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Introduction

One of the leading materials for new emerging non-volatile memories are phase change materials (PCMs). PCMs have been successfully employed in optical memories such as DVD-RAM since the 1990s and more recently in the commercial production of electronic non-volatile phase-change random access memory (PCRAM) [START_REF] Deringer | Microscopic Complexity in Phase-Change Materials and its Role for Applications[END_REF][START_REF] Burr | Recent Progress in Phase-Change Memory Technology[END_REF][START_REF] Noé | Phase-change materials for non-volatile memory devices: from technological challenges to materials science issues[END_REF]. They are also deeply studied by academia for numerous new application and for the complex physics associated with their properties [START_REF] Caretta | Interband characterization and electronic transport control of nanoscaled GeTe/Sb2Te3 superlattices[END_REF][START_REF] Wang | A Review on Disorder-Driven Metal-Insulator Transition in Crystalline Vacancy-Rich GeSbTe Phase-Change Materials[END_REF]. PCMs are characterized by a unique combination of properties [START_REF] Boschker | GeTe: A simple compound blessed with a plethora of properties[END_REF] and continue to pose challenges for very basic fundamental research [START_REF] Raty | Aging mechanisms in amorphous phase-change materials[END_REF][START_REF] Raty | A Quantum-Mechanical Map for Bonding and Properties in Solids[END_REF]. They exist in an amorphous and a crystalline phase with huge different optical and electrical properties caused by an unusual change of bonding when the amorphous phase is crystallized [START_REF] Raty | A Quantum-Mechanical Map for Bonding and Properties in Solids[END_REF][START_REF] Wuttig | The Science and Technology of Phase Change Materials[END_REF]. The amorphous phase exhibits in general high electrical resistivity and low optical reflectance, and the reverse properties are observed in the crystalline phase [START_REF] Putero | Evidence for correlated structural and electrical changes in a Ge 2 Sb 2 Te 5 thin film from combined synchrotron X-ray techniques and sheet resistance measurements during in situ thermal annealing[END_REF]. The capability to change the phase of such a material in very short times (nanoseconds) and repeatedly between the two phases makes PCMs ideal candidates for data storage. Among the large class of PCMs, the two prototypes and most studied materials are the Ge2Sb2Te5 and GeTe chalcogenide alloys. They both belong to the GeTe-Sb2Te3 pseudo-binary diagram [START_REF] Yamada | High speed overwritable phase change optical disk material[END_REF] and GeTe was one of the first binary alloy showing fast recrystallization and good optical contrast.

The Ge-enrichment of PCM alloys allows to stabilize the amorphous state resulting in a better thermal stability and data retention [START_REF] Cheng | A thermally robust phase change memory by engineering the Ge/N concentration in (Ge, N) x Sb y Te z phase change material[END_REF][START_REF] Kiouseloglou | A Novel Programming Technique to Boost Low-Resistance State Performance in Ge-Rich GST Phase Change Memory[END_REF]. However, in such non-stoichiometric alloy, both the phase separation upon crystallization and the strain energy of crystallites nucleated in amorphous matrix have been shown to play a crucial role for PCRAM performances [START_REF] Chen | Compound materials for reversible, phase-change optical data storage[END_REF]. Ge segregation in Ge-rich alloys is for example at the origin of failure mechanisms in PCRAM devices [START_REF] Yoon | Nanoscale observations of the operational failure for phase-change-type nonvolatile memory devices using Ge2Sb2Te5 chalcogenide thin films[END_REF][START_REF] Navarro | Material engineering of GexTe100-x compounds to improve phase-change memory performances[END_REF]. Previous studies about Ge-enrichment in Ge-Sb, Ge-Te, and GeSbTe alloys have shown that the excess Ge always precipitates and crystallizes above the alloy crystallization temperature (Tx). In Ge-Sb alloy, Ge enrichment is shown to increase Tx [START_REF] Raoux | Phase transitions in Ge-Sb phase change materials[END_REF], the crystallization of GeSb being followed by Ge precipitation and crystallization [START_REF] Krusin-Elbaum | Irreversible altering of crystalline phase of phase-change Ge-Sb thin films[END_REF]. Even without Ge-enrichment, the annealing of as-deposited amorphous GexSb1-x alloy (x < 0.4) leads to Sb-rich phase crystallization followed by the formation of amorphous Ge regions that crystallize afterward, the Ge crystallization occurring thus at relatively low temperature [START_REF] Kim | Crystallization properties of Ge1-xSbx thin films (x = 0.58-0.88[END_REF][START_REF] Zalden | Simultaneous calorimetric and quick-EXAFS measurements to study the crystallization process in phase-change materials[END_REF]. In other systems such as Ge-rich GeSbTe or Ge-rich GaSb alloy [START_REF] Putero | Ge-doped GaSb thin films with zero mass density change upon crystallization for applications in phase change memories[END_REF], the precipitation and crystallization of pure Ge is also observed at temperatures slightly higher than Tx, Ge grains (~10nm) being embedded in the GeSbTe matrix [START_REF] Privitera | Atomic diffusion in laser irradiated Ge rich GeSbTe thin films for phase change memory applications[END_REF]. Concerning Ge-rich GexTe1-x thin films (with 0.5 < x < 0.66), the precipitation and crystallization of the excess element are usually observed [START_REF] Gourvest | Evidence of Germanium precipitation in phase-change Ge1-xTexthin films by Raman scattering[END_REF] at a temperature larger than the crystallization temperature (Tx) of rhombohedral GeTe [START_REF] Noé | Phase-change materials for non-volatile memory devices: from technological challenges to materials science issues[END_REF][START_REF] Navarro | Material engineering of GexTe100-x compounds to improve phase-change memory performances[END_REF][START_REF] Raoux | Phase transitions in Ge-Te phase change materials studied by time-resolved x-ray diffraction[END_REF]. However, very few studies explain such Ge precipitation and crystallization at a temperature around 300°C, that is much lower than the Ge crystallization temperature [START_REF] Knaepen | In situ x-ray diffraction study of metal induced crystallization of amorphous germanium[END_REF]. Moreover the description of the crystallization process often suffer from a lack of accurate in situ measurements, most experimental studies producing ex situ analysis after annealing at different temperatures. In Ge-Sb alloys, previous studies [START_REF] Raoux | Phase transitions in Ge-Sb phase change materials[END_REF][START_REF] Del Pozo | Crystallization behaviour of amorphous Ge(1 -x)Sbxthin films[END_REF] have discussed metal-induced crystallization as a possible mechanism for the Ge crystallization and precipitation: they describe a process that starts by crystallization and diffusion of Sb in a Ge-Sb matrix. Sb diffusion could induce Ge crystallization through Ge-Sb bond breaking comparable to a metal-induced crystallization process. In Ge0.6Te0.4, Yi et al. [START_REF] Yi | Structural and optical properties of Ge60Te40: Experimental and theoretical verification[END_REF] have shown by ab initio molecular dynamics simulation that Ge atoms prefer to clump together and form Ge tetrahedral clusters in the amorphous phase, possibly explaining experimental findings of segregation of crystalline Ge grains. In Ge0.63Te0.37 thin films, Carria et al. [START_REF] Carria | Amorphous-Crystal Phase Transitions in GexTe1-x Alloys[END_REF] have evidenced the presence of amorphous Ge precipitates at the initial stage of the crystallization, the GeTe crystalline grains subsequently acting as a seed for Ge crystallization. The Ge precipitates were shown to be nestled inside the GeTe grains with some aligned crystal orientation. In this study, the atomic interdiffusivity was also estimated near the crystallization temperature and Tellurium was shown to be likely the diffusing species.

