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Implanted buried strained germanium rich layers in silicon: ab-initio investigations and phonons properties

High-energy (above 1 MeV) ion implantation can be used to introduce deeply buried foreign layers in material. As a side effect, the large concentration of defects, introduced in the near-surface layer, induces changes in the lattice properties that modify the vibrational modes in the layer. We show here that by using ab initio Molecular Dynamics (MD) simulations in combination with Raman Scattering measurements, some properties of the buried layers can be assessed. Altogether with the help of ion implantation simulation codes (SRIM) the initial disorder in the near surface upper layer can be evaluated. The Raman modes that collapse in intensity in the as implanted near surface zone recover after thermal anneal. In the case of implanted silicon, close analysis of the Raman modes after implantation and after annealing allows us to evaluate the strain in the buried and near surface region of the implanted. samples For the case of the isoelectronic germanium ion implantation in a silicon substrate, we show how an average lattice constant, corresponding to a given interatomic distance within the buried layer can be estimated and, coupled here with secondary ion mass spectroscopy (SIMS), can lead to the evaluation of the atomic composition and strain in the buried layer even when the concentration of defect is very high. This quantitative approach is based on ab-initio simulations is valid for thick to thin buried layers. This is not empirical and should be valid for other material systems.

Introduction:

In recent years, developments in nanoscience technologies and physics stimulated interest in thin multilayer material investigations [START_REF] Fourches | A novel CMOS detector based on a deep trapping gate[END_REF] [2] [START_REF] Fourches | Simulations of a silicon pixel based on MOS Deep Trapping Gate Principle[END_REF] Whereas epitaxial techniques [START_REF] Halbwax | Kinetics of Ge growth at low on Si (001) by ultrahigh vacuum chemical vapor deposition[END_REF], which are able to control thicknesses at few atoms' scale, are a straightforward way to fabricate multilayers structures, other multilayer design techniques may become interesting in the cases when the accurate thicknesses control is not so critical, e.g., for devices conceived to be successors to the so-called planar CMOS sensors (see [START_REF] Besson | A vertex detector for the International Linear Collider based on CMOS sensors[END_REF] for a description). This is moreover the case for Silicon On Insulator devices whose fabrication of the buried oxide layer with high energy ion implantation is one of the technique of choice (SIMOX: Separation By Ion Implanted Oxygen) [START_REF] Diem | SIMOX'(Separation by Ion Implantation of Oxygen): a Technology for high-temperature silicon sensors[END_REF] [START_REF] Fogel | Ultimate SIMOX, Google Patents[END_REF]. Ion implantation with other species should be investigated, because these atoms species are used in others kinds of structures [START_REF] Fourches | Electrical-modelling, design and simulation of cumulative radiation effects in semiconductor pixels detectors: prospects and limits[END_REF] [3] [START_REF] Fourches | Silicon MOS Pixel Based on the Deep Trapping Gate Principle: Design and Material Science Challenges[END_REF].The task of creating deep localised layers require the use of ions implantation such in the energy up to a few MeV, beyond the energy of mainstream ion implanters.

The characterisation of such deep implants demands the development of appropriate methods. Ion implantation can be used as substitute of, or in combination with, chemical or physical methods such as UHV-CVD (Chemical Vapor Deposition) and MBE (Molecular Beam Epitaxy), insofar as the fabrication of thicker and deeper layers is concerned. For the sake of simplification, we need to study the effect of both high energy and highfluence implantation in a very-well-characterized semiconducting material, such as silicon. In the case of Ge in Si, techniques such as ion implantation at low energy have been used to introduce ions at high-fluences and low energy [START_REF] Huang | Raman scattering studies of surface modification in 1.5 MeV Si-implanted silicon[END_REF] and some analysis of the structure of the layers has been made previously [START_REF] Campisano | Mechanisms of amorphization in ion implanted crystalline silicon[END_REF] [START_REF] Csepregi | Regrowth behavior of ion-implanted amorphous layers on< 111> silicon[END_REF]. We have chosen to focus on a group IV substitutional impurity isoelectronic to Si, the Ge ion, with as side studies other ions, P (phosphorous) which is a silicon doping impurity and Zn (zinc) which act as a deep trap studied with lower concentrations.

Because of the large concentration of implanted Ge, this means that we have to study the SiGe alloy system too. We have also made implanted layers, at 14 MeV for phosphorous and at 1MeV for zinc. This makes possible the detection of deep levels introduced by substitutional Zn and check if P affect Raman spectra's. This will enable us to separate the effects of implanted deep impurities in the host crystal from sole defect generation by implantation. Additionally previous studies show that disorder induced by ion implantation is located in the near surface region. So high-energy ion implantation is a very damaging [START_REF] Csepregi | Regrowth behavior of ion-implanted amorphous layers on< 111> silicon[END_REF] process in the region from the surface to the location of the implanted ions.

The paper will focus on the effect of high-energy Ge implantation in silicon with the aim of investigating the strain in both the implanted in the near surface region, and evaluating the role of defect induced disorder on global properties. The strain in the layers allows to get insight into the band offsets needed for a QW device [START_REF] Fourches | Ultimate Pixel Based on a Single Transistor With Deep Trapping Gate[END_REF].

