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I. INTRODUCTION

High density Integrated Circuit (IC) device fabrication requires manufacturing methods that possess micrometer to nanometer-scale resolution. This ability to downscale the critical dimensions of IC devices has been achievable thanks to the improvement in the microlithography techniques and materials used to produce the patterned layers of single IC devices. Microlithography techniques refer to the processes involving pattern-transfer of the desired micro-or nano-scale features from an IC design into the semiconductor device. It involves a variety of steps ranging from mask realization to the development of high-fidelity patterns in a photoresist film followed either by an etching step or by a deposition step. Etching can be performed using wet chemistry, but dry etching by plasma (e.g. fluorinated plasmas to etch silica) offers several key advantages, in particular its anisotropic character [START_REF] Coburn | Plasma-Assisted Etching[END_REF] .

Nowadays with the global warming issue and the quest for greener and less toxic manufacturing processes, health and environmental concerns have been raised for the lithography process. In fact, the chemicals used to produce the resin, the additives, the chemical synthesis, the solvents and the developers are all issued from petroleum and among them, some are dangerous and toxic [START_REF] Chelton | Chemical hazards in the semiconductor industry[END_REF][START_REF] Jang | Evaluation of hazardous chemicals with material safety data sheet and by-products of a photoresist used in the semiconductor-manufacturing industry[END_REF] (i.e. Tetramethylammonium hydroxide, TMAH). In order to develop a more sustainable technology, several authors have proposed to replace these conventional petroleum-based resists by water soluble bio-sourced polymers. Bio-sourced resists reported in the literature are either of protein or polysaccharide nature.

Among others, ovalbumin [START_REF] Jiang | Water-Based Photo-and Electron-Beam Lithography Using Egg White as a Resist[END_REF] , silk [START_REF] Pal | Silk protein nanowires patterned using electron beam lithography[END_REF][START_REF] Park | Eco-friendly photolithography using water-developable pure silk fibroin[END_REF][START_REF] Kim | All-water-based electron-beam lithography using silk as a resist[END_REF][START_REF] Morikawa | Silk fibroin as a watersoluble bio-resist and its thermal properties[END_REF][START_REF] Zhang | Extracted natural silk fibroin as a dual-tone protein resist for eco-friendly electron beam lithography[END_REF][START_REF] Bucciarelli | Fabrication of Nanoscale Patternable Films of Silk Fibroin Using Benign Solvents[END_REF][START_REF] Liu | Direct patterning using protein-based water lithography[END_REF][START_REF] Kurland | Precise patterning of silk microstructures using photolithography[END_REF] , and keratin [START_REF] Zeng | Wool Keratin Photolithography as an Eco-Friendly Route to Fabricate Protein Microarchitectures[END_REF] have been proposed as possible protein based resists. Using dry etching (SF6/C4H8) and ovalbumin, features were obtained by photolithography at 254 nm and transferred into silicon with an aspect ratio of 1/1 [START_REF] Jiang | Water-Based Photo-and Electron-Beam Lithography Using Egg White as a Resist[END_REF] . One of the limitations of ovalbumin is the tedious stripping step (15h) and the fact that it is in competition with human food resources. In the case of keratin and silk, both unmodified and acrylate modified proteins were used as resists. CF4 induced coupled plasma was applied to etch silicon [START_REF] Liu | Precise Protein Photolithography (P3): High Performance Biopatterning Using Silk Fibroin Light Chain as the Resist[END_REF] . The main influencing parameters [START_REF] Liu | Precise Protein Photolithography (P3): High Performance Biopatterning Using Silk Fibroin Light Chain as the Resist[END_REF] on the performance during the etching transfer of a silk film used as a temporary masking layer were the molecular weight, the extent of the cross-linking reaction and the presence of a secondary structure (beta sheets).

In the case of polysaccharide resists, transfer of nanometer scale patterns in silicon using ICP-RIE was achieved with a hemicellulose resist [START_REF] Morita | High sensitivity non-CAR resists for EUV and EB lithography[END_REF] . Aspect ratio of almost 7 was achieved thanks to its 3.7 selectivity. Opposite results were obtained from the group of Takei [START_REF] Takei | Organic solvent-free waterdevelopable sugar resist material derived from biomass in green lithography[END_REF] , where a poor selectivity was observed when using glucose or glucans as resist layers in CF4 plasma. A trilayer process was therefore proposed [START_REF] Takei | Organic solvent-free waterdevelopable sugar resist material derived from biomass in green lithography[END_REF] . Furthermore, it was found that Ar plasmas can lead to either cross-linking [START_REF] Zou | Modification of starch by glow discharge plasma[END_REF] or chain scissions [START_REF] Wu | Argon-plasma-treated chitosan: Surface characterization and initial attachment of osteoblasts[END_REF] . Other authors reported that SF6 plasma leads to fluorine incorporation into the chemical structure and cross-linking [START_REF] Bastos | Hydrophobic corn starch thermoplastic films produced by plasma treatment[END_REF][START_REF] Rachtanapun | Effect of Water-Resistant Properties of Kraft Paper ( KP ) Using sulfur hexafluoride (SF6) plasma coating[END_REF] . These results highlight that the mechanism of fluorinated etching plasma interaction with polysaccharides remains to be further investigated.

Several groups have reported the use of chitosan as a resist [START_REF] Voznesenskiy | Study of biopolymer chitosan as resist for submicron electronic lithography[END_REF][START_REF] Voznesenskiy | Dose characteristics of multilayer chitosanmetal-dielectric nanostructures for electronic nanolithography[END_REF][START_REF] Karp | A photolithographic method to create cellular micropatterns[END_REF][START_REF] Grebenko | Gentle patterning approaches toward compatibility with bio-organic materials and their environmental aspects[END_REF] . Chitosan is a linear polysaccharide composed of D-Glucosamine (GlcN) and N-acetyl D-glucosamine (GlcNAc). It is characterized by its degree of N-acetylation (DA) corresponding to the molar ratio of GlcNAc units within the polymer chain and by its molecular weight.

Chitosan is issued from chitin, which is the second most abundant biopolymer on earth. It is water soluble, water developable and has demonstrated to be a good candidate for Ebeam lithography [START_REF] Caillau | Fifty nanometer lines patterned into silica using water developable chitosan bioresist and electron beam lithography[END_REF] and DUV photolithography [START_REF] Caillau | Sub-micron lines patterning into silica using water developable chitosan bioresist films for eco-friendly positive tone e-beam and UV lithography[END_REF][START_REF] Sysova | Chitosan as water developable 193 nm photoresist for green photolithography[END_REF] allowing for the writing of sub-micron features. Contrary to Takei's group, we have been able to transfer the features into a 200 nm silica layer using CHF3 RIE without the need of an additional hard mask. The molecular structures of the polysaccharides used by Takei resists are quite similar to the structure of chitosan, raising the need of a better understanding of the interaction of polysaccharides with fluorinated etching plasmas.

The aim of the present contribution is to gain qualitative insights on the interactions between chitosan and fluorinated plasmas used to etch silica. For this, modifications of 100 nm spin-casted chitosan films submitted to our CHF3 and SF6/Ar standard etching plasma recipes were studied using complementary analytical techniques (IR, XPS, ToF-SIMS, SEC…). Two chitosan resists with DA of 1 and 35 % were compared. The interactions with plasma neutrals/ions and vacuum ultraviolet (VUV) were studied. Our results suggest that the chitosan selectivity is greatly influenced by the deposition of a fluorocarbon film and that VUV seem to be involved in scission of the polymer chain. No significant difference between the two chitosans was observed.

II. EXPERIMENTAL

A. Description of materials

Chemicals and resist material

Chemicals were purchased from Sigma Aldrich except when stated otherwise.

