L Pessoa 
  
G Prazakova 
  
Navarro 
  
E Nolot 
  
C Sabbione 
  
W Pessoa 
  
L Prazakova 
  
G Navarro 
  
Germanium, antimony, tellurium, their binary and ternary alloys and the impact of nitrogen: An X-ray photoelectron study

Keywords: free path, FWHM: full-width half maximum, GST: GeSbTe, GSTN: nitrogen-doped GST, LEIS: low energy ion scattering radio frequency, TOF-SIMS: time-of-flight secondary ion mass spectrometry, VBM: valence band maximum, WDXRF: wavelength-dispersive X-ray fluorescence, XPS: X-ray photoelectron spectroscopy, XRR: X-ray reflectometry

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Germanium, antimony and tellurium are interesting metalloid elements that are being investigated for a wide variety of applications, either as pure materials or as binary/ternary alloys, sometimes doped with lower-Z elements such as silicon, oxygen, nitrogen or carbon. For example, germanium nitride and oxynitride films can be applied as passivation layers to Ge radiation detectors [START_REF] Maggioni | Germanium nitride and oxynitride films for surface passivation of Ge radiation detectors[END_REF] whereas Sb3N is one of promising anode materials for future rechargeable lithium batteries [START_REF] Sun | A novel anode material of antimony nitride for rechargeable lithium batteries[END_REF]. Germanium telluride alloys (GeTe) demonstrate high thermoelectric performance [START_REF] Li | Electronic origin of the high thermoelectric performance of GeTe among the p-type group IV monotellurides[END_REF] and fit the requirements of innovative phase change RF switches [4]. Chalcogenide phase change materials based on germanium-antimony-tellurides (GeSbTe or GST) have shown recent promise in various domains, such as in spatial light modulation, beam steering, and neuromorphic computing [START_REF] Guo | A Review of Germanium-Antimony-Telluride Phase Change Materials for Non-Volatile Memories and Optical Modulators[END_REF]. Germanium, antimony and tellurium are key elements in advanced non-volatile memory device and more specifically in phase-change random access memory (PCRAM) where they are almost systematically included in both the phase change material (PCM) and the selector material (OTS). Even though SbN has been investigated as a candidate for PCM because of its high crystallization temperature [START_REF] Hu | Improved thermal stability of N-doped Sb materials for high-speed phase change memory application[END_REF], the ternary alloy GST is indeed the most extensively studied PCM [START_REF] Navarro | Phase-Change Memory: Performance, Roles and Challenges[END_REF]. The structural and electrical performances of GST are highly influenced by the stoichiometry and the binding states [START_REF] Wuttig | Phase-change materials for rewriteable data storage[END_REF][START_REF] Lencer | A map for phase-change materials[END_REF]. Lencer [START_REF] Lencer | A map for phase-change materials[END_REF] demonstrated that materials with optimized phase-change performances were all localized in a small region with low values of ionicity and covalency. Moreover, Ge-rich GST alloys can target high-temperature PCRAM applications, while Sb-rich GST alloys are well suited for high-speed performances [START_REF]Phase Change Memory Device Physics, Reliability and Applications[END_REF][START_REF] Sun | Insight into the role of nitrogen in the phase-change material Sb[END_REF][START_REF] Navarro | Highly Sb-rich Ge-Sb-Te Engineering in 4Kb Phase-Change Memory for High Speed and High Material Stability Under Cycling[END_REF]. The addition of nitrogen is used to increase both device reliability and performance, enabling applications in the automotive sector with an enhanced stability up to 240 °C [START_REF] Cheng | A Thermally Robust Phase Change Memory by Engineering the Ge/N Concentration in (Ge, N)xSbyTez Phase Change[END_REF][START_REF] Navarro | N-doping Impact in Optimized Ge-rich Materials Based Phase-Change Memory[END_REF]. Similarly, the performances of Ge-Se-Sb-N-based OTS materials is highly driven by the material stoichiometry, binding states and by the addition of nitrogen [START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF][START_REF] Verdy | Effect of Nitrogen on the Amorphous Structure and Subthreshold Electrical Conduction of GeSeSb-Based Ovonic Threshold Switching Thin Films[END_REF]. In-fab metrology is required to support the development of advanced thin materials based on Ge, Sb, Te along with the monitoring of their industrial fabrication process. Complementary to the accurate analysis of the material stoichiometry [START_REF] Jeynes | Quantifying nitrogen in GeSbTe:N alloys[END_REF] and its dependence with depth [START_REF] Nolot | Accelerating the development of phase-change random access memory with in-fab plasma profiling time-of-flight mass spectrometry[END_REF] is the need for XPS-based monitoring of the binding states in such materials. This paper presents an XPS study of germanium, antimony and tellurium, their binary and ternary alloys, and highlights the impact of the addition of nitrogen in these materials. We performed in-fab XPS characterization of thin films grown by magnetron sputtering on 300 mm silicon wafer. A dedicated oxygen-free vacuum carrier was used to transfer the wafers from the deposition tool to the XPS instrument, in order to perform quasi in situ XPS experiments.

Experimental

Samples

We deposited the thin materials on 300 mm silicon (001) wafers using magnetron sputtering (Applied Materials Endura Clover TM multi-cathode PVD chamber). Deposition temperature was kept close to 60°C for all samples. The chamber base pressure was 10 -7 Torr. We adjusted the nitrogen gas flow while maintaining argon gas flow constant in order to tune the nitrogen content in N-doped samples, using working pressure in the few mTorr range. The binary alloys were obtained by co-sputtering from pure elementary (Ge, Sb, Te) targets. We usually rotate the wafer during the PVD process to optimize the uniformity of the film properties (thickness, stoichiometry, density, etc). However, it is also possible to perform the deposition of binaries without wafer rotation, thereby inducing strong non-uniformity of the film stoichiometry over the wafer. For instance, the deposition of GeTe films from Ge and Te targets and without wafer rotation results in Ge-rich and Te-rich areas on the wafer, depending on the distance between the area and the Ge and Te targets. We took advantage of this feature to generate a wide range of binaries (large range of stoichiometry on one single wafer) with a very limited number of wafers. The film thickness was also non-uniform at the wafer level, but kept larger than 20 nm at any point of the wafer. This strategy was only used for binary alloys (GeTe, GeSb and SbTe) and their nitrides (GeTeN, GeSbN, SbTeN). The ternary alloys were either deposited from a composite target (Te-rich or Ge-rich GST), or grown by co-sputtering from Te-rich Ge2Sb2Te5 and pure antimony targets in order to get Sb-rich GST films. The main parameters of the deposition conditions are reported in Table 1. More details are reported in each section.

We selected layer thicknesses in the 20 to 50 nm range, i.e significantly larger than the information depth of the photoelectrons (3IMFP ~ 9.0 nm with Al K primary energy [START_REF] Tanuma | Calculations of electron inelastic mean free paths. V. Data for 14 organic compounds over the 50-2000 eV range[END_REF] for the Ge3d, Te4d and Sb4d core levels, which feature the highest kinetic energy). We do not provide any evidence of the in-depth uniformity of the materials in this paper. However, most of the thin materials described in this work have been through an exhaustive process qualification, which includes (but is not limited to): i/ WDXRF-based composition analysis, ii/ XRR-based thickness and density measurement (along with the evidence of constant electron density over the depth), iii/ elemental depth-profiling using destructive analytical techniques such as TOF-SIMS and PP-TOFMS [START_REF] Nolot | Accelerating the development of phase-change random access memory with in-fab plasma profiling time-of-flight mass spectrometry[END_REF][START_REF] Tempez | Combining plasma profiling TOFMS with TOF-SIMS depth profiling for microelectronic applications[END_REF]. This methodology provides reasonable guarantee that the material properties in the surface region (probed by XPS) will remain unchanged in depth.

Table 1: Deposition and post-process conditions for the different sample systems presented in the paper (the exact composition of Ge-rich GST target is not disclosed) 2.2 XPS analysis XPS analyses were carried out with a Thermo Scientific Theta 300 spectrometer using a monochromatic Al K source (1486.6 eV). This instrument is capable of parallel collection of angle-resolved photoelectrons. The two-dimensional detector at the output plane has photoelectron energy dispersed in one direction and the angular distribution dispersed in the other direction [START_REF] Watts | An Introduction to Surface Analysis by XPS and AES[END_REF]. Such arrangement provides an angular range of ~ 60° (from 20° to 78° relative to the normal of the sample) with a resolution close to 1°. In this paper, we did not take advantage of the angle-resolved capability: all the spectra include XPS data integrated over the whole angular range. Pure gold and copper samples were used to calibrate the binding energy by setting the Au 4f7/2 and Cu 2p3/2 peaks at binding energies of 83.98 ± 0.02 eV and 932.61 ± 0.02 eV, respectively. Instrument base pressure was 2×10 -9 Torr. High-resolution spectra were collected using an analysis area of ~ (400 µm)² and a 40 eV pass energy. The energy resolution was 0.45 eV as determined from the Fermi cutoff of a gold reference sample. The samples did not undergo any cleaning or ion bombardment step between deposition and XPS measurement. However, as the formation of oxide on germanium, antimony and tellurium is highly favorable (enthalpy of formation H0 is -580.0 kJ/mol for GeO2, -971.9 kJ/mol for Sb2O5 and -322.6 kJ/mol for TeO2 [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF]), a dedicated oxygen-free vacuum carrier [START_REF] Pelissier | XPS analysis with an ultra clean vacuum substrate carrier for oxidation and airborne molecular contamination prevention[END_REF] was used to transfer the wafers from the deposition tool to the XPS instrument. Spectra were analyzed using Thermo Avantage software (version 5.9902). The core-level spectra were fitted to line shapes obtained by convolution of Gaussian (G) and Lorentzian (L) functions. In the case of antimony and tellurium pure materials only, asymmetry permitted a slight improvement in the modelling of 3d and 4d core-levels. A Shirley background was used for all the spectra. The spin-orbit splitting and intensity ratio were first determined with germanium, antimony and tellurium pure samples, and then fixed in the modeling process of the other samples (Table 2). In addition, we constrained the spin-orbit component of each doublet to have the same shape (L/G mix) along with the same full-width half maximum (FWHM). We used Scofield cross sections (Ge 3d5/2: 0.842, Te 4d5/2: 2.14, Sb 4d5/2: 1.85, N1s: 1.80) [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF] for XPS-based evaluation of the elemental composition.

Table 2: Input parameters used for fitting the core-level spectra. These parameters were kept fixed (within a ± 0.01 eV tolerance for the spin-orbit splitting) for all of the fits described in this paper. (*) : in this paper, most of the Ge2p spectra were restricted to the Ge2p3/2 region; the whole Ge2p range was only analyzed for pure germanium sample. The spectra presented in this paper were collected over more than one year, taking advantage of the constant material development on the deposition tool. The use of the dedicated vacuum carrier permitted to get oxygen and carbon signal below the detection limits. However, as we originally thought that a small carbon peak might help for energy referencing, we added on some wafers, before transfer to XPS, a 30-minutes step at 10 -7 Torr pressure in a chamber of the deposition tool, resulting in a < 0.2 nm surface carbon layer. Of course, there is no guarantee that the binding energy of C1s on different materials can be strictly identical. At the end, all the values of binding energies presented hereafter only refer to Au4f7/2 and Cu2p3/2 calibration, but position of C1s peak, when present, is indicated as a complementary information. As the samples were deposited and measured in the fab flow, the measurement conditions may slightly differ from one sample to another. The pass energy and the resolution were kept constant, which was not always the case for the energy range (that can include, or not, the Ge3d plasmon peak for instance). Similarly, valence and Auger spectra are rarely part of the dataset, due to constraints on the acquisition time. The binding energies are presented in tables all along the paper, according to Biesinger's statement [START_REF] Biesinger | Resolving surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni[END_REF]: binding energies are significant to 0.1 eV but an additional figure is added because energy splittings are much more accurate than the absolute binding energies.

