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Abstract: The last decade created tremendous advances in new and unique thermoelectric gener-
ation materials, devices, fabrication techniques, and technologies via various global research and
development. This article seeks to elucidate and highlight some of these advances to lay foundations
for future research work and advances. New advanced methods and demonstrations in TE device
and material measurement, materials fabrication and composition advances, and device design and
fabrication will be discussed. Other articles in this Special Issue present additional new research
into materials fabrication and composition advances, including multi-dimensional additive manu-
facturing and advanced silicon germanium technologies. This article will discuss the most recent
results and findings in thermoelectric system economics, including highlighting and quantifying

the interrelationships between thermoelectric (TE) material costs, TE manufacturing costs and most
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importantly, often times dominating, the heat exchanger costs in overall TE system costs. We now
have a methodology for quantifying the competing TE system cost-performance effects and impacts.
Recent findings show that heat exchanger costs usually dominate overall TE system cost-performance
tradeoffs, and it is extremely difficult to escape this condition in TE system design. In regard to
material performance, novel or improved enhancement principles are being effectively implemented.
Furthermore, in addition to further advancements in properties and module developments of rela-

7307. https://doi.org/10.3390
/en15197307

tively established champion materials such as skutterudites, several high performance ZT ~> 2 new
material systems such as GeTe, Mgs(Sb,Bi), have also been relatively recently unearthed and module

Academic Editor: Andrea Frazzica applications also being considered. These recent advancements will also be covered in this review.
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1. Introduction

One important aspect for sustainable future society and carbon neutral goals is to
develop new viable technologies for energy saving [1]. Additionally, technologies are
necessary which can dynamically harvest energy from surroundings to power the vast
number of sensors and devices necessary for Internet of Things (IoT) applications [2].
Thermoelectric materials represent the solid-state conversion of waste heat to electricity
and are promising to contribute to both goals [3-14]. To achieve these goals, it is vital
to accelerate the development of both materials and devices. Namely, the thermoelectric
performance, i.e., output power and conversion efficiency, of viable materials need to be
enhanced. Likewise, the effective design, construction, and total thermal management of
40/). thermoelectric power generation devices also needs to be developed.
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This review attempts to cover some of the most recent advancements in both of these
important topics; thermoelectric materials and devices, which the authors are particularly
familiar with, and hopes to give some guide and insight on promising directions for further
efforts to bring thermoelectric power generation to mainstream fruition.

2. Advances in Thermoelectric Materials and Methods
2.1. Recent Advancements in Thermoelectric Property Enhancement Principles

Although thermoelectric modules and systems possess several distinct advantages being
solid state devices, such as being compact, potentially integratable, silent vibration-free
operation, being maintenance-free, etc., the conversion efficiency is still not particularly high.
The higher the efficiency, the possible applicative usages can be expected to expand. Therefore,
in addition to the module and system considerations which will be discussed later in this
review, there is an imperative need to further enhance the performance of the materials.

The conversion efficiency of thermoelectric (TE) materials is a monotonically increasing
function of the figure of merit, ZT. ZT = S20T/x, where S, o, x and T are the Seebeck
coefficient, electrical conductivity, thermal conductivity, and the absolute temperature,
respectively. The numerator of Z, S?c, is called the power factor since it gives a measure
of the thermoelectric power output. There have been various reviews up to now dealing
with the various thermoelectric ZT enhancement principles [15-19]. Here, we will briefly
summarize several of the enhancement principles which have been newly developed or
improved recently.

2.1.1. Power Factor Enhancement

The Seebeck coefficient and electrical conductivity are typically in a tradeoff relation-
ship, and so beyond the carrier concentration optimization it is necessary to find principles
to enhance the Seebeck coefficient. Various band engineering methods have been proposed
and effectively applied. The most straightforward one and widely used is by tuning the
band gap via doping. For example, recently high power factors exceeding 10 mW /m /K2
which is several factors larger than Bi,Tes-type materials were obtained in full Heusler
Fe, VAl-type materials via band gap tuning [20]. Such a very large power factor has also
been obtained for the doped Half-Heusler FeNbSb [21]. Other band engineering principles
have been proposed such as resonance doping, where the Seebeck coefficient is enhanced
via the increased slope of the density of states near the Fermi level [22], and band conver-
gence, where S is enhanced via band degeneracy [23,24]. Modifying the band structure is
not always easy, and energy filtering has provided a more readily implemented enhancement
effect although not so clear in design. Namely, in composite materials in some cases, low-
energy carriers can be scattered by the potential barrier at a heterogeneous interface, so that
high-energy carriers selectively pass through, and the Seebeck coefficient increases [25].

