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Introduction

The industry of integrated circuits is one of the most competitive and demanding industries in the modern age. It is constantly developing to increase the performance and efficiency of the manufacturing while decreasing the cost and the size of the devices.

Photolithography is a technique that uses light to create patterns over a thin film to protect the silicon wafers during the etching or deposition steps. Despite the considerable amount of research and undeniable progress in nanolithography [START_REF] Sebastian | Nanolithography and Its Current Advancements[END_REF] , including Extreme UV lithography [START_REF] Manouras | High Sensitivity Resists for EUV Lithography: A Review of Material Design Strategies and Performance Results[END_REF][START_REF] Wu | The Recent Progress of Lithography Machine and the State-of-Art Facilities[END_REF][START_REF] Fu | EUV Lithography: State-of-the-Art Review[END_REF] and e-beam lithography [START_REF] Winkler | 3D Nanoprinting via Focused Electron Beams[END_REF][START_REF] Randall | Next Generation of Extreme-Resolution Electron Beam Lithography[END_REF] , the Deep UV lithography remains for now the most used technique in the microelectronics industry. The potential hazards and long-term consequences of the exposure to chemical substances during this process, such as polymers, solvents, developing agents, sensitizers and additives, have however raised awareness among world health institutions. [START_REF] Huang | Health Risk Assessment of Photoresists Used in an Optoelectronic Semiconductor Factory[END_REF][START_REF] Rim | Prevention of Occupational Diseases from Chemicals Due to Development of the Semiconductor Industry[END_REF] Most of the chemicals are classified as hazardous or cancerogenic while some resist formulation ingredients are listed as a trade secret, so there is no disclosed information about their toxicity. [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] These substances are also toxic for the environment and are not sustainable as they are derived from oil. [START_REF] Weissermel | Industrial Organic Chemistry[END_REF][START_REF]Ullmann's Encyclopedia of Industrial Chemistry[END_REF] Therefore, it is crucial to find an eco-friendly replacement issued from biosourced materials [START_REF] Grebenko | Gentle Patterning Approaches toward Compatibility with Bio-Organic Materials and Their Environmental Aspects[END_REF][START_REF] Herbert | Recent Advances in Printing Technologies of Nanomaterials for Implantable Wireless Systems in Health Monitoring and Diagnosis[END_REF][START_REF] Yu | Processes, and Facile Manufacturing for Bioresorbable Electronics: A Review[END_REF] . In the last years, there has been a considerable number of studies on "green" alternatives for the lithography. For example, silk fibroin was claimed to be a good candidate for e-beam and DUV lithography, [START_REF] Kim | All-Water-Based Electron-Beam Lithography Using Silk as a Resist[END_REF][START_REF] Kurland | Precise Patterning of Silk Microstructures Using Photolithography[END_REF][START_REF] Park | Eco-Friendly Photolithography Using Water-Developable Pure Silk Fibroin[END_REF] however, a complex preparation protocol was required.

Egg albumin was used to obtain sub-100 nm patterns and as a positive and negative resist capable of submicron resolution in e-beam and UV lithography. [START_REF] Huang | Health Risk Assessment of Photoresists Used in an Optoelectronic Semiconductor Factory[END_REF][START_REF] Rim | Prevention of Occupational Diseases from Chemicals Due to Development of the Semiconductor Industry[END_REF] Polysaccharides have received a lot of interest as well. Dextrin [START_REF] Takei | Ecofriendly Ethanol-Developable Processes for Electron Beam Lithography Using Positive-Tone Dextrin Resist Material[END_REF][START_REF] Amano | Evaluation of Nano-Patterning Performance of Water-Soluble Material for Photoresist Using Sugar Chain[END_REF] , cellulose [START_REF] Dore | A Water-Processable Cellulose-Based Resist for Advanced Nanofabrication[END_REF][START_REF] Takei | EUV Lithography Using Inedible Cellulose-Based Biomass Resist Material[END_REF] and chitosan [START_REF] Caillau | Fifty Nanometer Lines Patterned into Silica Using Water Developable Chitosan Bioresist and Electron Beam Lithography[END_REF][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] Ray | Quadratic Nonlinear Optics to Assess the Morphology of Riboflavin Doped Chitosan for Eco-Friendly Lithography[END_REF][START_REF] Grebenko | Lithography for Delicate Materials[END_REF] may become a good alternative to the industrial resists.