We report on XPS spectra acquired just after deposition, with (quasi in situ) or without (Q-time ~ 5 min) the use of the dedicated vacuum carrier, then for most samples (Table 1) after at least one week of ageing in cleanroom environment (aged samples). Low BE region was systematically acquired as it includes in ~10 eV range the Ge3d, Sb4d and Te4d components, which feature same IMFP and large information depth. Te3d, Sb3d, N1s, C1s (and more occasionally Ge2p) regions were also acquired.

Results and discussion

In this section, we first report on the pure materials and their nitrides (Ge, GeN, Sb, SbN, Te, TeN), then on the binary alloys and their nitrides (GeTe, GeTeN, GeSb, GeSbN, SbTe, SbTeN) and finally on the ternary GST alloys with and without N doping.

Germanium and germanium nitride

The electron configuration of germanium semiconductor material is [Ar]3d 10 4s 2 4p 2 , with 4 valence electrons. The Pauling electronegativity value of germanium (2.01) is very close to those of antimony (2.05) and tellurium (2.10), but differs significantly from nitrogen (3.04) and oxygen (3.44). Germanium forms stable oxidation states of +2 (GeO) and +4 (GeO2), the latter being more stable (H0 (GeO2) = -580.0 kJ/mol < H0 (GeO) = -261.9 kJ/mol [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF]). 20-nm thick germanium films were deposited on Si(001) wafers by PVD from a pure germanium target, using DC power. The first wafer was measured quasi in situ; we measured the other one after a short Q-time (5 minutes), then after 4 months of ageing in the cleanroom.

For quasi in situ sample, oxygen was below the level of detection, as seen on O1s spectra, but also on Ge2p (Fig. 1) and Ge3d (Fig. 2) spectra: both Ge2p and Ge3d spectra were fitted with one-only Ge(0) doublet along with plasmon peak contribution. A small Ge(II) peak appears after 5 minutes of air exposure, whereas Ge(IV) is significantly more present than Ge(II) in the 4-month aged sample. The relative contents of Ge(0), Ge(II) and Ge(IV) estimated from Ge3d5/2 integrated intensity are 62 at%, 6 at% and 32 at% respectively. The binding energy and FWHM of the different components are reported in Table 3 (summary) and in the Supplementary Information (all data). Ge3d5/2 energy of elemental germanium is well-aligned with the data obtained by Kuhr et al. [START_REF] Kuhr | Orientation and temperature dependence of H2S adsorption on cylindrical Ge and GaAs samples[END_REF] (BE = 29.1 eV with respect to the valence-band maximum) on unintentionally weakly doped Ge crystal, and reasonably close to the results obtained by Brigans [START_REF] Bringans | Interface formation of GaAs with Si(100), Si(111),and Ge(111): Core-level spectroscopy for monolayer coverages of GaAs, Ga, and As[END_REF] (BE = 29.45 eV) and Santoni [START_REF] Santoni | High-temperature metallization of the Ge(111) surface detected by photoemission spectroscopy[END_REF] (BE = 29.32 eV) on Ge(111)-type substrates. Moreover, the energy of Ge(0) state is almost unaffected by oxidation, which is aligned with Prabhakarana's findings on Ge substrates exposed to cleanroom air [START_REF] Prabhakaran | Oxidation of Ge(100) and Ge(111) surfaces: an UPS and XPS study[END_REF]. Finally, the energy of Ge(II) and Ge(IV) show acceptable difference (~ 0.4 eV for GeO, ~ 0.2 eV for GeO2) with Prabhakarana's oxidation studies of Ge(100) and Ge(111) and with the chemical shift of 0.85 eV per Ge-O bond evaluated by Schmeisser [START_REF] Schmeisser | Surface oxidation states of germanium[END_REF]. Energy referencing is critical in XPS studies. The comparison between quasi in situ and aged samples shows a very small increase of Ge3d5/2 [Ge(0)] (+0.14 eV) but a significant shift of C1s (+1.11 eV). An energy referencing based on the position of adventitious C1s would have led us to wrong conclusion about a possible shift of Ge(0) with ageing. This finding was enough to prevent us from using C1s-based energy referencing in this study. In the deposition scheme of 20-nm thick germanium nitride films, N2 flow varied from 5 to 50 sccm, resulting in 16.5, 39.6, 46.3 and 50.2 at% nitrogen content as measured by WDXRF according to the methodology described in [START_REF] Jeynes | Quantifying nitrogen in GeSbTe:N alloys[END_REF]. It is worth noting that all the samples featured poor nitrogen content when compared to the stable germanium nitride Ge3N4 (formation energy = -0.26 eV/at [START_REF] Sun | A map of the inorganic ternary metal nitrides[END_REF][START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]). Even though quantification is not the core of this paper, we can notice that the nitrogen contents deduced by XPS from N1s and Ge3d5/2 integrated intensity show an up to 12% relative shift when compared to WDXRF values. We run only few comparisons between WDXRF and XPS on the other types of samples, but they all fitted with ≤ 15 % relative uncertainty for XPS quantification, when no dedicated standard is used. We performed quasi in situ XPS analysis, except for the sample with 39.6 at% of nitrogen, which was unintentionally exposed to air during 5 minutes. The BE and FWHM of the different components are reported in Table 3 (summary) and in the Supplementary Information (all data). All the Ge3d spectra (Fig. 3) include both Ge(0) doublet along with one-only doublet related to Ge-N (whatever the N content). The addition of a small oxide contribution is evidenced in the sample with 5 minutes Q-time. The BE of this oxide is intermediate between GeO and GeO2, which suggests that it may be ascribed either to germanium oxide-nitride [START_REF] Maeda | Pure germanium nitride formation by atomic nitrogen radicals for application to Ge metalinsulator-semiconductor structures[END_REF] or to germanium sub-oxide contribution. The complementary analysis of N1s and O1s spectra was not enough to assert GeON or Ge sub-oxide ascription. The BE of Ge(0) and Ge-N are both slightly shifted to higher energy while the valence band region (not shown here because it was collected with poor statistics) evidences that the material moves from semiconductor to dielectrics. Here, charge-induced shift of XPS spectra may affect the accuracy of absolute BE values reported in Table 3, whereas BE distance is a better metrics. The distance Ge-GeN between Ge3d5/2 Ge(0) and Ge-N increases from 0.71 to 1.35 eV with nitrogen content, resulting in an extrapolated shift of ~1.6 eV in the case of Ge3N4 stoichiometry. The distance evaluated by Soukup et al [START_REF] Soukup | Germanium nitride layers prepared by supersonic r.f. plasma jet[END_REF] on GeNx films deposited on silicon wafers using a supersonic RF plasma jet was slightly larger (1.9 eV) for ~ Ge3N4 stoichiometry evaluated by RBS. However, Soukup decided to use 3 keV Xe + ions to eliminate the effect of the air-exposed surface before XPS measurements. Such high-energy ion sputtering might result in additional chemical shift [START_REF] Zanatta | Bond Distribution and Structure of Amorphous Germanium-Nitrogen Alloys[END_REF], which should not be the case for quasi in situ experiment. More recently, Maeda [START_REF] Maeda | Pure germanium nitride formation by atomic nitrogen radicals for application to Ge metalinsulator-semiconductor structures[END_REF] obtained the same value of the distance Ge-GeN (1.9 eV) on germanium nitride films obtained by the direct nitridation of clean Ge substrates, and for Ge3N4 stoichiometry deduced from XPS quantification. Chambouleyron and Zanatta [START_REF] Zanatta | Bond Distribution and Structure of Amorphous Germanium-Nitrogen Alloys[END_REF][START_REF] Chambouleyron | Nitrogen in germanium[END_REF] report on the XPS characterization of amorphous GeNx films prepared by RF sputtering from pure Ge target in controlled Ar+N2 atmosphere, N content in the sample being determined by N2 partial pressure. The nitrogen content in the sample was evaluated by NRA with large uncertainty, especially for nitrogen content higher than 30 at%. The authors suggest that a maximum of five lines associated to the presence of nitrogen contribute to each spectrum, with chemical shift per bond (BE) = 0.5 ± 0.1 eV. The distance Ge-GeN is 0.8, 1.6, 2.2 and 2.7 eV for nitrogen content of 10, 21, 31 and 35 at% respectively. These values are significantly higher than Soukup and Maeda observation, and indeed larger than our quasi in-situ analysis.

The evolution of N1s spectra with nitrogen content is shown in Fig. 4. For nitrogen content below 50 at%, N1s spectra can be modeled with two distinct components: the major component (N-Ge) with BE values increasing from 397.05 to 397.36 eV, and a minor component at higher BE: BE(N-Ge) + 0.7 (± 0.15) eV. The sample with the highest nitrogen content (50.2 at%) shows an additional contribution at high energy (~ 402.0 eV) which can unambiguously attributed to molecular nitrogen (N2) [START_REF] Baltrusaitis | XPS study of nitrogen dioxide adsorption on metal oxide particle surfaces under different environmental conditions[END_REF], possibly chemisorbed on germanium [START_REF] Fukuda | Molecular nitrogen with extremely low N-N stretching frequency on Cr(111) studied by HREELS and XPS[END_REF]. The attribution of this minor component positioned ~0.7 eV above N-Ge is unclear, whether Fukuda suggests that it should be ascribed to molecular states, when Kolobov [START_REF] Kolobov | Local structure of nitrogen in N-doped amorphous and crystalline GeTe[END_REF] draws similar conclusion for crystalline GeTe-N samples.

The distance N-Ge between the BE of Ge3d5/2 (Ge-N) and the major component of N1s spectra (N-Ge) shows linear dependency with the nitrogen content (Fig. 5). However, our values are still different from those determined by Soukup [START_REF] Soukup | Germanium nitride layers prepared by supersonic r.f. plasma jet[END_REF] or Maeda [START_REF] Maeda | Pure germanium nitride formation by atomic nitrogen radicals for application to Ge metalinsulator-semiconductor structures[END_REF] who agreed on N-Ge = 367.9 eV for Ge3N4 phase. Table 3: Binding energy of germanium and nitrogen core levels in Ge and GeN samples. Detailed BE and FWHM for all the samples are included in the Supplementary information.

Samples Germanium Nitrogen

Ge

Ge3d5/2 Ge(0) : 29.1 eV GeO : Ge(0) + 1.8 eV GeO2 : Ge(0) + 3.8 eV 

Antimony and antimony nitride

The electron configuration of antimony is [Kr]4d 10 5s 2 5p 3 , with 5 valence electrons. Antimony reacts with oxygen to give a trivalent oxide Sb2O3, a pentavalent oxide Sb2O5 and a mixedvalence oxide Sb2O4 [START_REF] Garbassi | XPS and AES study of antimony oxides[END_REF][START_REF] Izquierdo | X-ray photoelectron spectra of antimony oxides[END_REF]. Sb(V) oxidation state is more stable than Sb(III): H0(Sb2O5) = -971.9 kJ/mol [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF] < H0(Sb2O3) = -709.7 kJ/mol [START_REF] Aspiala | Determination of standard thermodynamic properties of Sb2O3 by a solid-oxide electrolyte EMF technique[END_REF]. 20-nm thick antimony films were deposited on Si(001) wafers by PVD from a pure antimony target, using RF power. The first wafer was measured quasi in situ; we measured the other one after a short Q-time (5 minutes), then after 1 month of ageing in the cleanroom. For quasi in situ sample, oxygen was below the level of detection, as seen on Sb4d (Fig. 6) and Sb3d/O1s (Fig. 7) spectra. Both Sb4d and Sb3d spectra were fitted with one-only Sb(0) doublet along with plasmon peak contribution. For quasi in situ sample, the fit of Sb4d and Sb3d was slightly improved with asymmetric peaks, with no impact on the FWHM. For oxidized samples, we first determined the position, shape (L/G mix) and FWHM using Sb3d3/2 environment due to the overlap between O1s and Sb3d5/2. The characteristics of Sb3d5/2 were then deduced from Sb3d3/2 values using constraints defined in Table 2. After 5 minutes of air exposure, antimony is already largely oxidized (33 % of oxide deduced from Sb4d Sb(0) and Sb-O, and 38% from Sb3d Sb(0) ad Sb-O) with BE of the oxide component positioned 2.1 eV above Sb(0) for both Sb4d and Sb3d environments, which should correspond to Sb(III) state. The fact that Sb3d gives higher values for oxide content certainly relates to the slightly higher surface sensitivity of Sb3d state (IMFP = 2.1 nm) when compared to Sb4d state (IMFP = 3.0 nm). After 1 month of ageing in the cleanroom, the surface of the antimony thin layer is a mixture of Sb(0) and two oxide components with BE = Sb(0) + 2.1 eV for Sb(III) and Sb(0) + 2.7 eV for the minor Sb(V) contribution. Note that these shifts apply to both Sb3d and Sb4d. The BE and FWHM of the different components are reported in Table 4 (summary) and in the Supplementary Information (all data).