The paper is organized as follows. First, we'll discuss of the experimental methods available and justify our choices. Second we'll turn to the computational codes available and confront their results, to experimental values. The conclusions will be made at the end of the paper.

There are two areas to investigate. First, the global properties of the implanted layers particularly the existing strain, which can be studied by evaluating the lattice parameter (corresponding to the Bravais lattice constant) in the layer. Second we also want to investigate the presence of implantation induced defects, this before and after annealing. We should use a technique sensitive to the breakout of longrange crystalline order, and to the presence of defects that change the local strain and lattice interatomic distance. If the concentration of defects exceeds a threshold or that the energy deposited in the target exceeds a critical value, according to the to the Critical Damage Energy Density model (CDED [START_REF] Claverie | Cross-sectional high-resolution electron microscopy investigation of argon-ion implantation-induced amorphization of silicon[END_REF] [START_REF] Koffel | Amorphization kinetics of germanium during ion implantation[END_REF] for Ge or for Si) amorphization can occur. We will show that this may be valid for the as -implanted Ge samples at the dose we have used. We'll introduce the criteria such as energy deposition or defect density.

Experimental approach:

Specific techniques such as deep-level-transient spectroscopy (DLTS) [START_REF] Lang | Deep-level transient spectroscopy: A new method to characterize traps in semiconductors[END_REF] are sensitive to point defects/impurities at a concentration relatively low compared to that of the dopant. In this case, it can only be used on implanted samples for which the defect concentration is limited. DLTS is an excellent technique to scan the levels in the band-gap. For this purpose it is a rather model independent technique. In highly-disordered layers or when the defect concentration is too high, it is very difficult to get valuable results from this technique and many of its derivatives. The other question stems from theoretical considerations. Deep level positions calculations have shown to be a challenge to overcome in even in the most characterized semiconductors. Even using ab initio techniques based on DFT supercell computations, the determination of energies are not accurate [START_REF] Zheng | Improving band gap prediction in density functional theory from molecules to solids[END_REF]enough to make valuable comparisons with experimental data [18]. For a valuable comparison with DLTS, the precision should be of the order of 0.05 eV. Up to now the identification of point defects was made indirectly by comparisons between different experimental techniques, such as EPR and optical methods. A powerful, although indirect, insight into microstructure can be offered by vibrational spectroscopy. In the following, we will refer to Raman scattering. For this method the spectral features are sensitive to local environment the crystallographic phase, the distribution of neighbours of different type, their connectivity into long-range motives, local strain, and the presence of point defects in the neighbourhood. Unfortunately, the effect of multiple factors comes in combination, therefore it is nearly impossible to "decipher" the spectrum just inspecting its features. The spectrum can depend on:

 The composition of the material  The presence of defects, disorder or amorphization.  The thickness of the material layer when Raman scattering is made on a multiplelayered material  The strain in these layers In most of the studies made in the past semiempirical methods were used for either tackling the effect of composition or strain. There is a limit in these approaches. A considerable practical help may come from first-principle calculations which permits to simulate the spectrum (with its distribution of intensities, or, in the simplest case, just the frequencies of major vibration models, designed to probe the effect of various structure elements.

Speaking of calculations done from first principles (ab initio), one would nowadays have a choice between numbers of reliable codes working at the level of density functional theory (DFT).

The construction of models, representative for the presence of defects, strain or local composition, is a prerequisite for a fruitful analysis of the experimental spectra by their comparison with the calculated ones [19]. The calculation of vibration spectrum for a given material in a given structural arrangement is rather a technical task, the difficulty of which obviously grows with the size of the fragment of solid taken into consideration, on which typically periodic boundary conditions are imposed. Large supercells have been used in some cases with an increase in computing time that imposed parallel processing on the IRFU cluster (Iclustgate is an IRFU parallel processing computing tool)). Besides this, once the model and the crystalline structure built to suit with the experimental system, the calculation of vibrational mode by ab. initio Molecular Dynamics is accurate enough to make comparisons with measurements. The modes can be directly compared with the Raman shifts for instance. This makes these methods a choice here.. We focus on the effects of strain on the Raman lines and we developed here a combined method to evaluate the properties of SiGe buried layers, using SRIM simulations [START_REF] Ziegler | The Stopping and Range of Ions in Matter[END_REF] and SIMS measurements. We then have used the DFT (Density Functional Theory) Siesta code to determine the vibrational modes and Density Of States of a Si crystal implanted by Ge, by Molecular Dynamic [START_REF] Soler | The SIESTA method for ab initio order-N materials simulation[END_REF] for the SiGe system.

