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Chitosan as a water-based photoresist for DUV lithography
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DUV photolithography, as the major process of nanofabrication, typically requires high volumes of toxic chemicals within resist formulation, solvent and developer. In this context, alternative chemistries to current petroleum-derived photoresists are proposed to reduce environmental impacts. Chitosan represents a bio-sourced resist allowing water-based patterning processes free of organic solvent and alkali-based developers, by substitution with a green solvent (deionized (DI) water). This paper present last stepwise process in the patterning integration with a chitosan-based resist. Preliminary results using a 300 mm pilot line scale at CEA-Leti demonstrate patterns resolution down to 800 nm along with plasma etch transfer into Si substrate. Finally, the environmental impact through life cycle analysis (LCA) of the whole process based on chitosan resist is assessed and compared to conventional solvent-based processes.

INTRODUCTION

Semiconductor ecosystem is committed to reach carbon neutrality in 2050 to reduce greenhouse gases, preserve energy and water. Sustainability and user-toxicity have become of critical concerns in the microelectronics industry, and most manufacturers are committed to reducing their environmental impacts [START_REF] Anastas | Origins, Current Status, and Future Challenges of Green Chemistry[END_REF][START_REF] Anastas | Green chemistry: principles and practice[END_REF][START_REF] Mullen | Green Nanofabrication Opportunities in the Semiconductor Industry: A Life Cycle Perspective[END_REF]. Conventional lithography, as the major process of creating patterns, involve photosensitive petro-sourced resists combined with the use of high volume of oil-based chemicals. The monthly consumption of one single resist used in an industrial tool is estimated to 70 liters of resist, 2,500 liters of solvent, 5,000 liters of alkali-based developer and 18,000 liters of water. To reduce drastically the use of toxic solvent and basic developer, water-based bio-sourced polymers are eco-friendly promising candidates to substitute current synthetic petroleum-derived photoresists for deep ultraviolet (DUV) lithography [START_REF] Takei | Electron Beam Lithography Using Highly Sensitive Negative Type of Plant-Based Resist Material Derived from Biomass on Hardmask Layer[END_REF][START_REF] Takei | Ecofriendly Ethanol-Developable Processes for Electron Beam Lithography Using Positive-Tone Dextrin Resist Material[END_REF][START_REF] Jiang | Water-Based Photo-and Electron-Beam Lithography Using Egg White as a Resist[END_REF][START_REF] Dore | A Water-Processable Cellulose-Based Resist for Advanced Nanofabrication[END_REF]. Chitosan resists, produced from seafood industry wastes, mainly extracted from outer shells of crustaceans are investigated. The lithographic process using chitosan film is fully water-based, from its preparation to the final development step of the exposed resist. High-resolution patterning with chitosan films was previously achieved at lab-scale down to 50 nm lines [START_REF] Qin | 3D electron-beam writing at sub-15 nm resolution using spider silk as a resist[END_REF][START_REF] Chevolot | Use of chitosan or alginate as a transfer mask in lithography and transfer methods[END_REF][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]. The industrial pre-transfer using chitosan films was investigated on a 300 mm pilot line at CEA-Leti with DUV 193 nm scanner. Preliminary results demonstrate patterns resolution down to 800 nm after exposure with well-defined profiles for lines, trenches and contacts on a Si substrate. Lithographic performances of novel formulations are assessed to fit closer the microelectronics specifications by tuning material properties, such as the molecular weight (Mw), degree of acetylation (DA), viscosity, and the use of additives such as photoacid generators (PAG). Chitosan patterns transfer into silicon substrate by plasma etching is also investigated at large scale on a 300 mm Inductive Coupled Plasma (ICP) chamber. Finally, a life cycle analysis (LCA) comparison is conducted between the chitosan based process and the conventional petroleum-based process, assessing the environmental impacts over several indicators such as climate change, resource use (fossils, minerals and metals), ecotoxicity, among others. * isabelle.servin@cea.fr phone +33 (0)4 38 78 24 63, leti.fr

KEY FEATURES OF BIO-SOURCED RESIST

Specifications of bio-sourced process vs conventional process

The conventional resist, soluble in organic solvent, was spin-coated on a Si wafer followed by resist rinsing with PGMEA to clean both edge (edge bead removal -EBR) and backside (BS) of the wafer. The development after exposure was performed with a 2.38% TMAH alkaline solution, followed by a final rinsing with de-ionised (DI) water. The bio-sourced process differs from the conventional one by the resist compositions and the substitution of solvent and developer by DI water (Table 1). 