Our data are very well aligned with Morgan's recent work [START_REF] Morgan | Metallic antimony (Sb) by XPS[END_REF], which includes reference spectra for oxygen free metallic antimony obtained after 4 keV argon sputtering of a section of a mechanically polished antimony rod. Morgan uses asymmetric peaks to fit Sb3d core levels but does not discuss possible asymmetry of Sb4d core levels. Morgan's BE values are 32.0 eV for Sb4d5/2 and 528.1 eV for Sb3d5/2 when our estimates are 32.07 eV and 528.28 eV respectively. More surprising is the identical value of C1s component (Morgan : 284.5 eV, our work : 284.55 eV). However, the FWHM values presented by Morgan are a bit large when compared to our results (0.87 eV instead of 0.62 eV for Sb4d5/2). The BE of Sb(0) does not vary with oxidation (0.08 eV range for the 3 samples), in contrast to C1s (0.5 eV range), which, again, cannot serve as an accurate reference. The stability of Sb(0) peak with oxidation allows to present results either in terms of absolute BE or in terms of distance between components. The BE of antimony oxides are well aligned with Birchall data (Sb3d5/2 = 530.2 eV for Sb(III) and 531.1 eV for Sb(V) [START_REF] Birchall | High-energy photoelectron spectroscopy of some antimony compounds[END_REF]) even though he decided for calibration against surface hydrocarbon (285.3 eV), and with Garbassi [START_REF] Garbassi | XPS and AES study of antimony oxides[END_REF] who performed XPS analysis of Sb2O3 powder and Sb2O5 precipitate after argon sputtering. Izquierdo [START_REF] Izquierdo | X-ray photoelectron spectra of antimony oxides[END_REF] and Garbassi [START_REF] Garbassi | XPS and AES study of antimony oxides[END_REF] both comment on the tendency of Sb to form mixed valence compounds, therefore on the possible co-existence of Sb2O3, Sb2O4 and Sb2O5, which differs from our decomposition based on the most favorable oxides suggested by thermodynamics data. Finally, our BE values of Sb4d5/2 for Sb(III) and Sb(V) show ~ 1 eV shift when compared to Izquierdo's work [START_REF] Izquierdo | X-ray photoelectron spectra of antimony oxides[END_REF], where pure oxides have been characterized with non-monochromatic Mg radiation and XPS spectra calibrated against adventitious carbon at 285.0 eV. We varied N2 flow from 5 to 40 sccm in order to deposit 20-nm thick antimony nitride films, resulting in 17.0, 41.0 and 45.0 at% nitrogen as measured by XPS using N1s and Sb4d5/2 integrated intensity. We performed quasi in situ XPS analysis on all the samples. The binding energy and FWHM of the different components are reported in Table 4 (summary) and in the Supplementary Information (all data). The decomposition of Sb3d, Sb4d and N1s spectra depends on the nitrogen content. For low nitrogen content (17 at%), Sb3d and Sb4d include Sb(0) doublet, with same BE as for pure antimony film, and one Sb-N contribution (Fig. 8, Fig. 9). The BE of Sb-N peak (noted SbNy in Table 4) for low nitrogen content is 0.9 eV above Sb(0) BE for both Sb4d5/2 (Sb-N : 33.1 eV) and Sb3d5/2 (Sb-N : 529.2 eV). One component (396.7 eV) is enough to describe N1s region With higher nitrogen content (41 and 45 at%), a high energy contribution (403.5 eV) certainly related to molecular nitrogen is clearly visible in the N1s spectra (Fig. 10). Moreover, the modelling of Sb3d and Sb4d spectra required two distinct Sb-N components, without any contribution of metalloid Sb(0) state. The BE of these Sb-N components is higher than in low nitrogen content samples. On the other hand, they remain identical for samples with 41 and 45 at% of nitrogen and might be ascribed to SbN (Sb3d5/2 : 529.5 eV; Sb4d5/2 : 33.3 eV) and SbN2 (Sb3d5/2 : 530.0 eV; Sb4d5/2 : 33.9 eV). The ratio of SbN and SbN2 components differs significantly between the two samples with high nitrogen content: SbN/SbN2 is 85/15 for 41 at% N and 75/25 for 45 at% N. The presence of the two distinct Sb-N components suggested by the analysis of Sb3d and Sb4d spectra only results in a slight increase of the FWHM of N1s main peak (from 0.74 eV for 17 at% N to 1.0 eV for 45 at% N). The BE distance between SbN and SbN2 contributions to N1s spectra is probably by far smaller than the energy resolution of our XPS analysis, which prevents the unambiguous determination of the related individual BE values. To the best of our knowledge, there is only few papers about XPS characterization of antimony nitrides. One possible reason is that the formation of such nitrides is unfavorable (formation energy of SbN is + 0.18 eV/at [START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]). Nevertheless, Sun first reports [START_REF] Sun | A novel anode material of antimony nitride for rechargeable lithium batteries[END_REF] on antimony-rich SbN films (Sb3N stoichiometry deduced from XPS) but does not evidence the presence of Sb(0) and Sb-N contribution in Sb3d peak, which is yet rather asymmetric. Then, he highlights [START_REF] Sun | Insight into the role of nitrogen in the phase-change material Sb[END_REF] that 10% of the nitrogen exist as N2 molecule in amorphous SbN films, which is in very good agreement with our findings in samples with high nitrogen content (N2 part in N1s is 10% for sample with 41 at% N and 13% for sample with 45 at% N). Finally, Choi [START_REF] Choi | Investigation on the role of nitrogen in crystallization of Sb-rich phase change materials[END_REF] indicates N1s BE at 397.0 eV for N-Sb and 402.5 eV for molecular nitrogen, in the case of crystallized Sbrich SbN materials (14.5 at% N) sputter-etched to remove surface oxidation layers before XPS measurements. 

Tellurium and tellurium nitride

Tellurium belongs to the chalcogen family of elements (group 16), which also includes oxygen, sulfur, selenium and polonium. The electron configuration of tellurium is [Kr]4d 10 5s 2 5p 4 , with 6 valence electrons. Tellurium exhibits the oxidation states -2, +2, +4 and +6, +4 being the most common. Tellurium dioxide TeO2 is stable and the different authors provide almost identical values for the enthalpy of formation: ΔH0 = -322.6 kJ/mol [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF], -313.0 kJ/mol [START_REF] Aspiala | Standard Gibbs energy of formation of tellurium dioxide: measurement by a solid-oxide electrolyte EMF technique[END_REF] and -320.4.0 kJ/mol [START_REF] Cordfunke | Standard enthalpies of formation of tellurium compounds. I. Tellurium dioxide[END_REF]. 20-nm thick tellurium films were deposited on Si(001) wafers by PVD from a pure tellurium target, using RF power. The first wafer was measured quasi in situ; we measured the other one after a short Q-time (5 minutes), then after 4 months of ageing in the cleanroom. For quasi in situ sample, oxygen was below the level of detection, as seen on Te3d (Fig. 11) Te4d (Fig. 12) and O1s spectra. Both Te3d and Te4d spectra were fitted with one-only Te(0) doublet along with plasmon peak contribution. The fit of Te3d and Te4d spectra was slightly improved with asymmetric peaks, with no impact on the FWHM. After short Q-time, Te3d and Te4d spectra perfectly coincide with quasi in situ sample, in contrast to Ge and Sb, which is consistent with the fact that tellurium dioxide is the least favorable among germanium, antimony and tellurium oxides. After 4 months of ageing in the cleanroom, the surface of the tellurium film is a mixture of Te(0) and two oxide components with BE being Te(0) + 3.2 eV for Te(IV) and Te(0) + 1.1 eV for the minor contribution, which may be ascribed to oxygen-poor TeO. Note that these shifts applied to both Te3d and Te4d. The binding energy and FWHM of the different components are reported in Table 5 (summary) and in the Supplementary Information (all data). In the 4-month aged sample, the relative contents of Te(0), TeO and TeO2 are 30.0, 3.0 and 67.0 at% respectively from Te4d integrated intensity, and 22.0, 8.0 and 70.0 at% from Te3d integrated intensity. The fact that Te3d gives higher values for oxide content certainly relates to the slightly higher surface sensitivity of Te3d state (IMFP = 2.1 nm) when compared to Te4d state (IMFP = 3.0 nm). As for antimony, The BE of Te(0) does not vary with oxidation (0.06 eV range for the 3 samples), in contrast to C1s (0.5 eV range), which, again, cannot serve as an accurate reference. The stability of Te(0) peak with oxidation allows to present results either in terms of absolute BE or in terms of distance between components. The BE of Te(0) Te4d5/2 state is perfectly aligned with the data obtained by Scrocco [START_REF] Scrocco | X-ray and electron energy loss spectra of Bi, Sb, Te, Bi2Te3, Sb2Te3 chalcogenides[END_REF] on tellurium films evaporated on aluminum substrate, with BE values referring to the valence band maximum (VBM). Our values also show reasonable agreement (within ± 0.02 eV for Te(0) 4d5/2 and 3d5/2) with data reported by Bahl [START_REF] Bahl | X-ray photoemission studies of tellurium and some of its compounds[END_REF] and Shalvoy [START_REF] Shalvoy | Bond ionicity and structural stability of some average-valence-five materials studied by X-ray photoemission[END_REF]. Bahl studied evaporated samples and obtained BE values (40.5 eV for 4d5/2 and 573.1 eV for 3d5/2) calibrated against simultaneously evaporated gold pads, using Au4f7/2 at 84.0 eV. Shalvoy referred the BE values (40.5 eV for 4d5/2 and 573.0 eV for 3d5/2) to the Fermi level of the spectrometer calibrated against Au4f7/2 at 84.0 eV. We may also notice that BE of C1s state of adventitious carbon on evaporated metal tellurium sample was found at 284.4 eV by Bahl [START_REF] Bahl | X-ray photoemission studies of tellurium and some of its compounds[END_REF], which is very close to our data (284.3 eV). As already noted for antimony sample, we may notice that BE correction based on the C1s spectra of adventitious carbon layer must be used with care, and that the BE value of C1s may significantly differ from 284.8 eV depending on the material of interest. Regarding oxide components, Garbassi [START_REF] Garbassi | XPS study of tellurium-niobium and telluriumtantalum oxide systems[END_REF] reports on TeO2 BE at 575.8 eV (Te3d5/2), with reference to C1s adventitious at 285.0 eV, which is rather close to our data (576.1 eV). The agreement is even better (identical values for both Te3d and Te4d) with the data collected by Bahl [START_REF] Bahl | X-ray photoemission studies of tellurium and some of its compounds[END_REF] on tellurium dioxide powdered and dispersed on gold-coated aluminum plates having striated surfaces, using the calibration strategy described above for Te(0). However, we did not find in the literature any XPS-based evidence of oxygen-poor TeO component as detected on the pure tellurium after 4 months of ageing. 5 (summary) and in the Supplementary Information (all data). The decomposition of Te3d, Te4d and N1s spectra depends on the nitrogen content. For low nitrogen content (4.0 and 8.4 at%), one peak (396.9 ±0.01 eV) is enough to describe N1s region, whereas Te3d and Te4d include Te(0) doublet, with same BE as for pure tellurium, and one Te-N contribution (Fig. 13, Fig. 14). The BE of the Te-N peak is 42.6 ± 0.01 eV for Te4d5/2 and 575.0 ± 0.01 eV for Te3d5/2. To the best of our knowledge, there is no paper related to the XPS characterization of tellurium nitrides. One reason may be that tellurium nitrides feature high positive value of binary-hull depth, which indicates intrinsically weak metal-nitrogen bonding, meaning that nitride formation is unfavorable [START_REF] Sun | A map of the inorganic ternary metal nitrides[END_REF]. The formation energy of tellurium nitride is positive and significantly larger than for antimony and germanium nitrides. Te3N4 is the least unfavorable tellurium nitride (formation energy = + 0.68 eV/at [START_REF] Sun | A map of the inorganic ternary metal nitrides[END_REF]), whereas other (higher) values can be found for unstable monoclinic (+ 1.077 eV/at) and cubic (+ 1.507 eV/at) TeN2 [START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]. Therefore, we may ascribe the Te-N peak present in low-N samples to Te3N4. When nitrogen content is increased, one peak (396.9 ±0.01 eV) is still enough to describe N1s region, except for the sample with highest nitrogen content (Fig. 15) where two additional components are required: N2 molecular state at 403.1 eV, and one component at 397.5 eV, i.e 0.6 eV above the main N-Te peak. As for germanium, we cannot provide a reliable assignment to this latest component. Moreover, one additional N-poor TeNy component is required to model Te3d and Te4d states. Even though TeN layers deposited with 20 sccm and 40 sccm of N2 flow feature almost the same nitrogen content (28 at% and 29 at% respectively), significant differences can be noticed. First, the oxidation of 40 sccm sample is by far larger than for 20 sccm sample, resulting in 24 % of oxide components in Te4d spectra for 40 sccm sample, to be compared to 3 % for 20 sccm sample after 5-minute Q-time. This might relate to the increased porosity of the TeN film grown at 40 sccm N2. More surprisingly, the BE of Te(0) is shifted to lower energy (~ -0.8 eV for both Te3d and Te4d spectra) for 20 sccm sample, while the position of Te3N4 peak is the same as for samples with lower nitrogen content. This applies to both quasi in situ and 5-minute Qtime samples. In contrast, Te(0) shows no shift in 40 sccm sample. The full understanding of the properties of TeN films with high nitrogen content would definitely require complementary investigation. 