Recent studies of the bulk SiGe system:

We focused on Ge in Si at high Ge concentrations, to get some information about the string in the SiGe layer the effect of disorder near the surface. The simulations were made with a concentration of Ge of the order of 50% and 25 % in a silicon matrix. For implanted Zn, its concentration in our samples is too low to significantly modify the vibrational modes. The effect of compositions of Ge in the GeSi alloy has been studied for some specific Ge-Ge or Si-Ge or Si-Si modes, but this was made for a relaxed solid [START_REF] Pagès | Re-examination of the SiGe Raman spectra: Percolation/one-dimensional-cluster scheme and ab initio calculations[END_REF]. The influence of crystalline defects on the Raman spectra is to broaden the lines with the introduction of an asymmetry on their low frequency part [START_REF] Kitajima | Defects in crystals studied by Raman scattering[END_REF]. Raman spectra on SiGe structures have been published [START_REF] Mooney | Raman scattering analysis of relaxed Ge x Si1-x alloy layers[END_REF] [25] [START_REF] Alonso | Raman spectra of c-Si 1-x Ge x alloys[END_REF] [27] [28] [START_REF] Renucci | Volume dependence of the Raman frequencies of Ge Si alloys[END_REF]. In some experimental studies, the Ge-Ge optical mode is found in SiGe alloys in a wide concentration range. Alonzo and Winer [START_REF] Alonso | Raman spectra of c-Si 1-x Ge x alloys[END_REF] found the 280 cm -1 line in SiGe (experimental) at Ge concentration beyond 28 %. More recently [START_REF] Pagès | Re-examination of the SiGe Raman spectra: Percolation/one-dimensional-cluster scheme and ab initio calculations[END_REF] re-studied the SiGe alloys with Raman Spectroscopy and ab initio simulations. According to this work, the Ge-Ge mode shifts linearly from 285 cm -1 to 300 cm -1 as the Ge atomic concentration increases from 20 % to 100 %. In addition, a Si-Si mode undergoes a linear shift from the 520 cm -1 of the line to 460 cm -1 as when the Ge atomic concentration grows proportions varies from 0 to almost 100% (this was proved experimentally and theoretically). In addition, other Si-Si modes were studied. The main Si-Si Raman peak is in fact degenerated. The Si-Ge mode has its line located at: 406 cm -1 for 50 % Ge in the silicon matrix [START_REF] Pagès | Re-examination of the SiGe Raman spectra: Percolation/one-dimensional-cluster scheme and ab initio calculations[END_REF]. One should keep in mind that this is a simplified view that was more developed in reference [START_REF] Pagès | Re-examination of the SiGe Raman spectra: Percolation/one-dimensional-cluster scheme and ab initio calculations[END_REF].This is an improvement on earlier models [30] [31]. A six oscillator's model was used there. [1 (Ge-Ge), 3 (Ge-Si), 2 (Si-Si)], to take into consideration the local environment (percolation model). One interesting conclusion is that the local environment has a visible but limited influence of the lines positions.

The SiGe (CZ grown) bulk system was considered as a disordered/distorted alloy in [START_REF] Lannin | Vibrational and Raman-scattering properties of crystalline Ge 1-x Si x alloys[END_REF], with respect to composition. The atoms are distributed randomly at sites but the structure remains close to crystalline, with respect to interatomic distances, lattice constants and angles. This bond and angle low distortion has been observed in Cz-SiGe over all the composition range [START_REF] Yonenaga | Bond lengths in Ge 1-x Si x crystalline alloys grown by the Czochralski method[END_REF]. But it is free of defects and not amorphous, in the meaning we have introduced in the previous paragraph. In our samples the random nature of ion-implantation (due to the distribution of the ranges of Ge atoms in the silicon matrix), should lead to a close to bulk SiGe system once the layer is free of defects. In view of these trends, the experimental shape and position of the corresponding lines in the Raman spectrum would make possible the estimation of the Ge concentration in the buried layer using a [18] However, because of the implantation method being used, the strain in the layer should be first taken into consideration. The Ge composition may be derived accurately from our SIMS measurements

Results: SRIM simulations and composition evaluation

The concentration profile of the implanted impurities can be predicted with the SRIM code package (the Stopping and Range of Ions in Matter simulation code). Hence, SRIM simulations were made to determine the ions concentration profile and primary defects densities.

Table 1: Comparison of the SRIM simulation results with SIMS (Secondary Ions Mass Spectroscopy) measurements (using a Cs+ incident ion). RBS (Rutherford Back Scattering) was made on the Ge implanted sample. The implantation was done at room temperature. For the highest integrated flux, the duration was more than 24 hours. No post implantation annealing was made during this experiment. The data obtained for Zn and P are also displayed this table in order to check the procedure (energy and flux, Zn implanted at 1MeV with a lower integrated flux and P implanted at 14 MeV with the lowest integrated flux).The orientation of the samples was (100). The samples were p-type, boron doped (100) silicon wafers. For SIMS both high resistivity samples (100 ohm.cm) and low resistivity (0.1. ohms.cm) were analysed. The concentration were calculated by the formula concentration=introduction rate x flux (experimental). The ion implantation was made at the Jannus/EMIR facility in CEA-Saclay, and the RBS measurements at the then CSNSM (now IJCLab) at Orsay. The SIMS measurements at GEMAC (U. Versailles). SRIM simulations were made at IRFU. 

