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Introduction

Due to their large optical window extending in the infrared range, chalcogenide glasses can be used as optics for thermal cameras as well as biosensors for medical applications. [1][2][3] Their low melting temperature (< 300 °C) combined with the ability to easily switching between amorphous and crystalline states make chalcogenide glasses candidates of choice for phase change memories. 4,5 Among their remarkable properties, their high linear and non-linear refractive indices enable applications in the photonic domain. 6 Further, chalcogenide glasses have attracted significant attention in the field of energy as electrolyte for solid-state batteries.

In this last application, the crystallization of a Li-based metastable phase ranks glass-ceramic systems among the most competing materials for such applications. [7][8][9] Similarly, chalcogenide glasses and glass-ceramics have recently driven interest as possible thermoelectric materials due to their high thermopower (α > 500 µV K -1 ) and extremely low thermal conductivity (λ < 0.3 W m -1 K -1 ), both properties being two prominent criteria to achieve high thermoelectric performances, evaluated by the dimensionless thermoelectric figure of merit ZT = α²T/ρλ, where T is the absolute temperature and ρ is the electrical resistivity. [10][11][12][13][14][15] The main drawback of these materials remains their high electrical resistivity that presently still prevents them from being competitive with state-of-the-art thermoelectric materials such as Bi2Te3 or PbTe. [16][17][18][19] However, the partial crystallization of the parent glass in the Cu-As-Te ternary system has proved to be an efficient pathway towards reducing the electrical resistivity by several orders of magnitude. 15 This glassy system exhibits a wide vitreous domain leading to a large choice of glass compositions that allows for a fine tuning of its transport properties.

Here, we report on a systematic investigation of the first crystallization of glasses in the Cu-As-Te system. Interestingly, we show that specific binary phases can be selectively crystallized within the glassy matrix upon heating by controlling the initial glass composition. Some of these crystalline compounds are metastable and can only be stabilized through this peculiar soft devitrification process, making this technique a powerful tool to produce such phases. Three compositions in the Cu-As-Te vitreous domain have been carefully chosen to achieve the stabilization of three different crystalline phases, namely α-As2Te3, the metastable binary β-As2Te3 and the as-yet unknown binary AsTe3. The influence of the nature of the crystalline phase on the microstructure and physical properties of the glass-ceramics has been investigated in details by means of powder X-ray diffraction, neutron thermodiffraction, Raman scattering and transport properties measurements. These experimental results are complemented by lattice dynamics calculations. Finally, the physical properties of these glassceramics are compared to both the parent glass and the pure crystalline phases that have been successfully synthesized.

Experimental

Synthesis

Three glassy samples of nominal compositions, Cu20As35Te45, Cu15As30Te55 and Cu15As20Te65 were synthesized in silica tubes sealed under secondary vacuum. Starting elements, As (Goodfellow, 99.99%), Te (5N+, 99.99%) and Cu (Sigma-Aldrich, 99.999%) were first weighed in stoichiometric quantities (for a total batch of  4g) and introduced in a silica tube. The tube was subsequently evacuated, sealed and heated in a furnace with a low heating rate of 9 K.h -1 up to 1123 K, held at this temperature for 2 hours and finally quenched in a salt-ice-water mixture. The resulting ingots were hand-ground into micron-sized powders.

Spark Plasma Sintering (SPS) of the powders was realized in 10 mm diameter graphite dies with the Dr. Sinter 825 Syntex apparatus. This technique allows obtaining both amorphous bulk samples and glass-ceramics, depending on the temperature program. The sintering temperature was checked by a thermocouple placed inside the graphite die at about 6 mm from the sample. The SPS experimental parameters for the different samples (temperature, dwell time and pressure) will be described in details in section 3.1.

Crystalline α-As2Te3, β-As2Te3 and AsTe3 were successfully synthesized in polycrystalline form. β-As2Te3 was synthesized by the melt-quenching technique (melting at 923 K) and densified by cold pressing. 20 α-As2Te3 was obtained by annealing the β-As2Te3 phase at 553 K for 72 hours. The resulting ingot was ground into fine powders and densified by SPS at 618 K for 2 minutes under a pressure of 50 MPa. AsTe3 was synthesized from the full and congruent crystallization of the parent glass obtained by the twin-roller quenching technique. 21 The fine powder was subsequently densified by SPS at 453 K for 30 minutes under a pressure of 50 MPa.