Chitosan

Chitosan is a natural polysaccharide derived from chitin, which is the second most abundant natural biopolymer on Earth behind cellulose and mostly provided by seafood industry wastes (Figure 1) [START_REF] Rinaudo | Chitin and Chitosan: Properties and Applications[END_REF]. Its high versatility thanks to its nontoxicity, biodegradability, film-forming properties and UV sensitivity permits to address a wide range of applications (food industry, agriculture, pharmacy, medicine, cosmetology, paper...). Chitosan resist is a positive-tone water developable bio-sourced resist directly coated on the substrate (Si) for photolithography. In this study, chitosan solutions with different molecular weights were investigated, named high Mw chitosan (693-702 kg/mol) and low Mw chitosan (213 kg/mol). Highly deacetylated chitosan (DA 1-2%) from squid pens (high Mw chitosan) and from shrimp (low Mw) were provided by Mahtani Chitosan Pvt., Ltd. (India) and. For both Mw, chitosan was prepared by deacetylation of chitin in alkaline medium, followed by a re-acetylation to reach a higher degree of acetylation (DA) > 35-37%, as summarized in Table 2. DUV irradiation induces the chain scissions of glycosidic linkages C-O-C, followed by the formation of hydroxyl groups [START_REF] Sysova | Chitosan as a Water-Developable 193 nm Photoresist for Green Photolithography[END_REF]. The molar mass Mw of the chitosan chains decrease in the exposed zones, making it water-soluble during development step.

Photoacid generator (PAG)

An aqueous solution of dimethyl-2,4-dihydroxyphenylsulfonium triflate (Figure 2) was prepared by dissolving the powder (0.1% w/w) in deionized water. The latter is then added to a chitosan solution and stirred until homogenizing. 

METHODOLOGY 3.1 Process & tools

The patterning process, illustrated in Figure 3 Chitosan films were manually spin-coated directly on 300 mm silicon wafers using an automatic SOKUDO DUO (SCREEN) track in an aqueous spin-coat unit, unlike solvent-based unit for conventional resist. The typical average film thickness was ±100 nm. For the 200 mm wafer size, the films were manually coated using a semi-automated SUSS RCD8 spin-coater. The spin-coated chitosan films prepared on both 200 and 300 mm silicon wafers were then baked at 150°C for 5 min. For the DUV exposure, the substrates were irradiated using an ArF light source (193 nm, dry scanner NIKON NSR 307E) with NA 0.85 and using a binary mask with multiple patterns (lines, trenches, contacts, plots) with Critical Dimension (CD) from 0.4 to 100µm. The development step was carried out in a standard develop unit with only DI water for 60 s, revealing 3D patterns generated by the depolymerisation of chitosan under DUV exposure. Finally, the etching process was performed on a 300 mm LAM VERSYS tool in an inductive coupled plasma reactor.

Characterization

The degree of acetylation (DA) of chitosan was determined by 1 H NMR spectroscopy (AVANCE III 400 MHz, Bruker) according to the Hirai et al. method [START_REF] Hirai | Determination of degree of deacetylation of chitosan by 1 H NMR spectroscopy[END_REF]. The average molar masses (Mw and Mn) and the dispersity (Ð) were determined by size exclusion chromatography (SEC) using a differential refractometer (Optilab T-rex, Wyatt) coupled online with a MALLS detector (Dawn Heleos II, Wyatt). Chitosan film thicknesses on Silicon bare wafers were measured with a KLA-Tencor ellipsometer using a Cauchy model. Metallic contamination was assessed with Total reflection X-Ray Fluorescence (TXRF) technique and particular contamination with unpatterned wafer defect inspection Surfscan from KLA. Imaging and CD (critical dimensions) of the patterns were obtained by scanning electron microscope with a HITACHI CG4000 top-view CD-SEM, with an acceleration voltage of 300 V, while cross sections views were obtained with a Hitachi S-5000 SEM. Finally, the 3D profiles were obtained by Atomic Force Microscopy (AFM) with a Bruker InSight 3D AFM.

