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Introduction

Phase change materials (PCMs) are materials showing very different physical properties, notably optical and electrical, depending on their physical state, amorphous or crystalline [START_REF] Wuttig | Phase-Change Materials for Rewriteable Data Storage[END_REF][START_REF] Lee | Phase -Change Technology and the Future of Main Memory[END_REF][START_REF] Raoux | Phase Change Materials and Their Application to Nonvolatile Memories[END_REF][START_REF] Noé | Phase-Change Materials for Non-Volatile Memory Devices: From Technological Challenges to Materials Science Issues[END_REF][START_REF] Guo | A Review of Germanium-Antimony-Telluride Phase Change Materials for Non-Volatile Memories and Optical Modulators[END_REF] . The "canonical" alloy Ge 2 Sb 2 Te 5 (GST-225) allows today the development of a new generation of electronic memories called "e-PCM" (Electronic Phase Change Memories), where the information bit is coded by two very distinct resistive states, corresponding to the amorphous state (high resistivi ty) and the crystalline state (low resistivity) [START_REF] Bruns | Nanosecond Switching in GeTe Phase Change Memory Cells[END_REF][START_REF] Loke | Breaking the Speed Limits of Phase-Change Memory[END_REF][START_REF] Lai | Current status of the phase change memory and its future[END_REF][START_REF] Arnaud | Truly Innovative 28nm FDSOI Technology for Automotive Micro-Controller Applications Embedding 16MB Phase Change Memory[END_REF][START_REF] Cappelletti | Phase Change Memory for Automotive Grade Embedded NVM Applications[END_REF] . Beyond that, the ability to quasi-continuously tune their resistance states by applying electrical pulses makes PCMs excellent candidates for playing the role of artificial synapses in brain-inspired computers, where a network of artificial neurons is used to mimic the response of biological neurons to stimuli [START_REF] Ielmini | In-Memory Computing with Resistive Switching Devices[END_REF][START_REF] Islam | Device and Materials Requirements for Neuromorphic Computing[END_REF][START_REF] Sabina | Memristive Devices for Brain-Inspired Computing[END_REF] . However, the low crystallization temperature of GST-225 (between 120 and 180°C) is at the origin of the low thermal stability of the different electrical states offered by the corresponding devices and is thus an obstacle to many possible applications, especially in the field of embedded technologies where operating temperatures are well above 200°C. To improve performances and offer stable characteristics at higher temperatures, at least for digital devices, the enrichment of canonical GST-225 with Germanium (Ge-rich GST or GGST) is one of the solutions promoted by the industry [START_REF] Cappelletti | Phase Change Memory for Automotive Grade Embedded NVM Applications[END_REF][START_REF] Zuliani | Overcoming Temperature Limitations in Phase Change Memories with Optimized GexSbyTez[END_REF][START_REF] Kiouseloglou | A Novel Programming Technique to Boost Low-Resistance State Performance in Ge-Rich GST Phase Change Memory[END_REF][START_REF] Palumbo | Forming Operation in Ge -Rich GexSbyTez Phase Change Memories[END_REF][START_REF] Lee | Composition Segregation of Ge-Rich GST and Its Effect on Reliability[END_REF][START_REF] Redaelli | Material and Process Engineering Challenges in Ge -Rich GST for Embedded PCM[END_REF] . Indeed, GGST has a much higher crystallization temperature (> 300°C), which guarantees the integrity of the encoded information at high temperature Still, one key and limiting characteristic of PCMs is the thermal stability of the amorphous phase, which is associated with the high resistivity state of the devices. While being fundamental to device operation and understanding, the mechanisms by which such alloys crystallize and switch from one state to the other are still controversial. When this class of material was introduced [START_REF] Cheng | A Thermally Robust Phase Change Memory by Engineering the Ge/N Concentration in (Ge, N)XSbyTez Phase Change Material[END_REF][START_REF] Cheng | A High Performance Phase Change Memory with Fast Switching Speed and High Temperature Retention by Engineering the GexSbyTez Phase Change Material[END_REF] , it was thought that the different properties of GGST were resulting from a single but unknown "golden", Ge-rich, crystalline phase. Following this initial belief, recent theoretical papers have investigated the relative stability of different crystalline GST phases, in an attempt to find possible decomposition paths from "very Gerich" to "less Ge-rich" GGST alloys during annealing [START_REF] El Kheir | Density Functional Simulations of Decomposition Pathways of Ge-Rich GeSbTe Alloys for Phase Change Memories[END_REF][START_REF] El Kheir | High-Throughput Calculations on the Decomposition Reactions of Off-Stoichiometry GeSbTe Alloys for Embedded Memories[END_REF][START_REF] Cecchi | Crystallization and Electrical Properties of Ge -Rich GeSbTe Alloys[END_REF] . However, one may question the existence of many of the considered alloys (e.g., Ge 18 Sb 2 Te 5 , Ge 5 Sb 2 Te 3 , Ge 3 Sb 2 Te 3 or Ge 2 Sb 2 Te 1 ), as there is no experimental evidence that GST crystalline phases can accommodate Ge concentrations larger than that of Te in a single unit cell. In fact, the existence of such exotic Ge-rich GST alloys is usually incorrectly claimed from the chemical analysis of relatively large regions, by Energy-dispersive X-ray spectroscopy (EDX) or Electron energy loss spectroscopy (EELS), where the composition of different small, chemically different, grains can be averaged along the thickness of the sample. Alternatively, there are experimental evidences that the overall crystallization of such Ge-rich amorphous layers results in the formation of a two-phase material, where both the pure Ge and GST-225 crystalline phases coexist [START_REF] Zuliani | Overcoming Temperature Limitations in Phase Change Memories with Optimized GexSbyTez[END_REF][START_REF] Privitera | Crystallization Properties of Melt-Quenched Ge-Rich GeSbTe Thin Films for Phase Change Memory Applications[END_REF][START_REF] Agati | Chemical Phase Segregation during the Crystallization of Ge-Rich GeSbTe Alloys[END_REF][START_REF] Navarro | Trade-off between SET and Data Retention Performance Thanks to Innovative Materials for Phase-Change Memory[END_REF][START_REF] Luong | On Some Unique Specificities of Ge-Rich GeSbTe Phase-Change Material Alloys for Nonvolatile Embedded-Memory Applications[END_REF] . Still, the details of this crystallization process remain unclear, as well as the evolutions of the microstructure and local composition of the GGST layer, which are responsible for the observed resistivity changes. A clear understanding of these two characteristics of the GGST material is however required, if we want to be able to finely tune the resistivity of the PCM device by continuously switching the GGST material in intermediate resistivity states, as needed for advanced and neuromorphic applications.

