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Introduction

Thermoelectric materials provide an elegant and versatile way to convert a temperature difference into electrical power (Seebeck effect) or vice versa (Peltier effect) [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Snyder | Complex thermoelectric materials[END_REF][START_REF] Bell | Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems[END_REF].

Thermoelectric generators (TEGs, see Fig. 1), in which these materials are integrated, possess important advantages over other energy conversion technologies. In particular, the TEGs does not exhibit any moving parts and are thus noise-and vibration-free during operation, conferring high mechanical reliability with low maintenance levels and hence, long lifetime. These properties make TEGs fully autonomous and particularly well-suited for operating in isolated areas on Earth and in the extreme environments of space and other planetary surfaces. These TEGs can be either scaled up or downsized, offering a high adaptability for a plethora of applications ranging from waste-heat recovery in various industrial processes to the powering of autonomous micro-sensors for Internet-of-things (IoT) applications [START_REF] Bauer | Flexible Electronics[END_REF][START_REF] Xu | Conformal organic-inorganic semiconductor composites for flexible thermoelectrics[END_REF][START_REF] Qi | Nanotechnology-enabled flexible and biocompatible energy harvesting[END_REF][START_REF] Wan | Flexible n-type thermoelectric materials by organic intercalation of layered transition metal dichalcogenide TiS2[END_REF][START_REF] El Oualid | Innovative design of bismuth-telluride-based thermoelectric micro-generators with high output power[END_REF]. A c c e p t e d m a n u s c r i p t Fig. 1. a) Conventional "-shape" design of a thermoelectric device. The n-and p-type thermoelectric compounds are connected electrically in series and thermally in parallel via electrical interconnections (metallic plates) usually made of pure copper. The number of n-p couples can be increased depending on the desired output power. This assembly is sandwiched by two ceramic plates. b) Both the n-and p-type legs are brazed on the metallic plates to ensure low electrical contact resistances (too high contact resistances are detrimental to high output performances of the device). An additiona l diffusion barrier is inserted between the thermoelectric compounds and the braze to avoid interdiffusion of the elements triggered by the high temperatures the materials are subjected to. c) Illustration of a thermoelectric device with segmented legs composed, as an example, of two different thermoelectric materials. Each n-and p-type material is carefully chosen and optimized in order to achieve its maximum ZT value in the temperature range that corresponds to the thermal gradient it is subjected to. This strategy helps to maintain high average ZT values for both legs and hence, high conversion efficiency. d) However, the possible interdiffusion of the elements at each interface are two key issues that must be properly solved in order to make this solution technically viable. For this reason, the thermoelectric materials are sandwiched by diffusion barriers.

A c c e p t e d m a n u s c r i p t

For space applications, radioisotope thermoelectric generators (RTGs) are considered as the best solution for planetary and deep-space missions for which the use of solar cells or alternative technologies are challenging. A RTG directly converts the heat released by the nuclear decay of radioactive isotopes (Fig. 2) into electricity [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF]. While 238 Pu has been the nuclide of choice used in American and Russian RTGs, European RTGs utilizing the candidate isotope 241 Am are currently being developed as part of a ESA program since 2009 [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Ambrosi | d m a n u s c r i p t[END_REF].

Historically, several deep-space probes, spacecrafts (Pioneer 10 and 11, Voyager 1 and 2, Ulysses, Galileo, Cassini, New Horizons…) and the Mars rover Curiosity were successfully powered by RTGs. Voyager 1 and 2, both launched in 1977, are prominent examples that demonstrate the high reliability and resistance to space radiations of RTGs over very long periods of time. As an alternative solution to RTGs, solar thermoelectric generators (STG) convert the heat from the Sun. STGs have been proposed for space missions flying close to the Sun where the high temperature of the environment prevents the use of conventional solar cells [START_REF] Scherrer | Solar thermoelectric generators based on skutterudites[END_REF]. However, while numerical results suggested that the STG concept could be a promising alternative, no technical development were subsequently undertaken [START_REF] Scherrer | Solar thermoelectric generators based on skutterudites[END_REF][START_REF] Lenoir | Electrical performance of skutterudites solar thermoelectric generators[END_REF]. unity, reached at various temperatures ranging from 600 up to 1200 K (see below) [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Bell | Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems[END_REF]. Of particular relevance for practical applications, the 𝑍𝑇 values should also remain high over an extended temperature window, rather than merely peaking in a narrow temperature range. This characteristic is quantified through the average 𝑍𝑇 value, determined by integrating over the temperature gradient undergone by the TE materials.

