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Supplementary Note 

Calculations for formation energy of oxygen impurity and phase stability. The formation 

energies of oxygen impurities were calculated using an octuple super cell of SnSe. The lattice 

parameters of pristine SnSe were fully relaxed to be a = 11.49 Å, b = 4.12 Å, and c = 4.53 Å, while 

the internal coordinate of three possible configurations of oxygen impurities such as including O 

replacing Sn (OSn), O replacing Se (OSe), and O at interstitial sites in the SnSe crystal lattice (OInt) 

were optimized within the fixed lattice constant of pristine SnSe by the density functional theory 

(DFT) calculations. Plane wave basis set with 350 eV cut off energy and the projector augmented 

wave method1 were utilized to describe wave functions and potentials. For the accurate description 

of exchange correlation functional and van der Waals interaction, we employed SCAN+rVV10 

functional2 which is implemented in Vienna Ab initio Simulation Package3,4. Formation energies 

of each configuration were calculated with the following formula:  

∆HD,q(EF,μ)=�ED,q − EH�+q(EV+∆EF)+∑ nα�μα
0+∆μ

α
�α +εcorr     

 The first term of right-hand side of the equation is the total energy difference between defected 

system with charge q and pristine host material. The second and third terms stand for the free 

energy gain (or loss) from Fermi energy and chemical potential, respectively, where EV is the 

highest energy level of occupied states of electron, ∆EF is the Fermi level referenced to EV, �� is 

the number of atom when � is removed (+1, +2, ..) or added (–1, –2, …) to host system upon the 

defect formation, μα
0 is the total energy of reference phase of �, and ∆μα is the relative chemical 

potential � that varies with synthesis condition. The last term is a correction term including finite 

cell corrections5. Supplementary Fig. 4a presents the formation energy of three different 

configurations of oxygen impurities in SnSe as a function of Fermi level under the oxygen-rich 
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condition. The set of corresponding chemical potentials is determined by free energies of 

competing phases consisting of Sn, Se, and O, which results in the phase stability map shown in 

Supplementary Fig. 4c. From the calculated formation energies of oxygen impurities, the 

concentration of oxygen which can be soluble into the lattice is evaluated as shown in 

Supplementary Fig. 4b.  

The facile formation of surface SnOx can be understood by density functional theory 

calculations. If oxygen is introduced to the interior of the SnSe lattice (rather than the surface), the 

possible defects are O replacing Sn (OSn), O replacing Se (OSe), and O at interstitial sites in the 

SnSe lattice (OInt). Their defect formation energy is calculated to be larger than 1.0 eV 

(Supplementary Fig. 4a) under the oxygen-rich condition (indicated by a red dot in Supplementary 

Fig. 4c). This result indicates that it is unlikely to form oxygen defects in the SnSe crystal structure 

as the maximum atomic concentration of oxygen impurity present in the SnSe lattice cannot exceed 

1014 cm–3 in the temperature range of 300–800 K (Supplementary Fig. 4b). Hence, even a trace 

amount of oxygen present in the starting reagents and during the sample preparation processes can 

form sub-stoichiometric SnOx on the surface of SnSe powders. The presence of this nominal SnOx 

layer acts as a barrier to preclude oxygen diffusion/reaction to reach the interior of the SnSe grains. 

Supplementary Fig. 4c presents the calculated phase stability map of SnSe and oxygen-containing 

competitors as a function of chemical potential for oxygen (∆μO). At small enough ∆μO of less 

than –3.33 eV, only SnSe exists. As ∆μO exceeds –3.33 eV, SnOx precipitates first. Thus, DFT 

calculations support the observation of a high degree of SnOx at grain boundaries in polycrystalline 

SnSe samples.  
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Supplementary Figs. 1-21 

 

 