Deionized water (18.2 Mcm) was produced with a purelab Chorus (ELGA). Chitosan from squid pens, with a DA of 2 % acetylation degree, an average molecular weight of Mw=573 kg.mol -1 and a dispersity of 1.59, was purchased from Mahtani Chitosan PVT, Ltd (India). The reacetylation of the chitosan was performed according to the Lamarque's protocol [START_REF] Lamarque | Physicochemical behavior of homogeneous series of acetylated chitosans in aqueous solution: Role of various structural parameters[END_REF] . Briefly, chitosan was first solubilized in a dilute aqueous solution of acetic acid and stirred overnight. Propane-1-2-diol was added and the solution was cooled to approximately 10 °C. Acetic anhydride was added dropwise in stoichiometric quantities based on GlcN units to reach the desired DA. At the end of the reaction, the reacetylated chitosan was fully precipitated by addition of dilute aqueous ammonia to reach pH 9-10, washed several times with deionized water and then freeze-dried. Reacetylated chitosan was obtained with a DA of 35 %, a Mw of 613 kg.mol -1 (dispersity of 1.75) and a water content of 13.5 % (w/w). The DA was determined by 1 H-NMR using a Bruker AV300 (300 MHz) spectrometer.

The average molar masses (Mw and Mn) and the dispersity Ð of the chitosan were determined by size exclusion chromatography (SEC). The polymer separation was performed on two serially connected columns (TSK G2500PW and TSK G6000PW, TOSOH BIOSCIENCE). A differential refractometer (Optilab T-rex, WYATT) coupled on-line with a MALLS detector (Dawn Heleos II, WYATT) was used for the detection. A degassed 0.2 M acetic acid/0.15 M ammonium acetate buffer (pH 4.5) was used as eluent after filtration on a 0.10 µm pore size membrane (Millipore). The flow rate was maintained at 0.5 mL/min and the amount of sample injected was 50 µL. The refractive index increment (dn/dc) was adjusted for each acetylation degree (DA) according to the results of Schatz et al [START_REF] Schatz | Typical Physicochemical Behaviors of Chitosan in Aqueous Solution[END_REF] .

For comparison purposes, Chitosan with a DA of 1 %, a MW of 583 kg.mol -1

(dispersity of 1.66) and water content of 8.9 % (w/w) was also used, as well as commercial positive resists (AZ5214E (EU) from Merck and 950 PMMA A4 from Kayaku Advanced Materials).

Solution and film preparation

Glassware and substrates were systematically cleaned by piranha etch treatment (H2SO4 95.0-98.0 %; hydrogen peroxide H2O2 34.5-36.5 %; v/v 3:1) to prevent from organic contamination.

Chitosan solutions were prepared by dissolving chitosan in deionized water and acetic acid in stoichiometric quantity [START_REF] Lamarque | Physicochemical behavior of homogeneous series of acetylated chitosans in aqueous solution: Role of various structural parameters[END_REF] (with respect to GlcN units). Chitosan concentration was 0.7 % (w/v). Solutions were magnetically stirred overnight, at room temperature and in the dark. Characteristics of chitosan based resists used in this article are summarized in The majority of the chitosan films were processed as follows. Thick silicon dioxide (200 nm), thermally grown on 500-550 µm thick <100> silicon served as substrates (non intentionally doped). The sample size was 1x1cm². Chitosan films were spin-coated at 3000 r.min -1 with an acceleration of 300 r.s -2 and during 70 s. Then, a soft bake was performed on a hot plate at 150 °C during 5 min. No adhesion promoter layer was required due to good adhesion properties of chitosan with silicon oxide thanks to hydrogen bonds [START_REF] Caillau | Fifty nanometer lines patterned into silica using water developable chitosan bioresist and electron beam lithography[END_REF] .

This resulted in films with a good reproducibility in thickness of about 100 nm (115 ± 3 nm for Ch35 and 98 ± 1 nm for Ch1). Film thickness was measured by reflectometry with an Ocean Optics spectrometer and values were based on measurements on 3 samples.

AZ5214E resist was diluted with its solvent (PGMEA) at 1:2 (v/v). Spin coating was proceeded at 5500 r.min -1 during 30 s and a soft bake followed on a hot plate at 110 °C during 60 s to obtain a 119 ± 7 nm thick film. PMMA resist was spin coated at 4000 r.min - 1 during 30 s and soft baked at 180 °C during 90 s to obtain 190 ± 6 nm thick blanket films.

For Infrared analyses, chitosan films were obtained by spin-coating (1000 tr.min -1 , 4000 tr.s -2 during 2 min) on a 100 µm thick double sided polished intrinsic silicon wafer.

Soft bake was performed on a hot plate at 150 °C during 5 min.

For SEC analyses, thicker (few microns) self-supporting films on silica (200 nm on Si) were obtained by allowing the chitosan solution to dry directly on the substrates in a desiccator, under vacuum, at room temperature and protected from light for several days.

B. Plasma processing and characterization

Chitosan films were etched by reactive ion etching plasma (RIE Corial 200S etch system, 13.56 MHz RF generator) using the recipes based on fluorinated gases developed to etch silica 1 (operating conditions are displayed in TABLE II). The substrate temperature was set to 20 °C during etching. These experimental conditions were chosen so that the plasma is assumed to be stable. A pre-conditioning of the etching chamber with the gas to be used was done during 4min. For the surface analysis study in section III.A, the etching time was arbitrarily chosen to keep at least half of the initial resin thickness. As the plasma etching with SF6/Ar is faster, the time was 15 s instead of 2 min for CHF3. For the in-depth modification study in section III.C, films were longer exposed to plasma (30 min) with a physical filter on top. Two filters were used: a MgF2 filter that transmits wavelength greater than 120 nm (thus including (V)UV), and a glass filter coated with Indium Tin Oxide that transmits wavelength greater than 330 nm. 

C. Film characterization

Water contact angle was performed with 1 µL of deionized ultrapure water using image capture (GBX Digidrop-MCAT). No repeatability could be performed because the first drop of water slightly dissolved the film.

Atomic Force Microscopy analysis was operated using a NX10 instrument from Park. Radius of curvature of the tip was less than 5nm. Image scan size was 5 µm x 5 µm with a resolution of 512 x 512 pixels. The surface roughness of the films was measured as the root mean square (RMS) of the surface height data.

X-ray photoelectron spectroscopy (XPS) analysis was performed using a VG Scienta SES 2002 spectrometer (Uppsala, Sweden) equipped with a monochromatic Al Kα X-ray source (Al Kα = 1486.6 eV) and a hemispherical analyzer, with pressure of 10 -9 mbar in the analysis chamber. No electron gun was used to compensate the charging effect. The analyzed area was 24 mm 2 . The spectra were recorded using a pass energy of 100 eV for high resolution and 500 eV for wide scan, respectively. Binding energies were calibrated by taking C1s peak (C-C, C-H) of carbon as a reference (285.0 eV). Analysis was done at an emission angle of 0° as measured from the surface normal. The peak fitting of the highresolution spectra was performed using CasaXPS software version 2.3.14 and the peak shape was Gaussian/Lorentzian (70/30). The background was subtracted using the Shirley method. Full width at half maximum (FWHM) was imposed equal for the different components of the same photoelectron peak within a sample, as far as possible. Double peak sulfur S2p was fitted [START_REF] Beamson | High Resolution XPS of Organic Polymers : The Scienta Esca300 Database[END_REF] by fixing the binding energy difference between 2p1/2 and 2p3/2 at 1.18 eV, identical FWHM, and an area ratio of 0.45, thus a deviation of 0.05 from the theory (0.5).