Binary alloys and their nitrides

In this section, we report on the XPS characterization of binary alloys (GeTe, GeSb and SbTe) and their nitrides (GeTeN, GeSbN, SbTeN). We first measured the stable binary phases of the Ge-Sb-Te phase diagram, i.e Sb2Te3 (formation energy = -0.128 eV/at [START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]) and GeTe (formation energy = -0.091 eV/at [START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]), that are extensively investigated for PCRAM applications.

Germanium telluride and related nitride

Germanium telluride films were deposited on Si(001) wafer by DC-PVD from a pure germanium target combined with RF-PVD from a pure tellurium target. We did not rotate the wafer during the deposition in order to get a large range of stoichiometry on one single wafer. The film thickness was also non-uniform at the wafer level, but kept larger than 20 nm at any point of the wafer. A first wafer was characterized using quasi in situ XPS, whereas a duplicate was measured with 5-minute Q-time, then after one week of ageing, finally after 6 weeks of ageing in the cleanroom. Quasi in situ measurement was performed on 13 different points with XPS-deduced composition ranging from Ge-rich Ge69Te31 to Te-rich Ge27Te73 films, and including GeTe stable phase (with WDXRF confirmation of the stoichiometry in that case). We acquired highresolution XPS spectra of C1s, O1s, Ge3d (and Te4d) and Te3d. The selected energy range in the low BE region (Fig. 16) was unfortunately a bit too short to fully capture the Te4d plasmon peak. Each Ge and Te spectra could be described by one only doublet whatever the Ge/Te ratio (Fig. 16). The binding energy and FWHM of the different components are reported in Table 6 (summary) and in the Supplementary Information (all data). Ge3d5/2 (resp. Ge2p3/2) shifts towards higher BE with tellurium content, with BE values moving from 29.6 eV (resp. 1217.7 eV) for Ge-rich Ge69Te31 film, to 29.8 eV (resp. 1217.9 eV) for GeTe, then to 30.1 eV (resp. 1218.2 eV) for Te-rich Ge27Te73 material. Meanwhile, the FWHM of both Ge peaks slightly decreases. In contrast, the BE of tellurium peaks remains perfectly unchanged (variability ≤ 0.04 eV over the 13 points for both Te4d5/2 and Te3d5/2), with BE mean values of 40.3 eV (Te4d5/2) and 572.8 eV (Te3d5/2). These BE are the same as for pure tellurium film. An interesting metrics is the distance Te-Ge between Ge3d5/2 and Te4d5/2, which shows an almost perfect linear dependency with Ge content in the thin amorphous GeTe alloys (Fig 17). Shevchik [START_REF] Shevchik | Valence Bands of Amorphous and Crystalline GeTe Determined by X-Ray and UV Photoemission[END_REF] investigated amorphous and crystalline stoichiometric GeTe samples with in situ XPS analysis. Shevchik reported that Ge(0) states of pure germanium were shifted towards high BE in amorphous GeTe samples. The shift was + 0.9 eV for Ge3d (+ 0.7 eV for Ge3d5/2 in our work) and + 1.1 eV for Ge2p3/2 (+ 0.6 eV in our work). Shevchik's values agree with the characterization of polycrystalline GeTe alloys by Shalvoy [START_REF] Shalvoy | Bond ionicity and structural stability of some average-valence-five materials studied by X-ray photoemission[END_REF] (+ 1.0 eV for Ge3d). Whereas we found the tellurium states almost unchanged in GeTe alloys (same BE as in pure Te), Shevchik [START_REF] Shevchik | Valence Bands of Amorphous and Crystalline GeTe Determined by X-Ray and UV Photoemission[END_REF] detected a very slight increase of the BE in GeTe (+ 0.1 eV for Te4d5/2 and Te3d5/2) when Shalvoy [START_REF] Shalvoy | Bond ionicity and structural stability of some average-valence-five materials studied by X-ray photoemission[END_REF] measured a slight decrease (-0.3 eV for Te4d5/2 and Te3d5/2). More significant is the modification in crystalline GeTe samples [START_REF] Shevchik | Valence Bands of Amorphous and Crystalline GeTe Determined by X-Ray and UV Photoemission[END_REF] which are not part of this work. The oxidation of GeTe samples strongly depends on the Ge/Te ratio. We analyzed Ge-rich (Ge68Te32), almost stoichiometric (Ge48Te52) and Te-rich (Ge24Te76) GeTe samples, first after 5 minutes of Q-time, then after 1 week of ageing in the cleanroom. The almost stoichiometric sample was finally measured after 6 weeks of ageing. After 5 minutes of Q-time, we did not detect any oxidation state (even for surface sensitive Ge2p3/2), except for Ge-rich sample where a limited Ge(II) component is present (Table 7). After one week of ageing, tellurium spectra could still be described by Te(0) states only. In contrast, germanium is oxidized, and the amount of germanium oxide increases with the germanium content in GeTe films. The contribution of germanium oxide in Ge2p3/2 states moves from 8 % (Ge24Te76) to 46 % (Ge48Te52), then up to 72 % in Ge-rich (Ge68Te32) sample. Similarly, the oxidation states appear influenced by the germanium content. First, Te-rich sample does not feature detectable Ge(II) component. Secondly, the distance between Ge(IV) and Ge(0) increases with Ge content, moving from 2.7 eV (for Ge3d5/2) in Te-rich sample to In that case, the Ge content (abscissa) is evaluated independently from nitrogen: x = Ge/(Ge+Te)

Adding nitrogen to GeTe leads to a significant increase in crystallization temperature (from 187°C for pure GeTe to 262° C for GeTe containing 10% N [START_REF] Kolobov | Local structure of nitrogen in N-doped amorphous and crystalline GeTe[END_REF]). We used the same deposition procedure, with the only addition of N2 flow at 5 sccm, in order to deposit GeTeN films with thickness > 20 nm all over the wafer. We performed quasi in situ XPS on seven different locations, which are part of the locations used for the analysis of GeTe wafer. We did not conduct any ageing study on GeTeN materials. The Ge/Te ratio was not modified by the addition of nitrogen in the film (within the accuracy of XPS analysis). We estimate the nitrogen content based on N1s, Ge3d5/2 and Te4d5/2 integrated intensity, resulting in limited dispersion over the wafer (6.6 ± 0.4 at%) with exception of Ge-richest area (N ~7.8 at% in Ge69Te31). We modeled the N1s spectra with one major component (BE = 397.10 ± 0.05 eV) and a minor component (< 6 % relative) at higher BE, + 0.7 eV as for GeN material (see section 3.1). Oneonly Te(0) doublet was enough to described Te4d and Te3d spectra (Fig. 18), without any evidence of Te-N bonds. The BE of tellurium component were remarkably stable (40.38 ± 0.05 eV for Te4d5/2 and 572.84 ± 0.05 eV for Te3d5/2) and aligned within ± 0.04 eV with the values in GeTe materials, which reinforce the hypothesis of the lack of Te-N bonds already reported in the literature [START_REF]Phase Change Memory Device Physics, Reliability and Applications[END_REF][START_REF] Kolobov | Local structure of nitrogen in N-doped amorphous and crystalline GeTe[END_REF][START_REF] Fantini | N-doped GeTe as Performance Booster for Embedded Phase-Change Memories[END_REF]. In contrast, the BE of Ge3d5/2 shows noticeable difference among samples. More precisely, the BE of Ge3d5/2 shifts towards high energy with the increase of nitrogen relative content (x ranges from 10 to 20 at% in equivalent Ge1-xNx system), which is consistent with the conclusions drawn on germanium nitrides. The shift of Ge3d5/2 may either be considered in absolute BE (range = + 0.58 eV) or, more precisely, in BE difference, either relative to N1s (+ 0.52 eV) or to Te4d5/2 (+ 0.50 eV). Note that the reasonable agreement between absolute and relative evaluation is consistent with the almost constant value of the VBM among GeTe and N-doped GeTe samples. The BE distance with Te4d5/2 is indeed an interesting metrics, and its value in nitrogen-doped GeTe appears slightly lower than in undoped GeTe for similar relative germanium content (Fig. 17). In conclusion, XPS-only analysis of GeTeN amorphous films is able to highlight that these films contain Ge-Te and Ge-N bonds, no Te-N bonds, and possible presence of another Ny-Ge as in germanium nitride films. These findings agree with the literature [START_REF]Phase Change Memory Device Physics, Reliability and Applications[END_REF][START_REF] Kolobov | Local structure of nitrogen in N-doped amorphous and crystalline GeTe[END_REF][START_REF] Fantini | N-doped GeTe as Performance Booster for Embedded Phase-Change Memories[END_REF]. The binding energy and FWHM of the different components are reported in Table 6 (summary) and in the Supplementary Information (all data). 

