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Chalcogenide Thermoelectrics Empowered by an

Unconventional Bonding Mechanism

Yuan Yu, Matteo Cagnoni, Oana Cojocaru-Mirédin, and Matthias Wuttig*

Thermoelectric materials have attracted significant research interest in recent
decades due to their promising application potential in interconverting heat and
electricity. Unfortunately, the strong coupling between the material parameters
that determine thermoelectric efficiency, i.e., the Seebeck coefficient, electrical
conductivity, and thermal conductivity, complicates the optimization of thermo-
electric energy converters. Main-group chalcogenides provide a rich playground
to alleviate the interdependence of these parameters. Interestingly, only a sub-
group of octahedrally coordinated chalcogenides possesses good thermoelectric
properties. This subgroup is also characterized by other outstanding character-
istics suggestive of an exceptional bonding mechanism, which has been coined
metavalent bonding. This conclusion is further supported by a map that
separates different bonding mechanisms. In this map, all octahedrally coordi-
nated chalcogenides with good performance as thermoelectrics are located in

a well-defined region, implying that the map can be utilized to identify novel
thermoelectrics. To unravel the correlation between chemical bonding mecha-
nism and good thermoelectric properties, the consequences of this unusual
bonding mechanism on the band structure are analyzed. It is shown that fea-
tures such as band degeneracy and band anisotropy are typical for this bonding
mechanism, as is the low lattice thermal conductivity. This fundamental under-
standing, in turn, guides the rational materials design for improved thermoelec-
tric performance by tailoring the chemical bonding mechanism.

pollution.!!' Capturing and utilizing such
a huge amount of heat could play an
important role in building a sustainable
society. Thermoelectric devices convert
waste heat into electricity or pump heat
by applying direct current without any
compressive media and moving parts.l?3!
Hence, they can help to improve the effi-
ciency of energy transformation processes.
The thermoelectric energy conversion effi-
ciency is determined by the dimension-
less figure of merit, zT = S*0T/(k. + K,
where S and o are the Seebeck coeffi-
cient and electrical conductivity and their
product S’ is called power factor; T, ke,
and kj are the absolute temperature, the
electronic thermal conductivity, and the lat-
tice thermal conductivity, respectively.>-!
Yet, three of the quantities relevant for the
conversion efficiency, i.e., S, 0, and x, are
closely interwoven. Increasing one of them
thus often has a detrimental effect on the
others. Therefore, it is difficult to iden-
tify straightforward design rules to opti-
mize thermoelectric materials. This has
already been pointed out by Singh in the

1. Introduction

More than two-thirds of energy generated is wasted in the form
of low-grade heat, causing the ever-rising issue of environmental
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beginning of this century, when he com-
mented “discovering a material with high thermoelectric figure
of merit is akin to finding the proverbial needle in a haystack,
because of seemingly contradictory requirements—high S like
a semiconductor, high o like a metal, and low thermal conduc-
tivity like a glass.”l® Yet, with persistent efforts, the number of
thermoelectric materials has been greatly increased over the last
two decades. These materials can be roughly categorized into
three groups according to their temperature range of applica-
tion. The low-temperature (<550 K) materials contain group-V
alloys,”! V, VI, 812 CsBi,Teg, % and o-MgAgSh, 'l etc., in general
exhibiting zT values below 1.5. The class of medium-temperature
(550-950 K) materials contains many compounds, including
IV-VI alloys, such as PbTe,'>1% SnTe,'”] GeTe,¥ and SnSe,'”
I-V-VI, compounds,?%?! Zintl compounds,?? filled Skutteru-
dites,?¥] Clathrates,*? Cu,Se,*! and BiCuSeO,?% to name a few.
They normally embrace maximum zT values above 1.5. The
family of high-temperature (>950 K) thermoelectrics is smaller,
encompassing materials such as SiGe,?’] Las Te,[” and half-
Heusler alloys.?! They all show maximum zT values close to 1.
Chalcogenide (group VI) compounds consisting in addi-
tion of group- IV and group V elements are semicon-
ductors or semimetals which find applications in phase
change memory,3%31 as a topological insulator,?? and in
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thermoelectric energy conversion,3*3] etc. For applica-

tions in thermoelectric energy converters, chalcogenides
embrace many advantages. First, most of them can easily be
doped into p-type or n-type, which is critical for the assembly
of thermoelectric devices.>1834361  Second, they con-
sist of heavy elements and soft chemical bonds, resulting
in low thermal conductivity.31216-18] Third, they possess
a variety of structures, providing a good platform for manipu-
lating the thermoelectric performance. At ambient temperature
and pressure, they often reveal one of three different crystal
structures: rock-salt NaCl type, e.g., PbTe, rhombohedral grey-As
type, e.g., GeTe, and orthorhombic black-P type, e.g., SnSe (see
also Figure 5a). All of these structures are characterized by an
octahedral-like atomic arrangement. Fourth, they possess a low
operating cost, beneficial for wide-range applications.l’”) These
compounds dominate thermoelectric applications in the low to
medium temperature range. V,VI; compounds, for example,
have been used commercially as thermoelectric coolers since the
1950s.38 The medium temperature IV-VI compounds provide
a playground to manipulate the thermoelectric properties by
band engineering and hierarchical structure phonon scattering,
leading to the enhancement of zT from nearly 1 to above 2. For
instance, p-type PbTe shows a maximum zT of =2.6 at 850 K,**!
while p-type GeTe possesses a maximum zT of 2.4 at 600 K,
p-type SnSe single crystals show a zT of 2.6 at 923 K,*!l and
n-type SnSe single crystals show a zT of 2.8 at 773 K.**! Some
rare-earth chalcogenides can even be used above 1000 K due
to their high thermal stability, such as La;_,Te, which exhibits
a maximum zT of =1.1 at 1275 K.l More comprehensive dis-
cussions of the thermoelectric properties of chalcogenide com-
pounds can be found elsewhere.[+15-1842.43]

In the last twenty years, many new thermoelectric materials
have been proposed, along with guidelines to help their dis-
covery. Yet, finding a high zT material still remains quite cum-
bersome, possibly because of the lack of clear rules to assist
their search. Hence, in this review, an alternative approach to
the identification of thermoelectrics is presented, focusing on
main-group chalcogenides. A chemical bonding perspective
will be developed, in which the superior performance of chalco-
genide based thermoelectrics is attributed to an unconventional
bonding mechanism. To this end, first different properties for
a significant number of chalcogenides are presented. All chal-
cogenides with a large thermoelectric figure of merit have an
unconventional portfolio of properties. Such a combination of
properties is not found for similar chalcogenides, which pos-
sess a low figure of merit. This indicates that the materials
with superior performance as thermoelectrics might employ
an exceptional bonding mechanism. This bonding mechanism
is presented next. Subsequently, the question is addressed, if
this bonding mechanism can explain features, which have been
proven to be crucial to reach high values of zT, such as the band
degeneracy and the band anisotropy, or the low lattice thermal
conductivity. Finally, a possible route for the guided discovery of
materials with exceptional thermoelectric performance utilizing
maps for chemical bonding is presented.

