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ΔΔ 

The generation of an electrical voltage from a temperature gradient 

and vice versa. 



The generation of an electrical voltage from a temperature gradient and 

vice versa. 
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Entropy per charge carrier 



The Seebeck effect 

Thomas Johan Seebeck (1821) 

ΔT

ΔV




Material Seebeck Coefficient (µv/K) 

Se 900 

Si 440 

Sb 47 

Pt -5 

Ni -1.5 

Te 500 

Pb 4.0 

CrN -150 

SrTiO3- -800 



The Peltier effect  

 

Jean Charles Peltier (1834) 
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 τ

Willian Thomson (Lord Kelvin) (1854) 

The Thomson effect  
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Thermoelectric Figure of Merit 

Carnot Efficiency 



Best “classic” thermoelectric materials 



Applications 

of TE systems 

Cooling (electronics, etc) 

Energy Harvesting 







238PuO2  

Radioisotope thermoelectric generator 





Y. Yang et al., J. Phys. D: Appl. Phys. 40, 5790 (2007) 



D. Kraemer et al., Nature Materials 10, 532 (2011) 



“heat sources” are everywhere! 



 To reach ZT = 3-4 

 

 

 

 

 

 

 

 How?: reducing thermal conductivity without degrading  

        electrical conductivity 
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Derivation of the transport coefficients 















 
























 

J. M. Ziman, Electrons and Phonons (1960) 









 
























>>1 (metals and degenerate semiconductors)  

m* and n are the factors we can tune to increase S 






























































 

TE power factor: 

 
σ

>>1 (metals and degenerate semiconductors)  



Classical semiconductors 








































for electrons 

for holes 

for two-band conductors 
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J. M. Ziman, Electrons and Phonons (1960) 



The high temperature limit of the Boltzmann equation (Heikes formula) 

Heikes and Beni Phys. Rev. B 13, 647 (1976) 










































If no two particles can occupy  

the same site 

Correlations modify the statistical 

 distribution of charge-carriers 

and therfeore S 








 








An example of a polaronic conductor: 

 La2NiO4+ 

Paul Bach & F. Rivadulla, APL Materials (2013) 



The Debye model for thermal conductivity 













































point deffect Umklapp Boundary scattering 
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  Being a semiconductor. 

 

  Being dopable up to carrier densities of about 1019 carrier/cm3. 

 

  Having a high symmetry crystal structure with a large number of heavy  

       elements per unit cell. 

  

  Being an alloy or having “rattling” sites to further reduce the lattice 

       thermal conductivity. 

  Have a small electronegativity differences between the compounds 

 

 

 
 
 

 F. J. DiSalvo, Science 285, 703 (1999). 



 Snyder & Toberer, Nat. Mat. (2008) 

Heusler alloys Zintl Phases 

skutterudites 
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 Toxicity 

 

Bi2Te3 T(melt)=585ºC 

  

 Shortfall of Te by 2025 

 








Increase ZT 
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PbTe Tl-PbTe 

J P Heremans et al. Science (2008) 
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L=2.4410-8 W/K-2 

 

10-100 nm 
Alloys: 

 

 5-10 W/mK 

 

 

Amorphous: 

 

 1-3 W/mK 

 



Li et al.  Appl. Phys. Lett. (2003) 
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B. Yang and G. Chen 

“Thermal conductivity: Theory and Applications” 

Ed. By TM Tritt 

III a): Reducing thermal conductivity 

















III b): Enhancing thermopower 



Li et al.  Appl. Phys. Lett. (2003) Kim et al. Phys. Rev. Lett. (2006) 



Angew. Chem. Int. Ed. 2008, 47, 8618 –8622 



Poudel et al. Science (2008) 

BiSbTe bulk alloy 



Poudel et al. Science (2008) 

BiSbTe bulk alloy 



K F Hsu et al. Science (2004) 

AgPb18SbTe20 



Mehta et al. Nat. Mat. (2012) 
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 extrinsic strategies to increase thermal conductivity (nanostructuring) 



A. I. Hochbaum et al. Nature 451, 163 (2008) 



Inteface thermal conductance (flux normal to the interface under a 

 thermal gradient)  10-200 MW/m2K  

Artificial multilayers (GaAs/AlGaAs)  8-30 MW/m2K  

 

Selective phonon filtering 



J. Yu et al. Nat. Nanotech. (2010) 



Harman et al. Science (2002) 



> 1500 citations 





Boukai et al. Nature 451, 168 (2008) 



H. Ohta et al. Nat. Mat. (2007) 



The 3 method : 

Measuring the thermal conductiivyt in thin-films 



Time-domain thermoreflectance: 



Time-domain thermoreflectance: 



Time-domain thermoreflectance: 
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 N. Mingo et al. Nano Lett. (2009) 




