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Abstract 
Thermoelectric materials in energy conversion, especially waste heat recovery, are more and 
more promising due to the recent breakthroughs in enhancing the dimensionless thermoelectric 
figure-of-merit (ZT) by nanostructuring approach. ZT enhancement involves both electron and 
phonon engineering at the atomic and nano scale. In this presentation, I will go through the 
principles of electron and phonon engineering and give a few examples to demonstrate the 
successful stories involving a few materials systems that are interest to power generation 
applications such as half-Heuslers, lead selenide, skutterudites, silicon-germanium alloys, etc., 
and also a successful case for potentially large scale application using thermoelectric materials. 
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Outline

• Phonon Engineering
–The effect of point defects and nanostructures on reducing 
thermal conductivity by phonon scattering in bulk materials

• Electron Engineering
–The effect of density of states on increasing Seebeck coefficient 
through resonant doping

• Concurrent Phonon and Electron Engineering
–The effect of modulation doping on improving mobility together 
with nanostructures in bulk materials
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Thermoelectrics: Efficiency and ZT
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Phonon Engineering decrease thermal conductivity
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Electron Engineering increase Seebeck coeffcient 
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Electron Engineering modulation doping to increase power factor
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Historic Progress of ZT

Alloy effect, Bi2Te3 
1950s

Dresselhaus, et al., 1993
Quantum effect

Harman, et al., 2002 
PbSeTe/PbTe quantun 
dot superlattice

Venkatasubramanian, et al., 
2001, Bi2Te3/Sb2Te3
superlattice

Kanatzidis, et al., 
2004, LASTNanostructures to reduce k! ?

?

Pure 
elements
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Bulk Nanostructured Thermoelectric Materials

– Decrease thermal conductivity by phonon engineering

– Increase power factor by electron engineering

– Increase ZT by simultaneous electron and phonon 
engineering

Nanoparticle(a) (b)
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How to Achieve Nanoparticles?

Ingot BiSbTe

Ball milling

Elements: 

Bi, Sb, Te
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Particle Size of the Nanopowders
B. Poudel, et al., Science 320, 634 (2008).
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How to Consolidate Nanopowders into bulk?
DC Induced Hot Press
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Disks, Bars, and Thin Wafers

Disks and bars are 
made for individual 
property 
measurements. 

GMZ has capability of 
a few tons per year.

Thin wafers were 
made for testing the 
strength.
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Thermoelectric Properties of p-type Bi0.4Sb1.6Te3
B. Poudel, et al., Science 320, 634 (2008).
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Thermoelectric Properties of p-type Bi0.4Sb1.6Te3
B. Poudel, et al., Science 320, 634 (2008).
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Grain Size Distribution of p-type Bi0.4Sb1.6Te3
B. Poudel, et al., Science 320, 634 (2008).

Y. C. Lan, et al., NanoLetters 9, 1419 (2009).



Zhifeng Ren · Boston College · Department of Physics

Phonon Engineering nanostructure in n-type half-Heusler
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Phonon Engineering point defects in half-Heuslers 
Giri Joshi et al. unpublished data and Yan et al., Nano Lett 11, 556-560 (2011)
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Electron Engineering increase Seebeck coeffcient 
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Electron Engineering resonant doping by Al in AlxPb1-xSe

Qinyong Zhang et al. Energy & Environmental Science 5, 5246-5251 (2012)
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P-type Tl0.02Pb0.98Te without/with Si and Na
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Concurrent Electron and Phonon Engineering
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Electron Engineering two bands converging
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Electron Engineering modulation doping to increase power factor

23
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Concurrent Electron and Phonon Engineering: modulation doping
Mona Zebarjadi et al., Nano Lett 11, 2225-2230 (2011)
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Concurrent Electron and Phonon Engineering modulation doping
Bo Yu et al. (under review)
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Solar Panels Using Thermoelectric Nano Materials
NATURE MATERIALS 10, 532-538 ( 2011)
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Efficiency and Thermal 
Momentum

NATURE MATERIALS 10, 532-538 ( 2011)
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Potential of Thermoelectrics
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Summary

• Physics is very fundamental, understanding

• Materials science is very essential, processing

• Interdisciplinary is very important.

• Solar energy is very large. 

• Thermoelectric materials may be very useful.

• The area is very open.

• The future is very bright.

• Your attention is very much appreciated!
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