For some authors Ge crystallizes first [START_REF] Privitera | Crystallization Properties of Melt-Quenched Ge-Rich GeSbTe Thin Films for Phase Change Memory Applications[END_REF][START_REF] Luong | On Some Unique Specificities of Ge-Rich GeSbTe Phase-Change Material Alloys for Nonvolatile Embedded-Memory Applications[END_REF] while for the others crystallisation starts with the formation of GST grains [START_REF] Prazakova | Temperature Driven Structural Evolution of Ge-Rich GeSbTe Alloys and Role of N-Doping[END_REF] . Moreover, the observation of the crystallization of the Ge cubic phase at temperatures as low as 310-330°C, well below the temperature at which the homogeneous crystallisation of Ge is known to occur (400°C), is puzzling. Actually, this controversy and the lack of understanding of the details of the crystallization scenario result from the difficulty to infer the mechanisms leading to the overall crystallization of GGST layers from the sole characterization of samples ex situ annealed at different temperatures and durations. Clearly, a detailed characterization of the mechanisms at work during isothermal annealing and of their relative kinetics is missing.

In this work, we report the results of our investigations of the crystallization of Ge-rich GST alloys using isothermal annealing during in situ X-ray diffraction (XRD) performed at SOLEIL synchrotron (France). These results are complemented by transmission electron microscopy (TEM) observations. We show that, prior to crystallization, the initially homogeneous material undergoes phase separation in the amorphous phase. After some incubation time, a transient GeTe phase appears which triggers the heterogeneous nucleation of nanocrystals of the Ge cubic phase. Then, this Ge crystalline phase grows through the addition of new small grains while the Ge content in the remaining amorphous GST matrix concomitantly decreases until regions finally matching the GST-225 stoichiometry are generated and spontaneously crystallize. The transient phase responsible for the observed low temperature crystallization of Ge is formally identified as the Pnma phase of GeTe. Density functional theory (DFT) calculations attest that this phase is more stable than the common R3m phase for very small size crystals. These results unveil the intriguing characteristics of the three-step crystallization of Ge-rich alloys and close a long lasting controversy concerning the order and the scenario of crystallization in these alloys.