Structural and chemical characterization

To verify the amorphous nature of the samples and to identify the crystalline phases, powder X-ray diffraction (PXRD) measurements on the surface of the SPS bulk samples were carried out at 300 K using a D8 Bruker diffractometer equipped with a Vantec 1D-detector (λCu=1.5406 Å).

The density of the bulk samples was determined through the Archimedean principle using a Kern balance. This balance enables weighing solids in air (mair) as well as in a solvent (in our case, water mwater). When the density of the buoyancy medium is known (δ0), the density of the solid (δ) is calculated as follows:

𝛿 = 𝑚 𝑎𝑖𝑟 𝑚 𝑎𝑖𝑟 -𝑚 𝑤𝑎𝑡𝑒𝑟 𝛿 0 (1) 
The microstructure of both the amorphous and glass-ceramic bulk samples synthesized by SPS was investigated on well-polished surface using a Cambridge Scanning Electron Microscope (SEM). Composition of crystalline phases was estimated using Energy Dispersive X-Ray Spectroscopy (EDXS). For the unknown AsTe3 crystalline phase, the composition was also determined using Electron Probe Micro Analysis (EPMA).

The thermal behavior of the as-quenched samples was studied by Differential Scanning Calorimetry (DSC) performed using TA instrument AQ100 equipment from 300 up to 573 K using a heating rate of 10 K.min -1 .

Neutron thermodiffraction

Neutron thermodiffraction experiments were carried out to probe the crystallization process undergone by the glasses upon heating. These measurements were performed using the D1B instrument at the Institut Laue-Langevin (ILL) in Grenoble (France) with a nominal wavelength of 2.52 Å. The three glassy samples (Cu20As35Te45, Cu15As30Te55 and Cu15As20Te65) were placed under vacuum inside unsealed cylindrical vanadium containers (inner diameter of 10 mm). Using a dedicated D1B furnace (vertical top loading furnace), neutron diffraction spectra were continuously collected on the samples subjected to the following heating ramps: from 300 to 363 K at a rate of 5 K.min -1 and from 363 to 473 K at a lower rate of 0.1 K.min -1 . For the cooling process, the furnace was simply switched off to allow the samples to reach room temperature in 'free fall'. Rietveld refinements were performed on the neutron patterns measured at high temperature on the three fully crystallized Cu-As-Te glasses, with the help of the program Fullprof. 22 Prior to these refinements, the crystalline phase identification was carried out with the commercial software EVA (Bruker), after conversion of the ILL data file to the proper format. The nuclear scattering lengths published by Sears were used. 23 The neutron wavelength of the ILL-D1B two-circle diffractometer λ = 2.522 Å was calibrated with the help of a TiO2 standard and the Gaussian broadening of the lines by the instrument was modelled by a Cagliotti function with its parameters fixed to the values U = 1.4066, V=-0.2154 and W = 0.0890. In all three cases, the refined parameters were the phase fractions, the zero-shift, the lattice parameters, the atomic positions and a simple Scherrer size to account for the Lorentzian broadening of the lines by the sample. The thermal displacement parameters were held fixed to B = 1.2, a value large enough to account for the "natural" disorder that is usually seen in these phases crystallized from a glass.

Raman scattering

Raman spectroscopy characterizations of Cu20As35Te45, Cu15As30Te55 and Cu15As20Te65 glass-ceramics and of α-As2Te3, β-As2Te3, AsTe3 crystalline phases were performed using an

In Via Reflex Renishaw Raman spectrophotometer. We used the 2D mapping module in confocal mode, which gives access to high definition maps and high spatial resolution images due to the large number of recorded spectra. The maps (25µm  25µm with a step of 1µm) were recorded using a 50 objective with 785 nm wavelength excitation and low power (0.03 mW)

to avoid any damage of the sample. The use of a 1200 grooves/mm grating permitted to reach a resolution of 2.4 cm -1 .

