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Possible Mechanism for Hole Conductivity in Cu-As-Te Thermoelectric Glasses: a XANES and EXAFS Study

Recently synthesized thermoelectric Cu-As-Te glasses have been analyzed by Xray Absorption Spectroscopy, both near-edge (XANES) and in the extended region (EXAFS), in order to shed light on the mechanism at the basis of the huge increase of conductivity, up to five orders of magnitude, that was found with Cu doping. Experimental data have been modeled by means of multiple-scattering calculations. Our model suggests that the experimental results can be interpreted in terms of a small charge-transfer from Te to Cu, leading to an unexpected positive valence for Te. Interestingly, on the basis of these findings, a global picture explaining the enhancement of electrical conductivity with Cu doping can be proposed: electrical conductivity is determined by the holes created in non-bonding Te 5p orbitals (lone pair) by Cu acceptors. The critical parameter to increase electrical conductivity is the number of Cu-Te bonds that are formed and not simply the number of Cu atoms.

INTRODUCTION

Thermoelectricity, efficiently converting wasted heat into electricity, can be considered a viable route to solid-state cooling and to power generation. Indeed, recent thermoelectric devices allow for the direct and reversible conversion of thermal and electrical energies [START_REF] Zhao | Ultralow Thermal Conductivity and High Thermoelectric Figure of Merit in SnSe Crystals[END_REF][START_REF] Snyder | Complex Thermoelectric Materials[END_REF] , and might soon replace chlorofluoro-carbons as cooling devices. The main paradigm in the present researches on thermoelectric materials is strongly focused on the "phonon glass electron crystal" (PGEC) model [START_REF] Snyder | Complex Thermoelectric Materials[END_REF][START_REF] Terry | Thermoelectric Materials, Phenomena, and Applications: A Bird's Eye View[END_REF][START_REF] Takabatake | Phonon-Glass Electron-Crystal Thermoelectric Clathrates: Experiments and Theory[END_REF] , which proposes an offbeat combination of glass-like low-thermal conductivity and crystal-like high-electrical conductivity. We remind that the final goal for the optimization of a thermoelectric device is to maximize the so-called figure of merit, defined as ZT = S 2 T/, where S is the Seebeck coefficient,  the electrical conductivity, T the absolute temperature and  is the thermal conductivity. This explains the search for low- and high- (and S) materials. In the pursuit of the PGEC model, several frameworks have been analyzed, mostly based on engineering complex crystal structures such as skutterudites or Zintl compounds. In the former case, thermal conductivity is reduced by rattling dopant atoms in cage structure [START_REF] Zhao | Enhanced Thermoelectric Performance in Barium and Indium Double-Filled Skutterudite Bulk Materials via Orbital Hybridization Induced by Indium Filler[END_REF][START_REF] Wu | Origin of Phonon Glass-Electron Crystal Behavior in Thermoelectric Layered Cobaltate[END_REF] , whereas in the latter a high degree of valence imbalance and disorder is the key to increase the ZT value [START_REF] Snyder | Disordered Zinc in Zn4Sb3 with Phonon-Glass and Electron-Crystal Thermoelectric Properties[END_REF][START_REF] Toberer | Zintl Chemistry for Designing High Efficiency Thermoelectric Materials[END_REF] .

