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Electron and Phonon Engineering in Nanostructured Thermoelectric Materials
Zhifeng Ren

Department of Physics, Boston College, Chestnut Hill, Massachusetts

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

e 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

e 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

W T, T, (V1+ZT -1

T [ _
Q N1+ ZT 4 e

Ty
COLD SIDE S 20
LT =——T
COLD SIDE k
————— — T
| , 1477 — A
O © Q= Q _ T Te
Wt Te J1iz7 41 S = -AV/AT
G = nell
HOT SIDE
K= K, T K|
S: 1

22 ke . T{idn(E)Jrid‘u(E)l

3 e n dE L dE IE—E KL:LGT
' ' —=F

Zhifeng Ren - Boston College - Department of Physics



P h onon E n g | nee ri n g decrease thermal conductivity
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EleC'[rOﬂ Engineering increase Seebeck coeffcient
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Enhancement of Thermoelectric

Efficiency in PbTe by Distortion
of the Electronic Density of States
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E|eCtrOn Englneerlng modulation doping to increase power factor

665 Appl. Phys. Lett. 33(7), 1 October 1978
Electron mobilities in modulation-doped semiconductor

heterojunction superlattices
R. Dingle, H. L. Stérmer,® A. C. Gossard, and W. Wiegmann

Bell Laboratories, Murray Hill, New Jersey 07974
{Received 19 June 1978; accepted for publication 27 July 1978) _T.:
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GaAs-Al, Ga;_, As superlattice stroctures in which electron mobilities exceed those of otherwise equivalent

UMDLFED

epitaxial GaAs as well as the Brooks-Herring predictions near room temperature and st very low "'B“-I_r_'—l_'_l_
temperatures are reported. This new behavior is achieved via a modulation-doping technique that spatially
separates conduction elecirons and their parent donor impurity atoms, thereby reducing the influence of LMIFORM_Y DOPED

ionized and neutral impurity scattering on the electron motion.
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FIG. 1. Energy-band diagrams for a-doped and undoped Gads-
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Bulk Nanostructured Thermoelectric Materials

(a) Nanoparticle (b)

el

— Decrease thermal conductivity by phonon engineering
— Increase power factor by electron engineering

— Increase ZT by simultaneous electron and phonon
engineering
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How to Achieve Nanoparticles?

Ingot BiSbTe

Elements:

Bi, Sb, Te

Ball milling

Qf) Zhifeng Ren - Boston College - Department of Physics



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

4

Graphite piston
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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 Bi, ,Sb, (Te,

634 (2008).

B. Poudel, et al., Science 320,
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Thermoelectric Properties of p-type Bi, ,Sb, (Te,

B. Poudel, et al., Science 320, 634 (2008).
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Grain Size Distribution of p-type Bi, ,Sb, (Te,

B. Poudel, et al., Science 320, 634 (2008).
Y. C. Lan, et al., NanoLetters 9, 1419 (2009).
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PhOﬂOﬂ Englneel’lﬂg nanostructure in n-type half-Heusler

Giri Joshi, Adv. Energy Mater. 2011, 1, 643-647
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Phonon Engineering point defects in hatt-Heuslers

Giri Joshi et al. unpublished data and Yan et al., Nano Lett 11, 556-560 (2011)
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EI@Ctron Engineering increase Seebeck coeffcient
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Enhancement of Thermoelectric
Efficiency in PbTe by Distortion
of the Electronic Density of States .
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E|6Ctr0n Eng | neel’l ng resonant doping by Al in Al,Pb,_Se

Qinyong Zhang et al. Energy & Environmental Science 5, 5246-5251 (2012)
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P-type Tl, ,,Pb,¢5T€ 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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E|eCtrOn Englneerlng modulation doping to increase power factor

665 Appl. Phys. Lett. 33(7), 1 October 1978

Electron mobilities in modulation-doped semiconductor

heterojunction superlattices

R. Dingle, H. L. Stérmer,® A. C. Gossard, and W. Wiegmann

Bell Laboratories, Murray Hill, New Jersey 07974
{Received 19 June 1978; accepted for publication 27 July 1978)

GaAs-Al, Ga;_, As superlattice stroctures in which electron mobilities exceed those of otherwise equivalent
epitaxial GaAs as well as the Brooks-Herring predictions near room temperature and st very low
temperatures are reported. This new behavior is achieved via a modulation-doping technique that spatially
separates conduction electrons and their parent donor impurity atoms, thereby reducing the influence of
ionized and neutral impurity scattering on the electron motion.
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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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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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