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Thermoelectric materials have a long and storied history in the research and development
of semiconductor materials, being the first such class of materials to be investigated.
Thermoelectrics may be used to convert heat to electricity or, alternatively, to liberate or
absorb heat upon electrical excitation. They thus find application in thermoelectric
generators for converting heat from a primary source or a waste stream to useful
electrical power, and as solid state heating and cooling devices. In spite of their great
potential in such important applications, thermoelectrics have suffered from a number of
drawbacks that have hindered their utilization on a large scale. Chief among these is the
fact that most high performance thermoelectric materials are comprised of elements that
are in relatively low abundance. Additionally, their synthesis typically involves complex and
multi-step processes, hindering manufacturability. Thermoelectric materials derived from
Earth-abundant sources are thus of strong current interest, from both scientific and
economic points of view. One of these, the family of semiconductors based on tetrahedrite
compounds, has generated enormous interest over the last decade due to not only its
potential low cost, but also for its fascinating science. In this review, we summarize the
state of the art of tetrahedrite as a thermoelectric, with special emphasis on the relationship
between crystal structure and bonding in the crystal and its unusually low lattice thermal
conductivity; on its fascinating electronic structure; and on the wide array of compositions
that have been synthesized and whose thermoelectric properties have been studied. We
further highlight some rapid and facile synthesis techniques that have been developed for
these compounds which, in combination with their potential low material cost, may open
the door to widespread application of these fascinating materials.
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1 INTRODUCTION: THECONUNDRUMSOF THERMOELECTRICITY

Thermoelectricity encompasses the collective effects that involve the conversion of a temperature
difference to electricity and vice versa. These effects may be implemented to generate electrical power
from primary or waste sources of heat, or inversely to provide all-solid-state heat pumping
(i.e., climate control) under electrical activation (Goldsmid, 1960). However, in contrast to other
energy conversion technologies such as photovoltaics, thermoelectrics have not enjoyed large-scale
application in power generation due to a combination of several factors, including low conversion
efficiency, high cost, and complex manufacturing methods. In spite of this (or perhaps, depending on
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one’s point of view, because of it), work on new thermoelectric
materials and methods of manufacture continues today.
Researchers hope that low cost materials and facile synthesis
techniques will unlock the enormous potential this technology
has for recovering the gargantuan amount of energy—nearly two
thirds of that generated—that is lost in the form of waste heat in
industrial, commercial, and residential energy production in the
US economy (US Department of Energy and Lawrence Livermore
National Laboratory, 2016)

The ability of a thermoelectric (TE) material to function
effectively in such applications is determined by a combination
of its thermal and electronic transport properties, and is
succinctly captured in the thermoelectric figure of merit:

z � S2σ

k
(1)

where S is the Seebeck coefficient (i.e., thermoelectric power),
σ is the electrical conductivity, and k is the total thermal
conductivity of the material in question. As the dimensions
of this quantity z are inverse temperature, one frequently
defines a dimensionless quantity, zT, the product of z and
the absolute temperature T:

zT � S2σ

k
T (2)

It is self-evident that for a TE material to have so-called “high
zT,” it should possess a combination of large Seebeck coefficient,
high electrical conductivity, and low thermal conductivity.
Further, noting that the electrical conductivity may be
expressed in terms of the charge carrier concentration n and
the charge carrier mobility μ as σ � neμ, and that the thermal
conductivity is composed of electronic (kE) and lattice (kL)

components, the dimensionless figure of merit may be
expressed as:

zT � S2neμ

kE + kL
T (3)

An examination of Equation 3 reveals two fundamental
conundrums of thermoelectricity. Firstly, while the
conductivity increases with increasing charge carrier
concentration, the Seebeck coefficient has the opposite trend;
while insulators can have very large Seebeck coefficient, S in
metals is usually very small. One cannot simply increase σ to
increase zT. Secondly, since the electronic part of thermal
conductivity is governed by the Wiedemann-Franz law, and
thus is coupled to the electrical conductivity, again increasing
σ has diminishing returns as kE will also become large. The
solution of these conundrums leads one naturally to focus on
moderately to heavily doped semiconductors in which both the
Seebeck coefficient and conductivity can be substantial, and yet
the latter is not so large as to yield large kE (Figure 1). Finally,
then returning to Eq. 3, one must also seek materials in which the
lattice thermal conductivity kL is also small in order to ultimately
achieve high zT.

By the middle of the 20th century, the main factors
determining the lattice thermal conductivity of crystalline
solids were well understood (Akhiezer, 1940; Leibfried and
Schlömann, 1954; Lawson, 1957; Julian, 1963), and it was
realized that the best candidate materials for low lattice
thermal conductivity would comprise atoms of heavy atomic
mass and would possess complex crystal structures with low
Debye temperatures. Indeed, the first successful thermoelectrics,
PbTe (Ioffe, 1957) and Bi2Te3 (Goldsmid and Douglas, 1954),
which possess zT values near 0.5, were developed using these
guiding principles. Shortly thereafter, based on numerous studies
of point defect scattering of phonons (Geballe and Hull, 1955;
Callaway and von Baeyer, 1960; Klemens, 1960; Abeles, 1963),
further improvements were realized by employing alloy scattering
to reduce kL. Other notable advances in thermoelectric material
design and discovery included the concept of phonon glass-
electron crystal introduced by Slack (Slack and Rowe, 1995),
which led to the successful development of skutterudite (Slack
and Rowe, 1995) and clathrate (Nolas et al., 2002) based
thermoelectric materials systems, and that of nanostructuring
(Dresselhaus et al., 2007), which has been used successfully to
design many materials systems, some with thermoelectric figure
of merit in excess of two.

While these advances in thermoelectric materials have been
notable, their use in large scale applications for waste heat
recovery or thermoelectric power generation has been greatly
hampered due to several factors. First, most high performance TE
materials contain low abundance elements, which are costly to
incorporate into large-scale manufacturing. This is not a
coincidence because the “traditional” approaches to lowering
thermal conductivity require heavy mass elements, which are
in low abundance in the Earth’s crust. Second, many high-
performance materials, a good example being the
“hierarchical” structures based on PbTe (Biswas et al., 2012),

FIGURE 1 | The conundrums of thermoelectricity. While electrical
conductivity σ increases with increasing charge carrier concentration,
Seebeck coefficient S shows the opposite trend. Additionally, electronic
thermal conductivity kE increases with increasing σ. Finally, lattice thermal
conductivity kL must remain low. All of these factors must be balanced to
achieve high zT.
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rely on the careful construction of a defect and impurity profile
which can be difficult to maintain in a large-scale production
scenario. Third, the standard methods of synthesizing
thermoelectric materials, for instance, vacuum melting and
recrystallization, are not amenable to production of large-
surface area structures that would be most suitable for taking
advantage of heat sources. Thus, the need for earth-abundant TE
materials that can be synthesized with facile methods that are
easily scalable is quite urgent.