To understand the origin of the excellent thermoelectric per-
formance of some of these chalcogenides, relevant electronic
and thermal transport properties, as well as intrinsic physical
parameters, are summarized for many chalcogenides in Table 1.
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Table 1. Electronic and thermal transport properties for undoped chalcogenides as well as some specific values describing the band structure of chal-
cogenide thermoelectric compounds. zT,,,, describes the maximum zT value obtained at temperature T, p-type or n-type conduction is also provided,
n is the carrier concentration, o is the electrical conductivity, B is the bulk modulus, O is the Debye temperature, k; is the lattice thermal conductivity,
Eg is the bandgap. Data unavailable from the literature are indicated by a backslash. References are given in Table S1 in the Supporting Information.

Material ZThax @ T Type n o B Op K Eg

[em™] [Sem™] [G Pa] (K] W (mK)™] [eV]
GeSe 0.05 @ 710 K P 10™ 1.3x10°° 47.5 280 3.0 1.1
o-GeTe 1.0 @ 673 K P 102 5.0x 10 49.9 199 2.6 0.1
B-GeTe 0.8 @ 723 K P 102 6.8 x 10 51 157 1.5 0.36
SnS 0.1 @ 750K P 10" 3.4x10 47.6 270 2.0 1.16
o-SnSe 0.2 @ 600 K P 108 25x10° 50.3 210 0.7 0.86
B-SnSe 26 @ 923K P 10" 100 40.9 - 0.3 0.39
SnTe 0.7 @ 900 K P 10% 9.8 x 10° 42 140 2.9 0.19
PbS 03 @ 773K N 10'8 260 50.2 227 2.56 0.41
PbSe 1.0 @ 700 K P 108 400 47 170 1.53 0.28
PbTe 1.3 @ 700 K P 10" 2.9x%10° 41 130 2.1 0.3
B-As,Tes 0.56 @ 423 K P 10 650 53.2 257.9 0.9 0.24
Sb,S; - - - 1.0x10°% 75.1 364.4 13 1.88
Sb,Se; 0.1 @ 673K N 10 40x107 58.7 262.8 0.97 1.17
Sb,Tes 0.45 @ 547 K P 102 2.3x10° 44.8 160 1.75 0.11
Bi,Ss3 0.03 @ 673 K N 10 9.4x 107 67.8 283 1.0 1.35
Bi,Se; 0.4 @ 600 K N 108 1.0x10° 48.4 205 1.3 0.25
Bi,Tes 0.7 @ 300 K P 10" 660 37.4 155 118 0.13
AgSbSe, 0.4 @ 573 K P 108 5 78 143 0.3 0.7
AgSbTe, 1.2 @ 600 k P 10" 325 67 125 0.68 0.35
AgBiS, 0.03 @ 400 K N - 1.0x 1073 62 - 0.65 0.8
AgBiSe, 05 @ 773 K N 10'° 180 74 135 0.64 0.52
AgBiTe, - N - 1.3x10% 66 - 0.9 0.16

All chalcogenides listed in this table share an octahedral-like
arrangement of the atoms (see also Figure 5a), yet with varying
levels of distortions. Interesting enough, these materials can be
divided into two groups regarding their performance as ther-
moelectrics. This can be seen best when comparing a number
of isoelectronic pairs, such as GeTe and GeSe, or Bi,Se; and
Bi,S;. While GeTe reveals a maximum zT of 1.0 at 673 K,*
GeSe shows a zT of 0.05 at 710 K.’ A similar observation can be
made upon comparing Bi,Se; with Bi,S;, which differ by more
than a factor of 10 in zT.*#7] Such pronounced differences for
isoelectronic materials are striking and call for an explanation.
Remarkably, the two pairs of materials (GeTe and Bi,Se;/GeSe
and Bi,S;) do not only differ in their thermoelectric performance,
but they also differ in their physical properties. All materials with
a high thermoelectric figure of merit possess a rather low Debye
temperature, as displayed in Figure 1a,b. This is not particularly
surprising since the materials with a large figure of merit are also
those which tend to have heavier atoms, leading to low phonon
frequencies and hence low Debye temperatures. Low phonon
frequencies are beneficial in realizing a low thermal conductivity
for the phonons, one of the requirements for good thermoelec-
trics. Yet, there are also other physical properties that differ sig-
nificantly from those of their less efficient thermoelectric coun-
terparts. Bi,Se;, for example, has a significantly larger electrical
conductivity and lower bandgap than its isoelectronic relative
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Sb,Ses, as depicted in Figure 1c,d. Other properties of these two
materials differ considerably, too. These differences apparently
hold for all members of the subgroup of efficient thermoelec-
tric chalcogenides listed in Table 1. All materials with a zT above
0.25 in Table 1 are characterized by a large carrier concentration
and rather high electrical conductivity, small Bulk modulus, low
Debye temperature, low lattice thermal conductivity, and a small
bandgap which satisfies the requirement of =6-10 kT for good
thermoelectrics.*® Hence, these materials combine all attrib-
utes desirable for thermoelectric materials. They also possess a
property combination which is rather exceptional and is found
in none of the materials employing covalent, ionic, or metallic
bonding. This unconventional property combination has recently
been attributed to a special bonding mechanism, coined metava-
lent bonding.[*>*% Yet, for the present purpose it is not relevant if
the bonding in chalcogenides is a novel bonding mechanism, or
a strange mixture of known bonding mechanisms. Instead, two
questions are crucial to identify novel thermoelectrics with supe-
rior performance based on chalcogenides. (a) How can the prop-
erties which are desirable for applications as thermoelectrics be
related to the exceptional property portfolio and hence bonding
of these chalcogenides? (b) How can chalcogenides be identified
that have this unconventional property combination?

To this end, the unique property combination will be dis-
cussed and related to potential bonding mechanisms in solids.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Characteristic properties of pristine chalcogenide compounds listed in Table 1. a) Maximum zT values; b) Debye temperature in Kelvin; c) Electrical
conductivity at room temperature in S cm™'; d) Bandgap in eV. These materials can be divided into two groups regarding their performance as thermoelec-
trics: materials with zT values larger than 0.25 are displayed in green, while those with zT below 0.25 are depicted in red. The subgroup which possesses high
figure of merits also shows a distinct property portfolio, including a low Debye temperature, high electrical conductivity, and small bandgap.

Subsequently, the characteristic properties of thermoelectrics
will be related to the bonding mechanism and accompanying
properties prevalent in chalcogenides suitable for thermal
energy conversion. Finally, it will be discussed, how materials
can be identified that combine the desired properties, aiding the
search of novel thermoelectrics based upon clear design rules.