Ion

7x10 7 cm -1 7x10 7 cm -1 1.0x10 6 cm -1
Initial vacancy production at the surface(SRIM) 4.9-2.45x10 25 cm -3 (> atomic density) 7.7-40x10 20 cm -3 (~ atomic density)

4-5x10 18 cm -3 (< atomic density)

Ion Energy / slow down timescale (single ion)

1 MeV/ ~0.5 ps 1 MeV/ ~ 0.5 ps 14 MeV/ < 1 ps

The SRIM code was used to estimate the ions ranges and the primary defect density, in this case the vacancy defect density. Fig. 2 gives SRIM distributions (vacancies and ions) for the Ge ions and vacancies for values of different values of threshold energies for atomic displacement).The results are summarized in Table 1 for the integrated fluxes used in the experiment for Ge (beside Zn and P). Note that both low resistivity and high resistivity p-type samples were used for Zn and Ge without significant differences. The profiles in Fig. 2 were obtained using SRIM simulations. What stems from these results is the fact that the vacancy concentration is 30-50 % of its peak value at the surface whereas the Ge concentration is next to nil. The near surface will contribute by the effect of disorder and Ge should contribute to a lower extend to Raman modes. This is key to understand the Raman results. From Table 1 and with these conditions set, we can investigate the effects of both high energy and highintegrated flux of ions on a Si target. We have estimated that the initial vacancy concentration is above atomic density for the Ge ions leading to a disordered lattice at the surface and slightly above amorphization [14] [15] for Zn.

The duration of the Ge implantation was 2070 minutes (34.5 hours) at room temperature. This means that we could expect RT annealing to occur during implantation. A simple computation derived from Fig. 1 (Table 1.) shows that the vacancy generation rate is somehow lower than 3x10 20 cm-3 s -1 , which is close to 3x10 20 x 10 -4 x cm -3 s-1= 3x1020 x 10-12 x cm-3 s-1= 3x108 x µm -3 s -1 , to be compared with the atomic density: . Another level at Ev+0.50 eV was also detected in some samples (b). The concentration deduced by these measurements was of the order of 10 13 cm -3 . The substitutional Zn levels are deep acceptors and metastable in silicon [START_REF] Weiss | The electrical properties of zinc in silicon[END_REF] [START_REF] Bagraev | Field-dependent negative-U properties for zinc-related centre in silicon[END_REF] This proves that some impurities can be observed solely in the Zn layer in spite of the expected disorder, even in small concentrations. The Zn implanted silicon substrates should see their near surface region amorphized, because the fluence is set above the 5x10 13 cm -2 limit determined by the Critical Damage Energy Density model [START_REF] Koffel | Amorphization kinetics of germanium during ion implantation[END_REF] [START_REF] Lang | Deep-level transient spectroscopy: A new method to characterize traps in semiconductors[END_REF]. The collapse of the 520 cm-1 line after implantation is clearly observed in this case for the Si-Si mode (see the Raman spectra of Zn implanted Si).The P implanted sample should no significant changes compared to the silicon reference.

Results: ab-inito MD simulations compared to Raman scattering results

First the theoretical estimates were done for the vibrational modes using the SIESTA [START_REF] Soler | The SIESTA method for ab initio order-N materials simulation[END_REF] ab-initio code, for perfect Si, Ge and SiGe crystals and for a range of probed lattice constant values. We have first used relaxed structures. The norm-conserving pseudopotentials for the atoms Si and Ge have been constructed along the Trouiller-Martins scheme [START_REF] Troullier | Efficient pseudopotentials for plane-wave calculations[END_REF]. The basis-functions used were of here are double-zeta type, with a grid cut-off of corresponding to (8 Bohrs).

For Si0.5Ge0.5 the total number of atoms in the supercell is first set to 250 (Fig. 1), which the results are similar to the results obtained with smaller supercells (18 atoms for instance). For the Si0.5Ge0.5 alloy a zinc-blende lattice is used as a basis and the structure is set to an ordered lattice with similar lattice lengths for all bonds. The x proportion is set to one to prevent Si or Ge modes that would appear with different x values. We will present results on 250 atoms supercells and on 18 atoms supercells. In all Si and Ge cases the theoretical lattice parameter used for the simulation derives from the relaxation technique, which consists in minimizing the total energy of the material with respect to the lattice constant. Figure 5 show the energy versus lattice constants for Si, Ge and Si0.5Ge0.5 bulk, from which we can estimate the theoretical lattice constant of bulk materials. For ion-implanted materials, and more generally for multilayered materials such as strained layer superlattices, are subject to strain effects, which modify the lattice constants, locally or in the whole layers. With this in mind if a strained layer has a different lattice constant than it is in the bulk phase, this should appear on the Raman spectra of these implanted material and particularly the SiGe implanted layer.

We focus on the way to establish a direct relation on the phonons modes versus a lattice constant, and show that it is applicable. Figure 6: the 250 atoms supercell configuration. Figure 7: the 18 atoms supercell configuration. An approximate values of the first phonon optical mode for both bulk but strained Si, Ge, Si0.5Ge0.5 is represented in Figure 5. The lattice constant is considered as a simple parameter.

