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Abstract: Energy harvesting with thermoelectric materials has been investigated with increasing
attention over recent decades. However, the vast number of various material classes makes it difficult
to maintain an overview of the best candidates. Thus, we revitalize loffe plots as a useful tool for
making the thermoelectric properties of a material obvious and easily comparable. These plots
enable us to consider not only the efficiency of the material by the figure of merit zT but also the
power factor and entropy conductivity as separate parameters. This is especially important for
high-temperature applications, where a critical look at the impact of the power factor and thermal
conductivity is mandatory. Thus, this review focuses on material classes for high-temperature
applications and emphasizes the best candidates within the material classes of oxides, oxyselenides,
Zintl phases, half-Heusler compounds, and SiGe alloys. An overall comparison between these
material classes with respect to either a high efficiency or a high power output is discussed.

Keywords: thermoelectric materials; energy harvesting; energy materials

1. Introduction

At a time when raw fossil materials are becoming scarcer and the demand for regenerative energies
is relentlessly rising, the use of energy harvesting systems has gained an ever-increasing interest [1].
Regardless of whether it is from industrial processes, mechanical processes, or the transportation
sector, the amount of wasted energy currently remains enormous. In 2017, the estimated energy
consumption in the U.S. was shown to be approximately 67% wasted energy [2]. At this point, energy
harvesting comes into play, converting even small amounts of wasted energy in the form of heat,
light, vibration, or movement into usable energy [3]. Since most of this wasted energy is in the form
of heat, the conversion of thermal energy to electrical energy via thermoelectric generators is an
attractive solution. The associated energy conversion is based on the thermoelectric effect, which is the
simplest way for direct energy conversion from dissipated heat into electrical energy.

Discovered by T.J. Seebeck in 1821, the first thermoelectric effect (Seebeck effect) describes the
direct conversion of thermal energy into electrical energy, which Seebeck demonstrated by thermally
inducing an electrical current by heating two different electrical conductors. Together with the Peltier
effect (1834), which describes the heating or cooling effect of an electrical current in a thermocouple,
and the work of W. Thomson on the thermoelectric effect in homogeneous conductors (Thomson effect),
the basis of thermoelectricity was laid [4]. In the first half of the 20th century, the term ‘figure
of merit” was introduced, and the first theoretical approaches were made in designing a material
with a high energy conversion efficiency. In 1957, AF. Ioffe defined the figure of merit zT as a
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function of the electrical conductivity, the Seebeck coefficient, and the thermal conductivity of the
material [5]. However, thermoelectric energy conversion has been too inefficient for most applications
for a long time. Theoretical descriptions of nanostructural engineering and superlattice structures
paved the way to significantly improved zT values, which strongly increased research on thermoelectric
materials in the mid 1990s [6]. Today, the improvement and development of thermoelectric materials
still have the goals of gaining higher efficiencies and power outputs. Within this research field, various
materials from wide-ranging material classes, such as metallics and intermetallics [7,8], oxide-based
ceramics [9-11], chalcogenide compounds [12], and polymers [13] have been investigated. It is
important to compare the efficiencies and resulting power outputs of these materials to draw the
correct conclusions when actual generators for applications are manufactured. The purpose of this
review is to convey descriptive comparisons, which is realized by two different types of Ioffe plots.
These plots allow a direct comparison of the thermoelectric properties of different materials, which is
vital for prospective research [14].

1.1. Thermoelectric Parameters

Discussing thermoelectricity requires an understanding of some fundamental parameters, which
are briefly described in the following. Thermoelectric energy conversion is based on local coupling of
fluxes of charge carriers and entropy. When a thermoelectric material is simultaneously exposed to
local gradients of temperature (i.e., VT) and an electrochemical potential of charge carriers (i.e., V%)
the local flux densities of charge jq and entropy js are given by the following transport equation [15]:

jqy _ [ ¢ - —vi
(jj) a <U-(x U-oc2+A> ‘ <_v%>' M

The thermoelectric material tensor, which appears here, is characterized by three material
parameters: the isothermal electrical conductivity o, the Seebeck coefficient «, and the electrically
open-circuited entropy conductivity A. The latter is linearly related to the traditionally used heat
conductivity A via the absolute temperature T as described in Equation (2) [15-17]. In the context of
this review, thermal conductivity is a generic term, that covers both entropy conductivity and heat
conductivity. Here, it is advantageous to address the thermal conductivity by the more fundamental
entropy conductivity, as we will see when comparing materials.

Considering entropy as a central primitive quantity of equal rank to electric charge comes with
the benefit of an easy understanding of the physics of thermoelectricity. A local coupling of the
fluxes of these substance-like quantities is described by Equation (1) [15]; this is in contrast to the
cumbersome traditional approach, which introduces generalized forces and a kinetic matrix [18]
instead of thermodynamic potential gradients and a material tensor. Naturally, for each substance-like
quantity, a conductivity is assigned to the material. The material tensor is symmetric by principle,
and an elaborate discussion of the reciprocity of Onsager coefficients is superfluous [15]. A further
advantage is that the currents of thermal energy (heat) and electrical energy (or electrochemical energy),
which accompany the fluxes of entropy and charge, can be treated separately. The entropy and charge
fluxes allow us to consider energy conversion and its efficiency in a thermoelectric material apart from
the device. When expressed with the entropy conductivity, the figure of merit zT in Equation (2) is
purely a material parameter that depends only implicitly on temperature. Moreover, the appearance
of two substance-like quantities in Equation (1) to be transported through a thermoelectric material
allows for an integration of thermoelectricity into a broad picture of coupled transport processes
(e.g., diffusion, viscous flow, entropy conduction and electric conduction) and benefits from analogies.
A reader who is interested in more details is referred to the discussion about the properties of heat by
Fuchs [19] and the comparative overview by Job and Riiffler [17].
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The tensor element My, in Equation (1) directly leads to parameters that describe the performance
of a thermoelectric material. The most commonly used parameter is the dimensionless figure of merit
zT, which describes the relation of the power factor ca? and the entropy conductivity A in Equation (2).

iT=——=——"T @)

The figure of merit zT indicates the maximum achievable power conversion efficiency of a
thermoelectric material [16]:

Vv14zT -1
Hmax = m * Y Carnot- (3)

In contrast, the power factor ca? is proportional to the maximum achievable power output of a
material and the temperature difference AT [20]:

Pel,max & 0'“2 : (AT)Z' (4)

For some applications, the power factor may have the same relevance as the efficiency described
by the zT value. As shown in Figure 1a, for a thermoelectric material, the optimum efficiency and
optimum power output as a function of the carrier density differ, leading to a possible optimization of
one parameter for the desired properties or a special application.
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Figure 1. (a) Seebeck coefficient «, electrical conductivity o, entropy conductivity A, and the resulting
power factor oa? and zT value as a function of the charge carrier density; adapted from [20] with
permission from Elsevier; (b) Type-I Ioffe plot of various reported high-zT materials [11,12,21,22].
Seebeck coefficient « is given in uV K~!. Different data points for the same material refer to
different temperatures.

Narducci [23] also emphasized that the figure of merit zT may be an inappropriate parameter
to rate and compare different materials for some applications. Especially for applications at high
temperature, the power factor ca? could be a better quality criterion. In this review, rather than just
comparing the figure of merit zT, we will also look at the power output and the entropy conductivity of
different materials by comparing them via loffe plots. We distinguish between a type-I loffe plot, which
considers the power factor oa? as a function of the electrical conductivity o, and a type-II Ioffe plot,
which considers the entropy conductivity A as a function of the electrical conductivity ¢. Figure 1b
displays a type-I Ioffe plot of various reported materials from different classes with high figure of
merit zT values. Although all of the shown materials exhibit exceptionally high zT values in their
specific material class, the electrical conductivity o as well as the power factor vary over several orders
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of magnitude. Furthermore, type-II Ioffe plots will be vital for an in-depth comparison of different
thermoelectric materials later on. Since the entropy conductivity can be displayed in the same unit and
scale as the power factor, the type-II loffe plot enables an easy comparison of electrical and thermal
properties and observable zT values.