Film thickness (nm) Days

Storage at fridge (4°C) Storage at RT (21°C) 0 103 ± 5 nm 103 ± 5 nm 16 105 ± 3 nm 101 ± 4 nm 30 104 ± 6 nm 97 ± 4 nm

PATTERNING RESULTS AT LAB-SCALE

At lab scale (10 mm 2 substrates), high-resolution patterning down to 50 nm lines (by writing with a 30 keV electron beam system transferred into a silica layer by CHF3 plasma reactive ion etching [START_REF] Caillau | Fifty Nanometer Lines Patterned into Silica Using Water Developable Chitosan Bioresist and Electron Beam Lithography[END_REF]) or 300 nm patterns (with 248 nm DUV tool [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]) were successfully demonstrated with chitosan resists. More recently, features of 5 μm lines were obtained after 193 nm DUV exposures with an optimal dose of 900 mJ/cm 2 , presenting 80 nm height patterns after development and no remaining resist between lines, as showed on AFM image ( 

PATTERNING RESULTS AT PILOT-LINE

Although chitosan films are at the state-of-art for DUV lithography, the shift from laboratory research to industrial production remains challenging, notably due to the microelectronics manufacturing requirements. Servin I. et al. [START_REF] Servin | Water-soluble bio-sourced resists for DUV lithography in a 200/300 mm pilot line environment[END_REF] reported preliminary results, where metallic and particular contamination controls demonstrates the compliance of chitosan films with clean room specifications. Nevertheless, the industrial pre-transfer of chitosan resist requires to fit other key criteria such as substrate compatibility, material stability, lithographic performance or etch transfer capability.

Aging of chitosan solution

High Mw chitosan solutions (670 kg/mol) prepared from the same batch were stored at different temperatures (4°C and 21°C), then spin-coated at different interval times on a 200mm wafer size. The film thicknesses assessed by ellipsometry demonstrate a film stability over a period of at least 1 month at 4 °C and superior to 15 days at 21 °C (Table 3).

Table 3. High Mw chitosan stability over time in different storage conditions.

Spin-coating scale-up to 200 & 300mm wafer size

Chitosan films of 100 nm average thickness were directly spin-coated on 200 and 300 mm Si wafers in manual dispense mode using a dedicated aqueous-based unit. Unlike oil-based resists, adhesion promoters to promote wetting and adhesion of the photoresist onto the Si substrate are unnecessary with chitosan resist due to its high affinity with silanol groups present on the surface of the wafers [START_REF] Lee | Strong adhesion and cohesion of chitosan in aqueous solutions[END_REF]. However, despite its great affinity with Si surface, high Mw chitosan resist did not spread easily over large areas onto the wafer due to its high viscosity. Spin-coating optimization by adjustment of different parameters allowed covering uniformly the wafer without defects [START_REF] Servin | Water-soluble bio-sourced resists for DUV lithography in a 200/300 mm pilot line environment[END_REF]. The target film thickness (FTH) is fixed to ~100 nm on both 200 and 300 mm wafer size. The FTH uniformity is controlled within ± 5 nm on 200 mm wafer and ± 9 nm for high Mw chitosan and ± 3 nm for low Mw chitosan on 300 mm wafers. The uniformity improvement seen with low Mw chitosan results from the better spreading due to lower viscosity of the resist (as shown in Table 2, there is a reduction of the viscosity of the chitosan solution by a factor of ~4 by switching from high to low Mw chitosan) (Figure 5). Si wafer.

Printing performances for 193nm DUV lithography

Patterning experiments were performed for the different Mw chitosan resists by 193 nm exposures on 300 mm Si wafers spin-coated with high or low Mw chitosan solutions. On a second attempt, the effect of addition of PAG into the resist was studied.

Chitosan with Mw variation

The dose-to-size is defined at 700 mJ/cm 2 for both Mw chitosan films without PAG after 193 nm DUV exposures. The pattern resolution is assessed to ~1µm whatever the patterns type (lines, trenches and contacts). Patterns are fully opened with no remaining chitosan between lines, certified by 3D-AFM profiles analysis.

The contrast curve plot outlines the photosensitivity of the chitosan film (Figure 6.a). The film thickness loss after development is around 16%. For high Mw (702 kDa), the dose-to-clear is of the order of 400 mJ/cm 2 with a contrast of γ ≈ 1.6. The high Mw chitosan is more contrasted than the low Mw (~200 kDa). Its greater sensitivity is confirmed by the better pattern definition compared to lower Mw resist (Figure 6.b). Nevertheless, the lower Mw resist does not reveal any patterns deformation below CD 1µm unlike high Mw film, but the development seems to be incomplete to fully opened patterns. 