Antimony telluride and related nitride

Antimony telluride films were deposited on Si(001) wafer by RF-PVD from a pure tellurium target combined with RF-PVD from a pure antimony target. We did not rotate the wafer during the deposition in order to get a large range of stoichiometry on one single wafer. The film thickness was also non-uniform at the wafer level, but kept larger than 20 nm at any point of the wafer. A first wafer was characterized using quasi in situ XPS. Ageing studies were unfortunately not systematically conducted. However, we collected XPS data on few antimony telluride films, first after 5-minute Q-time, then after one week and four months ageing in cleanroom environment. Quasi in situ analysis was performed on 13 different points with XPS-deduced composition ranging from Sb-rich Sb71Te29 to Te-rich Sb29Te71 films. This range includes two favorable stoichiometry, Sb2Te3 and Sb2Te (formation energy = -0.128 eV/at and -0.062 eV/at respectively [START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]), but ignores Sb-rich Sb16Te3 composition (formation energy = -0.048 eV/at [START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]). While Sb2Te3 has been extensively studied as part of the pseudo-binary line (GeTe-Sb2Te3) in the Ge-Sb-Te phase diagram [START_REF] Wuttig | Phase-change materials for rewriteable data storage[END_REF], recent studies also highlighted the characteristics of Sb2Te as a phase change material [START_REF] Liu | The investigations of characteristics of Sb2Te as a base phase-change material[END_REF]. We acquired high-resolution XPS spectra of C1s, Sb3d (and O1s), Sb4d (and Te4d) and Te3d. The binding energy and FWHM of the different components are reported in Table 8 (summary) and in the Supplementary Information (all data). In germanium telluride case, Ge and Te spectra could be described with one-only doublet component whatever the Ge/Te ratio. In contrast, the decomposition of Sb and Te spectra in antimony telluride films depends on the Sb/Te ratio (Fig. 19 and20). The influence of the Sb/Te ratio on the BE of Sb and Te can be evaluated in both absolute and relative scale, with systematic use of the difference Te-Sb between Te4d5/2 and Sb4d5/2 BE (Fig. 21). For Sb-poor alloys (Sb ≤ 35 at%), antimony spectra is described with one doublet (BE Sb4d5/2 = 32.6 eV) whereas two components are required to model tellurium spectra (BE Te4d5/2 = 40.0 and 40.5 eV). For Sb2Te3 film, both antimony and tellurium spectra are modeled with one doublet (BE Sb4d5/2 = 32.6 eV and Te4d5/2 = 40.0 eV, resulting in Te-Sb = 7.36 eV). When antimony content is increased (42 at% < Sb < 60 at%), antimony spectra is described with two doublets (BE Sb4d5/2 = 32.1 and 32.6 eV) whereas one component is enough to model tellurium spectra (BE Te4d5/2 = 40.0 eV). Finally, in Sb2Te film, both antimony and tellurium spectra are modeled with one doublet (BE Sb4d5/2 = 32.1 eV and Te4d5/2 = 40.0 eV, resulting in Te-Sb = 7.86 eV). It is worth noting that the two discrete values of Te-Sb (7.36 and 7.86 eV) are the two local minima in Figure 21. Consequently, based on XPS analysis, we may consider Sb-poor alloys (Sb ≤ 35 at%) as a mixture of elemental Te and Sb2Te3 and mid-Sb alloys (42 at% < Sb < 60 at%) as a mixture of Sb2Te3 and Sb2Te More specifically, in Sb2Te3 films, the BE of tellurium components shifts towards lower energy when compared to elemental Te (-0.3 eV for Te4d5/2, -0.4 eV for Te3d5/2), while the BE of antimony shows the opposite trend (+ 0.5 eV for Sb4d5/2 and Sb3d5/2). Similar trends have been observed by Scrocco [START_REF] Scrocco | X-ray and electron energy loss spectra of Bi, Sb, Te, Bi2Te3, Sb2Te3 chalcogenides[END_REF] who reported + 0.4 eV and -0.3 eV shifts for Sb4d5/2 and Te4d5/2 respectively. We evaluated the evolution of Sb and Te states after 5-minute Q-time on a limited sample set, with antimony content in the 33 to 58 at% range (Fig. 22). The enthalpy of formation H0 is -971.9 kJ/mol for Sb2O5 , -709.7 kJ/mol for Sb2O3 and -322.6 kJ/mol for TeO2. Indeed, we could not detect any tellurium oxide component in Te3d or Te4d spectra. On the contrary, antimony oxide in Sb(III) state (BE Sb4d5/2 ~ 34. 2 eV) was present in all Sb3d and Sb4d spectra, and its amount increased with antimony content in SbTe alloy (from ~ 2 at% of Sb2O3 in Sb33Te67 to ~ 15 at% in Sb58Te42 alloy). Finally, we measured the impact of 1 week ageing on Sb2Te3 sample, and 4 months ageing on sub-stoichiometric Sb36Te64 alloy (Table 9). In both cases, antimony and tellurium spectra still contained metalloid states along with two oxidation states: Sb2O3 (BE Sb4d5/2 ~ 34. 2 eV) and Sb2O5 (~ 34. 7 eV), Te sub-oxide (BE Te4d5/2 ~ 41.5 eV) and TeO2 (~ 43.7 eV). The ageing results in an increase of the antimony content in the surface layer. Surprisingly, Te(0) state in Sb2Te3 sample is split in two components (Te-Sb and Te-Te if we refer to BE values) whereas only Te-Sb component was present just after deposition. Moreover, Te-Te component of Sb36Te64 alloy appears almost unoxidized after 4 months (Te-Te content after 4 months equals after deposition), when the content of Te-Sb component moves from 57.0 to 7.0 at%, suggesting a preferential oxidation of Te-Sb. We used exactly the same deposition procedure, with the only addition of N2 flow at 5 sccm, in order to deposit SbTeN films with thickness > 20 nm all over the wafer. We performed quasi in situ XPS at the same locations as for SbTe wafer. We did not conduct any ageing study on SbTeN materials. In contrast with GeTeN, the Sb/Te ratio was modified by the addition of nitrogen in the film (within the accuracy of XPS analysis). The Sb content (relative to Te, i.e x in SbxTe1-x) in SbTeN films is 0.3 to 3.3 at% higher, and this discrepancy tends to be more important in Sb-rich areas. Surprisingly, the uniformity of nitrogen content at the wafer level was rather poor, ranging from 8.5 at% to 11.8 at%. Again, the higher nitrogen content was found in Sb-rich areas. In spite of these differences, the decomposition of Sb and Te spectra almost follows the trends observed in SbTe samples. For Sb-poor alloys (relative Sb x ≤ 35 at%), antimony spectra features one Sb(0) component (BE Sb4d5/2 = 32.9 eV) and one nitride component that may be ascribed to Sb-N based on results of antimony nitride section (BE Sb4d5/2 = 33.3 eV). Similarly, tellurium spectra includes both Te(0) component (BE Te4d5/2 = 40.3 eV) and one nitride component that may be ascribed to Te3N4 based on results of tellurium nitride section (BE Te4d5/2 = 42.5 eV). Although Te-N bonds are less favorable than Sb-N, their formation is aligned with the presence of Te-Te bonds in Sb-poor SbTe alloys. For stoichiometry close to Sb2Te3 (36 at% < x < 50 at%), Sb and Te4d can be modeled with Sb(0) Sb2Te3 (BE Sb4d5/2 = 32.8 eV), Sb-N and Te(0) Sb2Te3 (BE Te4d5/2 = 40.0 eV). It is worth noting the no Te-N bonds could be found in films with mid or high antimony content (x > 36 at%). Finally, for Sb-rich alloys (x > 50 at%), Sb(0) state was split into two components as in undoped SbTe films. Consequently, Sb(0) Sb2Te3 (BE Sb4d5/2 ~ 32.8 eV), Sb2Te (~ 32.3 eV) and Sb-N (33.3 eV) was required to model Sb4d spectra. When compared to undoped SbTe films, Sb(0) states are slightly shifted towards higher BE (~ + 0.2 to 0.3 eV), and Te(0) shows similar trend (~ + 0.3 eV) only if Te3N4 component shows up. Furthermore, the addition of nitrogen blurred the sharp minima in Te-Sb observed in undoped films. A short remark about data reduction is useful at this point. We modeled the low BE region of SbTeN spectra with up to 4 different components, therefore using 8 different oscillators, resulting in 32 free parameters (BE, intensity, FWHM, shape) if loss peaks are set aside. The number of free parameters was reduced to 16 by virtue of the constraints expressed in Table 2 (fixed spin-orbit splitting and intensity ratio for doublets, along with identical FWHM and shape). However, this number is still rather high to guarantee the uniqueness of the fitted values. We added some constraints in SbTe and SbTeN films, where Sb(0) components (Sb2Te3 and Sb2Te) were forced to feature the same FWHM and shape. The aim was to report values with lowered level of correlation, while ensuring consistency between undoped and nitrogen doped films. We used two components to describe N1s spectra in nitrogen-doped SbTeN films, one major component at 396.7 (± 0.04) eV, that is to say exactly at the BE of N-Sb in antimony nitride films, and a minor component (10 to 20 % relative) at 397.6 eV. For the two Te-rich area that feature Te3N4 state, the BE of this latter minor component is shifted to ~397.5 eV. Li [START_REF] Li | Instability of nitrogen doped Sb2Te3 for phase change memory application[END_REF] investigated Sb2Te3 films doped with 10.2 at% of nitrogen. Our findings coincide on most matters: i/ similar shape of Te4d in Sb2Te3 and N-doped Sb2Te3 suggests the lack of Te-N bonds, ii/ split of Sb4d peak with nitrogen doping, resulting in Sb4d5/2 BE at 32.55 and 33.05 eV (i.e same energy split as in our work), referring to C1s at 285 eV (and after ion sputtering of the samples). However, Li does not describe N1s peak with two close components, but he points the presence of molecular nitrogen contribution at ~ 402.4 eV. The absence of molecular nitrogen in our samples may either relate to slightly lower nitrogen content in our case (8.5 at% instead of 10.2 at% in Sb2Te3 films) or to differences in the deposition conditions. 

Ternary alloys and their nitrides

In this section, we report on the XPS characterization of GeSbTe ternary alloys and their nitrides GeSbTeN. We limited our investigation to three main stoichiometries of the GST material: i/ the "historical" GST225 (i.e Ge2Sb2Te5), which is still subject of intense investigations [START_REF] Zhang | A layered Ge2Sb2Te5 phase change material[END_REF], ii/ Ge-rich GST alloys, which target high-temperature PCRAM applications, iii/ Sb-rich GST alloys that are well suited for high-speed performances. We used dedicated GST225 and Gerich GST targets operated in pulse-DC PVD mode to deposit the first two compositions. Sbrich materials were grown by co-sputtering from GST225 target (pulse-DC) and pure antimony target (pulse-DC PVD mode). Nitrogen flow was varied to get nitrogen-doped GST films.