Lattice dynamics calculation details of α-and β-As2Te3 pure crystalline phases

The theoretical Raman band positions of α-As2Te3 and β-As2Te3 pure crystalline phases were modeled using first-principles calculations performed within the Density Functional Theory (DFT) with the plane-wave VASP package and Projector Augmented Wave (PAW) pseudopotentials. 24,25 Because the crystal structure of AsTe3 is so far unresolved, the investigation was restricted to α-and β-As2Te3. Two types of exchange-correlation functionals were used: the standard Generalized Gradient Approximation (GGA) functional of Perdew, Burke and Erzenhof (PBE) type and the corrected van der Waals functional of PBE-D2 type from Grimme that includes empirically damped atom-pairwise dispersion corrections of the form C6R -6 . 26,27 In all calculations, an energy cut-off of 500 eV was used. The k-mesh used was 15×15×15 and 12×12×12 for the rhombohedral β-As2Te3 and monoclinic α-As2Te3 phases, respectively. The structures and atomic positions were relaxed until the residual forces were smaller than 10 -4 and 10 -5 eV.Å -1 , respectively. Phonon calculations were performed at the  point of the Brillouin zone using the Density Functional Perturbation Theory (DFPT) as implemented in the VASP code and the atoms were displaced by 0.015 Å from their equilibrium positions. 28 With these conditions, the calculations were highly converged.

Transport properties measurements

Electrical resistivity and thermopower measurements were carried out simultaneously with a ZEM-3 (ULVAC-RIKO) system between 300 and 375 K. Bar-shaped samples of typical dimensions 1  1.5  8 mm 3 were cut with a diamond wire-saw. Uncertainty for electrical resistivity and thermopower was ±6% and ±5%, respectively. The thermal conductivity was determined via thermal diffusivity measurements carried out with a LFA 427 (Netzsch) equipment. Cylinder-shaped samples were used for these experiments that were performed under argon atmosphere between 300 and 375 K. The uncertainty on the measurements was ±11%. Thermal conductivity 𝜅 and thermal diffusivity 𝑎 are related by the formula 𝜅 = 𝑎𝐶 𝑝 𝛿

where 𝐶 𝑝 is the specific heat and 𝛿 is the density measured by the Archimedean principle.

Specific heat measurements were performed by the continuous scanning method under an argon atmosphere using a DSC 403 F3 apparatus (Netzsch). In the present case, the temperature dependence of 𝛿 was neglected. The dimensionless thermoelectric figure of merit ZT was calculated from the relationship ZT = α²T/ρλ with an experimental uncertainty estimated to be ±17%.

Results and discussion

Thermal properties of parent glasses: SPS experimental conditions for glassceramics elaboration

The glassy domain in the Cu-As-Te system obtained by melt-quenching is shown in A decrease in Tg when increasing the Te content is observed, consistent with a weaker structural rigidity. For all compositions, the Dietzel criterion is low, indicating that these glasses are rather unstable towards crystallization. The increase in the specific surface of the Cu15As20Te65 sample from bulk to powder causes a shift of the crystallization peaks towards lower temperatures (from Tx = 455 K for bulk sample to Tx = 423 K for powder sample). Such a trend is a clear signature of preferential surface crystallization. [START_REF]From glass to crystal: Nucleation, growth and phase separation: from research to applications[END_REF] The sintering of amorphous powders by SPS through viscous flow mechanisms is thus well adapted to obtain glass-ceramics with a significant volume fraction of crystalline phases. 31 Based on the crystallization behavior determined by DSC data, we carried out a series of SPS experiments on the three compositions. The temperature and dwell time were the adjustable parameters while the pressure was maintained constant at 50 MPa. Our aim was to obtain either a glassy bulk material or a glass-ceramic with a controlled crystalline fraction. As a rough estimation, the relative part of amorphous and crystalline domains was determined from EDXS-SEM images using an image-analysis software.

In order to be able to compare the transport properties in the three types of composite materials, glass-ceramics with similar crystalline fraction were elaborated for the three compositions. A crystalline fraction of 30% in volume was chosen to ensure that the electrical percolation threshold is reached. 32 The SPS conditions to obtain glass-ceramics with a crystalline fraction of ~ 30 % in volume were found to be:

• 488 K, 5 minutes dwell time, 50 MPa for the Cu20As35Te45 composition ;

• 413 K, 20 minutes dwell time, 50 MPa for the Cu15As30Te55 composition ;

• 413 K, 5 minutes dwell time, 50 MPa for the Cu15As20Te65 composition.

Bulk glasses were obtained by consolidating amorphous powders by SPS through a viscous flow mechanism using temperatures and pressures similar to those used for glassceramics of similar compositions but with no dwell time applied.

