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The key to designing a half-Heusler begins from the understanding of atomic interactions within the compound. However, this pool of knowledge in half-Heusler compounds is briefly segregated in many papers for specific explanations. The nature of the chemical bonding has been systematically explored for the large transition-metal branch of the half-Heusler family using density-of-states, charge-density, charge transfer, electron-localization-function, and crystal-orbital-Hamilton-population plots. This review aims to simplify the study of a conventional 18-electron configuration half-Heusler by applying rules proposed by renowned scientists to explain concepts such as Zintl-Klemm, hybridization, and valence electron content (VEC). Atomic and molecular orbital diagrams illustrate the electron orbital transitions and provide clarity to the semiconducting behavior (VEC = 18) of half-Heusler. Eighteen-electron half-Heusler usually exhibits good thermoelectric properties owing to favorable electronic structures such as narrow bandgap (<1.1 eV), thermal stability, and robust mechanical properties. The insights derived from this review can be used to design high-performance half-Heusler thermoelectrics.
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INTRODUCTION
There is an appreciating interest to clean energy solutions on combating climate change. The demand of alternate energy technologies draws attention to thermoelectric (TE) materials that convert waste heat to electricity (Hamid Elsheikh et al., 2014; Ul Haq et al., 2018; Suwardi et al., 2020). TE devices consist of n- and p-type TE materials that are electrically connected in a series circuit while the heat gradients applied are parallel to the device.
TE generators have been used for decades in space and automotive applications (Yang and Caillat 2006; LeBlanc 2014), and recently in wearable electronic devices (Hong et al., 2019; Wang et al., 2020). However, the efficiency of TE generators needs to be improved for commercialization. To date, the highest module efficiency achieved is ∼12% with Bi2Te3-based materials (Zhang et al., 2017). A high-performance thermoelectric material should have high electrical conductivity and low thermal conductivity to maintain a robust temperature gradient. To quantify a thermoelectric material’s efficiency, a dimensionless thermoelectric figure of merit, zT, is used. zT comprises of both the electronic and thermal conductivity components expressed as: [image: image], where the Seebeck coefficient, S, is the voltage response to temperature gradient, [image: image] is the electrical conductivity, k is the sum of electronic kel and lattice klat thermal conductivity, and T is the absolute temperature. There are trade-off relations among these properties, e.g., an increase of the Seebeck coefficient obtained by decreasing the carrier concentration is generally accompanied by a reduction in the electrical conductivity. Also, an increase of the electrical conductivity typically coincides with an increase of the electronic part of the thermal conductivity, ke. These corelations make it challenging to improve and optimize the dimensionless figure of merit, zT. To date, there are only few reliable strategies to enhance the zT such as band convergence, scattering manipulation, and lattice thermal conductivity reduction (Jia et al., 2021; Jia et al., 2021; Yang et al., 2021).
The maximum TE efficiency, Nmax, is the increasing function of zT and is expressed as:
[image: image]
There have been many research studies on possible thermoelectric materials, ranging from metals to polymers. These thermoelectric materials all have one thing in common, that is, they exhibit semiconducting properties that are essential for thermoelectric properties. This characteristic opens vast possibilities for optimizing TE efficiency in designing materials and bandgaps. However, materials (such as Te and Pb) used to make high performance chalcogenides and skutterudites thermoelectrics can be costly and environmentally toxic (Zevalkink et al., 2011; Mulla and Rabinal 2018; Recatala-Gomez et al., 2020; Suwardi et al., 2020; Zheng et al., 2021). Furthermore, thermoelectric materials can be thermally unstable above room temperature and tends to form secondary phases due to interface instability. These factors can undermine thermoelectric performance that would require post-chemical treatment and maintenance costs (Rull-Bravo et al., 2015; Aswathy et al., 2017; Colombara et al., 2020; Qin et al., 2020; Al Malki et al., 2021).
