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Introduction

Amorphous thin films and chalcogenide glasses have drawn increasing attention due to their optical properties as a wide transparency window (up to 16 µm for selenides), a high nonlinear refractive index [1,2], low phonon energy [3,4], photosensitivity [5,6]. Hence they are adapted for photonic applications [7,[START_REF] Adam | Chalcogenide Glasses: Preparation, Properties and Applications[END_REF]. Aiming for low-cost and miniaturized devices, deposition and patterning techniques make possible fabrications of integrated multiple components onto the same substrate, contributing to the development of complex integrated optical platforms. Most of deposition processes are based on physical vapor deposition method as thermal evaporation [START_REF] Ledesma | [END_REF]10], sputtering [11,12], Pulsed Laser Deposition (PLD) [13,14]. As patterning method, plasma etching can provide an anisotropic sidewall profile on dielectric materials with low sidewall roughness. In recent years, some chalcogenides as As-S [15], Ge-Sb-Te [16], Ge-Sb-Se [17], Ge-Sb-S [18], Ge-As-Se [19], Ga-Ge-Sb-S [20] or Ga-Ge-Sb-Se [21] were patterned using mostly fluorine-based plasmas (CHF 3 and CF 4 ).

Among the Ge-Se system, bulk glasses and thin films have been characterized according to its composition by nuclear magnetic resonance and Raman spectroscopies, neutron/electron/x-ray diffraction and density-functional based molecular dynamics simulations [22][23][24][25][26][27][28]. In the case of the stoichiometric GeSe 2 , structural analysis proposed the [GeSe 4/2 ] tetrahedra (Td) as the dominant structural motif, which can be linked by corners (corner-shared (CS) tetrahedra) or edges (edge-shared (ES) tetrahedra). In addition, the presence of Ge-Ge and Se-Se homopolar bonds (allowed by relatively close electronegativities of Ge (2.01) and Se (2.55) atoms) is expected and probably over-or under-coordinated atoms as well. The proportion of [GeSe 4/2 ] Td CS and ES motifs, homopolar bonds and coordination defects evolves according to the composition of the Ge x Se 100-x glasses. The occurrence of above-mentioned structural units is also observed within ternary systems as Ge-Sb-Se [29], Ge-As-Se [30,31] or Ga-Ge-Se [32,33]. Their respective proportions in the amorphous thin films and glass materials depend on their chemical compositions, their thermal history and/or method of manufacture. Nevertheless, there is no pertinent study about the etching of Ge-Se glasses and corresponding thin films.

During an etching process, radical species (e.g. F, Cl, Br in halogen plasmas) are lost by recombination in the plasma volume or onto the sample surface and the reactor wall by pumping or by adsorption on a material. Subsequently, the process leads to the formation of volatile products at the sample surface and desorption from the surface leads to the formation of new products by recombination into the plasma. Fluorine-based chemistries (SF 6 , CF 4 , etc.) are extensively used for Ge etching due to the volatility of the GeF 4 etch product. Etching characteristics of Ge have been investigated and often compared with those of Si [34][35][36][37]. With a growing interest for patterned Ge structures, many works have been carried out to understand the influence of the etching conditions on the Ge surface [38][39][40][41]. Furthermore, the monitoring of germanium-fluorinated species established the relation between the etch rate and the concentration of etch products [34,35]. To the best of our knowledge, the etching of pure selenium was not investigated. Although a selenium-based material as ZnSe is etched in methane-based plasmas [42][43][44], there is a lack of information about the etch products as well as fluorine-selenium interactions.

In this paper, the etching of Ge 39 Se 61 thin films and a GeSe 2 glass target is investigated using SF 6 , SF 6 /Ar and SF 6 /O 2 plasmas. The coupling of Mass Spectrometry (MS) and Optical Emission Spectroscopy (OES) reveals some fundamental properties of the Se x S y F z species and point out reactional kinetic of fluorinated Ge and Se. Along with plasma characterization, plasma modeling offers a better understanding of the plasma/surface interaction. Besides, in situ X-ray Photoelectron Spectroscopy (XPS) is performed to identify nonvolatile products (GeO 2 , GeO 4 and GeSe x O y F z species) at the surface as well as species with unsaturated covalent bonds (GeF and GeO species).

Method

Ge-Se thin films, with a thickness of 1 µm, were deposited by PLD, via ablating a GeSe 2 bulk target with an excimer laser (COMPex 205, Coherent) operating at 248 nm. The details of glass target fabrication and PLD process are given elsewhere [14]. In a previous study, the composition of Ge 39 Se 61 thin films was determined using a scanning electron microscope with an energy-dispersive X-ray analyzer (EDS, JSM 6400-OXFORD Link INCA). In the present study, the same atomic proportions were found using X-Ray Photoelectron Spectroscopy (Kratos Axis NOVA). Nevertheless, it should be emphasized that XPS analysis describes the surface composition. A GeSe 2 glass target (r = 2.5 cm) as well as vitreous selenium (4N pellets; Codex International) and germanium (5N 4" wafer; Goodfellow) were etched for comparison.