ToF-SIMS measurements were carried out on a TRIFT III ToF-SIMS instrument (Physical Electronics, USA) operated with a pulsed 22 keV Au + ion gun (2nA ion current) rastered over a 300 × 300 μm 2 area. The electron gun was operated in pulsed mode at low electron energy for charge compensation. The ion dose was kept within the static conditions limit. Data were analyzed using the WinCadence software. Mass calibration was performed on hydrocarbon secondary ions. Mean values and standard deviations for some intensity ratios and normalized intensities were calculated from data obtained on three analysis areas. Normalization in the positive mode was performed on the total positive ion intensity from which were subtracted the intensity value of H + (due to possible changes as a function of very slight changes in the experimental settings) and that of Na + .

Normalization in the negative mode was performed on the total negative ion intensity from which was subtracted the intensity value of H -(same reason as above).

Dissolution speed was calculated by immersing films in ultrapure water during 2 min. The films were then dried with a nitrogen spray blow gun and then on a hot plate at 150 °C during 1min. When the film dissolved completely, the immersion time was reduced to 30 s. The film thickness was measured before and after dissolution.

SEC analyses of chitosan films were performed as described above after dissolution of the films at 0.5 mg/mL in a 0.2 M acetic acid/0.15 M ammonium acetate buffer (pH 4.5)

during a minimum of 24 h at ambient temperature. The solutions were then filtered using 0.45 µm pore size CME membranes (Millipore).

Transmission infrared measurements were carried out on a FTIR Vertex70V

Bruker, with a DTGS detector, KBr/Ge beam splitter and under primary vacuum.

Instrumental resolution was 4cm -1 and average was done on 64 scans at the nanocharacterization platform (PFNC) of CEA-Leti.

III. RESULTS AND DISCUSSION

A. Chitosan behavior in contact with fluorinated etching plasmas

Fluorinated plasma characterization

CHF3 and SF6/Ar RIE etching plasmas (see plasma conditions in Table II) were first characterized using Optical Emission Spectroscopy (OES). with a peak at 289.3 nm should have then been observed [START_REF] Petrovic | Spatiotemporal optical emission spectroscopy of rf discharges in SF6[END_REF][START_REF] Anderson | A Kinetic Model for Plasma Etching Silicon in a SF6/O2 RF Discharge[END_REF] ), the multi-step dissociation seems to be complete. However a really weak and broad band at 200-250 nm could be related either to SF6 dissociation species [START_REF] Shim | Characteristics of germanium dry etching using inductively coupled SF6 plasma[END_REF] or to SO -at 258 nm [START_REF] Li | Optical Emission Spectrometry of Plasma in Low-Damage Sub-100 nm Tungsten Gate Reactive Ion Etching Process for Compound Semiconductor Transistors[END_REF] , which are probably due to interaction of sulfur species with the reactor walls. On the contrary, in pure CHF3 plasma Selectivity was also studied under the same conditions for conventional resists. In CHF3 plasma, PMMA and novolac-based resist (AZ5214E) exhibited a selectivity of 1.3 and 9.0, respectively. It means that chitosan exhibits a better etching resistance than the conventional PMMA resist in CHF3 plasma but lower than a novolac-based resist.

However, in SF6/Ar plasma, etch rates of conventional resists and chitosan are higher and selectivity are less than 1. In order to compare resins in contact with etching plasmas, predictive parameters for etching have been developed empirically. The Ohnishi Number (ON) [START_REF] Gokan | Dry Etch Resistance of Organic Materials[END_REF] predicts an increase of the etching rate when the ON increases. The Ring Parameter (RP) [START_REF] Kunz | Limits to etch resistance for 193-nm single-layer resists[END_REF] indicates that when there is more carbon atoms in cycles (RP tends to 1), the etch resistance is higher.

Their values were calculated and are also given in Table III. The trends announced by the ON do not fit with our observations and therefore it is not adapted to our case. More precisely, the oxygen content is similar for both chitosan samples, it seems then that this parameter is not sufficiently accurate in some cases as already pointed out in the literature [START_REF] Engelmann | Plasmasurface interactions of model polymers for advanced photoresists using C4F8∕Ar discharges and energetic ion beams[END_REF] . The RP correctly anticipates the trends between the different resins, but exhibits limitations when the polymers are different but with the same number of cycles, as it is the case between chitosans with different DA. Therefore, surface and in-depth characterizations of chitosan in contact with fluorinated etching plasmas were undertaken in order to get a better understanding of the underlying mechanisms.

B. Surface analysis of chitosan in contact with fluorinated etching plasmas

In plasma glow discharge, ions, radicals and neutrals can interact and then modify the resin at the surface within a few nanometers depth. In this section, various top surface analysis techniques (water contact angle, Atomic Force Microscopy, X-ray Photoelectron The water contact angles (WCA) of chitosan films are displayed in TABLE IV. It was observed that, for the pristine surfaces, when the DA increases, the water contact angle decreases. This has already been discussed in the literature [START_REF] Gatto | Study of chitosan with different degrees of acetylation as cardboard paper coating[END_REF][START_REF] Foster | Chitosan as a Biomaterial : Influence of Degree of Deacetylation on Its Physiochemical , Material and Biological Properties[END_REF] . The hydrophobic character is influenced by the acetyl group distribution along the chain [START_REF] Rinaudo | Chitin and chitosan : Properties and applications[END_REF] . Also, more acetyl groups help to create more hydrogen bonds with water. Furthermore, it is interesting to note that after contact with fluorinated etching plasmas, it seems that chitosan, regardless of the DA, exhibits the same surface hydrophobicity (around 90° for CHF3 and 73° for SF6/Ar). The higher WCA after CHF3 plasma might indicate a different modification of the surface chemistry (graphitization or Teflon ® -like deposition [START_REF] Daoud | Pulsed laser deposition of superhydrophobic thin Teflon films on cellulosic fibers[END_REF][START_REF] Vaswani | Surface modification of paper and cellulose by plasma-assisted deposition of fluorocarbon films[END_REF] ) and/or roughness. Roughness formation can be explained mainly by two phenomena [START_REF] Oehrlein | Plasma-polymer interactions: A review of progress in understanding polymer resist mask durability during plasma etching for nanoscale fabrication[END_REF] : the buckling model and the micro-masking. The buckling model is based on the concept of a thin dense layer on top of a thicker softer layer (which may have been modified by the plasma) [START_REF] Bruce | Relationship between nanoscale roughness and ion-damaged layer in argon plasma exposed polystyrene films[END_REF][START_REF] Pranda | Role of the dense amorphous carbon layer in photoresist etching[END_REF] , which induces stress relaxation and leads to wrinkle formation. No wrinkles have been observed and therefore this hypothesis is not favored. Micro-masking can also lead to roughness formation when non-volatile species produced during etching are deposited at the film surface [START_REF] Oehrlein | Plasma-polymer interactions: A review of progress in understanding polymer resist mask durability during plasma etching for nanoscale fabrication[END_REF] .

In addition, some parameters have a key role in roughness formation and could be used to differentiate the observations between Ch1 and Ch35. The chemistry and the structure of the polymer play an important role [START_REF] Engelmann | Plasmasurface interactions of model polymers for advanced photoresists using C4F8∕Ar discharges and energetic ion beams[END_REF] . For example, after interactions with the C4F8/90 % Ar plasma, the 193 nm methacrylate-based photoresist (MAMA/α-GBLMA)

was observed to exhibit more roughness than the 248 nm polyhydroxystyrene-based resist which remained rather smooth [START_REF] Oehrlein | Plasma-polymer interactions: A review of progress in understanding polymer resist mask durability during plasma etching for nanoscale fabrication[END_REF] . Etching time could also play a role, because for two resists similar to those discussed above, the evolution of the surface roughness is different [START_REF] Hua | Studies of plasma surface interactions during short time plasma etching of 193 and 248 nm photoresist materials[END_REF] .