Half-Heusler (HH)-based thermoelectrics are thermally stable with desirable mechanical properties. Another advantage is that their junction with metal electrodes is robust as compared to non-HH semiconductors. Utilizing HH thermoelectrics can be one of the viable means to reduce the unseen costs and use of toxic metals for converting waste heat energy into electricity (Joshi et al., 2019). A recent work developed p-type TaFeSb-based HH, which achieved a record high zT of ∼1.52 at 973K and an ultrahigh average zT of ∼0.93 between 300 and 973K (Zhu et al., 2019). Research works have also developed state-of-the-art HH such as (Ti/Zr/Hf)CoSb (Yan et al., 2013) (Ti/Zr/Hf)NiSn (Sakurada and Shutoh 2005; Chen et al., 2013), ZrNiPb (Mao et al., 2017), ZrCoBi (Zhu et al., 2018), and NbCoSn (He et al., 2016), all of which provides insights into further optimization of zT.
HH compounds have a fundamental composition 1:1:1, with general formula XYZ, where X is the least electronegative element from the left. It is generally understood on the exceptions that are mainly applicable in the case of Y being the most electronegative rare-earth element to derive chemical formula YXZ. Both X and Y elements consist of transition metals, d-block, while Y also includes f-block rare-earth metals. Lastly, Z consists of P-block main group elements. However, this nomenclature may not apply to some HH compounds and caution must be exercised when deriving atomic parameters and lattice positions for theoretical predictions. In general, the formula derived as such is to provide a systematic overview of the metavalent interactions between the X, Y, and Z atoms. There are papers that cover essential topics such as high band degeneracy (Fu et al., 2014), resonant doping (Chen et al., 2017), mass fluctuation (Chen et al., 2017) (Yan et al., 2013), substitution doping (Culp et al., 2008), phase separation (Kirievsky et al., 2013) (Li et al., 2020), nano inclusion (Chen and Ren 2013), and synthesis methods for a broad range of HH compounds. An essential review paper for an overview of the abovementioned was recently published (Poon 2019). However, there are still initial gaps to fill to understand these years of excellent works. Therefore, we take advantage of existing concepts and theories to provide an insightful yet succinct review on two specific HH systems that are widely studied, namely, MCoSb and MNiSn, where M = (Ti,Zr, Hf).
HALF-HEUSLER AND THE ZINTL MODEL BASED ON THE ZINTL-KLEMM CONCEPT
The HH structure consists of a covalent and ionic part, which are based on zincblende and rock salt structures, respectively. HH crystal structures consist of three interpenetrating FCC lattices, of which the atoms of the NaCl (Rock salt) structure occupies the octahedral sites while the covalent dominant ZnS structure (Zinc blende) occupies the remaining tetrahedral holes. The rock salt type sublattice is formed by the least and most electropositive element (X and Z), which has the most ionic interaction while the zinc blende type sublattice consists of Y and Z elements, which have the smallest difference in electronegativity. Y atoms occupy the remaining tetrahedral holes. The strongest ionic or covalent interaction of X, Y, and Z atoms determines the crystal lattice structure of the compound (Graf et al., 2011).
For simplicity and understanding of these complex materials, the Zintl-Anion Framework based on the Zintl model is superimposed on the similar ZnS lattice (YZ) of the HH structure and is termed as the YZ framework. This approach was originally proposed by Köhler and co-workers (Köhler et al., 2007). Zintl compounds are solids composed of electropositive cations that donate their valence electrons to form an anionic framework and a closed valence shell configuration, achieved by combining formal charge transfer with covalent bonding (Zeier et al., 2016). According to the Zintl-Klemm concept, HH compounds can be described as the ionic interaction Xn+(YZ)n−, which alludes the valence electron interaction between the most electropositive element X and YZ framework (Nesper 2014). Element X donates all its valence electrons to the more electronegative elements Y and Z. As a result, each of the elements reached a closed-shell configuration leading to an 18-electron configuration for XYZ, in which Y is a d10 transition metal. This closed-shell 18-electron configuration makes HH compounds very stable. The valence balanced rule that generalizes the 18-electron rule for HHs states that most compounds with net valence (NV) of the three components equals zero are stable (Anand et al., 2018).
