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Ideas to Advance Thermoelectric Materials Development
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Abstract .

energy future needs solutions that come from a diverse energy portfolio. Thermoelectrics, which

In light of the conflict between energy shortage and increasing energy demand, a secure

could convert waste heat to electrical power, is an important clean and renewable energy technology,
especially considering the fact that more than half of the energy input is lost as waste heat. The de-
velopment of thermoelectric materials with high figure of merit( Z7T') is needed to increase the effi-
ciency of heat-electricity conversion, which involves multivariate optimizations to achieve low ther-
mal conductivity, high Seebeck coefficient and high electrical conductivity simultaneously. In this

short report, I will discuss the new ideas that have advanced the development of thermoelectric ma-
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terials during the last two decades.
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1 Introduction

Thermoelectrics, which converts heat to electricity and
vice-versa, is discovered by Thomas Seebeck and Charles Pelt-
ier in the 18" century and has been actively studied for the use
in the waste heat recovery and solid-state cooling/heating since

th

the 19" century'". A thermoelectric device has two basic com-
ponents, namely p-type and n-type thermoelectric materials as
shown in Fig. 1. In the presence of the temperature gradient, a

voltage is generated due to the Seebeck effect, which causes
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the flow of carriers or electrical current. The efficiency of
thermoelectric device is mainly limited by the figure of merit of
namely the ZT value (ZT =

ST/ k where S is the Seebeck coefficient, ¢ is the electrical

the thermoelectric materials,

conductivity, « is the thermal conductivity, and T is tempera-
ture ). By the end of the 1960’ s, the attainable ZT value is ~
1. The basic science of thermoelectric materials was estab-
lished around that time. For example, heavily doped semicon-
ductor, reduced lattice thermal conductivity through point de-

fects, the combination of high mobility and effective mass have
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been identified to be important for good thermoelectrics. How-
ever, the pace of progress has slowed down from 1960 ~ 1990
and the ZT value of ~ 1.0 was thought to be the maximum at-
tainable value for a couple of decades'’. In the 1990’ s, a se-
ries of concepts have emerged, which lead to the renaissance
of thermoelectrics and brought the state-of-the-art ZT value as
high as 2. 6",

to enhance the power factor (S’¢-) and to reduce the thermal

The two broad strategies for improving ZT are

conductivity, k, of the materials, as will be discussed below.
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Fig. 1  Voltage generated in a thermoelectric material due to
temperature gradient ( Seebeek effect) (a) and Ther-
moelectric module containing one P-type and one N-
type thermoelectric material, which have a temperature
gradient and hence a seebeck-effect caused voltage/

current flow (b)

2 Thermal conductivity reduction

Within the last two decades, the enhancement of the ZT
value is mainly due to the successful minimization of lattice ther-
mal conductivity. In the early 1990 s, Glen Slack suggested
that the best bulk thermoelectric materials shall be phonon-
glass/electron-crystal (PGEC)'". In other words, it has the e-
lectrical properties of crystalline materials and thermal properties
of an amorphous or glass-like material *'. The most prominent
of these bulk materials are cage-like materials (such as skutter-
udites and clathrates ). These materials have voids, in which
“rattler” atoms are inserted and can effectively scatter phonon
and lower the thermal conductivity”™. Fig 2a shows the struc-
ture of CoSb, skutterudite, which contains corner-sharing CoShy
octahedra (black) and a rattling atom (gray).

Besides using large/complex unit cell, the successful
minimization of lattice thermal conductivity can be also
achieved with the grain-boundary/interface scattering in
nanostructures ( Fig. 2a ), which was firstly proposed by
Hicks and Dresselhaus and have been widely used since-
then'®’ .

nons and electrons, internal interfaces found in nanostruc-

Due to the difference in the mean free path of pho-

tures could be applied to reduce the thermal conductivity rath-
er than the electrical conductivity and hence enhance the ZT
value. As phonons with a wide range of mean free path could

contribute to the lattice thermal conductivity or heat trans-

port’” | all-scale-hierarchical architecture to scatter most
phonons has been proposed and demonstrated in Pb, __Sr Te
by Kanatzidis in 2012. Using alloy doping, nanostructuring
and grain-boundary control, the phonons with atomic scale,
nanoscale, mesoscale mean free path have been effectively
scattered, leading to a high ZT of ~ 2.2 at 915 K'*'.