2. Metavalent Bonding

Five fundamental bonding mechanisms, including metallic,
covalent, and ionic bonding, as well as the two weaker forms
of hydrogen and van der Waals bonding, have been recognized
as iconic bonding mechanisms in solids. Metallic bonding is
closely related to electron delocalization of the conductance
electrons over several neighbors, resulting in high electrical
and thermal conductivity. Metals lack a bandgap, which leads
to their mirror-like finish when polished. Covalent bonding is
formed by sharing electron pairs between atoms. These elec-
tron pairs are located between adjacent atoms forming either
o-bonds or m-bonds. Covalently bonded materials usually pos-
sess a bandgap and an electrical conductivity much lower than
that of metals (if they have not been doped). Ionic bonding
involves the electrostatic attraction between oppositely charged
ions (cation and anion), originating from a transfer of electrons
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from cations to anions. This leads to very low levels of elec-
trical conductivity and large bandgaps. Yet, it is important to
remember that covalent and ionic bonding as discussed above
are idealized limiting cases. Materials like ZnO or GaN will
both have covalent and ionic bonding contributions. Unlike
the covalent and ionic bonds, the van der Waals forces do
not result from a transfer or significant sharing of electrons
between adjacent atoms. It is hence comparatively weak. Each
bonding mechanism leads to characteristic physical properties.
The chalcogenides in Table 1, which show zT values above 0.25
possess a unique property portfolio.>?!] For example, PbTe,
SnTe, and GeTe exhibit moderate electrical conductivities, high
optical dielectric constants (..) and hence a small bandgap E,,
large Griineisen parameters for transverse optical modes (¥ro),
high Born effective charges (Z*), and large effective coordina-
tion numbers (ECoN) incompatible with the “8-N” rule.[*’!
This combination of properties is neither observed for metallic,
ionic, or covalently bonded materials. It will be shown below,
how these characteristics, which are closely related with the
bonding in solids can explain the favorable performance of cer-
tain chalcogenides in thermoelectric energy converters and how
similar and possibly even superior compounds can be identi-
fied using maps.

In recent years, quantum chemical tools have been devel-
oped that enable characterization of bonding in solids based
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Figure 2. A 2D map of electronic interactions and bonding in materials. The amount of relative electrons transferred (x-axis) and shared between
neighboring basins (y-axis) is computed using quantum-topological methods. Please note that the number of electrons transferred has been divided
by the formal oxidation state to obtain the relative charge transfer. A relative electron transfer of 1 thus corresponds to the transfer of one electron in
NaCl but two electrons in MgO. The different colors denote that the corresponding materials have different properties (structure, electrical conductivity,
optical dielectric constant, anharmonicity, and bond polarizability) which are indicative for different bonding mechanisms, i.e., ionic (black), covalent
(red), metallic (blue), van der Waals (light blue), and resonant bonding as in graphite or benzene (purple). Materials with an unconventional property
portfolio (high values of .., an intermediate electrical conductivity, large anharmonicities, pronounced electron—-phonon coupling, and an effective
coordination number incompatible with ordinary covalent bonding) are denoted in green. Their properties have been attributed to an unconventional
bonding mechanism which has been coined metavalent bonding. Interestingly, all octahedrally coordinated chalcogenides with a zT above 0.25 for
their intrinsic phases are located in the green region. This implies that there could be a correlation between their thermoelectric performance and the

bonding mechanism utilized. The map can be employed to identify novel thermoelectrics.

on the analysis of the Schrédinger equation. To this end, at
first, the wave function of the electrons in the crystalline solid
is calculated. Subsequently, quantum chemical toolsP%°! are
employed to determine the charge transfer as well as the for-
mation of electron pairs between adjacent atoms. Results of
such calculations for a variety of solids are depicted in Figure 2.
As the y-axis, the number of electrons shared between two
adjacent atoms is depicted. The values displayed are twice the
number of electron pairs formed between adjacent atoms, i.e.,
this is a two-electron quantity. Electron pair formation is the
hallmark of covalent bonding, consistent with the data dis-
played in Figure 2. Elements like carbon (diamond), silicon,

Adv. Funct. Mater. 2020, 30, 1904862 1904862 (5 of 19)

or germanium employ covalent bonding and are character-
ized by about two electrons between adjacent atoms, in line
with the ideas of Gilbert Lewis for covalent bonding.?! Tonic
bonding, on the contrary, is characterized by electron transfer.
The electron transfer for NaCl, for example, is 0.87 e, in line
with chemical intuition. For MgO, an electron transfer of 1.70
e is calculated, again compatible with the idea of the forma-
tion of Mg?* and O?". Hence, the absolute charge transfer in
MgO is hence about twice as large as for NaCl, due to the dif-
ference in the oxidation state of the ions involved. To obtain a
definition of charge transfer which is independent of the oxida-
tion state, and can hence also be employed for SiO, or Sb,Te;,
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the x-axis in Figure 2 displays the relative electron transfer, i.e.,
the electron transfer divided by the formal oxidation state. As
shown in this figure, covalent and ionic bonding occupy dif-
ferent corners of the map. Covalent bonding is located in the
upper left corner, while materials with ionic bonding are found
in the lower right corner. There exists a continuous transition
from covalent to ionic bonding and vice versa; hence, materials
like ZnO or GaN are both characterized by electron transfer
(ionic bonding) and electron sharing (covalent bonding). The
advantage of Figure 2 is that it depicts both quantities and
thus enables an estimate of how covalent/ionic the bonding is.
Furthermore, one can connect the two extremes, i.e., covalent
bonding: no electron transfer, but formation of an electron pair,
i.e., two electrons shared, and ionic bonding: no electron pair
formation, but transfer of all valence electrons of the cation.
The line connecting these points is depicted in Figure 2. Most
materials in the map are either close to or below the line. This
demonstrates a conventional wisdom, the valence electrons
employed to bond adjacent atoms can only be shared or trans-
ferred. The map also depicts two other well-known bonding
mechanisms, metallic and van der Waals bonding. In these
two cases, there is minor or marginal electron transfer. In
van der Waals bonding, there is in addition a minor amount
of electrons shared between adjacent atoms. This is indica-
tive for a very weak bond in line with chemical intuition since
there is neither charge transfer nor significant sharing of elec-
trons. Metallic bonding has a larger electron sharing than van
der Waals bonding, but is far away from the limiting case of
two electrons between adjacent atoms, encountered for cova-
lent bonding. Sodium (Na), for example, is characterized by a
sharing of 0.25 e between adjacent atoms. This result is easy
to understand. Na has eight nearest neighbors. Hence, a Na
atom can form an electron pair with an adjacent atom, but has
eight such neighbors, giving rise to 2/8, i.e., 0.25 e per nearest
neighbor, as shown in Figure 2.

Interestingly, all chalogenides with an octahedral-like atomic
arrangement that possess a zT above 0.25 are located in a well-
defined region of the map, where materials utilize an excep-
tional bonding mechanism. This seems to imply that we are
not “searching for a needle in the haystack,” but for materials
with this unusual bonding mechanism. The map can thus be
employed to identify materials which could have a good ther-
moelectric performance. Nevertheless, there is a second inter-
esting usage of the map in Figure 2. One can combine this map
with a third dimension which depicts a physical property which
characterizes either features related to bonding (Born effec-
tive charge Z*, optical dielectric constant ¢..,, ECoN, anharmo-
nicity) or a characteristic, which is related to their thermoelec-
tric performance such as the thermal or electrical conductivity.
This is done in Figure 3, which reveals interesting property
correlations.