[image: image]
The rule proposed by Chemist Irving Langmuir in 1921 states that an 18-valence electron metal complex that contains a transition metal is said to have achieved the same electron configuration as the noble gas (Rasmussen 2015). There are some exceptions to stable HH having other electron configuration besides 18-valence electron count (VEC). With the addition of rare-earth (RE) elements, the total number of valence electrons added up can be expressed as 18+ 4fn, which is stabilized by the strong localization of the RE f-orbital electrons (Graf, Felser and Parkin 2011). HH with VEC >18 have spintronic properties and the magnetic moment can be predicted using the Slater-Pauling equation, which is expressed as M = (Z—18)μB, where M and Z are the magnetic moment and the number of valence electron in the unit cell (Şaşıoğlu et al., 2005; Galanakis et al., 2006). For example, the total number of valence electrons in MCoSb (M = Ti, Zr, Hf) is 18, so we can predict it to be a non-magnetic semiconductor, having magnetic moment 0 μB. HH compounds aside from an 18-electron configuration exhibit magnetic properties and crystallize in a different structure (Joshi et al., 2019). This review will focus mainly on semiconductor HH compounds with VEC = 18.
S- AND P- ORBITAL HYBRIDIZATION
Scientist Pauling first introduced the concept of s- and p- orbital hybridization to form degenerate sp- orbitals up to three levels: sp, sp2, sp3, which describes the redistribution of the energy of orbitals of individual atoms to give new orbitals of equivalent energy known as hybrid orbitals (Ingold, 1940). The energy of degenerate sp- orbitals fulfills the VSEPR theory, which states that each atom in a molecule will achieve a geometry that minimizes the repulsion between electrons in the valence shell of that atom (Billo 1985). Usually, sp3 hybridization applies to the solid-state chemistry of HH materials as its components are Xd-blockYd-block/lanthanidesZp- block, all of which have at least three valence orbital shells.
The combination of orbitals with high energy differences may lead to orbitals with non-bonding character. Atomic orbitals that have similar energies will have the strongest interactions and result in stronger bonding and anti-bonding character. On the other hand, atomic orbitals with very unequal energies have weaker interaction because the molecular orbitals are closer in energy to the atomic orbital energies and thus there is less energy benefit to putting electrons in the bonding molecular orbitals. Hence, the greater the energy difference between atomic orbitals and the bonding molecular orbital, the more energetically favorable for bonding to occur. The energy difference of the various atomic and molecular is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | MO and AO interactions of XYZ components.
Figure 2 illustrates the systematic interaction of X, Y, and Z components. Do note that this figure may not be applicable to some HH compounds such as Lr compounds where the low-lying antibonding s-state of element Y, Ir hybridizes with the d-states of element X (Lee et al., 2011). Figure 2 can be used as reference for MCoSb and MNiSn compounds (Galanakis et al., 2006). The bonding of XYZ and its semiconductor behavior can be described in terms of X+n (dn), Y−n (dn), and Z-n (snpn) ions.
[image: Figure 2]FIGURE 2 | MO diagram illustrating differences between MCoSb and MNiSn.
The 3d orbital contribution of element Y and 5p orbital contribution of Element Z occurs mainly below the 18-electron bandgap, while 3d orbital contribution of Element X occurs primarily above the 18-electron bandgap (Zeier et al., 2016). The size of the bandgap is dependent on the formation of sp3 states in the YZ framework (Bond strength), coupled with the hybridization of Y and X d-orbitals, also known as crystal field splitting in the tetrahedral and octahedral coordinates, which form bonding, sometimes non-bonding and anti-bonding states (Owen and Thornley 1966; Galanakis et al., 2006). The formation of non-bonding states is dependent on the level of energy difference between the molecular orbital of YZ framework and atomic orbital of X. DOS peaks in the conduction region of HH MCoSb are due to the d-states of M atom (M = Ti, Zr, and Hf), and d-states of Co. contribute largely in the valence region (Joshi et al., 2019). A similar trend is found in HH MNiSn, which is neatly summarized by Raia and co-workers (Rai et al., 2015) and in sync with the MO diagram, which also illustrates the differences between MCoSb and MNiSn in terms of the DOS peaks and size of bandgaps (Figure 2).
DOPING TRENDS AND PHONON SCATTERING MECHANISMS
Research works carried out for HH compounds have been facing the bottleneck of high lattice thermal conductivity, KL. Various phonon scattering mechanisms are explored to optimize the compositions with alloying where [image: image], acoustic phonon scattering where [image: image], ionized impurity scattering, nano-structuring, grain boundary scattering, and secondary phase (Ren et al., 2020). XYZ doping compositions can be expressed as but not limited by X′1-X″X″ Y′1-Y″ Y″ Z′1-Z″ Z”. The change in Z atom compositions can result in the shift of the Fermi level of the analogous rigid band model (Azadani et al., 2016) while the change in X and Y compositions can result in the change in bandgap size (Kandpal et al., 2006).