In this work, we reexamine Ge rejection in Ge-rich GeTe thin films with a slight deviation from stoichiometry using unique combinations of in situ measurements: curvature and x-ray diffraction as well as electrical resistance and x-ray diffraction and reflectivity during annealing. This unique combination of both experiments performed simultaneously on a synchrotron beamline allows to monitor in situ during the crystallization and phase transformation the microstructure, the strain and the stress evolutions, as well as the electrical properties in thin PCM films [START_REF] Khachroum | Stress buildup during crystallization of thin chalcogenide films for memory applications: in situ combination of synchrotron X-Ray diffraction and wafer curvature measurements[END_REF]. Because of its peculiar sensitivity, this experimental in situ study gives new insights into the thermomechanical behavior of GeTe thin films during crystallization and Ge precipitation and the delicate interplay between composition and stress in these films.

Experimental procedures

100 nm thick GeTe film were deposited on 200 mm Si(001) substrates by magnetron sputtering from a nominally stoichiometric GeTe target. While for in situ X-ray reflectivity measurements 700 micronthick substrates were used, 100 micron-thick silicon substrates were used for macroscopic curvature measurements to increase substrate bending under the film influence. The films were capped with 10 nm of TaN or SiN to prevent surface oxidation. After the deposition process, the film composition was assessed by means of Rutherford Backscattering Spectrometer (RBS) and Wavelength Dispersive Xray Fluorescence (WDXRF), yielding slightly Ge-rich Ge0.52±0.01Te0.48±0.01 layers.

Samples were in situ annealed (2 °C/min) under nitrogen atmosphere in a chamber specially designed to simultaneously perform X-ray scattering (diffraction, XRD and/or reflectivity, XRR) and wafer curvature measurements [START_REF] Khachroum | Stress buildup during crystallization of thin chalcogenide films for memory applications: in situ combination of synchrotron X-Ray diffraction and wafer curvature measurements[END_REF][START_REF] Mocuta | Fast X-ray reflectivity measurements using an X-ray pixel area detector at the DiffAbs beamline, Synchrotron SOLEIL[END_REF]. The maximum annealing temperature was 400°C and the cooling rate was set to 5°C/min. The heating stage from Anton Paar® was equipped with a 300 µm thick PolyEtherEtherKetone (PEEK) dome for X-ray measurements and an optical quartz viewport to let the laser beam through for optical measurements of sample curvature. The furnace was mounted on the six-circle diffractometer (Kappa geometry) of the DiffAbs beamline at SOLEIL synchrotron. Square pieces of samples, about 10 × 10 mm 2 in size, were cut from the wafer and directly posed on the heating plate without clamping, so that they were free to bend during curvature measurements. The XRD patterns were recorded at a fixed grazing angle ω = 5° using a two-dimensional X-ray hybrid pixel array detector, XPAD [START_REF] Basolo | XPAD: Pixel detector for material sciences[END_REF][START_REF] Pangaud | XPAD3-S: A fast hybrid pixel readout chip for X-ray synchrotron facilities[END_REF]. An incident photon energy E = 16 keV or E = 18 keV was chosen in order to measure a large angular range and to optimize combined XRD and XRR measurements. The diffracted intensities as a function of the diffracted angles 2θ were obtained after 1D azimuthal integration and by applying geometrical corrections and background subtraction [START_REF] Bourlot | Synchrotron Xray diffraction experiments with a prototype hybrid pixel detector[END_REF][START_REF] Mocuta | Erratum: Fast pole figure acquisition using area detectors at the DiffAbs beamline -Synchrotron SOLEIL[END_REF]. It is worth emphasizing that in these experimental conditions with scattering angle ranging (2θ) between 12 and 24° the diffracting plane normals lie between 1 and 7° from the surface normal. Hence the information accessed by diffraction (for ex. interplanar distances, grain sizes…) is basically along the normal to the film surface. The XRR patterns were recorded in θ-2θ geometry, with a point detector, in less than 1 minute. At each temperature, before performing XRR, the sample surface was automatically realigned in the X-ray beam (height and zero of the incidence angle). The data processing for XRR patterns to extract both film thickness and mass density is detailed in the Supplemental Material.

