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Heat to Electrical Energy Directly 
Up to 25% conversion efficiency with right materials 

TE devices have no 

moving parts, no 

noise, reliable 
Thermopower S = ΔV/ΔT 

hot cold 

Thermopower S = ΔV/ΔT 



U.S. Energy Flow, 2015 

~65% of energy becomes waste heat,  
~10% conversion to useful forms can have huge impact on overall energy utilization  

http://www.eia.doe.gov/emeu/aer/  

http://www.eia.doe.gov/emeu/aer/


Thermoelectric applications 

• Waste heat recovery  

• Automobiles 

• Over the road trucks 

• Marine 

• Utilities 

• Chemical plants 

 

• Space power 

• Remote Power Generation 

• Solar energy 

• Geothermal power 
generation 

• Direct nuclear to electrical 
Curiosity  









More efficient vehicle: Lower CO2 emissions… 

Alphabet Energy  

Gentherm 
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Figure of Merit and Conversion Efficiency 
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A brief history 

1st paradigm of TE 
optimization 
developed 

nanostructuring 
paradigm of TE 
optimization 
proposed 



High ZT materials 

Zhao LD, et al (review), EES 2014, 7, 251-268  

SnSe 
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ZT and Electronic Structure 

t=scattering time 
r= scattering parameter 
latt= lattice thermal conductivity 
T = temperature 

g= band degeneracy 

Large g comes with 

(a) high symmetry e.g. 

rhombohedral, cubic 

(b) off-center band extrema 

Isotropic 
structure 

For acoustic phonon scattering 
r=-1/2 

effective mass 

doping 

complex 
simple 

Complex electronic structure 
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Multiple valleys….are better 

electrons 
holes 



What about thermal conductivity? 

• Diamond 1600 W/mK 

• Cu 400 W/mK 

• PbTe 2.2 W/mK 

• Wood 0.2 W/mK 



Marvelous electronic structure of PbTe 

 

a≈6.45 Å (300K) 

Valence band has two peaks 



How do we lower 
thermal conductivity  

without lowering 
electrical conductivity? 



Breaking up (heat…) waves 



Endotaxy: Coherently embedded 
nanocrystals 

LAST-18 κlatt=1.2 W/m-K at 300 K 

PbTe κlatt=2.2 W/m-K at 300 K He, Dravid, Pcionek, Polychroniadis, Frangis 

LAST-18 

Heat wave 
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Model PbTe – PbS system for nanostructured TEs 
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(PbTe)0.92(PbS)0.08 

Steven Girard John Androulakis 



~50% Reduction  
in κlat 

(PbTe)0.92(PbS)0.08 

PbTe0.92S0.08                 (PbTe)0.92(PbS)0.08 

Solid solution Nanostructured 

PbTe0.92S0.08 

heat 

in situ nanoscale precipitation of PbS reduces 
lattice thermal conductivity. 

Solid solution 

Nanostructured 
Girard 



Through band alignment 

Band alignment is important 
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Ingot crystal 



What about long waves? 

long heat wave 



nanostructures mesostructures 

Nano-scale, meso-scale 

Submicron grains 

Spark Plasma Sintering 
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Thermal conductivity PbTe-x%SrTe 

K. Biswas, Jiaqing He, I. D. Blum, C-I Wu, T. P. Hogan, D. N. Seidman, 
V. P. Dravid & M. G. Kanatzidis Nature 2012, 489, 414–418 

Nanostructures only 

Nanostructures and mesoscale 

PbTe: No nanostructures 
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 4% SrTe, 2% Na: SPS

 2% SrTe, 1% Na: Ingot[14]

 0% SrTe, 2% Na: Ingot

Z
T

T, K

Meso 

scale  

Nano 

scale  

Atomic 

scale  

ZT ~ 2.2  ZT ~ 1.7  ZT ~ 1.1  

Increasing efficiency 

All-scale hierarchical architecture 

1 cm 

All length scales: record high ZT 

K. Biswas, Jiaqing He, I. D. Blum, C-I Wu, T. P. Hogan, D. N. 
Seidman, V. P. Dravid & M. G. Kanatzidis Nature 2012, 489, 
414–418 



Collaboration with Dr Michihiro Ohta, AIST, Japan 

Thermoelectric device 

>12% efficiency 
ΔT~500 oC 



• Bi2Te3-Sb2Te3 (ZT~1) (300K) 

• Filled Skutterudites (Ca,Yb)Fe4Sb12 (ZT~1.5, 
900K, n-type) 

• Mg2(Si,Sn)  (ZT~1.4, 1000 K) 

• Half-Heusler alloys (ZT~0.8, 900K) 

• MgAgSb (ZT ~1.2 400K) 

• GeTe/PbTe (ZT~2, 800K) 

• SnSe (ZT~2.6, 930K) 

• Nanostructured PbTe, SnTe, (ZT~2.2) 

Leading thermoelectric materials 

Please attend Symposium CC for more 