Supplementary Fig. 1. a, As-received Sn chunks. b, Typical images of Sn ingot after H2-chemical 

reduction and subsequent melting-purification at 1273 K for 6 h. It is clearly observed that ash-like black 

residues formed on the top and whole surface of Sn ingot. c, After the repetition of the melting-purification 

process three times, the black residues were invisible any more.  
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Supplementary Fig.  2. Spectroscopic and elemental analysis on the ask-like black residues. The black 

residues, shown in Supplementary Fig. 1b, were carefully scraped from the top and surface of the Sn ingot 

after the first melting-purification process. a, Fourier-transformed far-infrared spectrum of the ash-like 

black residues. The peaks in the spectrum arise from the presence of Sn-O bonds. The bands around 480 

cm−1 and 540 cm−1 are attributed to asymmetric and symmetric stretching vibration of O-Sn-O, respectively. 

The band at 680 cm−1 can be assigned to the asymmetric Sn-O-Sn stretching mode6–9. b, Scanning electron 

microscopy (SEM) image of the ash-like black residues with the slices of Sn, which were scraped from Sn 

ingot. c, SEM image, EDS elemental mapping, and composition analysis of the ash-like black residues, 

confirming they are SnOx. d, SEM image, EDS elemental mapping, and composition analysis of Sn slices, 

confirming the negligible concentration of SnOx in the purified Sn ingot. 
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Supplementary Fig. 3.  Composition analysis of element Sn by atom probe tomography. a. Three-

dimensional APT reconstruction of the specimen lifted out from the surface of Sn ingot after the first 

melting-purification process. The Sn and O atoms are mapped as green and blue dots, respectively. A high 

degree of O cluster is clearly observed (denoted by navy isosurface of 10 at % O). b. Proximity histogram 

displaying the concentration profile of Sn and O atoms across an individual O-rich region. The histogram 

confirms O heavily aggregates within commercially available Sn, resulting in the formation of SnOx. c. 

Three-dimensional APT reconstruction of the purified Sn. The O atoms were not detected, confirming our 

purification process successfully removed SnOx in raw materials. d. The mass-to-charge ratio spectrum for 

the purified Sn confirming the absence of signals from O atoms as indicated by the blue solid lines. 
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Supplementary Fig. 4. The density functional theory calculations for the formation of surface tin 

oxides. a, The diagram of calculated defect formation energy (HD) as a function of Fermi energy (EF) 

for three possible defects: oxygen replacing tin (OSn), oxygen replacing selenium (OSe), and oxygen at 

interstitial sites in the SnSe lattice (OInt). The energy level of the valence band maximum (VBM) is set to 

zero. The regions below VBM and above conduction band minimum are depicted in violet color. b, The 

calculated solubility of oxygen in the SnSe lattice in the temperature range of 300-800 K, showing that the 

maximum concentration of oxygen impurity present in the SnSe lattice cannot exceed 1014 cm3. c, Phase 

stability map of SnSe and competitors with oxygen as a function of chemical potential for oxygen (∆μO). 
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Supplementary Fig. 5. The corresponding optical images taken at the same area for the TOF-SIMS 

images in the main text. a, ‘Untreated’ polycrystalline SnSe. b, ‘Purified’ polycrystalline SnSe. The scale 

bar is 10 μm. 
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Supplementary Fig. 6. Theoretical calculations for phonon dispersions and Grüneisen parameters. a, 

Calculated phonon dispersion for pristine and Na doped SnSe. TA, Transverse acoustic phonon scattering 

branches; LA, longitudinal acoustic phonon scattering branch. b, Grüneisen parameters: inset, the average 

