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Experimental Section  

1. Synthesis. High-purity elements Pb (shot, 99.999%, Sinopharm Chemical 

Reagent Co., Ltd), Zn (shot, 99.99%, Sinopharm Chemical Reagent Co., Ltd), and Te 

(shot, 99.999%, Sinopharm Chemical Reagent Co., Ltd) were weighed and mixed 

according to the stoichiometric composition of PbZnxTe (x = 0, 0.005, 0.01, 0.015, and 

0.02), Pb1-yZnyTe (y = 0, 0.005, 0.01, 0.015, and 0.02), and Pb1-yZn0.015+yTe (y = 0, 0.005, 

0.01, 0.015, 0.02, and 0.025). The mixtures were sealed in evacuated quartz tubes with 

the inner diameter of 16 mm and were heated slowly with the heating rate of 100 K/h 

to 1323 K, dwelt for 8 h. The quartz tubes were then quenched in supersaturated salt 

water to room temperature. Subsequently, the quenched samples were annealed for 5 

days at 923 K. The as-obtained ingots were hand-ground into fine powders, which were 

sintered by spark plasma sintering (SPS) apparatus at 823 K under 30 MPa to obtain 

fully-densified bulk cylindrical samples (16×3.5 mm3) with a relative density above 

98%. The obtained bulks were then cut into proper sizes for structural and transport 

characterization. 

2. Structure characterization & microstructure. The phase composition of the 

samples was examined by powder X-ray diffraction analysis (XRD; Empyrean, 

PANalytical®; Cu K). The working voltage of the electron gun is 40 kV, and the 

measuring step size is 0.026 ° with a collecting range from 10 ° to 80 ° to obtain the 

lattice constants. The morphology of the samples was investigated using field-emission 

scanning electron microscopy (FESEM, Hitachi SU-8020) and electron probe 

microanalysis (EPMA, JEOL JXA-8230) equipped with a wavelength dispersive 
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spectrometer (WDS). The detecting accuracy of WDS is better than 0.1%. A 

comprehensive characterization of the microstructure was performed on a double Cs-

corrected transmission electron microscope (Titan Themis G2 60-300, FEI) to obtain 

the samples’ microstructures. The samples used for TEM measurement were prepared 

by ion milling with the protection of liquid nitrogen (PIPS 695, Gatan) or focused ion 

beam (FIB) milling (Helios Nanolab G3 UC, FEI). 

3. Thermoelectric properties measurement. The electrical conductivity and the 

Seebeck coefficient from 300 K to 873 K were measured by a standard four-probe 

method (ZEM-3, Ulvac-Riko) under the protective atmosphere of helium gas. The 

thermal conductivity was calculated from the equation 𝜅 = 𝜆𝐶p𝜌, where 𝜆  is the 

thermal diffusivity measured in the argon atmosphere using a laser flash system (LFA-

457, Netzsch), 𝐶p  is the heat capacity calculated by the Dulong-Petit law, and 𝜌 is 

the density measured by the method of Archimedes. The carrier concentration and Hall 

mobility from 300 K to 673 K were measured by a home-made apparatus in the field 

of 1 Tesla. The carrier concentration ( 𝑛 ) and Hall mobility ( 𝜇 ) were calculated 

according to the following formulas 𝑛 = 1 (𝑒𝑅H)⁄   and 𝜇 = 𝜎𝑅H , where 𝑒  is the 

electron charge, 𝑅H  is the Hall coefficient, and 𝜎 is the electrical conductivity. 

4. Calculations of defect formation energy. We use the projector augmented-

wave (PAW) method encoded in Vienna ab initio simulation package (VASP)1 to do all 

the DFT calculations. A high plane-wave cutoff energy of 500 eV is set, which regards 

Pb 5d106s26p2 and Te 5s25p4 electrons as valence electrons. The revised generalized 

gradient approximation (GGA) of Perdew-Burke-Ernzerhof for solids (PBEsol)2 is 
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chosen as the exchange-correlation functional. We build a 4×4×4 supercell consisting 

of 128 atoms to simulate different defect situations. A 3×3×3 Gamma-centered k-mesh 

is adopted to sample the full Brillouin zone. The convergence criterion energy of 

iterative steps is 10-8 eV. All the pristine and defective structures are fully relaxed until 

the Hellman-Feynman force between each atom is lower than 0.001 eV/Å. The 

formation enthalpy of defects are defined by  

∆𝐻𝑑𝑒𝑓,𝑞 = 𝐸𝑑𝑒𝑓,𝑞 − 𝐸𝑝 − ∑ 𝑛𝑖𝜇𝑖
𝑖

+ 𝑞(𝐸𝑉𝐵𝑀 + 𝐸𝑓 + ∆𝑉)        （1） 

where 𝐸𝐸𝐸𝐸 ,𝐸 and 𝐸𝐸 are the total energy of the charged defect system and the pristine 

system, respectively. 𝐸𝐸 is the number of atom i (added into or taken out from the 

pristine system) involved in the defect configuration and 𝐸𝐸  is the corresponding 

chemical potentials with respect to a Pb-rich or Te-rich experiment condition, which is 

defined as  

𝜇𝑖,0 + 𝐸𝑓𝑜𝑟𝑚
𝑃𝑏𝑇𝑒 ≤ 𝜇𝑖 ≤ 𝜇𝑖,0                                         （2） 

where 𝐸𝐸,0 is the chemical potential of atom i in the natural environment. 𝐸𝐸𝐸𝐸𝐸
PbTe  is the 

formation energy of PbTe, which derives from  

𝐸𝑓𝑜𝑟𝑚
𝑃𝑏𝑇𝑒 = 𝐸𝑝 − 𝑛𝑃𝑏𝜇𝑃𝑏,0 − 𝑛𝑇𝑒𝜇𝑇𝑒,0                                   （3） 

𝐸 is the charge of corresponding defect. 𝐸𝐸 is the energy of Fermi level with respect 

to the energy of the valence band maximum 𝐸𝐸𝐸𝐸 . Owing to the shift of potential 

induced by defects3, a correction energy ∆𝐸  derived from the alignment of the 

electrostatic potential in the defective supercell far from the impurity and the pristine 

supercell is added to 𝐸𝐸𝐸𝐸. 
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Figure S1. Backscattering electron (BSE) image of the polished surface for (a) the PbTe, 

(d) PbZn0.005Te, and (h) Pb0.985Zn0.03Te samples. (b-c), (e-g), and (i-k) Elemental 

distribution map of the corresponding region in (a), (d), and (h), respectively. (b), (e), 

and (i) Pb element; (c), (g), and (k) Te element; (f) and (j) Zn element.  
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Figure S2. Temperature dependences of (a) the electrical conductivity, (b) Seebeck 

coefficient, and (c) power factor for the Pb1-yZnyTe samples (y = 0, 0.005, 0.01, 0.015, 

and 0.02).  
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Figure S3. Temperature dependences of (a) the total thermal conductivity, (b) electronic 

thermal conductivity, (c) lattice thermal conductivity, and (d) ZT values for the Pb1-

yZnyTe samples (y = 0, 0.005, 0.01, 0.015, and 0.02).  
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Figure S4. Room temperature carrier mobility as a function of carrier concentration 

compared with that of Bi-doped, Ga-doped,4 Cu-doped5 and Mg-doped6 PbTe. 
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