Other notable approaches to enhance ZT includes, synergistic nanostructuring [START_REF] Sootsman | Large Enhancements in the Thermoelectric Power Factor of Bulk PbTe at High Temperature by Synergistic Nanostructuring[END_REF][START_REF] Biswas | High-Performance Bulk Thermoelectrics with All-Scale Hierarchical Architectures[END_REF] ; fostering resonant levels by impurities inside the valence band [START_REF] Zhang | High Thermoelectric Performance by Resonant Dopant Indium in Nanostructured SnTe[END_REF] ; quantum confinement of electron charge carriers [START_REF] Hicks | Effect of Quantum-Well Structures on the Thermoelectric Figure of Merit[END_REF] ; and convergence of electronic band valleys [START_REF] Pei | Convergence of Electronic Bands for High Performance Bulk Thermoelectrics[END_REF][START_REF] Banik | Mg Alloying in SnTe Facilitates Valence Band Convergence and Optimizes Thermoelectric Properties[END_REF] . So far the thermoelectric potential was established in several material classes, including tellurides [START_REF] Gelbstein | Highly Efficient Functional GexPb1-xTe Based Thermoelectric Alloys[END_REF][START_REF] Rosenberg | Phase Separation and Thermoelectric Properties of the Pb0.25Sn0.25Ge0.5Te Compound[END_REF][START_REF] Banik | The Origin of Low Thermal Conductivity in Sn1-xSbxTe: Phonon Scattering via Layered Intergrowth Nanostructures[END_REF][START_REF] Gelbstein | Phase Morphology Effects on the Thermoelectric Properties of Pb0.25Sn0.25Ge0.5[END_REF][START_REF] Hsu | Cubic AgPbmSbTe2+m: Bulk Thermoelectric Materials with High Figure of Merit[END_REF] , selenides [START_REF] Zhao | Ultralow Thermal Conductivity and High Thermoelectric Figure of Merit in SnSe Crystals[END_REF][START_REF] Chen | Vacancy-Induced Dislocations within Grains for High-Performance PbSe Thermoelectrics[END_REF] , half-heuslers [START_REF] Kirievsky | An Ab Initio Study of the Thermoelectric Enhancement Potential in Nano-Grained TiNiSn[END_REF][START_REF] Zhu | High Efficiency Half-Heusler Thermoelectric Materials for Energy Harvesting[END_REF] and silicides [START_REF] Gelbstein | Physical, Mechanical, and Structural Properties of Highly Efficient Nanostructured N-and P-Silicides for Practical Thermoelectric Applications[END_REF][START_REF] Du | Flash Spark Plasma Sintering of Magnesium Silicide Stannide with Improved Thermoelectric Properties[END_REF] .

3 More recently [START_REF] Gonçalves | Conducting Glasses as New Potential Thermoelectric Materials: The Cu-Ge-Te Case[END_REF][START_REF] Gonçalves | Chalcogenide Glasses as Prospective Thermoelectric Materials[END_REF][START_REF] Srinivasan | Thermoelectric Properties of Highly-Crystallized Ge-Te-Se Glasses Doped with Cu/Bi[END_REF] , a revival in a different approach to the PGEC principle appeared. It deals with the possibility of designing electrically conductive glassy phases, based on chalcogenidetelluride glasses, which are known to inherently possess high Seebeck coefficient and low thermal conductivity. The main limiting factor in these chalcogenide glasses is their mediocre electrical conductivity. Yet, it was recently found [START_REF] Lucas | Thermoelectric Bulk Glasses Based on the Cu-As-Te-Se System[END_REF][START_REF] Vaney | A Comprehensive Study of the Crystallization of Cu-As-Te Glasses: Microstructure and Thermoelectric Properties[END_REF][START_REF] Cui | Comprehensive Study of Tellurium Based Glass Ceramics for Thermoelectric Application[END_REF][START_REF] Vaney | Thermal Stability and Thermoelectric Properties of CuxAs40-xTe60-ySey Semiconducting Glasses[END_REF] that doping glasses with Cu leads to a huge enhancement in the electrical conductivity. For example, the 20% Cu-doping in arsenic telluride shows an increase in  by almost 5 orders of magnitude ( 6 S/m) [START_REF] Lucas | Thermoelectric Bulk Glasses Based on the Cu-As-Te-Se System[END_REF] compared to the pristine arsenic telluride glass ( 10 -4 S/m), without dismantling the amorphous structure of the glass (i.e., without introducing crystallization) and its characteristic high Seebeck coefficient and low thermal conductivity. In spite of the deep experimental investigation by Lucas et al. [START_REF] Lucas | Thermoelectric Bulk Glasses Based on the Cu-As-Te-Se System[END_REF] , no explanation about the physical mechanism leading to this huge increase in electric conductivity was found. In keeping with the PGEC paradigm, it was advanced [START_REF] Yang | High-Conductivity Tellurium-Based Infrared Transmitting Glasses and Their Suitability for Bio-Optical Detection[END_REF] that a metal-like conductivity takes place even in the glass, due to Cu 4s (or 3d) empty orbitals. Indeed, Cu-atoms were supposed to oxidize with Te, given the relative electronegativity of the two atoms (2.1 for Te and 1.9 for Cu within the Pauling scale). Yet, we believe that this picture needs to be reconsidered in the light of the findings reported in this work. In the following, we present our experimental and theoretical results and then devote the last part of the paper to describe a possible mechanism for the increase of the hole conductivity in the glasses with Cu doping.