2 OVERVIEW OF TETRAHEDRITE
THERMOELECTRICS

To best understand the historical development of tetrahedrite
thermoelectrics and some of their structural properties, it is useful
to put them into context with other copper-containing
semiconductors. This is a large and important family of
materials. Several of them can be thought of as higher order
derivatives of traditional diamond-structure II-VI
semiconductors such as ZnSe (Goryunova, 1965). To see why
this is so, first imagine that one takes the zincblende structure of
ZnSe, and simply “doubles” the unit cell (i.e., stacks one
zincblende unit cell on top of another), creating a Zn2Se2
structure. With two Zn atoms possessing two valence electrons
each, and two Se atoms possessing six valence electrons each,
there are a total of 16 electrons available for sharing among the
bonds of these four atoms, or an average of four electrons per
atom that is characteristic of the “diamond-like” family of
materials. Now, one simply replaces the two Zn2+ ions with
one monovalent Cu1+ and one trivalent Ga3+ ion, thus
creating the compound CuGaSe2. Once again counting
electrons [1 + 3 + (2 × 6) = 16], an average electron count of
four per atom is maintained. In this way one can produce several
different Cu-based “chalcopyrite” diamond-like semiconductors
of the form Cu-III-VI2 using other combinations of group II and
group VI atoms. Going a step further, “tripling” the ZnSe unit cell
(Zn3Se3), and replacing two divalent zinc ions with two
monovalent Cu ions, and the remaining divalent Zn ion with
a tetravalent ion such as Sn, one can create compounds of the type
Cu2SnSe3 which again maintain an average of four electrons per
atom [(2 × 1) + 4 + (3 × 6) = 24 electrons, spread across six
atoms]. Finally, in a similar fashion, by “quadrupling” the ZnSe
unit cell (Zn4Se4) and replacing the four divalent Zn2+ ions with
three monovalent Cu1+ ions and a pentavalent Sb5+ ion, one
creates the diamond-like semiconductor Cu3SbSe4, again with an
average of four electrons per atom [(3 × 1) +5 + (4 × 6) = 32
electrons, spread across eight atoms]. Several ternary copper-
containing compounds constructed in this fashion, including
Cu3SbSe4-xSx solid solutions (Skoug et al., 2011), Cu2SnSe3
(Skoug et al., 2010), CuInTe2 (Liu et al., 2012), CuGaTe2
(Plirdpring et al., 2012), and Cu5FeS4 (Qiu et al., 2014) have
been shown to possess dimensionless figure of merit close to or
even exceeding unity.

Although close in composition to some of the compounds
described above, tetrahedrite (base composition Cu12Sb4S13)
possesses a crystal structure considerably more complex than

that of its close relative Cu3SbS4, and this complex crystal
structure is key for understanding the very low lattice thermal
conductivity of these compounds. Interestingly, tetrahedrites are
naturally-occurring minerals, and in fact are one of the most
prevalent sulfosalts on Earth. Natural tetrahedrites are typically of
the general chemical composition Cu12-xTrx (Sb,As)4S13 where Tr
can be one or more of several transition metal elements, including
Cu, Zn, Mn, and Ni (Makovicky and Moller, 1994). Tetrahedrite
with As on the Sb site is known as tennantite, and the
tetrahedrite-tennantite pair forms a complete solid solution.
As we shall see, a variety of different tetrahedrite compositions
have been synthesized in the laboratory. The structure has shown
to be capable of incorporating various atoms on different sites.
For example, in additional to the transition metal and As
substitutions mentioned above, tetrahedrites have also been
synthesized with Bi and Te on the Sb site, and Se on the S site.

3 CRYSTAL STRUCTURE AND BONDING

The outstanding feature of tetrahedrite thermoelectrics is the
extremely low intrinsic thermal conductivity. Several studies have
focused on understanding the origin of this behavior, and how it
arises from several features of the bonding and crystal structure in
these compounds.

Because of their prevalence in the Earth’s crust and their
importance as copper ores, tetrahedrites have a long history of
study in the field of geology. The Cu12Sb4S13 unit cell, shown in
Figure 2, is a body-centered cubic system with I43m symmetry
(Wuensch, 1964) and contains 58 atoms per unit cell. Unlike the
Cu-based diamond-like semiconductors described above, which
exhibit predominantly tetrahedral bonding, the tetrahedrite
structure is comprised of several different atomic
coordinations and bonding types. These are best understood
by considering various structural sub-groups which comprise
the overall cubic structure, as depicted in Figure 3 (Pfitzner et al.,

FIGURE 2 | The Cu12Sb4S13 unit cell. There are two crystallographically
distinct copper sites, Cu 12 d (red atoms) and Cu 12e (orange atoms). There
are also two distinct sulfur sites, S 24 g (yellow atoms) and S 2a (green atoms).
There is one distinct antimony site (blue atoms).
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1997). Within this structure there are two unique Cu sites (12d
and 12e), one Sb site (8c), and two S sites (24g and 2a) (Lai et al.,
2015). Each Cu12d atom (Figure 3A) is tetrahedrally coordinated
by four S24g atoms, whereas each Cu12e atom (Figure 3B) is
trigonally coordinated to two S24g atoms and one S2a atom.
Every S24g (Figure 3C) is tetrahedrally coordinated to two Cu12d
atoms, one Cu12e atom, and one Sb atom. On the other hand,
each Sb atom (Figure 3D) is coordinated by three S24g atoms and
a protruding lone pair, such that the Sb lone pair creates a void-
like pocket in the structure. Lastly, each S2a atom (Figure 3E) is
in an octahedral coordination with six Cu12e atoms. Therefore,
the crystal structure of tetrahedrite is quite intricate and displays
an array of distinct atomic bonding coordinations, and, as we
shall see shortly, these have important implications in the context
of low lattice thermal conductivity of tetrahedrite. We first note
that, unlike the derivative ternary diamond-like semiconductors
such as Cu3SbSe4 discussed above for which Sb is in a tetrahedral
coordination and possesses a nominal valence of Sb5+, in the
tetrahedrite structure Sb is in trigonal coordination and
nominally in the trivalent Sb3+ state. This gives rise to two
antimony electrons in a non-bonding state, forming the
aforementioned lone pair. In the trigonal coordination, the

Cu12e atom is sandwiched between two Sb atoms such that
the Sb lone pairs are oriented towards the Cu12e atom; this
bonding effectively yields a trigonal bipyramidal arrangement for
the Cu12e atom with two Sb lone pairs on the axial sites
(Figure 4). Further, as shown in Figure 4, these lone-pair-
endowed Sb atoms lie both above and below the trigonal plane
formed by Cu(2) and three S atoms. One can thus view this entire
molecular sub-unit as a Sb [CuS3]Sb trigonal bipyramid. In such a
scenario, this bipyramidal sub-unit bears a striking resemblance
to “cage-like” structural units in poor thermal conductors such as
skutterudite and clathrate compounds.