Etching was performed using an Inductively Coupled Plasma reactor operating at 13.56 MHz. Configuration of the plasma source and dimension of the diffusion chamber are similar to that of an Alcatel 601E. For the SF 6 /Ar and SF 6 /O 2 mixtures, the total flow rate was varied to conserve a fixed total pressure when varying the feed gas composition. The substrate holder consisted in a 100 mm in diameter stainless steel plate mechanically clamped to the bottom electrode. This electrode was unbiased, thus ions struke the sample with a mean kinetic energy close to the plasma potential (< 10 eV). Substrate holder temperature was maintained at 20 • C thanks to He backside cooling.

Optical Emission Spectroscopy (OES) was performed using a Horiba iHR550 monochromator. The detection was provided by a CCD camera (SYNAPSE). Two shutters, one after the aperture and one before the camera, set the exposure time. Both slit aperture and exposure time were set to prevent the saturation of the signal. Excited states were monitored using the emission lines reported in table 1. Argon gas was used as an actinometer in the SF 6 /O 2 plasma with a partial pressure fixed at 0.2 mTorr (2% of the total pressure). In that way, we have information about the variation of the atomic fluorine and the atomic oxygen densities as a function of the O 2 percentage. However, actinometry is not valid in SF 6 /Ar plasma since the argon addition changes the electron energy distribution [45,46]; and also for the Ge and Se emission lines, since their energy threshold is far below those of the Ar emission lines. Besides, there are no consistent studies about the excitation cross-sections by electronic impact of Ge and Se excited states.

A mass analyzer (Hiden Analytical EQP 1000) was used for studying the plasma chemistry. The pumping system maintained the pressure inside the spectrometer below 1×10 -7 Torr. Particles enter the mass spectrometer via a 100 µm diameter orifice. At the entrance of the mass spectrometer, a potential may be applied on a first lens in order to repulse or to attract plasma ions. For the analysis of reactive neutrals, this potential was set so that nothing but positive ions, which were formed in the spectrometer ionisation source, were detected. The appearance potentials were determined by sweeping the electron energy from 1 to 50 eV. The chemical bonding characteristics of Ge, Se and Ge 39 Se 61 samples were examined by in situ X-ray Photoelectron Spectroscopy. The equipment consists of a monochromatic Al Kα X-ray source (SPECS XR 50 M and FOCUS 500) at 1486.6 eV and a hemispherical analyzer (SPECS Phoibos 150 HR). The analysis chamber was connected to the etching chamber through an ultra-high vacuum chamber, in order to limit surface contamination. The operating pressure in the analysis chamber was 1×10 -9 mbar. Spectra were recorded with a pass energy of 14 eV, with an energy step of 0.1 eV. Samples were neutralized with an electron flood gun to compensate for the charging effect shift. Data processing of Ge 2p 3/2 , Se 3p, Se 3d and Ge 3d spectra was done by the CASA-XPS software using a Shirley background [START_REF] Shirley | [END_REF] and a Lorentzian function convoluted with a Gaussian. Each doublet was constrained with an identical Full Width at Half Maximum (FWHM). Energy calibration of Ge, Se and Ge 39 Se 61 samples was performed using the Ge-Ge bond (binding energy, BE = 29.0 eV), Se-Se bond (BE = 55.3 eV) and the (Ge)-Se-Ge environment (BE = 54.7 eV). The latter were retrieved from ex situ XPS analysis (Kratos Axis NOVA) of as received Ge, Se and Ge 39 Se 61 samples and using the C-C bond (BE = 284.8 eV).

We used a kinetic model developed previously for RF (13.56 MHz) ICP in SF 6 /Ar mixture [49][50][51]. Using consistent cross-section data [52][53][54][55][56][57], the rate coefficients are integrated over a Maxwellian electron energy distribution. The model is based on the solving of mass-balance equations where rate coefficients are injected, setting the gain and loss rates of different species. This set of equations is coupled to the neutrality equation and power balance equation to determine the electronic density (n e ) and the electronic temperature (T e ), respectively. In the present study, we used this model to provide detailed kinetic information about reactive neutrals and charged species (electrons and positive ions) when operating in SF 6 /Ar plasma. In order to illustrate the excitation and ionization reaction probabilities, the different electronic temperatures were used as input parameters to calculate Maxwell-Boltzmann distributions.

Results and discussion

Figure 1 shows the vapor pressure data and the boiling temperature of some fluorinated compounds. Chemical etching relies on the desorption of etch products. Nevertheless, the mechanism is highly dependent on the pressure/temperature values. In the bestcase scenario, the vapor pressures can be retrieved from Antoine coefficients as for SeF 4 and SeF 6 molecules [START_REF]TRCVP Vapor Pressure Database Version 2.2P[END_REF]. For these species, the vapor pressure data are extrapolated for low-pressure processes. For a working pressure less than 20 mTorr, it is clear that GeF 4 and SeF 6 products are volatile at 20 • C. Moreover, the vapor pressure of the SeF 4 and the boiling temperature of GeF 2 lead to predict that these molecules are volatile as well. 3.1 Etch products in SF 6 plasma 3.1.1 Reactive neutral species In this section, all mentioned ions are produced inside the mass spectrometer source. Therefore, they are directly related to the plasma reactive neutrals products. An example is shown in figure 2 where GeF x and SeF x fragments are detected during the etching of the GeSe 2 glass target at 10 mTorr, 700 W, 20 sccm and without bias.