While seemingly simple, realizing these three above-mentioned requirements in a single material is extremely challenging. One of the main difficulties is related to the interdepende nce of the three transport coefficients via the charge carrier concentration, making the optimiza tio n of one of these parameters independently from the others practically impossible. In addition, achieving extremely low values of 𝜅 𝑝ℎ is usually obtained in highly-disordered or amorphous compounds [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Bell | Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems[END_REF], the nature of which prevents high mobility of the charge carriers, necessary to maintain 𝜌 to low values, from being achieved. For these reasons, a subtle balance between high power factor 𝛼 2 /𝜌 and low 𝜅 𝑝ℎ must be fulfilled. The best compromise is usually obtained in highly-doped semiconductors that crystallize with a complex crystal structure [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Bell | Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems[END_REF]. Over the last decades, several strategies to either improve 𝛼 2 /𝜌, such as band convergence or resonant levels (Fig. 3) [START_REF] Zhu | Compromise and Synergy in High-Efficiency Thermoelectric Materials[END_REF][START_REF] Pei | Convergence of Electronic Bands for High Performance Bulk Thermoelectrics[END_REF][START_REF] Zhang | High-Performance Pseudocubic Thermoelectric Materials from Non-cubic Chalcopyr ite Compounds[END_REF][START_REF] Heremans | Enhancement of thermoelectric efficiency in PbTe by distortion of the electronic density of states[END_REF][START_REF] Heremans | Resonant levels in bulk thermoelectr ic semiconductors[END_REF][START_REF] Jaworski | Resonant level formed by tin in Bi2Te 3 and the enhancement of room-temperature thermoelectric power[END_REF][START_REF] Wiendlocha | An Sninduced resonant level in β-As2Te3[END_REF][START_REF] Misra | Band structure engineering in Sn1.03Te through an In-induced resonant level[END_REF][START_REF] Kaidanov | Deep and resonance states in A IV B VI semiconductors[END_REF][START_REF] Wiendlocha | Thermopower of thermoelectric materials with resonant levels: PbTe:Tl versus PbTe:Na and Cu1-xNix[END_REF], or lower 𝜅 𝑝ℎ , for instance via the formation of solid solutions [START_REF] Bell | Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems[END_REF][START_REF] Wang | The Criteria for Benefi cial Disorder in Thermoelectric Solid Solutions[END_REF] or by considering open, "cage-like" structures such as skutterudites or clathrates [START_REF] Sales | Filled Skutterudite Antimonides: A New Class of Thermoelectric Materials[END_REF][START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF][START_REF] Leszczynski | Electronic band structure, magnetic, transport and thermodynamic properties of In-filled skutterudites InxCo4Sb12[END_REF][START_REF] Nolas | The Physics and Chemistry of Inorganic Clathrates[END_REF][START_REF] Dolyniuk | Clathrate thermoelectrics[END_REF][START_REF] Christensen | Thermoelectric clathrates of type I[END_REF][START_REF] Nolas | Semiconducting Ge clathrates : Promising candidates for thermoelectric applications[END_REF][START_REF] Suekuni | Cage-size control of guest vibratio n and thermal conductivity in Sr8Ga16Si30-xGex[END_REF][START_REF] Lory | Direct measurement of individual phonon lifetimes in the clathrate compound Ba7[END_REF][START_REF] Aydemir | Crystal structure and transport properties of Ba8Ge43□3[END_REF][START_REF] Baitinger | Solid state chemistry of clathrate phases: Crystal structure, chemical bonding and preparation routes[END_REF], have been devised to enhance the 𝑍𝑇 values. In parallel, significant efforts have been devoted to integrate the novel, highly-efficient thermoelectric materials that have been designed worldwide, leading to significant advances in the output performances of TEGs [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Yu | Half-Heusler Thermoelectric Module with High Conversion Efficie nc y and High Power Density[END_REF][START_REF] Muto | Skutterudite Unicouple Characteriza tio n for Energy Harvesting Applications[END_REF][START_REF] Hong | Computer-aided design of high-efficiency GeTe-based thermoelectric devices[END_REF]. Their main physical properties and advantages compared to other thermoelectric compounds will be discussed before highlighting the challenges that remain to be overcome.