As mentioned above, research related to the above principles has been reviewed [16-19],
and this review would like in particular to cover one renewed interest to utilize magnetism
as a method for enhancing the power factor. As an intuitive image, one aspect to increase
the Seebeck coefficient is by increasing the effective mass m* of carriers through interaction
with magnetism. As background, the Seebeck coefficient can be expressed as the following
equation in a simple SPB (single parabolic band) model,

872K3 77 \2/3
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where 7 is the carrier concentration and in an inverse relation with S. The increase in
effective mass and thereby the Seebeck coefficient via drag effects has been known for
magnon drag resulting in a rise at low temperatures in some ferromagnetic metals at
early times [26], and also phonon drag [27,28], likewise at relatively low temperatures.
Recently, magnon drag has been proposed to be effective at higher temperatures near room
temperature for such materials like CuFeS; chalcopyrite [29] and Fep, VAI Heuslers [30]
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resulting in power factors above 1 mW/m/K?, for these materials composed of relatively
light and abundant elements.

Such enhancement is shown recently to not just be limited to magnetically ordered
systems, but it has also been demonstrated that utilizing magnetic interactions in the
paramagnetic region, i.e., paramagnon drag, [31-33], has also been shown as an effective
strategy for enhancing the Seebeck coefficient and overall power factor. One example as
given in Figure 1 is the enhancement of the power factor of CuGeT, via magnetic Mn ion
doping [31]. A strong coupling between the magnetic ion and carriers was realized as
evinced by the increase in effective mass. In further work, to remove any ambiguity from
simultaneous carrier concentration variation, isoelectronic Cr substitutional doping into
Bi, Tes, versus non-doping and same valence Ga doping. The Cr doping induces significant
magnetic interaction, exhibiting ferromagnetism at around 220 K, and the power factor is
almost doubled compared to the non-doped or non-magnetic element doped case [33].
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Figure 1. (a) lllustration of the paramagnon drag effect, (b) estimated power factor enhancement
effect via Mn magnetic ion doping in CuGaTey, (c) dependence of carrier effective mass versus Mn

magnetic ion doping level [31].

Heremans and coworkers carried out a neutron diffraction study on the MnTe-based
thermoelectric material. As shown in Figure 2, they observe the existence of paramagnons
in the paramagnetic region. Additionally, as an important point, they also observe that the
paramagnon lifetime is longer than the electron-magnon scattering time [32]. This indicates
that the paramagnon is a viable entity to possess interaction with the charge carriers, resulting
in possible enhancement of the Seebeck coefficient as has been proposed above.

In addition to magnon drag and paramagnon drag, spin fluctuation was also recently
demonstrated to enhance the Seebeck coefficient in an itinerant ferromagnetic system [34]
leading to relatively high power factors at room temperature. Namely, application of mag-
netic field was observed to depress the Seebeck coefficient. Experimentally the applicable
magnetic field of 9 T only suppresses by a small margin, however, this is because of the
small energy scale of the magnetic field, and the spin fluctuation effect can be considered to
be suppressed only a little. The Seebeck coefficient for example at 400 K for the largest effect
sample, was 1.5 times that of the extrapolated diffusion limit (Figure 3), so spin fluctuation
may be contributing significantly to the Seebeck coefficient.
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Figure 2. Neutron measurements revealing (a) the existence of paramagnons and (b) paramagnon
lifetime. Adapted from Science Advances 2019, 5, eaat9461 [32]. © The Authors, some rights reserved;
exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http:/ /creativecommons.org/
licenses/by-nc/4.0/ (accessed on 25 July 2022). Reprinted with permission from AAAS.
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Figure 3. Seebeck coefficient of itinerant ferromagnetic Fe; V(g Alg ¢Sig 4. The green dashed line is
the diffusion value extrapolated from low temperature [34].