To conclude this AFM study, since grain morphologies are similar for Ch1 and Ch35 chitosan films after exposure to CHF3 (2 min) or SF6/Ar plasmas (15 s), but the RMS values are different, it is difficult to address the interplay between a physical etching of the chitosan layer and a (re)deposition process of different species. Indeed, the formation of roughness can be due to several sources. One may wonder if the amine or acetyl groups influence the potential plasma-surface interaction.

To get a better insight on the modification of chitosan film, the study of the surface chemical composition of the chitosan resists (Ch1 and Ch35) after exposure to etching plasmas was undertaken by XPS and ToF-SIMS. XPS atomic percentages were extracted from high resolution spectra and Ch35 results are displayed in TABLE V. The reasoning will be done with Ch35 that is why the results for Ch1 are not presented. They are thus consistent with the theoretical values with still a slightly higher C/O ratio.

After 2 min in CHF3 plasma, fluorine was detected (30.2 %), which is consistent with the increase in hydrophobicity of the exposed surface and the nature of the plasma gas. While there was a significant decrease in oxygen and nitrogen atomic percentages, carbon atomic percentage remained similar. After 15 s in SF6/Ar plasma, even if fluorine was detected, its atomic percentage (5.3 %) was much lower than after 2 min in CHF3 plasma. Low amount of sulfur was also detected (1.2 %). competitive process between the etching of the resist and the deposition of a fluorocarbon layer on the silicon surface [START_REF] Garboriau | Etching mechanisms of Si and SiO2 in inductively coupled fluorocarbon plasmas : Correlation between plasma species and surface etching[END_REF] . XPS results on chitosan after 2 min CHF3 plasma are consistent with such a mechanism. Indeed, the decrease in the atomic percentages of chitosan elemental signatures (O and N) could be the result of not only the sputtering of the chitosan layer but also the detection of a fluorocarbon top layer (limiting the observation of chitosan due to the XPS information depth). Similar results were obtained after 2 min CHF3 plasma for Ch1 (data not displayed). Moreover, similar C1s signatures on silicon and oxide silicon were found when they were exposed to CHF3 plasma [START_REF] Cardinaud | Analyse XPS des surfaces de Si et SiO2 exposées aux plasmas de CHF3 et CHF3-C2F6. Polymérisation et gravure[END_REF] and on photoresist surface exposed to C4F8/90 % Ar plasma 37 .

After 15 s in SF6/Ar plasma (FIG. 3(c)), chitosan surface did not exhibit similar features.

The C1s signal was very similar to that of the pristine chitosan with only the additional contribution at 288.5 eV assigned to C-F. Fluorine F1s was fitted with one peak that corresponds to F-C at 688.1 eV. NF-C was calculated to be 13 % higher than NC-F. Similar results were obtained for the Ch1 resist. When considering other atoms to which some fluorine atoms could be bond, no chemical shifts were in agreement with those found in the literature. Indeed, NaF would have given a peak around 683.5 eV [START_REF] Kawamoto | F 1s XPS of fluoride glasses and related fluoride crystals[END_REF] . Another hypothesis is that fluorine could be bound to silicon in SiF (F1s at 686.8 eV [START_REF] Tessier | An XPS study of the SF6 reactive ion beam etching of silicon at low temperatures[END_REF][START_REF] Cardinaud | Analyse XPS des surfaces de Si et SiO2 exposées aux plasmas de CHF3 et CHF3-C2F6. Polymérisation et gravure[END_REF] ) or SiOF (687.4 eV [START_REF] Cardinaud | Analyse XPS des surfaces de Si et SiO2 exposées aux plasmas de CHF3 et CHF3-C2F6. Polymérisation et gravure[END_REF] ).

In the survey spectrum, it is possible to observe a very small contribution from silicon but the peak was not well resolved. Alternatively, fluorine could be bond to sulfur, as in SFx [START_REF] Fisher | X-ray photoemission study of physically absorbed SF6[END_REF] , but peaks should have been detected at 688.2 eV (F1s) and 173.5 eV (S2p2/3). It could fit for F1s but the S2p contribution at 173.5 eV was not observed. Therefore, sulfur chemical shift is not in favor of a bond with fluorine atom. As a summary for the chitosan films after 15 s in SF6/Ar plasma, XPS spectra were very similar to those of the pristine chitosan with only small intensity additional signatures from fluorine and sulfur. No CxFy layer could be evidenced as it was the case after the 2 min CHF3 plasma. The C-F bonds can then be rather due to some grafting of fluorine atoms to the surface. ToF-SIMS analysis was then performed to gain complementary information on the top surface molecular composition (information depth is limited to a few monolayers [START_REF] Benninghoven | Chemical Analysis of Inorganic and Organic Surfaces and Thin Films by Static Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)[END_REF] ).

The positive mode spectra of the Ch35 chitosan film before and after contact with fluorinated etching plasmas (similar conditions as above) are displayed in FIG. 4. Chitosan characteristic signatures could be easily identified at the surface of the pristine film in the m/z range displayed in FIG. 4(a). Amine groups [START_REF] Tortora | Functionalization of poly (εcaprolactone) surface with lactose-modified chitosan via alkaline hydrolysis : ToF-SIMS characterization[END_REF][START_REF] Lepoittevin | Hydrophobization of chitosan films by surface grafting with fluorinated polymer brushes[END_REF] [START_REF] Tortora | Functionalization of poly (εcaprolactone) surface with lactose-modified chitosan via alkaline hydrolysis : ToF-SIMS characterization[END_REF] but also to signatures from a polydimethylsiloxane (PDMS) ubiquitous contamination [START_REF] Sodhi | Time-of-flight secondary ions mass spectrometry (ToF-SIMS) : versatility in chemical and imaging surface analysis[END_REF] . They were then not included in the chitosan specific signatures. Please note also that ToF-SIMS being a highly sensitive technique [START_REF] Benninghoven | Chemical Analysis of Inorganic and Organic Surfaces and Thin Films by Static Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)[END_REF] , a very slight F -signature was also identified at the surface of the pristine film (before any contact with plasma).

After 2 min in CHF3 plasma, negative mode spectrum was dominated by fluorine related signatures: m/z =18.99 (F -), 37.99 (F2 -) (data not displayed). In the positive mode spectrum (see FIG. were rather attributed to some grafting as also evidenced by signatures combining fluorine with other elements.

The overall summary is then that Ch35 and Ch1 after 2 min in fluorocarbon plasma are mostly characterized by a mechanism involving deposition of a CxFy layer (XPS and ToF-SIMS). This layer provides protection against a fast etching and improve then the etching resistance [START_REF] Pranda | Role of the dense amorphous carbon layer in photoresist etching[END_REF][START_REF] Pranda | Evolution of photoresist layer structure and surface morphology under fluorocarbon-based plasma exposure[END_REF] . This behavior makes chitosan resist suitable for silica etching with CHF3 independently of the DA. On the contrary, after 15 s in SF6/Ar plasma, no deposition layer was observed. Fluorine atoms were detected but grafted on the top surface of the etched resist. This indicates a major physical interaction between atomic species of the plasma and the chitosan surface.