State-of-the-art thermoelectric materials in RTGs

Historically, chalcogenide semiconductors have been the materials of choice for thermoelectric applications in power generation [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Yu | Chalcogenide Thermoelectr ics Empowered by an Unconventional Bonding Mechanism[END_REF][START_REF] Wuttig | Incipient metals: Functiona l materials with a unique bonding mechanism[END_REF]. Their rich, yet complex, chemistr y offers numerous possibilities to adjust their thermoelectric properties, that made them prime candidates during the dawn of RTG development in the 50s and 60s. In order of increasing temperature, bismuth telluride Bi2Te3-based alloys, lead telluride PbTe, TAGS composed of tellurium, antimony, germanium and silver, and silicon-germanium solid solution Si1-xGex have all been used in thermoelectric devices [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF], should it be for cooling (Bi2Te3) or power generation applications. Except for Bi2Te3, all the other materials have been successfully integrated in RTGs and launched in space. This sole exception of Bi2Te3-based alloys may neverthe less change in the near future, with these materials becoming the active part of RTGs currently developed by ESA [START_REF] Ambrosi | d m a n u s c r i p t[END_REF]. Using 241 Am as the fuel source results in lower temperatures at the hot side compared to 238 Pu-based sources, making the well-mastered Bi2Te3-based TE modules a viable strategy to power European deep-space probes from the mid 2020s onwards.

A c c e p t e d m a n u s c r i p t

Bi2Te3-based alloys exhibit peak ZT values near 1.0 around room temperature (Fig. 4), and still remain to date the best alloys for cooling applications [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Witting | The Thermoelectric Properties of Bismuth Telluride[END_REF]. In contrast, lead telluridebased materials have their maximum performances achieved between 600 and 900 K [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Pei | Band Engineering of Thermoelectric Materials[END_REF], while Si1-xGex can operate at higher temperatures of up to 1275 K [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Fleurial | Progress in the optimization of n-type and p-type SiGe thermoelectric materials[END_REF]. PbTe-based compounds exhibit all the desirable characteristics a good thermoelectric material should possess, that is, heavily-doped semiconducting-like electronic properties, corresponding to carrier concentrations ranging between 10 19 and 10 21 cm -3 at 300 K [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Pei | Band Engineering of Thermoelectric Materials[END_REF], combined with a poor ability to transport heat despite their simple rocksalt cubic crystal structure [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Li | Phonon Self-Energy and Origin of Anomalous Neutron Scattering Spectra in SnTe and PbTe Thermoelectrics[END_REF][START_REF] Delaire | Giant anharmonic phonon scattering in PbTe[END_REF].

Numerous elements can be used as dopants, offering the possibility to achieve both n-and ptype electrical conduction [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Pei | Band Engineering of Thermoelectric Materials[END_REF]. This peculiarity is important regarding their integration in RTGs. Achieving similar transport properties of the n-and p-type thermoelectric legs result in equivalent surface areas, which helps to limit the thermomechanical stresses undergone by the legs and thus, to enhance the lifetime of the module [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF]. A c c e p t e d m a n u s c r i p t range, which limit the conversion efficiency of the RTG. Although some progress in the optimization of these alloys have been achieved over the last two decades through band structure engineering or nanostructuration [START_REF] Rowe | Thermoelectrics and its Energy Harvesting: Modules, Systems, and Applications in Thermoelectrics[END_REF][START_REF] Pei | Convergence of Electronic Bands for High Performance Bulk Thermoelectrics[END_REF][START_REF] Pei | Band Engineering of Thermoelectric Materials[END_REF][START_REF] Biswas | High-performance bulk thermoelectrics with all-scale hierarchica l architectures[END_REF], the thermal stability of nanostructured materials over long periods of time remains an important issue. For this reason, the output performances of RTGs have not yet benefited from these advances. Because thermoelectr ic materials often exhibit a maximum 𝑍𝑇 in a limited temperature range, seeking for materials that exhibit high average 𝑍𝑇 values over an extended temperature range is of prime importance. As we will see below, the thermal stability of optimized thermoelectric materials should be also ensured to be potential candidates for integration in RTGs.