Unfortunately, literature about the dissociation and ionization of the SeF x (x = 1-6) species is non-existent. We admit that SeF 6 is dissociated in SeF +

x (x = 1-5) fragments similarly to SF 6 by direct ionization (1a) and dissociative ionization (1b) [56]. The direct ionization processes can be distinguished from the dissociative ionization processes since the former requires less energy for stable products to form ions. SeF + 5 appearance potential (19.2 eV) clearly corresponds to the dissociative ionization of SeF 6 . Moreover, the appearance potentials of SeF + 2 and SeF + 4 are attributed to the direct ionization of SeF 2 and SeF 4 molecules, because both potentials are lower than those of SeF + and SeF + 3 , respectively. In other words, SeF x (x = 2, 4, 6) molecules enter in the spectrometer as stable products.

AF x (g) + e -→ AF + x + 2e - (1a) AF x (g) + e -→ AF + (x-y) + yF + 2e - (1b)
Following the same reasoning, GeF + 3 appearance potential (13.6 eV) corresponds to the dissociative ionization processes of GeF 4 . Then, GeF + 2 appearance potential (12.3 eV) corresponds to direct ionization of the GeF 2 molecule. For the latter, an ionization threshold energy was reported at 20.7 eV, during the fragmentation of the stable GeF 4 molecule by electronic impact at 70 eV [60]. Our lower threshold energy confirms that the GeF 2 molecule enters inside the spectrometer source as a stable and volatile product. Therefore, GeF x (x = 2, 4) are formed inside the etching chamber.

Ionic species

As shown in figure 3, the plasma positive ions, coming from the etching chamber, can be identified. SeF + 3 and GeF + 2 are the dominant ions among the SeF + x and GeF + x ionic products, respectively. SF + 3 (m/z 89) is not recorded to avoid the saturation of the MS detector. However, it is the most intense ion, regardless of the conditions, even if its total ionization cross-section is lower than that of the SF + 5 ion [56]. These findings are in good agreement with those reported in a SF 6 discharge and was justified by the fact that the relative ion densities differ from relative ion intensities [61]. It has been demonstrated that ion-molecule reactions explain such results. By extension, ion-molecule reactions should not be exclusively restricted to SF +

x ions and may involve SeF + x and GeF + x ions (2a and 2b).

SeF + 4 + F → SeF + 5 (2a) GeF + 2 + F → GeF + 3 (2b)
The presence of SeSF + x ions is evidenced in figure 4 using SeS theoretical abundance pattern which is calculated using the isotopic abundances of Se and S atoms [START_REF] Rumble | CRC Handbook of Chemistry and Physics[END_REF]. For the interpretation, the 76 SeF +

x , 77 SeF + x and 78 SeF + x intensities were subtracted using 80 SeF +

x (x = 4, 5) intensities. From m/z 144 to 152, a good agreement is found between SeSF + 2 theoretical pattern and experimental data (r 1 = 0.85). Nevertheless, a higher correlation coefficient (r 2 = 0.94) is obtained by addition of a Ge + 2 theoretical abundance pattern to that of SeSF + 2 . It is likely that the etching of the GeSe 2 glass target forms the Ge + 2 ion from m/z 140 to 152. We report a second SeS pattern-like between m/z 163 and 171 which is attributed to SeSF + 3 . Along with the 82 Se + 2 ion (m/z 164), the signals at m/z 163 and 170 confirm the existence of more than two of ionic species within that mass range. (m/z 201 to 209) theoretical patterns. One contribution (m/z 220 to 230) is not clearly identified. We suspect that there are more than one Se atom containing species. From m/z 239 to 247, the third SeS pattern-like is assigned to the SeSF + 7 ion. An excellent match is found between the theoretical pattern and the MS data (r 1 = 0.99) confirming the absence of other ions. A Se 2 pattern-like is assigned to the Se 

