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Fig. S1 (a) XRD patterns of the bulk Sn1-xGexTe compositions and (b) peak shift at a high angle. 

 

Table S1 Lattice parameter of the Sn1-xGexTe compositions. 

Composition (x) a (Å) 

0.0 6.317 

0.1 6.273 

0.2 6.252 

0.3 6.219 
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Fig. S2 (a) BSE image of the Sn0.8Ge0.2Te composition, (b-e) corresponding EDS mapping and 

(f, g) point spectrum of points 1 and 2 in (b) respectively. 
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Fig. S3 DSC curves of the Sn1-xGexTe compositions. 

 

 

Fig. S4 Electronic structure of Sn13Ge3Te16. Energies are shifted with respect to the Fermi level 

which is set to zero. 
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Fig. S5 Thermal diffusivity values Sn1-xGexTe compositions. 
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Fig. S6 Lorenz number for the Sn1-xGexTe compositions. 
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Fig. S7 (a) HAADF image, (b-d) corresponding EDS mapping and (e) line scan data along the 

yellow arrow in (a) of the Sn0.8Ge0.2Te composition. 

 

 

Fig. S8 (a) BF, (b) HRTEM and (c) SAED pattern of the Sn0.8Ge0.2Te composition. 
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Fig. S9 Schematic representation of the ordered phase, (a) reciprocal lattice unit cell and (b) 

corresponding diffraction pattern along the [1̅12] zone axis. 

 

 

Fig. S10 Two beam (a) BF and (b) DF image of the Sn0.8Ge0.2Te composition. 
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Fig. S11 (a) XRD patterns of the bulk Sn0.8-y-zGe0.2BiySbzTe compositions and (b) 

corresponding lattice parameter values. 

 

 

Fig. S12 BSE images of the Sn0.8-y-zGe0.2BiySbzTe compositions. 
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Fig. S13 Fracture analysis showing (a) SE, (b) BSE low magnification, (c) BSE high 

magnification and (d-h) corresponding EDS mapping of the Sn0.67Ge0.2Bi0.03Sb0.1Te 

composition. 
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Fig. S14 DSC curves for the Sn0.8-y-zGe0.2BiySbzTe compositions. 

 



S12 

 

 

Fig. S15. Pisarenko plot comparing the experimental and theoretical Seebeck coefficient with 

carrier concentration. The solid line is the Pisarenko plot for SnTe adopted from Zhang et al.1 

at 300 K. 
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Fig. S16 Electronic structure and DOS of Sn11Ge3BiSbTe16. Energies are shifted with respect 

to the Fermi level which is set to zero. 

 

 

Fig. S17 Thermal diffusivity values for the Sn0.8-y-zGe0.2BiySbzTe compositions. 
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Fig. S18 Lorenz number for the Sn0.8-y-zGe0.2BiySbzTe compositions. 

 

 

Fig. S19 (a) HAADF image, (b-f) corresponding EDS mapping and (e) line scan data along the 

yellow arrow in (a) of the Sn0.67Ge0.2Bi0.03Sb0.1Te composition. 
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Fig. S20 (a) BF, (b) SAED pattern and (d) HRTEM image of the SnTe-Ge interface of the 

Sn0.67Ge0.2Bi0.03Sb0.1Te composition. 
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Lattice thermal conductivity modelling 

According to the Debye-Callaway model,2 the lattice thermal conductivity is computed as 

shown in equation (S1). 

𝜅𝑙 =
𝑘𝐵
2𝜋2𝜈

(
𝑘𝐵𝑇

ℏ
)
3

∫ 𝜏𝑡𝑜𝑡(𝑥)
𝑥4exp⁡(𝑥)

[exp(𝑥) − 1]2
𝑑𝑥

𝜃𝐷 𝑇⁄

0

 
(S1) 

The integrand item of the equation above is the spectral lattice thermal conductivity which is 

calculated by equation (S2) below.3–5 

𝜅𝑠 =
𝑘𝐵
2𝜋2𝜈

(
𝑘𝐵𝑇

ℏ
)
3

𝜏𝑡𝑜𝑡(𝑥)
𝑥4exp⁡(𝑥)

[exp(𝑥) − 1]2
𝑑𝑥 

(S2) 

In the above equations, 𝑥 is a dimensionless variable given by 𝑥 = ℏ𝜔 𝑘𝐵𝑇⁡⁄ where 𝜔 is the 

phonon frequency. 𝜃𝐷  is the Debye temperature which is calculated using 𝑘𝐵𝜃𝐷 =

ℏ𝜈(6𝜋2𝑁)1/3  where N is the number of atoms per volume and 𝜐  is the average sound 

velocity.5–7 𝜏𝑡𝑜𝑡 is the combined relaxation time obtained after considering relaxation times due 

to the Umklapp process (U), Normal process (N), grain boundary scattering (GB), point defect 

scattering (PD), and nanoprecipitates scattering (NP). This is represented by the Matthiessen’s 

rule below. 