Etch transfer

At lab-scale, the chitosan layer with 5µm patterns was transferred into silica by CHF3 etch plasma followed by stripping step with O2 plasma. Empirical Ohnishi number of 10.3 is obtained for chitosan, by using the Ohnishi equation [START_REF] Gokan | Dry Etch Resistance of Organic Materials[END_REF]. The selectivity is ≈ 2-3:1, leading to 30nm deep features, preserving pattern fidelity (Figure 8.a). At 300 mm pilot-line, the transfer of the chitosan patterns leads to features of 35 nm depth into Si substrate (Figure 8.b).

The plasma etch process is a SF6/CH2F2 based chemistry, frequently used for Silicon patterning [START_REF] Luere | Etch mechanisms of silicon gate structures patterned in SF6/CH2F2/Ar inductively coupled plasmas[END_REF]. The selectivity of ≈1:1.3 is reduced compared to lab-scale results. New etch process development are under evaluation. 

ENVIRONNEMNTAL IMPACT ASSESSMENT 6.1 LCA methodology

The life cycle assessment methodology aims at determining and quantifying the environmental impacts of a product or a service in order to get an overview of its environmental relevance over its life cycle. It helps identify the most contributing steps known as "hotspots", allowing giving recommendations to reduce their environmental impact. The LCA methodology is based on ISO14040 and 14044 standards [START_REF] Finkbeiner | The New International Standards for Life Cycle Assessment: ISO 14040 and ISO 14044[END_REF].

LCA standards

A LCA consists of four independent steps, as described in Figure 9.

The goal and scope definition:

-Functional unit (function, unit, duration, performance) and reference flow. The scope of the study describes the most important methodological choices, assumptions and limitations.

-System boundaries description (cradle-to-gate, gate-to-gate or cradle-to-grave) [START_REF] Nizam | A Content Review of Life Cycle Assessment of Nanomaterials: Current Practices, Challenges, and Future Prospects[END_REF]. All assumptions or limitations have to be transparently reported. 2. The data collection named Life Cycle Inventory (LCI) consists of listing all the inputs and outputs considered in the system including energy, resource and material use, atmospheric emissions, aqueous emissions, etc. 3. The impact assessment phase aims at translating materials and energy use into potential environmental impacts, resulting from data collection, shared among sixteen impact categories as defined in the PEF method (e.g. climate change, ozone depletion, acidification, water use…) 4. Finally, the interpretation phase allows to identify the most relevant impact categories, called "hot spots" and to formulate recommendations for improvements in line with the objectives of the study and the assumptions defined during previous phases. Figure 9. Generic workflow of a LCA and system boundaries.

LCA tools considered

The impact assessment is based on the Product Environmental Footprint (PEF) method, Environmental footprint (EF) 3.0 Method (adapted), recommended by the European Commission. PEF method is a multi-criteria measure of the environmental performance of a product or service throughout its life cycle [START_REF]PEF Product Environmental Footprint Category Rules Guide[END_REF]. The main steps of the PEF method are illustrated in Figure 10. The full process of characterization, normalisation, weighting and single score is only conducted to determine the most important environmental impact indicators, i.e. indicators for which the sum of their contributions exceeds 80%, according to EF. Results are presented after the characterization step in order to maintain objectivity. This study uses the SimaPro ® software (version 9.3.0.3), an ISO-compliant LCAs tool, coupled with the Ecoinvent v3.8 database.

LCA results

The comparative LCA aims at quantifying the environmental impacts of the photolithography process using a water-soluble bio-resist compared to a current production process using a petroleum-derived resist. Conventional resists are issued from petrochemical industry, soluble in organic solvent (PGMEA) and developable in alkaline solution (TMAH). Bio-sourced chitosan-based resists are extracted from biomass, which is soluble in slightly acidic water and developable in DI water. 