Characterization of glass-ceramics

The amorphous nature of the samples after synthesis by melt-quenching was verified by PXRD measurements (Figure 3). The nature and chemical compositions of the phases crystallizing in the glassy matrix after the SPS treatment were determined by PXRD measurements combined with EDX (Figure 3). EPMA analysis revealed that the Cu15As20Te65 based glass-ceramic contains crystals with the As25Te75 composition (see Supplementary Information, Figure S1). The well-defined peaks that show up in the Cu20As35Te45, Cu15As30Te55 and Cu15As20Te65 glassy matrices after SPS treatment correspond to the signature of α-As2Te3, β-As2Te3 and AsTe3 phases, respectively. The symbols correspond to the crystalline phases:  AsTe3, ♦ β-As2Te3 and  α-As2Te3.

While α-As2Te3, precipitated within the Cu20As35Te45 glassy matrix, is a stable phase in ambient conditions, the β-As2Te3 polymorph is metastable and could be so far only synthesized under high-pressure or by rapid quenching. [33][34][35][36][37] The fact that the metastable high-pressure β-As2Te3 phase is favored in the Cu15As30Te55 glass may be due either to the applied pressure during the SPS process or to the local stress-induced pressure due to the abrupt change in density. The stabilization of β-As2Te3 in the glassy matrix has already proven to be an effective way to improve the thermoelectric performances of the glass thanks to the induced large decrease in electrical resistivity combined with only a moderate increase in thermal conductivity. 15 Most interesting is the fact that an unreported and metastable phase, AsTe3 precipitates in the Cu15As20Te65 glass matrix upon crystallization. Such finding led us to investigate the direct synthesis of the AsTe3 phase, never reported earlier. All attempts failed except that described in section 2.1, that is, the full and congruent crystallization of the parent AsTe3 glass, which itself can only be obtained by the twin-roller quenching technique. An approximate crystal structure based on the neutron thermodiffraction data is reported in the present article. A full resolution of the crystal structure is currently in progress and will be reported in a forthcoming paper. [START_REF] Vaney | Thermoelectric properties of new AsTe3 crystalline compound[END_REF] Figure 4 shows backscattered electron mode-SEM images of the three glass-ceramics evidencing different microstructures. While the α-As2Te3 and β-As2Te3 crystalline phases exhibit needle-like shape (Figures 4a and4c), AsTe3 crystals form an assemblage of plate-like shape structure (Figure 4e). As previously shown by thermal analysis of both bulk samples and powders, surface crystallization plays a major role upon heating Cu-As-Te glasses. In the present samples, crystals are found to be disseminated within the whole volume of the glassceramics prepared by SPS from amorphous powders. It is noteworthy that the crystals form an infinite network of connected paths through the glassy matrix (Figures 4b, 4d and4f). A clear chemical contrast is observed at the particle boundaries, which is a characteristic of surface devitrification phenomenon leading to the so-called "coast-and-island" microstructure. Such phenomenon is confirmed by high-resolution Raman scattering maps, which unambiguously demonstrate the localization of the crystals at the grain boundaries surrounded by amorphous grains. 

Neutron thermodiffraction

Neutron thermodiffraction experiments were carried out in order to get insights into the crystallization process occurring in the glassy matrices upon heating, e.g. the first phase that precipitates and its evolution with increasing temperature. For Cu20As35Te45, the first reflections at ~ 457 K correspond to the stable α-As2Te3 phase (Figure 5a). Indeed, the four main peaks of this phase appear at 2θ = 49.3°, 51.9°, 75.3° and 77.3° (Figures 6a and6b). The crystallization of the sample is complete at 477K. Rietveld analysis of the diffractogram collected at this temperature reveals that the main phase present in the compound is the monoclinic α-As2Te3 phase (57%) with Cu1.4Te (31%), As (9%) and AsTe (3%) as secondary phases (see Supplementary Information, Figure S2).

The sample Cu15As30Te55 remains amorphous up to 405 K (Figure 5b). Beyond this limit, three peaks appear at 48.1°, 65.5° and 75.5° (Figures 6c and6d) which correspond to the three main reflections of the metastable β-As2Te3 phase. A further increase of ~ 2 K leads to the phase transition β→α and finally to the full crystallization of the sample. The Rietveld refinement of the diffractogram collected at 409K reveals that the phases present in the crystallized compound are the monoclinic α-As2Te3 phase (55%), CuTe (32%) and Te (13%) (see Supplementary

Information, Figure S3). For both Cu20As35Te45 and Cu15As30Te55, no evident change is observed beyond ~ 477 K and ~ 409 K, respectively.