Some substructure materials also have thermal conductivi-
ty as low as its amorphous limit when the phonon mean free
path approaches the interatomic distance'”’. In 2014, a single
crystal material, SnSe, has shown the lattice thermal conduc-
tivity as low as 0.23 W/mK and a moderate S’¢-, leading to
the ZT value ~ 2.6,
SnSe blocks weekly bonded to each other, which scatters pho-

Such a substructure ( Fig.2a) has

nons similar to the effect of interface/grain boundary found in
nanostructures.  Similar substructure materials could be
Na Co0, , where Co-O layers are separated by a disordered Na

layerL o7,

3 Power factor enhancement

Compared to the success to increase ZT through reduced
thermal conductivity, the alternative approach-the power factor
enhancement has been only realized recently through engineer-
ing the band structure of the thermoelectric materials
(Fig.2b). Resonant doping which increases the density of
states (DOS) around the Fermi level (E,) within a small en-
ergy range has been found able to increase the Seebeck coeffi-
cient, e. g , Tl doped PbTe!"'. As a combined result of in-
creased Seebeek coefficient and reduced thermal conductivity,
the ZT value of p-type PbTe doubles upon 2% Tl dopants.
Other successful example of resonant state to increase ZT in-
cludes n-type  Al-doped PbSe!™ | p-type In-doped
SnTe™ | ete.

Similar to resonant doping, the density of states and
hence the Seebeek coefficient could be also enhanced without
sacrificing electrical conductivity by increasing the number of
bands that participate the electron transport, or higher band
degeneracy. For p-type PbTe, it is found that the L. and 3, va-
lence band maxima can be converged with temperature in-
crease, which leads to a high ZT of 1.8 for larger DOS'™.
Similar enhancement of ZT by converging multiple bands can
be also achieved through alloying, which has been demonstra-
ted in n-type Mg,Si,  Sn_, p — type Sn,_ Cd Te, p - type
Cu,MGeSe, , and etc'” "7,

At the meanwhile, modulation doping has been recently
found as an efficient way to further enhance the ZT value of
nanostructure materials. A modulation-doped sample usually
consists of two types of nano grains as shown in Fig. 2b. Com-
pared to the matrix or host grain, the other type of grain is
doped with specific elements, such that the relative band struc-
tures across the interface favors the separation of charges and re-
sults in enhanced mobility of carriers. The electrical conductivi-
ty of the modulation-doped sample is higher compared to uni-
formly doped samples. For example, it has been found that
modulation doped sample (Sig, Gey, ) go-(Sijg Py ), shows higher

power factor compared to uniformly doped Sig,Ge P, "™’
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Fig. 2

a higher ZT value of thermoelectric materials .

4 Summary

In the last two decades, great progress has been made to
advance thermoelectrics, especially thanks to the emerging
new ideas, some of which are briefly discussed above. How
to better apply these ideas to better design thermoelectrics
may benefit from a combined experimental and theoretical ef-
fort. Not only studies on fundamental understanding/mecha-
nism but also new material/property prediction through high
throughput computations are important to expedite the devel-
opment of thermoelectric materials. Currently, there are more
and more efforts devoted to this area. At the meanwhile, as
Dr. Dresselhaus pointed out during the 2014 Materials Re-
search Society Fall meeting, except these known design prin-
ciples or concepts, new ideas, understandings and design
principles are very welcomed for the future design or optimiza-
tion of thermoelectric materials. ( DOIl. 10.7502/
j. issn. 1674 —3962. 2015. 02. 10)
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