The identification of SeSF + x ions is a strong evidence of ion-molecule reactions between SeF x species and the precursor fragments. The production of these ions implies a sulfur consumption. 5 presents the Ge 2p 3/2 , Se 3d and Ge 3d core levels after etching of the Ge and Se samples; and before (untreated sample) and after etching of the Ge 39 Se 61 thin film. Table 3 and table 4 list the fit values as the Binding Energy (BE), the Full Width at Half Maximum (FWHM), the spin-orbit splitting (∆E) and the relative area extracted from the spectra in figure 5. In the Ge 2p 3/2 spectra of the Ge sample, the Ge-Ge bond is located at 1217.1 eV. Two additional peaks are needed to fit the Ge spectrum at 1217.6 eV (chemical shift, CS = 0.5 eV) and 1218.8 eV (CS = 1.9 eV). Based on the chemical shifts of these two components, the former describes the (Ge) 3 -Ge-F entity and the latter corresponds to the (Ge)-Ge-F 3 entity. Turning to the nonetched Ge-Se thin film, the dominant peak at 1218.8 eV is assigned to the [GeSe 4/2 ] motif. The electronegativity of selenium (2.55) is higher than that of germanium (2.05), thus there is a chemical shift for that component to higher value (CS = 1.7 eV). As the sample remain untreated (no cleaning processes), the air exposure induces the Ge-O species located at 1219.5 eV (CS = 2.4 eV). In the spectrum of the etched Ge 39 Se 61 thin film, the dominant component (BE = 1218.8 eV), corresponds to the [GeSe 4/2 ] motif. Since the analysis is performed after a 100% SF 6 etching process, surface is free of oxide, meaning that the contribution at 1220.1 eV (CS = 3.0 eV) is assigned to the (Se)-Ge-F 3 species. This attribution is supported by the energy shift of 1.5 eV starting from the [GeSe 4/2 ] motif. At the surface (0 to 2.5 nm), Ge atoms have different chemical environments as compared to those within the near-surface layers (2.5 to 100 nm), resulting in Ge atoms bonded to 3 Se and 1 F; 2 Se and 2 F; 1 Se and 3 F etc. Turning to the Ge 3d spectra, the doublets are related to those used for the decomposition of Ge 2p 3/2 spectra. One must consider that the inelastic mean free path of electrons is different according to the kinetic energy of the photoelectron. For an Al Kα excitation, we calculate the inelastic mean free paths of Ge 2p 3/2 (kinetic energy, E k 266 eV) and Ge 3d (E k 1456 eV) photoelectrons at ∼ 0.8 nm and ∼ 2.8 nm, respectively [START_REF] Powell | NIST Electron Inelastic-Mean-Free-Path Database -Version 1.2[END_REF]. However, the relative areas of the (Ge) 3 -Ge-F, (Ge)-Ge-F 3 and (Se)-Ge-F 3 doublets are lower here than in the Ge 2p 3/2 region (table 3). Considering the difference in inelastic mean free paths between Ge 2p 3/2 and Ge 3d, we interpret this result as a strong indication that the fluorinated products are mostly located in the first or second surface layers.

Nonvolatile species Figure

From 58 to 52 eV, the XPS spectra present the Se 3d contributions. The pure vitreous Se sample is decomposed with two doublets with primary components at 55.3 eV and 55.7 eV, respectively. These contributions originate from selenium rings and selenium chains [START_REF] Hohl | [END_REF]66]. No fluorinated species are clearly identified, even using a pure selenium sample. The exposure to reactive neutral species as F or SF x leads to a surface free of SeF x residues. At the surface of the nonetched Ge 39 Se 61 thin film, the doublet at 54.7 eV is attributed to the (Ge)-Se-Ge entity. The chemical shift between the Se-Se and the (Ge)-Se-Ge doublets (CS = -0.6 eV) is also due to the difference of electronegativity between Se and Ge. A second doublet (BE = 55.3 eV) is needed to envelop the spectrum, ascribing the (Se)-Se-Ge entity. The decomposition of the etched Ge-Se thin film is carried out with one contribution at 54.7 eV assigned to the (Ge)-Se-Ge entity. It is also consistent with the fact that there is no Se-F bond after a 100% SF 6 etching process. The examples of Se 3p XPS spectra are presented in figure 6, and the extracted fit values are shown in table 4. Presence of sulphur is observed after etching on the Ge surface. The binding energy position at 162 eV is typical for elemental sulphur or Ge-S environment [67]. Concerning the Se and Ge 39 Se 61 etched samples the overlap between the Se 3p and S 2p core levels makes the determination of the presence or absence of sulfur more difficult. Note that the kinetic energy of Se 3p photoelectrons (E k 1325 eV) is close to that of Se 3d photoelectrons (E k 1431 eV), and consequently, the chemical shifts and the relative areas of these core levels should be similar. These parameters are constrained with those of the Se 3d core level. Furthermore, a Se 3p 3/2 -Se 3p 1/2 ratio of 0.43 and a spin-orbit splitting of 5.75 eV are retrieved as fitting parameters using a Se nonetched sample. These fit parameters were used for the decomposition of the Se 3p spectra of the Se and Ge 39 Se 61 etched samples. The congruence between the envelope spectra and the raw spectra indicates that sulfur atoms are most likely absent at the surface.

3.1.4 Excited species Figure 7 shows optical emission spectra recorded during the etching of the GeSe 2 glass target. Concerning Ge and Se, we assume that the emission lines result from the complete dissociation of volatile products followed by a direct or dissociative excitation (4a) and an electronic transition from an upper level A i to a lower level A j (4b). Photons may also originate from recombination processes between electrons and positive ions (4c).

A + e -→ A i + e - (4a) Ge emission lines result from the electronic transitions from the excited 4s 2 4p5s level to the ground 4s 2 4p 2 state. Both configurations contain a multitude of levels, leading to a rich Ge spectrum in the UV region [68]. However, the sensitivity of our measurements and the overlapping with the S 2 vibrational band [69] limit the identification to four lines. The reaction pathway leading to the S 2 molecules is mostly due to the SF reactive neutral recombination, leading to the S 2 (5a), S 2 F (5b) and SF 2 molecules, and their dissociation [70].