LCA goal and scope

The functional unit refers to the production of a lot including 25 silicon wafers for DUV lithography step on production tools for both materials (bio-sourced versus oil-based photoresist):

(1) Exposed to 193nm lithography on 300mm wafer size with CD < 200 nm and film thickness < 200 nm on trilayer (SOC (Spin-on-Carbon) and Si-ARC (Si-rich antireflective coating) and Si stack (2) Exposed to 248m lithography on 200mm wafer size with CD < 500 nm and film thickness < 500 nm on Si stack The LCA boundaries extends from the extraction of the raw materials, production and transportation till the process manufacturing in our clean room, by excluding some common steps, mentioned in section 6.2.2. (Figure 11). Collected data on industrial tools at CEA-Leti focused on R&D activities were extrapolated to production mode operating 24 hours a day. The data required for the LCA are either collected from on-site process, based on tools parameters, publications, patents, or provided by manufacturers for raw materials synthesis. The environmental impacts of the studied systems were quantified and modeled thanks to two complementary methods: Top-down approach applied to infrastructure data [START_REF] Barbosa | Développement d'une méthodologie de collecte de données pour l'Analyse du Cycle de Vie (ACV) dans l'environnement de la recherche[END_REF] and bottom-up approach for each process step. The top-down approach is based on overall consumption required to maintain the clean room to specifications (air recycling, temperature and hygrometry control, etc.) and then allocated to each equipment relative to its clean room footprint and time process. The bottom-up approach is more accurate and consists of collecting data from equipment process parameters on each step performed in clean room (deposition, lithography, etch, implantation, thermal treatment…). Since, the Ecoinvent database do not list all chemicals or raw materials, in particular for the microelectronics industry, missing data in the database were collected from publications, such as for chitosan production [START_REF] Muñoz | Life cycle assessment of chitosan production in India and Europe[END_REF], or modeled based on the methodology proposed by Huber et al. [START_REF] Huber | An Approach to Determine Missing Life Cycle Inventory Data for Chemicals (RREM)[END_REF]. The RREM method (research, reaction, energy and modeling) consists of modeling the products consumed and released from synthesis reactions, as shown for the PGMEA synthesis on Table 4. 

Assumptions

This comparative LCA excludes some steps common to both processes, namely:

-Silicon wafer fabrication and transportation, -Energy consumptions and materials required to operate clean room infrastructure and maintain the temperature and hygrometry, -Fabrication, transportation, maintenance and end of life of production equipment and metrology controls are not either considered, -Treatment of rejected products is not considered. Identical coat & develop track are considered for both processes.

Single score

The main impact factors, i.e. whose the sum exceeds 80%, according to the PEF method, are illustrated on Figure 12 for the conventional process using petro-sourced resist, the chitosan on trilayer stack (SOC and SiARC) [START_REF] Padmanaban | Progress in Spin-on Hard Mask Materials for Advanced Lithography[END_REF] and the 248 nm oil-based resist on BARC. The six preponderant indicators among sixteen impact factors: depletion of fossil fuels, climate change, ecotoxicity in fresh water, ionizing radiation, depletion of mineral and metallic resources and water use. The use of fossil resources is the main indicator, which demonstrates the significant consumption of fossil fuels (oil, gas, coal) over the life cycle. 

Characterization results

For more readability, only the six major impact factors are considered. Regarding the conventional process, we observed that the main steps are the SOC and SiARC, hereafter underlayers (UL) (49%) and electricity (36%), corresponding to averages of the six indicators (Figure 13.a.). The further analysis shows the dominant role of the organic solvent of the UL (PGMEA), due to the production of propylene oxide required for its synthesis. The solvent's function is to dilute the UL or resist, and clean the wafer edge (EBR) and back-side (BS) wafer. Electricity consumption has a strong impact resulting from the important share of nuclear energy in the French electricity mix, which emits ionizing radiation, and for which hydrocarbons are consumed to extract, purify and refine the uranium and copper used for the electricity network. The low impact of TMAH 2.38% developer, noted as user-toxic product was unexpected for conventional process, as the PGMEA volume used for SOC coating is similar to TMAH for development step. This great difference results from its dilution in water (2.38%) unlike PGMEA not diluted (100%). If the alkaline solution was considered at 100%, TMAH would be 1.6 times more polluting than PGMEA. For the chitosan process, we observe that the majority of the steps are the same: the UL (56%) and electricity (39%) (Figure 13.b). The relative share of UL is 10% higher because the resist coating step represents a lower share, 4.8% for chitosan compared to 15.0% for conventional. Unsurprisingly, the development step with DI water is negligible.

