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The band effective mass calculations 

Figure 3 shows the DFT band structure of SnS in the Pnma phase.  Table 1 provides the 

information (position, effective mass, degeneracy) for the top of the valence band of the SnS 

crystal. The inertial effective mass tensor is defined as follows: 
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where x, y, z are the direction in the reciprocal Cartesian space (2π/A ); En(k⃗ )  is the 

dispersion relation for the n-th electronic band; ℏ is the reduced Planck constant; and mxx
∗ , 

myy
∗ , and mzz

∗  are the inertial effective masses along the different principal axes of the 

constant energy ellipsoids. In our case with strong anisotropy, it is necessary to average the 



effective masses along different axes. The transport effective mass is calculated by a harmonic 

mean: 
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In general, the transport effective mass is the average inertial effective mass (mI
∗). The total 

DOS effective mass is defined as follows: 

md
∗ = Nv

2/3mb
∗   (S3) 

with the band effective mass: 𝑚𝑏
∗ = √𝑚𝑥𝑥

∗ 𝑚𝑦𝑦
∗ 𝑚𝑧𝑧

∗3 . 

 

 

Single band model 

In general, when considering transport properties of thermoelectric materials, the band model 

assumes rigid bands, that is, the electronic structure does not change with respect to light 

doping and small fluctuations in temperature. Consequently, we investigated the Seebeck 

coefficients as a function of the carrier density using the parabolic band model. The transport 

coefficients within a single band approximation can be expressed as follows: 
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where  is the reduced Fermi energy, r is the scattering factor, ℏ is the Planck’s constant, kB 

is the Boltzmann constant, e is the electron charge, and m* is the DOS effective mass. 

 
Calculations of the average zT 



The average (zTave) is calculated as follows: 

zTave =
∫ zT(T) dT

Th
Tc

Th−Tc
;  zT(T) = ∑ CiT

i5
i=0  (S8) 

where Tc and Th are the minimum and maximum temperature, respectively, T is the absolute 

temperature, and Ci is the fitting constant for each term of Ti. 

 

 

Figure S1. (a) The photos of as-prepared single crystals, cleaved samples, and square-shape 

samples for measurements of TE properties. (b) XRD diffraction patterns for NaxSn1-xS 

powder (x = 0, 0.001, 0.01, 0.02, 0.03, and 0.04). 

 

 

Figure S2. (a) Heat capacity of the Na0.02Sn0.98S single crystal; (b), (c), and (d) thermal 

diffusion coefficient of all samples along the crystalline a-, b-, and c-axis, respectively. 



 

 

 

 

Figure S3. The highest zT value of our Sn0.98Na0.02S single crystal (red bar) along with zT 

values for other metal sulfides except for superionic conductors; green and orange bars 

representing p-type and n-type materials in the previous literatures,
[1-14]

 respectively. 

 

 

 

 

Figure S4. The uncertainties of the thermoelectric properties for Na0.02Sn0.98S single crystal 

along the b-axis: (a) electrical resistivity; (b) Seebeck coefficient; and (c) the total thermal 

conductivity. 

 



 

Figure S5. The reproducibility and thermal cycling stability for two Sn0.98Na0.02S single 

crystal samples along the b-axis: (a) electrical resistivity; (b) Seebeck coefficient; (c) power 

factor; and (d) total thermal conductivity. 

 

Figure S6. The optical band gap for pristine SnS sample.  



Table S1. The sample density and the Rietveld refinement for SnS-x%Na (x = 0, 0.1, 1, 2, 3, 

and 4). The standard deviation is roughly 0.0003 and 0.02 for lattice parameters and volume, 

respectively. 

x a (Å) b (Å) c (Å) Volume(Å
3
) Density(g cm

−3
) 

0 11.1914 3.9835 4.3275 192.9216 5.03 

0.1 11.1901 3.9831 4.3270 192.8573 5.11 

1 11.1916 3.9841 4.3287 193.0062 5.08 

2 11.1985 3.9850 4.3297 193.2198 5.12 

3 11.1937 3.9848 4.3286 193.0618 5.15 

4 11.1952 3.9827 4.3268 192.9198 5.14 

 

 

 

Thermoelectric properties as a function of temperature for NaxSn1-xS powder (x=0, 0.001, 

0.01, 0.02, 0.03 and 0.04) 

 

Figure S7. Thermoelectric properties as a function of temperature for SnS. 
 



 

Figure S8. Thermoelectric properties as a function of temperature for Sn0.999Na0.001S. 
 
 
 

 

Figure S9. Thermoelectric properties as a function of temperature for Sn0.99Na0.01S. 

 



 
Figure S10. Thermoelectric properties as a function of temperature for Sn0.98Na0.02S. 
 

 

 

 

Figure S11. Thermoelectric properties as a function of temperature for Sn0.97Na0.03S. 

 



 

Figure S12. Thermoelectric properties as a function of temperature for Sn0.96Na0.04S. 
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