Po-Yi Chang 
  
Dr Hsiao-Wen Zan 
  
Dr Olivier Soppera 
  
Sol-gel metal oxide materials with electrical properties on flexible substrates for sensor applications

The goal in this dissertation is to realize low-cost flexible room-temperature-operated electronic devices for sensors applications.

The main structure was divided into 6 sections. First, fundamental background knowledge of metal oxide semiconductor materials was introduced, we particularly focused on the introduction of sol-gel solution processed metal oxide semiconductor material. Several kinds of annealing process technology used in the fabrication of metal oxide device were also introduced. The state-of-the-art in previous publications were discussed.

Then, our proposed new annealing method, NIR laser annealing, was demonstrated. Compared with traditional furnace annealing, the NIR laser anneal exhibits much less thermal budget. As a result, we can realize the low temperature fabrication of electronic devices on flexible substrates.

The critical part of the NIR laser annealing process is the combination of NIR laser and the mixing of NIR dye in the sol-gel solution. Several material analysis tools including photoelectron spectroscopy (XPS),

atomic force microscope (AFM), and attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) were used to characterize the metal-oxide thin film. The electrical properties of the NIR laser-annealed devices were investigated when tuning the laser intensity and duration. The relations between chemical analysis and electrical conductivity in thermal annealing devices and in NIR laser annealing devices were also investigated. Thermal imager was also used as a tool to roughly monitor the temperature change during the laser irradiation.

Based on the energy conservation principle and the understanding of the absorption spectrum in the fabricated thin-film, we also provided a simplified numerical tool to simulate the temperature change during NIR laser irradiation. The degradation of the NIR dye during NIR lasing, which was observed in experiments, was also considered in the proposed model. This tool then give us a better understanding of the critical parameters during the NIR laser annealing process. The correlation between simulation results and experimental results was discussed.

Then, to further improve the electrical property with low temperature process, we proposed a new combination of NIR laser irradiation and other annealing process in sol-gel annealing process. We noticed that with the combination, the applied NIR laser power was further decreased and the conductivity of the device was enhanced. Good electrical properties for devices on bendable plastic substrates were obtained.
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the development of various types of sensors has become increasingly critical. Among various sensors such as the photodetector, biochemical sensors, gas sensors, and pressure/vibration sensors, the development of gas sensors draw lots of attention due to the increasing need to monitor the ambient air quality, the air pollution, the food quality, and even the human health conditions through breath analysis [2][3][4][5][6] .

Metal-oxide semiconductor materials grown through a conventional vacuum process have been successfully used in many commercial gas detectors [START_REF] Park | In-Depth Studies on Rapid Photochemical Activation of Various Sol-Gel Metal Oxide Films for Flexible Transparent Electronics[END_REF][START_REF] Jo | Highly Stable and Imperceptible Electronics Utilizing Photoactivated Heterogeneous Sol-Gel Metal-Oxide Dielectrics and Semiconductors[END_REF][START_REF] Yao | MOF thin film-coated metal oxide nanowire array: significantly improved chemiresistor sensor performance[END_REF][START_REF] Niederberger | Nonaqueous sol-gel routes to metal oxide nanoparticles[END_REF][START_REF] Jeong | High-performance oxide thin-film transistors using a volatile nitrate precursor for low-temperature solution process[END_REF][START_REF] Kim | Low-temperature fabrication of high-performance metal oxide thin-film electronics via combustion processing[END_REF][START_REF] Niederberger | Metal oxide nanoparticles in organic solvents: synthesis, formation, assembly and application[END_REF][START_REF] Yang | Chemical and Electrical Properties of Low-Temperature Solution-Processed In-Ga-Zn-O Thin-Film Transistors[END_REF] . However, complex and expensive equipment and high-temperature operation are usually required in the fabrication of such sensors [START_REF] Rieu | Fully inkjet printed SnO2 gas sensor on plastic substrate[END_REF][START_REF] Wang | A highly sensitive gas sensor based on CuO nanoparticles synthetized via a sol-gel method[END_REF][START_REF] Mirzaei | Highly stable and selective ethanol sensor based on α-Fe2O3 nanoparticles prepared by Pechini sol-gel method[END_REF] . Along with the development of low-cost solution-processed metal-oxide semiconductor devices [START_REF] Jeong | Low-temperature, solution-processed metal oxide thin film transistors[END_REF] , many researchers have aimed to use a solution process to produce gas sensors on flexible or even stretchable substrates [START_REF] Mousavi | A room temperature hydrogen sulfide gas sensor based on electrospun polyaniline-polyethylene oxide nanofibers directly written on flexible substrates[END_REF][START_REF] Liu | Physically flexible, rapid-response gas sensor based on colloidal quantum dot solids[END_REF][START_REF] Jeong | Flexible room-temperature NO2 gas sensors based on carbon nanotubes/reduced graphene hybrid films[END_REF][START_REF] Kim | Micropatternable Double-Faced ZnO Nanoflowers for Flexible Gas Sensor[END_REF] . Because of this, both the fabrication temperature (which refers to the annealing temperature) and operating temperature must be low to preserve the properties of the substrates. In prior studies, the decrease in the annealing temperature relied on the use of UV treatment on metal-oxide sol-gel precursors. Such conditions proved to be very effective in removing the organic ligands and cross-linking the material [START_REF] Leuschel | Deep-UV photoinduced chemical patterning at the micro-and nanoscale for directed self-assembly[END_REF][START_REF] Park | Hydrothermally grown in-doped ZnO nanorods on p-GaN films for color-tunable heterojunction light-emitting-diodes[END_REF][START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF][START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF][START_REF] Yeh | Chemical and structural investigation of zinc-oxo cluster photoresists for DUV lithography[END_REF] . However, to obtain suitable electrical properties, a thermal annealing is required after UV treatment, which illustrates that this treatment is not complete and justifies the present work.