1.2. Doping and Band Structure Engineering

A prevailing challenge when facing the improvement of a thermoelectric material is coupling
all three relevant material parameters with each other, which can be managed to a certain degree.
The most common approach to enhancing the performance of thermoelectric materials is doping, which
can have a huge impact on the electrical conductivity, Seebeck coefficient, and thermal conductivity.
Several parameters, such as carrier density, mobility, effective mass, and the band structure, are
effectively influenced by proper doping.

Figure 1a shows an optimum carrier density for a balanced electrical conductivity and Seebeck
coefficient at a given temperature, which varies between an optimum power factor and zT value.
This means that adjusting the carrier density via doping is highly advised for either high power
or high efficiency applications [23]. The dopant may influence the carrier density of a material by
introducing defect-enabled mechanisms including point defects [1]. However, the optimum carrier
density is temperature-dependent and increases approximately with T3/2 [5]. Thus, either further
material engineering is required or the carrier density needs to be optimized for a specific temperature
range according to the application field.

Generally, the Seebeck coefficient decreases with increasing carrier concentration, as shown
in Figure 1, and the electrical conductivity is oppositely coupled. However, the doping-induced
convergence of valence or conduction bands to increased valley degeneracy has proven to increase the
electrical conductivity while maintaining the Seebeck coefficient [24]. This is explained by the Seebeck
coefficient being dominated by the smaller value of several bands. If degeneracy of several bands is
achieved, the Seebeck coefficient is stable, but the electrical conductivity substantially rises [24,25].
Therefore, band convergence is an effective way to improve the power factor of a material.

Additionally, doping strongly influences the thermal properties of the material. The thermal
conductivity expressed as entropy conductivity A was introduced in the tensor element My,
in Equation (1). Conventionally, the thermal conductivity is divided into a phonon contribution
and an electronic contribution [5]. Influencing the phonon contribution to the thermal conductivity
via scattering mechanisms is well investigated and can be divided into size-relevant dimensions.
The atomic scale is influenced by single doping or cross substitution, which results in point defects
within the crystal lattice. These defects effectively delay the phonon propagation by scattering when
the lattice mismatch between the host and the dopant is sufficient and the mass difference as well as
the dopant amount are high [26]. The next relevant dimension for scattering phonons is the nanoscale,
which leads to so-called nanostructuring [27]. Nanoscaled defects can be introduced in-situ by forcing
the precipitation of a second phase [28] or ex-situ by mixing the nanoscaled second phase with a host
phase [29]. However, the phonon propagation within the second phase is rather unpredictable, making
it difficult to design a proper system. Temperature stability is another issue since elevated temperatures
may change the scale of the precipitates and diminish the achieved effect [27]. The main part of the
thermal energy is propagated by short- and medium-wavelength phonons, which are effectively
hindered by point defects and nanostructuring. The residual long-wavelength phonons can be
influenced by defects in the range of a few micrometers or submicrometers, namely, the mesoscale. This
effect is typically active for polycrystalline materials with mesoscale grains [30]. Additional phonon
scattering may appear at heteromaterial interfaces of composite systems [31]. However, the electronic
transport may be reduced by these grains, making a consideration of maximum power output vs.
efficiency necessary. If the scattering of the phonons is achieved at all three length scales, the term
all-scale hierarchical architecture is used [32]. Only a few studies achieve all-scale phonon scattering,
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but when regarding the overall reduction of the phonon contribution to the thermal conductivity,
decreases of more than 50% are possible [33].

While the phonon contribution to the thermal conductivity has been widely studied, the electronic
contribution is not straightforward. For degenerate semiconductors with charge carriers of the same
sign, the commonly used separation into both contributions fits well, and the Wiedemann-Franz
relation A = L - o with the Sommerfeld value of the Lorenz number L = 2.4453 - 1078 W Q) / K2 [34]
can be applied to describe the electronic contribution. However, for nondegenerate semiconductors
and especially for materials with charge carriers of both signs, the electronic contribution significantly
increases, resulting in a deviation of the Sommerfeld value, as stated by loffe [5]. Thus, the relationship
may lead to questionable results when applied to all kinds of thermoelectric materials and must
be considered carefully. As a result, doping may have a nonnegligible influence on the electronic
contribution to the thermal conductivity.

1.3. Thermoelectric Materials for High-Temperature Applications

As state-of-the-art materials for thermoelectric power conversion, bismuth telluride (BipTe3)
and lead chalogenide PbX (X =S, Se or Te) compounds long exhibited the highest zT near room
temperature and approximately 600 to 700 K, respectively [35]. However, due to the toxicity
of telluride and lead, investigations into less toxic alternatives have attracted strong attention in
recent years. Several promising materials or material classes have been reported since and have been
discussed in detailed reviews, e.g., copper and tin chalcogenides [35], oxide-based materials [9,36],
intermetallic compounds [8,37], and organic polymers [13,38]. Since each material typically has an
optimum temperature range for its most efficient thermoelectric power conversion, the materials
do not necessarily compete but complement each other with respect to a specific application.
Figure 2 shows the zT values of several different thermoelectric material classes as a function of
temperature. There are multiple promising alternatives for commercially used bismuth telluride at
high operating temperatures.

Industrial processes, power plants

Automotive sector
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Figure 2. zT values as a function of temperature for several thermoelectric material classes [21,22,39-41].
While bismuth telluride shows the highest zT value at low temperatures, different kinds of materials
are interesting for high-temperature applications.
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In this review, we take a closer look at these promising materials for high-temperature
applications (>700 K), e.g., power plants, industrial processes, and the automobile industry [20,42].
Therefore, oxide-based materials and several intermetallic compounds such as Zintl phases and
half-Heusler compounds will be discussed and compared in terms of the power factor and the
figure of merit zT. In this context, the focus is on the thermoelectric properties at the material level.
Please note that the utilization of thermoelectric materials in a device comes alongside additional
important tasks such as contact resistivity and the variation in thermoelectric properties in an applied
temperature gradient. It has been emphasized that for a thermoelectric device, the average properties,
such as the average zT, within the respective temperature range are the key parameters instead of the
peak properties [43-45]. As mentioned, within this review, the discussed thermoelectric compounds
will only be evaluated at their respective material level.

2. Oxides and Oxyselenides

2.1. Thermoelectric Oxides

Oxide-based thermoelectric materials generally exhibit an inferior zT compared to that of telluride
and selenide compounds, but show a much higher chemical and thermal stability, thus allowing
high operating temperatures and large temperature gradients [46]. Consequently, such materials
are very promising for high-temperature applications in areas such as the automobile sector or
industrial furnaces. Additionally, raw materials of such oxide-based ceramics are less toxic than
other materials and therefore easier to process. The first works that predicted good thermoelectric
properties in layered crystal structures [47] and the first report of NayCoO, [48] were published in the
mid 1990s. Later, manganites and cobaltites, which show strong spin and orbital fluctuations in the
d-electron system and a strong Jahn-Teller effect, became the focus of research [9]. Today, oxide-based
thermoelectric materials represent a group of materials with good chemical and temperature stability.
In general, oxide-based thermoelectric materials exhibit high Seebeck coefficients, but only a medium
electrical conductivity and moderate thermal conductivity. By adjusting these parameters via
nanostructuring, doping, and defect engineering, these materials can be tuned to reach high zT
values up to 1. In this context, we will have a close look at p-type layered cobaltites (NaxCoO,
CazC0409, Bi;CayCoy09) and the most common n-type oxide-based materials (ZnO, CaMnO3, SrTiO3).
As already mentioned, the focus of this work is on a comparison and evaluation of the power factor
and the figure of merit zT. For a more detailed discussion of the physical properties of thermoelectric
oxides, e.g., for oxide-based materials [9,36,49] or BiCuSeO [49-51], the reader is referred to other
review articles.