Germanium antimony telluride

We deposited 30 nm-thick GST225, Ge-rich GST and Sb-rich GST films on Si(001) substrate. Quasi in-situ XPS measurements were performed on all samples. In addition, we measured GST225 and Ge-rich GST samples after one-month of ageing in cleanroom environment. We did not conduct ageing analysis on Sb-rich sample. We acquired high-resolution XPS spectra of C1s, Sb3d (and O1s), Te3d, with specific focus on the low BE region, which includes Ge3d, Te4d and Sb4d. The binding energy and FWHM of the different components are reported in Table 11 (summary) and in the Supplementary Information (all data). Note that Table 11 also includes the differences Te-Sb between Te4d5/2 and Sb4d5/2 BE, and Ge-Te between Ge3d5/2 and Te4d5/2 BE. First, Ge3d, Sb4d and Te4d spectra could be modeled with one-only doublet (Figure 26) whatever the GST composition, with remarkably stable shape and FWHM along with only slight variations in BE among samples (Table 11). Even though a complex ternary system as GST cannot be reduced to the simple addition of elementary and binary compounds, it is worth noting that Ge-Te distance is significantly higher for Ge-rich GST (10.75 eV) than in Te-rich GST225 (10.36 eV), which agrees with the findings about germanium tellurides. However, Sbrich and Te-rich GST films feature slightly different Ge-Te distance (10.47 and 10.36 eV resp.) whereas they come with same Ge/Te ratio. Therefore, trends based on absolute BE values and BE distances must be carefully drawn. The BE values for Te4d5/2 (40.0 eV) and Te3d5/2 (572.6 eV) are remarkably stable among the sample set (± 0.09 eV). The absolute BE values are the same as for Te-Sb bonds in antimony telluride system. Similarly, both the absolute BE of Sb4d5/2 (32.1 eV) and Sb3d5/2 (528.3 eV) and the Te-Sb distance (8.0 ± 0.1 eV) suggest that Gerich and Sb-rich GST include Sb-Te (Sb2Te) bonds as observed in the binary system. XPS by itself cannot provide the exact binding arrangement in such complex system, but small differences in absolute BE values and BE distances should definitely be considered as an inline complementary tool to ab-initio calculation and/or synchrotron-based EXAFS analysis for instance. The influence of one month-ageing in cleanroom environment is not exactly similar for Ge-rich and Te-rich samples (Figure 27), whereas the following similarities can be noted (Figure 27, Table 12): i/ the presence of germanium and antimony in both metalloid state and oxidized state (Ge(IV), Sb(III), Sb(V)), ii/ the presence of tellurium in metalloid state, iii/ the significant reduction of tellurium content in the surface layer, as deduced from Te4d, Sb4d and Ge3d integrated intensities, iv/ as a counterpart, the significant increase of the antimony content in the surface layer. The main difference lies in the tellurium spectra. In Te-rich GST, tellurium is found in Te(0) and in oxidized states (sub-oxide and TeO2 as ascribed in the section related to elementary tellurium). In contrast, tellurium is only present in metalloid state in Ge-rich GST film. The content of Te(0) in both films are remarkably aligned, but we cannot draw firm conclusions based on two measurements only.

The preferential formation of antimony and germanium oxides is certainly driven by thermodynamics data (enthalpy of formation H0 is -580.0 kJ/mol for GeO2, -971.9 kJ/mol for Sb2O5 and -322.6 kJ/mol for TeO2 [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF]). Our findings are also consistent with Golovchak [START_REF] Golovchak | Oxygen incorporation into GST phase-change memory matrix[END_REF] who described the oxidation of the surface of GST225 films in the form of antimony and germanium oxides at the expense of telluride complexes. More precisely, Golovchak uses surface-sensitive LEIS technique to highlight the importance of tellurium atoms in oxygen incorporation, and to suggest that oxygen could substitute the tellurium in the structure of GST-225, therefore leading to the formation of surface layer rich in antimony and germanium. Lastly, Golovchak also noticed a tellurium depletion in the surface layer, which is coherent with the data of Table 12. Nevertheless, the oxidation mechanisms in GST material are not only driven by the film stoichiometry, but also by process conditions. For instance, the process conditions used in our work did not lead to the presence of buried antimony oxide even after one-month ageing, while Golovchak indicates that traces of oxygen are already present after deposition and antimony oxide complexes could be found throughout the whole thickness of the films after their prolonged storage in air. Gourvest's study on the oxidation kinetics of GST225 [START_REF] Gourvest | Impact of Oxidation on Ge2Sb2Te5 and GeTe Phase-Change Properties[END_REF] describes the native oxidation as a two-stage process, the first stage being dominated by the growth of germanium and antimony oxides, and the second stage being characterized by the formation of tellurium oxide. The one-month aged GST225 presented in our work is obviously at the second stage of oxidation. To the best of our knowledge, only few authors have reported on the oxidation of Ge-rich GST films. However, Canvel [START_REF] Canvel | Study of Ge-rich GeSbTe etching process with different halogen plasmas[END_REF] noticed that 1 to 5 days ageing of such material led to the preferential formation of germanium and antimony oxides while tellurium atoms remained non-oxidized. Our work shows that XPS cannot detect any tellurium oxide on Ge-rich GST films, even after one-month ageing.

We have shortly discussed the oxidation of GST because it brings information about XPS analysis conducted without in situ or quasi in situ setup. For instance, in the exhaustive XPS studies on GST225 material realized by Jung [START_REF] Jung | High-resolution x-ray photoelectron spectroscopy on oxygen-free amorphous Ge2Sb2Te5[END_REF] and Kim [START_REF] Kim | Changes in the electronic structures and optical band gap of Ge2Sb2Te5 and N-doped Ge2Sb2Te5 during phase transition[END_REF], a one-hour sputtering step (0.6 keV Ne + ions) was introduced to remove 20 nm-thick native oxide layer prior to XPS analysis of 100 nm-thick GST material. Even though the BE values indicated in their paper are reasonably close to ours (within ± 0.4 eV for Ge3d, Sb4d, Te4d), the possible impact of ageing and then sputtering on the binding states of GST225 may be subject to discussion. What is the composition of the thick oxide layer? Can we consider the composition and binding states of the buried un-oxidized layer as a perfect representation of as-deposited GST225 film? Can we judge that the one-hour Ne + sputtering keeps the binding states (no bond break even though standard Ne + beam was used instead of ion clusters) and the stoichiometry (lack of preferential sputtering) of GST225 material unchanged? One noticeable difference between their work and our findings is that they both suggest that Ge3d spectra should be described by two distinct components, the first relating to Ge-Ge bonds (BE Ge3d5/2 = 29.2 eV) and the second to GST225 (29.8 eV). In contrast, one-only doublet with limited FWHM (< 0.80 eV) was enough to model our data. 

GST nitrides

We used the same process condition with addition of nitrogen flow during the PVD process to deposit 30 nm-thick nitrogen doped GST films (GSTN). More specifically, we deposited: i/ three different Ge-rich GSTN films, with small variations in nitrogen content (4.7 to 6.2 at% as estimated by XPS), ii/ two different Te-rich GSTN films, with 8.4 and 15.8 at% of nitrogen, iii/ one Sb-rich GSTN film doped with 6.5 at% of nitrogen. Prior to any comment on the influence of nitrogen on the XPS spectra, it is worth noting that the GST stoichiometry (Table 13) is not disturbed by the addition of nitrogen (within the uncertainty of XPS-based quantification). WDXRF analysis of nitrogen-doped GST225 led to similar conclusions [START_REF] Jeynes | Quantifying nitrogen in GeSbTe:N alloys[END_REF]. The binding energy and FWHM of the different components are reported in Table 11 (summary) and in the Supplementary Information (all data), whereas Figure 28 (resp. Fig. 29, Fig. 30) compares the XPS spectra of undoped GST and nitrogen-doped GST for Te-rich sytem (resp. Ge-rich GST, Sb-rich GST). First, the major component (> 85 % relative) of N1s spectra features the same BE (396.9 ± 0.03 eV) for the whole sample set. As Ge-N bonds are by far the most favorable, this major component should be ascribed to N-Ge. One additional component at higher BE (Nx-Ge, 397.5 ± 0.1 eV) is needed to model the N1s spectra of Ge-rich GST, and Te-rich GSTN with high nitrogen content (15.8 at%). In Sb-rich GSTN, three components are required as for germanium antimony nitrides (Table 10): N-Ge, Nx-Ge (N-Ge + 0.6 eV) and N-Sb (N-Ge + 1.6 eV). One-only doublet is sufficient to model Te4d spectra for the whole sample set, with no evidence on Te-N bonds even in Te-rich GSTN for high nitrogen content. The BE of Te4d5/2 is almost the same for all samples (40.1 ± 0.06 eV) except for GST225 doped with 15.8 at% of nitrogen, where the BE is slightly shifted to higher energy (+0.2 eV). The absolute BE are similar to the values of SbTeN alloys, and the +0.2 eV shift has already been observed for Te-rich SbTeN systems (Table 8). This tends to confirm the presence of Te-Sb bonds in both GST and GSTN systems. Concerning antimony, only three discrete values of Sb4d5/2 BE can be found within the sample set: i/ low BE (32.1 eV) similar to Sb-Te (Sb2Te) bonds in SbTe alloys is enough to model Ge-rich GST samples, ii/ higher BE (32.6 eV) similar to Sb-Te (Sb2Te3) bonds in SbTe alloys is enough to model GST225 sample with low (8.4 at%) nitrogen content, iii/ Sb4d spectra of GST225 sample with high nitrogen content (15.8 at%) is modeled with a component at BE = 32.9 eV, similar to Sb-Te (Sb2Te3) bonds in SbTeN alloys. Regarding Sb-rich GSTN, Sb4d spectra must be split in two doublets at 32.1 and 32.6 eV, as already observed in SbTe films, whereas the fit is not improved by the addition of Sb-N contribution (≤ 2.0 at% in any case) that was suggested by N-Sb minor component in N1s spectra. The values of Sb-Te distance (Table 11) tend to confirm the observations on absolute BE, when compared to SbTe and SbTeN systems. Finally, the modeling of germanium Ge3d spectra depends on the GST composition. In Te-rich and Sb-rich GST films, one only doublet ascribed to Ge-N is enough describe Ge3d spectra. The BE value (BE Ge3d5/2 : 30.0 to 30.6 eV) is essentially driven by the nitrogen content, as already observed in the germanium nitride section. In Ge-rich GST, a Ge(0) component (BE = 29.4 eV) must be added to the Ge-N contribution. We did not detect any (unfavorable) Ge-Sb bonds within GST/GSTN sample set. It is interesting to note that Cheng [START_REF] Cheng | Effects of germanium and nitrogen incorporation on crystallization of N-doped Ge2+xSb2Te5 (x = 0,1) thin films for phase change memory[END_REF] also observed that Sb and Te states remain almost unchanged while Ge3d BE slightly increases with the addition of low nitrogen content (≤ 6.0 at%) in Te-rich Ge2Sb2Te5 and Ge3Sb2Te5 films. Sun [START_REF] Sun | Stable nitride complex and molecular nitrogen in N doped amorphous Ge2Sb2Te5[END_REF] used ab initio molecular dynamics simulations, first to demonstrate that N doping (N content not reported) has minor effects on the basic local atomic structure of GST225 materials. In addition, he estimated that nitrogen could be found in N2 state (with increased amount with the film density), whereas the N-Ge bond has the highest tendency to form, followed by the N-Sb bond and then the N-Te bond. We did not detect any N-Sb or N-Te bonds in nitrogen-doped GST225 films, and we think that the assignment of Nx-Ge peak (BE = 397.5 eV) to N2 still needs confirmation. However, the introduction of another process-related characteristic of the film (density) reinforces the fact that binding states in GST(N) materials are not only driven by stoichiometry. XPS investigations of nitrogen-doped GST225 films have been reported by Jung [START_REF] Jung | High-resolution x-ray photoelectron spectroscopy on oxygen-free amorphous Ge2Sb2Te5[END_REF] and [START_REF] Kim | Changes in the electronic structures and optical band gap of Ge2Sb2Te5 and N-doped Ge2Sb2Te5 during phase transition[END_REF] who both used the Ne + ion sputtering method already discussed in the undoped GST section. Jung describes Ge3d spectra with two components ascribed to amorphous GST225 (BE Ge3d5/2 = 29.7 eV referring to VBM) and Ge-N (30.2 eV). Jung also noticed a slight (not quantified) shift of Ge3d towards higher binding energy with increased N concentration. Kim modeled Ge3d spectra with three distinct components, the first two already present in undoped GST films (BE Ge3d5/2 = 29.66 eV for Ge oct and 30.04 eV for Ge tet ) with addition of Ge-N contribution (30.47 eV). In contrast, we modeled Ge3d in nitrogen-doped GST225 with one-only reasonably sharp doublet (FWHM ~ 0.90 eV). We cannot establish if this discrepancy is due to the different sample preparation (ion sputtering versus quasi in situ) or to the optimized resolution of synchrotron-based setup used in Kim's work. We tried to model our nitrogen-doped GST225 data based on the model suggested by Kim, using fixed distances between the three contributions, assuming same shape and FWHM for octahedral Ge oct and tetrahedral Ge tet components. Such strategy did not improve the fit quality, and converged with only two doublet components for both low and high nitrogen doping (BE distance = 0.43 eV as for Ge tet and Ge-N). With the necessary caution related to XPS-only analysis, we may use the absolute BE values and BE distances to draw possible binding arrangement in GSTN films. All the films contain the favorable Sb-Te bonds (formation energy: -0.128 eV/at for Sb-Te, compared to -0.091 eV/at for Ge-Te and > + 0.15 eV/at for Ge-Sb [START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]), with absolute BE almost unchanged when compared with SbTe materials. Nitrogen influences the BE position of antimony only in N-rich GST225 films that resemble SbTeN alloys. Nitrogen is essentially if not only bonded to germanium in Ge(N)-Te arrangements (resulting in a first Ge-Te distance). Moreover, as the BE of tellurium is mostly driven by Te-Sb bonds, the Ge-Te distance is decreased when compared to GeTe(N) films, which might relate to an increase of the nearest Ge(N)-Te bond length [START_REF] Kim | Changes in the electronic structures and optical band gap of Ge2Sb2Te5 and N-doped Ge2Sb2Te5 during phase transition[END_REF]. Finally, Ge-rich GSTN samples also feature another Ge-Te distance, which is similar to Ge-Te bonds in GeTe film. Consequently, Ge-rich GSTN may feature a short Ge-Te bond as in GeTe, along with a longer Ge(N)-Te bond that can be found in all the GSTN set. We did not conduct any ageing study on these samples. However, few dataset collected after limited Q-time (< 10 minutes) show a very limited impact of short Q-time in the low BE region (and no modification of BE distances), thereby permitting inline control with Q-time constraints between process and XPS analysis. 

