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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 signi�cant 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 ef�ciency, i.e., the Seebeck coef�cient, 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-de�ned 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.
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pollution.[1] 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.[2,3] 
Hence, they can help to improve the ef�-
ciency of energy transformation processes. 
The thermoelectric energy conversion ef�-
ciency is determined by the dimension-
less �gure of merit, zT � S2�T/(�e  �� �l),  
where S and � are the Seebeck coef�-
cient and electrical conductivity and their 
product S2� is called power factor; T, �e, 
and �l are the absolute temperature, the 
electronic thermal conductivity, and the lat-
tice thermal conductivity, respectively.[3�5] 
Yet, three of the quantities relevant for the 
conversion ef�ciency, i.e., S, �, and �e are 
closely interwoven. Increasing one of them 
thus often has a detrimental effect on the 
others. Therefore, it is dif�cult to iden-
tify straightforward design rules to opti-
mize thermoelectric materials. This has 
already been pointed out by Singh in the 
beginning of this century, when he com-

mented �discovering a material with high thermoelectric �gure 
of merit is akin to �nding the proverbial needle in a haystack, 
because of seemingly contradictory requirements�high S like 
a semiconductor, high � like a metal, and low thermal conduc-
tivity like a glass.�[6] 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,[7] V2VI3,[8�12] CsBi4Te6,[13] and �-MgAgSb,[14] 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,[15,16] SnTe,[17] GeTe,[18] and SnSe,[19] 
I�V�VI2 compounds,[20,21] Zintl compounds,[22] �lled Skutteru-
dites,[23] Clathrates,[24] Cu2Se,[25] and BiCuSeO,[26] 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,[27] La3�xTe4,[28] and half-
Heusler alloys.[29] 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 �nd applications in phase 
change memory,[30,31] as a topological insulator,[32] and in 

' 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits 
use and distribution in any medium, provided the original work is properly 
cited, the use is non-commercial and no modi�cations or adaptations are 
made.

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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thermoelectric energy conversion,[3,4,33] 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.[15�18,34�36] Second, they con-
sist of heavy elements and soft chemical bonds, resulting 
in low thermal conductivity.[3,12,16�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, bene�cial for wide-range applications.[37] These 
compounds dominate thermoelectric applications in the low to 
medium temperature range. V2VI3 compounds, for example, 
have been used commercially as thermoelectric coolers since the 
1950s.[9,38] 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,[39] 
while p-type GeTe possesses a maximum zT of 2.4 at 600 K,[40] 
p-type SnSe single crystals show a zT of 2.6 at 923 K,[41] and 
n-type SnSe single crystals show a zT of 2.8 at 773 K.[35] Some 
rare-earth chalcogenides can even be used above 1000 K due 
to their high thermal stability, such as La3�xTe4 which exhibits 
a maximum zT of �1.1 at 1275 K.[28] More comprehensive dis-
cussions of the thermoelectric properties of chalcogenide com-
pounds can be found elsewhere.[4,15�18,42,43]

In the last twenty years, many new thermoelectric materials 
have been proposed, along with guidelines to help their dis-
covery. Yet, �nding 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 identi�cation 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, �rst different properties for 
a signi�cant number of chalcogenides are presented. All chal-
cogenides with a large thermoelectric �gure of merit have an 
unconventional portfolio of properties. Such a combination of 
properties is not found for similar chalcogenides, which pos-
sess a low �gure 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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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 Bi2Se3 and 
Bi2S3. While GeTe reveals a maximum zT of 1.0 at 673 K,[44] 
GeSe shows a zT of 0.05 at 710 K.[45] A similar observation can be 
made upon comparing Bi2Se3 with Bi2S3, which differ by more 
than a factor of 10 in zT.[46,47] Such pronounced differences for 
isoelectronic materials are striking and call for an explanation. 
Remarkably, the two pairs of materials (GeTe and Bi2Se3/GeSe 
and Bi2S3) do not only differ in their thermoelectric performance, 
but they also differ in their physical properties. All materials with 
a high thermoelectric �gure 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 �gure 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 bene�cial 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-
ni�cantly from those of their less ef�cient thermoelectric coun-
terparts. Bi2Se3, for example, has a signi�cantly larger electrical 
conductivity and lower bandgap than its isoelectronic relative 

Sb2Se3, 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 ef�cient 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 satis�es the requirement of �6�10 kBT for good 
thermoelectrics.[48] 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.[49,50] 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 identi�ed 
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. 