Novel thermoelectric materials for RTGs

SnX (X = Se and Te) compounds for mid-temperature range

Significant efforts are currently being devoted to the identification, synthesis and optimization of novel materials with superior thermoelectric properties that could replace the state-of-the-art n-type and p-type thermoelectric compounds that have been used in RTGs for decades (Fig. 5). In addition to p-type Yb14MnSb11 [START_REF] Brown | Yb14MnSb11: New High Efficiency Thermoelectric Material for Power Generation[END_REF] and n-type La3-xTe4 [START_REF] May | Thermoelectric performance of lanthanum tellur ide produced via mechanical alloying[END_REF] Zintl phases and both n-and p-type skutterudites [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF][START_REF] Leszczynski | Electronic band structure, magnetic, transport and thermodynamic properties of In-filled skutterudites InxCo4Sb12[END_REF], the physical properties of which will be discussed in more detail below, n-and p-type Half-Heuslers are interesting candidates for operating near 1200 K due to their excellent thermoelectric performances and their good thermal stability in this temperature range. While efforts are currently being devoted to integrate these materials in thermoelectric devices for terrestrial applications in power generation [START_REF] Yu | Half-Heusler Thermoelectric Module with High Conversion Efficie nc y and High Power Density[END_REF], these compounds have however not yet been considered as alternative materials for Si1-xGex alloys in RTGs.

A c c e p t e d m a n u s c r i p t formation of a resonant level (RL), that is, a local distortion of the valence bands arising from the hybridization of the In states with those of the host framework [START_REF] Misra | Band structure engineering in Sn1.03Te through an In-induced resonant level[END_REF]92]. The broad hump that emerges in the electronic density of states (DOS) results in higher thermopower values when the chemical potential resides in this enhanced DOS, providing an elegant mean to further improve the ZT values. Furthermore, because the distortion of the DOS is nearly temperatureindependent, the presence of a RL tends to lead to higher average ZT values, that is, high ZT values are obtained over a broader temperature window, an important aspect for practical applications [START_REF] Misra | Band structure engineering in Sn1.03Te through an In-induced resonant level[END_REF].

Additional optimization of the ZT values of SnTe-based compounds were achieved by combining elements that induce favorable modification of the valence band structure with single elements or binaries that give rise to the formation of nano-precipitates embedded in the matrix [90,91]. Such peculiar microstructure engineering at both the nano and mesoscale is expected to strongly disrupt the propagation of acoustic phonons, thereby significantly lowering the ability of the compound to transport heat. This overall approach yielded very high ZT values of up to 1.6 at 800 K [90,91,93], further showing that these compounds could be a viable solution to replace p-type PbTe and TAGS in RTGs. However, further detailed studies on the thermal stability of these nanostructured compounds should be performed to determine whether long-term stability at high temperatures is achieved.

Skutterudites

Among the novel thermoelectric materials candidates that emerge over the last two decades, skutterudites, named after the Norwegian small mining town Skutterud where a CoAs3-based mineral has been identified in 1845, are probably the closest to a qualification into an advanced RTG. They represent a broad family of semiconducting compounds comprising eleven binary compounds and numerous ternary and quaternary compositions [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]. Their Binary skutterudites possess a general chemical formula written as MX3 where M is a transition metal from group IX (Co, Rh or Ir) and X is a pnictogen from group V (P, As or Sb).

These compounds crystallize with a cubic unit cell, described in the space group 𝐼𝑚3 ̅ , in which the M atoms form a simple cubic lattice while the X atoms form quasi-squared planar complexes X4 inserted in the cubes and orientated along the three crystallographic directions 100, 010

and 001 (Fig. 7). 

A c c e p t e d m a n u s c r i p t

The elemental unit cell possesses 32 atoms (8 M atoms and 24 X atoms) arranged in eight MX3 units. Out of the eight cubes into which the X4 complexes are inserted, two of them remain empty. These two voids, also referred to as "cages" in the literature, are nevertheless sufficie ntly large to accommodate various foreign species. This interesting ability of the structure to host various elements in these cages is the key crystallographic characteristic of skutterudites, which shapes their thermal transport [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]. To highlight the presence of these two voids, the chemical formula is commonly written as xM4X12 where refers to a void and 0  x  1.