In addition to lower down the annealing temperature, for gas sensor applications, room-temperature operation is still a challenging but attractive characteristic. Myoung et al. developed micropatternable zinc oxide nanoflowers on a polyimide substrate to detect nitrogen dioxide at operating temperature of 270 °C [START_REF] Kim | Micropatternable double-faced ZnO nanoflowers for flexible gas sensor[END_REF] . Xu and team developed a special metal-organic coating and applied it on ZnO nanowires to realize a sensitive acetone sensor at 260 °C [START_REF] Yao | MOF thin film-coated metal oxide nanowire array: significantly improved chemiresistor sensor performance[END_REF] . Zheng et al. used commercial ZnO nanoparticles together with an ultraviolet (UV)-light-controlling technique to form an ethanol sensor on a polyethylene terephthalate (PET) substrate at room temperature [START_REF] Zheng | Light-controlling, flexible and transparent ethanol gas sensor based on ZnO nanoparticles for wearable devices[END_REF] . Li et al. used an in situ chemical oxidation polymerization method to prepare polyaniline, a flower-like WO 3 nanocomposite, on a PET substrate to detect 500 ppb ammonia at room temperature [START_REF] Li | The room temperature gas sensor based on Polyaniline@ flower-like WO3 nanocomposites and flexible PET substrate for NH3 detection[END_REF] . Previous works in our lab involved applying polymer-coating layers onto sputtered indium-gallium-zinc oxide (IGZO) thin film transistors to perform room-temperature ammonia and acetone sensing [START_REF] Zan | Room-temperature-operated sensitive hybrid gas sensor based on amorphous indium gallium zinc oxide thin-film transistors[END_REF] .

In this dissertation we focus on the solution processed metal oxide semiconductor, with the target of a new fabrication method for the low-cost flexible sensor and to verify its possible applications.

1-1 Sol-gel metal oxide materials

We like to firstly introduce the sol-gel process for preparaing metal oxide materials or thin films. The sol-gel process is a wet-chemical technique widely applied in the fields of materials science and semiconductor industries. Such methods are mainly used for fabricating materials (typically a metal-oxide), starting from a chemical solution which acts as the precursor for an integrated network (or gel) of either discrete particles or network polymers [START_REF] Niederberger | Nonaqueous sol-gel routes to metal oxide nanoparticles[END_REF][START_REF] Tseng | A review of photocatalysts prepared by sol-gel method for VOCs removal[END_REF][START_REF] Brinker | Sol-gel science: the physics and chemistry of sol-gel processing[END_REF] .