𝜏𝑡𝑜𝑡
−1 = 𝜏𝑈

−1 + 𝜏𝑁
−1 + 𝜏𝐺𝐵

−1 + 𝜏𝑃𝐷
−1 + 𝜏𝑁𝑃

−1 (S3) 

Specific relaxation times are determined as described below. 

Umklapp process: 

𝜏𝑈
−1 =

ℏ𝛾2𝑥2𝑇

𝑀𝜐2𝜃𝐷
(
𝑘𝐵𝑇

ℏ
)
2

𝑒𝑥𝑝 (−
𝜃𝐷
3𝑇

) 
(S4) 

Where 𝑘𝐵 , ℏ, 𝛾, 𝑇, 𝑎𝑛𝑑⁡𝑀  are the Boltzmann constant, reduced Planck constant, Grüneisen 

parameter,5,7 absolute temperature, and average atomic mass, respectively. 

Normal process: 

𝜏𝑁
−1 = 𝛽𝜏𝑈

−1 (S5) 

Where 𝛽 is the ratio of Umklapp scattering to Normal phonon scattering.5 
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Grain boundary scattering: 

𝜏𝐺𝐵
−1 =

𝜈

𝐿
 (S6) 

Where L is the average grain size taken from FESEM images. 

Point defect scattering: 

𝜏𝑃𝐷
−1 = (

𝑘𝐵𝑇

ℏ
)
4 𝑉𝑎𝑡𝑜𝑚Γ

4𝜋𝜈3
𝑥4 

(S7) 

Where 𝑉𝑎𝑡𝑜𝑚 and Γ are the average atomic volume and scattering parameter. The scattering 

parameter is calculated as: 

Γ = 𝑥(1 − 𝑥) [(
Δ𝑀

𝑀
)
2

+ 𝜀 (
𝑎𝑑𝑖𝑠𝑜𝑟𝑑𝑒𝑟 − 𝑎𝑝𝑢𝑟𝑒

𝑎𝑝𝑢𝑟𝑒
)

2

] (S8) 

Where 𝑥 is the fractional concentration of the substituted elements, Δ𝑀 is the difference in 

atomic mass between pure and doped alloy, 𝑀  is atomic mass of pure alloy, 𝜀  is the 

phenomenological parameter obtained from literature,7 and 𝑎 represent the lattice parameter of 

both pure and disordered alloy accordingly. 

Nanoprecipitates scattering: 

𝜏−1 = 𝜐 [(2𝜋𝑅2)−1 + (𝜋𝑅2
4

9
(
Δ𝐷

𝐷
)
2

(
𝜔𝑅

𝜐
)
4

)

−1

]

−1

𝑁𝑝 (S9) 

Where R is the average radius of the precipitates, Δ𝐷 difference is density between the matrix 

and precipitates, 𝐷 is the density of the matrix and 𝑁𝑝 is the number density of the precipitates. 

  

Table S2 Input parameters of the lattice thermal conductivity modelling. 

Input parameter Value 

Debye temperature, 𝜃𝐷 (K) 169.40 

Average sound velocity, 𝜐 (m s-1) 18005–7 

Grüneisen parameter, 𝛾 2.25,7 
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Average atomic mass, 𝑀 (Kg) 2.05 × 10-25 

Ratio of Umklapp scattering to Normal phonon scattering, 𝛽 1.85 

Average grain size, 𝐿 (m) 5.40 × 10-6 

Average atomic volume, 𝑉𝑎𝑡𝑜𝑚 (m3) 3.17 × 10-29 

Phenomenological parameter, 𝜀 837 

Average radius of precipitates, 𝑅 (m) 9.1 × 10-8 

Number density of precipitates, 𝑁𝑝 (m-3) 8.27 × 1018 
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