Conclusion

The structural features and electrical properties of thin materials developed for PCRAM are highly influenced by the stoichiometry and the binding states. Chemical state XPS analysis of materials such as germanium telluride (GeTe), antimony telluride (Sb2Te3, Sb2Te) and germanium antimony telluride (GST) is challenging due to the complexity of their 3d and 4d spectra resulting from overlapping BE when samples are exposed to air. The complexity increases when nitrogen is added to the PCM material in order to tune its properties, such as the crystallization temperature. We have used quasi in situ XPS to resolve the binding states of PCM materials, starting from elementary materials (Ge, Sb, Te) and their nitrides (GeN, SbN, TeN), then addressing binaries (GeTe, SbTe, GeSb) and related nitrides (GeTeN, SbTeN, GeSbN), in order to finally characterize GST and N-doped GST with various stoichiometry. On top of oxygen-free quasi in situ analysis, we have investigated the influence of air exposure on the binding states, first after limited queue-time (few minutes), then after longer periods (from 1 week to 4 months). The most important conclusions from this work are:

(1) Arbitrary BE correction based on the C1s spectra of adventitious carbon layer must be used with care. In this work, we did not use such strategy as it led to a large spread in BE values for elements even present in the same chemical state. (2) BE differences Te-Ge between Ge3d5/2 and Te4d5/2 and Sb-Te between Sb4d5/2 and Te4d5/2 are highly relevant metrics to monitor the structural changes in PCM materials. (3) High values of nitrogen doping lead to the apparition of molecular N2 state in N1s for GeN (BE 402.0 eV), SbN (403.5 eV) and TeN (403.1 eV) materials. (4) The BE of Ge-N continuously increases with the nitrogen content. The distance N-Ge between the BE of Ge3d5/2 (Ge-N) and the major component of N1s spectra (N-Ge) shows linear dependency with the nitrogen content. (5) Quasi in situ XPS permits to evidence discrete values for the BE of Te-N and Sb-N states. Three different Sb-N components (resp. two Te-N components) were identified in antimony nitride (resp. tellurium nitride) films. [START_REF] Hu | Improved thermal stability of N-doped Sb materials for high-speed phase change memory application[END_REF] The relative stability of germanium and tellurium nitrides agrees with thermodynamic data. After 5 minutes of Q-time in cleanroom environment, the oxidation of GeN (formation energy of Ge3N4 = -0.26 eV/at) is by far less significant than for unstable TeN (formation energy of Te3N4 = + 0.68 eV/at). The lack of ageing experiment on SbN does not permit the full comparison of the relative stability of GeN, SbN and TeN. [START_REF] Navarro | Phase-Change Memory: Performance, Roles and Challenges[END_REF] In germanium tellurides, Ge and Te states can be modeled with one-only component, whereas the BE distance Te-Ge shows an almost perfect linear dependency with Ge content in thin amorphous GeTe alloys. Similar linear dependency with reduced values of Te-Ge applies to GeTeN films. [START_REF] Wuttig | Phase-change materials for rewriteable data storage[END_REF] The binding states in antimony telluride amorphous films strongly depend on the films stoichiometry, as evidenced by sharp minima of the BE distance Sb-Te for the most thermodynamically favorable compositions: Sb2Te3 and Sb2Te. [START_REF] Lencer | A map for phase-change materials[END_REF] The binding states of germanium and antimony in GeSb films show very little evolution with stoichiometry for Ge content below the eutectic composition. [START_REF]Phase Change Memory Device Physics, Reliability and Applications[END_REF] In GST films, Ge3d, Sb4d and Te4d spectra can be described with one-only doublet component whatever the stoichiometry. However, BE distances Te-Ge and Sb-Te strongly depend on the composition of GST, which highlights the importance of Ge-Te and Sb-Te bonds in GST materials. [START_REF] Sun | Insight into the role of nitrogen in the phase-change material Sb[END_REF] The addition of nitrogen in GST leads to the formation of Ge-N bonds, whereas a very limited amount of Sb-N bonds may be formed in Sb-rich GSTN films. If present, Te-N bonds are below the limit of detection of XPS within the investigated GSTN stoichiometry.

(12) The ageing of GeTe and GST films depends on their stoichiometry. In Ge-rich GeTe and GST films, tellurium is only detected in Te(0) state even after one month. In contrast, aged Te-rich GeTe and GST films feature oxidized Te states. Aged GST films all include thermodynamically favorable antimony and germanium oxides. (13) XPS by itself cannot provide the exact binding arrangement in complex PCM materials, but small differences in absolute BE values and BE distances should be considered as an inline complementary tool to ab-initio calculation and/or synchrotronbased EXAFS analysis.

The XPS methodology used in this work should also apply to assess the influence of thermal budget on the binding states of PCM materials.
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 12 Figure 1: Ge2p spectra of oxygen-free 20-nm thick germanium layer grown on silicon

Figure 3 :

 3 Figure 3: from bottom to top, Ge3d spectra of pure germanium film, and Ge1-xNx films with x = 0.16, 0.40, 0.46 and 0.50 (values rounded for sake of clarity) as measured by WDXRF. Note that the small oxide contribution in Ge60N40 film may either be ascribed to GeON or germanium sub-oxide.

Figure 4 :

 4 Figure 4: N1s spectra of Ge1-xNx films with x ranging from 0.16 to 0.50 (bottom) and the decomposition of Ge50N50 spectra (top).

Figure 5 :

 5 Figure 5: The distance N-Ge between the BE of Ge3d5/2 (Ge-N) and the major component of N1s spectra (N-Ge) shows a linear dependency with N content measured by WDXRF.

  : 29.5/30.0 eV GeON : Ge(0) + 2.4 eV GeN : Ge(0) + 0.7/1.4 eV Ge2p3/2 Ge(0) : 1217.6/1218.1 eV GeON : Ge(0) + 2.0 eV GeN : Ge(0) + 0.8/1.

Figure 6 :

 6 Figure 6: Sb3d spectra of thin antimony layer as measured quasi in situ (bottom), after 5-minute Q-time (middle), then after 1-month ageing in the cleanroom (top). O1s contribution overlaps with Sb3d5/2.
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 7 Figure 7: Sb4d spectra of thin antimony layer as measured quasi in situ (bottom), after 5-minute Q-time (middle), then after 1-month ageing in the cleanroom (top).
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 89 Figure 8: Sb3d spectra of, from bottom to top: pure antimony, then Sb1-xNx films with x = 0.17, 0.41 and 0.45 as estimated by XPS
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 1112 Figure 11: Te3d spectra of pure tellurium sample measured quasi in situ (bottom) and after 4 months of ageing in the cleanroom (top)

  : ~ 40.4 eV except for TeN with 20 sccm N2 flow Te3N4: 42.6 eV TeNy : Te(0) + 1.0 eV Te3d5/2 Te(0) : 573.0 eV except for TeN with 20 sccm N2 flow Te3N4: 575.0 eV TeNy : Te(0) + 1.1 eV N1s N-Te : 396.9 eV TeNy : 397.5 eV N2 : 403.1 eV

Figure 13 :

 13 Figure 13: Te4d spectra of, from bottom to top: pure tellurium film, then Te1-xNx films with x = 0.08, 0.28 and 0.29 (after 5-minute Q-time) as estimated by XPS. Te(0) peak is shifted to lower energy for 20 sccm sample.

Figure 14 :

 14 Figure 14: Te3d spectra of, from bottom to top: pure tellurium film, then Te1-xNx films with x = 0.08, 0.28 and 0.29 (after 5-minute Q-time) as estimated by XPS. Te(0) peak is shifted to lower energy for 20 sccm sample.

Figure 15 :

 15 Figure 15: N1s spectra of Te1-xNx films with x = 0.08 (bottom, low nitrogen range) and x = 0.29 (top, high nitrogen range) as estimated by XPS

  : 397.1 eV Ny-Ge : N-Ge + 0.7 eV

Figure 16 :

 16 Figure 16 : Low BE spectra (including Ge3d and Te4d spectra) of, from bottom to top : stoichiometric GeTe, Ge-rich GeTe and Te-rich GeTe. The composition was estimated by XPS.

Figure 17 :

 17 Figure 17: The distance Te-Ge between the BE of Ge3d5/2 and Te4d5/2 in GexTe1-x alloys shows a linear dependency with Ge content (x) estimated by XPS. A similar linear trend is observed in GeTeN films.In that case, the Ge content (abscissa) is evaluated independently from nitrogen: x = Ge/(Ge+Te)

Figure 18 :

 18 Figure 18: Low BE spectra (including Ge3d and Te4d spectra) of stoichiometric GeTe (bottom) and GeTeN (top) films.

Figure 19 :

 19 Figure 19: Sb3d and Te3d spectra of, from bottom to top: Sb2Te3, Sb-rich and Te-rich SbTe films.

Figure 20 :

 20 Figure 20: Low BE spectra (including Sb4d and Te4d spectra) of, from bottom to top: Sb2Te3, Sb-rich and Te-rich SbTe films.
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 2125 Figure 21: Distance(s) between Sb4d5/2 and Te4d5/2 core levels in SbTe alloys, as a function of Sb content in the film

Figure 27 :

 27 Figure 27: Influence of one-month ageing in cleanroom environment on Ge3d, Sb4d and Te4d states in GST225 and Ge-rich GST samples.

Figure 28 :

 28 Figure 28: Low BE spectra (including Ge3d, Sb4d and Te4d spectra) of undoped and nitrogen-doped GST225 films.

Figure 29 :

 29 Figure 29: Low BE spectra (including Ge3d, Sb4d and Te4d spectra) of undoped and nitrogen-doped Ge-rich GST films.

Figure 30 :

 30 Figure 30: Low BE spectra (including Ge3d, Sb4d and Te4d spectra) of undoped and nitrogen-doped Sb-rich GST films.

  

  

  

  

  

  

  

Table 5 :

 5 Binding energy of tellurium and nitrogen core levels in Te and TeN samples. Detailed BE and FWHM for all the samples are included in the Supplementary information.