Each Cu12Sb4S13 formula unit has a molar mass of
1,666.45 g mol−1, and the unit cell has a lattice parameter
a = 10.3908 Å and a volume V = 1.12 × 10−21 cm3 (Wuensch,
1964). With two formula units per unit cell, the theoretical
density of tetrahedrite is therefore 4.93 g cm−3.

Although tetrahedrite exists as a body-centered cubic system
at room temperature, it also demonstrates a structural phase
transition at low-temperature. For many years, various groups
recognized through electrical conductivity, heat capacity, and
magnetic susceptibility measurements that a metal-
semiconductor transition (MST) existed in Cu12Sb4S13 around
85 K (Di Benedetto et al., 2005a; Suekuni et al., 2012; Kitagawa
et al., 2015; Suzuki et al., 2015; Nasonova et al., 2016a). Several
mechanisms were proposed to explain the physical origin of this
MST, including Jahn-Teller distortion or an antiferromagnetic-
paramagnetic transformation. However, two recent studies
suggested that a cubic-tetragonal phase transition also occurs
near 85 K. May et al. utilized temperature-dependent powder
X-ray diffraction (XRD) to study the first-order crystallographic
transformation (May et al., 2016). Around the same time, Tanaka
et al. rigorously analyzed the relationship between physical
properties and structure above and below the transition
temperature (Tanaka et al., 2016). Additionally, numerous
studies have shown that the phase transition is suppressed by
the addition of dopants or isovalent substitutions (May et al.,
2016; Tanaka et al., 2016; Kosaka et al., 2017). These findings

FIGURE 3 | Structural sub-units in tetrahedrite: (A) red tetrahedrally coordinated Cu12d; (B) orange trigonally coordinated Cu12e; (C) yellow tetrahedrally
coordinated S24g; (D) blue trigonally coordinated Sb, with protruding lone pair electrons (black); and (E) green octahedrally coordinated S2a.

FIGURE 4 | The Sb-CuS3-Sb bipyramid in tetrahedrite. The Cu12e site
(orange) is trigonally coordinated by two S24g atoms (yellow) and one S2a
atom (green). Two Sb atoms (blue) reside above and below the trigonal plane.
Each Sb atom possesses a set of lone-pair electrons (black) that
protrude toward the Cu12e.
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support the claim that chemical mutations effectively stabilize the
cubic tetrahedrite phase. In this way, the interesting low-
temperature behavior of tetrahedrite materials could provide
important fundamental information for understanding this
class of materials and related systems.

4 LATTICE DYNAMICS AND IMPLICATIONS
FOR LATTICE THERMAL CONDUCTIVITY

As previously discussed, a main challenge in thermoelectric
materials design is the discovery and development of materials
that are good electrical conductors but poor conductors of heat.
By the middle of the 20th century, a “tried and true” approach to
thermoelectric materials development relied on using solid
solutions of semiconductors that comprise heavy mass atoms,
while simultaneously possessing a high enough charge carrier
mobility to provide good electrical conductivity. These rather
stringent requirements, of course, severely limited the choice of
available materials for thermoelectrics, and those materials
identified early on (e.g., PbTe and Bi2Te3) remained the
standard bearers throughout the 20th century, and indeed up
to the present time. Slack’s introduction of the aforementioned
“phonon-glass-electron-crystal” concept in 1995 (Slack and
Rowe, 1995) together with new ideas in nanostructuring
(Dresselhaus et al., 2007) reinvigorated the field and opened
the door to much new research.

Tetrahedrite is desirable as a TE material, particularly due to
its exceptionally low lattice thermal conductivity (kl), which
approaches the minimum value predicted by theory. This is
clearly seen in the comparison of tetrahedrite with Si-Ge
alloys, PbTe, and amorphous silica (Figure 5). This “minimal”
lattice thermal conductivity behavior is partially a consequence of
the large Cu12Sb4S13 primitive unit cell volume, which causes a
low kL via low specific heat, and the large number of atoms within

the primitive unit cell gives rise to additional optical phonon
modes (Morelli and Uher, 2017). Phonon dispersion calculations
of Cu12Sb4S13 by Lu et al. (Lu et al., 2013) reveal that the
transverse acoustic branches yield a high Grüneisen parameter
(γ > 10) at the zone boundaries, and the three harmonically
unstable optical phonon branches are associated with out-of-
plane motions of Cu12e atoms. The significant lattice
anharmonicity and rattler-like motion of the Cu12e atoms give
rise to strong phonon-phonon scattering.

The motion of the three-fold coordinated Cu atom is a key
feature of the vibrational density of states (VDOS) in
tetrahedrites. The Cu12e has been shown to vibrate with a
significantly larger atomic displacement parameter relative to
the other atoms (Pfitzner et al., 1997; Lu et al., 2013; Suekuni et al.,
2013; Chetty et al., 2015a; Lai et al., 2015). Bonding asymmetry
leads to a double-well potential minima where the trigonal Cu
atom energetically prefers a slightly out-of-plane position. With a
recent fervor, the energetics of the rattling Cu12e atom have been
explored by both computational and experimental means (Lara-
Curzio et al., 2014; Zhou et al., 2014; Bouyrie et al., 2015a; Li et al.,
2016;May et al., 2016; Mishra et al., 2017; Ghassemi et al., 2018; Li
et al., 2018; Suekuni et al., 2018) The calculated VDOS for the
different atoms in Cu12Sb4S13 (Lai et al., 2015) exhibits a marked
low-energy, large-amplitude vibrational mode of the Cu12e atom
around 4 meV. This vibrational mode acts as a site that strongly
interacts with acoustic phonons, which are the primary heat
carriers in the material. Hence, the significant intrinsic phonon
scattering seen in tetrahedrites is closely related to the out-of-
plane motion of the Cu12e atom.