2.1.1. p-Type Layered Cobaltites

Since the discovery of NayCoO,, several layered cobaltite compounds with analogous structures
have been found. In addition to NayCoO,, two other promising compounds, namely, CazCo409 and
Biy AyC0y09 (A = alkaline-earth metal), will be discussed. Figure 3 shows the crystal structures of
these compounds. Na,CoO, consists of a hexagonal-layered structure with CoO, sheets separated by
disordered Na layers. In Ca3Co409 and Bi; A;C0,09 (A = alkaline-earth metal), the Na layer is replaced
by Ca;CoOs or BipA;O4 substructures, respectively. In these structures, the CoO, sheets represent an
electron-conducting layer, which is described as an ‘electron crystal’, while the salt-like separating
layers work as a “phonon glass” and reduce the thermal conductivity of the material, resulting in a
high zT [1,46].

The thermoelectric parameters of these layered cobaltites are strongly influenced by the exact
stoichiometry of the compound. In Na,CoO,, the amount of Na in the disordered phonon
glass layer influences the phonon scattering and the electronic properties [52,53]. In Bi;A2C0,09
(A = alkaline-earth metal), the thermoelectric properties can be influenced by the amount of Co [54].
The most investigated compounds of Bi;A;Co0,O9 have A = Ca or Sr [55]. The practical use of
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NayCoO; and BiyA;C0,0g is limited by the volatility of Na and Bi at high temperatures and the
hygroscopicity of the compounds. Therefore, CazCosOg represents the most interesting layered
cobaltite for thermoelectric applications, especially at high operating temperatures. Due to its structure,
which consists of electron conducting layers separated by nonconducting layers that cause phonon
scattering, the thermoelectric properties of CazCo40g are highly anisotropic. The in-plane direction
is characterized by a high electrical conductivity within the CoO; layers, resulting in a high power
factor ca®. However, in the out-of-plane direction, the phonon scattering is very high, resulting in an
even lower thermal conductivity.
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Figure 3. Crystal structures of (a) NayCoO,, (b) CazCo40y (CCO) and (c) BipCayCo,O9. Adapted
from [10] with permission from Elsevier.
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In general, the thermoelectric properties of bulk CazCo4Og can be strongly influenced by the
parameters of the synthesis and the sintering method, which have a strong influence on the resulting
density, grain size, and orientation of the material [56]. CazCo40g can be synthesized via a solid-state
mechanism or a sol-gel procedure. Krolicka et al. investigated the effect of these techniques on the
structural and thermoelectric properties, and showed increased zT values in the sample prepared by
the sol-gel route due to improved grain alignment [57]. The corresponding ceramics can be prepared
by different sintering methods, such as spark plasma sintering (SPS) or pressureless sintering methods,
all again leading to different grades of grain orientation and densification [56,58—60]. Bittner et al.
showed that the porosity of a bulk CazCosO9 ceramic strongly influences the resulting thermoelectric
parameters [61]. A high porosity leads to a reduced electrical conductivity and simultaneously
decreased thermal conductivity, thus improving the figure of merit zT. Therefore, the porosity as well
as the synthesis method is one way to tune such oxide-based materials for an increased power factor
(dense ceramic) or zT (high porosity).

As mentioned before, doping and nanostructuring are common ways to tune the thermoelectric
parameters of thermoelectric materials. Table 1 shows the figure of merit zT and the power factor ca?
of several doped CazCo0409, NaxCoO; and Bi;Ca;CoyO9 compounds. Here, Na,CoO; exhibits the
highest power factor, while CazCo4QOy is the most promising layered cobaltite when high efficiency
and therefore high zT is desired. A nanocomposite containing all three layered cobaltites discussed
here is also included, showing promising synergistic effects in its thermoelectric properties as well as
its thermal stability [10].

Overall, the thermoelectric properties of layered cobaltites, and all oxide-based materials in
general, strongly depend on many parameters, such as the synthesis route, morphology of the crystals,
doping, nanostructuring, texturing, and densification into a bulk material, thus leading to a possible
control of tuning oxide-based thermoelectric materials to a high power factor ca? or a high zT value
for different application fields. However, more research on the enhancement of the power factor is
required to increase the potential of these materials for high-temperature applications.
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Table 1. Dimensionless figure of merit zT and power factor ca? of p-type CazCo,O9, NayCoO, and
BipCayCoyOg with different dopants.

Material Dopant T/K zT oe?/uW em~1 K2
Cr[62] 1000 K 0.16 3.5
Sm [63] 1000 K 0.15 2.4
Tb [39] 1000 K 0.73 11.5
K [64] 1000 K 0.22 2.85
Ca3zCo0409 Cd [65] 1000 K 0.35 5.25
Sr [66] 1000 K 0.22 3.95
Na,W codopants [67] 1000 K 0.21 2.7
La,Fe codopants [68] 1000 K 0.32 415
NCO,BCCO nanocomposite [10] 1100 K 0.34 6.08
Ag,Au[69] 1000K  0.4-0.5 13-15
Ni [70] 1073 K - 10.8
NaxCoO, Cu[71] 1000 K - 155
K, Sr, Y, Nd, Sm, Yb [72] 1000 K  0.36-0.5 6.8-7.3
Na [73] 900 K - 2.1
BiyCayCo,yOq K [74] 1000K  0.305 1.92
Pb,La [75] 1000 K - 1.6-2.2

2.1.2. n-Type Oxides

Around the same time as the first layered cobaltite compounds, other transition metal oxides
were reported to have promising thermoelectric properties. Since then, the most studied oxide-based
n-type materials have been the aforementioned ZnO, as well as SrTiO3 and CaMnQOj3. ZnO exhibits a
hexagonal wurtzite structure with a large direct band gap of 3.44 eV [76], SrTiO3 has a cubic perovskite
structure and is also characterized by a large band gap of 3.25 eV [77] and CaMnOs crystallizes in an
orthorhombic perovskite structure with an indirect band gap of 0.7 eV [78]. All these materials are
characterized by a high Seebeck coefficient and a very low electrical conductivity due to a low carrier
concentration without doping [9].

Based on the large band gap of undoped ZnO, increasing the carrier density by doping and
defect engineering is used to ensure good thermoelectric properties. For ZnO, doping with Al has
been widely studied and shows the highest zT values from 0.3 to 0.45 with moderate power factor values
of approximately 5-8 pW cm~! K~2 thus far [79-81]. Again, the synthesis parameters as well as the
morphology of the crystals strongly influence the resulting thermoelectric parameters. Han et al. reported,
that the zT value of ZnO with nanoparticle morphology is 1.5 times higher than that of a platelet-shaped
morphology [82]. In addition to doping, defect engineering is another promising way to enhance the
thermoelectric properties, as shown by Tian et al.; by increasing the Al solubility and therefore the carrier
concentration and electrical conductivity, the thermal conductivity decreases due to introduced defects [83].
Undoped SrTiOj5 also has a very large band gap, making it electrically insulating. However, by electron
doping with group III elements (mostly lanthanides) on the Sr sites or group V elements (Nb, Ta)
on the Ti sites, a strong increase in carrier density (up to approximately 100 cm~3) and electrical
conductivity (up to 50-1000 S cm 1) in single crystals can be observed [84]. In addition to doping
and codoping with several lanthanides, the influences of Sr vacancies have been investigated and
were reported to have a positive effect on thermoelectric properties [85,86]. Similarly to SrTiOs,
CaMnO3 exhibits a high Seebeck coefficient but an electrically insulating character before doping.
Here, rare-earth metals as dopants for the Ca sites as well as transition metals for the Ti sites have
been investigated. CaMnOj3 and SrTiO3; have perovskite structures with octahedral coordination of Mn
and Ti, respectively. The symmetry of the MnOg and TiO4 octahedrons also influences the resulting
parameters. A distortion of the octahedron, e.g., that due to a Jahn—Teller distortion as a result of a
partial reduction of Mn** to Mn3* or due to doping with smaller or larger elements, influences the
electrical and thermal conductivity of the material [9].