The crystallization process for the glass Cu15As20Te65 is more complex and involves several steps (Figure 5c). At about 394 K, a first crystalline phase corresponding to AsTe3 appears, the existence of which has never been reported in the binary As -Te phase diagram.

The three main peaks at 2θ = 48.0°, 65.4° and 75.1° have relative intensities of 100%, 35% and 34%, respectively (Figure 6e). The peak intensity first increases when the temperature increases up to about 445 K, then decreases with further increasing temperature, up to the end of the thermal treatment at  465 K (see Fig. 5c). The AsTe3 phase is the unique crystalline phase observed between 394K and 430K. As seen in Figures 5c and6e, an intermediate phase appears at ~ 430 K. Its diffraction peaks correspond to the signature of Cu1.4Te (see Fig. 6f). The intermediate phase starts disappearing (as shown by the decrease in the diffraction peak intensity) at about 460K when a new series of crystallization peaks, signature of one or several new crystalline phases appear (see Figure 5c). The Rietveld refinement of the neutron pattern collected at 433K is shown in Fig. 7. Phase identification was easier at this temperature due to the well-established intensity of the secondary crystalline phases: α-As2Te3, Cu1.4Te and AsTe. [START_REF] Morin | [END_REF]40,41 The AsTe3 pattern could be approximated by a modification of the β-As2Te3 The thermodiffraction data shows that the three first-phases to crystallize in the three glasses are the ones that were stabilized in the corresponding glass-ceramics, that is, α-As2Te3, β-As2Te3 and AsTe3 in the Cu20As35Te45, Cu15As30Te55 and Cu15As20Te65 glass compositions, respectively. Therefore, SPS appears as the process of choice to stabilize a crystalline phase in a glass-ceramics. It is particularly remarkable for β-As2Te3 in the sample Cu15As30Te55 owing to its very narrow domain of existence (~2 K). The applied pressure during the SPS process and/or internal stresses probably play an important role in the stabilization of this phase.

3.4

Comparative study of the three types of materials: glasses, glass-ceramics and pure crystalline phases

Raman experiments and lattice dynamics calculations

Figure 8 illustrates the reduced Raman spectra of both the crystals and the residual glassy matrix for the three different glass-ceramics. The broadening of the Raman peaks of the residual glassy matrix with respect to the embedded crystals evidences a higher degree of disorder in the glassy part. The three spectra collected on glasses are rather similar, each spectrum exhibiting three main bands in the frequency range 70-300 cm -1 with approximate wavenumber positions at 150 cm -1 , 190 cm -1 and 220 cm -1 attributed to Te-Te, As-Te and As-As stretching modes, respectively. 42 The main difference in the three Raman spectra lies in the change in intensity of these three bands. The Raman spectra of the crystals in the glass-ceramics exhibit three distinct shapes (Figure 8d). The detailed attributions of the bands will be discussed in detail below. We chose this method because reference spectra were available in both glassy matrix and crystalline part. The DCLS algorithm approximates the spectrum at each point in the map by summing together scaled copies of each reference spectrum. The scaling factors are chosen to get the best possible fit to the original map spectrum and then used to create a map showing the distribution (correlation values) of reference spectrum (color contrasts). In the three samples, we obtained no lack of fit by using only two reference spectra, which is a signature of the crystallization of pure phases. Herein, we present only the maps reconstructed on the crystalline part (the black color is then linked to the glassy matrix). The maps clearly evidenced the crystallization of only one kind of phase in each glassy matrix: α-As2Te3 (green color) in Cu20As35Te45, β-As2Te3 (red color) in Cu15As30Te55, AsTe3 (blue color) in Cu15As20Te65.

Figures 9a and9b show the Raman spectra of α-As2Te3 and β-As2Te3 bulk materials under ambient conditions together with the theoretically predicted frequencies (marked by vertical ticks). In order to interpret the Raman spectra of the α-and β-As2Te3 compounds, lattice dynamics calculations have been performed using DFT.