A i → A j + hν (4b) A + + e -→ A + hν (4c)
SF + S → S 2 + F (5a) SF + SF → S 2 F + F (5b)
But, as the selenium is etched, the formation of SSeF + x ions should consume the SF x reactive neutrals, explaining the drop of intensity for the S 2 band (figure 7). For Se emission lines in the visible region of the spectrum, three lines are identified by comparing our spectrum with the work of Ruedy and Gibbs [71]. Unfortunately, there is no consistent literature about the GeF* and SeF* excited states. Nevertheless, it is expected that these unstable species are present inside the etching chamber since the formation of Ge* and Se* excited states arises from the dissociation of GeF x and SeF x species.

From MS and OES results, we propose simplified reaction schemes of fluorine-based etch products (figure 8). Experiments are carried out with an unbiased substrate holder, hence the positive ions strike the sample with a mean kinetic energy close to the plasma potential (< 10 eV). As such, sputtering by ion bombardment is inefficient because of the low sputtering yields [START_REF]Sputtering by Particle Bombardment: Experiments and Computer Calculations from Threshold to MeV Energies softcover[END_REF]. As fluorine atoms do not compete with other species, the etch rate drops as the chemical contribution is removed from the etching process (figure 9(d)). A similar variation was observed on silica glasses [50] and tellurium-based chalcogenides [START_REF] Zhang | [END_REF], although the bias was set at -200 V. Such results demonstrate the important role of surface chemistry reactions in the etching mechanisms. As shown in figure 10, a variation of T e has repercussion on the electron energy distribution. That is why each reaction should be regarded as probabilities which are mostly T e dependent. As T e decreases, the probabilities are less reduced for excitation mechanisms (Ge*, Se*) than those of dissociative ionization processes. Evolution of the OES intensity data for selected emission lines with Ar content is shown in figure 11(a). In this experiment, actinometry cannot be carried out because of the modification of the plasma electrical parameters (n e and T e ) due to the high argon content. Nevertheless, from 100% SF 6 process to SF 6 /Ar (20%/80%), the Ge and Se emission line intensities increase slightly. This behaviour cannot be a consequence of a larger etch rate (figure 9(d)) and a larger density of Ge and Se etch products in the gas phase since both quantities drop when increasing the argon content in the mixture. The reason must therefore be sought within the plasma and to its characteristics that could lead to a higher dissociation of the Se and Ge etch products and excitation of Se and Ge atoms. Considering the variation of n e and T e estimated from the modeling (figure 9(a)) and the excitation energy threshold of the atoms from the ground state (table 1), it is likely that the increase of n e contributes to the increase in intensity of Se and Ge emission. 5 and GeF + 3 ions) exhibit a variation similar to that of the fluorine atom flux, implying that the formation of SeF 6 and GeF 4 molecules is highly dependent on the fluorine concentration, although it cannot be fully correlated with the etch rate. Based on that result, we conclude that the production of SeF 6 and GeF 4 should not be exclusively assimilated to desorption processes.

Etching in SF

6 /O 2 plasma
It is known that adding oxygen to a fluorine precursor increases the fluorine atomic density by reducing the recombination time of the precursor fragments. The O 2 fragments interact with SF x reactive neutral species and recombine into SO x F y molecules [74][75][76].

Direct evidences of oxidation are shown in figure 12 by means of in situ XPS where Ge, Se and Ge 39 Se 61 samples are etched simultaneously. In the case of the Ge 39 Se 61 thin films, an insulating surface is formed because of the oxide layer. The latter generates a charging effect, which shifts the original spectra to higher values of binding energy. Based on the previous observation in Sec. 3.1.3, it is believed that the (Ge)-Se-Ge environment (BE = 54.7 eV) remains at the surface, regardless of the etching condition. Thus, it is taken as the reference value for the calibration of Ge 39 Se 61 XPS spectra. Turning to the Se 3d spectra, whether it is for the Se or Ge 39 Se 61 sample, there are no (O, F)-Se-(O, F) environments at 20 or 40% of oxygen. Nevertheless, the etching generates the (Ge)-Se-Se environment which shifts progressively to higher values of binding energy with the increasing O 2 content. At the surface, the formation of Ge-O bonds and the absence of Se-O bonds are likely to rearrange the chemical environment of Se atoms. After a 100% O 2 etching process, the O-Se-O environment is detected at 59.9 eV (CS = 4.6 eV) for the Se sample and 60.1 eV (CS = 4.8 eV) for the Ge-Se thin film.

Area ratios calculated from XPS spectra are presented in table 5. Oxidation of the surface is evidenced by the increasing (Se)-Ge-R 3 /(Se) 3 -Ge-R and (O)-Se-(O)/(Ge, Se)-Se-Ge area ratios with the O 2 percentage in the SF 6 /O 2 mixture. In addition, according to the inelastic mean free path calculation, 95% of the Ge 2p 3/2 and Ge 3d photoelectrons describe the Ge neighbouring atoms within 2.47 and 8.40 nm of the depth of analysis, respectively. The decrease of the area ratio with the kinetic energy (e.g. from Ge 2p 3/2 to Ge 3d) is interpreted as an oxygen depletion along the depth of analysis. The low proportion of Se-O bonds suggests that oxygen likely has a higher affinity for germanium than for selenium.