Entropy 2019, 21, 1058 9 of 32

Additionally, n-type InpO; was investigated as a promising oxide-based thermoelectric
material [20,87]. Undoped In,O3 is a semiconductor with a band gap of 1.2 eV that can be strongly
influenced via doping. The crystal structure can be described as a cubic bixbyite structure with two
nonequivalent cation sites that can be substituted with different dopants [88]. The electron effective
mass as well as the carrier concentration of this material strongly depend on the amount of doping
within the structure. As a result, a very high carrier mobility can be achieved, making tuning the
thermoelectric properties very promising [89]. Bittner et al. [20] presented Sn,Al-doped n-type Iny O3,
which reached a comparatively high power factor of 7.1 uW em~! K=2 at 1200 K. However, doped
In; O3 suffers from its high thermal conductivity and thus shows a noteworthy zT only above 1000 K
at this time. Nevertheless, doped In,O3 represents an interesting n-type thermoelectric material for
high-temperature applications due to the high power factor resulting from high electrical conductivity.

Table 2 shows the figure of merit zT and the power factor oa? of several doped ZnO, SrTiO3,
CaMnOQO;3, and InpO3 bulk compounds. As described before, the thermoelectric properties also strongly
depend on the synthesis method and the sintering parameters. Here, SrTiO3 compounds exhibit the
highest power factor, while the other materials reach zT values of approximately 0.3-0.4, except for
doped Iny;O3, which only reaches a zT value of 0.15.

Table 2. Figure of merit zT and power factor ca? of n-type ZnO, SrTiO3, CaMnO3, and In,O3 with

different dopants.
Material Dopant T/K zT oa?/uW em~1 K2
Al [79-81] 1073  0.3-0.45 5-8
700 Ni [90] 1073 0.09 5.8
AlNi codopants [91] 773 0.06 5.6
Ga[92] 973 0.25 12
La,Nb,Sm,Gd,Dy [93] 1073 0.2-0.28 5.5-9
La [94] 973 0.365 11.6
SrTiO3 Gd [95] 1023 0.37 10.9
Nb [96] 1023 0.39 11.3
Nb,Nd codopants [97] 1073 0.315 8.8
Nb [98] 1073 0.325 19
Dy,Ho,Er,Yb [99] 1000 0.15-0.2 2-3.5
CaMnOs; W [100] 1073 0.16 3.2
Y,Dy codopants [101] 800 0.18 3.1
Pr,Yb codopants [102] 973 0.24 3.3
. Sn,Al [20] 1200 0.08 7.1
28 Ge,Mn,Zn [20] 1200  0.15 3.6
2.2. BiCuSeO

Doped BiCuSeO is one of the newest and most promising thermoelectric materials. The first works
presenting the thermoelectric properties of this compound were published from 2010 to 2012 [103-105].
BiCuSeO is one of several isostructural RMChO (R = Bi, Ce to Dy; M = Cu or Ag; Ch =S, Se or Te)
compounds and exhibits a two-dimensional layered structure with Bi,O, and Cuj;Se; layers, as shown
in Figure 4a—d [50]. Due to this layered structure, BiCuSeO also shows anisotropic thermoelectric
properties, which strongly depend on the synthesis method and the sintering parameters, analogous to
the layered cobaltite compounds [50,106,107]. Due to the similar behavior between BiCuSeO and the
oxide-based cobaltites, the former material is discussed here, although it is an oxyselenide and not an
oxide material. BiCuSeO can be synthesized via hydrothermal methods, solid state reactions, sol-gel
methods, or mechanical alloying. The bulk materials are again prepared via cold-pressing, hot-pressing,
or SPS [50,51,108-110]. The electrical conductivity of undoped BiCuSeO is relatively low because of
a low carrier concentration and carrier mobility, while the material exhibits an exceptionally high
Seebeck coefficient of approximately 450 uV K~! and a very low thermal conductivity of approximately
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0.4 Wm~1K~1[50,111]. Based on this, BiCuSeO can be described as a high-zT material but offers a
relatively low power factor ca? comparable to those of the layered cobaltites. Although a very high
zT > 1 can be reached. Additionally, BiCuSeO struggles with thermal stability in an air atmosphere
showing surface oxidation at 573 K and complete decomposition at 773 K [112].

b Py Ca,Pb co-doped
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Figure 4. Crystal structure of BiCuSeO (a) along the b-axis and (b) along the c-axis; (c) Bi4O coordination
tetrahedra, and (d) CuSey coordination tetrahedra. Reproduced from [50] with permission from The

Royal Society of Chemistry; (e) zT values of various doped bulk BiCuSeO materials under an inert gas
atmosphere [11,103,105,113-116].

To improve the thermoelectric properties of BiCuSeO, adjusting the electrical conductivity by
enhancing the carrier concentration via doping has been extensively studied. For this purpose, element
doping with divalent cations at Bi sites to enhance the p-type electron conduction is very promising.
Here, doping and codoping with various elements have been investigated. Figure 4e shows the
reported peak zT of various doped BiCuSeO materials in recent years.

BiCuSeO is an intrinsic p-type semiconductor due to Bi and Cu vacancies. Recently, Pan et al. realized
n-type BiCuSeO by iron incorporation [117] and Zhang et al. [118] presented the realization of n-type
BiCuSeO by filling these vacancies with additional Bi and Cu and simultaneously introducing Br and I at
the Se site for electron doping; the above resulted with Seebeck coefficients of up to —550 uV K~1.

2.3. Comparison of Oxides and Oxyselenides

Overall, the discussed oxide-based thermoelectric materials exhibit good zT values of
approximately 0.2-0.8 with the oxyselenide compound BiCuSeO reaching zT values >1, while generally
showing a medium power factor of 1-11 uW cm~! K~2. Preparation parameters, doping, defect
engineering, and nanostructuring can be utilized to tune the material behavior, thus enhancing the
power factor or decreasing the thermal conductivity to reach higher zT values. Figure 5 shows the
type-I and type-II Ioffe plots and zT plots for several of the doped p- and n-type oxide-based bulk
materials and oxyselenides. Here, it can be easily seen that doped BiCuSeO and doped SrTiO3 exhibit
the highest power factor in relation to electrical conductivity and are therefore the closest to the
desired area. In comparison, Figure 5b displays the related zT values of the materials, where the
BiCuSeO and CazCo409 reach the highest zT values. However, the BiCuSeO is not stable in an air
atmosphere, as mentioned before. As oxide-based materials are of special interest for high-temperature
applications, enhancement of the power factor and thus increasing the resulting power output must be
further investigated.
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Figure 5. (a) p-Type; (b) n-type type-I Ioffe plots; (c) p-type; (d) n-type type-II Ioffe plots and (e) p-type
and (f) n-type zT-electrical conductivity plots for several doped oxidic thermoelectric materials and
BiCuSeO [10,11,39,69,74,80,96,102]. Dashed lines show the corresponding absolute values of the
Seebeck coefficient a given in uV K~1. In the type-I Ioffe plot, a desired material would be located at
a high power factor and simultaneously high electrical conductivity in the top right. In the type-II
Ioffe plot, a desired material would be located at a low entropy conductivity and simultaneously high
electrical conductivity in the bottom right. Note that the data in Ioffe plots of type-I and type-II can
be divided by each other according to Equation (2) to give the dimensionless figure of merit zT as a
function of the electrical conductivity.