Figure 6 (red Ge-Ge) (blue Si-Ge) (black Si-Si)): Lattice constants versus Raman Line shift for the Si-Si, Si-Ge and Ge-Ge modes, the results were obtained reversely with the phonon mode (line shift) as a parameter and lattice constant as the result. These plots result from a siesta simulation. Raman lines were fitted with a Gaussian law with a least square method. A linear fit of the lattice constant versus line shift is also made.

We can use this plot a guide for interpreting the experimental results in a step. The relations are then:

Ge-Ge: LatticeConstant=(-0.004297+/-0.000155) x LineShift +6.915219+/-0.049595. Ge-Si : LatticeConstant=(-0.004363+/-0.000163) x LineShift +7.414129+/-0.069897 , Si-Si : LatticeConstant=(-0.003588+/-0.000136) x LineShift +7.310672+/-0.067203. These fits were obtained with a linear adjustment, the Chi squared was always below 0.005. A more detailed study of the main Raman Modes gives these results, when a double Lorentzian fitting scheme is used for each optical mode. Despite some odd points the distinction between the two degenerate lines is clear for all materials. See Figure 7 We have measured Raman Scattering spectra on all samples (532 nm unpolarized) with a Renishaw spectrometer from CEA/Saclay/Jannus, on samples implanted by CEA/Saclay/Jannus at high energy. Figure 8 displays our experimental results.These are summarized in Table 2 and in Figure 8. There are three cases the reference spectrum, the asimplanted spectrum and the implanted and annealed spectrum For the annealed sample, the thermal treatment at 850 °C during 50 minutes (3000 s) should not significantly induce Ge exodiffusion out of the buried layer as Monte Carlo implantation simulations and annealing simulations have shown, using simulations with the parameter found in [START_REF] Zangenberg | Ge self-diffusion in epitaxial Si 1-x Ge x layers[END_REF]. The Ge diffusion constant (D=D0xexp (Ea/kT)) energy Ea does not depend on the Ge proportion, but the prefactor D0 doe according to this study [START_REF] Zangenberg | Ge self-diffusion in epitaxial Si 1-x Ge x layers[END_REF]. In a another simple test experiment made on a 1 MeV Ge implanted silicon sample, we have only seen an increase of about 30 % of the FWHM of the Ge distribution after a 900 °C annealing for 4 H 10 (250 minutes=15000 s) using SIMS for profiling. The increase in FWHM should be much reduced for the present conditions. The comparison is pertinent because the results are applicable to any initial Ge Gaussian distribution, even narrow.

Identification of the experimental Raman lines

We turn on to the Raman results. The vibrational modes monitored here (Table 2) is the 520 cm -1 centre of Brillouin zone optical mode of silicon (Si-Si) and their corresponding modes in Ge and the SiGe alloys. The authors [START_REF] Yokogawa | Quantification of Ge fraction using local vibrational modes in Raman spectra of silicon germanium by oil-immersion Raman spectroscopy[END_REF] attribute a 450 cm -1 line to a Si-Si mode. We also observe the 450 cm -1 on a Si notimplanted and a reference sample (Fig. 4). This is in agreement with the recent results from Pages et al. [START_REF] Pagès | Re-examination of the SiGe Raman spectra: Percolation/one-dimensional-cluster scheme and ab initio calculations[END_REF]. We could assume that this line is due to a Si-Si mode. However this line exists as a strong feature on the as-implanted measurement (1) (Figure 7), on the contrary suggesting that it is due to a Ge-Si mode with a shift to lower wavelength. The corresponding mode may be tracked using Figure 7.

In addition, the 520 cm -1 strong line which characterize bulk Si has vanished in the asimplanted sample and recovered in the annealed (2) sample. The absence of the main Si-Si mode implies that the minor Si-Si mode should vanish too. The 450 cm -1 line should correspond to a Ge-Si mode with some compressive strain (lower lattice constant).

The implanted and annealed sample (1, black Figure 8)) exhibits a strong structures at 300 cm -1. The main Ge-Ge mode may be responsible for this line. However this line is difficult to distinguish from the 300 cm -1 TA 2 photons mode of bulk silicon [43] [42]. Broad structures rather than lines was observed in as implanted and annealed samples. So that a subtraction method was implemented here in Figure 8. By subtracting and normalizing the reference spectra, the 300 cm -1 mode can be observed, albeit with a low magnitude (Figure . 4). As a result a weak 350 cm -1 mode can be observed in the as-implanted sample (1), we can deduce that its origin is the Ge-Ge mode, which in bulk germanium is triply degenerated Brillouin zonecentre optical mode [START_REF] Alonso | Raman spectra of c-Si 1-x Ge x alloys[END_REF]. We can also conclude that the mode shifts towards higher values in the Ge implanted layer, revealing again a slight compressive strain. The as-implanted sample (Figure 8a) exhibits a 150 cm -1 band which is certainly due to acoustical modes. Because of the long wavelength of these modes, they could be less affected by disorder or defects, and have a high relative strength in this sample. The annealed sample exhibits a peak at 425 cm -1 which is higher in magnitude than in all other samples. The as-Geimplanted sample exhibits this line, attributable as the Si-Ge mode, at 455 cm -1 then we could conclude that under annealing there is a shift of this Si-Ge line to lower frequency values. Results: quantitative analysis of the data Si-Ge Si-Si and Ge-Ge mode.

