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Exploiting the fraternal twin nature of thermoelectrics and 
topological insulators in Zintl phases as a tool for engineering new 
efficient thermoelectric generators
Michael O. Ogunbunmia, and Svilen Bobev*a

This review article presents a radical overview of the rich chemistry and physics of Zintl phases as it relates to their 
interesting structure-property relationships. In particular, it unveils the evolution of topological insulator (TI) and 
thermoelectric (TE) properties in Zintl materials as having a common origin and as such are driven by same materials 
properties ranging from narrow band gap to strong spin-orbit coupling effect. To this end, excellent TE properties are 
ubiquitous in many TIs and because of the ever-increasing interest in the studies of topological properties of matter, 
several robust theoretical frameworks now exist to provide us with additional intuitive nature and understanding of this 
exotic phase of matter. This invariably has also led to the screening of tens of thousands of materials for the presence of 
nontrivial topology using the combined predictive power of machine learning and ab-initio first-principles calculations. On 
the other hand, studies on TE materials are still largely based on some sort of hit-and-miss approach. Here we leveraged 
on the similar materials features and intersection between TE and TIs and review several Zintl materials that are already 
identified as TIs and presents how exploiting their bulk and surface states properties can be harnessed for developing 
highly efficient TE materials for practical purposes.

Introduction
Climate change and a drive towards the decarbonization of energy  

The devastating effect of global warming and its attendant 
climate change, which among others include heat-waves, 
severe drought, and deadly floods, raging fires continues to 
stare at us in the face. Combating and mitigating these climate 
disasters appear to be a daunting task and yet our survival and 
that of the environment strongly depends on it. At the current 
rate of emission of greenhouse gases into the atmosphere, 
available data indicates a temperature rise of about 2.5°C 
towards the close of this century which is a milestone away 
from the target of 1.5°C.1,2 A viable solution would no doubt 
require as much scientific intervention as international climate 
action plans and policies.

Despite all the efforts put in place over the years by the 
United Nations to get countries to commit to cutting down 
greenhouse gas emissions, it appears we would still experience 
a significant ~10.6 % increase in emission by 2030 as compared 
to that of year 2010.1 By the UN Environment Program (UNEP), 
the only plausible pathway to achieving the target of keeping 
emission to 1.5°C is by cutting down greenhouse gas emission 

by up to 45 %.3 Realizing this milestone will not be an easy feat 
to come by but it is certainly within reach provided there are 
concerted efforts towards environmental decarbonization and 
development of viable and efficient alternative/renewable 
sources of energy.4

One of the promising classes of materials envisioned to 
alleviate some of the above mentioned challenges are the 
thermoelectric materials. They can provide a clean source of 
energy via the recovery of waste heat and converting it into 
electricity. Thermoelectric materials can also be deployed for 
solid state refrigeration (or heat pumping) technologies as 
well, through the use of the Seebeck and Peltier effects, 
respectively.5–7 For waste heat recovery applications, 
thermoelectric generators necessitate the use of materials 
that are stable and efficient at high-temperature; materials 
that are showing moderate/room temperature efficiencies are 
mostly suited for developing thermoelectric coolers.

Thermoelectric materials thus occupy a critical role in 
meeting up with the ever-increasing global energy demand 
and a pathway towards a decarbonized industrialization and 
development.8 For example, it is estimated that between 17-
20 % of the global energy consumption is from domestic and 
commercial cooling mostly from conventional vapor 
compression and up to 13 % of the global greenhouse gas 
emission by year 2030 would be from these refrigerating 
systems.9,10 To this end, the drive towards solid state cooling 
devices based on Peltier effect and magnetocaloric effect 
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which can offer a more environmentally friendly, reliability, 
cooling efficiency, compatibility, scalability, and low cost in 
comparison to the conventional vapor compression technology 
based on the Carnot cycle is on the rise.11,12

The thermoelectric effect and materials properties   

The thermoelectric (TE) effect involves the direct 
conversion of temperature difference across two junctions 
into an electric voltage and vice versa, which is captured by 
the Seebeck and Peltier effects.7,13 In line with the earlier 
discovery of Alessandro Volta,14 in 1821, Thomas Johann 
Seebeck “rediscovered” the phenomenon in which he found 
that a voltage difference is produced across the junction of 
two dissimilar conductors (e.g. Cu and Bi).15 When one of the 
two conducting materials is heated, the electrons become 
excited and move towards the cooler side of the other 
material, such that a direct current flows through when both 
materials are connected in the form of an electric circuit. Here 
the voltage generated is a function of the temperature 
difference across the two materials and can be of the 
magnitude of several millivolts for a large enough temperature 
difference. A typical TE device is made up of connecting 
several arrays of such materials electrically in series and 
thermally in parallel. The Peltier effect phenomenon on the 
other hand was discovered in 1834 by Jean Charles Peltier,16 
who found that there is a cooling (heat is absorbed) or heating 
(heat is liberated) at one junction of two dissimilar materials 
when the other junction is connected to an electric source, as 
such the Peltier effect can be considered as the reverse 
counterpart of the Seebeck effect. Similar to the Seebeck 

device, a Peltier heat pump would consist of such materials, 
arranged together in series—when current is passed through 
one of the junctions, hot and cold ends will be generated. 
Some other related thermoelectric effects are the 
Ettingshausen, Thomson and spin Seebeck effects,17,18 but 
would not be covered in this article. The schematic 
representation of thermoelectric device based on Seebeck and 
Peltier effects are shown in Figure 1.

The TE performance of a material at a given operating 
temperature is characterized by the dimensionless figure of 
merit zT defined as:

zT = S2σT/ (1)

where S, σ, , and T are the Seebeck coefficient, electrical 
conductivity, thermal conductivity, and absolute temperature, 
respectively.19 However, a stringent requirement applies for 
practical applications of TE materials, and in order to optimally 
harness their potential, a zT ≥ 1 is required. To achieve this, 
candidate materials combining the features of high S and σ as 
well as low  are desired. However, these three properties are 
mutually exclusive and are related to the charge carrier 
concentration n in a discordant nature that can simplify into an 
expression as: n ∝ σ/S. A high S is achieved with low n, but 
this, in turn, leads to low σ such that improving one will 
compromise the other. A low n favors a high  and a high S, 
whereas a high n favors a high σ.19,20 A low  and a high σ 
provides for the reduction of energy loss from conduction of 
heat and joule heating, respectively.
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Figure 1. (a) The Seebeck effect and (b) Peltier effect illustrating the thermoelectric phenomena. (c) and (d) are the schematic representation of thermoelectric module for power 
generation and cooling modes, respectively. Figure adapted with permission from reference 21. 

One of the innovative ways to surmount these conflicts is 
to identify suitable narrow band gap Eg semiconductors with 
heavy elements in addition to an inherent degree of disorder 
or complex atomic bonding. With a narrow Eg, a high carrier 
mobility can be achieved which leads to a relatively high σ. At 
the same time, a low  may be achieved through an effective 
phonon scattering by high atomic mass elements, complex 
atomic bonding, and disorder in the material. In isotropic 
metals, the improvement on  can be limited when the 
electronic thermal conductivity dominates over the lattice 
thermal conductivity based on the Wiedemann-Franz law.22 
However, such limitations are largely taken care off in 
semiconductors where  is mostly dominated by the lattice 
contribution. Such a material can therefore be doped to tune n 
towards optimizing zT and as such most of the identified high-
performance TE materials are degenerate semiconductors.  It 
is noted that zT is optimized for n that lies at the border of 
those of semiconductors and metals. Therefore, narrow Eg 
materials where n falls between ca. 1019 and 1021 cm–3 are 
promising TE materials.19 Other important considerations for a 
good TE material includes its ability to operate optimally or 
possess a high zT value over a wide temperature range which 

sets the efficiency limit of the material. Also, considerations 
such as toxicity, material stability, abundance and costs of 
constituent elements are important. Furthermore, the 
numerator of Eqn. 1 is the thermoelectric power factor 
PF = S2σ, which can be used to access the maximum achievable 
power of a particular candidate material, is also often used to 
assess the TE performance.23

In recent years, there have been significant advancements 
in the development of TE materials. Various techniques such 
as the introduction of structural disorder, nanostructuring, 
grain size and grain boundary size tuning, phonon engineering, 
etc. have been used to achieve an ultra-low lattice thermal 
conductivity.24,25 Also, the probe of the atomic dynamics such 
as the phonons interactions of these materials using local 
probe techniques such as neutron scattering can also provide 
an intuition into the phonon-phonon interaction and how to 
control phonon transport in a beneficial way. Other 
approaches involve improving the power factor through band 
engineering which can be used to achieve high density of state 
(DOS) and valley degeneracy.23 Perhaps a more crucial aspect 
of the various techniques used in achieving low thermal 
conductivity and which is also an important consideration for 
topological insulators, has to do with using heavy elements to 
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drive phonon scattering. Further discussions on this aspect will 
be presented in the subsequent sections (vide infra).

