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ARPES  
All the ARPES measurements were performed at beamline ANTARES,1,2 synchrotron 

SOLEIL. Samples were cleaved in ultrahigh vacuum at room temperature and 

measured by ARPES at room temperature. The angle and energy resolutions of the 

ARPES measurements are set as ~ 0.1° and ~ 20 meV. The photon energy-dependent 

ARPES experiments were performed with photon energy varying from 100 eV to 135 

eV. The kz is calculated by 𝑘𝑧 = 0.152√𝐸𝑘𝑖𝑛 cos2 𝜗 + 𝑉0. 𝑉0 was determined in a 

semiempirical approach. 

 

Computational methods 
DFT calculations were conducted using the Perdew–Burke–Ernzerhof (PBE) 

functional of the generalized gradient approximation (GGA) as implemented in the 

Vienna ab initio simulation package (VASP).3 A plane wave cutoff energy of 400 eV 

was used and an energy convergence criterion of 10-6 eV was applied. A k-point mesh 

generated by Monkhorst-Pack scheme4 with a density of 2π×0.03 Å−1 was adopted. A 

3×3×1 supercell containing 72 atoms was constructed with one Sn or S atom 

substituted by a doping atom, corresponding to a concentration of about 2.8%. To 

compare with the experimental measurements, band structure of pristine SnS was 

calculated with HSE065 hybrid functional. For doped systems, the PBE functional 

was used to calculate the electronic structures. The electrical transport properties were 

computed by applying the Boltzmann transport theory implemented in BoltzTraP6 

with a dense k-point mesh density of 2π×0.01 Å−1. For direct comparison with the 

band structure of pristine SnS, the effective band structures of doped systems were 

obtained using a recently developed band unfolding technique.7,8 The band structures 

of supercells were unfolded onto the primitive cell by calculating the spectral weight 

𝑃�⃑⃑� 𝑚(�⃑� 𝑖) = ∑ |⟨�⃑⃑� 𝑚|�⃑� 𝑖𝑛⟩|
2

𝑛 , where 𝑃�⃑⃑� 𝑚(�⃑� 𝑖) is the probability of finding a set of 
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pristine cell states |�⃑� 𝑖𝑛⟩  contributing to the supercell states |�⃑⃑� 𝑚⟩ .9,10 Before 

effective band structure calculations, atomic positions of the doped supercells were 

relaxed. 

 

 

 

 

 

ARPES results on X-Γ-Y plane 

 

 
Figure S1 ARPES CEC mapping and band dispersion of SnS at X-Γ-Y plane. (a-c) 

ARPES CECs of X-Γ-Y plane integrated from different energy windows as indicated 

for each panel. Red rectangles indicate the first BZ boundaries. (d) Location of VBM 

1 by zooming spectra of panel (a) around the Y high symmetry point. (e-f) Band 

dispersion of VBM 1 along Γ-Y and Γ-X directions, respectively. (g) Location of 

VBM 3. (h-i) Band dispersion of VBM 3 along Γ-Y and Γ-X directions, respectively. 

White dashed lines in (d) and (g) indicate the momentum cuts where dispersions 

shown in (e), (f), (h) and (i) are extracted. Black dashed lines in (e), (f), (h) and (i) are 

curve-fitted dispersions. 

 

 

 

 

 

 

 

 

 



Results of Sb-doped SnS 
 

 
 

Figure S2 The projected electronic density of states of Sb-doped SnS. 
 

 

 
Figure S3 Effective band structure of Sb-doped SnS calculated from DFT. Fermi level 

is located at 0 eV. 
 

 

 
 

Figure S4 Decomposed charge density corresponding to the bottom of conduction 

bands at a carrier concentration of -1020/cm3 for Sb-doped SnS. Sn, S and Sb atoms 

are colored by red, blue and purple, respectively. The value of isosurface is equal to 3

×10-5 e/bohr3. 

 



 
 

Figure S5 Seebeck coefficients (upper), electrical conductivity normalized by the 

relaxation time (middle), and power factor normalized by the relaxation time (bottom) 

of pristine (solid curves) and Sb-doped SnS (dashed curves) at 300 K and 600 K. 
 

 

References 
1 Chen, C., Avila, J. & Asensio, M. C. Chemical and electronic structure 

imaging of graphene on Cu: a NanoARPES study. Journal of Physics: 

Condensed Matter 29, 183001 (2017). 

2 Avila, J. & Asensio, M. C. First nanoARPES user facility available at SOLEIL: 

An innovative and powerful tool for studying advanced materials. Synchrotron 

Radiation News 27, 24-30 (2014). 

3 Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio 

total-energy calculations using a plane-wave basis set. Physical Review B 54, 

11169 (1996). 

4 Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. 

Physical Review B 13, 5188 (1976). 

5 Heyd, J., Scuseria, G. E. & Ernzerhof, M. Hybrid functionals based on a 

screened Coulomb potential. The Journal of chemical physics 118, 8207-8215 

(2003). 

6 Madsen, G. K. & Singh, D. J. BoltzTraP. A code for calculating band-structure 

dependent quantities. Computer physics communications 175, 67-71 (2006). 

7 Medeiros, P. V., Tsirkin, S. S., Stafström, S. & Björk, J. Unfolding spinor wave 

functions and expectation values of general operators: Introducing the 

unfolding-density operator. Physical Review B 91, 041116 (2015). 



8 Medeiros, P. V., Stafström, S. & Björk, J. Effects of extrinsic and intrinsic 

perturbations on the electronic structure of graphene: Retaining an effective 

primitive cell band structure by band unfolding. Physical Review B 89, 041407 

(2014). 

9 Popescu, V. & Zunger, A. Extracting E versus k ⃗ effective band structure from 

supercell calculations on alloys and impurities. Physical Review B 85, 085201 

(2012). 

10 Shen, J., Yu, H., Pei, Y. & Chen, Y. Resonant doping in BiCuSeO 

thermoelectrics from first principles. Journal of Materials Chemistry A 5, 

931-936 (2017). 
 

 