3. Metals and Intermetallics

3.1. Zintl Phases

Zintl phases are high-melting intermetallic compounds that are characterized by an ionic structure
containing covalently bonded polyanions that build an ‘electron crystal’, while the cation layers act as
a ‘phonon glass’. Although this form of intermetallics was discovered in the 1930s and has been highly
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investigated since, the first reports about their good thermoelectric properties were not published
until 2005 [119]. The thermoelectric properties of many different Zintl families and structures have
been investigated. The general composition of a Zintl phase can be described as A;BXy with A = active,
electropositive metal (mostly alkaline and earth alkaline metals); X = noble, electronegative metal
from group 13, 14 and 15, and B = ternary transition metal (Zn, Cd, Mn). Based on this, different
groups of Zintl phases can be named after their stoichiometry, e.g., 14-1-11 compounds such as
Yb14MnSby;. In Figure 6 the T-dependent zT values of several p- and n-type Zintl groups can be
seen. The investigated Zintl compounds exhibit varying zT values between 0.5 and 1.5. Due to their
complex structure, Zintl phases are usually characterized by a very low glass-like thermal conductivity.
The electronic structure strongly depends on the respective material, varying between extremely
low carrier mobility and high carrier concentration in 0D 14-1-11 compounds, and very high carrier
mobility and low carrier concentration in 2D 1-2-2 compounds [8]. In this section, several p-type
(14-1-11, 5-2-6, 9-4.5-9, and 1-2-2) and the most recently investigated n-type 1-2-2 Zintl compounds will
be discussed. Again, the reader is referred to other review articles for more details on the respective
physical properties of Zintl phases [8,49,120].

15F ' ' | ' ]

1-2-2 14111

1.2}

0.9

T

ZT

0.6

T

0.3F

T
1

0.0

200 400 600 800 1000 1200
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Figure 6. Temperature-dependent zT-values of Zintl phases with different stoichiometries. Solid lines
represent p-type Zintl phases and dashed lines represent n-type Zintl phases. Different Zintl families
are named after their respective stoichiometry (see also Table 3). Reused from [8] with permission
from Elsevier.

3.1.1. p-Type Zintl Phases

Currently, the best p-type Zintl family are the 14-1-11 compounds, reaching a zT > 1 at an
operating temperature of up to 1200 K. These 14-1-11 compounds with the general formula Aj4MPnj;
(A = alkaline-earth or rare earth element, M = Al, Mn, Zn, Ga, Nb, In or Cd and Pn = group 15 element)
exhibit covalently bonded [MPn4]° tetrahedra and [Pn3]”" linear components with Pn3 and A%
ions [121]. Due to their large unit cell and semiconductor nature with low electrical resistivity
and low thermal conductivity, these compounds are very promising candidates for achieving good
thermoelectric properties via doping. Within this family, Yb14MnSby; showed the highest zT values
of up to 1.3 [122]. Compared to its isostructural analog Ybi4AlSby1, which was the first reported
14-1-11 Zintl compound, Yb14MnSb1; has the AI** replaced by Mn?* resulting in p-type conduction.

=3 several different

To optimize the extremely high carrier concentration of approximately 10*! cm
dopants at various sites have been investigated, e.g., La, Ca, Sc and Y at the Yb site [41,123,124]
or Al and Mg at the Mn site [122]. Several doped 14-1-11 Zintl compounds are shown in Table 3.

The resulting power factor is approximately 5-10 pW cm~! K~2 and therefore, slightly higher than
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that of oxide-based materials. Yb14MnSby; is usually prepared by a Sn-flux method or ball milling and
densification via hot pressing or SPS sintering.

The 11-6-12 compounds are somewhat newly investigated thermoelectric materials. In 2014,
the first work on the thermoelectric properties of p-type Euj1CdgSbi, was published [125]. The 11-6-12
compounds exhibiting a Srj;CdgSby structure type consist of [CdeSb12]%* ribbons forming a 1D
structure filled with Sr?* cations [126] and are mostly prepared by the Sn-flux method. Due to the
infinite 1D structure of polyanions, these compounds feature comparatively high thermal conductivity.
For Zn-doped Sr11CdgSby; a zT of 0.5 with a power factor of 5.6 pW em ! K2 could be achieved [127].
The rather low power factor in 11-6-12 compounds is mainly due to the low carrier mobility of
approximately 20-30 cm? V! s~1 [127]. However, investigations of thermoelectric 11-6-12 have only
started, and further optimization and tuning are still the focus of research. Similarly, the thermoelectric
properties of 5-2-6 Zintl compounds were also recently reported. It can be described by the general
formula AsM,Png with A = alkaline earth or rare earth metal, M = trivalent metal and Pn = As, Sb
or Bi. The 5-2-6 compounds are mainly produced via ball milling and hot pressing. Within this
family, the two basic structure types are CasGayAsg and CasAl;Big, which both consist of infinite
[M,Png ]9~ chains and A%* cations [128]. A peak zT of 0.7 with a power factor of 6.5 pW cm~ 1 K2
can be reached in Zn-doped GasIn,Sbg [129]. Several other doped materials of the 11-6-12 and 5-2-6
families are shown in Table 3.

The 9-4+x-9 Zintl compounds with a general formula of AgMy.,Png where A = Ca, S, Eu, or Yb,
M = transition metal and Pn = Bi or Sb also consist of infinite ribbons of [M4Png]'*~ components and
exhibit partially filled interstitial sites filled with transition metal [130]. Therefore, the thermoelectric
properties can be influenced by occupancy of the interstitial sites and by the exact stoichiometry [131].
To date, several doped and undoped compounds in this family have been investigated, including
YbgMny,Sbg [132], EugCdy.«Sbg [133], and CagZny.xSbg [131], reaching zT values of approximately 0.7
and a power factor of 5-7 uW cm ! K~2 (compare Table 3). Here, again the Sn-flux technique as well
as a combination of ball milling and hot pressing or SPS were utilized for preparation.

Table 3. Dimensionless figure of merit zT and power factor a2 of several p-type Zintl phases with

different dopants.
Composition Materials Dopant T/IK 2T oa?/uW em~1 K2

Yb;4sMnShy; [121] - 1200K  1.02 6.1
Al[122] 1200K  1.28 8.82
Sc [41] 1200K  1.02 8.38
14-1-11 Y[41] 120K 101 6.85
YbisMgSby; [134] - 1200K  1.03 6.5

Sr14MgBijq [135] - 1200K  0.71 9.5
61 Euy; CdgSbia Zn[127] 800K 051 555
As [125] 800K  0.185 1.69
CasAl,Sbg Na[136] 1050K 0.605 444
Zn [137] 800 K 04 3.75
Mn [138] 850 K 0.42 412
526 GasIn,Sby Zn[129] 950K 072 6.56
EusInyShy Zn[139] 800K 028 4.08

Cd[140] 850K 046 52
SrsIn,Sbg Zn[141] 800K 036 413
9-4+x-9 YboMny 5Sbg [132] - 1000K  0.74 453
CagZny,,Sbe Cu[131] 850K 071 6.72
CaZn;Sb, NaMg [142] 800K 0.85 9.24
EuZn;Sb, Cd [143] 650 K 1.05 22.5