An interesting observation is made from the M-doping trend, where x > 0.5 results in the widening of bandgap, but does not exceed the latter nominal HH compound at X = 1 (Joshi et al., 2019). Figure 3 shows the correlation between band gap and X fraction in Half-Heusler. The lattice constants of MCoSb and MNiSn are of similar values but are to be understood based on parent YZ basis. Generally, a system with a lower lattice constant will have a stronger hybridization between s- orbitals in the YZ system leading to larger energy separation between bonding and antibonding states (Kulkova et al., 2006). As shown in Table 1, with increasing unit cell volume, Eg will be larger because the orbital hybridization will decrease owing to longer distance between the adjacent atoms (Qiu et al., 2009).
[image: Figure 3]FIGURE 3 | Graph plot based on data by Joshi and co-workers (Joshi et al., 2019).
TABLE 1 | Lattice constants and bandgap values.
[image: Table 1]ELECTRONIC BAND STRUCTURES AND ZT
The DOS near band edge at Conduction Band Minima (CBM) or Valence Band Maxima (VBM) can reveal the HH performance as potential n- or p-type semiconductors based on the symmetry points from the electronic band structures. HH compounds with 18 valence electrons per unit cell are semiconductors possessing the narrow gap and sharp slope of the density of states (DOS) around the Fermi level. A rapid change in the DOS is a good indicator of large thermopower (Chauhan et al., 2018; Suwardi et al., 2020; Cao et al., 2021).
Electronic Band Structure of MCoSb
MCoSb (where M represents Ti, Zr, and Hf) exhibits small Seebeck coefficient values and can be described as “nearly compensated” semimetals, with the electrons and holes contributing nearly equally to the thermopower (Xia et al., 2000). Based on Parabolic Band Equation (PBE) model calculations, both TiCoSb and HfCoSb have VBMs and CBMs at the Γ and X points, respectively. While for HfCoSb, its VBM is located at the L point and its CBM is at the symmetry point X, although various calculation models such as the GW0 model may derive all to be the same as the latter. MCoSb compounds have indirect bandgaps. The band degeneracy and the bands along the L-Γ direction in the valence band are responsible for positive values of S (P-type), while that along the Γ-X direction in the conduction band contributes to negative S values (N-type) (Lee, Poudeu and Mahanti 2011). Studies revealed that slight n-doping on MCoSb results in a more p-type as compared to n-type MCoSb HH compounds (Sekimoto et al., 2005; Joshi et al., 2019). This can be explained by the MCoSb band structures that revealed sharp DOS peaks near the VBM around EF. The DOS near the VBM allows room for improvement in the electronic transport properties such as increase in effective mass carrier, m*, and Seebeck coefficients via M-doping.
Electronic Band Structure of MNiSn
MNiSn (where M represents Ti, Zr, and Hf) exhibits small negative Seebeck coefficient values and have indirect bandgaps with the conduction band extrema located at the X point of the Brillouin zone. MNiSn have VBMs and CBMs at the Γ and X points. Like MCoSb, the band degeneracy and the bands along the L-Γ direction in the valence band are responsible for positive values of S (P-type), while that along the Γ-X direction in the conduction band contributes to negative S values (N-type). The differences between MCoSb and MNiSn are the size of the bandgaps due to the intrinsic in-gap states in MNiSn induced from the Ni defects and its DOS peak near the CBM (Zeier et al., 2016).
Approach to Enhanced zT
For a large-scale application of thermoelectric generation, it is important to achieve high zT in TE materials. There are two approaches adopted to enhance zT. The first approach is to increase the power factor, which is composed of the temperature-dependent Seebeck coefficient, S, and electrical conductivity, [image: image], by engineering the electronic structure. The second approach is to reduce kL by introducing additional phonon scattering without the deterioration of the power factor.
