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Calculation of Lorenz number 

The total thermal conductivity (κtot) of a material is composed of two contributions: the 

electronic component (κele) and the lattice thermal conductivity (κlat). The electronic part κele 

is proportional to the electrical conductivity σ through the Wiedemann-Franz equation κele = 

LσT with L being the Lorenz number.
1
 Usually, the values used for L are 2.45×10

-8
 V

2
/K

2
 and 

1.49×10
-8
 V

2
/K

2
 for metals and non-degenerate semiconductors, respectively.

2
 For typical 

thermoelectric materials, most of which are degenerate semiconductors, the Lorenz number 

depends on the scattering parameter r and will decrease as the reduced Fermi energy 

µ decreases with increasing temperature.
3
 The Lorenz number L can be expressed as:
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Here, the Fermi energy η can be derived from the measured Seebeck coefficients by using the 

following relationship: 
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Where Fn(η) is the Fermi integral,  
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In the above equations, kB is the Boltzman constant, e the electron charge and Ef the Fermi 

energy. Meanwhile, acoustic phonon scattering has been assumed as the main carrier 

scattering mechanism,
4
 i.e., r = -1/2.

5
 The Lorenz number can be obtained by applying the 

calculated reduced Fermi energy µ and scattering parameter r into Eq. (1). 
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Discussion on bipolar diffusion and band degeneracy 

In semiconductors, bipolar diffusion is a complex phenomenon. In addition to band gap, 

carrier density is another influence factor that cannot be ignored.
1
 Larger band gap and higher 

carrier concentration are beneficial to suppress the minority carriers. To make a meaningful 

comparison of bipolar diffusion between two samples, they should have similar carrier 

concentration. In this context we prepared a series of iodine doped SnTe and selected a 

sample with nominal composition SnTe0.995I0.005, the hole density of which (~7.01E10
19
 cm

-3
) 

is very close to that of 2 mol.% Cd-doped SnTe (~6.85E10
19
 cm

-3
) at room temperature. 

Importantly, the iodine dopant has been demonstrated to exert little influence on the 

electronic band structure of PbTe.
2
 This is supported by the fact that the room temperature 

Seebeck coefficient of iodine doped SnTe agrees well with the Pisarenko plot expected by a 

VBM model, Figure S3. By comparing the electrical properties of iodine doped and Cd doped 

samples one can see how Cd alloying affects the band structure of SnTe, see Figure S4. From 

Figure S4(b), it is clear that the Cd-doped SnTe has a much larger Seebeck coefficient over 

the entire temperature range than iodine doped one despite the fact that the two samples have 

similar hole concentration at room temperature. This reveals that Cd alloying in SnTe has a 

higher hole density of states arising from the valence band degeneracy as suggested by the 

band structure calculations. Moreover, regardless of the magnitude of lattice thermal 

conductivity, one can see that iodine doped SnTe has a much lower onset temperature of 

bipolar diffusion with respect to cadmium doped one. It therefore verifies the gap opening by 

Cd doping. Without the two beneficial effects caused by Cd doping, under the same hole 

density, the maximum ZT value of iodine doped SnTe is only around ~0.6, much lower than 

that of Cd-doped SnTe (~0.8). 
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Supporting Tables 

Table S1. Densities of all samples investigated in this study. 

Compositions Densities, ρ (g/cm
3
) Compositions Densities, ρ (g/cm

3
) 

SnTe 6.2 Sn0.98Cd0.05Te 6.1 

Sn1.01Te 6.2 Sn0.97Cd0.06Te 6.1 

Sn1.02Te 6.2 SnCd0.03Te-1%CdS 6.1 

Sn1.03Te 6.1 SnCd0.03Te-2%CdS 6.1 

Sn1.04Te 6.0 SnCd0.03Te-3%CdS 6.2 

Sn1.06Te 5.9 SnCd0.03Te-4%CdS 6.0 

Sn1.08Te 6.1 SnCd0.03Te-5%CdS 6.1 

Sn1.10Te 5.9 SnCd0.03Te-1%ZnS 6.2 

Sn1.02Cd0.01Te 6.2 SnCd0.03Te-2%ZnS 6.2 

Sn1.01Cd0.02Te 6.1 SnCd0.03Te-3%ZnS 6.1 

Sn1.00Cd0.03Te 6.1 SnCd0.03Te-4%ZnS 6.1 

Sn0.99Cd0.04Te 6.1 SnCd0.03Te-5%ZnS 6.1 
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Supporting Figures 

 

Figure S1. (a) Thermal diffusivity D, (b) Heat capacity Cp, and (c) Lorenz number L as a 

function of temperature for Sn1+xTe materials. 

 

 

Figure S2. (a) Thermal diffusivity D, (b) Heat capacity Cp, and (c) Lorenz number L as a 

function of temperature for Sn1.03-xCdxTe samples. 
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Figure S3. Room temperature Seebeck coefficient as a function of hole density for iodine 

doped SnTe. The dotted line is Pisarenko plot expected by a VBM model. 

 

Figure S4. A comparison of thermoelectric properties between cadmium doped and iodine 

doped SnTe with similar hole densities at room temperature: (a) electrical conductivity; (b): 

Seebeck coefficient; (c) power factor; (d) total thermal conductivity; (e) lattice thermal 

conductivity; and (f) ZT value. 
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Figure S5. TEM image of SnCd0.03Te-2%CdS taken along [110] direction. (a) Low 

magnification image of SnCd0.03Te-2%CdS. The inset is the SAD pattern taken along [110] 

direction, showing two sets of diffraction patterns from two grains separated by a grain 

boundary as shown in (a). (b) HRTEM image of a nanoprecipitate, highlighted by dashed 

white line. 



S8 
 

 

Figure S6. TEM image of SnCd0.03Te-2%ZnS taken along [110] direction. (a) Low 

magnification image of SnCd0.03Te-2%ZnS. The inset is the SAD pattern taken along [110] 

direction. (b) HRTEM image of a nanoprecipitate, highlighted by dashed white line. (c) 

STEM-EDX results of the matrix and the precipitate. The spectra were acquired in the area 

shown in the inset STEM image. The precipitate (spot 1) has Zn and S signal, but the matrix 

(spot 2) has none 
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Figure S7. (a) Thermal diffusivity D, (b) Heat capacity Cp, and (c) Lorenz number L as a 

function of temperature for SnCd0.03Te-x%CdS samples. 

 

 

Figure S8. (a) Thermal diffusivity D, (b) Heat capacity Cp, and (c) Lorenz number L as a 

function of temperature for SnCd0.03Te-x%ZnS samples. 
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Figure S9. Temperature dependent (a) electrical conductivity; (b) Seebeck coefficient; (c) 

total thermal conductivity; and (d) ZT values for SnCd0.03Te-2%CdS samples of initially 

prepared one (black square), reproduced one (red circle), and the reproduced one (green 

triangle) after vacuum annealing at 723 K for 15 days. 