Samples and experimental methods

Samples used in this study consisted in 100 nm-thick GGST layers deposited by physical vapor deposition (PVD) using only one target of the same GGST composition onto naturally oxidized Si(100) wafers and covered by a 20 nm thick TiN cap layer using industrial tools. In these samples the Ge concentration is such that after phase separation and crystallization, the Ge and GST-225 phases weight each about 50% of the total volume. Diffraction experiments have been performed in situ and under N 2 gas flow, using an Anton Paar DHS 1100 furnace available on the Diffabs beamline at the synchrotron SOLEIL. The X-ray energy was monochromatized to 10975 eV using a Si(111) double crystal monochromator (E/E ~10 -4 ). The photon beam was focussed vertically (using Rh-coated mirrors) and horizontally (sagittal bended second crystal of the monochromator) into a spot of ~ 250 × 250 µm [START_REF] Lee | Phase -Change Technology and the Future of Main Memory[END_REF] (full width at half maximum, FWHM). The incidence angle of the X-ray beam on the specimen was adjusted to 10°, corresponding to the value at which the diffracted signal was optimized and free from artefacts. The diffracted signals were acquired through the acquisition of two CirPAD detector frames at two different angular positions, in order to fill the gap between detector modules [START_REF] Desjardins | The CirPAD, a Circular 1.4 M Hybrid Pixel Detector Dedicated to X-Ray Diffraction Measurements at Synchrotron SOLEIL[END_REF] . One single XRD profile was acquired every 30 seconds. Quantitative information was extracted from the XRD profiles by Rietveld refinement. Scanning transmission electron microscopy (STEM) using high angle annular dark field imaging (HAADF) was used to check material inhomogeneity through Z-contrast imaging in a probe corrected JEOL JEM ARM 200F. As our previous ex situ XRD studies have shown that the incubation time, i.e. the time after which the onset of crystallization is observed, is of about several tens of minutes at 330°C [START_REF] Luong | On Some Unique Specificities of Ge-Rich GeSbTe Phase-Change Material Alloys for Nonvolatile Embedded-Memory Applications[END_REF] , we have explored the 310-330°C temperature range in detail, in an effort to slow down and decompose the different mechanisms which intervene in the crystallization process.

Results and determination of the crystallization scenario

Figure 1 is a map showing the time-evolution of the XRD profiles during in situ annealing of the GGST specimen at 310°C. During the first 7 hours, the GGST layer stays in the amorphous phase as evidenced by the featureless shape of the diffused profile. After 9 hours, two main phases are present which are easily identified as the Ge cubic and GST-225 cubic phases, as previously observed after annealing at higher temperatures [START_REF] Zuliani | Overcoming Temperature Limitations in Phase Change Memories with Optimized GexSbyTez[END_REF][START_REF] Privitera | Crystallization Properties of Melt-Quenched Ge-Rich GeSbTe Thin Films for Phase Change Memory Applications[END_REF][START_REF] Agati | Chemical Phase Segregation during the Crystallization of Ge-Rich GeSbTe Alloys[END_REF][START_REF] Navarro | Trade-off between SET and Data Retention Performance Thanks to Innovative Materials for Phase-Change Memory[END_REF][START_REF] Luong | On Some Unique Specificities of Ge-Rich GeSbTe Phase-Change Material Alloys for Nonvolatile Embedded-Memory Applications[END_REF] . Since we are looking for the chain of events leading to the crystallization of these phases, the evolution of the diffraction profiles during this lap time is of interest. Figure 2 shows the variations of the integrated intensities of the two main characteristic peaks of the Ge and GST-225 phases during isothermal annealing.

Fig. 2: Variations of the integrated diffracted intensities of the two main peaks characteristic of the Ge and GST-225 cubic phases during annealing. The GST peaks rise about 20-30 minutes after the Ge peaks have almost reached their maximum values.

This result evidences that the Ge peaks do appear before those characteristics of the GST-225 phase.

The diffracted intensity of the Ge peaks dramatically increases during the first 30 minutes reaching about 70-80 % of the final values before the GST phase starts to nucleate. This is the first clear experimental evidence that GGST alloys crystallize by first nucleating the Ge phase and that the GST-225 phase crystallizes only after a large proportion of the Ge phase has already crystallized. Moreover, it should be noted that, in comparison to Ge, the GST-225 phase builds up progressively, more slowly, needing up to 90 min to diffract with an intensity of about 70 % of the final values.