METHODS AND RESULTS

The experimental details concerning the synthesis of Cu-As-Te glasses are explained in detail in the Supporting Information (SI). We performed X-ray Absorption Spectroscopic measurements, both near-edge (XANES) and in the extended energy region (EXAFS), at beamline BM23 [START_REF] Mathon | The Time-Resolved and Extreme Conditions XAS (TEXAS) Facility at the European Synchrotron Radiation Facility: The General-Purpose EXAFS Bending-Magnet Beamline BM23[END_REF] (ESRF, Grenoble), at the K-edge of As, Te and Cu. Measured X-ray absorption spectra at the As K-edge and at the Te K-edge are shown in Fig. 1. The main result at the As K-edge (Fig. 1(a)) is that Cu doping does not affect significantly the valence of As, as no noticeable chemical shift is present in the As K-edge spectrum with increasing Cu content. The only clear change in the As XANES spectrum is present in the region above 11870 eV, and might therefore be related to structural changes. However, EXAFS data (Fourier transform of the k 2 (k) signal, i.e., |χ(r)| (Å -3 )), reported in the inset of Fig. 1(a), show that Cu-doping does not either affect appreciably the local structure around As atoms (in particular, the curves of 2% and 5% Cu-doped compounds are practically identical to that of the undoped compound), so that the changes above 11870 eV should rather be related to further nearest-neighbor shells (e.g. Cu-Te bonds). If we look instead at the Te K-edge, in Fig. 1(b), an appreciable shift of the edge towards higher energy appears with increasing Cu content. We remark that the relative energy shift of Cu2Te and Te metal with glasses was measured with special care, the former being collected from the transmitted part of the beam measuring the glasses spectra. This implies that Cu atoms mainly affect the environment of Te-atoms and not that of As atoms. EXAFS data at the Te-K edge, not shown, point to the same result, with a clear change with Cu-doping. A quantitative analysis, however, was not possible for the moment, in the absence of a reliable model for the glass structure. We remind that a shift of the main edge towards higher energy is usually interpreted in terms of a positive valence of the absorbing ion. In our case, a positive Te valence, given the absence of changes at the As K-edge, would lead to a negative Cu valence, against a simple application of electronegativity rules.