Doping with magnetic nanoparticles has also led to enhancement of ZT in skutterudites
(SKDs) [35,36] and Bi, Tes-type materials [37,38], for example. Although the effects had initially
mainly been discussed in terms of energy filtering, and thermal conductivity reduction, a
magnetic effect such as described above, may also be contributing to the improvement.

The spin entropy in oxides for example with the mixed valency of Co have been
indicated to enhance the Seebeck coefficient [39,40]. Mixed valency of Sm in SmBgg was
considered to be the origin of the enhanced power factor compared to trivalent rare earth
counterparts [41]. The spin entropy effect to enhance S has also been observed in some
magnetic transition metal sulfides, illustrating that this is a general principle [42].

In regard to the above principles, utilizing magnetism in some cases can be relatively
easily implemented, such as for the paramagnetic drag, via doping of magnetic ions [31-33].
However, a necessary condition is the strong interaction between the magnetic moment and
electrical carrier. Power enhancement has been demonstrated for various material systems
like SnTe, BiyTes-type materials, etc. [43-46]. Magnetic semiconductors with relatively
high thermoelectric performance have also been newly unearthed [47]. The magnetism
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field is traditionally larger than the thermoelectric field and interdisciplinary efforts can be
expected to lead to further development of high performance thermoelectric materials.

Besides the various principles given above for Seebeck coefficient enhancement, ad-
ditional improvement of the electrical conductivity has also been attempted, beyond
simple carrier concentration increase which decreases the Seebeck coefficient in a trade-off.
Attempts to modify the grain boundaries to reduce the carrier scattering have yielded in-
creases in the PF [48-50]. A couple of notable examples will be given below in Section 2.2.2.
It has also been proposed that partially percolating metallic networks can lead to increased
power factor for some composites [51,52].

2.1.2. Low Thermal Conductivity Principles

The potential intrinsic thermoelectric output power of a material is determined by
the power factor, but possessing low thermal conductivity is critical for the tempera-
ture gradient to produce the thermopower, and therefore, for high efficiency. There are
two approaches to achieve this, namely, first of all utilizing extrinsic principles such as
nanostructuring to form in the materials, artificial structures which can selectively scatter
phonons. Second is to start from a material which has built-in mechanisms for intrinsic low
thermal conductivity.

There have been several early reports where nanostructuring was demonstrated to
achieve high performance, such as utilizing inclusions [53] and precipitations [54] to
enhance ZT of PbTe-based materials, and top-down methods such as utilizing ballmilling
to enhance SiGe [55], for example. Up to now there have been myriad examples of ZT
enhancement via nanostructuring for various thermoelectric materials. The understanding
of how different nanostructures/defects affect the phonon scattering has also become quite
refined [56,57]. Namely, the phonon frequency, w, dependence of the phonon relaxation
time T for example of point defects, such as vacancies, interstitials, alloyed atoms is

TpD -1 0<(U4

thereby effective to scatter high frequency phonons. Line defects, namely dislocations have

TLD_10<w1, TDC_10<C()3
for dislocation strain fields, dislocation cores, respectively, thereby scattering mid-frequency
phonons in particular.
Two dimensional defects, namely, grain boundaries have

TGB Leceo?
and thereby are effective to scatter low frequency phonons, while volume defects, such as
nanoprecipitates and nanovoids have

TVD71~(UO +wt

thereby scattering phonons over a wide range. In this way, if a high degree of control over
formation of such nanostructures/defects in a particular target material can be achieved,
the phonon scattering can be better designed to realize higher performance.

In particular, for compounds like GeTe in which defects are easy to form, various
control over the formation has been carried out to lead to high ZT~2. Several examples will
be given below in Section 2.2.1.

In addition to such extrinsic effects, several recent observations for unearthing intrinsic
low thermal conductivity materials are presented.