The precursors undergo hydrolysis and poly-condensation reactions.

The formation of a metal oxide involves connecting the metal centers with either M-O-M or M-OH-M bridges, and generating metal-M-O-M or metal-M-OH-M polymers in solutions. Thus, the sol evolves towards the formation of a gel-like diphasic system containing both liquid and solid phases whose morphologies range from discrete particles to continuous polymer networks [START_REF] Tseng | A review of photocatalysts prepared by sol-gel method for VOCs removal[END_REF] .

Figure 1 shows the diagram of four main steps of chemical solution deposition together with different stages (i-iv) reached in the material during its evolution from the initial precursor solution to the final crystalline film. In the first stage (stage i), the precursor solution is obtained by the reaction among metal reagents, solvents and other chemicals. After film deposition on the substrate, a wet film is obtained as shown in stage ii. In this stage, a rapid evaporation of the solvent prevents entanglement and favors densification against condensation. Rapid but long heat treatment are usually needed for full densification of the wet film. Then, the wet film is transformed into a rigid solid formed by an amorphous metal-oxygen network (stage iii). With higher thermal treatment, a close packing of the M-O bonding with short diffusion distances accelerates the conversion to the final crystalline metal oxide film (stage iv) [START_REF] Bretos | Low-temperature crystallization of solution-derived metal oxide thin films assisted by chemical processes[END_REF] . There are many common metal oxide materials that can be prepared by this process, such as WO 3 , TiO 2 , V 2 O 5 , MoO 3 , Nb 2 O 5 , Fe 2 O 3 , CuO, Co 3 O 4 , ZnO, IZO, …etc . Recent studies of these metal oxide materials as the gas sensors are listed in Table 1 [START_REF] Mirzaei | Highly stable and selective ethanol sensor based on α-Fe2O3 nanoparticles prepared by Pechini sol-gel method[END_REF][START_REF] Kim | Bimodally porous WO3 microbelts functionalized with Pt catalysts for selective H2S sensors[END_REF][START_REF] Giampiccolo | Sol gel graphene/TiO2 nanoparticles for the photocatalytic-assisted sensing and abatement of NO2[END_REF][START_REF] Singh | Highly sensitive optical ammonia gas sensor based on Sn Doped V2O5 Nanoparticles[END_REF][START_REF] Sau | Ethanol Sensing Properties of Nanocrystalline α-MoO3. Nano-Hetero-Structures for Chemical Sensing: Opportunities and Challenges[END_REF][START_REF] Devi | Sol-gel derived ZnO: Nb2O5 nanocomposite as selective hydrogen (H2) gas sensor[END_REF][START_REF] Lee | Improved sensitivity of α-Fe2O3 nanoparticle-decorated ZnO nanowire gas sensor for CO[END_REF][START_REF] Li | Ultra-highly sensitive and selective H2S gas sensor based on CuO with sub-ppb detection limit[END_REF][START_REF] Kim | Improved sub-ppm acetone sensing properties of SnO2 nanowire-based sensor by attachment of Co3O4 nanoparticles[END_REF][START_REF] Poloju | Improved gas sensing performance of Al doped ZnO/CuO nanocomposite based ammonia gas sensor[END_REF][START_REF] Cho | Sol-Gel Drived Novel Hafnium-Indium-Zinc Oxide (HIZO)-Based Gas Sensor for Nitrogen Dioxide Detection[END_REF] . Also, there are some recent results of sol-gel metal oxide materials fabricated as flexible gas sensors in Table 2 [START_REF] Kim | Micropatternable double-faced ZnO nanoflowers for flexible gas sensor[END_REF][START_REF] Yang | Gas Sensor by Direct Growth and Functionalization of Metal Oxide/Metal Sulfide Core-Shell Nanowires on Flexible Substrates[END_REF][START_REF] Khan | All-printed low-power metal oxide gas sensors on polymeric substrates[END_REF][START_REF] Perillo | Low temperature trimethylamine flexible gas sensor based on TiO2 membrane nanotubes[END_REF][START_REF] Andrysiewicz | Flexible Gas Sensor Printed on a Polymer Substrate for Sub-ppm Acetone Detection[END_REF][START_REF] Kulkarni | Hybrid polyaniline-WO3 flexible sensor: A room temperature competence towards NH3 gas[END_REF][START_REF] Chen | Bridging interdigitated electrodes by electrochemical-assisted deposition of graphene oxide for constructing flexible gas sensor[END_REF] . More recent reports of different kinds of sensor fabricated by metal-oxide materials are listed in Table 3 [START_REF] Grace | Single step sol-gel synthesized Mn2O3-TiO2 decorated graphene for the rapid and selective ultra sensitive electrochemical sensing of dopamine[END_REF][START_REF] Hadi | Bipolar Cu/HfO 2/p++ Si Memristors by Sol-Gel Spin Coating Method and Their Application to Environmental Sensing[END_REF][START_REF] Velumani | Composite metal oxide thin film based impedometric humidity sensors[END_REF][START_REF] Lee | Sol-gel processed p-type CuO phototransistor for a near-infrared sensor[END_REF][START_REF] Xu | Copper nanowire-based aerogel with tunable pore structure and its application as flexible pressure sensor[END_REF] ,