We may now analyse the effect of strain in the layers investigated, using the line shift method we introduced. The siesta simulations allows use to find a relation between the Raman line positions and the corresponding lattice constant. This means that a compressive strain corresponds to a lower lattice constant and a tensile strain to a higher lattice constant. If we assume that we are probing the Gerich layer, the values of the lattice constant obtained for the Ge-Ge mode are consistent with the fact that the lattice is compressively strained in the region studied. For measurement (2) the value of the Ge-Ge shift is 320 cm -1 corresponding to 5.55 Angstroms. For measurement (1) as implanted the value is 5.40 Angstrom. Clearly, here the value is more affected by strain in the as-implanted structure, compared with the annealed one (2). For a relaxed Ge bulk structure, the lattice constant is found to be 5.65 Angstroms, according to our computations (Figure 5) and former experimental data. In our samples the buried layer remains constrained even after annealing (using relation (2) as it will be shown further on. For the Si-Ge mode, the lattice constant deduced from the experimental value with the relation agrees with a compressive strain. The Si-Ge mode shifts to lower values (480 cm -1 on the as implanted sample and 440-450 cm -1 on the annealed sample). The can be interpreted by a lowering of the lattice parameter to (5.3 (1-unannealed)-5.4(2-annealed) Ang). We obtain a lattice constant for a relaxed structure of 5.53 Angstroms, from Siesta computations for the SiGe alloy, so compressive strain should occur in our layers.

From measurements (1) as implanted the strain is higher for the after-annealing one (2). -In detail, we have experimentally studied the Si-Ge mode for a Ge peak concentration corresponding to Ge0.25Si0.75 at the 600 nm below the surface. These modes are due to single Ge-Si atom pairs and not directly comparable to those a perfect SiGe bulk alloy.

In previous studies one of the SiGe modes has been found to be equal to 400 cm -1 with limited dependence on composition (see M.I Alonso and K. Winer x=0.28 to x=0.77) [START_REF] Alonso | Raman spectra of c-Si 1-x Ge x alloys[END_REF]. Note that in their work the Si-Ge line shifts towards higher energies with increasing Ge content. This is in contradiction to the study of Pages et al. [START_REF] Pagès | Re-examination of the SiGe Raman spectra: Percolation/one-dimensional-cluster scheme and ab initio calculations[END_REF] In which the main SiGe (400 cm -1 ) mode has a weak dependence on concentration as they simulated it (with a decrease with Ge concentration) and with a maximum at for a Ge content of x=50%, taken from experimental data (a x (1-x) law was established). For their results see Table 2 in [START_REF] Pagès | Re-examination of the SiGe Raman spectra: Percolation/one-dimensional-cluster scheme and ab initio calculations[END_REF] where it shown that the composition dependence is weak for the Si-Ge and Ge-Ge modes. For this reason the SiGe mode should depend mainly on strain. The dependence on concentration may be reinterpreted as a dependence on local strain in the alloy, the lattice constant varying with concentration. Note that a vanishing Si Raman line is also observed in the study of Alonso and Wigner in SiGe alloys [START_REF] Ziegler | The Stopping and Range of Ions in Matter[END_REF] when the proportion of Ge exceeds 55 % in apparently a defect free material.

The SiGe line structure peaks at 450 cm -1 . In this case we can conclude. In this case the Si-Ge bond should be considered as compressively strained to be consistent with these measurements and simulations.

In the as-implanted sample the broad structure at 475 cm -1 appears. This could be a shift of the Si-Si line to lower energy. In this case the Si-Si bonds should be tensely strained, which is consistent with the above interpretations. However in [START_REF] Pagès | Re-examination of the SiGe Raman spectra: Percolation/one-dimensional-cluster scheme and ab initio calculations[END_REF] the Si-Si mode may shift towards lower value at low concentration. Given the fact that we probe a Silicon rich region this is not consistent, with our results. In contrast the Si-Si 520 cm -1 line recovers in the annealed samples and show no shift due to strain. Thus the 475 cm -1 structure should be attributed to a shift of the Si-Ge mode towards higher values with a contribution of Si-Si modes. This would correspond to a lattice with a parameter of 5.65 Ang using our formulas. This value is very close to the lattice constant of bulk Germanium. If the calculation of the lattice constants using the (A) formula is made we should have: 5.48 Angs for 25% of Ge.