 
The Zintl phases 

Zintl phases are an important class of materials in solid-
state sciences and refer to compounds that lie at the border of 
the typical valence precise salts and the intermetallics. The 
coinage of the name has its root in the earlier works of Eduard 
Zintl from the 1930s on compounds comprising of alkali and 
alkaline-earth metals (the least electronegative elements, 
denoted as A and AE hereafter) and the electronegative main 
group elements of group 13 and 14.26 In those classic cases 
such as NaTl and NaPb, the electropositive sodium atoms 
donate their valence electrons to the electronegative Tl and Pb 
to achieve a closed-shell noble gas electronic configuration. Tl 
and Pb accept those electrons, which are insufficient to reach 
electron-octets; in turn the post-transition elements achieve 
stable electronic configurations by forming covalent bonds. 
The same principles hold true for other examples of typical 
Zintl phases, where the structures can be broken down to 
cations and (poly)anions, in which the electronic configuration 
of the cations and anions follow valence rules.27,28 Over the 
years, the number of structurally characterized Zintl phases 
has grown,29–35 although most examples of such compounds 
have remained as laboratory curiosity. However, over the 
course of the last 15-20 years, Zintl phases have received 
significant recognition from the thermoelectric community in 
particular, following the demonstration of unprecedented TE 
performance in Zintl antimonides.36–38 This interest led to the 
rapid expansion of Zintl phases into the realm of transition and 
rare-earth elements; when such elements of open core-shells 
are incorporated, the attendant structural diversity and 
physical properties can reach new heights.20,30,39–44 

The actualization of closed-shell electronic configuration in 
these materials brings about their characteristic features as 
semiconductors or insulators as well as the diamagnetic or 
temperature independent diamagnetic behavior.26 The Zintl 
phases combine the features of narrow band gap, intricate 
atomic bonding and amenability to high degree of disorder 
and present a fertile playground to explore the various 
electronic and transport properties of materials of interests 
ranging from the topological phases of matter45,46 to 
applications in thermoelectrics47 and photovoltaics.48,49 
Leveraging on the idea of the Zintl-Klemm concept50 thus 
allows for a myriad of opportunities to both conceptualize, 
design, and grow new materials at the heart of cutting-edge 
technological applications. More intuitively, the Zintl-Klemm 
concept allows for exploring the various structure-property 
relationships and the subsequent optimization of such 
properties from the understanding of the electron counts and 
bonding. To this end, there have been numerous investigations 
of these phases as they present suitable electronic and 
transport environments that can favor the realization of 
enhanced TE performance.36 It suffices to note that one of the 
current state-of the-art TE material currently been used by 
NASA for space exploration is Yb14MnSb11

51 can be considered 

as a Zintl phase. Some other notable Zintl phases with 
excellent TE properties include Ca9Zn4+xSb9,52 YbCd2–xZnxSb2,53 
CaxYb1–xZn2Sb2,54 Ca5Al2Sb6,55 BaGa2Sb2,56,57 etc.58–63 In recent 
years our group has contributed significantly to the discovery 
and characterization of several other families of Zintl phases, 
including AE2CdP2,64 Eu3InAs3,65 Ca14AlBi11,66 Ca10MSb9 (M = Ga, 
In, Mn, Zn),67 Ca9–xRExCd4Sb9,68 Ca10RECdSb9,69 among  many 
others (RE = rare-earth metal).70–76

Besides the exploration of the Zintl phase materials for TE 
applications, an increasingly growing trend is the observation 
of topological properties of matter in a number of these 
phases.77–80 Several known excellent TE materials are known to 
possess nontrivial topological properties as it appears both 
favor the same material properties such as strong spin orbit 
coupling (SOC) and narrow band gap.46,81,82 Furthermore, it is 
known that several topological materials also exhibit some 
form of enhanced TE properties as strong correlations exists 
between the surface state properties of a topological material 
and transport properties such as S, σ and others, such that an 
enhanced TE performance can be achieved by tuning the 
surface properties.83,84 It is important to also note that there is 
a growing interest in magnetism mediated TE properties 
through the incorporation of magnetic species in the 
material.85,86 Moreso, such materials can provide a profitable 
playground to exploring exotic phases such as the higher order 
topology as found in EuIn2As2.87 Aside from their prospect for 
understanding and developing excellent TE materials, TIs also 
hold great potential for spintronic applications.88–90

In this article, we will provide intuition into the correlated 
properties of TE materials and topological insulators (TI) and 
how such understanding can be exploited to develop new 
efficient TE generators. We will briefly cover the aspects of the 
physics of TI and thermoelectricity, followed by the chemist’s 
perspective to TI and thermoelectricity. This will be followed 
by discussions of the contribution of bulk and boundary state 
properties of TI to thermoelectricity. In addition, discussions 
on selected Zintl phases are presented and how one can 
leverage their properties to develop high performance TE 
materials. We then conclude by providing a general outlook 
and perspectives on future research directions towards the 
development of efficient solid state thermoelectric generators. 
It is noted that aside from the Zintl phases, there are other 
classes of materials that have shown promises for TE 
applications which include the clathrates, skutterudites, half-
Heusler phases, etc.91–99; they will not be discussed in this 
narrative as other articles have summarized their importance. 
We also wish to note that some aspects of the relationship 
between topological insulators and TE materials have already 
been dealt with in the literature.81,82,100,101 Therefore, at the 
focus of this article will be on exploiting the close relationship 
between materials properties of TI and TE materials hosted by 
some newly discovered Zintl phases.

Topological Insulators (TIs) and Thermoelectrics 
(TE)
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Topological insulators (TIs) are electronic material that 
behaves as ordinary electrical insulators (having an energy gap 
between the valence band and the conduction bands) in their 
bulk but with a gapless metallic state on their surface i.e., the 
valence and conduction bands are connected by metallic 
states known as edge or surface states.102 These states can be 
attributed to the combined effects of strong spin-orbit 
coupling (SOC) and time-reversal symmetry and therefore TIs 
do not generally fall into the traditional Landau theory of 

phase transitions in matter.103 In such a state, electrons of 
opposite spins (spin up and spin down) propagate in opposite 
directions (exhibiting helicity) in pairs with a spin-momentum 
locking and helps prevent the backscattering of electrons at 
their surface. Due to their robust surface states, they are 
protected against various time-reversal-invariant 
perturbations, such as scattering by impurities, surface 
deformation or distortion and crystalline defects.104

Figure 2. (a) The schematic representation of Dirac cones showing the energy spectra of topological surface states. The spin polarization is represented by the arrows. (b) 
Experimentally determined energy dispersion curve along high symmetry point for GeBi2Te4 based on reference 106 showing the Dirac cones formed. (c) and (d) are the schematic 
diagram of 1-D edge states of a 2-D TI and that of 2-D metallic surface states for a 3-D TI, respectively. The opposite moving electrons with opposite spins are denoted by blue and 
red lines. (e) and (f) The spin-polarized constant energy surfaces associated with the surface states of a TI and a trivial metal, respectively. Figure (a) is adapted from reference 100; 
Figure (b) is adapted from reference 106 with permission from American Physical Society, Figures (c) and (d) are adapted from reference 82 (CC BY), and (e) and (f) are adapted 
from reference 107.