Simultaneously to the X-ray data acquisition, the substrate curvature was monitored to get insight into the film stress as detailed in Ref. [START_REF] Khachroum | Stress buildup during crystallization of thin chalcogenide films for memory applications: in situ combination of synchrotron X-Ray diffraction and wafer curvature measurements[END_REF][START_REF] Rivero | Combined synchrotron x-ray diffraction and wafer curvature measurements during Ni-Si reactive film formation[END_REF]. This has been performed with a kSA® multi-beam optical sensor (MOS), which uses an array of parallel laser beams generated by a 658 nm wavelength laser beam crossing two parallel plates etalons. The sample surface, perpendicular to the incident laser beams, reflects these laser spots, which are captured by a charge-coupled detector. The MOS system is first calibrated with an optical flat mirror. The spacing between the spots reflected by the flat mirror is used as a reference. The deformation of the array after reflection from the sample allows determining the sample curvature along two directions:

= (1)
where L and α are respectively the sample-to-detector (CCD camera) distance and the incident angle of the beam on the sample surface. d and d0 are respectively the distance between the laser spots before and after reflection from the sample. Knowing the substrate thickness hS and its biaxial modulus MS the force per unit length applied by the film on the substrate can be deduced:
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where κ0 is the curvature of the bare substrate surface. Formula (2) is called Stoney equation and is valid provided the film thickness is small enough as compared with the substrate thickness and that the substrate remains in the small deformation regime (bow should remain smaller than the substrate thickness). Both conditions are met in the samples investigated in this work. In the case of a homogeneous in-plane stress σf in the film of thickness hf, the force per unit length F writes:

= ℎ (3) 
In this work, we used as κ0 in formula (2) the initial room-temperature curvature of the film-substrate system. Hence the force F is a relative force with respect to the initial situation, which includes bare substrate curvature and residual stress in the as-deposited film.

Simultaneous in situ XRD, XRR and sheet resistance (Rs) measurements were also performed using another dedicated vacuum chamber (10 -5 mbar) equipped with a heating stage and an aligned 4-point probe sheet resistance set-up [START_REF] Putero | Evidence for correlated structural and electrical changes in a Ge 2 Sb 2 Te 5 thin film from combined synchrotron X-ray techniques and sheet resistance measurements during in situ thermal annealing[END_REF][START_REF] Putero | Combined in situ x-ray scattering and electrical measurements for characterizing phase transformations in nanometric functional films[END_REF]. For such experiment, Si(100) substrates covered by an insulating 500 nm thick thermal SiO2 layer were used. The heating chamber was mounted on the six-circle diffractometer of the DiffAbs beamline at SOLEIL synchrotron, and XRD, XRR and Rs were recorded during the sample annealing using same constant heating and cooling rate as previously described.

Both XRD and XRR measurements were performed as described above; simultaneously to the collection of XRR and XRD data, the sheet resistance was measured: the current was supplied by a Keithley 6220 precision current source, while the voltage was measured using a Keithley 2182A nanovoltmeter, with the 4-point probes lying on the sample surface.

STABLE PHASES OF GeTe AND CRYSTALLOGRAPHY OF THE LOW TEMPERATURE α PHASE

According to the equilibrium phase diagram [START_REF] Bletskan | PHASE EQUILIBRIUM IN BINARY SYSTEMS A 1 vBv 1[END_REF] Ge1-xTex crystallizes in three different structures under atmospheric pressure. The homogeneity domain at 703 K is 50.3 -51.5 Te at%. At room temperature, the stable phase is rhombohedral αGeTe (R3m space group) on the Ge-rich side and orthorhombic γGeTe (SnS structure) on the Te-rich side. Above 640-700 K the stable phase is cubic βGeTe (Fm3 m, NaCl type). There are some controversies about the nature of this α-β transition whether it is a Peierls transition or an order-disorder transition [START_REF] Boschker | GeTe: A simple compound blessed with a plethora of properties[END_REF]. βGeTe may also be stabilized at room temperature under high pressure [START_REF] Onodera | Structural and electrical properties of GeSe and GeTe at high pressure[END_REF]. It is reported that the dominant non-stoichiometric defects in αGeTe are double ionized vacancies on the Ge sublattice [START_REF] Bletskan | PHASE EQUILIBRIUM IN BINARY SYSTEMS A 1 vBv 1[END_REF].