Because of the counterintuitive result, and as other interpretations might be possible (see Kim et al. [START_REF] Kim | Unusual Li-Ion Storage through Anionic Redox Processes of Bacteria-Driven Tellurium Nanorods[END_REF] and discussion below), we have decided to analyze it with two different theoretical approaches: i) XANES measurements are theoretically interpreted using the FDMNES (Finite Difference Method Near-Edge Spectroscopy) simulations package [START_REF] Joly | X-Ray Absorption near-Edge Structure Calculations beyond the Muffin-Tin Approximation[END_REF] , based on a multiple scattering technique, partitioning the space into muffin-tin spheres close to the atoms and interstitial regions, with projection of the wave function into a spherical-harmonics local basisset [START_REF] Savrasov | Full-Potential Linear-Muffin-Tin-Orbital Method for Calculating Total Energies and Forces[END_REF] ; ii) in parallel, to analyze the Cu-Te charge transfer, we performed ab-initio calculation based on density functional theory. We used projector-augmented-wave (PAW) approach implemented in the Vienna Ab initio Simulation Package (VASP) [START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] . In order to double-check these results within the VASP package we evaluated the charge on each atom following the partitioning of space introduce by Bader [START_REF] Bader | Atoms in Molecules[END_REF][START_REF] Tang | A Grid-Based Bader Analysis Algorithm without Lattice Bias[END_REF] . FFT grids were increased upto 24 x 24 x 40. Because of the presence of Cu atoms, the electronic density is expected to be sensitive to the value of the Coulomb repulsion [START_REF] Wei | Role of Metal D States in II-VI Semiconductors[END_REF] , that was included (LDA+U) with the approach of Dudarev et al. [START_REF] Dudarev | Electron-Energy-Loss Spectra and the Structural Stability of Nickel Oxide: An LSDA+U Study[END_REF] . The calculation was performed with Coulomb repulsion on both 3d states (Ud = 7.5 eV) and 5p states (Up = 1 eV). Brillouin-zone integration was performed using a 9 x 9 x 5 Monkhorst-Pack k-mesh, and DOS calculation using a 21 x 21 x 13 mesh. Our results provided a tiny positive value for Cu (+0.008). We should notice that, given the low value of the charge transfer, both our FDMNES and VASP results, differently of the one of Kashida et al. [START_REF] Kashida | Valence Band Photoemission Study of the Copper Chalcogenide Compounds, Cu2S, Cu2Se and Cu2Te[END_REF] , are compatible with the absence of any charge-transfer in Cu2Te, thereby leading to a purely covalent picture of the Cu-Te bonding with no ionicity. We also remark that, even in VASP calculations, Cu ions can be made slightly negative by increasing the Coulomb repulsion Up to 2 eV. We remind that the specific value of the Coulomb repulsion can be sample-dependent, because of different screening effects. Usual values for Up range from 1 to 2 eV and for Ud from 5 to 9 eV. The reason why increasing the Coulomb repulsion of 5p states leads to positive Te ions can be very simply understood from the analysis of the orbitally-projected DOS shown in Fig. 2. The Cu 3d states lay -3.5 to -6.5 eV below the Fermi level and are coupled with 5p bonding levels of Te roughly at the same energy. Non-bonding Te 5p states (the dangling bond), are located from -3.5 eV to zero, in good agreement with XPS/XES measurements [START_REF] Domashevskaya | XPS and XES Emission Investigations of D-p Resonance in Some Copper Chalcogenides[END_REF] , that show Cu 3d levels around -3.5 eV and 5p Te states between -3.5 and zero. In such a situation, the Coulomb repulsion acts in such a way as to rise the energy of Te 5p non-bonding (and empty antibonding) states, compared to Cu states. Given the presence of empty Cu 4s states just above the Fermi energy, this mechanism can lead to some charge transfer from Te 5p to Cu 4s states, thereby making Te slightly positive, in keeping with the finding of Kashida et al. [START_REF] Kashida | Valence Band Photoemission Study of the Copper Chalcogenide Compounds, Cu2S, Cu2Se and Cu2Te[END_REF] . This might be also what happens in the glasses, as detailed in the following section. We finally remark that this behavior is peculiar to Cu-Te compounds. In fact, though the shift towards higher energy at the Te K-edge compared to Te metal takes place also in CdTe [START_REF] Kim | Unusual Li-Ion Storage through Anionic Redox Processes of Bacteria-Driven Tellurium Nanorods[END_REF] , the above interpretation cannot be extended to that case because Cd 5s states are totally filled for the isolated atom and the electron charge transfer from Te to Cd cannot take place even if Te 5p levels are raised in energy by the same Coulomb mechanism [START_REF] Wei | Role of Metal D States in II-VI Semiconductors[END_REF] . The interpretation given by Kim et al. [START_REF] Kim | Unusual Li-Ion Storage through Anionic Redox Processes of Bacteria-Driven Tellurium Nanorods[END_REF] for CdTe was rather based on a purely ionic approach with Te 2 ions, leading to the complete filling of 5p states and to the transition to 6p states, higher in energy. However, this picture is untenable to explain the shift to higher energy of our glasses: even in the hypothesis of a charge transfer from Cu to Te, making Te negative, 2% to 20% Cu-doping would allow only a limited filling of the 5p band, not a complete filling, against the interpretation of Kim et al. [START_REF] Kim | Unusual Li-Ion Storage through Anionic Redox Processes of Bacteria-Driven Tellurium Nanorods[END_REF] . Before moving back to the glasses, we decided to analyze the chemical shift of Cu2Te also at the Cu K-edge. Looking at Fig. 3, around 8980 eV, Cu2Te and the glasses appear to have the same chemical shift as Cu2O (which is known to be Cu +1 ), as all edges move to higher energy compared to Cu-metal, Cu 0 . Because of this analogy with Cu2O, in previous photoemission studies on Cu2Te [START_REF] Domashevskaya | XPS and XES Emission Investigations of D-p Resonance in Some Copper Chalcogenides[END_REF] , Cu had been attributed the positive valence +1, in apparent contradiction with what stated above. However, the two cases are profoundly different for two main reasons.