Figure 3 shows the time-evolution of the mean size of the Ge and GST-225 crystallites during annealing, as extracted from the widths of the diffraction peaks and after Rietveld refinement. This figure shows that the size of the Ge crystallites remains quite constant over time, with small variations between 4 and 6 nm. Combining this information with the dramatic intensity variations observed in Figure 2, we can deduce that the crystallization of the Ge phase is nucleation-dominated, i.e. proceeds through the accumulation of new small crystallites all of about the same size. The small size increase noted from 9 to 11 hours of annealing probably results from a limited growth of existing crystals at the end of the phase separation process. While nucleated later, the GST crystallites are relatively much bigger, even at the onset of crystallization, in the 15-18 nm range. They do not evolve too much during annealing. At first, they tend to decrease in size during the "nucleation period" lasting 90-120 minutes and during which the corresponding diffracted intensities increase (Fig. 2). Then, they increase again for longer annealing time, probably as a result the slight growth of the existing grains, again at the end of the phase separation process. It is important to note that these sizes are surprisingly large and well above any reported crystallite sizes observed during the nucleation-limited crystallization of pure GST-225 [START_REF] Luong | Effect of Nitrogen Doping on the Crystallization Kinetics of Ge2Sb2Te5[END_REF][START_REF] Kooi | Situ Transmission Electron Microscopy Study of the Crystallization of Ge2Sb2Te5[END_REF] .

To set up and validate a scenario able to explain all the observed characteristics of the crystallization of GGST alloys, several questions must be answered. First of all, why is Ge crystallization observed as such a low temperature? The homogeneous crystallization of pure amorphous Ge is usually observed above 400°C whilst there are reports showing this mechanism can be activated at temperatures down to 380°C [START_REF] Germain | Crystallization in Amorphous Germanium[END_REF] . However, heterogeneous crystallization of Ge may occur at much lower te mperatures. As an extremely favourable case, the solid phase epitaxy (SPE) of Ge, i.e. the crystallization of amorphous Ge in contact with a Ge crystalline (001) surface, can be activated at temperatures down to 310°C, still using a reasonable timescale [START_REF] Claverie | Recrystallization and End of Range Defects in Germanium[END_REF] .

Coming back to Figure 1 and focussing on the onset of crystallization, one can note that there are a number of distinct features in the XRD profiles which appear slightly before the appearance of the peaks corresponding to the Ge phase. In particular, a peak is clearly visible on the right side of the GST peak, at about 22°. Another weaker one is seen as a shoulder of the Ge peak, at about 20°. This evidences that a transient phase, which nucleates first then quickly disappears, is at the origin of the heterogeneous nucleation of Ge at low temperature. The quite strong peak observed at about 22° has been recently detected by Navarro's group after ex-situ annealing in the 350°C range, as a shoulder on the right side of the (200) GT-225 peak [START_REF] Prazakova | Temperature Driven Structural Evolution of Ge-Rich GeSbTe Alloys and Role of N-Doping[END_REF] . However, due to the lack of complementary peaks, the authors could not formally identify the phase responsible for this feature. Instead, they proposed that a "G + GST" unknown phase forms and initiates the crystallisation of the GST-225 phase. The sensitivity of the synchrotron XRD allied to the acquisition of profiles all along the in-situ isothermal annealing allows us to clarify this point. The broadening of the diffraction peaks corresponding to the GeTe phase is similar to that of the Ge phase. From this qualitative observation, we can infer that GeTe particles sizes are in the range of few nms. Figure 4 shows the XRD profile obtained after 30 000 s annealing i.e., during the short period when all the three phases are present. Beyond the peak at 22°, six additional peaks could be evidenced, rendering phase identification unambiguous. The transient phase, the first phase to appear at the onset of crystallisation, is identified as the dense GeTe phase (PDF card 00-044-0819), sometimes referred as type II GeTe, of orthorhombic structure (space group Pnma), and known to be the stable bulk phase under high pressure conditions [START_REF] Shimada | Crystallization of Amorphous Germanium Telluride under Pressure[END_REF] .

Fig. 4: XRD profile recorded after 30 000 s annealing at 310°C. The three phases are observed. The GeTe Pnma phase is formally identified through its seven characteristic peaks.