Adv. Funct. Mater. 2020, 30, 1904862

Table 1.  Electronic and thermal transport properties for undoped chalcogenides as well as some speci�c values describing the band structure of chal-
cogenide thermoelectric compounds. zTmax describes the maximum zT value obtained at temperature T, p-type or n-type conduction is also provided, 
n is the carrier concentration, � is the electrical conductivity, B is the bulk modulus, �D is the Debye temperature, �l 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 zTmax @ T Type n  
[cm�3]

�  
[S cm�1]

B  
[G Pa]

�D  
[K]

�l  
[W (mK)�1]

Eg  
[eV]

GeSe 0.05 @ 710 K P 1014 1.3 � 10�6 47.5 280 3.0 1.1

�-GeTe 1.0 @ 673 K P 1021 5.0 � 103 49.9 199 2.6 0.1

�-GeTe 0.8 @ 723 K P 1021 6.8 � 103 51 157 1.5 0.36

SnS 0.1 @ 750 K P 1017 3.4 � 10�4 47.6 270 2.0 1.16

�-SnSe 0.2 @ 600 K P 1018 2.5 � 10�5 50.3 210 0.7 0.86

�-SnSe 2.6 @ 923 K P 1019 100 40.9 � 0.3 0.39

SnTe 0.7 @ 900 K P 1020 9.8 � 103 42 140 2.9 0.19

PbS 0.3 @ 773 K N 1018 260 50.2 227 2.56 0.41

PbSe 1.0 @ 700 K P 1018 400 47 170 1.53 0.28

PbTe 1.3 @ 700 K P 1019 2.9 � 103 41 130 2.1 0.3

�-As2Te3 0.56 @ 423 K P 1019 650 53.2 257.9 0.9 0.24

Sb2S3 � � � 1.0 � 10�8 75.1 364.4 1.3 1.88

Sb2Se3 0.1 @ 673 K N 1014 4.0 � 10�7 58.7 262.8 0.97 1.17

Sb2Te3 0.45 @ 547 K P 1020 2.3 � 103 44.8 160 1.75 0.11

Bi2S3 0.03 @ 673 K N 1016 9.4 � 10�7 67.8 283 1.0 1.35

Bi2Se3 0.4 @ 600 K N 1018 1.0 � 103 48.4 205 1.3 0.25

Bi2Te3 0.7 @ 300 K P 1019 660 37.4 155 1.18 0.13

AgSbSe2 0.4 @ 573 K P 1018 5 78 143 0.3 0.7

AgSbTe2 1.2 @ 600 k P 1019 325 67 125 0.68 0.35

AgBiS2 0.03 @ 400 K N � 1.0 � 10�3 62 � 0.65 0.8

AgBiSe2 0.5 @ 773 K N 1019 180 74 135 0.64 0.52

AgBiTe2 � N � 1.3 � 103 66 � 0.9 0.16
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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 identi�ed 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 �nish when polished. Covalent bonding is 
formed by sharing electron pairs between atoms. These elec-
tron pairs are located between adjacent atoms forming either 
�-bonds or �-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 

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 signi�cant 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.[3,31] For example, PbTe, 
SnTe, and GeTe exhibit moderate electrical conductivities, high 
optical dielectric constants (��) and hence a small bandgap Eg, 
large Grüneisen parameters for transverse optical modes (�TO), 
high Born effective charges (Z*), and large effective coordina-
tion numbers (ECoN) incompatible with the �8�N� rule.[49] 
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-
�ed using maps.

In recent years, quantum chemical tools have been devel-
oped that enable characterization of bonding in solids based 

Adv. Funct. Mater. 2020, 30, 1904862

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�1; 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 
�gure of merits also shows a distinct property portfolio, including a low Debye temperature, high electrical conductivity, and small bandgap.
