Comparative LCA: conventional resist vs chitosan resist

The LCA comparison from the raw materials synthesis to the end of lithography process shows an average environmental gain of 14% process on trilayer stack and 87% on Si stack for chitosan based-resist compared to the conventional one for 193nm lithography on 300 mm wafer size (Figure 14.a). The UL are the major contributors of environmental impacts, which minimizes the benefit of chitosan process itself. The trilayer removal would contribute to a drastic reduction in the overall environmental impact (>80%), as evidenced with the case of chitosan directly coated on Si stack. All impact categories are reduced except ionizing radiation, due to a slightly higher process time, i.e. clean room energy consumption, needed for the chitosan production. This result should be considered with caution as the chitosan reacetylation performed at lab-scale is certainly over-estimated compared to the conventional process with high-volume production. For 200 mm process with resist directly on Si substrate, the benefit is improved by 50% for all impact factors (Figure 14.b.). 

LCA conclusion

The microelectronics industry presents a strong environmental impact, which is important to reduce with regards to planetary limits. The LCA study of a bio-based resin allows evaluating its environmental sustainability compared to the conventional process. The environmental impacts of the two processes were assessed from the synthesis/production of raw materials to the final stage of lithography, based on the ISO 14040 and the PEF methods. Among eco-design tracks for the conventional process, we can highlight the reduction of PGMEA solvent volumes during cleaning steps for UL, its substitution by greener non-toxic solvent and the reduction of electricity consumption. The substitution of petro-sourced resist by a bio-sourced one based on chitosan for photolithography shows an environmental gain of about 10% from the synthesis/production of raw materials to the final step of lithography. The gain rises to 60% for the following stages, the spreading of the resin and its development. For 200 mm process, the benefit reaches 50% when the process is carried out directly on Si wafer without a trilayer. At production scale, the minimum gain of 10% could avoid the annual reductions: (Based on a Fab with 30 tools mixed with DUV 193 and 248 nm scanner), and French citizens consumption (ADEME) -3,300 tons CO 2 eq emission equivalent to 300 French citizens, -3,500,000 m3 of drinkable water equivalent to 64,000 French citizens , -17,000,000 kWh of electricity equivalent to 3,500 French households.

CONCLUSION

The industrial pre-transfer of water-soluble chitosan films has been successfully demonstrated on 300 mm Si wafer for 193nm DUV lithography. This study highlights the key points as follows: -Clean room compliance to semiconductor industry, -Chitosan film spin-coating with thickness of ~ 100 nm without defects on 200 and 300 mm wafer size and compatible with coat and develop industrial track using a dedicated aqueous-based unit, -Photopatterning capability with 193 nm DUV lithography down to 1 μm with fully opened patterns, -Etch transfer into Silicon with preserved 3D profile down to 30 nm depth, -Environmental footprint reduction by using a bio-sourced resist and replacing PGMEA and TMAH organic products by DI water. The latest achievements are very encouraging to consider eco-friendly chitosan-based resists for lithography process. Prior to its implementation, it requires improving sensitivity and resolution by adjusting formulation with novel PAGs. Etch plasma transfer into silicon and resist stripping are under investigation on a 300 mm industrial tool.

  (a) Outer shells of crustaceans (b) Chitin (c) Chitosan Figure 1. Chitosan production.
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 2 Figure 2. PAG composition.

  comprises four main steps: (a) chitosan film coating; (b) DUV exposure on scanner; (c) development step to reveal 3D patterns; and (d) transfer into Si substrate.

Figure 3 .

 3 Figure 3. Lithographic process steps with chitosan films. (a) Spin-coating (b) DUV Exposure at 193 nm (c) Development step with DI water (d) Etch transfer into Silicon and stripping.

Figure 4 .

 4 b). Additionally, patterns were properly transferred properly into silica based on CHF3 plasma etch (Figure4.c)[START_REF] Sysova | Chitosan as a Water-Developable 193 nm Photoresist for Green Photolithography[END_REF].

Figure 4 .

 4 Figure 4. (a) Chitosan film deposited on a Silica substrate (lab-scale, coupons 10mm 2 ) and AFM images showing (b) the 5µm patterns after exposition at 900 mJ/cm 2 on 193 nm lithography and (c) after etch plasma under CHF3 into silica.

Figure 5 .

 5 Figure 5. Chitosan resist spin-coated on Si wafer and thickness film profile (a) FTH 100 ± 5nm on 200mm Si wafer (Mw > 600 kDa) (b) FTH 94 ± 9 nm (Mw > 600 kDa) and ± 3 nm (Mw ~ 200 kDa) on 300mm Si wafer.

Figure 6 .