The data depicted in Figure 3 provide further evidence for a
relationship between the existence of an unusal bonding mech-
anism for a vast number of octahedral-like chalcogenides and
their application potential as thermoelectrics. So far, evidence
has been presented that the bonding mechanism in these chal-
cogenides is neither metallic, covalent, or ionic bonding, but
a distinctively different bonding mechanism instead. Clearly,
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such a statement calls for further evidence to validate the claim
of a novel bonding mechanism.

Indeed, a study of bond breaking using atom probe tomog-
raphyl*°¥ supports the idea of an exceptional bonding mecha-
nism. To this end, laser-assisted atom probe tomography has
been utilized to study bond rupture.* In an ideal case, the
atoms on the specimen’s surface will be ionized and evapo-
rated successively triggered by the laser pulse. Each successful
laser pulse, applied under well-controlled conditions, normally
generates the evaporation of one ion, which is called a single
event. However, in some cases, one single pulse induces the
evaporation of multiple ions, which is termed as multiple
events. The ratio between multiple events and total events is
called the “probability of multiple events.” By analyzing more
than 50 different compounds, Zhu et al.>® found that the
“probability of multiple events” for metavalently bonded mate-
rials is larger than 50%, while the value for all covalent and
metallic materials studied is lower than 40% with the same
measurement parameters, Figure 4. The chalcogenides which
show superior performance as thermoelectric materials, do
not only show an exceptional property portfolio, they are also
characterized by an unconventional bond breaking mecha-
nism. Hence, in Figure 2, all chalcogenides from Table 1 with
a zT value above 0.25 are marked with yellow circles. Indeed,
all chalcogenides with obvious potential as a thermoelectric
are depicted in a well-defined area of the map, which has been
identified as the region of metavalently bonded materials.

One can now raise the question, how an unconventional
bonding mechanism could be related to the desired property
portfolio of thermoelectrics. Is this relationship a mere coinci-
dence or is it sign for a correlation or even a causality? In the
following, we will try to understand the thermoelectric perfor-
mance of chalcogenides from a chemical bonding perspective.
We will first summarize the strategies for enhancing the power
factor, especially band structure engineering including band
convergence and band anisotropy. This will enable us to relate
the unconventional bonding mechanism to a band structure
which is conducive to good thermoelectric performance. We
then discuss the intrinsically low lattice thermal conductivity
arising from the soft chemical bonds and large anharmonicities.

3. Intrinsic Defects and Carrier Concentration

To optimize the thermoelectric performance, the position of
the Fermi energy is critical. On the one hand, the Fermi level
should be deep in the bands to increase the electrical con-
ductivity. On the other hand, as the Fermi level moves deeper
into the bands, charge carriers below the Fermi level compen-
sate the entropy transported by carriers above the Fermi level.
This decreases the Seebeck coefficient, which represents the
average entropy carried per charge carrier.”® The position of
the Fermi level depends upon the carrier concentration, which
can be easily measured. It can be tuned by alloying or doping.
The optimum carrier concentration for thermoelectric materials
lies in the range from 10'® to 10! cm™.5- Table 1 shows that
the chalcogenides with good thermoelectric efficiency exhibit a
high carrier concentration, which frequently lies in or close to
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(a) 4

pristine zT

(d)4

Z*

Figure 3. 3D maps showing the zT value of different intrinsic materials, prior to doping with
foreign elements as well as other bonding-related properties for more than 80 compounds
adopting different bonding mechanisms. a) zT value; b) optical dielectric constant, .., as an
optical identifier of chemical bonding; c) transverse optical mode Griineisen parameter, ¥y,
identifies the anharmonicity of the material; d) Born effective charge, Z*, identifies the chemical
bond polarizability; e) Effective coordination number, ECoN, as a structural identifier of chem-
ical bonding. The numerical values for the different entries are collected in Table S1 (Supporting
Information) and in ref. [50].

the optimal range. Interestingly, the high car-
rier concentration of these chalcogenides is
a generic feature of the undoped compound,
i.e., it is a characteristic of the material. This
raises the question, how the large number of
charge carriers can be explained. They are fre-
quently induced by cation vacancies, whose
formation is apparently energetically feasible.
This can be understood from a crystal orbital
Hamilton population (COHP) analysis,
which dissects the interactions of valence
orbitals into bonding (stabilizing) and antibo-
nding (destabilizing) states.’”) This analysis
shows that the states close to the Fermi level
are predominantly p-states. These p-states
form o-bonds between nearest neighbors
(Figure 5b), giving rise to an octahedral-like
atomic arrangement, as shown in Figure 5a.
The p-states are half-filled, since they are
occupied by an average of three p-electrons
per lattice site.’®%] Without charge transfer
between the atoms or alternatively a distor-
tion away from a simple cubic situation, we
expect a metallic ground state (green curve
in Figure 5d). A Peierls distortion or a small
charge transfer between the atoms opens a
small bandgap. (Figure 5c,d).

Figure 6 shows the COHP analyses of Ge—
Sb-Te phase change materials which can also
be good thermoelectrics.**¢! By assuming a
fully occupied sublattice, i.e., Ge,Sb,Te,, the
COHP analysis shows strong antibonding
interactions at the Fermi level, as indicated
by the red arrow. This is not surprising, since
in Ge,Sb,Te, an average of 3.25 p-electrons
occupies the lattice sites, leading to a popu-
lation of antibonding states. These antibo-
nding states at the Fermi level are indicative
of an electronic and hence structural insta-
bility. To alleviate this unfavorable situation,
the system removes cations, i.e., it forms
cation vacancies. The COHP analysis of the
vacancy-containing system, GeSb,Te,, shows
that forming Ge vacancies indeed lowers
the Fermi level and depopulates the antibo-
nding states, as indicated by the black arrow
in Figure 6. Note that the unoccupied antibo-
nding states above the Fermi level do not lead
to an instability of the system; it is only the
occupied states that matter. A similar large
population of occupied antibonding states
has also been observed in GeTe,*?l rock-salt
GeSe,I®l and Sb,Te;,[ while they are not
relevant for CaTe, CdTe, and orthorhombic
GeSe, etcl®l Hence, the depopulation of
antibonding states is caused by cation
vacancy formation, which creates holes in the
valence band and hence p-type conductivity,
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Figure 4. A 3D map using the basal plane of electrons transferred and electrons shared showing the “probability of multiple events” (PME) measured
by laser-assisted atom probe tomography. All compounds with a high probability of creating several fragments upon exposure to a single laser pulse
are located in the green area of the map, which is characterized by unconventional physical properties. In the green region, the probability of multiple
events ranges from about 60% to more than 80%, while the highest value observed outside this region is about 33%. There is thus apparently a cor-
relation between the thermoelectric performance and the bond breaking as measured by the atomprobe, as well as the material properties (see Table

S1 (Supporting Information) and ref. [55] for details).

as observed for many chalcogenides with good thermoelectric
properties (see Table 1).