Clearly, the profound difference between TIs and ordinary 
insulators (or trivial insulators) is the presence of gapless 
surface states with a linear dispersion in the former. In Figure 
2(a), a simple illustration of the energy spectrum of the surface 
states of a TI is presented. The spectrum consists of two cones 
having a common vertex that are located in the energy gap 
between the bulk bands onto the surface band structure. Here, 
the spectrum is referred to as the Dirac cone while their 
touching point is the Dirac point. Also, the physics of 
relativistic Dirac fermions is relevant here since the nature of 
the surface dispersion results in a relativistic massless particles 
behavior of the surface Dirac fermions. The linear energy-
momentum dispersion relationship of the fermions in these 
materials can be written as E = pv, with the speed of the 
massless particle v nearly two orders of magnitude slower than 
that of light in vacuum, thus, providing an opportunity of 

exploring the aspects of the physics of relativity in practical 
condensed matter systems.105

Since the observation of topological exotic state of matter 
in Bi1–xSbx,108 there has been several reports and predictions of 
such observation in a number of other narrow gap 
semiconductors.109,110 Their characteristic fingerprints111,112 
includes strong SOC, a sign reversal of the molecular orbital 
symmetry, and an odd number of band inversion between the 
conduction and the valence bands. The odd number of band 
inversion implies that the number of Dirac cones in the surface 
band structure would be odd,113 and as such several TE 
materials are also characterized by a Dirac cone situated 
around the Brillouin zone center Г making them to have a 
nontrivial topology.101 The relativistic effect and strong SOC 
characters in TIs are driven by their constituent heavy 
elements. On one hand, the relativistic effect elicits the 
lowering of the energy of the outer electrons of the 5s and 6s 
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orbitals while the strong SOC on the other hand triggers a 
band inversion and which can drive the realization of a non-
trivial insulator state.100,114,115 The strong SOC also lifts the spin 
degeneracy of the surface states and as well achieves the spin-
momentum locking of the electrons. As shown in Figure 2(a), 
the electrons spin in Dirac states are oriented perpendicularly 
to the momentum while charge carriers with opposite 
momenta are aligned in an antiparallel fashion.100

In TE materials, the presence of heavy elements such as Sb, 
Te, Pb, and Bi with large atomic masses play a crucial role and 
are considered significant in driving low L as found in PbTe116 
and Bi2Te3.117  In bulk materials,22 L can be determined as:

L = 1/3CvVg
2τ (2)

where Cv, Vg, and τ are the specific heat, group velocity and 
phonon relaxation time. Hence, L depends on these 
parameters and its magnitude can be effectively lowered via 
the minimization of τ, Vg, and Cv. A weak chemical bond and 
large atomic mass (due to heavy element) can drive the 
realization of a low Vg. It should also be noted that the 
coexistence of the presence of heavy elements and weak 
chemical bonds are ubiquitous in excellent TE materials.118 The 
other aspect of reducing L involves employing techniques of 
reducing the acoustic phonon such as intricate crystal 
structures, anharmonicity and introduction of point defects. 
Intuitively the aspect of the role-play of point defect in 
lowering the lattice thermal conductivity towards achieving an 
excellent TE performance is rooted in the surface state 
properties of TIs. Considering that the surface states of TIs are 
robust and protected against backscattering by nonmagnetic 
impurities, surface deformation and crystal structure defects, 
this feature inadvertently produces a TE material that satisfies 
“a phonon-glass-electron crystal” properties i.e., transport 
properties akin to that of a poor thermal conductor and a good 
electrical conductor.13,119 By implication is would be possible to 
achieve significantly low lattice thermal conductivity while 
maintaining the high electrical conductivity on the topological 
surface states of TIs by simply creating a large number of 
defects. Hence, the nature of the surface states properties of 
TIs can provide for the decoupling of the phonon and electron 
transport towards designing efficient TE generators and 
coolers.100 We note that such decoupling can lead to a 
significant change in the Lorentz number.

Chemists’ perspective to TIs and TEs
The theoretical framework and description of TIs and 

thermoelectricity have been extensively studied and well 
established in condensed matter physics. However, the studies 
of these materials have received significant attention in recent 
years and have evolved into an interdisciplinary field of 
research involving condensed matter physics, materials 
science and solid-state chemistry. In addition, topology is a 
mathematical construct that deals with properties that are 
robust against small physical changes of the system. This 
implies that for a proper conceptualization of TIs, a body of 

knowledge that cuts across several fields and which provides 
for the classification of materials beyond just metal, 
semiconductor and insulators would be invaluable. While the 
physicists generally think in terms of bands and Fermi surface, 
the chemists tend to think in terms of molecular orbitals and 
bonding,120 but this need not to be an issue as there has been 
previous works such as that of Prof. R. Hoffmann which 
provide a clear understanding into how the reasoning of 
physicist and solid state chemists meet in the understanding of 
the electronic properties of materials.120,121

Topological materials provide a fruitful playground for 
studies of exotic properties of matter, but the challenge lies in 
identifying suitable candidate materials that would permit for 
the experimental testing of the various theories. Chemists play 
a central role in the development and understanding of the 
various properties of both TI and TE materials. The first aspect 
of this relates to the materials synthesis and structural 
elucidation which involves materials design, exploratory 
synthesis, bonding optimization and most importantly the 
appropriate determination of the crystal symmetry and space 
group of these materials.115,122,123 The classification of a 
material with either as trivial or non-trivial topology requires a 
good understanding of how the behavior of the electrons is 
intertwined with the symmetries of a material’s crystal 
structure. Using the idea of topological quantum chemistry, a 
recent work has provided a classic topological classification of 
nearly all the reported inorganic materials by mapping the 
symmetry properties to coordinates in some high-dimensional 
space.122 This provides for the prediction of materials with 
topological properties considering the type of atoms (with 
their atomic orbitals) located on a certain Wyckoff site in a 
given space group. The symmetry indicator developed from 
such technique provides a unique way of classifying materials 
as either metal, semimetal, insulating or topological.

In addition, the intuition of the solid state chemists which 
includes aspects of valence electrons “book-keeping”, bonding 
requirements, atomic coordination numbers, etc. makes it 
possible to draw relevant structure-properties relationships, 
increase structural diversity, varying dimensionality and atomic 
bonding characteristics present in various materials.123 Here 
we provide some simple clues to predicting and designing new 
TIs based on the general theoretical framework and features 
of known materials and later extend these ideas to Zintl TE 
materials. One of the first considerations to predicting if a 
material will be a TI relies on whether or not such material 
achieves a closed-shell electronic configuration according to 
simple electron counting using the Zintl-Klemm concept.50 
Generally, a bulk narrow band gap material is considered 
suitable for this purpose—a feature which is readily achievable 
in Zintl phases (vide supra). The second aspect involves the 
consideration of the presence of relativistic effect and strong 
SOC which are driven by the presence of heavy elements with 
large atomic masses. The SOC helps to achieve the inversion of 
the bands by impacting on the states close to the valence band 
maximum and the conduction band minimum. In addition, SOC 
could also achieve the task of band gap opening in 
semimetallic materials or those with a pseudo gap. Typically, 
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at least one of the heavy p-block elements such as Sb, Pb, Bi, 
etc., is required to satisfy this condition, which also provides 
for a p-character of the valence band and s-character for the 
conduction band. For example, it is assumed that in Zintl 
phases, that there is a complete transfer of electrons from the 
electropositive element to the electronegative elements. 
Therefore, the mixing of electronic state that is dominated by 
the electropositive element into the valence band and 
electronic states that is dominated by the electronegative 
element into the conduction band is of great importance. In 
materials where there are more than one p-block 
electronegative elements, such as in MnBi4Te7 and MBi2Te4 
(M = Ge, Sn, Pb),124,125 it is required that the differences in 
their electronegativities in the proximity of the conduction 
band minimum be as small as possible.126

Another important consideration to predicting the 
topological properties of a material relates to the crystal 
symmetry of the material, which requires the presence of an 
odd number of surface state bands crossing from the bulk 
valence band to the bulk conduction band over the whole 
Brillouin zone. In other words, the condition of an odd number 
of band inversion between the conduction and the valence 
bands must be satisfied.113 As previously mentioned, several 
TE materials are also characterized by a single Dirac cone 
situated around the Brillouin zone center Г making them to 
have a nontrivial topology.127 Such feature can easily be 
achieved for a material with an axial symmetry for which, the 
conduction band minimum and valence band maximum are in 
the neighborhood of Г. In general, it is conceived that the odd 
number of Dirac cones requirement can be achieved for a 
crystal system having a threefold symmetry, such as found in 
materials with P3 and R3 space group symmetries.126 Beyond 
these general consideration, however, techniques of electronic 
structure calculations and experimental probes are necessary 
to unambiguously identify these materials. Such 
computational techniques would often involve electronic 
structure calculations of both the surface states and bulk band 
structures using suitable codes. Such an approach can be very 
powerful in unraveling the nature of the topology of the 
material, especially when combined with relevant theoretical 
framework such as parity analysis of occupied bands at the 
time-reversal invariant points in the Brillouin zone.128,129 The 
various experimental probes serve the purpose of confirming 
or providing additional intuition into the various 
computational calculations and theoretical analysis. This 
involves the use of spin- and angle-resolved photoemission 
spectroscopy to unmask the presence of spin-polarized 
topological surface states as well as the visualization of the 
energy dispersion along the high symmetry points (See Figure 
2(b)).106 Similarly, other experimental techniques based on 
electrical and thermal transport properties measurements are 
also used to probe these materials and the reader is referred 
to other related articles such as in Ref. 115.