At room temperature, the rhombohedral primitive unit cell αGeTe has the following lattice parameters [START_REF] Nonaka | Crystal structure of GeTe and Ge2Sb2Te5 meta-stable phase[END_REF]: aR = 0.4281 nm and α = 58.359°. It is often convenient to use a multiple (M=3) hexagonal unit cell whose lattice parameters are related to the rhombohedral cell parameters by:

= 2 sin$ % 2 & '
and ( = √3 * 6 cos %

. / 03 * ( Hence the hexagonal parameters are aH = 0.4174 nm ; cH= 1.0614 nm (Fig. 1). Slightly different values are reported by Chattopadhyay et al. [START_REF] Chattopadhyay | Neutron diffraction study on the structural phase transition in gete[END_REF]: aH = 0.4164 nm ; cH= 1.069 nm In this article, the hexagonal simplest cell (M=3, in red in fig. 1) is chosen to describe the lattice. As usual in the literature on GeTe, the three indices (hkl) notation is used (instead of (h k i l)).

It is worth noting that these αGeTe hexagonal lattice parameters yield very close interplanar distances for non-equivalent lattice planes: for example, (003)/(101), as well as (104)/(110) planes exhibit very similar interplanar distances (see Table 1). These small differences get even smaller when the temperature increases because of the anisotropic thermal expansion of αGeTe.

Thermal expansion of αGeTe has been measured by Chattopadhyay et al. [START_REF] Chattopadhyay | Neutron diffraction study on the structural phase transition in gete[END_REF] on single crystals. Using this data, one can extract the hexagonal thermal expansion coefficients αa and αc between 295 and 665 K: αa= 3.19×10 -5 K -1 and αc = -2.05x10 -5 K -1 . The volumetric thermal expansion is αV = 4.33×10 -5 K -1 , and the average linear thermal expansion coefficient is αV/3 = 1.44×10 -5 K -1 . From temperaturedependent powder diffraction measurements [START_REF] Chatterji | Anomalous temperature-induced volume contraction in GeTe[END_REF], Chatterji reports αV = 4.59×10 -5 K -1 , which yields αV/3 = 1.53×10 -5 K -1 . These measurements are in agreement with the earlier ones performed by Wiedemeier [START_REF] Wiedemeier | The Thermal Expansion of GeS and GeTe[END_REF] and the most recent ones reported by Tran[43].

This high anisotropy in thermal expansion triggers the thermal evolution of lattice spacings. In the absence of stress, the thermal expansion of (hkl) lattice planes writes: % 3 -% 5 [START_REF] Boschker | GeTe: A simple compound blessed with a plethora of properties[END_REF] The bulk modulus of GeTe has been measured by Onodera [START_REF] Onodera | Structural and electrical properties of GeSe and GeTe at high pressure[END_REF] as 49.9 GPa. The six independent elastic constants have been calculated within the density functional theory approximation [START_REF] Shaltaf | Dynamical, dielectric, and elastic properties of GeTe investigated with first-principles density functional theory[END_REF][START_REF] Kagdada | Structural stability, dynamical stability, thermoelectric properties, and elastic properties of GeTe at high pressure[END_REF]. The calculated extreme values of Young modulus show that R3m GeTe exhibits a strong elastic anisotropy: 48 GPa ≤ E ≤132 GPa [START_REF] Shaltaf | Dynamical, dielectric, and elastic properties of GeTe investigated with first-principles density functional theory[END_REF] or 37 GPa ≤ E ≤ 119 GPa [START_REF] Kagdada | Structural stability, dynamical stability, thermoelectric properties, and elastic properties of GeTe at high pressure[END_REF]. The softest direction is along the c-axis.

% 12 = % 3 -4
For the sake of completeness, it is worth mentioning the description of αGeTe with a pseudo-cubic unit cell, since the rhombohedral cell is very close to a cubic NaCl one, stretched along the <111> direction. The α-β transition may be then viewed as a pseudo-cubic to cubic transition. In that case the aC parameter corresponds to the (111) interplanar distance of the primitive rhombohedral cell, which leads to aC = 0.589 to 0.599 nm and αC = 88.35 to 88.96° (instead of 90° in a cube).

Experimental results

Figure 2 shows the substrate curvature and XRD results obtained simultaneously in situ during annealing of a 100 nm GeTe film up to 400°C. On the right-hand side, XRD patterns (E = 16 keV) are shown as a function of temperature. The area detector was placed such that it covers in a single image a 2θ angular opening of about 5°; thus, two detector positions have been used yielding two 2θ ranges, from 12° to 16° and from 19° to 24° respectively. Starting from room temperature no diffraction peaks are visible, which is in agreement with the expected amorphous nature of as-deposited films. From 239°C on distinct diffraction peaks appear, that can be assigned to rhombohedral αGeTe. They are indexed accordingly (in the hexagonal description, see above) as 003/101, 012, and 104/110. This temperature is thus the crystallization temperature of GeTe noted Tx from now on. The value of Tx = 239°C is in good agreement with the literature for non-oxidized GeTe film [START_REF] Berthier | In situ observation of the impact of surface oxidation on the crystallization mechanism of GeTe phase-change thin films by scanning transmission electron microscopy[END_REF]. Further heating makes faint additional peaks to appear at 297°C. These two additional peaks can be assigned to cubic Ge (diamond structure) and indexed as 111Ge and 220Ge. This temperature will be noted TGe from now on. In this combined experiment, TGe ≈ Tx+ 58°C, and TGe/Tx ≈ 1.25. A clear displacement of αGeTe diffraction peaks is evidenced at TGe. Upon cooling no additional peaks appear but splitting of αGeTe 003/101 and 104/110 peaks is evidenced. The force deduced from the sample curvature (equation 2) is plotted against temperature in the lefthand side of figure 2. Upon annealing, after a first compressive evolution up to 70°C, a smooth tensile stress buildup is then observed until Tx = 239°C where a sharp tensile increase happens. Further heating yields a smooth compressive trend followed by a sharp compressive drop at TGe = 297°C and a linear compressive trend. Cooling down translates into a linear tensile evolution. From the nominal 100 nm film thickness, one can deduce the stress jumps at Tx and TGe : +72 and -54 MPa respectively. These values are extracted assuming a constant thickness.