The origin of the lattice anharmonicity and bonding
asymmetry in tetrahedrites is linked to the chemically active
Sb lone pairs in the crystal structure. A variety of compounds,
including many ternary and quaternary Cu chalcogenides, have
been studied to examine the influence of lone pairs in reducing kL
(Skoug and Morelli, 2011; Nielsen et al., 2013; van Embden et al.,
2013; Dong et al., 2015; Li et al., 2015; Vaqueiro et al., 2015; Du
et al., 2016; Du et al., 2017). In 2015, Lai et al. demonstrated the
importance of Sb lone pairs in engendering low kL in tetrahedrite
(Lai et al., 2015). It is as if lone pairs push the Cu12e atom off-
center such that it exists in two equally probable locations, and
the distorted coordination resembles an off-center trigonal
bipyramid (denoted by the space group 48 h). To further
justify this visualization, a recent study showed that lone pairs
stress the lattice through nearest-neighbor interactions, and the
Cu rattling is a way that the structure “retreats” from stress
(Suekuni et al., 2018). Again, computational tools have unlocked
new possibilities for understanding the lattice dynamics of
tetrahedrite materials. Therefore, the Sb lone pair is an
essential characteristic that causes tetrahedrite to have a high
thermal resistance.

5 ELECTRONIC STRUCTURE

The valence states of different atoms in the tetrahedrite structure
are not well-understood by the community, and several models
have been proposed over the past 50 years. From a crystal

FIGURE 5 | The lattice thermal conductivity of tetrahedrite (typified here
by the compound of composition Cu10.5Zn1.5Sb4S13 (Lu et al., 2013);)
compared to the lattice thermal conductivity of amorphous silica (Cahill and
Allen, 1994), an 70%Si-30% Ge alloy (Abeles et al., 1962), and PbTe
(Parashchuk et al., 2021).
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chemistry perspective, a distribution of two Cu2+ and ten Cu1+

atoms would satisfy charge-balance (Cu1+10 Cu2+2 Sb3+4 S2-13)
(Wuensch, 1964). This model assumes ionic bonding character
and predicts that the two Cu2+ atoms strictly occupy tetrahedral
12 d sites. However, Cu-based tetrahedrites are stable over a large
compositional range up to the Cu14Sb4S13 and Cu12Sb4.67S13 end-
members, and in turn, a Brillouin-zone (BZ) model of valence
electron counting was proposed. In the BZ model, a window of
stability is allowed for tetrahedrite compositions with 204–208
valence electrons (Johnson and Jeanloz, 1983; Jeanloz and
Johnson, 1984). In this model for the electronic structure of
tetrahedrite, the total number of valence electrons per unit cell are
accounted for. All copper atoms are taken to be in the monovalent
Cu1+ state. Transition metal substituents such as Zn are assumed
to be in the divalent (2+) state, whereas Sb is assumed to be
trivalent and each sulfur atom provides six electrons. Thus, in the
context of this BZ electron-counting scheme, one moves from 204
to 208 electrons per unit cell, respectively, in going from
Cu12Sb4S13 to Cu10Zn2Sb4S13. Whether a particular
composition of tetrahedrite is semiconducting or metallic will
be determined by whether the last BZ to be filled is completely or
partially full. For 204 electrons, the last (51st) BZ is completely
filled, whereas for 208 electrons the last (52nd) BZ is completely
filled, since each BZ can accommodate up to four electrons.
Experimentally, EPR measurements on synthetic Cu12Sb4S13 (Di
Benedetto et al., 2005b) reveal that some copper atoms are in a
mixed-valent or pseudo-divalent state between 1+ and 2+. In this
picture, then, Cu12Sb4S13 is not a true semiconductor but rather
exhibits metallic behavior, in agreement with experimental
studies. Another interesting implication of the BZ model is
that the pseudo-divalent Cu atoms can exhibit mobility in the
structure and thus contribute to ionic conduction (Vaqueiro et al.,
2017), obviously a serious drawback in and thermoelectric
application. Interestingly though, substitution of these divalent
Cu atoms with transition metals such as Zn seems to have the
effect of suppressing the ionic conductivity (Mozgova et al.,
1987). It is thought that the divalent transition metals occupy
previously empty tetrahedral sites and thus block the ionic
conductivity pathway. It is not by coincidence, then, that
natural mineral samples do not exhibit ionic conductivity, as
some transition metal content on the Cu site is always found
in them.

Pattrick et al. offered further support for the BZ model by
using X-ray absorption spectroscopy to show that the ratio of
Cu1+ to Cu2+ is dependent on chemical composition (Pattrick
et al., 1993). Contrary to this model, density-functional theory
(DFT) calculations, complemented by experimental data, have
provided evidence to suggest that all of the Cu atoms could
maintain a monovalent state (Lu et al., 2013). This claim is also
justified by high ionic conductivity and mixed ionic/covalent
bonding observed in tetrahedrites (Lai et al., 2015). Accordingly,
modern computational tools have enabled a novel approach for
understanding atomic valence states in tetrahedrites, but there is
still much more to be learned.

Cu-based tetrahedrite behaves like a metal with p-type
conductivity. In 2013, Lu et al. calculated the electronic band
structure and electronic density of states (EDOS) of tetrahedrite

via DFT (Lu et al., 2013). Since then, multiple other groups have
made similar calculations (Suekuni et al., 2013; Tablero, 2014;
Zhou et al., 2014). In Cu12Sb4S13, the valence band is primarily a
result of hybridization between Cu 3 d and S 3p orbitals, where all
elements contribute equally to the conduction band. The indirect
band gap is approximately equal to 1.1 eV, and the Fermi level
(EF) resides in the VB near the band edge. By replacing Cu1+ with
Zn2+, EF rises into the gap and the sample becomes insulating.
One can think of Cu12Sb4S13 as a dirty metal, whereas
Cu10Zn2Sb4S13 is the true semiconducting composition. In
both cases, Hall measurements provide only a small signal,
making determination of hole concentration and mobility
difficult (Lu et al., 2013; Tippireddy et al., 2018a). Regardless,
doping and substituting different atoms into the tetrahedrite
structure may be used to manipulate its properties in a
favorable way.