YbCd,Sb, Mn [144] 650 K 1.13 10
Zn [145] 700 K 1.22 19.2
1-2-2 Mg [146] 650 K 1.06 16.8
CaMg,Bij Na [147] 850 K 0.88 12.3
Yb [148] 850 K 0.96 12.2
Eu0_5_XYb0A5_XMngi2 Ca [149] 850 K 1.26 13.5

Mg;3Sb, Na [150] 750K 0.58 42
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Next, to the 14-1-11 compounds, the family of 1-2-2 Zintl phases show very good thermoelectric
properties, reaching a zT' > 1. This group can be described as AB,X, with A = Ca, Ba, Sr, Yb or Eu,
B =Mn, Zn, Cd or Mg and X = As, Sb or Bi. The CaAl,Si,-type structure contains two-dimensional
[B2X,]% sheets separated by A%* cations [151]. Most p-type 1-2-2 Zintl phases are characterized by
an extremely high p-type carrier concentration due to the vacancies on the A cation sites. Thus,
substitution and doping at this site proves to be promising for tuning the thermoelectric properties.
Subsequently, doped EuZn,Sb, [143] and doped YbCd,Sb, [144-146] reached zT values above
zT = 1. Shuai et al. reported a zT value of 1.3 and a power factor of 13.5 utW ecm~! K=2 for
Eug5.xYbg5.xMgyBiy [149]. Additionally, binary p-type 1-2-2 compounds with A=B, e.g., Mg3Sb,,
have been widely investigated [150,152]. However, due to their high resistivity, only a moderate zT at
high temperatures can be reached. The thermoelectric properties of several ternary and binary 1-2-2
Zintl compounds are shown in Table 3. Similar to that of the other families, the 1-2-2 Zintl compounds
are mostly prepared by melting or ball milling and densification via hot pressing or SPS.

3.1.2. n-Type Zintl Phases

As described above, several p-type 1-2-2 compounds have been investigated resulting in zT values
of up to 1.3. In this group, the stoichiometric Mg3Sb, has taken a special role in research, due to its
characteristically low carrier concentration, which opens a pathway to thermoelectric n-type Zintl
phases [8]. Since the first report, in 2014, of n-type conduction in Mn-doped Mg3Sb, [153], many
different dopants have been investigated. Doping with Te as an electron donor and Bi to reduce the
lattice thermal conductivity proved to be an effective way to realize high zT values in n-type Zintl
phases. Most recently, Chen et al. [154] reached a zT value of 1.7 at a power factor of 20 uW ecm~! K2
by combining Mn doping at the Mg site and Te and Bi doping at the Sb site. Table 4 gives an overview
of several doped n-type Zintl phases based on Mg3Sb,. To date, zT values of approximately 1.5-1.7
and a power factor of up to 20 pW cm~! K~2 have been reached.

Table 4. Dimensionless figure of merit zT and power factor ca? of several n-type Zintl phases with

different dopants.
Basis Material T/IK 2T oa?/puWem~1 K2
Mg3+5Sb1_99Te0_01 [155] 700 K 0.61 9.16
Mgs..5Sb1 48Big 4gTeg o4 [156] 700K 159 12.56
Mg3Sb2 Mg3+5Sb1.48Bi()‘49T60.01 [157] 700 K 145 15.14
Mg3+5Nb0_155b1_5Bi0_49T€0.01 []58] 700 K 1.52 18.5
Mgz, sMng 0p5Sb1 5Big49Tep 1 [154] 700K 1.71 20.02

3.1.3. Comparison of Zintl phases

Figure 7 shows the type-I and type-1I loffe plots and zT plots from several of the doped p-type and
n-type bulk Zintl materials. As described above, within the p-type Zintl phases, the 14-1-11 compounds
show the best temperature stability up to 1200 K and reach the highest zT' values. However, the loffe
plots show that ternary 1-2-2 compounds and the 9-4+x-9 compounds feature a comparable or even
higher power factor than 14-1-11 compounds at lower temperatures. Improvement of temperature
stability could therefore lead to even higher power outputs at high operating temperatures. Within the
n-type 1-2-2 Zintl phases, heavily doped Mgs, ;Sb; exhibits the highest zT reported for Zintl phases thus
far and a high power factor of approximately 20 uW cm~! K~2. However, the operating temperature
is limited to approximately 700 K for the heavily doped Mgs,sSb, and up to 1000 K for previously
reported compounds. Additionally, the loffe plots show a maximum power factor and electrical
conductivity at approximately 700 K with decreasing values afterward. Enhancing the temperature
stability and improving the thermoelectric properties at temperatures above 700 K may lead to a very
promising n-type Zintl phase for application at high temperatures.
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Figure 7. (a) p-Type; (b) n-type type-I Ioffe plots; (c) p-type; (d) n-type type-II Ioffe plots
as well as (e) p-type and (f) n-type zT-electrical conductivity plots of several doped Zintl
materials [41,127,129,131,148,154,155,157]. Dashed lines show the corresponding absolute values of
the Seebeck coefficient a given in pV K~1.

3.2. Heusler and Half-Heusler Compounds

Heusler compounds are intermetallics with the formula X,YZ and are characterized by their
cubic structure with the space group Fm3m [159]. The X and Y within this formula represent transition
metals, while Z is a main group element. The half-Heusler compounds are derived from this and
have the formula XYZ with the F43m space group [7,159]. The structures for both compounds are
displayed in Figure 8. The full-Heusler structure (Figure 8a) can be described by four interpenetrating
face-centered-cubic sublattices, where two of them are equally occupied by the X. In contrast, one
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of the equally occupied sublattices is vacant for the half-Heusler compounds (Figure 8b) [7]. The
difference in the structures greatly affects the valence electrons and thereby the band structures of
both compounds, typically leading to increased effective mass carrier concentrations and a high power
factor for half-Heusler compounds, which is the reason for our focus on them within this review [159].
Half-Heusler materials are generally stable if 18 valence electrons are present, because only bonding
states are occupied in this case [159]. Notably, this restricts the choice of elements for stable phases.
The resulting phases usually show semiconducting behavior, e.g., with band gaps of 0.5 eV for
XNiSn compounds or semimetallic behavior for (Zr,Hf)CoSb compounds [159-161]. This narrow
electronic band structure results in a characteristically high power factor for half-Heusler compounds
in comparison to other thermoelectric material classes [159]. Since the states near the Fermi level are
mainly based on d-d orbital bonding, the density of states results in large Seebeck coefficients and
high electrical conductivities [162]. A more detailed discussion of the physical properties of different
half-Heusler compounds can be found in the respective review articles [35,37,49,159,163].

full-Heusler compound half-Heusler compound
(X,YZ) (XYZ)

Figure 8. (a) Crystal structure of (a) full-Heusler- (X;YZ) and (b) half-Heusler-compounds
(XYZ). The half-Heusler compounds exhibit an unoccupied sublattice of X resulting in promising
thermoelectric characteristics.

The first studies on half-Heusler compounds started in the early 1990s, but intensified with
respect to thermoelectrics in the 2000s [164]. Recently, Poon presented an approach for dividing
the advances of half-Heusler development for thermoelectrics into three different generations [163].
The first generation in the 2000s was characterized by alloying and doping as main modification
factors providing zT values below 1, while in the second generation around 2010, more advanced
synthesis techniques were introduced, namely, SPS for densification and nanostructuring, which led
to zT values of approximately 1. In the current third generation, band engineering and structure
ordering are becoming increasingly famous in addition to the previous techniques, which results in zT
values of approximately 1.5 [163]. Advantages of half-Heusler compounds are their nontoxicity and
stability to mechanical stress as well as high temperatures [7]. The optimum working temperature with
regard to the thermoelectric performance is typically within 700-1000 K when in a vacuum or inert gas.
The materials exhibit remarkable oxygen stability, but recent research has shown a sensitivity to oxygen
at working temperatures for TiNiSn and ZrNiSn, resulting in the formation of oxides at the surface.
Thus, the oxygen influence on the thermoelectric properties still needs to be investigated [165,166].