Next, we will consider the aspect of thermoelectricity from 
a chemist’s perspective. Unlike TIs, the studies of TE have 
benefited significantly from chemists in every aspect as they 
are at the forefront of developing efficient solid state TE 

materials for both cooling and energy recovery purposes. The 
research themes in many solid-state chemistry labs that are 
focused on TE materials studies can involve the synthesis of 
single crystals, polycrystalline bulk samples, nanostructured 
materials, or the deposition of thin films. In addition, this area 
of research has also gained significant attraction among 
materials scientists and engineers who are mostly involved in 
the optimization of the properties through various 
techniques,130,131 as well as device fabrications.132,133 Several 
excellent TE materials are known to host nontrivial electronic 
topological features, as earlier indicated; as such, there is a 
strong correlation between excellent TE materials and 
TIs,127,134–136 which buttresses the fact that they have similar 
material features. However, it should be noted that while most 
good TIs are excellent TE materials, the converse is not always 
true as in the case of Yb14MnSb11 and Ca9Zn4+xSb9.51,52 This 
observation thus makes the prediction of excellent TE 
properties go beyond the presence of heavy element which 
can bring about the scattering of phonons towards lowering , 
as well as a narrow band gap that can promote the crossover 
of electrons from the valence band to the conduction band to 
promote a high σ. Other related consideration includes the 
presence of high valley degeneracy to promote high σ and 
phonon anharmonicity for low  as well as low band effective 
mass (driven by the presence of strong SOC), high band 
degeneracy and resonant states among other.130,137

Generally, an effective way of achieving high performance 
of TE materials is through the decoupling of the electrical and 
thermal transport properties. This approach can further be 
achieved in TIs where the electronic and phonon transport can 
be effectively decoupled since the electronic transport is 
unaffected by backscattering from non-magnetic disorders and 
defects, which is at variance with the phonon transport. This 
approach thus allows for the independent tuning of S2σ and L 
being the electronic and phonon contributions to zT, 
respectively. Similarly, another powerful parameter that can 
be invaluable to understanding the potential of these 
materials is the thermoelectric quality factor B 68,138 is defined 
as:

(3)

where kB, h, e, μw, and L represent Boltzmann’s constant, 
Planck constant, electronic charge, weighted mobility, and 
lattice thermal conductivity, respectively. It is immediately 
clear from this expression that B ∝ μw/L, such that μw carries 
the same importance as L and as such increasing the 
magnitude of μw is as important as achieving an ultra-low L. 
By further expanding μw into its constituent parameters, this 
reveals that B is a function of the material’s electronic and 
atomic structure and electron and phonon scattering,139,140 as 
shown by the following expression:
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(4)

where Nv is valley degeneracy, mI
* is the inertial effective 

mass,  is the deformation potential, and Cl is the average 
longitudinal elastic modulus. The various optimizations and 
doping to achieve these various conditions are ways towards 
the tuning of n to achieve an optimized zT.

Depending on the nature and degeneracy of the bands, 
there are established theoretical models such as the Single 
parabolic Band (SPB) or the Single Kane Band (SKB) models 
applied to parabolic and non-parabolic bands, respectively,141–

143 which can be used to predict the various aspects of a TE 
materials properties including the interdependence of the 
various transport parameters. Such models provide a good 
opportunity to make relevant predictions that can inform 
materials optimization and design. In recent times, there has 
also been the increasingly approach of various materials 
descriptors and machine learning approaches to predicting 
materials with potential for TE applications.144–147 Such 
approach can provide for rapid materials screening and can be 
an invaluable way of selecting materials towards saving cost 
and time before embarking on elaborate experimental 
synthesis and measurements.

Contribution of topological insulators’ bulk and 
boundary states to thermoelectric properties

The electronic structures of TI provide a vast window of 
opportunities to explore the various aspects of developing 
efficient TE generators and coolers based on various 
thermoelectric related effects such as Seebeck effect, 
magneto-Seebeck effect, Nernst effect, and Ettingshausen 
effect.148 As earlier described, the electronic states of bulk and 
surface of a TI are different. The topological surface state in a 
3-D TI is a 2-D surface, which covers the surface of the 
material, which can be conceptualized as a material with an 
electrically insulating interior, which is wrapped or coated with 
a thin layer of metal. Figure 2, panels (c) and (d), present the 
edge and surface states of 2-D and 3-D TIs. The aspect of the 
topological protected surface implies that if one tries to peel 
off the metallic layer of the material, the layer underneath 
then immediately becomes metallic. These surface states can 
be observed as Dirac cones in both computational and 
experimental results as shown in Figure 2 (a) and (b). In the 
early studies of TE materials, the contributions of the TI 
surface states were not taken into consideration. However, in 
recent times more research efforts have been directed 
towards the understanding of the role of the surface states in 
driving excellent TE properties. To this end, several theoretical 
and experimental results have emerged which provide for the 
contribution of the surface state to thermoelectricity.

Figure 3. (a) The calculated bulk band structure of Bi2Se3 with spin-orbit coupling (SOC) and its (b) calculated surface state band structure of 5 quintuple layers of Bi2Se3 with a 
single Dirac cone. The Dirac cone formation is indicated in the inset. Figures adapted from Reference 81 (CCBY). 

The study of the contribution of topological surface states 
to transport properties are often easily carried out on thin 
films or nanostructures.149 It is noted that the contributions 
from edge and surface states to thermoelectric transport 
properties are geometric size dependent. We begin by 
considering the geometric dependent expression of zT given 
by:

(5)

where G = σA/L is the electrical conductance, K = A/L is the 
thermal conductance, based on the Ohm’s and Fourier’s 
scaling laws, respectively, within the diffusive transport 
regime.150 The terms A and L are the cross-sectional area and 
length of the material, respectively, and it is obvious that the 
geometric factor A/L cancels out in the expression which 
shows the equivalence of Eqn (1) and (5) (vide supra) and 
showing that zT is independent of size. However, in TIs, the 
Seebeck coefficient S is size dependent, and the Ohm’s and 
Fourier’s scaling laws break down thus making zT size 
dependent. This effect can therefore drive the geometric 
dependent transport properties in these materials. For 
example, the relaxation time τs of the surface state in TIs is 
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much larger in comparison to that of the bulk state, which 
drives a significantly high surface state electrical conductivity 
σs. Another implication of the geometry dependence of the 
surface state of TIs is in its much longer mean free path, which 
gives rise to ballistic transport as opposed to the diffusive 
transport behavior of the bulk state. Based on the above, it is 
therefore obvious that surface states and bulk states would 
show different band structures as well as different transport 
properties. The band structure of the surface and bulk states 
of Bi2Se3 are shown in Figure 3 which portrays a significant 
difference between the two structures. The contribution of the 
surface and bulk states to thermoelectricity in TIs can be 
captured within the so called multiple-channel model. The 
Seebeck coefficient S can be expressed as a function of 
conductance G,150 with the expression for a 3-D TI taking the 
forms:

GT = Gb + Gs (6)