 6 Figure 6. Chitosan films > 600 kDa and ~ 200 kDa after 193nm DUV irradiation (a) Contrast curves: FTH (nm) vs dose (mJ/cm 2 ) (b) Top-view CD-SEM images of dense trenches patterns for CD 5 µm, 2 µm, 1 and 0.7 µm after 193nm DUV exposures at 700 mJ/cm².Chitosan with PAGDUV patterning with pure chitosan on Si substrate shows promising results at production scale, with certain limitations to meet the microelectronics requirements. In this context, the effect of PAG addition in the chitosan solution was studied to improve both resolution and sensitivity performances. Dimethyl-2,4-dihydroxyphenylsulfonium triflate is the initial PAG studied diluted in DI water 0.1 % (m/v). Contrast curves of chitosan with PAG improves the resist sensitivity with dose-to-clear divided by a factor of ~2 but degrades the contrast (Figure7.a). DUV 193 nm patterning illustrates the dose-to-size reduction from 700 to 400 mJ/cm 2 within a factor of 1.7 with PAG addition, approving the better sensitivity. The resolution of chitosan with PAG is close to the one w/o PAG, namely ~1-2 µm. Dark-erosion, corresponding to thickness loss after development is ~22% similar to chitosan w/o PAG. To further enhance the resolution, other PAG composition will be considered.

Figure 7 .

 7 Figure 7. Chitosan films (702 kDa, DA 37%, 0.5% w/v) (a) Contrast curves with and PAG 0.1 % (m/v) (b) Top-view CD-SEM images of dense lines, trenches and plot patterns for CD 5, 3 and 2 µm after 193nm DUV exposures at 400 mJ/cm².

Figure 8 .

 8 Figure 8. 3D-AFM profiles with chitosan films (>600 kDa, DA35%) transferred into substrate (a) Lab-scale: L/S 5 µm patterns transferred into Silica (b) 300mm pilot line: Plasma Etch transfer into Silicon with depth 35nm for 5, 2 and 1 µm patterns.

Figure 10 .

 10 Figure 10. Steps of the impact assessment phase. LCI according to PEF method.

Figure 11 .

 11 Figure 11. LCA scope and flux diagram (a) inputs for conventional process (b) inputs for chitosan.

Figure 12 .

 12 Figure 12. Single score -on 300mm wafer size (a) 193nm oil-based resist on trilayer (b) chitosan resist on trilayer -on 200mm wafer size (c) 248 nm oil-based resist on BARC.

Figure 13 .

 13 Characterizations results (a) conventional petro-sourced process (b) chitosan-based processt.

  (a) 193nm lithography on 300mm wafers (b) 248 nm DUV lithography on 200 mm wafers Figure 14. Comparative LCA for chitosan and conventional process for a lot of 25 Si wafers (a) 193 nm organic resist on trilayer stack (), with chitosan on trilayer () and chitosan on Si stack () (b) 248 nm DUV resist on Si () chitosan on Si stack ().

Table 1 .

 1 Photoresist composition: conventional organic resist vs bio-sourced resist.

	Origin	Composition	Track coat & develop tool
		Resist	Solvent	Spin-coat	Development
	Petro-sourced	Petrochemical industry:	Organic solvents:	Solvent-based (resist unit)	Alkaline solution
		Polyacrylates,	PGMEA, Ethyl Lactate,	PGMEA wafer clean	TMAH 2.38%
		polystyrenic…, PAG	PGME…		+ DI water rinse
	Volume /wafer	~ 1ml	Resist dilution 70-95%	Cleaning 25-40 ml	60 -100 ml
					250 ml DI water
	Bio-sourced	Polysaccharides	DI water	Water-based (TARC unit)	DI water
		extracted from biomass	Acetic acid	DI water wafer clean	
	Volume /wafer	7 ml (R&D phase)	Dilution <1%	Cleaning 350 ml (not	~ 120 ml
				optimized)	
	2.2 Materials				

Table 2 . Chitosan solutions properties. Chitosan Mass-average molar weight Mw (kDa) Degree of Acetylation DA (%) Dispersity Ð Dilution in DI water C° (% w/v) Viscosity 0 (mPa.s)

 2 

	High Mw chitosan	[693-702] kg/mol	35-37%	1.6-1.8	0.5 %	≈ 480
	Lower Mw chitosan	213 kg/mol	35-37%	2.2	1.0 %	≈ 130

Table 4 .

 4 PGMEA synthesis using RREM method.

	PGME +	Acetic acid 	PGMEA + DI water
	C4H10O2	C2H4O2	C6H12O3	H2O
	90.12 g	60.05 g	132.16 g	18.00 g
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