Grüneisen parameters along the TA1, TA2, and LA. We investigated phonon dispersions and Grüneisen 

parameters for undoped and 3% Na-doped SnSe using first-principles DFT phonon calculations within the 

quasi-harmonic approximation. Na-doping slightly softens phonon frequency in a. Especially, the lowest 

energy transverse acoustic mode (TA1) is prominently softened along the Γ-Z Brillouin zone direction with 

the decrease in phonon velocity of TA1 mode from 1548 to 1305 m·s−1. Grüneisen parameters measure the 

strength of the bonding anharmonicity. The average Grüneisen parameters () for all the acoustic phonon 

modes increase by Na doping from 2.51, 2.07, and 2.06 to 2.70, 2.48, and 2.44 for TA1, TA2, and LA modes, 

respectively in b. Given lat proportional to −2, the benefit from enriched anharmonicity by Na doping is 

greater than the accompanying increase in ele, thereby lowering tot for Na-doped SnSe. 
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Supplementary Fig. 7. Thermal conductivities of the purified NaxSn0.995-xSe and SnSe as a function of 

temperature. a, Electronic thermal conductivity, ele. b, Comparison of total thermal conductivity, tot, for 

the purified Na0.03Sn0.965Se and untreated and purified SnSe. c, Comparison of tot for purified NaxSn0.995-

xSe and SnSe. lat and tot for SnSe single-crystal along the a axis are given from the previous report for 

comparison10. Data for polycrystalline samples were measured along the SPS direction. The untreated 

sample was synthesized using as-received starting Sn reagent. The purified samples were synthesized using 

starting Sn reagent treated by our purification process. 
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Supplementary Fig. 8. Charge transport properties as a function of temperature for polycrystalline 

SnSe before and after the purification process. a, Electrical conductivity, σ. Inset, σ in the low 

temperature range is magnified. b, Seebeck coefficient, S. c, Power factor, PF. Data were measured along 

the SPS direction. The untreated sample was synthesized using as-received starting Sn reagent. The purified 

sample was synthesized using starting Sn reagent treated by our purification process.  
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Supplementary Fig. 9. Hall mobility for the untreated and purified Na0.03Sn0.965Se samples as a 

function of temperature. 
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Supplementary Fig. 10. Comparison of thermoelectric properties as a function of temperature for 

the purified Na0.03Sn0.965Se sample parallel, //, and perpendicular, , to the SPS direction. a, Electrical 

conductivity, σ. b, Seebeck coefficient, S. c, Power factor, PF. d, Total thermal conductivity, tot. e, ZT 

values. tot for single-crystal SnSe along the a axis from the previous report10 is given for comparison. 
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Supplementary Fig. 11. Theoretical calculations for electronic band structures of undoped and 3% 

Na-doped SnSe (Pnma). a, Electronic band structures. Carrier-contributing hole-pockets are indicated by 

1st, 2nd, and 3rd. b, Density of states (DOS) low temperature Pnma phase based on DFT calculations. The 

electronic structures based on DFT calculations for undoped and 3% Na-doped SnSe of the low 

temperature Pnma phase show that Na-doping multiply modulates valence bands of SnSe as shown in a. 

First, the energy of a second valence band maximum (VBM2) along the Γ-Z direction increases, making an 

energy gap between a first VBM (VBM1) and VBM2 negligible. Second, two doubly degenerated flat bands 

along the X-Γ and the X-direction split, and their upper energy band shifts to VBM1. Consequently, carrier-

contributing hole-pockets converge at the valence top level, resulting in the peak of density of states near 

the VBM as shown in b. This significantly improves S of Na-doped SnSe.  
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Supplementary Fig. 12. The reproducibility of thermoelectric properties as a function of temperature 

for the purified Na0.03Sn0.965Se. a, Electrical conductivity, σ. b, Seebeck coefficient, S. c, Power factor, PF. 