Table 6 :

 6 Binding energy of germanium, tellurium and nitrogen core levels in GeTe and GeTeN samples. Detailed BE and FWHM for all the samples are included in the Supplementary information.

Table 11 :

 11 Binding energy of germanium, antimony tellurium and nitrogen core levels in GST and GSTN samples. Detailed BE and FWHM for all the samples are included in the Supplementary information. Low BE spectra (including Ge3d, Sb4d and Te4d spectra) of GeSbTe films with various stoichiometry.

		Ge3d5/2	Sb4d5/2	Te4d5/2	N1s	Ge-Te	Sb-Te
	Ge-rich GST	29.4	32.0	40.1		10.75	8.08
	Ge-rich GSTN_1 29.5 / 30.3	32.1	40.1		10.65 / 9.81	8.07
	Ge-rich GSTN_2 29.5 / 30.2	32.1	40.1	396.9/397.5	10.69 / 9.95	8.08
	Ge-rich GSTN_3 29.4 / 30.2	32.1	40.1		10.67 / 9.89	8.07
	Te-rich GST	29.6	32.3	40.0		10.36	7.66
	Te-rich GSTN_1	30.2	32.6	40.1	396.9	9.91	7.49
	Te-rich GSTN_2	30.6	32.9	40.3	396.9/397.5	9.69	7.30
	Sb-rich GST	29.5	32.1	40.0		10.47	7.91
	Sb-rich GSTN	30.0	32.1 / 32.6	40.0	396.9/397.5/	10.01	7.93 / 7.48
					398.5		

Table 12 :

 12 XPS-deduced composition of the different GST films, and the influence of one-month aging on Ge-rich and Te-rich GST materials (Te* : tellurium sub-oxide)

	Ge (%at)	Sb (%at)	Te (%at)
	Sb-rich GST		
	In-situ		

Table 13 :

 13 XPS-deduced composition (in at%) of the different GST and GSTN films illustrates that the addition on nitrogen does not disturb the GST stoichiometry

	Sample	Ge	GSTN composition Sb Te	N	(Equivalent) GST composition Ge Sb Te
	Ge-rich GST					65.8	11.5	22.8
	Ge-rich GSTN_1	62.0	11.8	21.5	4.7	65.6	11.7	22.7
	Ge-rich GSTN_2	61.6	11.0	21.3	6.1	65.6	11.7	22.7
	Ge-rich GSTN_3	60.1	11.3	22.4	6.2	64.1	12.1	23.8
	Te-rich GST					24.3	23.2	52.5
	Te-rich GSTN_1	22.0	21.0	48.6	8.4	24.0	23.0	53.0
	Te-rich GSTN_2	19.6	19.9	44.7	15.8	23.2	23.7	53.1
	Sb-rich GST					16.1	49.1	34.8
	Sb-rich GSTN	14.7	46.9	32.0	6.5	15.7	50.1	34.2
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towards zero when Ge content tends towards 100%. Finally, the surface stoichiometry, evaluated with Ge3d and Te4d integrated intensity, also depends on the germanium content in GeTe material. After 1 week, Ge/Te is conserved for Te-rich sample. In contrast, Ge/Te content increases for Ge48Te52 (Ge at% = + 3% when compared to quasi in situ sample) and for Ge68Te32 sample (+ 4.6 %). After 6 weeks, we only measured the ~ stoichiometric sample. Germanium is fully oxidized in Ge(IV) state only (GeO2), whereas tellurium spectra is described with Te(0), a minor sub-oxide component (Te(0) + 1.0 eV for both Te3d5/2 and 4d5/2) and a major TeO2 component (T(0) + 3.4 eV), with ~ 27 / 9 / 64 % relative content. Our findings are aligned with Gourvest's work on the oxidation of stoichiometric GeTe [START_REF] Gourvest | Impact of Oxidation on Ge2Sb2Te5 and GeTe Phase-Change Properties[END_REF], which points out that the native oxidation can be summarized by two steps, the first step being dominated by germanium oxide growth whereas the second one is characterized by the formation of tellurium oxide. Yashina [START_REF] Yashina | XPS study of fresh and oxidized GeTe and (Ge,Sn)Te surface[END_REF] observed that the oxidation of stoichiometric GeTe could take place even after few minutes of air exposure. Yashina also reports a two-stage oxidation process (in controlled O2 environment), the first stage resulting in entire Ge oxidation to the oxidation state 4+ and partial Te oxidation to the elemental state, whereas the (slower) second stage leads to further Te oxidation to 4+ oxidation state and to the significant surface enrichment in Ge. In another report, Yashina [START_REF] Yashina | X-ray photoelectron studies of clean and oxidized α-GeTe(111) surfaces[END_REF] says that the transition between first and second stage occurs when the thickness of the oxide layer exceeds 2.5 nm. Te 0 (Te-Te) : 7.0 Sb 5+ : 13.9

Te sub-ox : 2.5 TeO2: 41.4 

Germanium antimony and related nitride

Germanium antimony films were deposited on Si(001) wafer by DC-PVD from a pure germanium target combined with RF-PVD from a pure antimony target. We did not rotate the wafer during the deposition in order to get a large range of stoichiometry on one single wafer.

The film thickness was non-uniform at the wafer level, but we kept larger than 20 nm at any point of the wafer. We only measured one wafer using quasi in situ XPS, without any ageing study.

Quasi in situ measurement was performed on 13 different points with XPS-deduced composition ranging from Ge-rich Ge78Sb22 to Sb-rich Ge23Sb77 films. This range does not include the eutectic composition (Ge ~ 15 at% [START_REF] Jung | Phase-Change Ge-Sb Nanowires: Synthesis, Memory Switching, and Phase-Instability[END_REF]), but it overlaps the preferable window for Ge content (15 at% ≤ Ge ≤ 50 at%) pointed by Krusin-Elbaum [START_REF] Krusin-Elbaum | Irreversible altering of crystalline phase of phase-change Ge-Sb thin films[END_REF], for the desired cycling/archival properties of a phase-change cell. We acquired high-resolution XPS spectra of C1s, Sb3d (and O1s) and Ge3d (and Sb4d). As for GeTe system, and in contrast to SbTe binaries, each Ge and Sb spectra could be described with one only doublet whatever the Ge/Sb ratio (Fig. 24). The binding energy and FWHM of the different components are reported in Table 10 (summary) and in the Supplementary Information (all data). The shape and the BE of the different Ge and Sb states remain remarkably unchanged in spite of large Ge/Sb variation. The BE values for Ge3d5/2 (29.4 eV) and Ge2p3/2 (1217.4 eV) remain stable within ± 0.05 eV, without any modification of shape (L/G mix) and FWHM. Similarly, The BE values for Sb4d5/2 (32.1 eV) and Sb3d5/2 (528.2 eV) remain stable within ± 0.07 eV, without any modification of shape (L/G mix) and FWHM. The values of BE and FWHM for Sb4d5/2 and Sb3d5/2 are perfectly aligned with the values of pure antimony sample. Concerning germanium, the shift of higher BE when compared to pure germanium appears almost negligible (~ +0.2 eV for Ge3d5/2 and ~ +0.1 eV for Ge2p3/2). From an XPS point of view, Ge and Sb states appear almost unmodified in GeSb binaries (with Ge in the 23 to 78 at% range) when compared to pure Ge and pure Sb materials, without formation of unfavorable Ge-Sb bonds (energy of formation > 0.15 eV/at [START_REF] Jain | Commentary: The Materials Project: A materials genome approach to accelerating materials innovation[END_REF]). However, a more careful investigation reveals some trends: the BE of Ge and Sb components slightly but constantly shifts towards low BE (-0.10 eV for Ge3d5/2 and -0.14 eV for Sb4d5/2) with increasing Sb content, when the FWHM of the peak is also reduced (-0.10 eV for Ge3d5/2 and -0.13 eV for Sb4d5/2). We may suggest that these trends would end at the less unfavorable Sb-rich stoichiometry (not included in the investigated range) around the eutectic composition. To the best of our knowledge, there are only few papers about the XPS characterization of GeSb alloys. Wu [START_REF] Wu | Understanding the crystallization behavior and structure of titanium addition in germanium antimony phase change thin films[END_REF] studied Sb-rich Ge8Sb92 films (i.e above the eutectic composition) grown by RF magnetron sputtering. He applied a 3 keV Ar + etching step to remove the oxidation of the film before XPS measurement. The BE of Ge2p3/2 (1219.9 eV) and Sb3d5/2 (527.8 eV) for Ge8Sb92 films significantly differ from the values we obtained, even for highest Sb content (Ge23Sb77).

We cannot confirm whether this discrepancy is due to the stoichiometry difference, to the ion etching step, or to a different XPS calibration/energy referencing (not reported in [START_REF] Wu | Understanding the crystallization behavior and structure of titanium addition in germanium antimony phase change thin films[END_REF]). Baeck [START_REF] Baeck | Electronic Structure of Te/Sb/Ge and Sb/Te/Ge Multi Layer Films Using Photoelectron Spectroscopy[END_REF] used in situ XPS to study Sb, Te, Ge multilayer films with atomically controlled interface along with the atomic diffusion and chemical reaction during annealing process (from 100 to 200°C). Nevertheless, even in the most favorable layer stack (1 nm Sb on Ge), he did not observe any Ge-Sb states. We used exactly the same deposition procedure, with the only addition of N2 flow at 5 sccm, in order to deposit GeSbN films with thickness > 20 nm all over the wafer. We performed quasi in situ XPS at the same locations as for GeSb layers. As for SbTe alloys, the nitrogen content was not the same over the wafer, and varies from 6.3 at% in Ge-rich area to 9.2 at% in Sb-rich region, as estimated with XPS using N1s, Ge3d5/2 and Sb4d5/2 integrated intensity. In addition, the Ge/Sb ratio was slightly modified when compared to GeSb films. GeSbN films feature higher relative antimony content, and this discrepancy increases with the antimony content: equivalent antimony content, evaluated without nitrogen, is 22.6 at% (resp. 21.7 at%) in Gerich area of GeSbN (resp. GeSb) wafer, and 79.6 at% (resp. 77.0 %) in Sb-rich region (XPSdeduced composition are reported in the Supplementary information). The decomposition of Ge3d, Sb4d (Sb3d) and N1s spectra depends on the relative contents of germanium and antimony (Figure 25). In Ge-rich samples (GexSb1-x with x ≥ 0.5), there is so much germanium that Ge(0) states coexist with the establishment of Ge-N bonds. Antimony spectra can be described by one-only doublet with the same BE as for GeSb films. Two components (Ge(0) with same BE as for GeSb films and Ge-N) are required to model Ge3d5/2 spectra. Finally, N1s spectra includes a major contribution at 396.9 eV and a minor contribution at higher BE (+0.6 eV shift), as already noticed in GeN films. For intermediate germanium content (0.25  x ≤ 0.45), Ge(0) is no more present and all the nitrogen is bound to nitrogen. Germanium spectra can be described by one-only Ge-N doublet. Lastly, for low germanium content (x ≤ 0.25), there is not enough germanium to integrate all the nitrogen in Ge-N bonds, resulting in apparition of Sb-N states. Germanium spectra includes one Ge-N doublet, antimony spectra one Sb(0) and one Sb-N doublet (0.6 eV above BE of Sb(0)), while the fit of N1s is improved by an additional (minor) component at 398.5 eV (1.6 eV above the major peak). The binding energy and FWHM of the different components are reported in Table 10 (summary) and in the Supplementary Information (all data). 24: Low BE spectra (including Ge3d and Sb4d spectra) of, Sb-rich GeSb (bottom) and Ge-rich GeSb (top). The composition was estimated by XPS. The loss peak (ascribed to Sb4d, whereas Ge3d loss was below detection limit for all the samples) was not included in the fitting process due to limited BE acquisition range.