C. In-depth analysis of chitosan film in contact with fluorocarbon plasma

During plasma etching, ion/neutrals and radicals can interact with surface sample, but it is also the case for the UV emitted by the plasma. While the ions interact with the top surface, the UV interacts more deeply. UV and VUV can break bonds thanks to their energy. Photons that have sufficient energy to break most of all polymer bonds, are photons with 𝜆<250 nm [START_REF] Rabek | Photodegradation of Polymer : Physical Characteristics and Applications[END_REF] . Therefore, chitosan exposed to VUV light could undergo in-depth chemical changes. To observe these possible changes, chitosan films were exposed to SF6/Ar and CHF3 plasmas while being protected by a longpass filter on top of the surface.

MgF2 filter has a cut off at 120 nm while the glass filter with an ITO layer on top has a cut off at 330 nm. In this last case, we can consider that the chitosan film is almost not exposed to the UV/VUV of the plasma whereas with the MgF2 filter, it was considered to be exposed. The reference was a pristine film.

Regarding the selectivity and surface analyses, we have focused our UV/VUV plasma interaction interest on Chitosan films exposed to CHF3 plasma. The emission in UV/VUV was applied to the films during 30 min and were characterized using their dissolution speed in deionized (DI) water, Size-Exclusion Chromatography and Infrared Spectroscopy.

Data on the dissolution speed of chitosan films in deionized water during 2 min are displayed in TABLE VII. For the samples exposed to UV>120 nm, the films were completely dissolved within less than 2 min and dissolution time was reduced to 30 s. as it was a good tradeoff between time measurement accuracy and film dissolution state.

TABLE VII. Dissolution speed (in nm.min -1 ) in DI water for pristine (not exposed) films and for films after UV exposure from a CHF3 plasma. The slash symbol refers to impossible calculation due to the complete removal of the film left after time limit (30 s). 𝜆 >120 nm refers to MgF2 filter ((V)UV are included) and 𝜆>330 nm refers to glass/ITO filter used (no/limited (V)UV).

Resist name Pristine film 𝜆 >120 nm (including (V)UV)

𝜆 >330 nm (no/limited (V)UV) Ch1 2.5 ± 0.4 / 5.0 ± 1.0 Ch35 6.5 ± 0.4 / 4.2 ± 0.5
The dissolution speed of chitosan pristine films was 2.5 nm.min -1 for Ch1 and 6.5 nm.min -1 for Ch35. After exposure to light with 𝜆>330 nm (no/limited (V)UV), dissolution film was slightly modified. Note the slight difference between the two DA.

Ch35 dissolved slightly slower after exposure to λ> 330 nm while Ch1 dissolved a bit faster. However, after exposure of the chitosan film to light with 𝜆 >120 nm ((V)UV are included), the resist was totally soluble in DI water, even during a shorter time (30 s). These changes in solubility suggest that probably the resist undergoes structural modifications.

As reported by several authors, the increased solubility may be the results of chain scissions [START_REF] Sionkowska | Influence of UV-irradiation on molecular weight of chitosan[END_REF][START_REF] Wasikiewicz | Degradation of chitosan and sodium alginate by gamma radiation , sonochemical and ultraviolet methods[END_REF][START_REF] Zainol | Effect of γ-irradiation on the physical and mechanical properties of chitosan powder[END_REF] .

Therefore, Mw variation before and after UV exposure was evaluated using SEC and results are displayed in FIG. 5. Pristine film of chitosan has a Mw around 540-550 kDa for both DA. After being exposed to CHF3 plasma 𝜆> 330nm (no/limited (V)UV), Ch35 and Ch1 Mw increased by 30 kDa and decreased by 20 kDa, respectively. It may be interesting to note that the slight difference observed is logical with respect to that observed with the dissolution rates. For Ch35, increase of the Mw after contact with CHF3 plasma 𝜆>330 nm (no/limited (V)UV) may be due to either cross-linking or SEC measurement uncertainty. A small trend is emerging when comparing to the dissolution speed results. On the one hand, Ch35 Mw was observed to slightly increase after 𝜆>330 nm (no/limited (V)UV) irradiation and on the other hand, the dissolution speed slightly decreases. The same logic can be applied to Ch1 resist where the slight decrease in Mw coincides with a higher dissolution speed.

However, the main differences appear for samples exposed to 𝜆 >120 nm ((V)UV are included). The drop in Mw was nearly 70 kDa. This has already been observed in the literature when chitosan was exposed to UV but the experimental conditions were different [START_REF] Sionkowska | Influence of UV-irradiation on molecular weight of chitosan[END_REF][START_REF] Wasikiewicz | Degradation of chitosan and sodium alginate by gamma radiation , sonochemical and ultraviolet methods[END_REF] . Sionkowska et al [START_REF] Sionkowska | Influence of UV-irradiation on molecular weight of chitosan[END_REF] found that viscosity average molecular weight of chitosan films decreased when exposed to light under 254 nm emitted from a UV lamp for 2 h to 24 h. This weight molar mass loss was explained by chain scissions under UV (formation of free radicals). Wasikiewicz et al 61 also observed a decrease in weight molar mass of chitosan solution when exposed to a UV lamp (wavelength range not given) but during shorter times (up to 15 min). In all cases, the molecular weight loss was two orders of magnitude. In our case, the Mw loss was lower and the reason for this may come from the partial insolation of the film. UV penetration depth is highly linked to its wavelength and to the resist. For example, UV in the range [200-380 nm] can penetrate a few microns within polymer films [START_REF] Weilnboeck | Photoresist modifications by plasma vacuum ultraviolet radiation: The role of polymer structure and plasma chemistry[END_REF] . In the case of a 193 nm methacrylate based photoresist, VUV<200 nm can penetrate up to 100-200 nm while in the case of a 248 nm photoresist, it is around 15-40 nm penetration depth [START_REF] Weilnboeck | Photoresist modifications by plasma vacuum ultraviolet radiation: The role of polymer structure and plasma chemistry[END_REF] . Chitosan films of about 150 nm could be supposed to be completely or almost irradiated (IR spectroscopy analysis). But those of several microns in thickness as one used for SEC analysis are assumed to be fully exposed of UV and partially to VUV (thin thickness exposed). The film is therefore not modified uniformly but in layers or gradient [START_REF] Weilnboeck | Photoresist modifications by plasma vacuum ultraviolet radiation: The role of polymer structure and plasma chemistry[END_REF] .

To conclude, a small but non-negligible decrease in Mw was observed after CHF3 plasma 𝜆 >120 nm ((V)UV are included) irradiation. This suggests a chain scission phenomenon, which would lead to lower Mw, whatever the difference in DA. However due to the penetration depth of the light, this was limited to the first 10-100 nm of the film.