In presence of a high concentration of oxygen, oxides are formed by oxygen adsorption. GeO, GeO 2 , SeO 2 and SeO 3 respectively have a boiling point at 710 • C 1115 • C, 118 • C and 350 • C. Furthermore, Ge-O bond (657.5 ± 4.6 kJ/mol) requires more energy than Ge-Se (484.7 ± 1.7 kJ/mol) , Se-Se (330.5 kJ/mol) and Ge-Ge (264.4 ± 6.8 kJ/mol) bonds to break [START_REF] Luo | Comprehensive Handbook of Chemical Bond Energies[END_REF]. Therefore, formation of oxides at the surface slows down the etch rate (table 5). 12). (R = O, F, Se) [46]. Despite the data do not reveal specific values of the F and O atom densities, actinometry describes their variation as a function of the O 2 content. In figure 13(a), the F/Ar intensity ratio has a maximum at 30% of O 2 . Such variation of the F/Ar ratio is a direct consequence of the conversion of the SF 6 into other gases (SO x F y , F 2 , etc.). Similar curves of the F/Ar intensity ratio have been obtained, or can be retrieved in extensive amount of studies related to fluorine-based plasmas [45,74,[START_REF] Morshed | [END_REF]. Simultaneously, for an O 2 percentage lower than 10%, the oxygen atom density is believed to be negligible because of recombination processes leading to SO x F y molecules.

% of O 2 in SF 6 /O 2 Etch rate Area ratio (Ge 2p 3/2 ) (Ge 3d) (Se 3d) (of total pressure) (µm/min) (Se)-Ge-R 3 (Se) 3 -Ge-R (Se)-Ge-R 3 (Se) 3 -Ge-R (O)-Se-(O) (Ge,
In this experiment, the maximum of etch rate (3.79 µm/min) is found at 10% of O 2 , and the etch rate cannot be correlated with the F/Ar intensity ratio as displayed in figure 13(a). As demonstrated with in situ XPS analysis, fluorine and oxygen atoms compete for the active sites on the Ge 39 Se 61 surface. Nevertheless, the fraction of active sites occupied increases with the density of oxygen atoms whose variation is represented by the O/Ar intensity ratio. The etch rate is sharply reduced when the oxygen coverage is too significant because of the formation of the (Se)-Ge-R 3 related doublets (R = O, F) at the surface, regardless of the fluorine atomic density. The recombination reactions are observable by means of mass spectrometry measurements (figure 13(b)), by monitoring the SO 2 F + 2 ion (m/z 102) which presents also a maximum at 30% of O 2 . GeF + 3 and SeF + 5 ions, formed inside the mass spectrometer source, also present a similar variation. These MS signals are correlated with the F/Ar intensity ratio but not with the etch rate, confirming that other processes than the desorption of GeF 4 and SeF 6 are involved in the production of GeF 4 and SeF 6 . For an O 2 percentage greater than about 30%, the decrease of ion signals is attributed to the decrease of the fluorine atomic density. The conversion of SeF 6 to SeO x F y is highly probable. However, the large number of products (SO x F y , GeF x and SeF x ) limits the interpretation because of the overlapping on the range mass of SeO 2 F + (m/z 128 to 136) and SeO 2 F + 2 (m/z 147 to 155).

Conclusion

Etching mechanisms of the Ge 39 Se 61 thin films and the GeSe 2 chalcogenide glass were investigated combining plasma and surface diagnostics in Inductively Coupled Plasmas. The identification of etch products was crucial to, thereafter, monitor some of them as a function of plasma conditions. That is why, the etch products were identified during the etching of a GeSe 2 glass target in a 100% SF 6 plasma. Using the appearance potentials, we classified SeF x (x = 2, 4, 6) and GeF x (x = 2, 4) as stable and volatile species, and we noticed a strong analogy between SeF x and SF 6 fragmentation spectra. Simultaneously to MS analysis, we compared OES spectra with and without the presence of a GeSe 2 glass target to identify Ge and Se emission lines in the UV and visible regions (200 to 500 nm).

In situ XPS study showed contributions of GeF x species at the surface, although the latter was negligible compared to the Ge-Se chemical state in the Ge 3d region. The results indicated that fluorine-based products are mostly located in the first layer at the surface. It can be speculated that GeF 2 molecule originates from the gas phase reactions within the plasma and not from desorption mechanisms. SeF x species were not noticed, implying that SeF x are desorbed at the substrate working temperature. In addition, sulfur contribution remained undetected at the surface of Se-containing materials, but a small contribution was found at the surface of Ge etched sample. Overall, XPS showed a relatively small amount of fluorine-based products, confirming that fluorine is an efficient etching agent for the Ge-Se materials.

The study of ionic products proved that SF x species play a role during the etching of Se-containing materials because of the formation of SeSF +

x ions. These species result from ion-molecule reactions with SF x radicals. Since such reactions were noticed with O and S elements resulting in S x O y F z etch products, further studies should be focused on ion-molecule reactions during the etching of Te-based materials to confirm if there are shared properties between all chalcogen elements. Another analogy between selenium and sulfur fluorine-based products was found with the presence of Se 2 F + 7 and the absence of Se 2 F +

x (x = 1-6). The case of the SF 6 /O 2 mixture showed that oxidation of the surface, more specifically the formation of Ge-O bonds, results in the decrease of the etch rate and product signals on mass spectrometry measurements.