While the exhaustive study of the relative stability of facetted nanocrystals goes far beyond the scope of this paper, our DFT calculations show that not only pressure but size and termination may stabilize the orthorhombic Pnma structure at the expense of the rhombohedric R3m structure. Indeed, we have calculated the ground state energy of several slabs of the R3m and Pnma GeTe phases (with the densities of 49.75 and 52.94 Å 3 /formula unit (f.u.) respectively computed for the bulk phases), terminated by different surfaces and as function of the slab thickness. For that, we have used the firstprinciples software VASP [START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF] (exchange-correlation functional PBE0sol 36 , cut-off energy of 500 eV, kmesh corresponding to 𝛿𝑘 𝑥 = 𝛿𝑘 𝑦 = 0.188 Å -1 , ground state energy convergence below 10 -5 eV/f.u., force convergence of 10 -3 eV Å -1 , GeTe surfaces of periodically repeated slabs separated by 20 Å of vacuum). For each of the GeTe phases and crystal orientations that we considered, we found that the ground state energy 𝐸 𝑠𝑙𝑎𝑏 depends linearly on the slab thickness. This dependence can be modelled by the simple equation 𝐸 𝑠𝑙𝑎𝑏 = 2𝐸 𝑠𝑢𝑟𝑓 + 𝑛𝐸 𝑏𝑢𝑙𝑘 , where 𝐸 𝑠𝑢𝑟𝑓 and 𝐸 𝑏𝑢𝑙𝑘 are the surface and bulk energy, respectively per GeTe surface and bulk formula unit and 𝑛 is the number of GeTe atomic layers stacked in the slab.

Figure 5 shows the energy differences between R3m and Pnma GeTe stacks terminated by different surfaces, as a function of the number of GeTe atomic layers stacked in the slabs. This figure suggests that the (001) terminated Pnma phase can be more stable than the R3m phase when less than 10 GeTe layers are involved, i.e. for crystallites thinner than 3 nm. This is due to the lower energy of the GeTe (001) Pnma surfaces, the presence of which counterbalances the lowest energy of the bulk R3m phase.

To check whether a modification of the inter-bilayer bonds of the slabs also contribute to the results shown in Fig. 5 beside the contribution of the surface energy [START_REF] Ronneberger | Changes of Structure and Bonding with Thickness in Chalcogenide Thin Films[END_REF] , we have studied the variations of the inter-bilayer spacing for all the slabs considered in this figure. Noticeable variations of the inter-bilayer distance only occur in the vicinity of the first 3-4 layers the closest from the surfaces, which means that mainly surface effects (including atomic layer relaxation near the surface) contribute to the energy difference shown in Figure 5. We thus believe that the lower energy of the Pnma phase is the driving force for the stabilization of thin nanocrystals of this phase; of course, a more rigorous calculation would have required to compute the interface energy betwee n thin GeTe slabs and an amorphous phase of the Ge-rich GST alloys, instead of the free surfaces that we considered here . Finally, the scenario suggested by the evolution of the XRD profiles must be completed by information on the state of the material during the "incubation time" which lasts for more than 7 hours before the onset of crystallisation occurs. Figure 6 compares STEM-HAADF images of the material after deposition and after 4 hours annealing at 310°C. While the image of the as-deposited material is uniform in contrast, the annealed layer shows contrast inhomogeneity which can be ascribed to the decomposition of the layer into Ge-rich and Ge poor-regions. In other words, the material is undergoing progressive phase separation during this lap time, the matrix tempting to expulse Ge and forcing it to segregate. Interestingly, the Ge-rich regions have a diameter of a few nanometers. Putting all these results together, a scenario able to describe all the characteristics of the crystallisation of GGST alloys can now be proposed. It is illustrated in figure 7. This diagram shows the evolution of the system during thermal annealing and leading to the crystallization of a GGST alloy. In the amorphous state, the material is relatively homogeneous in composition but in a metastable state. As soon as sufficient thermal energy is supplied, the system decomposes by expelling and segregating the Ge and depleting the rest of the matrix. Compositional fluctuations then appear at the nanometric scale. The kinetics of the phenomenon is only limited by the capacity of the atomic Ge to diffuse in the surrounding matrix, amorphous and still rich in Ge.

As the phase separation intensifies during the incubation time, the compositional fluctuations and the low solubility of Sb in Ge [START_REF] Okamoto | Germanium-Antimony)[END_REF][START_REF] Bordas | Phase Diagram of the Ternary System Ge-Sb-Te[END_REF] allow the formation of increasingly Ge-rich regions, until they approach the GeTe stoichiometry. As this separation is activated above 300°C, i.e. above the crystallization temperature of GeTe (around 230°C), thin GeTe grains can crystallize with the Pnma phase as soon as they are formed. Upon contact with areas richer in Ge, these GeTe crystallites trigger the heterogeneous crystallization of Ge from 310°C onwards. During annealing, the Ge phase develops, via the nucleation of new small grains and, as a consequence, the GGST matrix becomes "purified", being progressively depleted in Ge, while remaining in the amorphous phase. When the Ge content is such that the stoichiometry is locally close to that of GST-225, these regions spontaneously crystallize in the cubic GST-225 phase since the annealing temperature is much higher than the crystallization temperature of this phase (120-180°C).