The FTIR spectrum of the pristine chitosan Ch35 film without any plasma exposure is displayed in FIG. 6. The main peaks corresponding to chitosan can be found in the literature. The broad absorption band at 3355 cm -1 corresponds to both O-H and N-H stretchings [START_REF] Kasaai | A review of several reported procedures to determine the degree of Nacetylation for chitin and chitosan using infrared spectroscopy[END_REF][START_REF] Brugnerotto | An infrared investigation in relation with chitin and chitosan characterization[END_REF][START_REF] Gholami | Modification of Chitosan Membranes via Methane Ion beam[END_REF] . The absorption band at 2866 cm -1 can be attributed to C-H stretching [START_REF] Kasaai | A review of several reported procedures to determine the degree of Nacetylation for chitin and chitosan using infrared spectroscopy[END_REF][START_REF] Mohamed | Evaluation of the mechanical , physical and antimicrobial properties of chitosan thin films doped with greenly synthesized silver nanoparticles[END_REF] , the one at 1660 cm -1 corresponds to C=O stretching in amide I group [START_REF] Rinaudo | Chitin and chitosan : Properties and applications[END_REF][START_REF] Gholami | Modification of Chitosan Membranes via Methane Ion beam[END_REF][START_REF] Corazzari | Advanced physico-chemical characterization of chitosan by means of TGA coupled on-line with FTIR and GCMS : Thermal degradation and water adsorption capacity[END_REF] and the one at 1545 cm -1 is attributed to N-H bending [START_REF] Gholami | Modification of Chitosan Membranes via Methane Ion beam[END_REF][START_REF] Mohamed | Evaluation of the mechanical , physical and antimicrobial properties of chitosan thin films doped with greenly synthesized silver nanoparticles[END_REF][START_REF] Lawrie | Interactions between Alginate and Chitosan Biopolymers Characterized Using FTIR and XPS[END_REF] . The sharp band between 900 and 1150 cm -1 corresponds to C-O stretching of chitosan [START_REF] Kasaai | A review of several reported procedures to determine the degree of Nacetylation for chitin and chitosan using infrared spectroscopy[END_REF][START_REF] Corazzari | Advanced physico-chemical characterization of chitosan by means of TGA coupled on-line with FTIR and GCMS : Thermal degradation and water adsorption capacity[END_REF] , with C-O-C from skeletal at 1080 cm -1 and 1135 cm -1 for C-O-C from glucosidic unit bridge [START_REF] Kasaai | A review of several reported procedures to determine the degree of Nacetylation for chitin and chitosan using infrared spectroscopy[END_REF][START_REF] Gholami | Modification of Chitosan Membranes via Methane Ion beam[END_REF][START_REF] Lawrie | Interactions between Alginate and Chitosan Biopolymers Characterized Using FTIR and XPS[END_REF] . To summarize, under 𝜆 >120 nm ((V)UV are included) from the CHF3 plasma, chitosan degradation can be characterized by the loss of C-O-C functions and the creation of C=O bonds. This can correspond to an opening of the unit ring and/or the scission of glycosidic bonds and the formation of carbonyl functions. This is in agreement with what has been observed on chitosan under other conditions [START_REF] Sionkowska | The influence of UV irradiation on the surface of chitosan films[END_REF][START_REF] Gryczka | The mechanism of chitosan degradation by gamma and e-beam irradiation[END_REF][START_REF] Bussiere | New insights into the mechanism of photodegradation of chitosan[END_REF] . Also, it was seen that the loss of C-O-C functions was accompanied by a peak appearance at 1730 cm -1 , that corresponds to the accumulation of oxidation products [START_REF] Bussiere | New insights into the mechanism of photodegradation of chitosan[END_REF] . This peak was also observed in our spectra as it was explained above and could suggest that under our conditions chitosan degradation also forms oxidation products.

Similarly, the spectra of the Ch1 films were acquired. See supplementary material at [URL will be inserted by AIP Publishing] for Ch1 FTIR spectrum before and after UV exposure (FIG. S2 andS3, respectively). The spectrum of the pristine film is as expected slightly different because there is almost no amide in the chitosan Ch1 but the amine peak comes out at 1604 cm -1 . Under UV from the CHF3 plasma, the trends observed for the Ch1 resist are similar to those observed for Ch35. No/very little modifications were observed when using the ITO/glass filter. Whereas with 𝜆 >120 nm ((V)UV are included) (MgF2 filter), there was a difference in absorption intensities similar to those described for Ch35: a decrease in absorbance for C-O-C groups, C-H groups, but almost no change for O-H/N-H group. Also, an increase at 1650 cm -1 (C=O) and 1555 cm -1 that corresponds to amide [START_REF] Dimzon | Degree of deacetylation of chitosan by infrared spectroscopy and partial least squares[END_REF] and finally the appearance of a shoulder at 1749 cm -1 , which as indicated above, could correspond to oxidation products.

Bussière et al [START_REF] Bussiere | New insights into the mechanism of photodegradation of chitosan[END_REF] proposed a photooxidation mechanism of chitosan degradation, presented in FIG. 8, under accelerated conditions (λ>300 nm, at 60° and in presence of O2).

Under irradiation, there is abstraction of a hydrogen from the chitosan and thus formation of a radical. Depending on the position of the carbon to which the hydrogen was bound, the mechanism is different. This can lead to either a separation of the acetyl groups (carbon a), to a scission of the glycosidic bonds (carbon b) or to a ring opening that forms an amide group (carbon c). It also indicates an IR band specific to each mechanism such as the appearance of a band at 1730 cm -1 which might be related to the degradation mechanism by scission of glycosidic bonds. The changes in IR bands in comparison with the proposed mechanism, suggests that there could be 2 possible chitosan degradations. First, degradation by scission of glycosidic bonds, related to the apparition of band at 1730 cm -1 and ring opening (gain of carbonyl bonds at 1697 cm -1 ). The relative proportion of these mechanisms could not be clearly identified. Chitosan degradation was attributed to free radicals [START_REF] Wasikiewicz | Degradation of chitosan and sodium alginate by gamma radiation , sonochemical and ultraviolet methods[END_REF] notably the hydroxyl one [START_REF] Wang | Study on the synergetic degradation of chitosan with ultraviolet light and hydrogen peroxide[END_REF][START_REF] Sionkowska | Influence of UV-irradiation on molecular weight of chitosan[END_REF] which is known to be really active. Chitosan degradation under DUV can be similar to the one under gamma radiation [START_REF] Wasikiewicz | Degradation of chitosan and sodium alginate by gamma radiation , sonochemical and ultraviolet methods[END_REF] . Hydroxyl radical may come from chitosan itself by abstraction of a hydrogen atom [START_REF] Bussiere | New insights into the mechanism of photodegradation of chitosan[END_REF] or from homolysis of the water contained in the film.

Water is absorbing strongly in the VUV range [START_REF] Zoschke | Vacuum-UV radiation at 185 nm in water treatment -A review[END_REF][START_REF] Gligorovski | Environmental Implications of Hydroxyl Radicals ( • OH )[END_REF][START_REF] Gonzalez | Vacuum-ultraviolet photolysis of aqueous reaction systems[END_REF] and forms hydroxyl radicals, that can interact with chitosan and therefore there will be a degradation of the resist according to the mechanisms described above.

In a review, Popovic et al [START_REF] Popovic | Review on vacuum ultraviolet generation in low-pressure plasmas[END_REF] To summarize, under CHF3 specific UV plasma exposition, chitosan resist undergoes modifications. The degradation mechanism could be related to oxygen reactive radical creation, that can come from the absorption of radiation by water contained in the film or the scission of bonds of chitosan. This may lead to chain reaction by scission of glycosidic bonds and/or ring opening. This can explain a decrease in molar mass and a greater solubility in water. These last changes are relatively small, notably because of the partial insolation of the thick films prepared for SEC analysis. Nevertheless, they are significant enough to be considered.

IV. SUMMARY AND CONCLUSIONS

Chitosan has been demonstrated to be a possible candidate to be used as a resist in lithography processes. In the present study, the interaction of chitosans with SF6/Ar and CHF3 etching plasmas was studied. Two chitosan resists with similar Mw but different degrees of acetylation were compared. Surface analytical tools, chromatography and infrared spectroscopy were used to address these modifications at the surface of the chitosan films as well as more in depth.

Our results show that the selectivity of chitosan in CHF3 plasma arises from the deposition of a fluorocarbon film and that the selectivity is not significantly different for the two chitosans. Furthermore, under SF6/Ar plasma, there was no evidence of a similar fluorocarbon film deposition, which limited the selectivity. Our results also suggest that VUV emitted by the plasma are responsible for chain scissions at the glycosidic bonds and/or ring opening, leading to a decrease in Mw. However, only extensive exposure time (30 minutes) lead to in depth measurable modifications. Therefore, the selectivity is probably merely affected by VUV radiations with less than 2 minutes etching time.