From structure relaxation calculations with both PBE and PBE-D2 exchange-correlation functionals, we found that the calculated crystal lattice parameters are in better agreement with the experimental ones when van der Waals interaction is taken into account as with the PBE-D2 exchange-correlation functional. [START_REF] Morin | [END_REF]43 This is especially evident concerning the rhombohedral angle R for β-As2Te3 and the lattice parameter a for monoclinic α-As2Te3 (see Tables 1 and2). As these compounds are layered compounds, this is related to the nature of chemical bonding between the layers which are of van der Waals type and to the much larger van der Waals interspace between the layers in -As2Te3 than in Sb2Te3 or Bi2Te3. 39 [START_REF] Morin | [END_REF]43 Of note, a better agreement with experiments was obtained for α-As2Te3 using the D2-PBE exchange-correlation functional without spin-orbit. These results thus contrast with the calculations performed by Cuenca-Gotor et al. who used PBE exchange-correlation functional including spin-orbit interaction. 43 This discrepancy suggests that the van der Waals interactions affect more significantly these calculations than the spin-orbit coupling does in these layered compounds. In good agreement with the experimental findings, we find that the monoclinic phase is more stable than the rhombohedral phase at 0 K by about -0.58 kJ/mole.at and -0.8 kJ/mole.at for the PBE-D2 and the PBE exchange-correlation functionals, respectively. The last value compares well with that calculated by Morin et al. (-0.96 kJ/mole.at) using similar PBE exchange-correlation functional. [START_REF] Morin | [END_REF] Hereafter, because the PBE-D2 exchange-correlation functional better describes the structure of both As2Te3 phases, we will consider only the lattice dynamics calculations performed with this functional.

According to group theory, the decompositions of the lattice vibration modes in irreducible representation are the following:

- As seen in Figure 9, the agreement of our calculations with experiments is quite reasonable for the full phonon spectra of both As2Te3 crystalline phases. More specifically, above 150 cm -1 , we found a slightly larger Raman shift for the higher energy Raman active mode at about 200 cm -1 in the case of the -As2Te3 phase compared to the -As2Te3 phase, as experimentally observed (Figure 9). These modes correspond to As-Te stretching-like modes with Ag and A1g symmetry for the and -As2Te3 phases, respectively. In the case of -As2Te3, the Te1 atoms located in the center of the layers remain motionless. The twofold degenerated Eg modes and the A1g modes correspond to motions within the layers (intra-layer vibrations) and along the c direction i.e. perpendicular to the layers (inter-layer vibrations), respectively.

The two highest-energy A1g and Eg modes involve large motions of the lighter As atoms while this trend is reversed for the two lowest energy and Eg modes. In the case of -As2Te3, the nature of the modes are more complex and the motions of atoms are along the monoclinic b direction and within the ac plane for the Bg modes and Ag modes, respectively.

Below 150 cm -1 , the presence of modes at about 122 and 140 cm -1 due to elemental tellurium in some of the spectra can make difficult the assignments of the modes. 43,44 This is especially true for the -As2Te3 phase since our calculations show that one Eg mode is present slightly below 140 cm -1 . One can tentatively assign the shoulder at about 150 cm -1 to this mode but further experiments are necessary before drawing a definitive conclusion. Concerning the monoclinic phase, the agreement between the Raman spectra obtained in the present work and in the work of Cuenca-Gotor et al. is rather good, the main difference coming from different amounts of elemental tellurium in the samples. 43 However, our calculations are not in agreement with some of the phonon mode assignments made by Cuenca-Gotor et al. for the monoclinic phase using lattice dynamics calculations performed with PBE functional that describes the structure less accurately. For example, the mode at 99 cm -1 should have Ag symmetry contrary to the assignment made by Cuenca-Gotor et al. Finally, in the case of AsTe3, one can assign the modes at 122 and 140 cm -1 to elemental Te and the mode at about 170 cm -1 x<to -As2Te3. 43,44 The presence of these elements might be due to partial decomposition of metastable AsTe3 induced by laser heating during data collection. However, we assign the rather broad peak at about 93 cm -1 to AsTe3 because none of the above phases has intense Raman mode in this spectral range.