Among the different binaries of this family, CoSb3 stands out as the most promine nt compound that has been extensively investigated due to its excellent thermoelectric properties [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]97,98]. This binary, which behaves as a p-type semiconductor, can be driven towards a The presence of these guest atoms has two important consequences on the transport properties of CoSb3. Firstly, the additional electrons provided by the inserted cations progressively drive the electronic properties from a semiconducting to a heavily-doped semiconducting behavior, leading to a significant increase in the power factor 𝛼 2 /𝜌 due to the significant concomitant reduction in 𝜌 and increase in 𝛼 [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]. This last characteristic originates from the peculiar shape of the conduction bands [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]98], which can be advantageously manipulated depending on the nature of the inserted element [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]118].

Secondly, the inserted cations are loosely bounded to the cage framework, resulting in large A c c e p t e d m a n u s c r i p t thermal vibrations about their equilibrium position [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]. These vibrations, usually modelled as Einstein oscillators [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF], are associated with optical, low-group-velocity phonon modes that strongly modify the phonon spectrum of CoSb3 at low energies [119]. These low-energy optical modes efficiently disrupt the heat-carrying acoustic phonons and hence, contribute to strongly lower the lattice thermal conductivity from 15 W m -1 K -1 in CoSb3 to around 1.5 W m - 1 K -1 at 300 K for various partially-filled compositions [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF] The presence of two voids per unit cell naturally raises the question whether fully-filled skutterudites exist. The positive answer to this intriguing question, combined with the Zintl-Klemm concept, considerably widens the experimentally-accessible compositional landscape of skutterudites [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]123,124]. Filled skutterudites, the first of which LaFe4P12 was synthesized in 1977 [125], have a general chemical formula written as R 4+ T4X12 4-where T are transition metals of group VIII (Fe, Ru and Os) and R is a tetravalent element [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]. The charge balance achieved between the filling element R and the complexes T4X12 yields diamagnetic semiconductors in agreement with the Zintl-Klemm formalism. However, only very few elements satisfy the stringent requirement of being tetravalent, with most of the species inserted into the cages of the T4X12 structure being rather divalent or trivalent [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF].

The deficit of electrons can be in fact compensated by substitutions on either the T or X sites such as, for instance, Co partially replacing Fe. Such an aliovalent substitution has been particularly studied in quaternary compositions of the type RyFe4-xCoxSb12 with R being mainly Ce or Yb [START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]126]. Increasing the Co content nevertheless impacts the concentration y of the 

Novel materials operating above 1000 K

While many families of thermoelectric materials exhibit their maximum thermoelectr ic performances below 800 K, only few are known to be able to operate at temperatures up to 1300 K while, concomitantly, surpassing the thermoelectric properties of the traditionally-used above 300 K leads to peak ZT values ranging between 1.5 and up to 1.8 at 800 K in optimized compositions [146][147][148][149][150][151][152][153]. Further investigations will be important to determine their thermal stability at high temperatures and whether their integration into thermoelectric generators is viable due to the possible high reactivity of Mg. In addition, designing other highly-efficient ntype Zintl phases will be an interesting undertaking, paving the way to the development of all-Zintl thermoelectric generators with improved conversion efficiencies.

Mo-based cluster compounds form another broad family of compounds that are able to operate above 1000 K due to their very high melting points (typically between 1400 and 1800 K) [155][156][157]. The crystal structures of these compounds is formed by covalently-bounded Mo-X (X = S, Se or Te) cluster units, the size and geometry of which can vary from Mo3 up to Mo36 (Fig. 8). The three-dimensional arrangement of these clusters leaves large empty voids or tunnels which can be filled by various cations (alkali, alkaline-earth or rare-earth). Both characteristics result in complex crystal structures with a large number of atoms per unit cell N leading to a high number of optical phonon branches (3N-3) that largely outweighs the number of acoustic phonon branches [START_REF] Bell | Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems[END_REF]. Because optical branches are mostly dispersionless, they contribute only weakly to the propagation of heat. Together with the presence of low-energy optical modes associated with the thermal motion of the cations, their large number helps to reduce the phase space available for acoustic phonons and hence, the sound velocities, ultimately concurring to significantly lower the lattice thermal conductivity down to 0.5 W m - Mo6X8X6 can be condensed to form longer chain-like clusters that are then arranged to form a three-dimensional framework. In the limit of infinite length, compounds Mo6X6 are obtained.