1.  Example of utilizing materials informatics to find low thermal conductivity compounds
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First of all, it should be stressed that the utilization of materials informatics and data
mining, to try to find high performance thermoelectrics, not limited to the low thermal conduc-
tivity aspect, has become increasingly popular, with various results recently reported [58-62].

Here, we give one example that one of our groups has carried out to try to unearth
new promising thermoelectric materials (See Figure 4). The crystallographic parameter of
partial occupancy was focused on as a possible very important parameter for low thermal
conductivity. As a test compound, a sulfide CugTe3S was selected (See Figure 4) since it has
partial occupancy of the Cu site. Synthesis and measurement of this compound revealed
that it indeed possessed very low lattice thermal conductivity of 0.3 W/m/K at 300 K, room
temperature, with glass-like behavior in the temperature dependence [62]. Having this low
thermal conductivity as a basis, the electronic properties of CusTe3S were modified by doping
to achieve ZT~0.7, a high value for a sulfide, and thereby showing a successful example of
using this approach to find a relatively high performance new thermoelectric material.
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Figure 4. (a) Glass-like thermal conductivity of CugTe3S with partial occupancy (b) obtained database
of compounds with partial occupancy (c) low thermal conductivity compounds newly unearthed
and verified utilizing partial occupancy as a descriptor [62].

In addjition, with a materials genome-type approach, using partial occupancy as a de-
scriptor, the Crystallography Open Database was screened and yielded candidates for low
thermal conductivity. Two previously uninvestigated compounds were synthesized to test
the efficacy of the predictions, and indeed both exhibited low lattice thermal conductivity
of ~0.6 W/m/K@300 K. With this approach, a new library of low thermal conductivity
materials could be presented (Figure 4) [62].

2. Example of thermal conductivity reduction effect due to mixed anions

The fact that bonding heterogeneity and anharmonicity can lead to very low thermal
conductivity has been demonstrated by various groups for different compounds [63-67].
A recent work particularly focused on the mechanism of the mixed anion effect on thermal
conductivity. It was revealed that the locally distorted crystal structure due to the mixed
anion of chalcohalide MnPnS,Cl (Pn = Sb, Bi) causes the peak splitting of the density of
states of phonons [67]. The peak splitting increases the phase space of phonon scattering,
promotes 3-phonon scattering, and greatly reduces the thermal conductivity. In fact, the
mixed anion MnPng2Cl has a much lower lattice thermal conductivity value, 0.5 W/m/K,
compared to 3.5 W/m/K of the single anion CuTaS;3, which has similar proportions of
heavy elements and similar crystal structure. Comparing the phonon densities of states
of these two compounds (Figure 5), there is a phonon gap in the single anion CuTaS3,
whereas in the mixed anion MnPnS,Cl, the gap disappears due to the aforementioned peak
splitting. Although it is a compound mainly composed of relatively light element species,
the heterogenous chemical bonding created by the mixed anion has a very strong thermal
conductivity reduction effect and should be further exploited [67].
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Figure 5. Schematic of the change in the phonon DOS via mixed anion bond heterogeneity [67].

3. Lattice softening by doping

Some compounds, such as BiCuSeO, have weak lattice bonding to begin with [68,69],
but specific atomic doping was shown to particularly soften the lattice and significantly
reduce thermal conductivity. On single doping or co-doping Ti, Zr to SnTe, a red shift is
observed in Raman spectroscopy, and despite this being light element atomic substitution
and the lattice constant is also reduced, contrarily the bonding becomes weaker. The effect
of phonon scattering due to atomic substitution was also estimated, and it was shown
that the reduction in thermal conductivity due to the softening of the lattice is much more
effective in this case (Figure 6) [70].

K, (WIM.K)

T
300 400

T T T
500 600 700

T(K)
Figure 6. Contribution of the lattice softening effect versus phonon scattering effect to lower thermal
conductivity in SnTe [70].

As a result of the lattice softening via doping, ZT,y, which is an important parameter
for the application of thermoelectric power generation, was able to achieve some of the
highest reported performances in this Pb-free material system in the mid-range temperature
region below 723 K [70].