ST = (Sb Gb + Ss Gs)/GT (7)

where GT, Gb, Gs, are the total, bulk, and surface 
conductance, respectively, while ST, Sb, and Ss are the total, 
bulk, and surface Seebeck coefficient, respectively. It is noted 
that similar expressions can be written for a 2-D TI by replacing 
the terms for the surface states with those of edge states. In 
the above expressions, it is clear that both the surface and 
bulk states would contribute to thermoelectric transport 
properties wherein the Fermi energy EF lies between the bulk 
and surface states. For a scenario where EF is above the Dirac 
point and situated at the edge of the conduction band, Sb < 0 < 
Ss and the contribution to S is weighted by Gb/Gs. Also under 
this scenario, the contribution of the surface states will often 
exceed that of the bulk.148 Furthermore, it has been shown 
that even for diffusive transport (in 3-D TIs), the varying 
geometric factor could significantly impact on the relative 
contribution of both the surface and bulk states to S thus 
making zT size dependent in a TI.151

Figure 4. (a) A schematic diagram of the band structure of a 3D TI with the surface states. (b) and (c) are results from the electronic structure for Seebeck coefficient and zT as a 
function of the chemical potential, respectively. Similarly, (d) presents the schematic diagram of the 3-D TI band structure with the gapped surface states. (e) and (f) are calculated 
Seebeck coefficient and zT as a function of the chemical potential. Figures adapted with permission from reference 83. 

The development of thin films provides an opportunity to 
study aspects of TI with and without hybridization effect in 
candidate TE materials.152 In line with the multiple-channel 
model, studies have shown that, typical thin film developed 
from TIs without the hybridization effect can provide a robust 
conducting channel towards an improved TE property. In this 
regard, topologically protected surface states in TIs serve as 
conducting channels where by virtue of their low dimension 
show excellent transport properties in the absence of electron 
backscattering. It is therefore possible to completely tune the 

TE properties of such materials via the combination of 
geometric size control, lowering of phonon thermal 
conductivity through the introduction of defects and disorder, 
etc.

A schematic diagram of the band structure of a 3-D TI with 
gapless and gapped surface states are presented in Figure 4 
based on the work from Ref. 83. Also shown are their 
respective calculated S and zT as a function of the chemical 
potential. In such calculations, the contributions of the 
respective surface states are incorporated and the presented S 
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and zT are from bulk and surface states. Here, it should be 
noted that the gapped 3-D TI is for a thin slab geometry model. 
The key highlight of this report indicates the presence of 
competing bulk and surface states transport such that the 
surface transport does not significantly contribute to the total 
electronic transport due to the effects of impurities. It is also 
evidence from these results that the transport properties of 
the gapped surface are much enhanced as compared to that of 
the gapless TI. The zT observed in the gapped system is 
relatively enhanced at low temperatures and for a gapped 3-D 
TI, zT is larger at low temperature when the chemical potential 
is in the proximity of the surface band gap. Such observation is 
akin to that of a narrow-gap material with a large zT, when the 
chemical potential is in the neighborhood of the gap. These 
results thus buttress the importance of thin film in the 
development of efficient TE materials.

Intuitions developed from some known and 
newly discovered Zintl phases

In the light of the various lines of discussions presented 
above, we proceed by discussing prospects of relevant Zintl 
phases with a view to provide a deeper understanding into 
how the properties of such materials can be harnessed for 
developing excellent TE materials.

The Sr2X (X = Pb, Sn) and Ba2X (X = Si, Ge) phases

We begin our discussion with the binary Sr2X (X = Pb, Sn) 
and Ba2X (X = Si, Ge) semiconducting Zintl phases. The Zintl 
M2X (M = Mg, Ca, Sr, Ba; X = Si, Ge, Sn, Pb) Zintl phases153–167 

are reported to crystallize in a orthorhombic TiNiSi-type 
structure with the space group Pnma (No. 62).153 The structure 
shown in Figure 5 (a) is a simple Cotunnite structure,168 where 
the M atoms are found on two crystallographically 
inequivalent atomic sites. The first one has the M atom in a 5-
coordinate geometry, while in the second one is bonded to 
four equivalent M atoms to form a mixture of corner and 
edge-sharing MX₄ tetrahedra. Conversely, some other 
members of the family such as the Mg2Si (Mg2Sn) crystallize 
with the face-centered-cubic antifluorite lattice type with 
space group Fm m and is shown in Figure 5 (b). Detailed 
description of the aspects of the crystal structures of these 
phases have been reported.156,169–171 These phases are 
rationalized as Zintl materials where the electropositive alkali 
earth metals donate their valence electrons to the group 14 p-
block elements. As described earlier, these Zintl phases 
contain the basic ingredients required to drive a nontrivial TI 
state such as the presence of low band gap and heavy element 
as such there has been extensive studies on their topological 
properties.172,173

Figure 5. (a) Crystal structure of orthorhombic Sr2Pb with the TiNiSi structure type, where the Sr and Pb atoms are shown brown and green spheres, respectively. (b) Crystal 
structure of cubic Mg2Si. Mg and Si atoms are represented by red and yellow spheres, respectively. 

The calculated band structures of Sr2Pb with and without 
SOC effects are shown in Figure 6. The band structure in the 
absence of SOC, shows a metallic (gapless) character indicating 
that Sr2Pb is not a TI in its native phase while the introduction 
of SOC opens a band gap of ~100 meV which is characteristic 
of a topological insulating state. In addition to the ordinary 
DFT calculations, results from hybrid Heyd-Scuseria-Ernzerhof 
(HSE)174 also confirms this observation with a much larger 

band gap.  This phase lies in the proximity of a topological 
instability and can be carefully tuned with a uniaxial strain. 
Such consideration and application of strain along the ac plane 
(the 010 surface) which is synonymous to probing a thin film as 
a function of its thickness. In Figure 6 (e) and (f), the band 
structure from such calculation is presented and indicates the 
viability of driving the phase into a TI with a relatively small 
uniaxial strain that exceeds 3 %. It is also noted that other 
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members of this family, such as Ba2Si and Ba2Ge,173 have also 
been identified as hosting a topological semimetal phase with 
a nodal ring in the kx = 0 plane, that is protected by the glide 
mirror symmetry in the absence of SOC.  These phases also 
present key examples of tuning the topological state through 
the application of an elastic strain. Key features in the 

electronic band structure of these phases that achieve a TI 
state are thought to be amenable towards driving excellent TE 
properties in several of them. Theoretical calculations175,176 
reveal their potential for TE applications.

Figure 6. DFT-calculated electronic band structures of Sr2Pb without (a) and with SOC (b) under consideration. HSE band structures around the point along the Z-T directions for 
Sr2Pb. (c) and (d) are the electronic band structure at zero strain while (e) and (f) are the band structure under 5% tensile strain in the ac plane. The solid symbol represents states 
with a predominant s-like character. Figure adapted from reference 172, with permission from the American Physical Society. 

Consider the band structure of all Ca2Pb, Sr2Pb and Ba2Pb 
presented in Figure 7 (a) to (c) with estimated direct band gaps 
of 0.33, 0.38 and 0.18 eV, respectively. The effect of strong 
SOC is important in these phases as driven by the large atomic 
mass of Pb. An important aspect of these materials is their 
anisotropic valence band structure wherein the slope near the 
VBM is observed to vary nearly by a factor of 5 in a specific 
direction. Such observation will also impact on the carrier 
mobility and will thus play a crucial role in their TE transport 
properties and performance. Also, the conduction bands of 
Ca2Pb and Sr2Pb indicate a near-degeneracy, involving two 
maxima, which can be beneficial for the TE transport 
properties. It is further noted that the calculated density of 
states (DOS) near the Fermi level shows rapid increase, which 
thus provides for a small energy scale and enhanced Sebeck 
coefficient. It is also worth mentioning that the relatively small 
band gap observed in Ba2Pb would likely give rise to a bipolar 
conduction, which can prove to be detrimental to the high 
temperature TE performance. The Ba2Pb phase will therefore 
be more promising in the moderate temperature regime and 
for applications as solid-state coolers. An additional intuition 
into the transport properties of these phases is provided via 
their Pisarenko plots, shown in Figure 7 (d) to (f). In Ca2Pb, the 

optimal doping for TE performance at 300 K is between 
4 × 1018–1.5 × 1019 cm−3. At 500 K and 800 K, the detrimental 
effect of bipolar conduction is likely to be at play but can be 
overcome via appropriate doping. It should be noted that a 
significantly high magnitude of Seebeck coefficient that 
exceeds 200 µV K−1 can be realized under optimal doping 
despite the narrow band gap thus arguing in support of their 
promising high temperature TE performance at 1000 K.

