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1. Additional structural characterization of Bi2Te3-Cu2-xTe nanowires. 

 

Figure S1. (a) XRD patterns of Bi2Te3-Cu2-xTe nanowires. (b) Representative SEM 

micrographs of Bi2T3-Cu2-xTe nanowires, Bi2Te3. Bi2Te3-Cu2-xTe (Bi:Cu=5), Bi2Te3-Cu2-xTe 

(Bi:Cu=8) and Bi2Te3-Cu2-xTe (Bi:Cu=10), as indicated in each image. 

 

2. Additional characterization of consolidated composites. 

 

   

 

Figure S2. SEM image, EDX pattern and composition of Bi2Te3-Cu2-xTe pellets. (a) Bi2Te3-

Cu2-xTe (Bi:Cu=5), (b) Bi2Te3-Cu2-xTe (Bi:Cu=8) and (c) Bi2Te3-Cu2-xTe (Bi:Cu=10), 

respectively. 
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Table S1. Density of hot pressed Bi2Te3 and Bi2Te3-Cu2-xTe samples. 

Sample Density (g/cm3) Relative Density 

Bi2Te3 6.63 86.1% 

Bi2Te3-Cu2-xTe (Bi:Cu =10 ) 6.59 86.7% 

Bi2Te3-Cu2-xTe (Bi:Cu =8 ) 6.54 87.2% 

Bi2Te3-Cu2-xTe (Bi:Cu =5 ) 6.44 87.0% 

 

 

 

 

Figure S3. SEM micrograph of a Bi2Te3-Cu2-xTe (Bi:Cu=10) pellet and corresponding EDX 

elemental maps. 
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3. Anisotropy characterization. 

 

 

Figure S4. Temperature dependence of thermoelectric properties of Bi2Te3-Cu2-xTe (Bi:Cu=8) 

in two directions, perpendicular (red) and parallel (blue) to the pressure axis, as marked within 

the graphs: (a) electric conductivity, σ; (b) Seebeck coefficient, S; (c) power factor or S2σ, PF. 

 

 

 

Figure S5. XRD pattern and SEM micrographs of consolidated pellets in two normal directions, 

perpendicular and parallel to the pressure axis, as marked within the graphs. (a) Bi2Te3 and (b) 

Bi2Te3-Cu2-xTe (Bi:Cu=8). 
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4. TE properties of Bi2Te3-Cu2-xTe pellet with different annealing temperature. 

  

Figure S6. Temperature dependence of thermoelectric properties of Bi2Te3-Cu2-xTe (Bi:Cu=8) 

sample annealed at 330 °C (solid symbols) and 450 °C (open symbols) respectively: (a) electric 

conductivity, σ; (b) Seebeck coefficient, S; (c) power factor or S2σ, PF; (d) total thermal 

conductivity, κtotal; (e) lattice thermal conductivity; (f) TE figure of merit, ZT. 

 

5. Electronic thermal conductivity, porosity correction and Cahill limit. 

 

 

 

Figure S7. Temperature dependence of (a) Lorentz number (L) and (b) electronic thermal 

conductivity (κe) of Bi2Te3 and Bi2Te3-Cu2-xTe pellets. 

 

300 400 500 600
0.0

0.1

0.2

0.3

0.4

0.5
 Bi2Te3

 Bi2Te3-Cu2-xTe (Bi:Cu=10)

 Bi2Te3-Cu2-xTe (Bi:Cu=8)

 Bi2Te3-Cu2-xTe (Bi:Cu=5)

k
e
 (

W
 m

-1
K

-1
)

T (K)

 

 

300 400 500 600
1.6

1.7

1.8

1.9

2.0

2.1
 Bi2Te3

 Bi2Te3-Cu2-xTe (Bi:Cu=10)

 Bi2Te3-Cu2-xTe (Bi:Cu=8)

 Bi2Te3-Cu2-xTe (Bi:Cu=5)

 

 

L
 (

x
1

0
-8

 V
2
 K

-2
)

T (K)

a b



S6 

 
Figure S8. Lattice thermal conductivity before (felt) and after (right) porosity correction and 

including the Cahill limit estimated for pure Bi2Te3 at ambient temperature (0.31 Wm-1 K-1).1  

 

The porosity contribution to the thermal conductivity was estimated from Maxwell-Eucken 

equation.2,3  

𝜁100 = 𝜁𝑃

1 + 𝛽𝑃

1 − 𝑃
 

Where ζ100 is the thermal conductivity in 100 % dense medium, P is the porosity degree in the 

range between 0 and 1, β is an empirical parameter related to the pore geometry, which we fixed 

to 2.4 A correction factor of 1.5 was obtained when taking account the 86-87 % relative density 

of our samples. So the lattice thermal conductivities of 100% densified pellet in our work were 

estimated within range of 0.32 Wm-1 K-1 (Bi2Te3-Cu2-xTe) ~ 0.44 Wm-1 K-1 (Bi2Te3), which are 

slightly higher than Cahill limit (0.31 Wm-1 K-1). 
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6. Phonon modeling studies. 