The elements of the half-Heusler compounds usually maintain very high melting points above
1773 K, which means high-temperature alloying, such as arc melting in a chamber with inert gas, is
necessary for synthesis [162]. The usage of rather costly elements such as Hf further increases the
production costs, which are major disadvantages of half-Heusler compounds despite their excellent
thermoelectric properties.
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3.2.1. p-Type Half-Heusler Compounds

State-of-the-art p-type half-Heusler compounds are mainly based on FeNbSb, where Nb is
substituted by Ti or Hf as shown in Table 5. By comparing the power factors of the compounds
in Table 5, the high zT values were mainly reached by reducing the thermal conductivity with heavy
dopants at relatively high doping amounts. The best properties were achieved for FeNbg ggHf( 12Sb
by Fu et al. [22] and reached a power factor of 51 pW cm~! K=2 and a zT value of 1.45.
However, a ZrCoBi-based compound recently reached zT values of up to 1.42, opening the way
for research at a competing level. A similar half-Heusler system is based on XCoSb (X=Zr or Hf),
which shows a decreased power factor at approximately 28 pW cm~! K2 but simultaneously a lower
thermal conductivity compared to that of the FeNbSb-based compounds. The XCoSb compounds play
a special role in thermoelectric research due to their possible p- and n-type doping, both leading to zT
values of up to 1. [167,168] Therefore, these compounds can be found in both Tables 5 and 6 depending
on their respective dopants.

Table 5. Dimensionless figure of merit zT and power factor ca? of several p-type half-Heusler phases.

Material T/K 2T oe?/pW em~1 K2
FeNby ggHf 125b [22] 1200K  1.45 51
FeNbg g¢Zr( 14Sb [22] 1050 K 0.80 46
FeNby 95Tig.055b [169] 973K 0.70 50
FeNby g Tig2Sb [169] 973K  1.10 53
ZrCoBiO'65SbO,15Sn0.20 [170] 973 K 142 38
Hf( 4471 44 Tig 12C0Sbg gSng » [167] 973 K 1 28

3.2.2. n-Type Half-Heusler Compounds

Research on n-type half-Heusler compounds mainly focuses on MNiSn (M=Ti, Zr or Hf)
compounds as parent materials. These compounds inherit quite remarkable zT values in the range
of 0.4-0.55 as pure bulk materials, as shown in Table 6, but these values begin to rise to 1-1.5 when
the materials are engineered properly toward improved thermoelectric performances. Reduction of
grain size, alloying, and carrier doping are suitable tools to significantly improve the zT value [162].
Another parent material is XCoSb (X=Ti or Nb), which shows rather poor thermoelectric performance
as a pure material due to high thermal conductivity, but drastically improves when doped [171,172].
The record zT value of 1.5 was reached with Tiy 5Zr¢ 25Hf 25NiSng 998Sbg 002 by Shutoh et al. [173].
Unfortunately, this value cannot be reproduced independently at this time; however, slightly lower
values were achieved by similar chemical compositions [37]. As described for p-type half-Heusler
materials, the XCoSb (X=Zr or Hf) compounds can also show n-type behavior when doped accordingly.
Here, (Zrg4Hf6)0.88Nbg.12C0oSb shows a power factor of 27 pW cm~! K2 and a zT value of 0.99,
as demonstrated by Liu et al. [168] in 2018.

Table 6. Dimensionless figure of merit zT and power factor ca? of several n-type half-Heusler phases.

Material T/K 2T oa?/pW em~1 K2

TiNiSn [174] 775K 04 24

ZrNiSn [175] 1000K 0.55 33

HfNiSn [175] 1000K  0.48 35
Ti()_5ZI‘0_25Hf0.25NiSn0_9ggsb0.()02 [173] 700 K 1.50 62
Hf0_6ZI‘Q_4Hf0_25NiSn0V995Sb0_005 [] 76] 900 K 1.20 47
NbCoSbg gSng» [172] 973K 0.56 21
TiFeo_15COOA85Sb [177] 850 K 0.45 22

(Zr0.4Hfové)o_gngO'uCOSb [168] 1173 K 0.99 27
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3.2.3. Comparison of Half-Heusler Compounds

Figure 9 shows type-I and type-II Ioffe plots as well as zT plots from several of the doped p-type
and n-type bulk half-Heusler materials. The comparatively high power factor that can be easily
seen in the type-I loffe plots is attributed to the narrow electronic band structure and d-d orbital
bonding, as already discussed. The half-Heusler compounds are therefore especially interesting for
thermoelectric generators when a high power output is desired. A comparison of p- and n-type
compounds shows similar results for the maximum values of the power factor of approximately
50 uW cm~! K=2 and the zT up to 1.5, which results in no clear advantage of one specific type.
However, the p-type compounds exhibit slightly higher thermal stability up to 1200 K for FeNbSb-based
materials. The high power factor also means a rather high impact of thermal conductivity on the
efficiency of a half-Heusler compound. Thus, further engineering is mainly targeted at reducing
thermal conductivity.
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Figure 9. (a) p-Type; (b) n-type type-I Ioffe plots; (c) p-type; (d) n-type type-II loffe plots; (e) p-type;
(f) n-type zT-electrical conductivity plots of several doped half-Heusler compounds [22,167-170,173,176].
Dashed lines show the corresponding absolute values of the Seebeck coefficient a given in pV K—1.
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3.3. SiGe Alloys

Eletrical supply of deep-space missions was one of the first application fields of thermoelectric
power conversion. Here, mostly n- and p-type silicon-germanium alloys have been used [178].
This intermetallic material with a diamond crystal structure is characterized by a high thermal stability
of up to 1200-1300 K when tested in vacuum. While Si exhibits a very high thermal conductivity
of 148 W m~! K~1, the introduction of Ge atoms in the Si matrix strongly enhances the phonon
scattering, resulting in a thermal conductivity of approximately 2-5 W m~! K=! and a zT > 1
in nanostructured SiGe alloys [120]. Achieving p- and n-type conduction is realized via doping
with B [40] or Ga [179] (p-type) and P [180] or Sb [181] (n-type). The thermoelectric properties
can be strongly influenced by the exact stoichiometry of the SiGe alloy. Materials with an ideal
ratio of SigoGepy have been found and widely studied. In SiGe alloys, the large difference in the
mean free path between electron (approximately 5 nm) and phonon (approximately 200-300 nm)
contributions leads to a strong influence of nanostructuring in a range of 10-100 nm, which reduces
the thermal conductivity without significantly reducing the electrical conductivity [182]. Therefore,
nanostructuring [183-185] and the use of nanoinclusions [184,186-189] are common strategies to
further improve the thermoelectric properties of SiGe alloys. For preparation of SiGe alloys, solid-state
ball milling [180,183,186,187,190-194] or melt spinning (MS) [182,189] in combination with subsequent
SPS are commonly used. Bathula et al. [192] reported a peak zT of 1.72 with a power factor of
28.7 uW ecm~1 K2 for n-doped SiggGeyp with SiC nanoinclusions. In 2016, Ahmad et al. [191] presented
a strong increase in p-type SiggGepo performance up to a zT of 1.81 and a power factor of 39.05 uW
cm~! K=2 via Y,0j3 nanoinclusions. Table 7 shows the zT value and power factor of several n- and
p-type doped SiggGepp materials.