In this context, a previous paper presented works to use chitosan as a water-developable resist for DUV (193 nm) lithography. [START_REF] Sysova | Chitosan as a Water-Developable 193 Nm Photoresist for Green Photolithography[END_REF] No chemical modification was required since chitosan showed some photosensitivity to 193 nm irradiation and deionized water could be used for development. However, the irradiation doses for the photopatterning were typically 1000 mJ/cm 2 . This is significantly higher than that for the commercial photoresists, which is limiting for industrial applications. In commercial photoresists, photosensitive compounds are usually added. They can be either photoinitiators or photoacid generators (PAGs), depending on the kind of photoresist. Here, since the chitosan polymer solubility is highly modified by the pH of the solution, we propose to evaluate the impact of the addition of a PAG on the photosensitivity of a chitosan-based resist. Many PAGs have been developed. They usually rely on diaryliodonium, triarylsulfonium, dialkylphenacylsulfonium and dialkyl-4hydroxyphenylsulfonium salts molecular structures. Under irradiation, these molecules are able to generate Brønsted acids and can thus locally modify the pH. 29,30 Since water is used as a solvent for the chitosan photoresist preparation, a water-soluble PAG is needed. However, the vast majority of industrial photoresists are using organic solvents, which strongly limits the choice of suitable PAG active in the DUV region around 200 nm. 30 Some works are describing the crosslinking of water-soluble Poly(vinyl alcohol) photoresists with PAG at 254 nm and 248 nm 31,32 or a water-developable chemically amplified negativetone resist for 248 nm, 33 but no reports have been identified for 193 nm applications.

In this work, we used Dimethyl-2,4-dihydroxyphenylsulfonium triflate, a water-soluble ionic PAG that absorbs at 193 nm and does not present acute toxicity hazard 34 (Fig. 1). The interaction between the new formulation and DUV was studied. We demonstrate a significant improvement of photopatterning performance at 193 nm and a mechanism of the PAG action is proposed. Etching tests are also performed to verify if the new formulation is suitable for pattern transfer into silica. 

Experimental section

Materials

Chitosan was purchased from Mahtani Chitosan PVT, Ltd (India) and purified according to the Rinaudo procedure. 35 For this, chitin extracted from squid pens was partially hydrolyzed in alkaline medium. 36,37 In this study, the degree of acetylation (DA) of the chitosan was increased from 1% to 35%. 38 The DA value was confirmed with 1 H NMR according to the Hirai procedure 39 using an AVANCE III 400 MHz spectrometer. The average weight molar mass (Mw) and average molar mass (Mn) were 705 kg.mol -1 and 334 kg.mol -1 respectively (Dispersity Đ = 2.1), which was confirmed by size exclusion chromatography (SEC).

Dimethyl-2,4-dihydroxyphenylsulfonium triflate (purity 99,9 %) was purchased from Fluorochem Ltd. Acetic acid (glacial acetic acid 99 %) and deionized water for the solution preparation were purchased from Merck (Sigma-Aldrich).

Chitosan solution with (Dimethyl-2,4-dihydroxyphenylsulfonium triflate)

An aqueous solution of dimethyl-2,4-dihydroxyphenylsulfonium triflate was prepared by dissolving the powder (0.1 % w/w) in deionized water. The solution was left to stir magnetically for at least 2h so that the product could be completely dissolved.

Chitosan DA35 % at 0.8 % (w/w) was dissolved in the aqueous solution of PAG in the presence of acetic acid (Merck, glacial acetic acid, concentration 0.2 % (v/v)). The solution was left to stir magnetically overnight so that the chitosan could be completely dissolved.

Formulations without PAG, used for comparison, were prepared following the same procedure.

Thin film preparation and characterization

Silicon wafers were cleaned using acetone and ethanol followed by at least 15min of treatment in a UV-ozone cleaner. Chitosan and chitosan/PAG films were prepared by spincoating at 3000 rpm and 600 r/s 2 for 60 s. After this, the film was heated on a hotplate at 150°C for 5 min resulting in 100±2 nm thin films. An UVISEL ellipsometer from Horiba-Jobin-Yvon (spectral range 190 -830 nm) was used to measure the thickness of the film with the New Amorphous model used to fit the experimental data.

UV-VIS spectroscopy

Absorption spectra were recorded on a Lambda 950 UV/Vis spectrometer from Perkin Elmer (spectral range 200 -800 nm). Standard rectangular quartz cuvettes with pathlength of 10mm were used for the measurements in solutions. Films were spin-coated on fused silica substrates followed by a soft-bake at 150°C for 5 min.