The electronic properties of these compounds can be rationalized by considering the socalled metallic electron count (MEC) that corresponds to the number of available electrons for metal-metal bonding. For each types of clusters, an optimal MEC can be predicted either from simple electron counting rules or by electronic band structure calculations [154]. When this optimal count is achieved, a semiconducting ground state is predicted to occur, which is more favorable from a thermoelectric point of view. However, in most of the cases studied experimentally so far, the total MEC remains below its optimum value, explaining the metallic properties observed in many compounds [158][159][160][161][162][163][164][165][166][167][168][169]. This drawback can be partially overcome Despite the resulting improvement of the power factor, a semiconducting state is not achieved.

The ZT values are nevertheless enhanced with a maximum ZT value of 0.45 at 1100 K obtained in the M = In compound [158]. Without any exceptions, all the compounds investigated so far possess p-type electronic properties. Thus, whether n-type Mo-based cluster compounds exist remains an open question. Should the answer be positive or negative, further studies on the ptype compounds will be an interesting undertaking to determine whether they can compete or even surpass the performances of the record-holder Yb14MnSb11.

Beyond thermoelectric properties

Although optimized thermoelectric properties are a key aspect the thermoelectr ic materials should possess, they should nevertheless meet several other important requirements for integration into RTGs and space qualification. In this respect, their long-term chemica l stability at the operating hot side temperature, their thermomechanical properties and their ability to be radiation-tolerant are also critical aspects that explain the time necessary to deliver space qualification [127][128][129][130]. Nearly all the above-mentioned thermoelectric materials are mainly composed of pnictogen elements (Sb, Te or Se), the high vapor pressure of which often results in volatilization at high temperatures. To avoid this deleterious effect and increase the The high temperature gradient the thermoelectric materials are subjected to can potentially lead to high thermomechanical stresses that originate from the thermal expansion coefficient of the thermoelectric materials that can significantly differ from those of the metallic contacts. Although the mechanical properties of most of the thermoelectric materials described in the preceding sections remain poorly investigated so far, they typically behave as ceramics and are thus often fragile. The high stress levels that can develop within each legs can result in their breakage, thereby strongly limiting the lifetime of the module. The stress levels can be nevertheless mitigated by adapting the surface area and the length (typically 1 cm) of the n-and p-type legs.

While all these aspects are common to TEGs developed for terrestrial applications in power generation at high temperatures, the tolerance of the thermoelectric materials to radiations is a specific, yet critical, facet of space applications [START_REF] Ambrosi | d m a n u s c r i p t[END_REF]174,175]. In RTGs, the thermoelectric materials are subject to bombardment by particles and electromagne tic radiations emanating from the internal radioisotope fuel source and from the outer space. While the dose received from external sources is strongly mission dependent, the interna l bombardment can be estimated. The nuclear decay of the radioisotope fuel can produce alpha, gamma ray and fast neutron emissions, all of which being susceptible to provoke random defects in the active thermoelectric materials. Because their transport properties are highly sensitive to the amount of induced charged defects (vacancies and interstitials) that alter the While all the thermoelectric materials launched in space have, de facto, proved their tolerance to radiations, many other candidates remain to be investigated in future studies. As a relevant example, Bi2Te3-based alloys have been recently shown to be also radiation-tolerant to a level sufficient to envisage 10-year-long missions [174,175]. By subjecting Bi2Te3-based modules to neutron irradiation with a fluence equivalent to that integrated over the entire targeted lifetime of the mission, the thermoelectric performances were found to be minimally impacted, demonstrating the high radiation hardness of these materials. This aspect further highlights the need to achieve optimum thermoelectric performances over an extended carrier concentratio n range, which can be beneficial for minimizing the detrimental effect of radiations on the electronic properties.