Discussion and conclusions:

We have shown we have obtained a compressed SiGe deep implanted layer, even after thermal annealing. This is found quantitatively by the two main Ge related Raman modes in as-implanted and annealed samples. In contrast, after annealing the Si-Si is close to the reference value showing that the Si layer above the SiGe has recovered with limited residual strain, with detectible tensile strain. More generally, the Rayleigh line (0 cm -1 ) is much reduced in amplitude for the as-implanted samples. This results from the strong disorder found near the surface. One should be aware that the SiGe alloys are probably not ordered/distorted and limiting distortion can influence the measurements. The Ge-Ge, Ge-Si and Si-Si bonds can be distributed in length in the alloys or in our case in the implanted layer. The main effect of implantation is still:  The reduction of the amplitude of the lines  The broadening of the Raman lines The reduction of the amplitude should be related to the reduction of the phonon Density Of States (DOS). As the long range order is broken in the implanted samples due to the extended and point defects. The Born-Von Karman approximation only holds for shorter distances with then a limited number N of atoms, reducing the DOS of long range phonons in the first Brillouin zone.

Additionally the broadening of the lines is due to the distribution of the bonds lengths, which results in a distribution of the interatomic coupling constants. Simply explained written: if  = √ 𝑔 µ where g is the coupling constant the angular frequency and µ the reduced atoms mass. Then:

Δ ω ω = 1 2

Δg g

The result is clearly a distribution of the angular frequencies of the phonon modes. In a more elaborate view, when there are 2 atoms per unit cell (the case of silicon, germanium and SiGe), a simple linear chain with different coupling constants g1 and g2, treated with a classical method leads to:

 = √2 g1+g2 M
if we consider a fluctuation wc (Random Variable) on the coupling constants g1 and g2 , then the variance can be evaluated for the optical mode (longitudinal):

V=M -1 <w c 2 > g 1 +g 2 cos (ka)
Where k is the wavevector and a the lattice constant. The standard deviation is then proportional to: ~ √< w c 2 > cos (𝑘𝑎)

We have seen that with the help of ab initio simulations we can established a relation between the lattice constant and the position of the corresponding Raman lines. The lattice constant determines the distance between next neighbour atoms. In this case, we speak of Ge-Ge, Si-Ge and Si-Si. The lattice parameter deduced from the line position should be understood as an average of local atomic bond, or an average value.

Our observations in the as-implanted silicon sample fits with presence of strong disorder. The absence of the 520 cm-1 line is certainly due to some amorphization at the surface. This is verified too by the reduction of the Raleigh line magnitude. We have verified that some surface roughness appear after implantation. The initial (before RT continuous primary vacancy concentration is of the order of the atomic concentration (see note 1). The implantation fluence reached for the Ge ion is much higher than the 5x10 13 cm -2 limit determined by the Critical Damage Energy Density model [START_REF] Alonso | Raman spectra of c-Si 1-x Ge x alloys[END_REF] [START_REF] Ishidate | Lattice vibrational properties of crystalline Si-Ge alloys[END_REF]. Here the number of primary displacements per atom is higher than one. As a consequence, the effect of high fluence implantation is to create a defect rich buried layer with a composition set by the energy and fluence of the impinging specie. The simulations are in agreement with the SIMS experimental data. One unknown effect is the continuous room temperature annealing that always occurs during ions implantation, leading to the secondary defect generation or/and possibly amorphization [START_REF] Chandrasekhar | Raman scattering from amorphous zones in neutron irradiated silicon[END_REF] [45] [START_REF] Gunde | Vibrational modes in amorphous silicon dioxide[END_REF]. Without high temperature anneal the upper near surface layer should contain a high defect density as the SRIM simulations suggest.

Subsequently there should exist a large number of Si interstitials, located in the lower part of the 600 nm layer having been moved towards the Ge rich layer too.

All the experiments and simulations made here support the conclusion that the Si-Ge atomic distance is made lower by irradiation and increases slightly after annealing, resulting in a compressive strain. Annealing has the effect of reducing the strain in the implanted layer. In addition, the Ge-Ge mode is close to 300 cm-1 which means that the corresponding lattice constant is of the order of 5.62 Angstrom. After high temperature annealing the strain is reduced due to diffusion of the implanted species and the annealing of some defects.

SRIM simulations suggest that the implantation process results in an increase of the atomic density in the region where the implanted species is near maximum. The system should exhibit a shifted distribution of the interatomic distances inside the layer, as being a variation from the Ge-Ge lattice constant (5.65 Angstrom) and (5.43 Angstrom) for Si-Si. This means that the implantation process itself significantly induce compressive strain, comparatively to other similar systems such as epitaxial grown layers [START_REF] Halbwax | Kinetics of Ge growth at low on Si (001) by ultrahigh vacuum chemical vapor deposition[END_REF].