Transport properties

Figures 10a-e show the temperature dependence of the electrical resistivity ρ, thermopower α, power factor α 2 /ρ, total thermal conductivity λ and dimensionless thermoelectric figure of merit ZT of the Cu20As35Te45, Cu15As30Te55 and Cu15As20Te65 glasses and glass-ceramics. Similar information for the pure α-As2Te3, β-As2Te3 and AsTe3 crystalline phases is shown in Figure 11. Because of their layered crystalline structure, the measurements on the polymorphic As2Te3 compounds were carried out both parallel and perpendicular to the pressing direction of the dense pellets. Data derived from measurements at 375 K for all samples (glasses, glass-ceramics and crystalline phases) are listed in Table 3 for comparison.

For all compositions, crystallization of glasses leads to a drastic decrease in the electrical resistivity by at least two orders of magnitude. This phenomenon points to the presence of a percolation network achieved for each glass-ceramics, as suggested by the particle surface crystallization observed on SEM images. For Cu20As35Te45, the measured ρ values are even lower than those obtained for the pure α-As2Te3 crystalline phase. In contrast to the α-As2Te3 and AsTe3 crystalline phases that behave as semiconductors, the electrical properties of both the β-As2Te3 crystalline compound and glass-ceramics (Cu20As35Te45 and Cu15As30Te55) are characteristic of metallic systems with relatively low  and  values. According to the effective medium theory, the transport properties of a composite are bound by the properties of each of the constitutive phase of the composite. 32,[45][46][47] Thus, this theory rules out any significant effects of the phase distribution on the overall thermoelectric efficiency. Partial crystallization of the glasses systematically results in a decrease in the  values, which can be attributed to a higher thermopower of the precipitated crystalline phases. In addition, effective medium theory applied to thermopower demonstrated that above the percolation threshold of the most conductive phase (which is likely achieved in the present samples), the  values of two-phase materials tend rapidly to that of the most conducting phase. 32,49 Assuming that this applies in the present case, a rough estimate of the thermopower of the crystallites for each glass-ceramic can be inferred. The Cu20As35Te45 and Cu15As30Te55 glass-ceramics that stabilize α-As2Te3 and β-As2Te3 crystalline phases respectively, exhibit  values of 70 and 80 μV K -1 at 300 K. These results are in fair agreement with the average values of 100 and 150 μV K -1 measured on pure polycrystalline samples. For the Cu15As20Te65 glassceramic that stabilizes AsTe3, the  value of 200 μV K -1 at 300 K compares well with that measured on the polycrystalline sample. Considering the synthesis method of polycrystalline AsTe3 from congruent crystallization of amorphous AsTe3, it is no surprise that roughly the same properties are obtained. The discrepancy observed for the binaries As2Te3 further underlines the difference in nature between the α-As2Te3 and β-As2Te3 crystallites found in the glass-ceramics and those directly synthesized. The power factor of each glass-ceramic is increased by only one order of magnitude compared to that of the corresponding glass. Indeed, the overall significant decrease in electrical resistivity is counterbalanced by the decrease in α values. The maximum power factors achieved for the glass-ceramics fall in the range 50 -100 μW m -1 K -2 , that is, still one order of magnitude lower than in efficient thermoelectric materials.

The evolution of the thermal conductivity λ with the nature of the crystalline phase is also intriguing (Figure 10d). Regardless of the nature of the crystallized phase, the λ values remain very low (0.5 W m -1 K -1 ). For both Cu15As30Te55 and Cu15As25Te65, the λ values are within the range of those typically measured in chalcogenide glasses (0.3 W m -1 K -1 ). Due to the high electrical resistivity values that yield a negligible electronic contribution, the measured λ values solely reflect the lattice contribution. The slight increase in λ in Cu15As30Te55 and Cu15As25Te65 is therefore remarkable and emphasizes the role of the "coast-and-island" microstructure with the percolated conducting phase and the complex dendritic local microstructure of the As2Te3 phases both of which likely acting as efficient phonon scatterers.

Finally, despite an enhancement of the ZT values in all glass-ceramics compared to their respective parent glasses, the electrical resistivity values remain too high to yield interesting thermoelectric properties. Nevertheless, an almost sevenfold increase in ZT is achieved in Cu15As30Te55 glass-ceramic with a value of 0.07 at 375 K. This value is similar to that observed for this particular composition in our prior study. 15 A similar maximum ZT value of 0.08 is reached at 375 K in the Cu15As25Te65 glass-ceramic.