including chemical sensor, radiation sensor, humidity sensor, and pressure sensor. Among various sensor applications, gas sensors obviously are the most popular one.

Table 1. Selective recent-reported gas sensors using sol-gel metal oxide materials.

Table 2. Selective recent reports of flexible gas sensors.

Table 3. Recent studies showing different kinds of sensor applications

by sol-gel metal oxide materials.

1-2 Annealing methods on metal oxide materials

Removal of the remaining liquid (solvent) in the sol-gel metal oxide materials requires a drying process, such as a thermal treatment or firing process. These processes are necessary to favor further poly-condensation and to enhance the mechanical properties and structural stability through final sintering, densification, and grain growth. Normally these annealing processes require energy. Previous studies have used heat or laser-induced energy to perform film annealing [START_REF] Banger | Low-temperature, high-performance solution-processed metal oxide thin-film transistors formed by a 'sol-gel on chip'process[END_REF][START_REF] Gonçalves | Influence of post-annealing temperature on the properties exhibited by ITO, IZO and GZO thin films[END_REF][START_REF] Ding | Effect on the electro-optical properties of transparent conducting aluminum doped zinc oxide thin films using low temperature ultraviolet laser annealing[END_REF][START_REF] Arciniegas | Laser-Induced Localized Growth of Methylammonium Lead Halide Perovskite Nano-and Microcrystals on Substrates[END_REF][START_REF] Ismail | Effect of annealing temperature on the properties of transition metal doped zinc oxide-A review[END_REF] . Recent studies even showed that UV light can also help the film condensation [START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF][START_REF] Barquinha | Effect of UV and visible light radiation on the electrical performances of transparent TFTs based on amorphous indium zinc oxide[END_REF][START_REF] Van De Leest | UV photo-annealing of thin sol-gel films[END_REF][START_REF] Jeon | Low-temperature aqueous solution processed fluorine-doped zinc tin oxide thin-film transistors[END_REF][START_REF] Kim | Flexible metal-oxide devices made by room-temperature photochemical activation of sol-gel films[END_REF][START_REF] Park | Advanced photo-annealing of indium zinc oxide films for thin-film transistors using pulse UV light[END_REF] . Figure 2 shows the schematic diagram representing 4 common annealing methods on sol-gel metal oxide materials. Figure 2 (a) illustrates the thermal annealing method. In this case, prolonged processing time (tens of minutes to hours) is usually required. Then, thermal annealing and direct conversion methods that rely on photonic processes have been suggested (Figure 2 (b) to (d)). These techniques have the advantages of applying on temperature sensitive substrates such as polymers. With the photochemical reactions happen on the surface of the film, these techniques allow the substrate material to remain intact and at significantly lower temperatures [START_REF] Yarali | Recent Progress in Photonic Processing of Metal-Oxide Transistors[END_REF] . The use of UV treatment is usually not sufficient for obtaining enough formation of a metal-oxide inorganic network with suitable electrical properties. In particular, the defect level is too high before thermal treatment [START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF] . Figure 3 exhibits the impact of DUV and thermal treatment on metal oxide material structure through X-ray photoelectron spectroscopy (XPS) analysis [START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF] , indicating the densification of the material under DUV irradiation. However, such densification induced by DUV irradiation and the condensation reaction in the materials were not complete. Additional thermal annealing was required afterwards for further densification. Thus, these annealing processes usually requires high fabrication temperature or high operating temperature, which is not suitable for the use of bendable substrates such as plastic or textiles. In our lab we have published different kinds of annealing methods for metal oxide semiconductor [START_REF] Leuschel | Deep-UV photoinduced chemical patterning at the micro-and nanoscale for directed self-assembly[END_REF][START_REF] Yu | Low-temperature sol-gel oxide TFT with a fluoropolymer dielectric to enhance the effective mobility at low operation voltage[END_REF][START_REF] Yu | Direct Laser Writing of Crystallized TiO2 and TiO2/Carbon Microstructures with Tunable Conductive Properties[END_REF] . In Figure 4 (a), we applied DUV laser for metal oxide curing and patterning. Thermal annealing was needed after DUV laser irradiation to finish the material preparation.