Photopatterning

An Excistar (Coherent) nanosecond ArF Excimer laser (193 nm) was used to irradiate the samples. The power density of the beam was measured at the sample level before each experiment and used to calculate the exposure time. The mechanical shutter enables remote control of the irradiation dose, typically between 10 and 1000 mJ/cm 2 . The sample was placed on the x,y,z-motorized stage connected to the shutter. The beam was expanded and homogenized with a beam expander. Fused Silica Ronchi Rulings with chromium line patterns (100, 200 and 600 LPMM -line-pairs per millimeter) were used as a mask for the photopatterning. After the exposure, the sample was developed in deionized water for 30 s.

Additional tests on a commercial 193 nm stepper were carried out. For this, a 300 mm coat & develop track SOKUDO DUO (SCREEN) was used. The exposure tool was an ArF dry scanner Nikon NSR307E at NA 0.85.

Fourier transform infrared (FTIR) spectroscopy ATR

The FTIR spectra of chitosan and chitosan/PAG film were recorded on a Thermo Fisher Scientific iS50 spectrometer with an ATR Germanium grazing angle θ = 64° (Harrick -VarigATR) accessory. Chitosan/PAG films were deposited on silicon wafers. Spectra were recorded with a spectral resolution of 4 cm -1 and were averaged over 64 scans in the range 4000 -700 cm -1 .

Atomic Force Microscopy (AFM)

AFM scans of the patterns were obtained using a PicoPlus 5500 System model from Agilent. Scanning was performed in a tapping mode at 1 line/sec resulting in a 50µm x 50µm

scan with an image resolution of 512 x 512 pixels.

Profilometry

A DektakXT stylus profilometer was used. The range for the acquisition was from 1Å to 6.5 µm with the Stylus Tracking Force that equals to 3 mg. The radius of the stylus was 2 µm.

The scan range was from 200 to 300 µm.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

ToF-SIMS measurements of the chitosan/PAG films were obtained using a TRIFT III ToF-SIMS instrument (Physical Electronics, USA) operated with a pulsed 22 keV Au + ion gun (2 nA 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 below the static conditions limit. Data were analyzed using the WinCadence software. Mass calibration was performed on hydrocarbon secondary ions.

Plasma etching

Silicon wafers (thickness of 500 µm) with a 200 nm thick CVD SiO2 layer were used.

Patterns written in the chitosan/PAG layer were transferred into the underlying silica using a reactive ion etcher (RIE Corial 200S) operating under the follows conditions. The etching process was composed of three etching steps. The first step was a 5 s O2 descum plasma with a flow gas of 40 sccm (standard cubic centimeter per minute at STP), 40W RF source power and a pressure of 50 mT. The purpose of this step was to remove the remaining chitosan at the bottom of the features after development. Then the silica was etched with CHF3 plasma during 6min (flow gas of 100 sccm, 140 W RF source power and a pressure of 50 mT). Finally, a stripping step was performed to remove the chitosan mask layer with the following conditions:

O2 flow 100sccm, 100W RF source power and a pressure of 100 mT during 2 min.

Results and discussion

Influence of PAG on the chitosan resist properties

The photolysis mechanism of the PAG used in this study, namely dimethyl-2,4dihydroxyphenylsulfonium salts, was extensively studied by Crivello et al. 29,30 Based on the NMR data and final products analysis, they proposed a photolysis mechanism (Fig. 2a): the irradiation leads to the dissociation of the sulfonium salt and the formation of resonancestabilized ylide and solvated protonic acid. This acid is able to induce chemical reactions in the resist. In order to qualitatively show the impact of the PAG with irradiation at 193 nm, an aqueous solution with PAG (0,1% wt.) was irradiated with DUV light (l = 193 nm) with a dose of 4 J/cm 2 . This dose is chosen to be much higher than the doses used later in photopatterning to ensure the most complete photolysis of the PAG. The pH decreased from 4.6 to 3.3 as a result of formation of Trifluoromethanesulfonic acid. The appearance a pale orange color confirmed the photoinduced reaction (Fig. 2b).

The evolution of the UV absorption spectra before and after the irradiation confirmed this trend (Fig. 2c). Before the irradiation, the PAG exhibits three well defined absorption bands: at The UV spectra were also recorded in thin films with thickness of 100 nm (Fig. 3a). The absorbance spectra of chitosan and chitosan/PAG films are similar to the spectra of the solutions, confirming that the photolysis of the PAG is efficient also in the chitosan/PAG film.