Conclusions

In this brief review, we have surveyed several families of materials that exhibit transport properties relevant for thermoelectric applications in power generation, making them prime candidates for being integrated in the next generation of RTGs. A central aspect of these materials is their high 𝑍𝑇 values that can be optimized through proper doping strategies. They combine two basic requirements, that is, semiconducting-like electronic properties with low lattice thermal conductivity values. The wide interest in these materials is testified by the significant, ever-growing amount of literature data available for these families. While significant advances have been achieved on the material side, several issues regarding their integration in RTGs remain to be solved, notably regarding their thermal stability over long 
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 6 Fig.6. a) Schematic view of the electronic band structure of SnTe[START_REF] Rabii | Energy-Band Structure and Electronic Properties of SnTe[END_REF][START_REF] Allgaier | Weak-Field Magnetoresistance and the Valence-Band Structure A c c e p t e d m a n u s c r i p t 100[END_REF]. The valence band
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  s c r i p t large chemical flexibility, which can be in most cases rationalized by the Zintl-Kle mm formalism (see below), offers an excellent playground for tuning their electronic and thermal properties, giving rise to various electronic and magnetic phenomena includ ing superconductivity, heavy-fermion behavior and high thermoelectric performances near 800 K[START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF][94][95][96].
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 7 Fig. 7. Cubic crystal structure of filled skutterudites M4X12 described in the space group 𝐼𝑚3 ̅ .

  n-type compound by providing additional electrons either through partial substitutions on the Co or Sb sites or through insertion of a third elements into the empty voids of the crystalline lattice[START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]99,100]. In CoSb3, these voids remain partially filled, with the solubility limit of the inserted element being strongly dependent on its nature. Alkali (Li, Na, K), alkaline-earth (Mg, Ca, Sr, Ba), rare-earth (La, Ce, Yb, Eu) as well as several transition metals or metallo ids (Tl, Ga, In) have been successfully inserted into the voids of CoSb3, with x typically varying between 0.1 and 0.5[101][102][103][104][105][106][107][108][109][110][111][112][113][114]. In addition to these electropositive cations, electronega tive fillers (Br, Cl, S) have also been demonstrated to fill the cages[115][116][117].
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  s c r i p t and Co, both n-and p-type electrical conduction can be achieved, with the latter being observed when the inequality 4-x-3y > 0 is fulfilled. Although numerous p-type series with various filling elements have been investigated[START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]118], the series CeyFe4-xCoxSb12 remains the best p-type skutterudites known to date with peak ZT values of 0.9 near 800 K that originate from heavilydoped semiconducting electrical properties combined with low lattice thermal conductivity values on the order of 1.5 W m -1 K -1 at 300 K[126]. Various strategies, similar to those adopted for n-type skutterudites, have been considered to further enhance these ZT values, includ ing inserting simultaneously several filler elements or inducing nano-scale precipitates by engineering the synthesis process[START_REF] Rogl | a most promising group of thermoelectric materials[END_REF][START_REF] Uher | Thermoelectrics and its Energy Harvesting[END_REF]118]. However, none of these attempts have thus far successfully raised the ZT values to those achieved in their n-type counterparts.Due to these high thermoelectric performances, significant efforts are currently being devoted to integrate both n-type and p-type skutterudites into TEGs for terrestrial applicatio ns in power generation, with continuous progress being made to optimize notably the conversion efficiency [127-129]. On the space application side, n-type skutterudites remain the leading candidates for integration into RTGs and, after more than two decades of intense research endeavor, will likely integrate the 48-couple PbTe/TAGS RTGs currently powering the Mars Curiosity rover. Recent performance evaluation of skutterudite-containing RTG have demonstrated that higher performances may be achieved with equivalent architecture and operational lifetime[130].
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  Si1-xGex alloys[START_REF] Fleurial | Progress in the optimization of n-type and p-type SiGe thermoelectric materials[END_REF]. One of the most prominent examples of such compounds are provided by Zintl phases that constitute an important, wide class of materials, the bonding properties of which lie at the borders between ionic and covalent networks[131][132][133]. The complexity and diversity of their crystal structure, along with charge carrier mobilities that remains sufficie ntly high, are important ingredients to design novel efficient thermoelectric materials. The crystal structure of Zintl phases can harbor various sub-units such as 0-dimensional (A14MSb11 with A = Ca, Yb and M = Mn, Al, Mg), 1-dimensional (A5M2Sb6 with A = Ca, Sr, Eu, Yb and M = Al, Ga, In or A3MSb3 with A = Ca, Sr, Ba and M = Al, Ga, In), 2-dimensional (AZn2Sb2 with A = Ca, Sr, Eu or Yb) or 3-dimensional (clathrates for instance) [32-39,54,134-137]. So far, the p-type Zintl phase Yb14MnSb11 shows the best thermoelectric performances with a maximum ZT value of 1.2 at 1273 K [54]. Such a value originates from the combinatio n of semiconducting-like electronic properties, which can be adjusted by doping on the Yb site with La or Lu for instance or on the Mn site with Zn or Al [138-140], and very low lattice thermal conductivity that is mostly due to the complex crystal structure of this compound [141]. Due to its high thermoelectric performances and good thermal stability at high temperatures, this compound is currently being integrated in RTGs by NASA's JPL [142], and could thus replace Si1-xGex alloys in future space missions. Compared to p-type Zintl phases, only few n-type analogues have been investigated to date [143-145]. As the most promising n-type counterpart to Yb14MnSb11, Mg3Sb2 has recently emerged as one of the best n-type thermoelectric material known so far [146-153]. This discovery stirred up strong interest, giving rise to significant efforts within the thermoelectr ic community to explore in detail the chemistry and physics of this compound and of its solid solution with Mg3Bi2 [146-154]. As many other thermoelectric compounds, defect chemistr y plays an important role. Counterbalancing the inherent Mg vacancies, due to the Mg's high vapor pressure and reactivity, is necessary to achieve n-type electrical properties [146,149,150]. n-type samples have been successfully obtained by either using an excess amount of Mg in theA c c e p t e d m a n u s c r i p t nominal composition (that is, Mg3.2Sb2) or by annealing the samples under Mg-rich conditio ns at high temperatures [146-153]. Although a full solid solution between semiconducting Mg3Sb2and semi-metallic Mg3Bi2 exists, optimal thermoelectric properties are obtained for an equiatomic ratio, that is, for the composition Mg3.2Sb1.5Bi1.5 [149,151,152]. The combination of semiconducting-like properties that originate from the high valley degeneracy of the conduction bands [154] and very low lattice thermal conductivity values that remain below 1 W m -1 K -1
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 8 Fig. 8. Examples of Mo-X clusters (X = S, Se or Te) of various sizes. Several basic units