In conclusion, the etching of Ge-Se materials in SF 6 plasma offers some advantages due to the chemical etching contribution. It is believed that GeF - x and SeF - x are also produced during the etching process, therefore mass spectrometry analysis should be extended for the identification of negative ions to provide a complete overview of the plasma chemistry. The understanding of etching mechanisms could be improved by investigating the etching on patterned thin films.
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 1 Figure 1: Extrapolated vapor pressures and boiling temperature of fluorinated products [58].

Figure 2 :

 2 Figure 2: Mass spectrum recorded, at an electron energy of 70 eV , during the etching of the GeSe 2 glass target at 10 mTorr, 700 W, 20 sccm, without bias.

Figure 3 :

 3 Figure 3: Ion mass spectra during the etching of GeSe 2 glass target at 20 mTorr, 700 W, 20 sccm and without bias.

Figure 4 :

 4 Figure 4: Comparison between theoretical abundance patterns and the mass spectrometry data during the etching of GeSe 2 glass target at 20 mTorr, 700 W, 20 sccm and without bias. Correlation coefficients r 1 , r 2 and r 3 are calculated using the SeS, SeS + Ge 2 and Se 2 theoretical abundance patterns, respectively.

Figure 5 :

 5 Figure 5: Ge 2p 3/2 , Se 3d and Ge 3d XPS spectra after the etching of Ge and Se samples; and before and after etching of the Ge 39 Se 61 thin film. (Etching conditions: 10 mTorr, 700 W, 20 sccm and unbiased substrate holder)

Figure 6 :

 6 Figure 6: Se 3p XPS spectra before and after etching of Se (left); before and after etching of Ge 39 Se 61 thin film (middle); before and after etching of Ge (right). (Etching conditions: 10 mTorr, 700 W, 20 sccm and unbiased substrate holder)

Figure 7 :

 7 Figure 7: Optical emission spectra recorded without the GeSe 2 glass target (black line) and during the etching of the GeSe 2 glass target (red line) at 10 mTorr, 700 W, 20 sccm and without bias.

Figure 8 :

 8 Figure 8: Reaction schemes for GeF x and Se x S y F z products.

3. 2

 2 Figure9shows simulation data as the electronic density (n e ), the electronic temperature (T e ), the reactive neutral fluxes and the ion fluxes; along with the etch rate of the Ge 39 Se 61 thin films versus the argon percentage. Dominant species are plotted, excluding S, S + , SF, SF + , F 2 and F + 2 species. Note that simulation data consider an Ar percentage of the total flow rate, whereas the etch rate measurements consider an Ar percentage of the total pressure. Nevertheless, similar trends of fluxes and plasma parameters are expected.As a consequence of the large increase in the electron density (figure9(a)), which increases excitation and dissociation events, argon addition produces only a slight decrease of the F atom flux (figure9(b)). Concerning positive ions, Ar + is the dominant ion among all the ionic species in the 25-100% Ar range, moreover its flux increases typically in proportion to the Ar percentage in the mixture (figure9(c)).Experiments are carried out with an unbiased substrate holder, hence the positive ions strike the sample with a mean kinetic energy close to the plasma potential (< 10 eV). As such, sputtering by ion bombardment is inefficient because of the low sputtering yields[START_REF]Sputtering by Particle Bombardment: Experiments and Computer Calculations from Threshold to MeV Energies softcover[END_REF]. As fluorine atoms do not compete with other species, the etch rate drops as the chemical contribution is removed from the etching process (figure9(d)). A similar variation was observed on silica glasses[50] and tellurium-based chalcogenides[START_REF] Zhang | [END_REF], although the bias was set at -200 V. Such results demonstrate the important role of surface chemistry reactions in the etching mechanisms.

Figure 9 :

 9 Figure 9: (a) Plasma parameters (n e : electronic density; T e : electronic temperature) (b) reactive neutral fluxes (c) positive ion fluxes according to argon percentage (% of total sccm) at 900 W, 10 mTorr and 40 sccm (modeling); and (d) etch rate of the Ge 39 Se 61 thin films according to argon percentage (% of total pressure) at 900 W, 10 mTorr and without bias.

Figure 10 :

 10 Figure 10: Maxwell-Boltzman electron energy distribution as a function of T e .

Figure 11 :

 11 Figure 11: (a) OES and (b) MS data (reactive neutral analysis at an electron energy of 70 eV) during the etching of the GeSe 2 glass target as a function of argon percentage in the SF 6 /Ar mixture at 10 mTorr, 900 W and without bias.

Figure 11 (

 11 Figure 11(b) presents MS data versus the Ar content. SeF 6 and GeF 4 reactive neutral products (detected as SeF+5 and GeF + 3 ions) exhibit a variation similar to that of the fluorine atom flux, implying that the formation of SeF 6 and GeF 4 molecules is highly dependent on the fluorine concentration, although it cannot be fully correlated with the etch rate. Based on that result, we conclude that the production of SeF 6 and GeF 4 should not be exclusively assimilated to desorption processes.