We noted a slight shift of the absorption bands of the PAG before irradiation which may be assigned to a partial aggregation of the PAG in the thin film, after water evaporation. Resulting intermolecular interactions affect the energy states and as a consequence, absorption maxima. 40 The extinction coefficient of PAG e(200) was calculated as 20300 l . mol -1. cm -1 from the linear regression of the absorbance versus concentration, using the Beer-Lambert law (see inset in Fig

3.a)

. This value is high, which denotes a strong absorbance of the PAG at this wavelength, which is obviously needed to significantly increase the photosensitivity of the photoresist.

Fig. 3b shows the variation of the UV-spectrum in the chitosan/PAG thin film upon DUV irradiation. The tendency is similar to the UV-spectra for the chitosan/PAG solution. We observe a total bleaching of the PAG after irradiation with 1 J/cm 2 . Note that this dose was chosen lower than for solutions since the thickness is much lower (100 nm). The photobleaching of the PAG is thus also efficient in thin chitosan/PAG films. Thus, the release of H + in the irradiated zones is expected from these results.

These data are confirmed by ToF-SIMS measurements performed on chitosan/PAG thin films before and after irradiation. PAG characteristic signatures are detected at m/z 156.02 (C7H8O2S + ), 169.03 (C8H9O2S + ) and 171.05 (C8H11O2S + ) in positive ion mode (Fig. S1a and1b) and m/z 148.96 (CF3SO3 -) in negative ion mode (Fig. S2a andS2b). In agreement with the photobleaching mechanism of PAG (Fig. 2a), the relative intensity of the positive ion mode signatures decreases after irradiation (Fig. S1c andS1d) while that of the negative ion signature (CF3SO3 -) does not significantly change (Fig. S2c andS2d).

In our previous study, FTIR in transmission mode was used to investigate the modification of the chitosan photoresist upon DUV irradiation. [START_REF] Sysova | Chitosan as a Water-Developable 193 Nm Photoresist for Green Photolithography[END_REF] A remarkable stability of the chitosan chains and functional groups upon DUV irradiation was noted, with very limited chemical modification. The impact of the PAG is investigated here, using FTIR -ATR. In Fig. 4a, the FTIR-ATR spectra of chitosan with and without PAG are first compared. As expected, the characteristic peaks of chitosan can be found. In the region between 3500 cm -1 and 2500 cm -1 , there is a broad asymmetric band that corresponds to C -H stretching bands at 2882 cm - b) FTIR -ATR spectra of the chitosan + PAG film before and after DUV irradiation (1 J/cm 2 ).

In the "fingerprints" region, the strong peaks at 1072 cm -1 and 1035 cm There is a new peak in a region between 1700 cm -1 and 1200 cm -1 which is related to the presence of PAG. It is a band at 1241 cm -1 that corresponds to C -O stretching in hydroxyphenyl. The other peaks are related to the chitosan structure, such as the C = O stretching (amide I) at 1649 cm -1 , N -H bending (amide II) at 1564 cm -1 and C -N stretching (amide III) at 1316 cm -1 . 42 The last two sharp peaks at 1378 cm -1 and 1423 cm -1 can be assigned to the CH3 symmetrical deformation mode. 43 In order to investigate the mechanism of the PAG action, FTIR-ATR analysis of the irradiated films was performed. It can be seen from the spectrum (Fig. 4b) that most of peaks do not change after 1 J/cm 2 . This result is in line with our previous results, without PAG, that showed a limited modification of chitosan under DUV irradiation. It is interesting to note that the bands related to PAG are not modified by irradiation, although the UV-visible and ToF-SIMS measurements showed an efficient photolysis of PAG. This result can be explained by attributing these FTIR bands to functions preserved during irradiation. However, thanks to the use of ATR instead of transmission mode, a close look reveals that one new peak appears after the irradiation. It is a weak signal at 1718 cm -1 (Fig. 5a). This wavenumber corresponds to C = O stretching. Such vibration mode usually has a strong absorption, which denotes a very low concentration of C=O appearing upon irradiation. This peak is observed with and without PAG added in the chitosan film. The area of this peak was evaluated for DUV doses ranging between 0 and 5 J/cm 2 . The results with and without PAG are plotted in Fig. 5b. It clearly shows that the appearance of C=O during irradiation is increased with addition of PAG in the chitosan thin film. This denotes a higher reaction yield in the presence of the PAG. According to other studies on the modifications of chitosan under irradiation, 44-47 chain scission of chitosan can occur after the H • abstraction reaction of a radical on one of the saccharide cycles. As depicted in Fig. 6, the chain scission mechanism creates a new C=O function that could explain the appearance of the new peak in the FTIR-ATR spectrum. It is however surprising to observe an increase of the rate of creation of this new C=O band when PAG is added to chitosan as the PAG is essentially expected to decrease the pH. However, it is known that radical species are produced during the photolysis of this PAG. [START_REF] Fouassier | Photoinitiators for polymer synthesis[END_REF] Some of these radicals could have participated in the chain scission mechanism, as it seems to be highlighted by this ATR measurement.