In contrast to Zn, for which in the divalent state the d-band is
completely full, other transition metal dopants such as Ni and Fe
have a d-band that is partially occupied, and this leads to some
interesting exchange splitting effects. The band structure of
several of these has been investigated theoretically (Lu et al.,
2013; Suekuni et al., 2013; Heo et al., 2014; Suekuni et al., 2014;
Chetty et al., 2015a). For the case of Ni doping, for example, while
the majority spin states are fully occupied, the minority spin states
exist as three acceptor-like bands lying above the Fermi level.
These are partially filled and therefore engender a finite density of
states at the Fermi level. The implication of this is that for
substitutions of Ni up to even x = 2, the compound remains
metallic, unlike the case for Zn substitution; this has been
confirmed experimentally (Suekuni et al., 2013).

For the case of Mn substituting for Cu, the majority spin state
is occupied and the minority spin state unoccupied. The latter,
however, is situated in the conduction band of the host, and thus
far removed from the valence band. For this reason, Mn-doped
tetrahedrite, like Zn, approaches an insulating state for x = 2
(Chetty et al., 2015a).

Finally, the case of Fe-doping is an especially interesting one.
Using Mössbauer spectroscopy techniques, Makovicky and
coworkers (Makovicky et al., 1990) demonstrated that for
0 < x < 1 in synthetic Cu12-xFexSb4S13, Fe occurs in the ferric
(3+) state, while for 1 ≤ x ≤ 2 it is in the ferrous (2+) state.
Therefore, at low Fe concentrations, each Fe has one extra
electron, compared to Zn, to fill holes in the valence band.
This has been confirmed by DFT calculations, which show
that for Cu11FeSb4S13 the iron ions are in a Fe3+ s0d5

configuration (Lu et al., 2013).

6 THERMOELECTRIC PROPERTIES

Within the past few years, TE research has gained significant
momentum with respect to tetrahedrite and its many variants.
Figure 6 summarizes the optimized zT values obtained for
tetrahedrite TEs previously. To the best of the authors’
knowledge, these studies have reported zT data for
tetrahedrites, with almost all the high-temperature studies
achieving values above 0.6 from 673 to 723 K. Moreover,
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several of these materials reached zT beyond unity above 673 K.
The two outlier data points, which exhibit low figures of merit
even at high temperatures, are natural mineral tetrahedrite
specimens. As a result, impurities lead to low TE performance
in these samples. Conversely, some previous studies have
achieved zT near unity by mixing natural mineral tetrahedrites
with a purely synthetic seed phase (Lu andMorelli, 2013a; Lu and
Morelli, 2013b). Overall, tetrahedrites have been researched for
their TE properties steadily since 2012, with even more studies
focusing on other interesting phenomena in these fascinating
materials. Most of the compounds in Figure 6 will be mentioned
in the following subsections. First, the typical Cu-based
compositions will be discussed, along with Cu-enriched
samples. Then, doped and substituted compounds will be
covered.

6.1 Cu-Based Tetrahedrites
Cu-based tetrahedrites were some of the first compositions to
be examined for TE applications, and they served as a
foundational model system for future studies. In 2012,
Suekuni et al. was the first to report TE properties of
Cu12Sb4S13 (Suekuni et al., 2012). Not long after,
numerous investigations obtained zT values up to 0.5 at
673 K for the unsubstituted composition. (Abeles et al.,
1962; Pattrick et al., 1993; Cahill and Allen, 1994; Lu et al.,
2013). More recent studies reported even higher ZT values as
the process optimization for this system became more well-
understood. (Pattrick et al., 1993; Lu et al., 2015; Prem Kumar
et al., 2016a; Wang et al., 2016; Sun et al., 2017; Kim et al.,
2019a). Unfortunately, the majority of these studies present
data from samples containing impurity phases of famatinite
(Cu3SbS4), skinnerite (Cu3SbS3), chalcostibite (CuSbS2),
copper sulfides (Cu2-xS), or elemental Sb. Specifically,
famatinite is a very common secondary phase that easily
forms when synthesizing Cu-based tetrahedrites, and more

often than not, TE studies of Cu12Sb4S13 report data for
samples that contain Cu3SbS4. Accordingly, while Cu-
based tetrahedrite demonstrates good TE properties, it also
has a propensity for forming impurity phases.

Cu-rich tetrahedrites have garnered significant attention in
recent years. Although the nominal composition of
tetrahedrite is denoted by Cu12Sb4S13, the precise elemental
composition and atomic distribution can vary to a large degree.
For instance, Cu-based tetrahedrite stoichiometries can range
from Cu-poor (Cu12Sb4S13) to Cu-rich (Cu14Sb4S13). The
compositional variations in Cu-based tetrahedrites were
studied by mineralogists and geologists well before the
material was ever tried for TE applications (Tatsuka and
Morimoto, 1973; Tatsuka and Morimoto, 1977; Johnson
et al., 1988). In Cu-rich tetrahedrites, Cu12d sites are
partially vacated and extra Cu ions reside in interstices of
the lattice, creating a network of vacant tetrahedral and
interstitial sites (Makovicky and Skinner, 1979; Vaqueiro
et al., 2017). It is believed that this network enables high
Cu ion mobility in tetrahedrites. The enhanced ionic
conductivity of Cu ions leads to an exsolution of two
immiscible tetrahedrite phases (Cu-poor and Cu-rich). Only
recently were Cu-rich tetrahedrites investigated for their TE
capabilities.

In 2017, Vaqueiro et al. measured the properties of
Cu12+xSb4S13 (0 ≤ x ≤ 2) and examined the onset of Cu
ion mobility as a function of temperature (Vaqueiro et al.,
2017). It was also shown that the phase segregation in Cu-rich
samples significantly reduced kL. More recently, Yan et al.
analyzed the properties of Cu-rich tetrahedrites, obtaining
kL = 0.25 W m−1K−1 and zT = 1 at 723 K for Cu13.5Sb4S13 (Yan
et al., 2018). In the end, both studies demonstrated that Cu-
enrichment can lead to greater zT values, primarily through a
reduction in kL. Kim, et al. (Kim et al., 2019a) explored
mechanical alloying and hot pressing of Cu12Sb4S13 and

FIGURE 6 | Scatter plot summarizing peak figure of merit values for tetrahedrite-based materials obtained from 38 primary research reports since 2012. To
enhance visual clarity, data markers are color coded and scaled by size according to publication year (i.e., darker/larger markers are data from more recent studies).
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showed that this composition exhibited weight loss at
temperatures above 853 K, likely due to decomposition and
melting. Optimized samples reached a zT value of 0.87 at
723 K.