4. Band Engineering by Tuning the Chemical Bond

Charge carriers distribution function and scattering mechanisms
determine the electrical transport properties. For degenerate
semiconductors and metals, the Mott expression gives the See-

beck coefficient S asl®
2

gy L [1dn(E) | 1du(E) "
3 e n dE w dE |,_,

where kg is the Boltzmann constant, e is the electron charge,
U is the carrier mobility, and Ef is the Fermi energy. The first
term in brackets is related to the energy-dependence of den-
sity of states (DOS), while the second term is related to the
energy-dependence of the carrier scattering. The latter can be

Adv. Funct. Mater. 2020, 30, 1904862 1904862 (8 of 19)

optimized to favor a large Seebeck coefficient by enhancing
scattering with ionized impurities,[®® or by energy filtering at
grain boundaries.l””] In this review, the former is discussed. In
particular, we will provide a chemical-bonding perspective on
its optimization for maximum thermoelectric performance.

The first step is defining the three different effective masses
relevant for the description of charge transport in the parabolic-
band approximation. They are the DOS effective mass, my,
the band effective mass, my, and the conductivity effective
mass, m,. For a system with isotropic structure, they have the
following relationships!*®!

mi = (N, @
s = ((m7) ) 6)
o ey "
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Peierls Distortion

0 W Gol2 DOS

Figure 5. a) Octahedral-like coordination in PbTe, GeTe, and o-SnSe; b) Schematic diagram of the (001) plane of PbTe, displaying the o-bonds formed
from p-orbitals, which are responsible for the octahedral-like atomic arrangement; c) The middle sketch shows the symmetric atomic arrangement
without charge transfer, while the distribution of electrons changes either by a Peierls distortion (bottom) or electron transfer (top); d) Density of states
for the symmetric case (green) and a situation with a Peierls distortion or alternatively charge transfer between the atoms leading to bandgap opening
(blue curve). Insets (c) and (d) are reproduced with permission.®% Copyright 2011, WILEY-VCH.

where Ny is the band degeneracy, m! is the transverse effective
mass, and m; is the longitudinal effective mass.

As long as the scattering rate does not vary significantly
on an energy scale of a few kgT, a constant relaxation time

Ge,Sb,Te, > GeSb,Te,
(relaxed) (relaxed)

44 41

2- 2
< 0 M < 0 /SF.
> / >
© ©
o 21 - o 21

-44 _GelcSb -44 Vac.cSb

-6 | @ -6 | q

-8 L~ ,.ﬂ —1  g{080%0 ¢&

-COHP -COHP

Figure 6. Crystal orbital Hamilton population (COHP) analysis of a fic-
tional Ge,Sb,Te, phase (left) and the experimentally observed GeSb,Te,
phase (right). In Ge,Sb,Tey, a significant occupation of antibonding states
prevails (red arrow). On the contrary, these states are mostly depopulated
in vacancy rich GeSb,Te, (black arrow). Reproduced with permission.®"]
Copyright 2019, WILEY-VCH.
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approximation can be adopted.l®®! Then, the Seebeck coefficient
can be written as(®]

4B, (47:)2’3
S=—miT| — 5
SRR ©)

while the electrical conductivity can be expressed as
o =—enl (6)

where the carrier mobility p is related to the charge carrier
relaxation time, 7, and the conductivity effective mass

u=et/my (7)

These equations demonstrate that the electronic properties
depend upon the effective mass tensor, the band degeneracy
and the carrier relaxation time.

4.1. Band Degeneracy

According to Equations (2) and (7), band degeneracy is an inde-
pendent parameter to modify the DOS effective mass without
affecting the carrier mobility, if the intervalley scattering is neg-
ligible. Band degeneracy increases when multiple bands have
similar energy within a few kpT near the Fermi level. Large
band degeneracy is found in materials with highly-symmetric
crystal structures, but carrier pockets located at low-symmetry
points of the Brillouin zone.’" Alternatively, changing chem-
ical composition or temperature can lead to the convergence
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in energy of carrier pockets not related by
symmetry, hence enhancing the overall
degeneracy.’172]

To a first approximation, the local atomic
arrangement and the orbital character of the
electronic states determine the energy dis-
persion relation within the Brillouin zone.
The resulting bands also mirror the crystal
symmetry. Due to the number of valence
electrons (on average three per site) and the
octahedral atomic arrangement, cubic IV-VI
compounds have half-filled p-bands.”®l Such

a coordination originates from the o-bonds T .

formed between valence p-electrons of neigh- 0.6 PbTe Tag = 700K ] \L/

boring atoms (see Figure 5). The valence

band maximum and the conduction band
minimum are both located at the L point
of the Brillouin zone. Those states mostly
exhibit VI p and IV p character, respectively, 0.1

E, (eV)

Energy
<>
Jm

| EQ,L—Z
@ E, . = Experiment /_i\

® Ey-:

and acquire excess energy because of weak

s—p hybridization. They are responsible for 0.0%
charge transport and exhibit a degeneracy of
4, due to the lower symmetry of the L point
with respect to the point-group symmetry of
the crystal. This corresponds to high valley
degeneracy in octahedral-like group IV chal-
cogenides, which is found also in octahe-
dral-like group V chalcogenides for similar
reasons. For example, Ny = 4 in PbTe,’?
PbSe,’ SnTe,”>771 and GeTel’®7 (recent
papers report on Ny = 6 in GeTel**7880)) and
Ny = 6 in Bi,Te; 18!

In addition to the high valley degeneracy for the band
extrema, the chalcogenides with octahedral-like structure
listed in Table 1 often also possess a highly degenerate second
valley lying not far below the top of the valence band. Thus,
an increased orbital degeneracy can sometimes be realized by
doping/alloying or changing the temperature. Taking PbTe as
an example, there is a second valence state along the X line pos-
sessing a valley degeneracy of 12.7%82 A schematic diagram of
the L and X carrier pockets in the first Brillouin zone of PbTe is
shown in Figure 7a. The energy separation between the L-band
and the X-band is about 0.15 eV, making it possible to realize
band convergence and hence an enlarged valley degeneracy by
increasing the temperature to around 500 K (Figure 7b)."? The
increased bandgap with temperature also inhibits the excitation
of minority carriers, promoting the high-temperature thermo-
electric performance. One explanation for band convergence is
based on thermal expansion, which leads to larger bond lengths
and reduced orbital overlap. The resulting smaller s—p hybrid-
ization lowers the energy of the valence band at the L point,
which approaches the Z-band and leads to a larger bandgap.®’!
Alternatively, some reports claim that the effect of thermal
disorder on the Pb sublattice in Pb chalcogenides is responsible
for the positive temperature coefficient for the bandgap.#*#
Indeed, ab initio molecular dynamics calculations demon-
strate that the bandgap increase due only to lattice expansion
is much smaller than the experimentally observed results for
PbTe (Figure 7c,d). Furthermore, these results indicate that also

Adv. Funct. Mater. 2020, 30, 1904862 1904862 (10 of 19)

200 400 600 800 1000 K

T (K)

Figure 7. a) First Brillouin zone of PbTe showing the degenerate hole pockets centered at
the L point (yellow) and along the X line (blue); b) Relative energy of the valence bands in
PbTeg g5Seq 15. At =500 K the two valence bands converge; c) ab initio molecular dynamics
calculation of the electron—phonon interaction and lattice expansion contributions to the
temperature dependence of the bandgap in PbTe. Dashed lines represent the calculated contri-
bution due to lattice expansion only; d) A near edge band structure diagram for PbTe. Insets (a)
and (b) are reprinted with permission.l’2 Copyright 2011 Macmillan Publishers Limited. Insets
(c) and (d) are reproduced with permission.’¢l Copyright 2013, AIP Publishing LLC.

electron—phonon coupling contributes to the positive tempera-
ture coefficients of the bandgap.l®>#”! A similar scenario is also
observed in PbSe and PbS using the same methods, whose
L- and Z-bands converge at 900 and 1000 K, respectively.[®%l
The temperature of band convergence can also be estimated
by the peak position in the measurement of Hall coefficient
with temperature.’67888-90 The existence of a relevant second
band in PbTe was indeed first found by the temperature
dependent Hall measurement.®!l

Temperature-induced band convergence cannot be realized if
the energy separation between the top two valence bands is too
large or the bandgap has a negative temperature coefficient. In
these cases, doping or alloying can be adopted to modify the band
structure and the position of Fermi energy, in order to achieve band
convergence. This has been demonstrated in SnTe,”>77:8%90.92] a5
well as in PbTe, #8939 PbSe,”®l and GeTel"”) alloys.