The diffraction peaks have been fitted using a Gaussian function and a linear background using a home-made python code. This allows extracting as a function of temperature the following parameters: peak integrated intensity, peak position and thus lattice spacing and peak width (FWHM).

The integrated intensity of αGeTe 012 and Ge 111 peaks is shown as a function of temperature in figure 3. At Tx a sharp increase of the 012 GeTe intensity is the signature of crystallization followed by a slow increase and a step at TGe. Upon cooling the intensity is almost constant with a slight increase that might be related to the Debye-Waller factor. The Ge 111 peak appears at TGe and steadily increases in intensity especially above 345°C (at ~TGe+50°C, or ~1.25TGe). The decreasing evolution of the integrated intensity of αGeTe 012 after TGe and upon cooling may be explained by the beginning of the GeTe rhombohedral-cubic phase transition (already shown to begin around 350°C [START_REF] Raoux | Phase transitions in Ge-Te phase change materials studied by time-resolved x-ray diffraction[END_REF]) for high temperatures and by the Debye-Waller effect for the lowest temperatures. However the indexation reported in Figures 2, 3 and 4 correspond to the hexagonal description of the rhomboedral α-GeTe phase. The characteristic splitting of the 003/101 and 104/110 peaks upon cooling is a fingerprint for this phase. Upon heating the breadth of the Bragg peaks does not allow for resolving these splittings but there are no signs for α-β phase transition, which should show up e.g. in the evolution of the peak widths. Lattice spacings deduced from the peak positions are shown in figure 4. Above Tx, all spacings exhibit a positive thermal expansion behavior with a monotonous increase when the temperature rises. At TGe, a very distinct step is observed for all the measured spacings. Above TGe, positive thermal expansion resumes. Upon cooling specific splittings (003/101, 104/110) are observed with some peaks exhibiting negative thermal expansion in agreement with the reported thermal expansion coefficients [START_REF] Chattopadhyay | Neutron diffraction study on the structural phase transition in gete[END_REF][START_REF] Chatterji | Anomalous temperature-induced volume contraction in GeTe[END_REF][START_REF] Wiedemeier | The Thermal Expansion of GeS and GeTe[END_REF][START_REF] Tran | Real-time observation of the thermally-induced phase transformation in GeTe and its thermal expansion properties[END_REF].

Table 1 shows the calculated (eq.( 6)) and measured values of thermal expansion coefficients % 12 for the main (hkl) lattice planes of αGeTe phase: lattice planes having very close interplanar distances (i.e. 003/101, and 104/110) exhibit opposite thermal expansion coefficients, and the measured % 12 are in very good agreement with the calculated ones, which implies very small thermoelastic strains in these supported films.

(hkl) < =>? (nm) calculated @ =>? (K -1 ) from eq.( 6) measured @ =>? (K -1 ) from Fig. In-situ XRR patterns and total reflection edge (θc) variations are shown in figure 6 according to temperature. Starting from room temperature, the XRR patterns (total reflection edge A 5 and Kiessig fringes position) remain almost constant up to Tx where a clear shift in A 5 occurs towards higher angle (see figure 6b), corresponding to an increase in mass density. A second slight irregularity happens at TGe. During the heating stage, each XRR pattern was fitted to extract both the mass density and the film thickness change (see figure 7a). Figure 7b shows two XRR patterns recorded at the beginning of annealing (amorphous) and after Tx (crystallized), the corresponding fits, and a zoom on the total reflection edge indicating the shift through higher angle for the crystallized sample. Starting from a density of (5.64 ± 0.01) g.cm -3 and a film thickness of (98.8 ± 0.1) nm, these values show respectively an average decrease and increase of -2.2 % and + 1.9 % even before reaching Tx. The average value of + 2% in the thickness variation up to Tx corresponds to a linear thermal expansion coefficient of ~2.2×10 -5 K -1 , in good agreement with the average value of αV/3 reported in literature for crystalline GeTe [START_REF] Chattopadhyay | Neutron diffraction study on the structural phase transition in gete[END_REF][START_REF] Chatterji | Anomalous temperature-induced volume contraction in GeTe[END_REF][START_REF] Wiedemeier | The Thermal Expansion of GeS and GeTe[END_REF][START_REF] Tran | Real-time observation of the thermally-induced phase transformation in GeTe and its thermal expansion properties[END_REF]. Around Tx, the mass density and film thickness show respectively a relative variation of about + 8 % and -7 %, then the mass density remains almost constant and the film thickness still changes to reach ~-8 % at the end of annealing. From these data, the mass density of the GeTe film is calculated at 5.64 g/cm 3 and 6.07 g/cm 3 in respectively the amorphous and crystalized phases, corresponding to a relative variation of +7.6 %, in agreement with literature [START_REF] Nonaka | Crystal structure of GeTe and Ge2Sb2Te5 meta-stable phase[END_REF]. Finally, to correlate the structural and electrical properties of the layer upon crystallization, combined XRD, XRR and Rs were performed. Figure 8a shows the evolution of Rs and XRD integrated intensity of αGeTe 012 and Ge 111 peaks with temperature upon in situ annealing up to 300°C and subsequent cooling. One should note that because of the sample holder pressing the sample on one side against the heating element, and because of the different thermal conditions compared to previous experiments (under vacuum vs. nitrogen atmosphere annealing), both Tx and TGe are shifted to lower temperatures; however, the data does not evidence any oxidation process responsible of such a shift [START_REF] Berthier | In situ observation of the impact of surface oxidation on the crystallization mechanism of GeTe phase-change thin films by scanning transmission electron microscopy[END_REF], only the different thermal conditions are involved. Apart from this shift in temperature, the XRD integrated intensity evolution shown in figure 8a are similar to the ones obtained in figures 2b and 3: actually, (i) the αGeTe 012 Bragg reflection shows a clear 2 step-growth (sharp increase at Tx followed by a slow increase and a step at TGe, with TGe ≈ Tx + 45°C and TGe/Tx ≈ 1.25) and the same shift in 2θ position at TGe; and (ii) the Ge111 peaks displays a steady increase in intensity above 265°C (at ~TGe+45°C or ~1.2TGe). The sheet resistance evolution with temperature shows that the sample is initially in a highly resistive amorphous state, and, up to Tx, the resistance decreases with temperature as expected for a typical semiconductor. At Tx, the resistance drops suddenly by several orders of magnitude. A second drop of Rs occurs at TGe, then low resistance state is conserved upon cooling. Taking into account the film thickness at RT before and after crystallization, the resistivity is ρa = 1.6 × 10 3 Ω.cm and ρc = 1.05 mΩ.cm, respectively in the amorphous and crystallized layer. The electrical contrast, defined as