This scenario well explains why GST-225 crystals appear later and are larger than observed during the crystallization of pure GST-225 [START_REF] Luong | Effect of Nitrogen Doping on the Crystallization Kinetics of Ge2Sb2Te5[END_REF][START_REF] Kooi | Situ Transmission Electron Microscopy Study of the Crystallization of Ge2Sb2Te5[END_REF] . In a GGST alloy, the crystallization of GST-225 is obtained only when very depleted Ge regions appear, i.e. when the phase separation is well advanced, which is finally obtained within larger domains. Thus, the crystallization of the GST-225 phase does not solely depend on temperature but also on a diffusion length L, i.e. on a characteristic time that depends on the temperature (L=Dt with D=D 0 exp(-E/kT)), this is the time that the excess Ge needs to reach the (crystalline or not) Ge phase.

Finally, our findings suggest that the change of resistivity of a GGST cell submitted to some thermal processing should probably not be solely ascribed to the reduction of the size of the amorphous GGST region in the device, but to the progressive decomposition of the GGST layer into two phases, leading to the possibility of charge carrier percolation through this composite material.

Conclusions

In summary, our XRD and TEM results unambiguously show that the crystallization of GGST involves its decomposition/separation into "pure" phases that crystallize successively through three steps, GeTe (fugitive), cubic Ge and finally cubic GST-225. This phase separation can be thermally activated above 310°C. The crystallization of GeTe is homogeneous and results from compositional fluctuations generated by the separation of Sb and Ge (non-miscible). These crystal seeds allow the heterogeneous crystallization of Ge at low temperature (from 310°C). The growth of the Ge phase, through the generation of small grains with a diameter of about 3-5 nm, allows the dissolution of the GeTe grains and the purification of the surviving amorphous matrix until its stoichiometry goes down to that of GST-225 where it can crystallize as large regions (> 15 nm). These phenomena are limited by the diffusion of Ge within the amorphous GGST matrix during its depletion in Ge.
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 1 Fig. 1: XRD map obtained during in situ isothermal annealing at 310°C of an amorphous GGST layer in the synchrotron (E=10975 eV). The Ge cubic phase appears after an incubation time of nearly 7 hours, followed by the GST-225 cubic phase several minutes later. A transient phase is observed to nucleate first, just before the onset of Ge crystallization. The vertical lines show the structure factors of the GeTe Pnma structure (PDF card 00-044-0819). The blue horizontal between 41000 and 43000 seconds is due to a momentary beam loss in the synchrotron ring.

Fig. 3 :

 3 Fig. 3: Variations of the Ge and GST crystallite size during annealing. The GST grains are about 3 times larger than the Ge grains.

Fig. 5 :

 5 Fig. 5: Energy difference 𝐸 𝑠𝑙𝑎𝑏 -𝐸 𝑠𝑙𝑎𝑏 {𝑃𝑛𝑚𝑎, (001)}, versus the number of GeTe atomic layers in the GeTe slabs. For thicknesses smaller than 10 GeTe layers, the Pnma phase is the most stable. Dark lines are guides to the eyes.

Fig. 6 :

 6 Fig.6: STEM-HAADF images of the material, as deposited (left) and after 4 hours at 310°C (right). The dark regions seen on the image of the annealed sample are of lower "mean Z", probably due to their enrichment in Ge. These contrasts are not seen before annealing.

Fig. 7 :

 7 Fig.7: Evolution of the GGST during thermal annealing. On the abscissa, the thermal energy given to the GGST material; on the ordinate, the phase composition. Circles without/with a star respectively indicate amorphous/crystalline phases. During phase separation, regions of GeTe and Ge stoichiometries are generated. In parallel, the amorphous matrix gets depleted in Ge. The crystallization of GeTe is observed after 7 hours at 310°C and triggers that of Ge through heterogeneous nucleation. The crystallization of GST-225 is observed at the end of the phase separation, when the amorphous matrix goes down to the required GST-225 stoichiometry.
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