6.2 Doped and Substituted Tetrahedrites
The massive compositional variation allowed by the tetrahedrite
crystal structure has enabled a multitude of TE investigations of
various doped and substituted samples. To begin with, a wide
variety of transitionmetals may replace Cu atoms in the structure,
and such replacements have been observed in natural mineral
tetrahedrites (Johnson et al., 1986). Initially, Suekuni et al.
measured TE properties of transition metal (M = Mn, Fe, Co,
Ni, Cu, and Zn) substituted tetrahedrites (Cu10MxSb4S13) up to
the substitutional limit (x = 2) (Suekuni et al., 2012). In the end,
Cu10Ni2Sb4S13 demonstrated the best zT of all the samples
reaching a maximum value of 0.15 at 340 K. Soon after, this
group and another group reported TE properties for substituted
tetrahedrites at higher temperatures. (Lu et al., 2013; Suekuni
et al., 2013). These and other studies were guided by modern
computational simulations that investigated the electronic
properties of doped tetrahedrites (Lara-Curzio et al., 2014;
Tablero, 2014; Zhou et al., 2014; Kim et al., 2019a; Pi et al.,
2019). As discussed previously, EF lies at the valence band edge
for the Cu-based composition, and adding Zn atoms, which
strictly adopt a divalent state, effectively raises EF into the gap.
Accordingly, Zn acts as a dopant by contributing extra electrons
to the lattice. By leveraging this knowledge, Lu et al. demonstrated
the first zT near unity for Zn-doped tetrahedrite
(Cu11.5Zn0.5Sb4S13) at 723 K (Dong et al., 2021). Therefore,
simple replacements of Cu with 3 d transition metals laid the
groundwork for future TE studies with tetrahedrites.

Since the early TE investigations of doping in tetrahedrite, a
plethora of studies have been published for tetrahedrites doped
with 3 d transition metals (Tippireddy et al., 2018a). Structural,
magnetic, and TE research analyzed dopants like Mn (Chetty
et al., 2015a; Coelho et al., 2020), Fe (Andreasen et al., 2008; Lu
et al., 2013; Chetty et al., 2015b; Nasonova et al., 2016b; Guler
et al., 2016), Co (Barbier et al., 2015a; Bouyrie et al., 2016a; Kim
et al., 2019b; Kim et al., 2020), Ni (Suekuni et al., 2013; Lara-
Curzio et al., 2014; Barbier et al., 2016; Bouyrie et al., 2016b;
Gonçalves et al., 2016), Zn (Lara-Curzio et al., 2014; Barbier et al.,
2015b; Harish et al., 2016), Al (Tippireddy et al., 2020), Gd (Zhu
et al., 2021), Mg (Levinsky et al., 2019) and Cd (Prem Kumar
et al., 2016a) in synthetic tetrahedrites. One of the highest zT
values reported to date is that of Lu et al., which reached zT = 1 at
720 K for Ni and Zn co-doped tetrahedrite
(Cu10.5Ni1Zn0.5Sb4S13) (Lu et al., 2015). Aside from
enhancements in zT, these studies seem to indicate that
dopants mitigate the formation of impurity phases. In fact,
two studies showed explicitly that the tetrahedrite phase
preferentially forms over other secondary phases when small
amounts of dopant are present in the structure (Seal et al., 1990;
Barbier et al., 2015b). Over the years, numerous studies have
echoed a similar observation (Tatsuka and Morimoto, 1973; Di
Benedetto et al., 2002). Thus, a vast collection of studies have
shown that zT can be greatly improved by doping and

substituting with 3 d transition metals, while also stabilizing
the primary tetrahedrite phase in these samples and
suppressing ionic conductivity effects.

Although many studies have examined transition metal
substitution in tetrahedrites, the complexity of the crystal
structure allows for more exotic dopants, aside from 3 d
transition metals. For instance, Ge and Sn doping were
recently explored, exhibiting a compositional limit of about x
= 0.6 in Cu12-x (Ge, Sn)xSb4S13 (Kosaka et al., 2017). On another
note, Ag (Pattrick and Hall, 1983) and Au (Zazakowny et al.,
2022) substitution has been shown to be possible in synthetic
tetrahedrites, and Pb doping (Cu11PbSb4S13) demonstrated zT
enhancements of about 40% at 723 K when compared to Cu-
based compositions (Huang et al., 2018). Regardless of the cost-
effectiveness and toxicity of these tetrahedrites, these studies are
evidence that multitudinous elemental substitutions have yet to
be explored. Hence, a copious variety of elements, in addition to
3 d transition metals, may be used as dopants on the Cu site in
tetrahedrite, and there are many such compositions that have not
been reported in the literature.

The inclusion of dopants on Sb sites has also been studied,
and in certain cases, large improvements to TE performance
were observed. To begin with, Lu and Morelli synthesized
Cu12Sb4-xTexS13 (0 ≤ x ≤ 1.5), and a peak zT value of 0.92
was obtained at 723 K for x = 1 (Lu and Morelli, 2014). These
workers surmised that tetravalent Te atoms substituting for
trivalent Sb provided electrons to fill valence band holes, similar
to the effect of Zn substituting for Cu. Following this study,
Bouyrie and coworkers explored Te substitution and multi-site
doping with transition metals (Cu site) and Te (Sb site) (Chetty
et al., 2015a; Bouyrie et al., 2015b; Chetty et al., 2015b; Bouyrie
et al., 2015c; Barbier et al., 2016). Kwak et al. (Kwak et al., 2021)
also successfully doped with Te on the Sb site and achieved a zT
of 0.8 at 723 K. In addition, doping the Sb site with Bi has been
shown to yield zT of 0.84 at 673 K in Cu12Sb3.8Bi0.2S13 (Prem
Kumar et al., 2016b). A similar value of zT was obtained for Bi-
doped samples by Kwak, et al. (Kwak et al., 2020) using a
mechanical alloying and hot-pressing approach. Tippireddy,
et al. (Tippireddy et al., 2019) attempted Sn doping on the
Sb site, and found that Sn substituted for both Sb and Cu in the
structure. Very recently, Ahn and Kim (Ahn and Kim, 2021)
reported successful doping of Sn on the Sb site with zT = 0.66 for
Cu12Sb3.9Sn0.1S13. Finally, As substitution for Sb is also possible
in synthetic tetrahedrites (Guler et al., 2016), of course, which
just mimics the well-known tetrahedrite-tennantite solid
solution that occurs in natural minerals. Accordingly, some
compositional variation exists on the Sb site, which has been
utilized to improve zT in certain tetrahedrites.