∆C = D EFGHIF D :GJFI
, is 1.4×10 6 . These values are all consistent with literature [START_REF] Jost | Disorder-Induced Localization in Crystalline Pseudo-Binary GeTe-Sb2Te3 Alloys between Ge3Sb2Te6 and GeTe[END_REF]. Both XRR (film thickness evolution) and XRD (GeTe 012 and Ge 111 integrated intensities) results are compared in figure 8b: the relative thickness variation is ~ 0.4 % before Tx (the corresponding linear thermal expansion coefficient is ~2.6 10 -5 K -1 , thus in the same order of magnitude as in figure 7a), then a drastic decrease of -7.5 % occurs at Tx. At TGe a limited irregularity in the thickness evolution is visible. The relative variation of thickness after/before annealing is -7.7 %, also in good accordance with previous results obtained with combined XRD and XRR only. 

Discussion

The in situ evolutions during the annealing of the capped 100 nm GeTe films described in the previous section can be summarized in the following way:

• Stage I RT-Tx: Between room temperature and Tx= 239°C the film stays amorphous (no XRD peak), with a high electrical resistance state, and a tensile stress evolution is observed. During this stage a decrease of ~ -2.2 % in mass density is measured by XRR, indicating that the tensile stress buildup is not related to a layer densification but rather to structural rearrangements occurring in the amorphous GeTe phase during heating. • Stage II Tx-TGe: at Tx=239°C an abrupt tensile stress jump is observed (+72 MPa) followed by a slight compressive stress evolution. αGeTe diffraction peaks appear at Tx as a consequence of crystallization. X-ray reflectivity indicates a densification of the film (+ 8 %) and a decrease of the film thickness (-7 %). The electrical resistivity shows a decrease of several orders of magnitude.

• Stage III TGe-Tmax: at TGe= 297°C diffraction peaks from Ge appear. At the same time distinct steps are observed in: (i) stress (compressive jump -54 MPa); (ii) αGeTe lattice spacings; (iii) αGeTe peak widths; (iv) αGeTe integrated intensity; (v) electrical resistivity (second decrease).

• Upon cooling the film stays crystallized. Both αGeTe and Ge diffraction peaks are present and exhibit a thermoelastic behavior.

Before focusing on stage III which shows the most novel results, a few points deserve to be highlighted concerning Stage II and crystallization. The crystallization temperature of our 100 nm thick GeTe films is 239°C, which shows that surface oxidation has been effectively prevented [START_REF] Berthier | In situ observation of the impact of surface oxidation on the crystallization mechanism of GeTe phase-change thin films by scanning transmission electron microscopy[END_REF]. Crystallization is shown to be associated with an important increase in density together with a tensile stress buildup, in agreement with literature [START_REF] Chen | Thermal stress effects of Ge2Sb2Te5 phase change material: Irreversible modification with Ti adhesion layers and segregation of Te[END_REF]. It is worth noting that such a density change should yield stresses of the order of several GPa if one takes into account the elastic constants of GeTe [START_REF] Shaltaf | Dynamical, dielectric, and elastic properties of GeTe investigated with first-principles density functional theory[END_REF][START_REF] Kagdada | Structural stability, dynamical stability, thermoelectric properties, and elastic properties of GeTe at high pressure[END_REF]. Although we do measure tensile stresses, in qualitative agreement with a densification, they are two orders of magnitude smaller than the ones predicted from elasticity. This shows that a very important relaxation of stresses occurs during crystallization, probably by viscous flow in the amorphous phase as already proposed in the literature [START_REF] Kalb | Viscosity and elastic constants of thin films of amorphous Te alloys used for optical data storage Viscosity and elastic constants of thin films of amorphous Te alloys used for optical data storage[END_REF].