Figure 12 :

 12 Figure 12: Ge 3d and Se 3d XPS spectra after the etching of the Ge and Se samples; and the Ge 39 Se 61 thin films as a function of oxygen content in the SF 6 /O 2 mixture. (Etching conditions: 10 mTorr, 900 W and unbiased substrate holder)

Figure 13 :

 13 Figure 13: (a) Normalized etch rate and normalized intensity ratios (OES) and (b) MS data (reactive neutral analysis at an electron energy of 70 eV) during the etching of the GeSe 2 glass target as a function of the oxygen content in the SF 6 /O 2 mixture at 10 mTorr, 900 W and without bias.

Table 1 :

 1 Spectroscopic data for Ge, Se, F, Ar and O atoms[START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.7.1)[END_REF].

	Atom Energy threshold (eV)	Transition	Wavelength (nm)
	Ge	4.85	4p5s 3 P 0 2 → 4p 2 3 P 2	265.1
	Se	8.59	4p 3 6p 5 P → 4p 3 5s 3 S 0	473.0
	F	14.75	3p 2 P 0 3/2 → 3s 2 P 0 5/2	703.7
	Ar	13.48	3p 5 (2P 0 1/2 ) 4p → 3p 5 (2P 0 1/2 ) 4s	750.4
	O	10.99	2s 2 2p 3 (4S 0 ) 3p → 2s 2 2p 3 (4S 0 ) 3s	844.6
	Ar	13.08	3p 5 (2P 0 3/2 ) 4p → 3p 5 (2P 0 3/2 ) 4s	811.5

Table 2

 2 

lists the

74 

GeF + x and 80 SeF +

x products, their relative intensities and their appearance potentials. Relative intensities are calculated according to the GeF + 3 and SeF + 5 ions for the GeF + x and SeF + x ion clusters, respectively. Regarding relative

Table 2 :

 2 List of etch products which are observable during mass spectrometry analysis during the etching of the GeSe 2 glass target at 10 mTorr, 700 W, 20 sccm and without bias. The margin of error for the appearance potential is ±1 eV.

	Ion	Mass Relative (m/z) Intensity potential (eV) Appearance
	74 GeF +	93	2.4	14.3
	74 GeF + 2	112	9.3	12.3
	74 GeF + 3	131	100	13.6
	80 SeF +	99	11.0	17.8
	80 SeF + 2	118	11.2	13.6
	80 SeF + 3	137	45.4	15.9
	80 SeF + 4	156	9.9	13.0
	80 SeF + 5	175	100	19.2

Table 3 :

 3 Fit values extracted from Ge 2p 3/2 and Ge 3d XPS spectra of nonetched Ge 39 Se 61 thin film; and after etching of Ge sample and Ge 39 Se 61 thin film at 10 mTorr, 700 W, 20 sccm and without bias. BE: Binding Energy (± 0.1 eV); FWHM: Full Width at Half Maximum (± 0.05 eV); ∆E: spin-orbit splitting (± 0.05 eV).

				Ge 2p 3/2	Ge 3d (∆E = 0.55 eV)
			BE	FWHM Rel. BE FWHM Rel.
	Sample	Entity	(eV)	(eV)	Area (eV)	(eV)	Area
		Ge-Ge	1217.1	1.04	100 29.0	0.55	100
	Etched Ge	(Ge) 3 -Ge-F 1217.6	1.66	34.6 29.5	0.63	21.0
		(Ge)-Ge-F 3 1218.9	1.58	20.7 30.8	0.45	1.6
	Nonetched Ge-Se	GeSe 4/2 Ge-O	1218.8 1219.5	1.10 1.81	100 31.3 32.5 32.5	1.11 1.33	100 19.2
	Etched Ge-Se	GeSe 4/2 (Se)-Ge-F 3 1220.1 1218.8	1.54 1.84	100 31.3 19.0 33.1	1.11 1.53	100 4.8

Table 4 :

 4 Fit values extracted from Se 3p and Se 3d XPS spectra before and after etching of Se sample and Ge 39 Se 61 thin film at 10 mTorr, 700 W, 20 sccm and without bias. BE: Binding Energy (± 0.1 eV); FWHM: Full Width at Half Maximum (± 0.05 eV); ∆E: spin-orbit splitting (± 0.05 eV).

			Se 3p (∆E = 5.75 eV) Se 3d (∆E = 0.85 eV)
			BE FWHM Rel. BE FWHM Rel.
	Sample	Entity	(eV)	(eV)	Area (eV)	(eV)	Area
	Nonetched Se	Se-Se Se-Se	161.6 162.1	1.70 2.28	100 55.3 22.1 55.7	0.66 0.72	100 22.1
	Etched Se	Se-Se Se-Se	161.6 162.1	1.81 2.55	100 55.3 13.6 55.7	0.80 0.99	100 13.6
	Nonetched Ge-Se	(Ge)-Se-Ge 161.0 (Se)-Se-Ge 161.6	1.87 2.35	100 54.7 14.8 55.3	0.84 0.96	100 14.8
	Etched Ge-Se	(Ge)-Se-Ge 161.0	2.07	100 54.7	1.18	100

Table 5 :

 5 Etch rate of Ge 39 Se 61 thin films and area ratios extracted from Ge 39 Se 61 XPS spectra (figure
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