The first is that O 2p states are much lower in energy than Cu 3d, the latter lying between 0 and -3 eV, the former between -4 eV and -7 eV [START_REF] Wang | Electronic Structures of Cu2O, Cu4O3, and CuO: A Joint Experimental and Theoretical Study[END_REF] , so that the pd-Coulomb repulsion does not raise in energy the O 2p, but the Cu 3d. The second is that Cu 3d states are partly empty, with the formation of hybridized 4s-3dz2 orbitals leading to incomplete 3dz2 shell and occupied Cu 4s states (the so-called Orgel model 47 of Cu2O). Therefore its density of states is different than that of Cu2Te shown in Fig. 2. This difference is confirmed by our FDMNES calculation. For Cu2Te we used the same input used to describe the Te K-edge (in the inset of Fig. 1(b)), with slightly negative Cu valence and totally filled 3d states. It is shown as curve A in the inset of Fig. 3 and it reproduces correctly the chemical shift of the experimental profile. For Cu2O the experimental data are quite well reproduced by a FDMNES input with incompletely filled 3d shell (see main panel of Fig. 3). The chemical shift, in particular, is very well described in both cases. In order to understand why the two different chemical valences for Cu2O and Cu2Te can lead to the same chemical shift at the Cu K-edge, we performed an analogous FDMNES calculation with the same electronic configuration for Cu as in Cu2O (i.e., unfilled 3d shell). It leads to a very poor agreement with the experiment (curve B in the inset of Fig. 3), though the chemical shift is the same. The reason for the failure of the chemical-shift rule at the Cu K-edge for Cu2Te can be understood reminding that Cu K-edge XANES probes empty 4p states of Cu. In the case of Cu2Te all Cu orbitals (3d, 4s and also 4p) are slightly lower-lying than the corresponding orbitals in Cu2O and 5p Te states are much higher in energy than 2p O states. This leads to a bandcrossing of the lowest-lying Cu 4p states with the highest-lying Te 5p states and we found with FDMNES that a small amount of Cu 4p states is filled. Extended 4p states are more difficult to handle with VASP calculations and, as they scarcely contribute to the DOS, they have been neglected in Figure 3. If these states had been empty, they would have appeared as a prolongation of curve A, corresponding to curve C in the inset of Fig. 3. Had they been empty, they would have restored the expected negative energy-shift of the Cu2Te edge compared to Cu2O and Cu. In this sense, the failure of the chemical-shift rule in this case can be explained as a consequence of accidental band-crossing.

DISCUSSION

A model for glass conductivity -XANES data show that glasses have a chemical shift of the same sign as the Cu2Te sample. We can therefore extend the interpretation of electron charge transfer from Te to Cu for the glasses as well. Actually, further VASP calculations with less symmetric (monoclinic) local structure of Cu2Te taken from the literature [START_REF] Nguyen | New Layered Structures of Cuprous Chalcogenides as Thin Film Solar Cell Materials: Cu2Te and Cu2Se[END_REF] show that lower local symmetries can increase the negative charge on Cu compared to the Nowotny structure (still of the order -0.01). Of course, a typical framework valid for crystal calculations might not be simply transferred to glasses, where the dopant is not forced on a lattice site. It is well-known instead that, as exemplified by the famous 8-N rule [START_REF] Liu | A General Structural Model for Semiconducting Glasses[END_REF] , the glassy structure usually adapts itself to the dopant coordination, without requiring the generation of valence defects. Yet, if we consider the band scheme derived before for the crystal as a valid input to describe also Cu-As-Te glasses, this allows not only to explain the XANES data at the As, Te and Cu K-edges for the glasses, but can also fulfill the 8-N rule and lead to a mechanism that explains the increase in electrical conductivity with Cu doping. The latter point is a consequence of the formation of hole doping in the 5p non-bonding states of Te. The mechanism is depicted in Fig. 4b and works in the presence of Cu-Te bonds, which should be therefore maximized in order to optimize the value of . The 4s electronic states of copper, just below the energy level of the highest Te 5p non-bonding states (the lone pair), efficiently collect Te 5p electrons and create a hole charge-reservoir in Te 5p energy levels.

We remind that the original framework to describe p-type conductivity in intrinsic amorphous As-Te glasses is the so-called Valence Alternation Pair (VAP) mechanism [START_REF] Kastner | Valence-Alternation Model for Localized Gap States in Lone-Pair Semiconductors[END_REF][START_REF] Kolobov | On the Origin of P-Type Conductivity in Amorphous Chalcogenides[END_REF] . In this model, non-bonding states of Te (the lone pair) are unstable with respect to excitations leading to the formation of charged defects states (e.g., a C3 + /C3 -center as in Fig. 4a) by thermal electron transitions (in, e.g., As50Te50 enhanced by the possibility of forming triple bonds with As atoms).