 

 

 

Figure S9. Calculated spectral lattice conductivity at 600 K (a) and thermal lattice conductivity 

(b) for a sample of Bi2Te3-Cu2-xTe (Bi:Cu =10 ). The calculated values are in accordance with 

our measurements for pristine Bi2Te3 (red curves, when nanoinclusions are not considered) and 

for Bi2Te3-Cu2-xTe (black curves). The higher values of calculated thermal conductivities with 

respect to the measured ones are an effect of the high porosity of the samples. 

 

We calculated the thermal lattice conductivity, κl, with the Debye-Callaway model from the total 

phonon relaxation time τtot:
5, 6 

𝜅𝑙 =
𝜅𝐵

2𝜋2𝜐
(

𝜅𝐵𝑇

ℏ
)

3

∫ 𝜏𝑡𝑜𝑡

𝑧4 exp(𝑧)

[exp(𝑧) − 1]2
𝑑𝑧

𝜃𝐷
𝑇

0

                                                                             (S1) 

The integrand together with the coefficient in Eq. (S1) is the spectral lattice thermal conductivity, 

κs,
3 and reports which phonon frequencies contribute more to the thermal conductivity at a 

particular temperature: 

𝜅𝑠 =
𝜅𝐵

2𝜋2𝜐
(

𝜅𝐵𝑇

ℏ
)

7

𝜏𝑡𝑜𝑡

𝑧4exp (𝑧)

[exp(𝑧) − 1]2
                                                                                           (S2) 

 

In the above equations, z =
ℏ𝜔

𝜅𝐵𝑇
  is the reduced phonon frequency, ℏ is the reduced Plank 

constant, υ = [
1

3
(

1

𝜐𝐿
3 +

2

𝜐𝑇
3)]

−1/3

 is the average sound velocity (with υL and υT denoting the 

longitudinal and shear sound velocities respectively) and θD is the Debye temperature calculated 

as 
ℏ

2𝜋𝜅𝐵
(

3𝑁

4𝜋𝑉
)

1/3

υ, where N is the number of atoms a the unit cell and V its volume.  

The total phonon relaxation time is calculated for different scattering mechanisms. The most 

common ones are Normal (N) and Umklapp (U) phonon-phonon scattering and grain boundary 

scattering (GB).8 In addition we included nanoprecipitates (NP) as a source of phonon scattering 

in our calculations.9 



S8 

The different phonon relaxation times were calculated as follows: 

 

Umklapp phonon scattering rate: 

𝜏𝑈
−1 =

ℏ𝛾2𝜔2𝑇

 𝑀𝜐2𝜃𝐷

𝑒𝑥𝑝 (−
𝜃𝐷

3𝑇
)                                                                                                             (S3) 

 

Normal process scattering rate: 

𝜏𝑁
−1 = 𝛽𝜏𝑈

−1                                                                                                                                                   (S4) 

 

Grain boundary scattering rate: 

𝜏𝐺𝐵
−1 =

𝜐

𝑑
                                                                                                                                                  (S5) 

 

Nanoprecipitates phonon scattering rate: 

𝜏𝑁𝑃
−1 = 𝜐 [(2𝜋𝑅2)−1 + (𝜋𝑅2

4

9
(

∆𝐷

𝐷
)

2

(
𝜔𝑅

𝜐
)

4

)

−1

]

−1

𝑁𝑝                                                             (S6) 

 

 

To consider multiple scattering mechanisms simultaneously, the scattering rates (τ-1) are added 

according to Matthiessen’s rule: 

𝜏𝑡𝑜𝑡
−1 = ∑ 𝜏𝑖

−1

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑠𝑚𝑠

                                                                                                          (S7) 

In the above equations, γ is the Grüneisen parameter, β a fitted ratio between Normal and 

Umklapp processes, 𝑉̅ = 𝑉/𝑁 the average atomic volume, 𝑀̅ the average atomic mass,  d 

the grain size, a the lattice parameter, R the average radius for the precipitates, D the matrix 

density, ΔD is density difference between the precipitate and matrix, and Np the number density 

of precipitates. 

 

In the calculations we used parameters from a Bi2Te3-Cu2-x Te (Bi:Cu =10 ) sample. The 

nanoprecipitate density was estimated from the radius and the ratio Bi:Cu. 

 

Table S2. Parameters used to calculate κl and κs 

Parameters values 

Longitudinal Sound Velocity 2800 m s-1 

Transverse Sound Velocity 1600 m s-1 

Grüneisen Parameter 1.5 

Average Atomic Mass 160.15 

Average Atomic Volume 34.8 Å3 

Average Lattice Parameter 6.73 Å 
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Ratio Normal to Umklapp 2.8 (fitted) 

Debye Temperature 162.1 K (calculated) 

Matrix Density 7.6 g.cm-3 

Precipitate Density 7.27 g.cm-3 

Nanoprecipitate Density 2 ×1023 m-3 

Nanoprecipitate Radius 3 nm  

Grain size 50 nm 

 

 

The relatively higher values of thermal conductivities obtained in the calculations in 

comparison with the measured ones is an effect of the porosity of the pellets. For samples with 

densities of ~87% the porosity correction factor is around 1.3 meaning that materials with the 

theoretical maximum density will have thermal conductivities 30% higher.2,3  
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