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~ What is thermoelectricity?

I R T S R I N L N A S e T e R I N I L N A N e T S R I T L A N A S I TR I I e sl AT aE==l

« Thermoelectricity: The science and technology considering the
conversion between the electrical energy and the thermal
energy.

. Seebeck Effect (1821-3)
Using temperature difference to
generate electrical power

- Instrument used by Seebeck to observe the
g deflection of a compass needle (a) due toa
thermoelectric induced current

https://en.wikipedia.org/wiki/Tho http://www.thermoelectrics.caltec
mas_Johann_Seebeck h.edu/thermoelectrics/history.html

Peltier Effect (1834)
Using the electrical power to
create temperature difference

2 https://en.wikipedia.org/wiki/J
ean_Charles_Athanase_Peltier



3 {3%;2 ﬂ"}h”
5 A ek Y 2
HE oo

v
s i \fa’.r -

1
1 =g
Wt

—
i
_-—

- Applications of Thermoelectricity
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® Thermoelectric generator
® Thermoelectric cooler

®Gas Company (CPC) k sy,
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zT & EfflClency

ot b bepd HRm Hiee st A b et e b e biaet pad epd Hhom Flectd st ia Mt i b ppe et b b B e otd A et o o=t b bepd Hhm e idost 12 b et e b e b

Z1

Figure of Merit (zT) \

o . Electrical Conductivity

oS 2T AV

S =—:Seebeck Coefficient
AT

K x = Kk, + &, : Thermal Conductivity

_/

o
w

o
N}

Geothermal/organic Rankine
Geothermal/Kalina

Cement/organic
Rankine

Solar/

o/ el

Stirling ’/" ) _
/ .. Nuclear/Rankme// Th 1+ ZT +TC /Th

/ Alkme _ -~ @ Solar/Rankine e e -

/ ! metV

Efficiency comparison between TEG and

Camot gyl other energy-conversion technologies.
Coal/Rankine oot B . oo | S0 =
T T ‘/‘. _ _ Brayton + Rankine fras AT 1_|_ ZT _1
o Solar/Brayton " _ 77 — D

b A [ . T He, J. & Tritt, T. M. Advances in thermoelectric materials
; 1 1 research: Looking back and moving forward. Science
400 600 800 1,000 1,200 1,400 357, 1369 (2017).
Heat source temperature (K)




zT & Efficiency
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Typical n-type TE materials
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Zhu, T. et al. Compromise and Synergy in High-Efficiency Thermoelectric Materials. Adv Mater 29, 1605884 (2017).
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Typical p-type TE materials
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ZT of Metals
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Wiedemann -Franz Law Seebeck Coefficient of Metals
o
Re = 1
KeRWF Material S (wV/K) S, Zear L Material S (uV/K) S, Zeal
3 5 Antimony 42 0.49 0.07 Tantalum -0.5 -0.01 =0.01
e
Rue = o Nichrome 20 023 0.02 Lead -1 -0.01  >0.01
KT
Molybdenum 5 0.06 =0.01 Carbon -2 -0.02  >0.01
Cadmium, 2.5 0.03 >0.01 Mercury -4.4 -0.05  >0.01
tungsten
7T of metals Gold, silver, 1.5 002 001  Dltmm -3 0.06 =0.01
_LL Sodium 7.0 0.08  >0.01
3 Rhodium 1.0 0.01 >0.01
2 2
zT = —R. S’ =0.3S; Potassium  -14.0  -0.16 0.0l
T
Nickel -20 023 >0.01
S, =—— (Reduced Seebeck coefficient) Constantan  -40 0.46  0.06
kg /€
Bismuth =77 0.89 0.24
Kk
—5 =86 (uVK™)
e ’UV https://en.wikipedia.org/wiki/Seebeck _coefficient



Trade off between TE Parameters
IN Semiconductors
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o oS°T / \
Z1 = KITKG « There has to be a trade-off

between the electrical
; conductivity and the magnitude
of Seebeck coefficient.

« The zT can be enhanced by
reducing the lattice thermal
conductivity. This mostly
achieved by introducing defects.

« However, defects could
S%g significantly impair the electrical
conductivity deteriorating the TE
| |

0 = o o - performance.
Carrier concentration (cm-3)

Snyder, G. J. & Toberer, E. S. Complex thermoelectric materials.
Nat. Mater. 7, 105-114 (2008).

zT
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ABSTRACT: Thermoelectric (TE) devices have been attracting increasing Anomalous Seebeck Effect

attention because of their ability to convert heat directly to electricity. To date, )/ E -(E) K
improving the TE figure of merit remains the key challenge. The advent of the
topological insulator and the emerging nanotechnology open a new way to
design high-performance TE devices. By combining first-principles calculations
with Boltzmann transport theory, we demonstrate for epitaxial Bi,Se; thin films
with thickness slightly larger than six quintuple layers, the relaxation time of the
in-gap topological surface states can reach hundreds of femtoseconds, which is
2 orders of magnitude larger than that of the bulk states. Such a strong
relaxation time enhancement achieves an approximately 3 times larger
electrical- to thermal-conductance ratio than the value predicted by the -
Wiedemann—Franz law. This condition also enhances the Seebeck coefficient, ~ Ryr

and consequently leads to the excellent TE figure of merit zT ~ 2.1 at room
temperature with high TE efficiency over a wide temperature range. The TE
performance can be further improved by introducing defects in the bulk-like middle layers of the thin film. The improvement is
significant at room temperature and can be even better at a higher temperature. Similar strong enhancement of TE performance
is expected in other topological insulator thin films.

SEETN

KEYWORDS: thermoelectric, topological insulator, Bi,Se;, thin film, Wiedemann—Franz law violation, anomalous Seebeck effect




Topological-Insulator Thin Film
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Experimental Evidence of
Large LLS Relaxation Time
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Electrical conductance (exp.) + Fermi wave number (exp.) + Dispersion Relation (DFT)
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10 Taskin, A. A, Sasaki, S., Segawa, K. & Ando, Y. Manifestation of topological protection in
transport properties of epitaxial Bi2Se3 thin films. Phys. Rev. Lett. 109, 066803 (2012).
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- Anomalous Seebeck Effect
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Wiedemann-Franz Law

o _RrR _ 3e’®
K, N APKET

Indicating both charge and
electronic heat currents
are guided by the same
scattering mechanisms

How electrons carry heat?
Hot Cold

Current

12 Datta, S. Lessons from Nanoelectronics: A New Perspective
on Transport. (World Scientific Publishing Company, 2012).
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Ve, 36 I
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<8”> = Jdge”ad (e)! _[dgad (¢)

G=Id80d(8), o

KT
ou(e)=(- 2z

&
> : Transport distribution function

o is the reduced-energy variance
of the differential conductivity;
It is the only factor determine the
extent of Wiedemann-Franz law
violation!



Violation of Wiedemann-Franz law
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Solution of BTE

WF Law Violation
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Enahance zT by Introducing Defects
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®) o8 Ce— By introducing defect into the bulk like middle layers, we can & = 0|, ¢ + Og
o6l mm65% ?1 | ‘:".}; significantly reduce the SLS relaxation time z5, 5 without
¥ 1 noticeably deteriorating the LLS relaxation time 7 . _
— Tsis y d oy Ke = Kiis T Kgis T Kig

This causes a further enhancement of the TE performance.
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Conclusions
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( Normal Seebeck Effect
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