In Sr2Pb, a gradual transition into a degenerate behavior as 
the carrier concentrations increases is observed. Similarly, the 
bipolar regime only sets in near 800 K at optimal doping for 
the p-type material while for a n-type, a promising 
performance is predicted at 800 and 1000 K. As earlier noted, 
the likelihood of a bipolar conduction at elevated temperature 
in Ba2Pb is high and which is consistent with the relatively 
small Seebeck coefficient of ~200 µV K−1 for p-type at 800 K.  
The Ba2Pb phase being the heaviest however presents an 
advantage of having the lowest lattice thermal conductivity as 
unraveled from the calculated low bulk moduli that is much 
smaller than those observed in well studied lead 
chalcogenides,177 thus making it more suitable for room 
temperature or moderate temperature applications.175  The Ca 
and Sr phases on the other hand are projected for high 

Page 11 of 21 Journal of Materials Chemistry C



ARTICLE Journal of Materials Chemistry

12 | J. Mater. Chem., 2023, 00, 1-10 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

temperature applications which is supported by high 
temperature electrical conductivity.

We conclude this section by discussing the features of the 
isostructural stanides phases, Ca2Sn, Sr2Sn and Ba2Sn. These 
phases are reported to have larger band gaps and higher 
lattice thermal conductivity. The remarkable aspect of these 
materials is their high Seebeck coefficient that exceeds those 
of the plumbides and which is attributed to their wider band 
gaps. These materials class thus presents a viable playground 
to explore new high performance TE materials that can be 
deployed for various solid-state applications. It is reported that 
several of these phases are congruently melting and as such 
should provide us with a great opportunity of synthesizing the 
various phases towards investigating their transport properties 
and various optimization techniques.156,176–179 Despite the 
promising TE transport properties that can be explored in 
these phases, there are only a handful of experimental results 

on these materials. We note that the first reported 
experimental result on Ca2Pb was carried out over 6 decades 
ago by Russell and Klein where they observed a room-
temperature zT of about 0.2 in Ca2Pb,182 which is consistent 
with the features described based on electronic structure 
calculations. However, such an interesting result has not been 
probed further. Efforts towards high temperature probe of 
these materials and materials optimization are therefore 
expected to provide an invaluable insight into their excellent 
TE properties. Another interesting results on the cubic Mg2X 
(X = Si, Ge, Sn) and some of their quasi-binary alloys have been 
reported183,184 with the optimized composition Mg2Si1–xSnx 
resulting in a remarkable zT = 1.1 near 800 K. Furthermore, 
several works geared towards optimization of the TE 
performance have yielded remarkable results.185–194

Figure 7. The band structures of Ca2Pb, Sr2Pb and Ba2Pb, within the orthorhombic Brillouin zone are shown in (a), (b), and (c), respectively. Conductivity weighted Seebeck 
coefficient of (d) Ca2Pb, (e) Sr2Pb, and (f) Ba2Pb where the horizontal lines demarcate the region of Seebeck coefficient absolute value between 200 and 300 µV K−1 being the ideal 
range for a high-performance TE. Figures adapted from reference 175 (CC BY-NC-SA 3.0). 

The AIn2As2 (A = Ca, Sr, Ba and Eu) Zintl phases

Next, we have chosen to highlight the features of the 
AIn2As2 (A = Ca, Sr, Ba, Eu) Zintl phases. The crystal structure of 
CaIn2As2 and BaIn2As2 are schematically presented in Figure 8. 
The BaIn2As2 phase has the monoclinic EuGa2P2 structure 
type,195 while the AIn2As2 (A = Ca, Sr, Eu) phases have a layered 
centrosymmetric hexagonal structure (space group P63/mmc); 
the latter belongs to a class of materials that have recently 
been studied for their topological properties.46,196,197 The 
hexagonal EuIn2As2

196 phase undergoes an A-type anti-
ferromagnetic (AFM) ordering at TN = 17 K, and shows a 
colossal magnetoresistance (CMR) of magnitude −143 % at 
17.5 K and in an applied field of 5 T. Similar observations are 
reported in EuIn2P2

198 with TN = 24 K and CMR of −298 % at 

24 K and in an applied field of 5 T.  The EuIn2As2 phase is a 
magnetic topological insulator with an estimated band gap, 
Eg = 0.1 eV along the Γ-M direction, and where the Eu2+ 
electronic state of 4f7 is localized. Depending on the 
orientation of the magnetic moments, the A-type AFM order in 
EuIn2As2 can lead to either an axion insulator (magnetic TI in 
which the nontrivial ℤ2 index is protected by inversion 
symmetry instead of time-reversal symmetry)199 or a higher-
order topological insulator with chiral states existing on the 
hinges between the gapped surfaces.87 Similarly, the CaIn2As2 
and SrIn2As2 phases have been reported as TIs.46,197 Although, 
the experimental transport properties are yet to be reported, 
results from electronic structure calculation show that these 
phase holds some promise with enhanced TE properties. A key 
drawback here, however, would be the presence of As 
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element in the phase which could pose serious health 
challenges. It is therefore expected that phases where the As is 
replaced by a much heavier Sb would be more suitable in this 
regards as demonstrated in recent theoretical calculations.200 
Such calculations in fact reveal that a zT > 1 can be achieve in 
CaIn2Sb2 and SrIn2Sb2 at moderate temperatures  (See Figure 
9) which can find applications as Peltier coolers. An important 
aspect of these results is the calculated low lattice thermal 
conductivity, which is beneficial for developing efficient TE 

materials. To our knowledge, the successful synthesis of the 
phases AIn2Pn2 (A = Ca−Ba, Eu; Pn = Sb, Bi) has not been 
reported to date. This may have to do with “competition” from 
other thermodynamically stable phases in the respective 
systems, and as such, one would have to depend on synthetic 
chemists to figure out the relevant conducive environment 
and methods to grow crystals of these materials with 
potentially very interesting properties.

Figure 8. (a) Crystal structure of CaIn2As2 with the layered arrangements of the atoms emphasized and only the In–As bonds are drawn, for clarity. (b) Crystal structure of BaIn2As2 
structure. The unit cells are marked out by the solid (black) line. 

Figure 9. (a) Calculated temperature dependence of electrical conductivity of AIn2Pn2 (A = Ca, Sr and Pn = As, Sb). (b) Calculated temperature dependence of lattice thermal 
conductivity of AIn2Pn2 (A = Ca, Sr and Pn = As, Sb). Figures redrawn with data from reference 200.  

Other reported isostructural compounds that are of 
interest are CaIn2P2 and SrIn2P2 phases.201,202 Both compounds 
are narrow gap semiconductors with CaIn2P2 and SrIn2As2 
having an indirect Eg = 0.39 eV and a direct Eg = 0.28 eV, 
respectively.203 Furthermore, a quantum phase transition from 
a semiconductor to a nontrivial topological phase is reported 
in both compounds, where the application of a minimal strain 
leads to a band inversion and the subsequent opening of a 
band gap along the line node in the presence of SOC.204,205

The YbMnSb2, EuZnSb2, and AAgPn (A = Ca, Sr, Ba; Pn = Sb, Bi) 
phases

The Zintl phases YbMnSb2
206 and EuZnSb2

207 are topological 
Dirac semimetals (TDSM), which similarly to TIs have in their 
bulk band structures an inverted order of the occupied valence 
and unoccupied conduction bands at the time-reversal 
invariant momenta (TRIM) in the Brillouin zone (BZ). However, 
as opposed to TIs (vide supra), the band inversion in TDSMs is 
characterized by a two-dimensional topological invariant, 
ν2D = 1 which results in the appearance of Dirac cones already 
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in the bulk and which is protected by crystalline symmetries.208 
The crystal structure of YbMnSb2 and the depiction of bands in 
a TDSM are shown in Fig. 10 (a) and (b), respectively. Previous 
reports on the YbMnSb2 phase reveal the presence of 
quantum oscillations, which provide the transport evidence for 
the existence of Dirac fermions. Such quantum materials 
provide an additional fertile playground to explore the various 
aspects of exotic electronic structures that may be relevant in 
various application areas. In particular, the nature of their 
Fermi surface and intricate band structures can directly 
influence the realization of excellent TE properties. As in the 
case of TI, the contribution of the Dirac bands to the overall TE 

performance through the combined effect of enhancement of 
S and σ can be explored. This line of thought was recently 
established in the studies of YbMnSb2,209 where the material 
although being a semimetal exhibits a significantly large 
magnitude of S (160 µV K−1) both along the dispersive and non-
dispersive directions at 300 K and which is further 
accompanied by a low lattice thermal conductivity 
(1 W m−1 K−1) and a low electrical resistivity along the highly 
dispersive direction.