4.2. Band Anisotropy

In addition to valley degeneracy, resonant impurity levels that
create distortions in the DOS near the Fermi energy can be
employed to enhance the Seebeck coefficient. This strategy has
been successfully introduced in Tl-doped PbTe,®! Al-doped
PbSe,”®! In-doped SnTe,” In-doped GeTe,'° and Sn-doped
Bi,Te;.1% However, even though the Seebeck coefficient is
enhanced by the enlarged m;, the carrier mobility is inevitably
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Figure 8. Effect of band anisotropy on the power factor for various solids. a) Ratio of my/m% as a function of band anisotropic factor K at
different valley degeneracies. Data for octahedral chalcogenides are plotted. References: GeTe,l®] SnTe,['%l PbTe,'%l PbSe, [ PbS,197) Bj,Te;, %4
and Sb,Te;.l'%® Inset is a schematic view of the valley anisotropy in the band structure diagram; Orange ellipsoids are the schematic Fermi
surfaces with different wavevector k values; Inset is reproduced with permission.'%l Copyright 2018, Springer Nature; b) Maximum power factor for

cubic compounds adopting different chemical bonding mechanisms as a

function of the Fermi surface complexity factor, NyK*; c) A 3D map using

the basal plane of electrons transferred and electrons shared showing the value of NyK* and d) maximum power factor. Data sources of insets
(b—d) are reproduced with permission.[%! Copyright 2017, Springer Nature.

reduced because of the heavier charge carriers and enhanced
resonant scattering.[©>102]

Another approach to increase m; is band flattening. Indeed,
the effective mass tensor m* is determined by the curvature of
the energy dispersion relation at the band edge, according to
m* = h? (d*E/dk;dk;) . Heavier components will result in larger
my. This has been realized in MnTe-doped PbTel’3l and Cu,Se-
doped PbSel®l n-type chalcogenides. As a result, the power
factor and zT values were enhanced.

It is important to bear in mind that the components of the
effective mass tensor average differently to provide my and my.
As mentioned in Equations (1)-(7), the Seebeck coefficient is
proportional to m], while the electrical conductivity is inversely
proportional to m,. Then, the power factor depends on the elec-
tronic band structure via the ratio mj /m %4

my 2m) +m] 2K +1

L (Ny ) % =(Ny)? 7 (8)
me 3(m l) (m” )
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where K is the ratio between longitudinal and transverse effec-
tive masses, K = m,/m}. As shown in Figure 8a, at a given
valley degeneracy, the stronger deviation of K from 1, the larger
the ratio of mj/m;. This enlarged anisotropy gives rise to a
net enhancement of the power factor. Gibbs et al.l'%] studied
the effective mass and Fermi surface complexity factor for more
than 2000 cubic compounds using ab initio band structure
calculations. This Fermi surface complexity factor is defined as

< \3/2
) ©)

Figure 8b illustrates the calculated maximum power factor
versus NvK* for materials adopting metavalent, covalent, and
ionic bonding. It is evident that the metavalent compounds pos-
sess a relative large Fermi surface complexity factor and higher
maximum power factor than covalent and ionic compounds.
By plotting NyK* and power factor onto the basal plane of elec-
trons transferred and electrons shared, as shown in Figure 8c,d,
it is very striking to find that the high values of NyK* and power
factor concentrate on the green-coded metavalent bonding area.

NiK* = (m’; m
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that the valence band configuration of rhom-
bohedral (GeTe);_,—(GeSe), alloy is not con-
sistent with assumption of isotropy. Instead,
the extra enhancement of the power factor
must stem from the band anisotropy. By fit-
ting the experimental mj/m} value of GeTe to
the theoretical lines on Figure 8c (highlighted
by a red diamond point), the band aniso-
tropic factor K is found to be 20 for Ny = 6,
which is very close to the calculated value of
? 221 The band anisotropy decreases with

mgyv

50 75 100

increasing content of GeSe. Figure 9d shows
the ratio of mj/mj normalized to the con-
tribution from band valley degeneracy. The

reduced anisotropy within the rhombohedral
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line with a gradual change of band structure,
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as sketched in the insets of Figure 9d. The

enlarged ratio between band effective mass

and conductivity effective mass guarantees a
i net increase of power factor.

Y Such a change can be related to a change

in bonding properties by means of the linear

combination of atomic orbitals.'"!l This

method enables to model the band structure

Figure 9. Electronic transport properties and effective masses in crystalline GeTe;_,Se, alloys
as a function of stoichiometry and crystal structure. a) Power factor; b) Carrier concentration;
c) Ratio of mj/mis. Ideal values for the single parabolic band (SPB) and the four parabolic band
(4 PB) model are given as dashed lines for comparison; d) mig/m’s normalized to the valley
degeneracy. Inset sketches the band structure with a gradual change of chemical composition
and bonding. Reproduced with permission."% Copyright 2018, WILEY-VCH.