Recently, the experimental control and theoretical understanding of defect formation
has increased. In addition to enhancing traditional materials like Bip Tes-type materials [71],
defect engineering in “hot” new materials like GeTe and Mg3(Sb,Bi);, has also enabled
significant reduction in the lattice thermal conductivity and increases in power factor to
achieve high ZT, and several detailed examples will be discussed below in Section 2.2.

2.2. Several Notable Thermoelectric Material Systems
2.2.1. High, Mid-High Temperatures
Since the renewed interest in the development of high-performance thermoelectric

materials in the early 1990s, a relatively large number of inorganic materials have been
investigated, leading to a large number of review articles and publications on the topic
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in the last ~30 years. The research has primarily focused on high-temperature materials
for thermoelectric waste heat recovery. The materials investigated include advanced PbTe-
based alloys, clathrates, half-Heuslers, oxides, and SKDs. The research has not only focused
on the characterization and improvement of the materials’ thermoelectric performance but
also on the device integration aspects, including mechanical properties and metallization
of the thermoelectric materials. Although a quite impressive body of work has been
performed and claims of peak thermoelectric figure of merit greater than 1 (sometimes
largely greater than unity) have appeared in the literature, making the materials potentially
attractive for commercial applications, no devices/systems integrating these materials are
currently commercially available. There are several reasons for this, primarily technical but
also economical and this review article covers some of these economic reasons.

SKD materials have often been the materials selected for device integration/development
considering their relatively high thermoelectric performance and reasonable mechanical
robustness for a thermoelectric material. SKD materials belong to a rather large family of
compounds and solid solutions, whether filled or unfilled, offering many opportunities
to tune their electronic and thermal properties. They are optimal for thermoelectric ap-
plications in the 573-973 K temperature range with thermoelectric figure-of-merit peaks
greater than unity. Uher recently published a comprehensive review of SKD materials,
which provides a wealth of fascinating information and properties for these materials [72].
Two notable projects funded by the US Department of Energy, one led by General Motors
and the other by Gentherm, were initiated in about 2010 and aimed at developing a cost-
effective thermoelectric generator (TEG) to reduce automotive energy consumption and
CO, emissions by generating usable electricity from exhaust gas waste heat. Both teams
selected the SKD materials for the TEG development. Significant technical progress was
achieved by both teams and the results were documented in two final reports [73,74]. The
technology was eventually not commercially implemented but the technical barriers were not
as significant as the economic barriers, some of which, again, will be analyzed in this article.

PbTe is a well-known high performance mid-high temperature thermoelectric
material [75,76], previously utilized in RTGs at an early time. Because Pb is a restricted toxic
element, for terrestrial applications, there has been effort carried out to develop related
Pb-free materials.

SnTe is such a Pb-free related material and various efforts have been carried out to
enhance the ZT, utilizing principles such as were described in the previous Section 2.1.
For example, In doping has been found to function as a resonance level and various other
doping also carried out for band engineering approaches [77].

Magnetic ion Mn doping in SnTe was indicated to successfully realise interaction
between the magnetism and charge carriers, and also resulted in enhancement of power
factor [43]. Various nanostructuring such as listed in Section 2.1 has also been extensively
applied to SnTe and coupled with the other tuning, high values of ZTax exceeding 1 have
been obtained [78]. However, these high values are limited to a narrow range above 823 K,
and ZT,y is not particularly high. Lattice softening via certain doping resulted in a high
ZT,y in the range 323 K to 723 K as described above in Section 2.1 [70].

GeTe is also a recently very extensively studied system with a base higher ZT than
SnTe. As noted in Section 2.1, the defects in GeTe have been particularly utilized to obtain
high performance and coupled with band engineering, ZT ~ 2 or higher has been reported
by various groups [79-82].