Then, simultaneous DUV and thermal annealing (SUT) was used for metal oxide annealing to obtain an enhanced semiconductor characteristic, as shown in Figure 4 (b). We also tried two-photon absorption (TPA) method for patterning and annealing metal oxide material (Figure 4 (c)).

Table 4 shows more details of these works using different annealing methods.

Figure 4. Different annealing methods demonstrated in our previous

reports. (a) Thermal annealing followed by a DUV laser treatment [START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF] .

(b) Simultaneous DUV and thermal annealing (SUV) [START_REF] Yu | Low-temperature sol-gel oxide TFT with a fluoropolymer dielectric to enhance the effective mobility at low operation voltage[END_REF] . (c) Two-photon absorption (TPA) for patterning and annealing [START_REF] Yu | Direct Laser Writing of Crystallized TiO2 and TiO2/Carbon Microstructures with Tunable Conductive Properties[END_REF] .

Table 4. Our previous reports using three different kinds of annealing methods on sol-gel metal oxide materials [START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF][START_REF] Yu | Low-temperature sol-gel oxide TFT with a fluoropolymer dielectric to enhance the effective mobility at low operation voltage[END_REF][START_REF] Yu | Direct Laser Writing of Crystallized TiO2 and TiO2/Carbon Microstructures with Tunable Conductive Properties[END_REF] .

There are also some other recent studies demonstrating the effect of laser annealing techniques based on the solution process metal oxide materials [START_REF] Dellis | Rapid laser-induced photochemical conversion of sol-gel precursors to In 2 O 3 layers and their application in thin-film transistors[END_REF][START_REF] Chen | Solution-processed metal oxide arrays using femtosecond laser ablation and annealing for thin-film transistors[END_REF][START_REF] Li | The role of DUV laser irradiation in the optical and electrical properties of indium zinc oxide films synthesized by self-combustion[END_REF][START_REF] Chen | Solution-Processed Oxide Complementary Inverter via Laser Annealing and Inkjet Printing[END_REF][START_REF] Yu | Low-Temperature Fabrication of High Quality Gate Insulator in Metal-Oxide-Semiconductor Capacitor Using Laser Annealing[END_REF][100] . These reports showed the properties of solution-based metal oxide semiconductors and dielectrics made through various parameters of the used laser source, such as laser power, exposure time, beam size, specific wavelength and so on. Some of them successfully fabricated thin film transistors (TFTs) through laser annealing techniques [START_REF] Dellis | Rapid laser-induced photochemical conversion of sol-gel precursors to In 2 O 3 layers and their application in thin-film transistors[END_REF][START_REF] Chen | Solution-processed metal oxide arrays using femtosecond laser ablation and annealing for thin-film transistors[END_REF][START_REF] Li | The role of DUV laser irradiation in the optical and electrical properties of indium zinc oxide films synthesized by self-combustion[END_REF][START_REF] Chen | Solution-Processed Oxide Complementary Inverter via Laser Annealing and Inkjet Printing[END_REF][START_REF] Yu | Low-Temperature Fabrication of High Quality Gate Insulator in Metal-Oxide-Semiconductor Capacitor Using Laser Annealing[END_REF][100] . However, most of the groups used pulse laser to anneal the material to avoid thermal budget to the substrates. The price of pulse laser setups is normally high and require additional optical setups to realize the large area fabrication of the devices, which constitutes a limitation to the development of such techniques in industrial contexts. 