Lastly, S site modifications in tetrahedrite materials have been
researched within the last few years as well. Tetrahedrite
compositions with Se and Te as anions were examined in
early mineralogical studies, and more recently, computational
simulations predicted stable phases of the tetrahedrite structure
with Se as the chalcogenide (Moller and Makovicky, 1999; Zhang
et al., 2014). In 2016, a solid solution of Cu12Sb4S13-xSex (0 ≤ x ≤ 2)
was synthesized, and a maximum zT of 0.84 was obtained at 720 K
for the x = 1 composition (Lu et al., 2016). For these Se substituted
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compounds, researchers attribute improvements in zT to reduced kL,
due to increased alloy scattering of phonons. Subsequently, Cu-
enrichment in Cu12+xSb4S12Se provided even greater boosts to TE
performance, obtaining zT of approximately 1.1 at 723 K for the
Cu13.5Sb4S12Se composition (Yan et al., 2018). To the authors’
knowledge, this is the highest ZT reported to date for all
tetrahedrite compounds. Finally, a recent study involving multi-
site doping with Zn and Se in tetrahedrites was conducted and the
TE properties investigated, and an optimized zT of 0.86 was
demonstrated at 673 K for Cu11ZnSb4S12.75Se0.25 (Tippireddy
et al., 2018b). In the end, isovalent Se substitution in tetrahedrites
has been shown to benefit TE properties, especially in combination
with other chemical modifications.

7 MECHANICAL PROPERTIES

The mechanical properties of thermoelectric materials are
important for ensuring long operating lifetimes. As materials
undergo heat transfer processes, they experience thermal
expansion and thermal stress. In order to minimize thermal
stress, small values of Young’s modulus, linear thermal
expansion coefficient, and Poisson’s ratio are required at a
fixed temperature gradient. Early work was done by Fan et al.
to measure hardness, Young’s modulus, shear modulus, Poisson’s
ratio, and bulk modulus in synthetic and natural mineral
tetrahedrites (Fan et al., 2013). In terms of thermal stress, they
found that tetrahedrite had similar or advantageous properties
over other TE materials like PbTe, SiGe, and CoSb3. These results
support longer lifetimes in thermoelectric devices made from
tetrahedrites because they can undergo many thermal cycles
without mechanical degradation. On the other hand, due to its
anharmonic bonding nature, tetrahedrite has a fracture
toughness of 0.47 MPa, which is similar to PbTe and much
lower than other materials (Fan et al., 2013). However,
tetrahedrites have a brittle index similar to other TE materials
as well, indicating desirable qualities for machinability. Therefore,
tetrahedrite has mechanical properties comparable to other state-
of-the-art TEs with a strong resistance to thermal stress, good
machinability, but a relatively poor fracture toughness.

Several other studies have involved characterizing the
mechanical properties of tetrahedrites. For example, Sun et al.
investigated brittleness, thermal stability, and microstructure in
tetrahedrites (Sun et al., 2017). Ultimately, their results indicated
that mechanical properties can be improved with additional spark
plasma sintering processing, beyond what conventional syntheses
require. Barbier et al. used DSC and TGA to examine the thermal
stability of Cu based and Ni doped tetrahedrites (Barbier et al.,
2015b). They found that Cu based tetrahedrite decomposed into
Cu3SbS3 at 791 K, but this decomposition temperature was raised
significantly in the Ni doped tetrahedrite. Thus, impurity
substitution leads to a stabilization of the compound and raise
its maximum operating temperature. Lastly, Pi et al. studied the
mechanical properties of tetrahedrites after thermal aging in air
and vacuum (Pi et al., 2019). They reported values for the Vickers
hardness and bending strength of copper-based tetrahedrites. All
in all, mechanical issues impede the application of tetrahedrite

materials on a widespread scale, and there is still room for fruitful
research involving mechanical characterization of doped and
undoped tetrahedrites.

8 RAPID AND FACILE SYNTHESIS
METHODS

The substantial majority of tetrahedrite studies utilize a
traditional melt-recrystallization approach. In this
approach, elemental precursors are loaded into a quartz
ampoule with subsequent evacuation and heating to 650°C
with a hold time of at least 12 h (Lu and Morelli, 2013a). A slow
heating rate (0.3°C min−1) is a necessary precaution for
preventing pressure build-up from volatilized S. The
resultant ingot does not come out phase-pure, and in turn,
it is subsequently ground, pressed, and annealed for up to
3°weeks at 450°C. Finally, the sample is ground and
consolidated via either hot-pressing or spark plasma
sintering. Overall, long reaction times (12–40 + h),
accompanied by a lengthy annealing phase (25 h–3 weeks),
are required to promote the formation of single-phase
tetrahedrite by this method. Due to long synthesis times
and high energy requirements, the melt-recrystallization
approach is not amenable to large-scale applications.
Therefore, faster and less energy-intensive techniques than
the traditional approach would be more favorable for
commercial application of tetrahedrite materials.

8.1 Mechanical Alloying
Mechanical alloying is a straightforward technique, where
powder precursors undergo a mechanochemical reaction via
milling. The grinding media, milling time, and atmospheric
reactivity are common factors to consider when performing
these reactions. Since the 1990s, mechanical alloying research
has gained momentum in an effort to find viable industrial
alternatives to rapid solidification processing reactions
(Suryanarayana et al., 2001). A diverse array of materials are
viable candidates for mechanical alloying synthesis, including
intermetallic compounds and ceramics oxides (Al-Joubori and
Suryanarayana, 2015; Gondim et al., 2015). Commonly,
powderized products from the milling process are densified by
hot-pressing or spark plasma sintering (SPS).

Several groups have synthesized tetrahedrites by mechanical
alloying. Barbier and coworkers were the first group to do this by
synthesizing Cu10.4Ni1.6Sb4S13 and obtaining zT of 0.75 at 700 K
(Barbier et al., 2015a). In a follow-up study by the same group, the
scalability of this procedure was utilized for fabricating large
square monoliths (50 × 50 × 3 mm) of tetrahedrite from
mechanically alloyed powders (Barbier et al., 2016). Similarly,
Harish et al. studied phase stability in Zn-doped tetrahedrites
made by mechanical alloying (Bouyrie et al., 2016b). More
recently, Cu12Sb4S13 was prepared by planetary milling at
350 rpm for 24 h (Kim et al., 2019a). To the authors’
knowledge, this study provided the highest zT to date for the
unsubstituted composition, reaching a peak zT of 0.87 at 723 K.
In another study, Cu12Sb4S13 was synthesized by mechanical
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alloying for photovoltaic thin film applications (Prem Kumar
et al., 2018). Weller and Morelli (Weller and Morelli, 2017) also
used a combined mechanical alloying/spark plasma sintering
approach to produce Ni/Zn co-doped specimens and achieved
amaximum zT value of 0.66 at 673 K for optimized compositions.
Therefore, mechanical alloying has been shown to be a practical
approach for producing tetrahedrite TE materials.