Photopatterning at 193 nm

The motivation of the addition of PAG was initially to decrease the pH in the irradiated zones and thus increase the solubility of chitosan in these zones. It is indeed known that in acidic environment, the amine functions of chitosan are protonated, which decreases the probability of formation of intermolecular bonds between the chitosan chains (Fig. 7). By increasing the scission rate, made possible by the addition of PAG, a significant effect on the photolithography rate of chitosan in the presence of PAG is expected, which is tested in the following. This improvement of the chitosan photosensitivity by adding PAG was also confirmed in a micropatterning configuration, to check that a contrast in solubility can be obtained after a spatially controlled irradiation. A binary chrome mask with 100 line-pairs per mm (LPMM) was used. The irradiation doses ranged from 50 mJ/cm 2 to 600 mJ/cm 2 . After being exposed, the samples were developed in DI water for 30s. The height of the patterns was then measured using the profilometer and the results are plotted in the Fig. 8b. The sensitive curve for the pure chitosan is added for the comparison. As it can be seen on the figure, the pattern height increases linearly first, reaching a plateau after 450 mJ/cm 2 . Compared to the pure chitosan film, the doseto-print decreased almost two times becoming 500 mJ/cm 2 compared to the initial 900 mJ/cm 2 .

The maximum pattern height remains 80±5 nm. This proves that the effect of the PAG can be spatially localized in the irradiated area. The effect of the concentration of PAG on the photolithography properties was also investigated. Three different concentrations of PAG were then tested (0.01, 0.05 and 0.1 wt %). Note that 0.1 wt % corresponds to the limit of solubility of the PAG in the photoresist. The results (Fig. 9) show that the dose needed to obtain 80 nm-patterns and to remove the residual layer in the exposed zones increases proportionally to the decrease in the PAG concentration.

This justifies the concentration of PAG as 0,1 wt % used in the tested formulation and confirms the crucial role of the PAG in the increase of the photosensitivity of the photoresist.

It was also confirmed that smaller lateral dimensions could be obtained (Fig. 10) by applying the photopatterning procedure with masks with smaller features (5 µm, 2.5µm and 0.375 µm line widths). Well defined patterns were obtained in all cases. A full patterning down to the substrate could be obtained for 5 and 2.5 µm line widths, with a slight decrease of maximum patterns heights in the case of the 2.5 µm line widths. Submicron patterns can be obtained but, in this case, the maximum height is smaller. This was attributed not only to the resist limitations, but also because of the optical set up limits (diffraction limits). Note that the best patterns (with maximum height patterns) for the lower line width were obtained for a slightly smaller dose (340 vs 530 mJ/cm 2 ). Finally, the last step was to make sure that the new formulation is compatible with a commercial 193 nm stepper and the etching step since these aspects are vital for its further implementation at the industrial production level. Fig. 11a shows a photograph of a silicon wafer covered with a chitosan film deposited by spincoating. This image shows the good quality of the deposition on the whole wafer, except for defects on the edges which can be corrected with optimization work. The thickness was measured by ellipsometry along the wafer diameter and evaluated at 100+/-11 nm. The thickness deviation will also need to be optimized to meet the requirements for industrial use but these initial results are very encouraging. Fig. 11b shows SEM images of patterns obtained with the Nikon NSR307E scanner at NA 0.85. The contrast curve is identical to the one shown in Figure 8.a. A dose of 400 mJ/cm 2 was used. Well defined patterns are observed for widths of 5 µm and 3 µm. A decrease in the quality of the patterns is obtained for line widths of 2 µm and 1.5 µm but these results are also consistent with those shown previously [START_REF] Amano | Evaluation of Nano-Patterning Performance of Water-Soluble Material for Photoresist Using Sugar Chain[END_REF] and show that the chitosan-based resin is well compatible with industrial tools, even if optimization work is still necessary to allow results usable in an industrial context.

