fully relativistic Perdew-Burke-Ernzerhof (PBE) exchange correlation functional was 

employed.8 The alloys, based on 3×3×3 supercells, are simulated via the evolutionary 

algorithm implemented in USPEX, which are sampled by a Monkhorst-Pack k-mesh 

spanning less than 0.03/Å3 for structural relaxation, and a denser k-mesh spanning less 

than 0.015/Å3 for non-self-consistencies. The wave functions were expanded in a plan-

wave basis with a cut-off energy of 450 eV. All atoms were allowed to relax in their 

geometric optimizations until the Hellmann–Feynman force is less than 0.01 eV·Å–1, 

and the convergence criterion for the electronic self-consistent loop was set to 1×10–7 

eV. The electronic band structures were calculated along the line-mode k-path based 

on Brillouin path features indicated by the AFLOW framework.9 Spin-orbital coupling 

(SOC) was considered because Te is a heavy element.

1.5 Debye-Callaway model: Based on the Debye-Callaway model,10, 11 the lattice 

thermal conductivity (κl) is expressed by

                         (S1)                      
𝜅𝑙 =

𝑘𝐵

2𝜋2𝑣(𝑘𝐵𝑇

ℏ )3

𝜃𝐷
𝑇

∫
0

𝜏𝑡𝑜𝑡
𝑧4exp(z)

[exp(𝑧) ‒ 1]2
𝑑𝑧

The integrand item, in conjunction with the coefficient of the above equation is the 

spectral lattice thermal conductivity (κs), namely
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In the above equations, vs is the sound velocity, ħ is the reduced Plank constant, θD is 

the Debye temperature, τtot is the total relaxation time,  (with ω denoting 
𝑧 =

ℏ𝜔
𝑘𝐵𝑇

phonon frequency) is the reduced phonon frequency. τtot is a reciprocal sum of the 

relaxation times of the pertinent scattering mechanisms.



The phonon scattering pathways generally include phonon-phonon Umklapp 

scattering (U), grain boundary (B), stacking fault (SF), point defect (PD), and 

dislocation (D). Thus, τtot can be calculated by
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with relevant phonon relaxation times being:

Umklapp process

                  (S4)
𝜏 ‒ 1

𝑈 =
ℏ𝛾2

𝑀𝑣2
𝑠𝜃𝐷

𝜔2𝑇exp ( ‒
𝜃𝐷

3𝑇)
Grain boundary scattering

                                   (S5)
𝜏 ‒ 1

𝐵 =
𝑣𝑠

𝑑

Point defect scattering

      Γ                                 (S6)
 𝜏 ‒ 1

𝑃𝐷 =
𝑉𝜔4

4𝜋𝑣3
𝑠

Stacking fault scattering12, 13

                            (S7)
𝜏 - 1

𝑆𝐹 = 0.7
𝑎2𝛾2𝑁𝑠

𝑣𝑠
𝜔2

Nanoprecipitates scattering
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Resonant scattering
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In these equations, γ is the Grüneisen parameter, υ is the Poison ratio,  is the �̅�

average atomic volume,  is the average atomic mass, Γ is the point defect scattering �̅�

parameter, a is the refined lattice parameters of sample,d is the grain size, R is the 

average precipitate radius, D is the matrix density, ΔD is the density difference between 

the precipitate and matrix, Np is the number density of precipitates, Ns is the number of 

SF per unit length, and ω is the frequency of the Einstein oscillator.



                 

2.Supplementary Figures 

Figure S1. (a-c) The Rietveld refined XRD patterns of x=0, x=4% and x=20% samples.

Figure S2. (a-b) XPS full spectrum of x=4% and x=20% samples.



Figure S3. (a-b) BSE image and SEM-EDS elemental mapping of x=4% and 20% 

samples.

 

Figure S4. Power factor (S2σ) of all samples.

 

Figure S5. Temperature-dependent ZT of all samples.



Figure S6. Temperature-dependent Lorenz constant (L) of all samples. 



Table S1. Room-temperature density of GeTe-xCuSbS2 (x=2, 4, 6, 8, 10, 
12, 20, 30%) samples.

Sample Dry Weight 
(g)

Wet Weight 
(g)

Temperatur
e of Alcohol 

(℃)

Density of 
Alcohol
(g/cm3)

Density of 
Sample 
(g/cm3)

GeTe–2%CuSbS2 0.8772 0.7657 26 0.78437 6.1708
GeTe–4%CuSbS2 0.9864 0.8604 26 0.78437 6.1405
GeTe–6%CuSbS2 1.0233 0.8926 26 0.78437 6.1411
GeTe–8%CuSbS2 1.0583 0.9236 26 0.78437 6.1626

GeTe–10%CuSbS2 1.2576 1.1016 26 0.78437 6.3232
GeTe–12%CuSbS2 1.1463 0.9931 29 0.78182 5.8499
GeTe–20%CuSbS2 1.188 1.0256 29 0.78182 5.7192
GeTe–30%CuSbS2 1.1436 0.7963 29 0.78182 2.5744
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