Table 7. Dimensionless figure of merit zT and power factor ca? of several doped p- and n-type
SiGe alloys.

Composition  Dopant Inclusion T/K zT oa?/pWem™1 K2

n-type SiggGezg P [190] - 1073 178 30.3

P [185] - 1173 1.3 30.61

Sb [181] - 1073 0.61 185

P SiC[192] 1173 1.72 28.74

P MgySi[193] 1173 127 29.84

P FeSi, [194] 1173 1.18 27.8

P WSi, [187] 1173  1.16 35.27

p-type SigoGezg B [40] - 1173 1.22 205
B[180] - 1073 0.96 22

Ga [179] - 1073 0.52 155

B Y,05[191] 1073 1.81 39.05

B CrSip [186] 1073 0.65 21.25

B YSi, [189] 1073  0.53 16.57

B WSi, [187] 1173 0.66 17.63

Figure 10 shows the type-I and type-II loffe plots and zT plots from several doped SigyGepg
alloys. In general, Si-Ge alloys are characterized by a relatively high power factor of approximately
15-40 uW cm~! K2 due to their high electrical conductivity, which is why they are located at the
top right of the type-I Ioffe plot. The drawback of a simultaneously high thermal conductivity can
be mitigated via nanostructuring and nanoinclusions without significantly reducing the electrical
conductivity, resulting in zT values of up to 1.7 for n-type and 1.8 for p-type materials. Combined
with a high thermal stability of up to 1200-1300 K in vacuum, Si-Ge alloys are perfect candidates as
thermoelectric materials for deep-space missions. Further adjustment of the thermal conductivity of
such alloys is especially interesting if a high conversion efficiency is desired.
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Figure 10. (a) p-Type; (b) n-type type-I Ioffe plots; (c) p-type; (d) n-type type-II Ioffe plots; (e) p-type;
(f) n-type zT-electrical conductivity plots of several doped Si-Ge alloys [40,185,186,191-193]. Dashed
lines show the corresponding absolute values of the Seebeck coefficient & given in pV K~1.

4. Comparison of High-Temperature Thermoelectric Materials

Figure 11 shows the type-I and type-II loffe plots and zT plots from several of the doped p-
and n-type materials for possible high temperature applications and their comparison to those of
the commercially used BipTe;. Here, the half-Heusler compounds exhibit the highest power factor
values with a simultaneously high electrical conductivity as a result of their electronic band structure,
described above. Therefore, the half-Heusler compounds are the closest to the desired area for both
p- and n-type materials. The conventional Bi;Te; and the SiGe alloys also show a comparably high
power factor at a slightly lower electrical conductivity. Of the compared thermoelectric materials,
the oxide-based materials have the lowest power factor and electrical conductivity. This trend
corresponds to the type-II loffe plots, where the half-Heusler compounds and Bi,Tes exhibit the
highest entropy conductivity, while the oxide materials show a significantly lower entropy conductivity,
especially at high temperatures. Furthermore, the Zintl phases are also characterized by a low thermal
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conductivity, which culminates in the n-type Zintl phase of Mgs 175Mng 0255b1 5Big49Teg g1 having
the lowest entropy conductivity of all compared n-type materials. As a result, the half-Heusler
compounds as well as BiCuSeO show the highest zT values within the p-type materials, and the Zintl
compounds have the highest zT value within the n-type materials. As described before, the power
factor corresponds to the maximum power output of the material, making the half-Heusler compounds
the most interesting bulk materials for high-temperature application from this point of view. Yet,
the Zintl compounds and oxyselenides provide a high efficiency in power conversion due to their
significantly lower entropy conductivity. The oxide-based thermoelectric materials show comparatively
low thermoelectric properties, but are characterized by high chemical and thermal stability, especially
in air. As mentioned within the introduction, extension to a functional device always comes alongside
additional tasks. In particular, contact resistivity is crucial to reach full potential, when applying highly
electrical conducting materials such as half-Heusler compounds in a device.
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Figure 11. (a) p-Type; (b) n-type type-I Ioffe plots; (c) p-type; (d) n-type type-II Ioffe plots; (e)
p-type; (f) n-type zT-electrical conductivity plots of several doped oxide materials [11,39,80,96], Zintl
phases [41,154], half-Heusler compounds [169,173,176], and Si-Ge alloys [191,192] as compared to
doped Bi, Te3 [21,195]. Dashed lines show the corresponding absolute values of the Seebeck coefficient
a given in vV K1,
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A similar comparison of the material properties can be performed by displaying the power factor
as a function of the entropy conductivity, shown in Figure 12. Note that the dashed lines within the plot
represent the dimensionless zT value. It can be easily observed that within the p-type thermoelectric
materials, several compounds from different classes, such as BiCuSeO, SiGe alloys, and half-Heusler
alloys, all reach a zT value of up to 1.5, whereas the power factor shows a strong deviation between
10 and 65 uW cm~! K~2. Within the compared n-type materials, the same behavior can be observed,
although the materials show overall slightly lower zT values. Therefore, this power factor vs. entropy
conductivity plot presents the respective advantages of each kind of thermoelectric material discussed
in terms of a high power factor or high zT value.
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Figure 12. (a) p-Type; (b) n-type power factor vs. entropy conductivity plots of several doped
oxide materials [11,39,80,96], Zintl phases [41,154], half-Heusler compounds [169,176,196] and Si-Ge
alloys [191,192] as compared to doped Bi,Tes [21,195]. Dashed lines show the corresponding zT values.

In addition to the thermoelectric materials discussed above, there are a few material classes
with noteworthy thermal stability of up to 800-900 K, which should also be mentioned here. Cage
compounds such as clathrates [197] and skutterudites [198] are both characterized by good electronic
transport properties while reducing thermal conductivity by filling the cages with guest atoms [49].
In this way, high zT values of up to 1.3 and 1.7 at 800 K can be reached in multiple filled clathrates [199]
and skutterudites [200,201], respectively. However, despite the similarity of these cage compounds,
the respective power factor shows a strong variation with approximately 10 pW cm~! K2 for
clathrates [199] and approximately 50 uW cm ! K2 for skutterudites [201] at 800 K. This also results
in a possible tuning for either a high power output or a high conversion efficiency. Last, solid
solutions of Mg,Si intermetallic silicides are also a focus of interest as mid-temperature thermoelectric
materials of up to 800 K [49]. Solid solutions of Mg»Sij «Gex and Mg,Sij «Sny, with an optimized carrier
concentration via doping, reached a power factor of approximately 30 W cm ! K=2 and a zT value > 1
at 800 K [202,203]. For respective applications at mid-temperatures, a similar comparison to this work
could be performed for evaluation and comparison of these materials and their respective parameters.

5. Conclusions

Different kinds of bulk thermoelectric materials have been compared with respect to their
high-temperature performance and stability. Within the respective thermoelectric material classes,
much research has been conducted within recent decades, however, very few works have compared
these classes. Here, the concept of using loffe plots to compare and evaluate the power factor and the
zT value as two different parameters that can be useful for optimization was successfully presented.
Hereby, the strengths and weaknesses of each material class were revealed, which could be useful
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for prospective research and associated applications. Out of all of the compared materials, the class
of half-Heusler compounds exhibited the highest power factor and electrical conductivity, which is
applicable for reaching a high power output at high operating temperatures. Si-Ge alloys reached the
highest zT values but had a significantly lower power factor than the half-Heusler compounds. Other
materials, such as oxide-based materials, oxyselenides, and Zintl compounds, also reached reasonable
zT values, which made these promising materials for reaching high conversion efficiencies.
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