The good selectivity of chitosan films compared to silica when using CHF3 plasma, should allow for the transfer of features into 200 nm silica hardmask and will be the focus of future studies. 

FIG. 1

 1 FIG. 1(a) and (b) show their optical emission spectra in the 200-800 nm range. As

(

  FIG. 1. Optical Emission Spectra (OES) of (a) SF6/Ar plasma at 50/50 sccm, 10 mT, 60 W and (b) CHF3 plasma at 100 sccm, 50 mT, 140 W, both in the RIE reactor

  Spectroscopy and Time of Flight-Secondary Ion Mass Spectrometry) were used to gain information on changes in hydrophobicity, roughness and surface chemistry of Ch1 and Ch35 due to the interaction with fluorinated etching plasmas. Please note that as indicated in the experimental section, the exposure time was arbitrarily chosen to keep at least half of the initial resin thickness. As the plasma etching with SF6/Ar is faster, the time was 15 s instead of 2 min for CHF3. No quantitative comparison was then attempted, our goal being to give a qualitative comparison between the involved mechanisms in the specific case of the polysaccharide studied in our work (chitosan).

FIG. 2 .

 2 FIG. 2. 5x5µm images obtained using AFM of (a) a pristine chitosan Ch35 film, (b) Ch35 after 2 min in CHF3 plasma and (c) Ch35 after 15 s in SF6/Ar plasma. 1x1 µm images were acquired to better see grain differences in (d), (e) and (f), respectively. Please note that the Z-scales are different for the various images.

FIG. 3

 3 FIG. 3 shows XPS C1s photoemission high resolution spectra of the Ch35 chitosan

FIG. 3 .

 3 FIG. 3. High resolution XPS spectra of the C1s peak from the Ch35 chitosan resist (a) pristine film, (b) after 2 min in CHF3 plasma and (c) after 15 s in SF6/Ar plasma (etching was stopped before the complete removal of the film -see experimental section for the justification).

FIG. 4 .

 4 FIG. 4. ToF-SIMS positive mode spectra in the m/z = 10 to 100 range for (a) the pristine Ch35 chitosan film, (b) Ch35 after 2 min in CHF3 plasma and (c) Ch35 after 15 s in SF6/Ar plasma (etching was stopped before the complete removal of the film -see experimental section for the justification).

FIG. 5 .

 5 FIG. 5. Average weight molar mass (Mw) variation measured by size-exclusion chromatography of pristine chitosan film (not exposed) and CHF3 UV plasma exposed chitosan films. 𝜆 >120 nm refers to MgF2 filter ((V)UV are included) and 𝜆>330 nm refers to glass/ITO filter used (no/limited (V)UV).

FIG. 6 .

 6 FIG. 6. FTIR spectrum of the pristine chitosan (Ch35) film

FIG. 8 .

 8 FIG. 8. Chitosan photo-oxidation mechanism proposed by Bussière et al 72 . Reprinted from P. Bussiere, J. Gardette, G. Rapp, C. Masson, and S. Therias, Carbohydr. Polym. 259,117715 (2021) with permission from Elsevier.
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TABLE I .

 I 

TABLE I .

 I Chitosan based resists used in this study

	Resist name	DA (%)	Concentration % (w/v)	Mw (kg.mol -1 )	Water content (%)
	Ch1	1	0.7	583	8.9
	Ch35	35	0.7	613	13.5

TABLE II

 II 

		Plasma discharges were characterized by Optical Emission Spectroscopy end-point
	detection system EV-140C from Horiba. Spectrograph focal length was 140 mm and width
	slit was 100 µm. Detection was performed using CCD Line array detectors with 2048
	pixels in a wavelength range of 200-800 nm.		
		. RIE plasma conditions applied to etch silica		
	Gas	Gas flow (sccm)	Pressure (mT)	RF Power (W)	Bias voltage (V)	Silica etching rate (nm.min -1 )
	CHF3	100	50	140	580	54
	SF6/Ar	50/50	10	60	390	31

  TABLE III displays chitosan resist etch rates and then selectivity values. The selectivity is here defined as the ratio between the etch rate of silica over that of the resist.Selectivity of Ch1 and Ch35 in CHF3 plasma were 3.5 and 2.8, respectively. It was thus observed that Ch1 exhibited an etch resistance 1.25 higher than Ch35. In SF6/Ar plasma, etch behavior was not the same as it can be expected from the OES analysis results. Ch1 and Ch35 were etched at 240 nm/min and 200 nm/min, respectively, which is about one order of magnitude faster than in CHF3 plasma (20 nm/min etch rate for Ch35). Selectivity

values for Ch1 and Ch35 in SF6/Ar plasma were quite similar and relatively low (0.1 and 0.2, respectively).

TABLE III .

 III Selectivity, etch rates, Ohnishi Numbers (ON) and Ring Parameters (RP) for chitosan and conventional resists in CHF3 and SF6/Ar plasmas. "nr" refers to no ring in the chemical structure

		CHF3	SF6/Ar		
	Resist name	Selectivity	Etch rate (nm.min -1 )	Selectivity	Etch rate (nm.min -1 )	ON	RP
	Ch1	3.5	16 ± 2	0.16	200 ± 9	11.0	0.4
	Ch35	2.8	20 ± 1	0.13	240 ± 5	10.3	0.4
	AZ5214E	9.0	6 ± 0	0.70	44 ± 0	14	0.7
	PMMA	1.3	43 ± 3	0.23	132 ± 3	5	nr

TABLE IV

 IV 

	Ch1	83°	88°	74°
	Ch35	50°	91°	72°
	Plasma exposure could create roughness at the surface of the resist and it was
	studied using Atomic Force Microscopy (AFM). Images (5x5 µm²) were acquired and Root
	Mean Square (RMS) values were calculated. The RMS values displayed were calculated
		. Water contact angles for chitosan films (Ch1 and Ch35) and for chitosan
	films after 2 min in CHF3 plasma and after 15 s in SF6/Ar plasma (see experimental
	section for the justification)		
		Pristine film	Film after CHF3 plasma	Film after SF6/Ar plasma

from the average of 2 different areas on the same sample. FIG.

2

shows the Ch35 film before and after 2 min in CHF3 and after 15 s in SF6/Ar plasmas ((a), (b), (c) respectively).

Images (1x1 µm²) were also acquired with increased lateral resolution ((d), (e), (f), respectively). Pristine film is quite homogenous and exhibits a RMS value of 0.4 nm. After 2 min in CHF3 plasma and after 15 s in SF6/Ar plasma, RMS values were calculated as 2.3 nm and 1.6 nm, respectively. Regular granular aspect surfaces were observed in FIG.

2 (e) and (f). Qualitatively, after 2 min in CHF3 plasma, grains appeared round and bigger than after SF6/Ar plasma.

For the Ch1 film, AFM images -data not shown-were very similar to those obtained for the Ch35 film, exhibiting notably the same grain morphology. However, RMS values did exhibit some difference. Pristine Ch1 film, before, after 2 min in CHF3 plasma and after 15 s in SF6/Ar plasma, gave RMS values of 0.64 nm, 1.2 nm and 1.1 nm, respectively. We note that the pristine films (Ch1 and Ch35) exhibited rather similar RMS values.

TABLE V

 V For the pristine Ch35 film, oxygen, carbon and nitrogen were detected as expected from the chitosan chemical structure. Oxygen/Nitrogen (O/N) and Carbon/Oxygen (C/O) ratios were calculated. The theoretical values correspond to 4.4 for O/N and to 1.5 for C/O.