Let us now discuss the interesting phenomena occurring upon Ge crystallization. In agreement with the initial film composition and with the equilibrium phase diagram [START_REF] Bletskan | PHASE EQUILIBRIUM IN BINARY SYSTEMS A 1 vBv 1[END_REF], pure Ge precipitates within the film at TGe. Above TGe the decrease of the Ge111 peak width (Fig. 5) can be interpreted as an increase of the Ge grain size up to about 40 nm. The Ge 111 integrated intensity (Fig. 3 and8), which is proportional to the amount of crystallized material in the absence of texture evolution, increases continuously as a function of temperature. Hence we observe both an increase in the quantity of crystallized Ge and an increase in grain size. Post mortem observations by atom probe tomography have recently evidenced large Ge grains in an annealed GeTe film [START_REF] Zhu | Unique Bond Breaking in Crystalline Phase Change Materials and the Quest for Metavalent Bonding[END_REF]. As it is discussed in the introduction, excess Ge precipitation is rather common in thin chalcogenide films and has been described in several articles [START_REF] Krusin-Elbaum | Irreversible altering of crystalline phase of phase-change Ge-Sb thin films[END_REF][START_REF] Kim | Crystallization properties of Ge1-xSbx thin films (x = 0.58-0.88[END_REF][START_REF] Zalden | Simultaneous calorimetric and quick-EXAFS measurements to study the crystallization process in phase-change materials[END_REF][START_REF] Putero | Ge-doped GaSb thin films with zero mass density change upon crystallization for applications in phase change memories[END_REF][START_REF] Privitera | Atomic diffusion in laser irradiated Ge rich GeSbTe thin films for phase change memory applications[END_REF][START_REF] Gourvest | Evidence of Germanium precipitation in phase-change Ge1-xTexthin films by Raman scattering[END_REF]. What has not been reported before are the consequences of this precipitation on the αGeTe phase. At TGe, a rather sharp increase in the GeTe lattice spacings is observed. From these spacings the average hexagonal lattice parameters are calculated and shown in figure 9. Both a and c lattice parameters increase sharply at TGe, which translate in a 1.5 % increase in the volume of the unit cell. This volume increase agrees qualitatively with the compressive stress evolution evidenced by curvature measurements at TGe. Upon cooling one observes a negative thermal expansion coefficient along c, in agreement with literature [START_REF] Tran | Real-time observation of the thermally-induced phase transformation in GeTe and its thermal expansion properties[END_REF]. Upon heating, the observed positive thermal expansion coefficient along c is probably related to the fact that both 003 and 101 diffraction lines, and 110 and 104 diffraction lines, are not resolved by the XRD measurement to be fitted separately, implying that only an average of the lattice spacings can be measured upon heating. The width of the GeTe diffraction peaks (Fig. 5) shows a sharp drop at TGe. Although peak width is related to crystallite size (but not only), it is difficult to believe that GeTe grain size increases by 25% at TGe (Fig. 5). This drop is more likely caused by a sudden reduction of the dispersion in lattice spacing (inter grains or intra-grains). Such an effect is called microstrain in the line-profileanalysis community [START_REF] Mittemeijer | Diffraction analysis of the microstructure of materials[END_REF] and causes a peak broadening that is proportional to the distance to the origin of reciprocal space (whereas size broadening is independent on the position in reciprocal space). Without going to a very involved line profile analysis that is out of the scope of this study one can use a simple Williamson-Hall analysis [START_REF] Williamson | [END_REF], which states that size and micro-deformation broadening are additive:

∆K = 2L M ⁄ * O K
where L is the crystal size, q the magnitude of the scattering vector and ε the microstrain, which is basically the standard deviation of the relative lattice spacing distribution. In the Williamson-Hall method one uses several orders of diffraction in order to plot ∆q vs q and extract L and ε. Here we may assume that the step at TGe is purely caused by microstrains and that above TGe broadening is solely caused by size. Such a hypothesis yields: ε = 5x10 -3 , an initial grain size of 26 nm (before TGe) and a final grain size of 40 nm (at Tmax).

Finally, one may wonder about the state of Ge between Tx and TGe, i.e. when GeTe is crystallized and before the appearance of crystallized Ge. One may consider two extreme possibilities: 1) Ge is in solution in αGeTe; 2) or Ge is an amorphous state. This makes two possible models for explaining our experimental findings.