A larger band anisotropy is beneficial for the thermoelec-
tric performance, since it allows to maximize thermoelectric
performance. A systematic study of the band anisotropy and
power factor for (GeTe);_,—(GeSe), solid solution may help
answer this question.'*%] Figure 9a shows that with increasing
the content of GeSe, the ternary alloy undergoes a phase tran-
sition from rhombohedral to hexagonal at x > 0.65, while the
pure GeSe phase is orthorhombic. The phase transition from
rhombohedral to hexagonal is accompanied also by a change
of chemical bonding from metavalent to covalent as confirmed
by previous studies.l®) The power factor of GeSe is negligible
due to its ultralow carrier concentration. GeSe contains almost
no cation vacancies and thus a very small hole carrier concen-
tration, which has been explained using COHP in Section 3.
While the power factor of the rhombohedral phase is much
larger than that of the hexagonal phase, their carrier concentra-
tions are almost the same, Figure 9b. Given a specific carrier
concentration, the increased power factor should either stem
from the increased band degeneracy or the strengthened band
anisotropy, or both, as indicated by Equation (8). Figure 9c gives
the ratio of mg/mg with different GeSe contents. The value for
the hexagonal phase is close to the prediction for a single-iso-
tropic-parabolic-band model. However, the value for the rhom-
bohedral phase strongly deviates from the predictions even for
a four-isotropic-parabolic-bands model. This deviation implies
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as function of local atomic environment,
valence energies of the constituent atoms,
and their mutual bond energies (matrix ele-
ments). By approximating the band structure
of rhombohedral GeTe by its parent rock-salt
crystal structure,’®7% simple expressions for
the electron energy at the high-symmetry
points of the Brillouin zone can be found as
function of bond parameters. It is assumed
that the valence band maximum of rhombohedral GeTe is at
degenerate T and L points.’®7%) Recent density functional
theory (DFT) calculations imply that it could also be at the
3-point.[181%] Then, the trend of the effective mass tensor with
respect to changes in bond parameters can be inferred from the
corresponding changes in the bandwidths along the principal
axes. This description has been successfully implemented by
means of s—p® next-nearest-neighbor tight-binding model.['!%!
It has been shown that increasing s—p mixing between cation
s and anion p states increases the bandwidth along T'-L
with respect to the one along L-W, hence reducing the ratio
between longitudinal and transverse effective masses.[®) A
similar effect is caused by larger ionicity, which leads to a
shorter lattice constant and increased bond strength between
adjacent p-orbitals in a o-bonding configuration. This descrip-
tion enables predictive tuning of the effective mass tensor and
explains the experimental data presented above. Indeed, pro-
gressive alloying of GeTe with GeSe gradually strengthens s—p
hybridization and ionicity, resulting in a reduced band anisot-
ropy at the L-point. Generally speaking, it can be deduced that
the p-orbital nature of the states ensures anisotropic carrier
pockets at the L point. Then, increasing bond energy between
cation s and anion p states reduces such an anisotropy. The
effective values of such bond energy can be controlled by stoi-
chiometry and/or structural distortions. Indeed, stoichiometry
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with cation s states and anion p states closer in energy will
have larger corresponding s—p mixing, while larger distortions
will counteract the effect of large s—p mixing in order to pre-
vent an excessive increase of electron energy at the L point,
which would make the structure unstable. Then, materials
whose trade-off between stoichiometry and distortion effects
leads to small effective s—p matrix element should have the
most anisotropic carrier pockets. Those include materials with
metavalent bonding, for example, GeTe,!0%195110] ppTe,[105112]
Bi,Tes,l'"3 and AgBiSe,,'% etc.

5. Intrinsically Low Lattice Thermal Conductivity

Besides tailoring the electronic band structure by bond engi-
neering to enhance the power factor as discussed above, sup-
pressing the thermal conductivity is another effective approach
for enhanced zT. In the quantum-mechanical theory, sound
waves are quasiparticles called phonons. The heat conduction
through the medium is the propagation of entropy by electrons
and phonons, i.e., k. and k. The thermal conductivity of the
electrons k. is directly related to the electrical conductivity o
according to the Wiedemann Franz law, x, = LoT, where L is
the Lorenz number, being equal to 1.5 x 1078 V2 K2 for nonde-
generate semiconductors and 2.4 x 1078 V2 K2 for degenerate
semiconductors and metals. Since a decent o is required for
good thermoelectric materials, there is no efficient method to
decrease K, while keeping a large o. Thus, reducing xj is more
important and straightforward. The lattice thermal conduc-
tivity can be described in the language of phonon propagation.
A strong scattering of phonons leads to low lattice thermal con-
ductivity. In bulk materials, xj is determined by!'!>!

1
K = Ecvv;fp (10)

—
[y
—~

Bulk Modulus (GPa)

where cy is the specific heat, v, is the phonon group velocity,
and 7, is the phonon relaxation time. The value of ¢y is deter-
mined by the Dulong—Petit law at high temperatures, which
covers the application temperature range for most of the chal-
cogenide thermoelectrics. The phonon group velocity can be
described by the spring-ball model, v, = \/F/M, where F is the
force constant between atoms, characterizing the strength of
chemical bond, M is the mass of atoms. Soft chemical bonds
lead to a small value of F. The phonon relaxation time can
be suppressed by introducing various scattering centers for
phonons. The mean free path of phonons (I =v,t,) lies in
the range between a few angstroms up to several hundreds
of nanometers. Thus, a more efficient phonon scattering pro-
cess is achieved by introducing hierarchical structural defects,
including atomic-scale point defects,*37789116] nanoscale dis-
locations,[85475:95.117.118] ypegogscale interfaces,[10:12:96119,120] 514
precipitates./69118119.121] Except for these extrinsic structural
defects, the intrinsic property of the material, i.e., the anhar-
monicity is also responsible for the phonon—phonon scattering
in the whole phonon frequency range.[3>41:122123] We will sepa-
rately discuss the role of soft chemical bonds and large anhar-
monicity on decreasing the lattice thermal conductivity in the
following.

5.1. Soft Chemical Bond

The bond strength is closely related to the bulk modulus, the
coordination numbers, the electron densities, and the bond
lengths. Figure 10 illustrates that all metavalently bonded mate-
rials possess low bulk modulus and low Debye temperatures,
demonstrating that this is a soft chemical bond. Indeed, the
data displayed in Figure 10 reveal that materials, which employ
covalent (red) and ionic (black) bonding show relatively larger
values of bulk modulus and Debye temperatures compared

—
O
-

1250

Debye Temperature (K)

Figure 10. A map showing a) the bulk modulus and b) the Debye temperature of compounds adopting different bonding mechanisms. Green, red,
black, and blue colors represent metavalent, covalent, ionic, and metallic bonding, respectively. Data are taken from ref. [108] A detailed list of all values

is provided in Table S1 in the Supporting Information.
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with the materials in the green area. There are additional argu-
ments that support the idea of soft bonds for the materials in
this region. It has been shown for example that upon crystalli-
zation of a typical chalcogenide used for phase change memory
applications, 1i.e., the prototypical material Ge,Sb,Tes, the
optical phonon modes soften.l'?!] This is also compatible with
the increased bond lengths between nearest neighbors which
frequently accompany crystallization in chalcogenides utilized
for phase change applications.'?! Employing bond length—
bond strength correlations, which often adequately describe
solids, provides further support for the existence of soft bonds
in the octahedrally coordinated chalcogenides discussed here.
One could simply argue that the presence of a single bonding
electron (about one electron shared) between adjacent atoms
simply corresponds to a smaller bond order than the case of an
electron pair expected for a true covalent bond.