The VAP mechanism of electrical conduction is extremely slow, being determined by both the thermal excitation of non-bonding electrons to antibonding states and by the correlation of two such electron excitations in nearby Te-atoms, so as to form a charge separation (depicted in Fig. 4a). Instead, as shown in Fig. 4(b), the hole formation in the valence band of Te is enormously enhanced by the presence of Cu atoms with empty 4s states just below the higher-lying 5p Te states of the lone pair. In this case, the hole-creating process is much faster, as the lone pair is unstable with respect to the filling of the Cu empty level. We remark that the number of holes created in the valence band of Te by this mechanism does not correspond to the number of Cu atoms, but rather, because of the 8-N rule, to the number of Cu-Te bonds. This simple picture is coherent with the behavior of , that increases with increasing Te and decreasing As for fixed amount of Cu [START_REF] Lucas | Thermoelectric Bulk Glasses Based on the Cu-As-Te-Se System[END_REF] . This picture calls for the need to find a protocol to optimize the sample preparation so as to minimize the number of Cu-Cu bonds and optimize the number of Cu-Te bonds, for a given amount of Cu-doping.

At fixed hole concentration, the other critical parameter to increase the electric conductivity is the hole mobility, that in our model strongly depends on both Cu-Te and Te-Te bond connectivity. Indeed, once the holes have been formed (with a concentration proportional to the number of Cu-Te bonds), they must be able to hop and, for that, Te-Te bonds are needed.

Therefore, the correlation of Cu-Te and Te-Te bond distributions plays a fundamental role in the mobility. This picture can explain why thermal treatments, that modify the global Cu-Te and Te-Te connectivity, affect the value of , as found by Lucas et al. [START_REF] Lucas | Thermoelectric Bulk Glasses Based on the Cu-As-Te-Se System[END_REF] , where samples with the same amount of Cu and Te content differ in the value of  because of different annealing procedures.

Interestingly, in this model, the creation of copper islands in the glass would decrease  because it would not allow the creation of hole-centers. For all these reasons, the Cu-As-Te ternary glasses behave like extrinsic semiconductors with quite high hole concentrations and relatively low hole mobility. If this picture is correct, the logarithmic decrease of resistivity with increasing temperature [START_REF] Gonçalves | Semiconducting Glasses: A New Class of Thermoelectric Materials?[END_REF] should be attributed to an increase of the hole mobility with temperature, rather than a change in the hole concentration. To conclude, our XANES measurements at the Te K-edges for Cu-As-Te glasses point to a positive valence for Te, increasing with increasing Cu content (Fig. 1(b)). This is confirmed by multiple-scattering calculation. It is not confirmed by DFT calculations, though the latter do not allow for a definite conclusion on this point. Combining all the experimental findings at As, Te and Cu K-edges with their theoretical interpretation through multiple-scattering and DFT calculations, we find that a small electron charge transfer from Te 5p non-bonding states to Cu 4s empty states is a possible interpretation. These findings suggest an interesting interpretation to explain the huge increase in  with Cu in these Cu-As-Te p-type glasses. The electrical conductivity is not determined by Cu orbitals but by the holes created in non-bonding Te 5p orbitals. The role of Cu atoms is to act as acceptors, tuning the hole concentration in Te 5p orbitals. The hole conductivity is confirmed by the positive measured Seebeck coefficient in
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these doped glasses [START_REF] Lucas | Thermoelectric Bulk Glasses Based on the Cu-As-Te-Se System[END_REF][START_REF] Vaney | A Comprehensive Study of the Crystallization of Cu-As-Te Glasses: Microstructure and Thermoelectric Properties[END_REF][START_REF] Cui | Comprehensive Study of Tellurium Based Glass Ceramics for Thermoelectric Application[END_REF] . This picture can be understood as a modification of the VAP mechanism, usually invoked to explain conductivity in chalcogenide glasses [START_REF] Kastner | Valence-Alternation Model for Localized Gap States in Lone-Pair Semiconductors[END_REF][START_REF] Kolobov | On the Origin of P-Type Conductivity in Amorphous Chalcogenides[END_REF] . Such a mechanism reckons heavily on the Cu-Te and Te-Te bond connectivity rather than Cu-Cu bonding. These results can lead to more precise investigations of the local environment of these glasses so as to optimize the doping strategies, in order to enhance the thermoelectric performance. Future theoretical and experimental investigations might confirm our prediction: in particular, it would be interesting to look for positive correlations between the increase in electrical conductivity and the increase in Cu-Te bonds by the study of Cu-Te pair distribution function.
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