8.2 Reactive SPS
Reactive SPS is a method that rapidly synthesizes materials in a
single step. Whereas other approaches trivially use SPS for
powder processing, a chemical reaction takes place in addition
to consolidation in the reactive approach. In general, SPS is
relatively novel technique with much of the technological
development and applied research occurring after the year
2000 (Guillon et al., 2014). “Spark plasma sintering” is
somewhat of a misnomer, since no spark is actually detectable
from this method; in turn, many researchers have used the terms
“field-assisted sintering technique” or “pulsed electric current
sintering” instead (Hulbert et al., 2008). In particular, reactive SPS
is useful for working with ultra-high temperature ceramics, which
require reaction temperatures that are otherwise difficult to reach
by means of traditional furnace heating (Orrù and Cao, 2013).
Previously, reactive SPS has been used for the synthesis of
composites and a variety of borides, carbides, nitrides, oxides,
and silicides (Wang et al., 2004; Wu et al., 2007; Zhao et al., 2007;
Locci et al., 2009; Sahin et al., 2012; Sun et al., 2013; Karthiselva
et al., 2015) As a result, this approach has been used for a wide
range of applications in materials science. Nanocrystalline
materials especially benefit from SPS methods because the
rapid nature of the sintering process mitigates grain coarsening.

Numerous groups have used SPS for densification of
tetrahedrite materials, but there are very few studies using
sintering as a synthetic approach for forming tetrahedrites.
Battiston et al. published a one-step sintering synthesis for Ni
and Zn substituted tetrahedrites. They used open die pressing as a
fast and simple method for obtaining doped tetrahedrites in less
than 6 h. It should also be noted that their Ni substituted samples
exhibited secondary phases of NiSbS and Cu2S. In the end, the
best zT for Ni and Zn co-doped tetrahedrites prepared by open
die pressing was 0.65 at 673 K for Cu11NiZnSb4S13 (Battiston
et al., 2017). Weller and Morelli (Weller and Morelli, 2017)
employed the reactive SPS technique using binary sulfide
precursors which utilized a short ball milling step followed by
reactive spark plasma sintering to form tetrahedrite, the entire
process requiring less than 2 h of total synthesis time.

8.3 Solution-Phase Synthesis
Solution-phase synthesis methods boast many advantages over
the conventional melt-crystallization synthesis, but these
techniques possess their own drawbacks as well. While the
“top-down” melt-recrystallization approach requires high
temperatures and long reaction times, “bottom-up”
methodologies may be preferable because they often yield
nanostructured material and require lower temperatures and
shorter synthesis times. Previously, Cu-Sb-Se-S nanomaterials
have been synthesized by a variety of wet-chemical approaches,

such as hot-injection (Ramasamy et al., 2014; Chen et al., 2015;
Suehiro et al., 2015; Wu et al., 2015; Chen et al., 2016; Bera
et al., 2018) or solvothermal (An et al., 2003; James et al., 2015;
John et al., 2018) synthesis. Most notably, James et al. achieved
zT = 0.63 at 720 K for Cu12Sb4S13 synthesized by the
solvothermal method (James et al., 2015). In a different
study, the optical properties and charge generation
capabilities of tetrahedrite thin films prepared from metal
xanthates were examined (Rath et al., 2015). Weller, et al.
(Weller et al., 2017) used a modified polyol process to
synthesize pure and Zn-doped tetrahedrite powders, and
pellets consolidated by SPS from these powders were found
to have zT values comparable to, if not exceeding, those made
using solid state methods. In another study, this same group
employed the identical process to synthesize Fe-doped
tetrahedrites (Weller et al., 2018). A notable outcome of this
study was the observation of n-type behavior for certain Fe
compositions, although this occurred only below room
temperature. It was suggested that this behavior, to the
authors’ knowledge the only report of n-type tetrahedrite,
was related to the presence of mixed valence Fe2+/Fe3+ in
these samples.

Unfortunately, these solution-phase techniques commonly yield
product on the scale of ~100mg per batch, andmultiple batchesmust
be combined to obtain enough material for TE characterization.
Furthermore, wet-chemical approaches pose a greater risk of
contamination because they often require careful removal of
undesirable byproducts. Lastly, nanoscale materials demonstrate
higher reactivity due to their increased surface energy, and as a
result, organic additives (i.e., ligands or surfactants) are usually
employed to stabilize the material. However, previous studies
provide evidence to suggest that organics can be detrimental to
TE performance (Stavila et al., 2013). Therefore, solution-phase
syntheses require shorter reaction times and less energy-intensive
processes, but they typically utilize organics for stability and only
produce small amounts of material in each batch.

To summarize, an array of facile and rapid synthesis
techniques has been employed to create high performance
tetrahedrite thermoelectric materials. It is a remarkable feature
of the tetrahedrite system that it seems to be very robust with
respect to consistently displaying zT values between 0.5 and 1.0
for a variety of compositions and processing methods. The
potential low cost and ease of use of these facile synthesis
approaches Bode well for their implementation in large-scale
thermoelectric power generation applications.

8 SUMMARY

As an ever more energy-hungry globe struggles with limited
energy supply and increasing energy demand, energy usage on
planet Earth will continue to evolve from fossil-fuel-based to
renewables-based. This transition will not be instantaneous,
however, and in the interim period (which will no doubt be
many years), increasing the efficiency of fossil-fuel utilization and
decreasing its impact on the environment must be emphasized.
To this end, thermoelectrics can play a leading role in converting
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the enormous amount of waste heat created in energetic processes
to useful energy. This review has focused on the science and
technology of tetrahedrite thermoelectrics, a new class of
materials to emerge within the last decade. The unusual
crystal structure and bonding in these materials plays an
important role in endowing them with their unique
thermoelectric properties. The ability to substitute many
different elements on all three chemical sites in tetrahedrite
has been highlighted here, and it is concluded that
thermoelectric figure of merit of tetrahedrites is remarkably
robust across a range of chemical compositions. Further, a

host of rapid and facile synthesis techniques have been
deployed that allow for the straightforward research and
development of this material on a large scale. Taken together,
all of these factors point to a bright future for the use of
tetrahedrites in large-scale power generation and waste heat
recovery applications.
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