Figure 10. (a) Schematic crystal structure of YbMnSb2 phase, viewed along the b-crystallographic direction. The Yb, Mn and Sb atoms are represented by blue, green and red 
spheres, respectively. Schematic depiction of bands in a Dirac semimetal. (c): The Seebeck coefficient, (d): thermoelectric power factor, (e) total and lattice thermal conductivity, 
(f), and zT of YbMnSb2 reported by Pan et al.209 below room temperature (g) Seebeck coefficient, and (h) electrical resistivity of YbMnSb2 reported by Baranets and Bobev206  above 
room temperature. Figures (c) to (f) are adapted from reference 209 (CC BY 4.0) and Figures (g) and (h) are adapted with permission from reference 206. 

In Figure 10, key promising results on YbMnSb2 are 
captured and reveal the role-play of the highly dispersive Dirac 
and regular bands in achieving an enhanced TE power factor. 
Here it is noted that the observed power factor at 300 K and 
the average sound velocity υs (1990 m/s) are superior when 
compared to those of the state-of-the-art tetradymite.210,211 
These results thus argue in favor of the potential of exploring 
such novel semimetals in designing highly efficient TE 
generators. For example, the observed room temperature zT 
of 0.12 along the ab-plane can be significantly improved 

through a number of techniques directed towards achieving 
ultra-low lattice thermal conductivity and further 
enhancement of the TE power factor. It is further noted that in 
the high-temperature regime, available data suggests the 
manifestation of a bipolar effect, which is ubiquitous in 
semimetals with characteristic small S by virtue of the 
conduction of two types of charge carriers. Fig. 10 (g) shows S 
in the temperature range of 300 K and 600 K.206 The 
magnitude at room temperature is fairly reconcilable with the 
low-temperature report by Pan et al (Fig. 10 (c)),209 and shows 
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an increase to about 380 K with a magnitude of ~180 μV K−1 
before the detrimental bipolar conduction effect sets in with a 
resultant decrease in S to 109 μV K−1 at 600 K. Such 
observation likely portrays YbMnSb2 as a candidate TE material 
in the moderate temperature range, i.e., its properties can be 
harnessed for TE cooling. It also suffices to note that the 
dispersive degenerate bands with an attendant larger regular 
band that accompanies TDSMs can pave a new pathway to 
taking advantage of these materials to achieving efficient TE 
generators. By such, it may be possible to circumvent the 
disadvantage bipolar effect by suppressing the excitation of 
the minority charge carriers. 

As earlier indicated EuZnSb2 is also a TDSM,207 and along 
with other related phases212–215 presents a fruitful playground 
to explore the influence of complex band structure and Dirac 
bands to achieving excellent TE performance. It, therefore, 
remains to be seen how the robust electronic band structure 
of the various phases will play out as it pertains to the 
evolution of their respective TE transport properties. 

Finally, we proceed to examine the hexagonal AAgPn 
(A = Ca, Sr, Ba; Pn = Sb, Bi),216,217 wherein the observation of 
TDSM state is prevalent.218–221 A key aspect of these materials, 
which can be described as Zintl phases with coinage metals, is 
their low lattice thermal conductivity that drives their excellent 
TE properties.222,223 For example, studies on the CaAgSb phase 
with the TiNiSi-type224 indicate a transition into the LiGaGe-
type phase225 upon substituting some of Ag for Zn to give 
CaAgxZn(1−x)/2Sb with attendant ultralow lattice thermal 
conductivity of (~0.4 W m−1 K−1) for CaAg0.2Zn0.4Sb between 
300 K to 773 K.226 The results further indicate the presence of 
an all-scale hierarchical structure that supports effective 
phonons scattering over a wide frequency range. This 
observation along with other features such as twin boundary, 
nanoprecipitate, atomic site vacancy, etc. are attributed to 
driving the observed ultra-low lattice thermal conductivity 
which is much improved when compared to the parent CaAgSb 
phase. Another important aspect of these results relates to the 
enhancement of S upon the transformation from CaAgSb to 
CaAg0.2Zn0.4Sb by over a factor of 3 which together with the 
realized ultra-low lattice thermal conductivity results in a 
zT ~0.8 at 773 K. Similar studies on Ca1−xRExAg1−ySb (RE = La–
Nd, Sm) with the LiGaGe-type was also reported to exhibit 
enhanced zT at elevated temperatures.227 Here, the optimized 
composition of Ca0.84Ce0.16Ag0.87Sb produced a zT~0.7 at 
1079 K.

Furthermore, several other reports exist on the 
demonstration of the promising TE properties in the 
equiatomic AAgPn family including those of SrAgSb,61 
SrAgBi,228 BaAgSb,229,230 BaAgBi,231 BaAgAs,232 and related 
phases.222,233,234 The various results demonstrate the 
robustness of these quantum materials to hosting excellent TE 
properties. While a number of reports already exist on the 
excellent TE properties harbored by this family of materials, it 
is noted that a number of them are yet to be properly 
investigated and it is at the heart of this article to draw close 
attention to such promising materials. In specific terms, these 

materials present a window of opportunity to accessing the 
“phonon-glass-electron crystal” properties,13,119 which provide 
for ultra-low lattice thermal conductivity and high TE power 
factor. As such the realization of interesting TE transport 
properties in the various phases is driven by the amenability of 
the phases to effective decoupling of the phonon and electron 
transport. In this wise, akin to the similar material properties 
between TIs and TE materials, TDSMs also present us with 
ample opportunity to taking advantage of the nature of their 
Fermi surface and intricate band structure to engineer high-
performance TE materials that can find applications in various 
areas either as solid state cooling or for power generation.

The AXPn (A = alkaIi metal, X = divalent metal; Pn = pnictogen) 
phases

The equiatomic Zintl AXPn phases (A = Na, X = alkaline-
earth metal) are ternary derivatives of the 3-D topological 
Dirac semimetal Na3Bi, which has attracted much attention 
due to its interesting physics.235–237 Although structurally not 
identical, NaBaBi can be conceptually formed by way of 
replacing two monovalent Na atoms with a divalent Ba atom.  
This analogy can be extended to the other alkaline-earth 
metals, including the nominally divalent rare-earths Eu and Yb, 
which potentially creates a large class of interesting materials. 
The NaBaBi and its analogous phases crystallize in the non-
centrosymmetric hexagonal P 2m space group (# 189) while 
Na3Bi has a centrosymmetric structure with the hexagonal 
P63/mmc space group (# 194). NaBaBi is reported as a TI under 
pressure that breaks the inversion symmetry observed in 
Na3Bi.238  Similarly, features of strong TI have been observed in 
NaCaBi and KBaBi where band inversions under strong SOC are 
evidenced.239 It is also noted that similar observations have 
been reported in other related KZnPn  phases.240 Just very 
recently, a number of new phases namely NaSrSb, NaBaSb, 
and NaEuSb have been reported by our group,241 which further 
provides for ample opportunities to probe the rich electronic 
structures and properties harbored by these class of materials. 
Preliminary electronic structure calculations reveal features 
akin to supporting the formation of Dirac states. The band 
structures of NaSrSb and NaBaSb are presented in Figure 11 
and it is expected that their topological properties could be 
properly tuned with the inclusion of SOC and strain effect 
which are considered essential ingredients that drives the 
realization of topological phases in condensed matter. The 
electronic band structures shown in Figure 11 have been 
computed using the TB-LMTO-ASA code,[242] with the local 
density approximation, and the reader is referred to Ref. 241 
for additional details. It is noted, however, that the LMTO-
predicted band gap is overestimated, and that it is expected 
subsequent studies to provide more accurate estimation of the 
band gaps. For the desired accuracy, such follow-up work must 
employ hybrid functionals such as the Heyd, Scuseria and 
Ernzerhof (HSE)[174, 243].
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Figure 11. (a) Electronic band structure of (a) NaSrSb and (b) NaBaSb in the absence of spin-orbit coupling effect. Figures are produced with permission from Reference 241.