In the material studied here we may concluded that Raman spectroscopy is much more sensitive to the strain in the implanted layers than their composition. Ab initio simulations allows to establish a relation between the lattice parameter and the position of the corresponding Raman lines. The lattice constant used as a parameter determines the distance between next neighbour atoms. In this case, we speak of Ge-Ge, Si-Ge and Si-Si. This parameter deduced from the line position should be understood as an average of local atomic bond, or average value. This is a very efficient way for the study strain in deep buried layers. The combination of Raman, SIMS and ab-initio simulations constitute a very good method to investigate the properties of high energy ion implanted layers systems. With this approach (SIMS + SRIM + Raman + ab-initio simulations) we are able to investigate both strain and concentration of a species, even when the layers have very high defect concentration or show some amorphization. This is a progress compared to earlier studies [START_REF] Perova | Composition and strain in thin Si 1-x Ge x virtual substrates measured by micro-Raman spectroscopy and x-ray diffraction[END_REF] [START_REF] Hashiguchi | Stress evaluation in thin strained-Si film by polarized Raman spectroscopy using localized surface plasmon resonance[END_REF] However bond lengths and angles distortion [START_REF] Yonenaga | Bond lengths in Ge 1-x Si x crystalline alloys grown by the Czochralski method[END_REF] in bulk SiGe does not fit with our interpretations as this results in a splitting of the main Raman optical mode using MD (see appendix). The system here should be closer to close to crystalline strained regions embedded by defects rich zone. Most of the Raman modes being due these specific regions. The buried layers could be inhomogeneous before any thermal anneal.

Appendix: Results: effect of disorder

The description of our material system differs from previous results as it corresponds to very high dose implantation where the near surface zone should be strongly disordered.

It seems that the disordered layer at the surface due to the introduction of defects enhances the effect of strain. In our case, only the Ge located at 600 nm below the surface contributes, with the Si-Ge and Ge-Ge modes. This means that the Si-Si modes are those close to the surface and are affected mainly by the disorder. This has two consequences. Room temperature annealing is not effective at the surface. This means that recrystallization growths/starts from the crystalline layer which should be located below 1000 nm (Fig. 2).

To check this, we have done siesta simulations on a Silicon lattice supercell (30 atoms for reasonable computing time). The question is how to model disorder. In this case the structure is strained, not relaxed, in the sense that is not at the lowest energy equilibrium. We introduce some disorder by randomizing the atoms positions by a few percent (normalized to the lattice constant, +/1 %) relative to the using a random number generator method. With this all the bonds are different in length, the average length being constant. The long range order is broken. It is not a bulk like structure, but the simulation of a supercell is possible. This has the effect on the 520 cm -1 line that splits into two lines (one at higher frequencies and the other at lower frequencies) with a slight reduction of the magnitudes.

Figure.9: Simulated Raman spectrum of a Si disordered lattice, the disorder is induced by randomizing the length of the bonds, by a few percent. The effect is noticeable even with a limited bond length distribution: +/-1%.

Figure 1 :

 1 Figure 1: SiGe 250 atoms supercell Ge=50% with 5.55 Angstroms lattice parameter. The silicon atoms are in blue (black) and the germanium in grey. The 250 atoms simulations were based on a similar structure. The Vesta software is used here for the visualisations.

Figure 2 :

 2 Figure 2: SRIM simulations: vacancy introduction rate for the implanted (1MeV) Ge ions versus depth. The Threshold Energy For vacancy production is the parameter. In the inset (for Td=25 eV) Ge introduction rate versus depth. The introduction rate (in cm -1 ) is equal to the concentration divided by the integrated flux. Td is the threshold energy for single atomic displacement.

Figure 3 :

 3 Figure 3: SIMS profile obtained on as Ge implanted sample. The peak concentration measured with SIMS was 25%. (Ge0.25Si0.75). in blue the approximate RBS profile on an identical sample.

5x10 22 -Figure 4 :

 224 Figure 4: DLTS spectra (a) corresponding to the [Ev +0.6 eV, deduced from the Arrhenius plot] (b) hole trap Zn related deep level in silicon, this is presumably related to substitutional Zn (a). Another level at Ev+0.50 eV was also detected in some samples (b). The concentration deduced by these measurements was of the order of 10 13 cm -3 . The substitutional Zn levels are deep acceptors and metastable in silicon[33] [34] 

Figure 5 :

 5 Figure 5: Total energy of the crystal versus lattice constant used as a parameter, calculated with Siesta. The relaxed structure is the one with minimum energy. This is for a small cell of volume (40.025752 Ang**3).

  a) b) c). With relation above, we can compute directly the lattice constant value corresponding to the line position, with no empirical model needed. The comparison with the experimental data can now be made.

Figure 7 :

 7 Figure 7: plot of the Line position versus lattice constant, with a fit made with two Lorentzian distribution, to take into consideration the degenerate optical mode.

Figure 8 :

 8 Figure 8: Experimental Raman spectra obtained from two samples. (a) As implanted (red) with un-implanted (black) and annealed spectra. (b) Implanted and annealed sample spectra (1 , black) with difference spectra (3, blue) obtained by subtracting the initial spectra (3, blue)normalized with the silicon reference spectra (2, red).The intensity of the laser source is set at the same value.
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 2 Results deduced from Raman spectra of silicon implanted with Ge at 1 MeV and with siesta simulations. (1) Implanted sample not annealed (2) implanted and annealed sample (3) reference Si, Ge and SiGe values and computed ones
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