	C1s	58.8	58.0	57.8
	O1s	33.4	8.7	28.5
	N1s	7.8	3.1	7.2
	F1s		30.2	5.3
	S2p			1.2
	. XPS atomic percentages at the surface of a pristine Ch35 chitosan film and
	Ch35 chitosan films after contact with fluorinated plasmas (after 2 min in CHF3 plasma
	and after 15 s in SF6/Ar plasma) (etching was stopped before the complete removal of the
	film -see experimental section for the justification)	
	C(% at)	Pristine film After CHF3 plasma After SF6/Ar plasma

Calculated ratios from experimental values corresponded to 4.3 for O/N and 1.8 for C/O.

  low relative intensity. This limited contribution as well as the detection of numerous intense CxFy +/-contributions and the decrease in relative intensity of chitosan molecular signatures (see normalized intensities of secondary ions of interest in TABLEVI), indicate that these results did not specifically point to fluorine grafting to the chitosan backbone but are predominantly consistent with the deposition of a fluorocarbon top layer, which is fully consistent with the XPS results. Fluorocarbon signatures CxFy +/-with high x and y values are indeed typical to a fluorocarbon plasma deposited layer[START_REF] Lazzeri | ToF-SIMS and AFM studies of low-k dielectric etching in fluorocarbon plasmas[END_REF][START_REF] Lewis | On the Growth of Fluorocarbon Thin Films Deposited on Plasma-Etched 316L Stainless Steel[END_REF] . Plasma deposition is the predominant mechanism in CHF3 plasma but the high sensitivity of ToF-SIMS also indicates that some grafting signatures might be detected to a very limited extent.

	Pristine Ch35 film NI (x10000) 25.7 ± 1.0 23.0 ± 1.9 25.5 ± 2.4 After 15 s in SF6/Ar plasma, ToF-SIMS spectra (see positive mode spectrum in Ch35 after CHF3 plasma NI (x10000) Ch35 after SF6/Ar plasma NI (x10000) C5H6NO2 + 2.0 ± 0.1 22.4 ± 1.9 C6H8NO2 + 1.5 ± 0.2 24.8 ± 0.4 C6H10NO3 + 1.7 ± 0.1 15.7 ± 0.4 FIG. 4(c)) exhibited signatures of chitosan but also fluorine containing peaks including new peaks that could indicate a combination of fluorine with sulfur and with chitosan backbone. Chitosan signatures were characterized by lower relative intensities than for the they exhibited very Signatures pristine film but much higher than for the Ch35 film after 2 min in CHF3 plasma (see
	NH4 +	69.4 ± 1.5	22.8 ± 1.0	42.9 ± 2.7
	CH4N +	321.8 ± 0.9	48.6 ± 1.1	155.8 ± 6.8
	CN -	4(b)), peaks at m/z = 30.99 (CF + ), 68.99 (CF3 + ) were significantly 430.2 ± 5.1 64.0 ± 3.0 556.0 ± 9.1
	detected. The CF2 + contribution was also detected but at a lower relative intensity. It was CH3O + 261.5 ± 3.3 68.6 ± 15.7 92.2 ± 5.2
	also possible to identify several other specific CxFy + signatures with higher x and y values C2H3O + 673.2 ± 14.6 151.2 ± 0.6 313.6 ± 14.0
	such as peaks at m/z 85.99 (C4F2 + ), 92.99 (C3F3 + ), 99.98 (C2F4 + ), 111.98 (C3F4 + ), 118.99 C2H4NO + 164.8 ± 6.8 11.2 ± 0.5 75.5 ± 5.5
	(C2F5 + ), 130.98 (C3F5 + ), 140.98 (C7F3 + ) but no intense signatures from the chitosan C2H6NO + 143.0 ± 7.0 4.9 ± 0.1 77.8 ± 5.2
	backbone grafted with fluorine could be observed. It was still possible to detect a few CNO -153.7 ± 3.1 5.2 ± 0.3 105.0 ±0.7
	contributions combining oxygen and fluorine, such as OF -(34.99) or C3OF + (70.99) but C5H6NO + 69.2 ± 2.8 16.3 ± 0.6 50.0 ± 2.1

TABLE VI. Normalized intensity (NI) of ToF-SIMS secondary ions which are chitosan characteristic peaks for the pristine Ch35 film, Ch35 after 2 min in CHF3 plasma and Ch35 after 15 s in SF6/Ar plasma (etching was stopped before the complete removal of the film -see experimental section for the justification)

TABLE VI

 VI 

	and at low relative intensity combined with fluorine at m/z = 46.97 (SiF + ). ToF-SIMS
	results are thus again consistent with XPS, showing more signatures indicating grafting
	and less signatures showing a layer deposition. For Ch1, normalized intensity signature
	C2H3O + was not decreasing after plasma, but all other signatures followed the trend
	observed for Ch35. In summary, after 15 s in SF6/Ar plasma, Ch35 and Ch1 are not
	displaying any fluorocarbon film deposition and the few detected fluorocarbon signatures

). More precisely, fluorine was detected at m/z = 18.99 (F -),

37

.99 (F2 -), in fluorocarbon signatures at m/z 30.99 (CF + ), 68.99 (CF3 + ) but also in secondary ions that might combine chitosan fragments with fluorine atoms (for example at m/z = 66.01 that could correspond to CH2NF2 -or CH3O2F -) and on the other hand that might combine fluorine with sulfur at m/z = 50.97 (SF -) but no SFx -ion was identified. No CxFy + contributions with high x and y values were detected, except a very low relative intensity for C3F3 + . Sulfur was detected at m/z 31.97 (S -but not completely separated from O2 -), as well as with low relative intensity SO -(47.98) and SO2 -(63.97). Also, it was possible to detect carbon-sulfur bond at m/z = 44.98 (CHS + ). Silicon was detected alone (m/z 27.97)

TABLE IV .

 IV Water contact angles for chitosan films (Ch1 and Ch35) and for chitosan films after 2 min in CHF3 plasma and after 15 s in SF6/Ar plasma (see experimental section for the justification)

		Pristine film	Film after CHF3 plasma Film after SF6/Ar plasma
	Ch1	83°	88°	74°
	Ch35	50°	91°	72°

TABLE V .

 V XPS atomic percentages at the surface of a pristine Ch35 chitosan film and Ch35 chitosan films after contact with fluorinated plasmas (after 2 min in CHF3 plasma and after 15 s in SF6/Ar plasma) (etching was stopped before the complete removal of the film -see experimental section for the justification)

	C(% at)	Pristine film After CHF3 plasma After SF6/Ar plasma
	C1s	58.8	58.0	57.8
	O1s	33.4	8.7	28.5
	N1s	7.8	3.1	7.2
	F1s		30.2	5.3
	S2p			1.2

TABLE VI .

 VI Normalized intensity (NI) of ToF-SIMS secondary ions which are chitosan characteristic peaks for the pristine Ch35 film, Ch35 after 2 min in CHF3 plasma and Ch35 after 15 s in SF6/Ar plasma (etching was stopped before the complete removal of the film -see experimental section for the justification)

	Signatures	Pristine Ch35 film NI (x10000)	Ch35 after CHF3 plasma NI (x10000)	Ch35 after SF6/Ar plasma NI (x10000)
	NH4 +	69.4 ± 1.5	22.8 ± 1.0	42.9 ± 2.7
	CH4N +	321.8 ± 0.9	48.6 ± 1.1	155.8 ± 6.8
	CN -	430.2 ± 5.1	64.0 ± 3.0	556.0 ± 9.1
	CH3O +	261.5 ± 3.3	68.6 ± 15.7	92.2 ± 5.2
	C2H3O +	673.2 ± 14.6	151.2 ± 0.6	313.6 ± 14.0
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