For bulk thermoelectric materials, the dominant elastic scattering mechanisms are mostly acoustic phonon scattering (Zeier et al., 2016), and optimal zT can be calculated based on acoustical scattering mechanisms (Chasmar and Stratton 1959). On the contrary for HH, the combination of large DOS effective mass and low electron–phonon interaction (EPI) from non-bonding states is beneficial for its TE properties. A study on crystal symmetry-protected non-bonding orbital in HH done by Zhou and colleagues suggests that simultaneous coupling of high DOS and high charge mobility is plausible for enhanced TE (Zhou et al., 2018). This contrasts with a large effective mass, m*, which is favorable for high S, which leads to reduction in mobility and electrical conductivity, [image: image] (Pei et al., 2012). The relation between mobility and scattering time is as such (Zeier et al., 2016) (Krez et al., 2014):
[image: image]
where [image: image], [image: image], m*[image: image], are mobility, elementary charge, effective mass, and average scattering time, respectively.
Enhanced Seebeck coefficient in slight n- or p-doping for p-type MCoSb and n-type MNiSn, respectively, is observed relative to optimal charge carrier concentration (Sekimoto et al., 2005; Yousuf and Gupta 2019). In general, the optimal charge carrier concentration for HH compounds ranges from ∼1019 cm−3 to ∼1021 cm−3 (Xie et al., 2014; Yousuf and Gupta 2019). Optimal alloying of X elements of different atomic weights increases S and lowers the lattice thermal conductivity, kL, owing to the mass fluctuations (atomic weight difference) and strain field fluctuations (atomic size difference) without charge disorder (Callaway and von Baeyer 1960; Wu et al., 2007; Qiu et al., 2009; Shiomi et al., 2011). A recent study in 2020 demonstrated that the processing methods have a significant influence on the zT (Aversano et al., 2020). Table 2 suggests that the listed methods are not superior from the other and emphasizes the importance in the choice of method for technical approaches and desired outcome.
TABLE 2 | Processing methods make a difference to the outcome.
[image: Table 2]The traditional way to prepare a HH compound is by arc melting, followed by a long-time annealing of about 1 week for producing homogeneity and improving atomic ordering in the sample. It is observed from the tabulated trend that achieving single-phase Sb-containing HH is a challenge for processing methods without SPS. This is due to the high melting point of Sb. Processing methods can complement doping based on example from S/N 3 and four of Table 2. The work by Yu et al. suggests that SPS samples have higher density than LM samples, which results in a larger power factor. Table 2 further illustrates the importance of processing methods for desired outcome and emphasizes the equality of techniques that is required for designing HHs. For example, see items seven and eight of Table 2; the difference in technique would make a difference to zT due to factors such as density, nano/microstructure, and grain boundaries.
GUIDING PRINCIPLES
There are three guiding principles to follow to apply this approach. The first is to identify the choice of the HH system, mainly two types: with and without spin properties. This would also mean that the total VEC is crucial. If the system is required to have spin properties, then more consideration can be done on VEC >18 systems. As this review covers content limited to only VEC = 18 systems, the reviewed HHs are semiconductor non-spin type.
Second, the choice of X and Y components in the HH should have similar d-orbital energy for hybridization to occur. This is important for the formation of bandgap and the semiconducting properties of HH, which is essential for thermoelectric performance.
Last, besides the systematic approach provided in Electronic Band Structures and zT, the objective of the experiment is just as important for researchers to consider as the use of dopants and processing methods hold a crucial role to enhance power factor and reduce lattice thermal conductivity.
CONCLUSION
A variety of thermoelectric properties has been reported for the TiCoSb and TiNiSn systems. These two systems are the most widely studied compounds among the HH materials. This review proposed a systematic approach for designing HHs while keeping the guiding principles. The first would be to understand the atomic and molecular orbital interactions and the electronic band structures of the HH system. This could lead to viable combinations of elements of X, Y, and Z. Next would be to explore dopant compositions that would influence the power factor, [image: image] based on considerable carrier concentration and crystal symmetry. The last would be the optimal thermal conductivity, [image: image]L, by alloy doping and processing methods to exploit phonon scattering mechanisms. Encompassing this approach is the aspect of minimum entropy per carrier, which will prevail and dominate the overall performance for materials with small lattice (and total) thermal conductivity. HH systems have large power factors but also large thermal conductivities that impede zT. That said, these two characteristics still provide a broad space for zT optimization. With the openness to combat climate change and the vast space for enhancing zT in thermoelectric materials, the prospects of HH compounds for thermoelectric applications are indeed promising.
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