Conclusion

The Glass-ceramics with nearly comparable crystalline fractions (30% in volume) were successfully prepared, which enabled an objective comparison of the influence of the nature of the crystalline phase on the glass-ceramic physical properties. Raman spectroscopy mapping coupled to SEM unambiguously show the localization of the crystallites within the glassy matrix revealing a "coast-and-island" microstructure. This microstructure, ideal to ensure an electrical percolation of the highly-conducting ordered phase, results in a drastic decrease in electrical resistivity accompanied by a very moderate increase in the thermal conductivity. This study may pave the way to the fabrication of either known or yet-to-be discovered novel compounds by glass recrystallization. 
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 3 Figure 3. PXRD patterns of the Cu20As35Te45, Cu15As30Te55 and Cu15As20Te65 glasses (G) and
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 4 Figure 4. SEM images in backscattered electron mode of the microstructure of the different
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  Figures 5a, 5b and 5c show the 2D thermodiffractograms collected between 460 and 488
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 5 Figure 5. 2D plots of the neutron powder thermodiffraction data (nominal wavelength λ = 2.52

structure 39 ,

 39 for which the main changes are the expansion of the hexagonal lattice parameters to the values a = 4.134 Å and c = 30.728 Å as well as a random replacement of 37.5% of the As atoms in their 6c site by Te atoms, to fulfill the 1:3 stoichiometry requirement. Because of the use of this approximant, weak lines remained unindexed and the reliability factors kept moderately large values (Rp = 16.9 %, RWP= 21 %, and χ² = 12.2). This Rietveld analysis thus strongly suggests that the crystalline phase AsTe3 is the main component at this temperature (~ 67%, a = 4.134 Å and c = 30.728 Å), before α-As2Te3 (~ 14%, a = 14.126 Å, b = 4.027 Å, c = 10.041 Å,  = 96.66°), Cu1.4Te (~ 16%, a = 3.981 Å, b = 4.033 Å, c = 6.119 Å) and AsTe (~ 3%, a = 5.767 Å).
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Figure 7 .
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  recorded 2D Raman maps on each glass-ceramic (Figures8a, 8b, 8c). The maps have been reconstructed by multivariate data analysis method (Direct Classical Least Squares component analysis, DCLS).
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 8 Figure 8. Raman scattering maps of the (a) Cu20As35Te45 (b) Cu15As30Te55 and (c) Cu15As20Te65
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 9 Figure 9. (a) Raman spectrum of the monoclinic α-As2Te3 phase together with the position of
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   = 10 Ag  5 Bg  5 Au  10 Bu (including the acoustic modes of Au  2 Bu symmetry) for α-As2Te3; - = 2 A1g  2 Eg  3 A2u  3 Eu (including the acoustic modes of A2u  Eu symmetry) for β-As2Te3. For α-As2Te3, 15 Raman-active modes of Ag and Bg symmetry and 12 Raman-active modes of Au and Bu symmetry exist while for β-As2Te3, only 4 Raman-active modes of A1g and Eg symmetry and 4 Raman-active modes of A2u and Eu symmetry are present.
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 103 Figure 10. (a) Electrical resistivity ρ, (b) thermopower α, (c) power factor, (d) total thermal

  influence of partial crystallization of Cu-As-Te glasses on their microstructural and physical properties was studied for three different Cu20As30Te45, Cu15As30Te55 and Cu15As25Te65 compositions. The differences in the chemical composition along with the versatility of the SPS technique allow for fine tuning of the phases crystallizing in the glassy matrices. The results evidenced the possibility to crystallize α-As2Te3, β-As2Te3 or the as-yet unknown binary AsTe3 phases among which the latter two are metastable under ambient conditions. The thermodiffraction data confirms that these crystalline phases are the first to precipitate in the corresponding glasses, that is, α-As2Te3, β-As2Te3 and AsTe3 in Cu20As35Te45, Cu15As30Te55 and Cu15As20Te65 glass compositions, respectively. A complementary study by Raman spectroscopy coupled with DFT calculations taking into account van der Waals interactions provides an accurate description of the lattice dynamics in both As2Te3 phases.

  Cu15As30Te55 and Cu15As20Te65 glass compositions, their corresponding glass-ceramics and the pure α-As2Te3, β-As2Te3 and AsTe3 crystalline phases at 375 K. (Some thermoelectric properties were measured in the perpendicular ⊥ and parallel // direction of the pressing direction).
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in both α-As2Te3 and β-As2Te3 are present and strongly affect the thermoelectric properties through variations in the carrier concentration. 20,35,48