  in some compounds either by tuning the concentration of the cations or by inserting additiona l cations. These two strategies are exemplified by the p-type AgxMo9Se11 and Ag3M2Mo15X19 (M = K, In, Tl; X = S or Se) compounds[158][159][160][161][162][163][164][165][166][167][168][169]. In the former system, increasing x from x = 3.4 up to x = 3.9 drives the transport properties from metallic-like to heavily-doped Mo 6 X 8 X 6 Mo 9 X 11 X 6 Mo 30 X 32 X 6 Mo 6 X 6 A c c e p t e d m a n u s c r i p t from the very low lattice thermal conductivity (0.4 W m -1 K -1 at 800 K) that approaches its minimum value, comparable to that achieved in amorphous solids. In the family Ag3M2Mo15X19, all the ternaries M2Mo15X19 are metallic with interesting low-temperature physical properties that include the coexistence of superconductivity and a charge density wave, depending on the nature of the M cations[170,171]. The thermoelectric performances can be then improved by inserting Ag, which helps to increase the MEC closer to its optimum value[158,163,166].
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  s c r i p t stability of the thermoelectric materials at the targeted operating temperature, protective coatings must cover the thermoelectric legs. In addition, interdiffusion of elements usually occurs at the joints of the TEGs [127-129,172,173]. The diffusion of elements into the thermoelectric materials can act as dopants, potentially degrading the thermoelectr ic performances. To circumvent this important issue, diffusion barriers are usually inserted between the thermoelectric materials and the electrical contacts in order to block the migratio n of the chemical species.
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  s c r i p t carrier concentration, determining the evolution of the thermoelectric properties under spacelike irradiation conditions is an important test. Moreover, gamma rays can activate various nuclides, both short-lived and long-lived, the decay of which can induce n-or p-type doping, potentially also contributing to shift the carrier concentrations away from their optimized values.
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  s c r i p t periods of time. Further investigations on these materials and on other related families might uncover novel, highly-efficient thermoelectric materials that will enable further enhancing the output performances of RTGs. The successful integration of these materials into RTGs may be also beneficial for the development of TEGs and their more widespread use in terrestrial applications, thereby contributing to mitigate mankind's fingerprint on the global climate.
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  thermopower 𝛼 (in absolute value for n-type compounds) as a function of the carrier concentration 𝑛 𝐻 /𝑝 𝐻 called the Ioffe-
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