5.2. Large Anharmonicity

Even for a perfect crystal without any structural defects, the
lattice thermal conductivity has a finite value because of the
anharmonic phonon scattering by Umklapp processes. If
we use the spring-ball model to describe the crystal lattice and
its vibrations, in a harmonic system the spring constant is dis-
placement independent and the interaction of phonons does
not affect the net transport of heat. On the contrary, in an anhar-
monic system, the force is not proportional to the displacement.
In other words, the atomic displacement induces a change in
the spring constant. Under these conditions two phonons
interact with each other, giving rise to a reflection of propaga-
tion velocity. This makes the net flow of phonons and entropy
more difficult and reduces the lattice thermal conductivity.l'!*
The higher the anharmonicity, the lower the intrinsic lattice
thermal conductivity. Generally, the anharmonicity is described
by the Griineisen parameter y, which describes the relationship
between phonon frequency and crystal volume changel!2¢]

V dw;
S AV
where o, is the phonon frequency and V is the crystal volume.
For acoustic phonon dominated phonon scattering process, the

(11)

lattice thermal conductivity can be expressed as!'?’]
MeLvY”?
K=A }/anT (12)

Here, A is a collection of physical constants, M is the
average mass of the atoms, ©p is the Debye temperature,
V is the volume per atom, n is the number of atoms in the
primitive unit cell, and T is the temperature. Two important
parameters to reduce the thermal conductivity are the Debye
temperature and the Griineisen parameter. The y % depend-
ence of the lattice thermal conductivity for some covalent and
ionic compounds with zincblende structure and metavalent
compounds with rock-salt structure is illustrated in Figure 11.
The large anharmonicity (large 9) is partly responsible for the
intrinsically low lattice thermal conductivity of metavalently
bonded materials.
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Figure 11. Dependence of lattice thermal conductivity x; on average
Griineisen parameter y for materials adapting covalent, ionic, and meta-
valent bonding. Compounds which utilize metavalent bonding are char-
acterized by particularly high Griineisen parameters and hence low lattice
thermal conductivities. Data points are taken from references for PbS,[12812°]
PbSe, %6128 PhTe, 130131 SnS 132 0.SnSe, #1133 SnTe, 75134 Sh,Se, [46135]
Sb,Tes, 136137 Bi,Se, 6 BijTe,, 136738 AgSbSe, 21139 AgSbTe, 127]
AgBiSe,, 127139 and AgBiTe,.[3%140 Others are taken from ref. [70].

One can thus wonder, why metavalently bonded materials
show such a large anharmonicity? Lee et al.'*!l compared the
lattice thermal conductivity of IV-VI, V,VI;, and V materials
with that of zincblende III-V compounds using first-principles
calculations. The results reveal that all metavalently bonded
materials (note that “resonant bonding” is used in the refer-
ence article) exhibit a long-ranged interaction along the <100>
direction. Figure 12a,b indicates that the long-ranged interac-
tion is mainly coming from the p-electrons, while the polari-
zation of s-electrons is short ranged and does not reach the
fourth-nearest neighbor. Thus, the Pb-6s? lone-pair electrons
have a negligible influence on the easily polarized electrons
and intrinsically low lattice thermal conductivity of PbTe. As
shown in Figure 3d, the Born effective charges for metavalently
bonded materials are much larger than their nominal values,
indicating a significant splitting of the longitudinal optical (LO)
phonons and transverse optical (TO) phonons.'?8l In addition,
the highly delocalized p-electrons in a metavalent configuration
produce a large electron-TO phonon coupling, causing optical
phonon softening. In contrast, the octahedral coordinated NaCl
shows very flat TO dispersions due to ionic bonding and local-
ized electrons.l'*? Even though the optical phonon modes are
inefficient for heat transport due to their low group velocity,
they can couple with the heat-carrying acoustic phonons by
strong anharmonic scattering and, hence, lower the group
velocity of acoustic phonons as well as an increase of the phase
space for Umklapp phonon scattering processes. Therefore, a
much lower lattice thermal conductivity is realized in metava-
lently bonded materials than III-V covalent compounds. The
softened TO phonons and strong scattering with longitudinal
acoustic (LA) phonons in PbTe have also been theoretically pre-
dicted by DFT calculations!'] and experimentally determined
by inelastic neutron scattering as shown in Figure 12c,d.l'??
Similarly large anharmonicities have also been found in other
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p-band electrons (bottom) in PbTe revealing a largely delocalized electron

density of p-band electrons; b) Electron density polarization changes upon the displacement of the center atom. Here, the p-electrons show long-ranged
polarization reaching the fourth-nearest neighbor as indicated by a circle, while s-electrons are rather localized; c) Phonon dispersions of PbTe obtained

from inelastic neutron scattering at 300 K showing the avoided crossing of
are shown by white solid lines; d) Schematic representation of inset (c) wit
solid black line. Insets (a) and (b) are reproduced with permission.l*!] Copy
with permission.'?2l Copyright 2011, Macmillan Publishers Limited.

metavalently bonded materials, e.g., SnTe, 131134 [-V—VI, [123.127]
and lead chalcogenides.[1*4]

6. Designing Chalcogenides with Superior
Thermoelectric Performance

In the present manuscript, it has been argued that the out-
standing thermoelectric performance of group IV-VI, V,VI;,
and I-V-VI, chalcogenides can be understood from a chemical
bonding perspective. The large optical dielectric constant, large
Born effective charge, large TO mode Griineisen parameter,
large coordination number, and high “probability of multiple
events” all indicate that these compounds adopt an unconven-
tional bonding mechanism. This bonding mechanism can be
located in a map, which separates solids according to the elec-
trons shared and transferred between nearest neighbors. In
this map, octahedrally coordinated chalcogenides show up in
a special region, where materials show an unconventional,
yet characteristic property portfolio. It has been shown here
that this special bonding mechanism can be related to a large
valley degeneracy, band convergence, as well as a large band
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LA and TO phonon branches. The harmonic dispersions calculated by DFT
h phonon dispersions as blue lines and the calculated bare TO branch as a
right 2014, Macmillan Publishers Limited. Insets (c) and (d) are reproduced

anisotropy. This results in superior thermoelectric electronic
transport properties, i.e., large power factors. In addition, this
chemical bond is quite soft compared with covalent and ionic
bonds. The long-ranged interactions of p-electrons produce a
large coupling between electrons and TO phonons, causing
optical phonon softening and a large anharmonicity. The soft
chemical bond and a large anharmonicity lead to an intrinsi-
cally low thermal conductivity. These beneficial characteristics
of metavalently bonded materials for thermoelectric are encoded
in Figure 13. Hence, one can search for novel thermoelectrics
employing the map. Yet, one can even go one step further. The
map apparently also helps identifying property trends. As shown
in Figure 3, there are clear property trends within the region of
metavalently bonded materials. The TO mode Griineisen para-
meter, for example, is highest in systems without a significant
distortion away from perfect octahedral symmetry. Such systems
are cubic and are located in the lower part of the green region.
Combined with other property trends, this is providing some
insight in which part of the green region of the map to look for
superior thermoelectrics. Since the nature of chemical bonding
can be tuned by alloying, we can thus optimize the thermoelec-
tric properties by tailoring the chemical bonding mechanism.
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Figure 13. Relationship between chemical bonding and superior thermoelectric performance for octahedral-like chalcogenides. Compounds with
metavalent bonding feature band structures, which often produce large band degeneracy and strong band anisotropy. This leads to an improved power
factor. The bonding mechanism is also characterized by soft chemical bonds and large anharmonicity, which suppresses the lattice thermal conduc-
tivity. The superior thermoelectric performance of octahedrally coordinated chaclogenides is hence closely interwoven with their bonding mechanism.
Schematic diagram for the large valley degeneracy is reproduced with permission.l’2 Copyright 2011, Macmillan Publishers Limited; Schematic diagram
for the band anisotropy is reproduced with permission.l'% Copyright 2018, Springer Nature.
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