In line with the propensity of topological materials to 
promote excellent TE properties, literature available reveals 
that there are very sketchy probes into the aspects of the 
thermoelectricity of these phases as potential TE materials. 
However, the available report indicates that the electronic and 
phononic features in NaBaBi could exhibit excellent TE 
properties for both the n- and p-type materials and can be 
explored as candidate TE coolers.244 The results predicted a 
cross-plane and in-plane zT ~ 2 and ~1, respectively, at 300 K 
for both charge carrier types. With further temperature rise, 
the magnitude of zT approaches a significant value of ~2.5 for 
the p-type materials. However, for the isotropic scenario, 
reduced values of ~1.2 and 1.6 are predicted for the n- and p-
type materials. The observed features here are thought to be 
driven by its low DOS and highly non-parabolic bands that 
promote high σ and S, respectively, which coupled with strong 
phonon anharmonicity are beneficial for TE properties. 
Reports on LiBaSb on the other hand predict it to have an 
indirect band gap and with lower TE merit in the temperature 
range of 300 K to 350 K where NaBaBi tends to possess an 
optimal performance. Features from the calculations in fact 
reveal that LiBaSb achieves a zT ~ 0.6 at 500 K with 
monotonically increasing features toward higher 
temperatures. With no sign of bipolar conduction, it could be 
inferred that at much elevated temperatures, this phase could 
approach a zT ~ 1. It is noted that the LiBaSb shows an energy 
band gap of ~0.8 eV which is comparable to the value of 
~0.9 eV in NaSrSb and NaBaSb showed in Figure 11, the 
difference being that the Na phases are direct band gap 
materials similar to that of NaBaBi and are expected to also 
show promising TE behavior.

While theoretical calculations on these phases show 
interesting topological properties and promises for TE 
applications, experimental results to both verify and explore 
other properties of interest are still lacking. Against the 
backdrop of this is the relative difficulty in synthesizing sizable 
single crystals or polycrystals that would allow for their 
exhaustive investigations. With the successful synthesis of 

NaSrSb, NaBaSb, and NaEuSb, we hope to develop an 
optimized synthesis approach to accessing the various related 
phases that would provide us with a rich material landscape 
for studying their topological, thermoelectric and other 
emerging properties.

General outlook and conclusions
In this brief review article, we have taken a cursory look at the 
chemist’s conceptualization and contributions to our 
understanding of TIs and thermoelectricity, which are known 
to have related material properties. Particularly, we looked at 
the aspect of the contribution of boundary states to 
thermoelectricity and how such could help develop new highly 
efficient thermoelectric materials. Such development is 
currently at the forefront of scientific intervention of 
mitigating the adverse effect of greenhouse gasses on the 
environment as well as addressing the world’s energy crisis 
through alternative clean source of energy in the form of solid-
state thermoelectric coolers and recovery of waste heat into 
reusable form. 

We also evaluate the various features of the surface state 
of a TI that may be beneficial for achieving enhanced TE 
properties such as its protection against backscattering by 
nonmagnetic impurities, surface deformation and crystal 
structure defects. We considered that such feature can be 
used to engineer a TE material that satisfies the desired 
“phonon-glass-electron crystal” properties,13,119 which can 
provide for a window of opportunity of driving a significantly 
low lattice thermal conductivity while simultaneously 
maintaining a high electrical conductivity on sample material. 
It is thus plausible to consider such decoupling of the phonon 
and electron transport as a viable way of designing efficient TE 
materials. Furthermore, a defining feature of TIs is the 
presence of odd number of Dirac cones situated around the 
Brillouin zone center Г making them to have a nontrivial 
topology,101 and it is noted that known TIs with remarkable TE 
properties has one Dirac cone at the Brillouin zone center. It 
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would therefore be of interest to observe how the presence of 
three or five Dirac cones will impact on the TE properties.

It is further noted that although known TIs are good TE 
materials, the converse is not always true as there are a 
number of materials with excellent TE properties, but which 
exhibit trivial topology. We therefore also considered the 
various aspects of techniques employed in optimization of TE 
properties, which includes band convergence, weak chemical 
bond, structural complexity, interstitial defects, presence of 
elements with a large atomic mass, etc. An effective way of 
tuning candidate material involves decoupling the materials 
properties into electronic and phonon contribution part with 
the electronic part given by the TE power factor S2σ and the 
phonon part by L.

We thus conclude by discussing a number of Zintl TIs so as 
to provide contest into our discussions on how to harness the 
characteristic feature of TIs for developing efficient TE 
material. One of such examples are the binary Zintl phases Sr2X 
(X = Pb, Sn) and Ba2X (X = Si, Ge), where extensive electronic 
calculations and preliminary experimental measurements 
provide support for the presence of excellent TE properties in 
them. An important aspect of the presented results includes 
theoretical calculations that consider the contributions of 
surface and bulk transport to the total TE properties. The key 
highlight of this report indicates the presence of competing 
bulk and boundary states transport where it was observed that 
the surface transport does not significantly impact on the total 
electronic transport due to the effects of impurities. However, 
in gapped TIs (thin slab), the calculated zT was found to be 
much enhanced at low temperature when the chemical 
potential is in close to the surface band gap. Such observation 
thus argues in support of the need to grow thin films of 
relevant materials on appropriate substrates towards the 
development of highly efficient TE material.

We also highlighted the AIn2Pn2 (A = Ca, Sr, Ba, Eu; Pn = P, 
Sb, Bi), where we presented results of some theoretical studies 
on CaIn2Sb2 and SrIn2As2 which shows excellent TE properties. 
While the various phosphide and arsenide phases have been 
synthesized, those of antimonides and bismuthides are yet to 
be synthesized. However, in view of the presented electronic 
structure calculation, which also predict the phase stability of 
such phases, it is expected that concerted effort would be put 
in place by solid state synthetic chemists towards the 
preparation of such phases which will then allow for the 
experimental investigation and verification of the various 
transport properties calculations. In the same vein, we 
discussed the various aspects of materials design of TIs and 
thermoelectricity, which can be invaluable in the development 
of new materials with specific characteristic features.

At the very heart of the various discussions and materials 
considerations is the exploratory materials synthesis, which 
has continued to fuel research activities both from the 
fundamental and applied fields of science and engineering 
perspectives. The synthesis of new and diverse solid state 
materials would therefore further avail us the opportunity and 
playground to both test the various theories of physics and 
channel a pathway of optimizing the various material 

properties. While we have briefly examined the 
interrelationships between TIs and thermoelectrics on some 
recently developed Zintl phases, progress in the development 
of new and innovative synthetic techniques would be 
invaluable in accessing several other phases that may be of 
great benefit and interest. Furthermore, more robust 
theoretical and computational models are expected to help us 
directly correlate the topological properties of the various 
materials to their TE performance while taking the surface 
state properties into consideration. Such success will no doubt 
promote the rapid development of efficient TE materials but 
will also help to save time and resources expended on some 
dead-end measurements. In recent times, the deployment of 
machine learning algorithms in the studies of condensed 
matter systems and in the prediction of material properties 
has been on the rise. The development of machine learning 
tools that would further facilitate the screening of materials 
and one that takes into cognizance their topological properties 
to predict TE properties would be pivotal to accelerating the 
development of an emerging class of TE materials. Going by 
the need to develop efficient TE coolers and generators that 
can strategically be deployed to mitigate the devastating 
impact of the emission of greenhouse gases, highly efficient 
and stable TE materials with zT > 1 are needed. In recent 
times, the conversations have even now shifted from achieving 
zT > 1 to those of super-thermoelectric materials with 
zT > 5.245 While achieving such zT magnitude in a practical 
material seems like a daunting task, progress in the synthesis 
of new materials and development of powerful predictive 
tools would be key to driving such possibilities.
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