A few examples of the utilization of defect engineering in GeTe will be given. It was
discovered that Cr doping in GeTe had the serendipitous effect to lower the formation
energy of Ge defects. This led to creation of homogenously distributed Ge precipitations
and Ge vacancies, which effectively selectively scattered phonons, and coupled with
typical band convergence doping to enhance the power factor, resulted in high ZT~2
(Figure 7a) [81]. Focusing on the correlation of crystal structure and defects, and their
effects on charge transport, led to high power factors and high ZT,,~1.2 from 300 K to
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723 K for Pb-free GeTe [82]. Compositing approaches leading to strong phonon coupling
increases ZT, and very high ZT > 2 has been reported for some GeTe composites [79,80].

(b)
T T T T T T T T (c)
TR °
1
: 1 ! U:SSG:TwODSAgInTE
1 1 2
: : : : Cubic structure 20
| i : i —~ 40 2 ‘%
I ! : E ‘x a - - (GeTe), (BiTe),,
11 H = s T e " - 3
1 I H = 60 - - - =
(31 ] o . eyl .t e
g :Rho}nbohadralslructure 80} g 11 g °®
=@—Ge,q;,CrypiTe 1.9 H | .. .
—A—GEZZZCr:ZZBiomTe i 1 2 i : o (0.95GeTe-0.05AgInTe,), -(BiTe), ,
- —Ge“aCrumewsTe N oy e M N L -100 L - L A
4 L 4 L 300 350 400 450 500
300 400 500 600 700 800 AWM Temperabare ()
20 (degree)

T (K)

Figure 7. Examples of defect engineering in GeTe; (a) Cr doping to lower defect formation energy
to create precipitations and defects to selectively lower thermal conductivity to enhance ZT [81],
(b) high entropy AgInTe; alloying to stabilize the defect-prone cubic phase (c) enabling heavy Bi
doping for firt stable n-type in GeTe [83].

One applicative issue of GeTe is that it is predominantly p-type and for typical module
applications, an n-type counterpart is necessary. A high entropy doping approach of
AglnTe; alloying into GeTe was carried out. High entropy tends to stabilize the phase with
higher symmetry and as a result, this doping stabilized the cubic phase. The cubic phase of
GeTe forms defects more readily, and thereby it became possible to dope the electron donor
Bi in larger amounts, leading to the first stable n-type conduction in GeTe as illustrated in
Figure 7b [83].

The performance of GeTe is geared toward mid-high temperatures, however, one
interesting approach reported that quenching of GeTe in the synthesis process, shifted
the ZT peak of GeTe to lower temperature to approach the performance of BipTes-type
materials [84]. From a cost standpoint, GeTe is significantly more expensive than Bi;Tes-
type materials, so the impetus to use it as a replacement material is not strong, however,
this appears to be another good example of physical properties control.

A striking high performance of ZT = 2.6 was reported for doped AgSbTe; at the rela-
tively low temperature of 573 K by some tuning of the properties via atomic disorder [85].

2.2.2. Low Temperature Region

Bi, Tes-type materials have been the long-time champion thermoelectric materials in the
low temperature region from RT to 563 K. There have been many reviews written on Bi, Tes-
type materials [86-88], so we will not cover them here, rather focusing on new developments.

The thermoelectric properties of MgzSby-type compounds were studied at an early
time [89], and these materials gained renewed attention when Kanno and coworkers and
Iverson and coworkers, respectively, focused on the band degeneracy aspect (Section 2.1)
and doping tuned the materials to obtain high performance [90,91]. Recent further advance-
ments have been made, for example, via alloying with Mg3Bi, [92] and various dopings [93]
to control the band structure and scattering of thermal conductivity to achieve significant
enhancement of ZT. These and other developments have been reviewed well [94].

As a very recent result, a striking dual effect of Cu minor doping in MgsSb, was
revealed (See Figure 8). These can in a wide view considered to be a type of defect
engineering. The doped Cu atom is thought to enter two different places in the material.
First, interstitial Cu doping was indicated to lower the phonon group velocity of high-
frequency optical phonons which generally make a large contribution to the thermal
conductivity in MgsSb;. Secondly, Cu doping into the grain boundaries promoted grain
growth and importantly, suppressed the scattering of charge carriers by modifying the
structure and composition near the grain boundaries. As a result, very high mobilities
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similar to single crystals were achieved, while being a polycrystalline material with low
thermal conductivity [95].
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