Data were measured along the SPS direction. The samples were independently prepared and measured. 
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Supplementary Fig. 13. The average ZT of the purified polycrystalline Na0.03Sn0.965Se sample between 

~400 and ~780 K. The corresponding values for state-of the-art thermoelectric systems such as undoped 

SnSe single crystal10, hole-doped SnSe single crystal11, ball-milled and reduced Na0.01(Sn0.95Pb0.05)0.99Se12, 

Pb0.98Na0.02Te-8% SrTe13, and 1 mol% In-Cu2Se14 are given for comparison. Unless noted as single crystal, 

all samples are polycrystalline. Because the cold side temperature Tc is closer to 400 K rather than 300 K 

in most practical thermoelectric devices for power generation, average ZT was calculated and compared in 

the temperature range between ~400 and ~780 K. We conservatively calculated the average ZT from 

various independent Na0.03Sn0.965Se samples. 
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Supplementary Fig. 14. Temperature-dependent thermoelectric properties of the purified 

Na0.03Sn0.965Se sample during the heating and cooling processes. a, Electrical conductivity, σ. b, Seebeck 

coefficient, S. c, Power factor, PF. d, thermoelectric figure of merit ZT. 
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Supplementary Fig. 15. Temperature-dependent thermal conductivity of the purified Na0.03Sn0.965Se 

samples for the five consecutive heating and cooling cycles. There samples were obtained from the 

independent synthesis batches. The average values are plotted in the red solid line with the experimental 

error bars according to the standard deviation of the data for the five round-trip cycles. 
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Supplementary Fig. 16. Powder X-ray diffraction (XRD) patterns. a, The untreated and purified SnSe 

samples. b, The purified NaxSn0.995-xSe samples. The theoretically calculated pattern for SnSe (The 

International Centre for Diffraction Data (ICDD) PDF 01-075-6133) is given for comparison in a and b. 

Major Bragg peaks are indexed. SPS-processed ingots were ground to fine powders for the measurement.  
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Supplementary Fig. 17. Powder XRD patterns measured a parallel and b perpendicular to the 

pressing direction of the SPS-processed ingots for purified and untreated Na0.03Sn0.965Se samples. 

The Lotgering factor of the (111) with respect to the (hkl) reflections is 0.140 and 0.131 for the 

purified and untreated Na0.03Sn0.965Se samples along the parallel direction to the SPS press, 

respectively. The results show that the degree of the preferred orientation is similar for the purified 

and untreated Na0.03Sn0.965Se samples. 
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Supplementary Fig. 18. Typical dense pellets obtained by SPS with a diameter of 13 mm and a height of 

~16 mm (center) and the specimens cut for measuring electrical (left, a bar with a length of ~15 mm) and 

thermal transport properties (right, a disk with a diameter of 8 mm) along the pressing direction of SPS. 

Their relative density is ~96%. 
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T (K) #1 (mm2·s1) #2 (mm2·s1) #3 (mm2·s1) 

300 0.462 0.451 - 

323 0.445 0.425 0.485 

373 0.396 0.390 0.442 

423 0.333 0.339 0.360 

473 0.254 0.291 0.315 

523 0.253 0.257 0.281 

573 0.221 0.233 0.254 

623 0.197 0.212 0.229 

673 0.189 0.195 0.216 

723 0.173 0.190 0.178 

773 0.160 0.174 0.160 

783 0.156 0.163 0.146 

800 0.148 0.143 0.131 

 

Supplementary Fig. 19. Test results for thermal diffusivity from Northwestern University. 3 specimens 

have been prepared independently and measured simultaneously.  
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Supplementary Fig. 20. Test report for thermal diffusivity from NETZSCH Scientific Instruments Trading 

(Korea) Ltd.  3 specimens have been prepared independently and measured simultaneously.  
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Supplementary Fig. 21. Test report for thermal diffusivity from Seoul National University. 4 specimens 

have been prepared independently and measured simultaneously. 
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Supplementary Table 1. The sample densities for purified SnSe and NaxSn0.995-xSe samples (x = 0.01, 0.02, 

0.03). Their relative densities are around 96%. The theoretical density of single-crystal SnSe is 6.18 g·cm−3.  

Sample Density (g·cm−3) Relative density (%) 

SnSe 5.921 95.8 

Na0.01Sn0.985Se 5.942 96.1 

Na0.02Sn0.975Se 5.921 95.8 

Na0.03Sn0.965Se 5.914 95.6 
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