Features were transferred into a 200 nm thick SiO2 layer on Si substrate using CHF3 etching 13,56 MHz RIE plasma. The initial pattern in the chitosan film was produced using a chromium mask consisted of 5 µm lines separated by 5 µm. Etching tests showed that the selectivity of the chitosan/PAG resist layer was similar to the one of pure chitosan. The resist was etched as long as possible to reach patterns of almost 200nm high as displayed in Fig. 11c. The width of the patterns (taken from the bottom) was 5.2µm ± 0.1µm and deviated by 4% from the expected value, with a slope of about 10°. The low slope value is easily explained by the high ratio width over depth of the patterns which is just over 25. Finally, the Root Mean Square (RMS) surface roughness at the top and bottom of the features were 0.2nm and 8.5nm, respectively. Therefore, an increase of roughness as measured by the RMS at the bottom of the features was observed compared to our results using pure chitosan as a resist. The increase in roughness is not fully explained but may be due to a not complete descum (there is still some resist on the bottom before etching which accentuates the roughness), or to the presence of PAG or the formation of non-volatile compounds that can lead to micromasking. In conclusion, we demonstrate that the presence of the PAG in the chitosan photoresist does not degrade the etching properties of the photoresist. Work is in progress to optimize the roughness criteria.

Conclusions

In this paper, we demonstrate that the photosensitivity of the chitosan can be significantly improved by adding a photoacid generator to the formulation. We studied the mechanism of interaction of DUV laser beam and PAG as well as its influence on the chitosan resist. It was shown that the PAG favors the chain scission mechanism under DUV irradiation, which facilitates the dissolution of the chitosan during the development step. A nearly two-fold lower dose is necessary to obtain patterns. Moreover, we showed that the presence of PAG did not degrade the resistance of the photoresist layer to etching. Micrometric features were transferred into the silica layer with excellent fidelity. The addition of PAG does not seem to modify the etching selectivity of the resist under CHF3 plasma and thus allows the etching of patterns in silica. However, a slight increase of the roughness at the bottom of the features was observed compared to our previous results. With this work, it is shown that photoresist chitosan has the potential to reach industrial standards and its use in this context will reduce the negative impact of the microelectronics industry on the environment.
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 1 Figure 1. Simplified scheme of the photolithography procedure. 1. The substrate is first cleaned
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 2 Figure 2. a) Mechanism of PAG degradation under UV irradiation (adapted from[START_REF] Dore | A Water-Processable Cellulose-Based Resist for Advanced Nanofabrication[END_REF][START_REF] Takei | EUV Lithography Using Inedible Cellulose-Based Biomass Resist Material[END_REF] ). b)

  285 nm, 244 nm and at 200 nm. After the irradiation, those bands disappeared, confirming the efficient photolysis of the PAG upon 193 nm irradiation. In the inset of Fig.2c, the spectra of the solution containing only chitosan (before and after DUV irradiation) are shown. These spectra show the absorbance of the chitosan solution and also the absence of modification of this absorbance spectrum during irradiation.
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 3 Figure 3. a) UV absorption spectra of chitosan with and without PAG in thin films. The inset
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  and axial O -H and N -H stretching at 3363 cm -1 .

Figure 4 .

 4 Figure 4. a) FTIR-ATR spectra of non-irradiated chitosan and chitosan/PAG (0.1% w/w) films.

  -1 are related to skeletal signals (glycosidic bonds' vibration, C -O -C and C -O single bond vibrations),which is a characteristic of the chitosan polysaccharide structure.41 
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 5 Figure 5. a) FTIR -ATR spectra of the chitosan/PAG film before and after DUV irradiation
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 6 Figure 6. The proposed chain scission mechanism of the chitosan, initiated by the radical
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 7 Figure 7. The solubility switch of the chitosan depending on the pH.
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 8 Figure 8. a) Contrast curve plotted after measuring the thickness of the residual film on
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 9 Figure 9. Evolution of patterns (5µm width) height with the increase of the dose for three
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 10 Figure 10. AFM images of patterning using chitosan/PAG resist. Patterns with 100

Figure 11 .

 11 Figure 11. a) Photography of a 300 mm Si wafer covered by a 100 nm chitosan film
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