2-1 Introduction of NIR laser annealing

Instead of traditional thermal annealing, which usually requires the use of a furnace tube or hotplate to provide heat, we propose here to develop near-infrared (NIR) laser to perform the annealing process. NIR laser curing was indeed introduced as an effective technique for inducing photothermal effects in materials that can absorb in the NIR. This effect has already been used in applications such as laser marking, polymer melting for particle migration, and polymer-to-polymer fixation [101][102][103][104] . In this work, we demonstrate that NIR laser irradiation can be used for curing metal-oxide precursor thin films prepared from solutions, with sol-gel chemistry. The NIR laser system with a wavelength of 808 nm and continuous irradiation is used to irradiate a sol-gel IZO xerogel thin film to activate its electrical property. which justifies the use of this wavelength. With irradiation at 808 nm, no visible effect of the laser irradiation was observed on raw substrates in the range of power used here. This approach thus allowed thermal curing of the sol-gel layer without substantially affecting the properties of the substrate, which is the objective of this work.

Figure 8 shows the schematic plot for the use of NIR dye. IR-140 acts as the IR-absorber in the IZO thin film. Without IR-140, the IZO thin film have very low absorption in 808 nm, which is the wavelength of our NIR laser system. IR-140 guarantees that the IZO thin film absorbs the NIR laser, and the absorbed energy is then transferred to the film as heat.

Unlike thermal annealing, the generated heat is produced inside the sol-gel film of nanometric thickness and can be used to cure the IZO film, without significant effect to the whole substrate. The use of the IR-absorber and NIR laser made it possible to fabricate electronic devices on different substrates which have low heat-endurance. The photo in Figure 8 shows the IZO solution with and without IR-140, the color of the IZO solution with IR-140 was dark blue. 

2-3-2 Decay of NIR dye during NIR irradiation

As described by the Perrin-Jablonski diagram (see Figure 9), the absorption of light by a molecule leads to an excited electronic state from which different types of de-excitation processes can take place: some are radiative (with light emission) such as fluorescence or photophorescence after intersystem crossing. Other processes are non-radiative. In this case, the energy released by the system from its excited state is in the form of heat. This is called the photothermal effect. This is the process we are trying to use here. IR-140 is known to be efficient dye with suitable absorption in the NIR region and efficient energy transfer for heat generation. In the excitation process, some side reaction can also occur (mainly by oxidation from excited states with oxygen), which results in the change of the absorption spectrum of the dye after irradiation. Temperature increase also leads to the degradation of the dye upon irradiation. The degradation of NIR dye is very important during the NIR laser annealing. We can notice in the UV-vis data in Figure 10 that the photobleaching is fast under the chosen conditions (64 W/cm 2 ). Indeed, we can assume that after 4 sec of irradiation, the absorption of the dye was decreased from a factor of 2. After 10 sec of irradiation, the absorption is very weak. This will be further discussed in the next sections. 

2-3-3 Other NIR dyes

There are many kinds of commercial NIR dyes, each has its suitable wavelength for use. Besides IR-140, we have also tested IR-806 in our work. Figure 11 shows the molecular of IR-806 and the photo of IR-806 solution, the dye was purchased in Sigma Aldrich. IR-806 has an absorption peak in the range of 730 to 800 nm, which is also suitable for our application. However, IR-806 didn't show an efficient photothermal activity in our conditions. We thought that it could due to the degradation of IR-806 (Figure 12 (a)), which is not stable in solution. IR-806 also exhibits a very dynamic absorption spectra depending on the concentrations, as depicted in Figure 12 (b). So it is not compatible in our work due to its instability in solution. The degradation of IR-806 can be explained by a low stability in acid solution [105] . 2-4-1 X-ray photoelectron spectroscopy (XPS) analysis XPS analysis was used to investigate the chemical changes induced by NIR laser and thermal treatment of the IZO films. As shown in previous work [START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF] , the condensation reaction of the sol -gel material thin film can be followed quantitatively by following the modification of the O1s component. The original data are provided in Figures 13 and14 and Table 5. The three peaks are 1/ 530.4 eV, standing for surface hydroxide and lattice hydroxide; 2/ 529.2 eV, standing for vacancies and lattice defect; and 3/ 528.6 eV standing for the metal-oxide bonding network [START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF] .