• Model 1: Ge is in solid solution in αGeTe. At Tx, αGeTe crystallizes and excess Ge is within the unit cell in interstitial sites. At TGe, Ge becomes mobile and can precipitate out of the Ge-rich phase. In this interpretation, the volume of the unit cell needs to decrease upon Ge rejection. This decrease in volume in the supported film implies a compressive stress as observed experimentally. The increase of GeTe lattice parameters upon Ge rejection does not, however, agree with what has been published on the dependence of GeTe unit cell with composition: Hohnke [53] reports that the unit cell volume of Gesaturated GeTe is larger than the one of Te-saturated GeTe. Diffracted intensity increase and resistivity decrease are related to the change in structure factor and doping respectively. The decrease in microstrain may be caused by an inhomogeneity in Ge excess concentration between grains below TGe that disappears when Ge is rejected leading to stable αGeTe. • Model 2: An amorphous Ge shell is surrounding the αGeTe grains, with still small amorphous GeTe domains. It is actually worth noting that EXAFS analyses from Kolobov [START_REF] Kolobov | Local structure of crystallized GeTe films[END_REF] seems to indicate the presence of amorphous Ge coexisting with crystallized GeTe. At Tx excess Ge is rejected in the form of a thin amorphous shell that surrounds the αGeTe grains and put them under compression. At TGe, Ge crystallizes in the form of localized grains thus relieving the applied stress, and leading to an increase in the GeTe unit cell volume. The remaining amorphous GeTe domains, having probably a Ge-rich composition, crystallize at the same temperature TGe, which is higher than Tx for stoichiometric GeTe, as already shown [START_REF] Raoux | Phase transitions in Ge-Te phase change materials studied by time-resolved x-ray diffraction[END_REF]. Diffracted intensity increase and resistivity decrease at TGe are related to the crystallization of remaining GeTe and/or to removal of amorphous Ge at GeTe grain boundaries that can be responsible for electronic localization effect and hindering thus electronic transport. The bulk modulus of αGeTe is of the order of 50 GPa hence the hydrostatic stress corresponding to 1.5% volume change is 750 MPa. This positive relief of internal strain in a supported film yields a compressive stress buildup, as observed. The disappearance of microstrains may be understood as a homogenization of the elastic strains in the film. Indeed at TGe the GeTe grains are not strained anymore by the amorphous Ge shell whereas below TGe elastic strains will vary from one grain to the other depending on the size and orientation of the grains as well as on the thickness of the shell. Moreover the disappearance of the amorphous Ge shell is likely to be responsible for the lowering of electrical resistance.

These two models are schematized in figure 10. 

Conclusion

Original combinations of x-ray diffraction and x-ray reflectivity with curvature or resistance measurements have been performed in situ during annealing of initially amorphous GeTe thin films on silicon at DiffAbs beamline at SOLEIL synchrotron facility. These detailed experiments reveal a complex behavior with successive structural changes such as rhombohedral GeTe crystallization or cubic Ge precipitation accompanied by abrupt stress and resistance changes. In particular, this study reveals that crystalline Ge precipitation results in important changes (volume of the unit cell, homogeneity of lattice spacing, average stress, …) in the surrounding GeTe matrix. Different scenarios are proposed to understand these results. Future works at the local scale (atom probe tomography, transmission electron microscopy) will certainly help in selecting which scenario is at work. Based on our results we suggest, however, that the formation of an amorphous Ge shell around GeTe grains is the most probable event. Beyond its fundamental interest, this complex interplay between stress and composition in GeTe thin films has important implications for PCRAM technology. Indeed phase change materials used in Non-Volatile Memories are often strongly offstoichiometric and Ge rejection and crystallization play a key role in the functioning of these devices.

Figure 1 :

 1 Figure 1 : Rhombohedric (in blue) versus hexagonal (in red) lattices; The basis is a Ge(0, 0, 0)-Te(0.475, 0.475, 0.475) pair in the rhombohedric cell, or Ge(0, 0, 0) -Te (0, 0, ½) in the hexagonal cell. Ge atoms are in blue; Te atoms are in red, for clarity not all of them are represented.

Figure 2 :

 2 Figure 2 : In situ coupled measurements during the annealing of 100 nm GeTe films at 2°C/min. (a) Relative force deduced from substrate curvature; (b) XRD patterns (E=16 keV) as a function of temperature.

Figure 3 :

 3 Figure 3 : Normalized integrated diffracted intensity of αGeTe 012 peak and Ge 111 peak. The normalization of the Ge 111 peak has been set to 0.5 for clarity. Its experimental integrated intensity is about 5 times smaller compared to GeTe 012.

Figure 4 :

 4 Figure 4: Lattice spacings in the αGeTe film as a function of temperature extracted from peak fitting of figure 2.

Figure 5 :

 5 Figure 5: Diffraction peak widths of αGeTe 012 and Ge 111 as a function of temperature in reciprocal space units.

Figure 6 :

 6 Figure 6: In situ combined XRR measurement (E = 18 keV) on 100 nm GeTe annealed at 2°C/min: (a) in situ XRR patterns; (b) Variation of the total reflection edge θc according to temperature (extracted from the derivative of XRR patterns).

Figure 7 :

 7 Figure 7: (a) Density and thickness relative variation extracted from the fit of in situ XRR patterns and (b) XRR experimental and fitted patterns recorded during annealing; as an example, 2 datasets are shown: at the beginning (amorphous sample) and at T = 339°C (crystalline sample).

Figure 8 :

 8 Figure 8: Results of combined XRD, XRR and Rs experiment on 100 nm GeTe layer capped with 10nm SiN. (a) Rs (left scale) and normalized integrated diffracted intensity (right scale) of αGeTe 012 peak and Ge 111 peak. The normalization of Ge 111 peak has been set to 0.5 for clarity. Its experimental integrated intensity is about 5 times smaller compared to GeTe 012. (b) relative layer thickness variation (left scale) deduced from XRR patterns and normalized integrated diffracted intensity (right scale) of αGeTe 012 peak and Ge 111 peak.

Figure 9 :

 9 Figure 9: Lattice paramters of αGeTe as a function of temperature. Results from the literature on bulk samples [Ref.40] are also shown.

Figure 10 :

 10 Figure 10: Schematic illustration of the two possible models. hf is the layer thickness, σ is the stress, ∆Rs is the electrical contrast.
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Temperature interplanar distances (at room temperature) and thermal expansion coefficients % 12 for the main diffraction lines of αGeTe: theoretical % 12 is calculated from eq. (

6

) and the lattice parameters from Ref.39 ; the measured % 12 is calculated from the dhkl of figure

4

, during cooling, between 100°C and 300°C.
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