We observed a slight difference in peak positions from sample to sample that may be ascribed to the charging effect or the difference in morphology detected by AFM measurements (Figure 24 FTIR spectroscopy is a spectroscopy technique that can be used to a broad range of systems and samples by monitoring the rotational and vibrational transitions of molecular functions in materials. ATR-FTIR is a specific FTIR configuration that uses the attenuated total reflectance as a method to measure the sample. The major advantage of measuring FTIR in the ATR mode is that it can perform a surface analysis, and thus measure in samples that absorb strongly in the IR spectrum are faisable, without complex sample preparation [106][107][108][109] . As an example, Figure 16 (a)

shows the FTIR spectrum of ZnO nanoparticles [110] . Figure 16 and an infrared absorbing low refractive index material (the sample). The light penetrates into the sample as an evanescent wave with a certain depth of penetration [107] . Figure 16 (c) shows the photo of ATR-FTIR setup in IS2M, France.

To confirm the laser-induced modification of the IZO thin film, we used ATR-FTIR analysis. As shown in Figure 17, both thermal and laser annealing provoked a substantial reduction at a peak of approximately 1400 cm -1 . This peak can be ascribed to nitrate ions, indicating that the nitrate ions are removed during both laser and thermal annealing treatments with a similar yield [111] . The reduction of the absorbance of the broad peak at 3500 cm -1 indicates that the OH is also consumed in both conditions, which is consistent with the condensation reaction between metal-oxide species. 

2-4-3 Atomic Force Microscope analysis

The IZO thin film morphology was also studied by the use of Atomic Force Microscope (AFM). The AFM images of the IZO thin film with the applied NIR laser power from 93 W/cm 2 to 157 W/cm 2 are shown in Figure 18, respectively. It can clearly be observed in the Figure 18 that the IZO thin film with the highest power of 157 W/cm 2 exhibits a very rough morphology (RMS as high as 77 nm). The high roughness may be explained by the rapid heating on the IZO thin film during the NIR laser irradiation, which cause fast evaporation of the solvent and leads to the non-uniformity of the film. Indeed, the laser treatment is performed during only 60 sec whereas the thermal curing takes 60 min. Notably, the surface roughness of the IZO thin film with the low NIR laser power of 93 W/cm 2 and 107 W/cm 2 is comparable to the roughness of the IZO thin film with 300°C thermal annealing for 1hr (Figure 19). The impact of this morphology difference will be discussed in the next section 2-5 with electrical properties comparison. Note that due to the high roughness caused by high NIR laser power, there should be an optimized NIR laser power range in NIR laser annealing process. However, the advantage of thermal annealing is that due to its gradually-increasing annealing temperature (15°C/1 min), the roughness of the thin film remains very low in all conditions. In Figure 18, we noticed that IZO film roughness increases as the NIR laser power increases. As evidenced in Figure 20 (a), we suggest that the degraded conductivity with high laser power is caused by the greatly increased IZO film roughness. Previous studies have shown that defects in thin oxide films affect metal-oxide electrical properties, even the work function on metal [112] . The interaction between metal oxide and metal substrate affects both the geometrical and electronic structures of metal oxide film and the device performances [113][114][115][116][117][118] . The influence of NIR laser irradiation time was also compared.

Figure 22 exhibits the sheet resistance of different NIR laser power as a function of irradiation time, showing that the increasing of irradiation time didn't give a better conductivity. This can be due to the loss of the NIR dye during the NIR lasing process, as discussed in previous section 2-3-2. As a result, long-irradiation is not necessary and can even cause the damage to the substrate. Note that NIR laser power of 56 W/cm 2 is too low for the NIR laser annealing process, even with long irradiation time.

For such low laser power, instability for the device performance was observed. Also, NIR laser power of 157 W/cm 2 and 192 W/cm 2 were not recommended, the high roughness caused by high NIR laser power was also bad for the device performance. We also noticed that increasing irradiation time from 60 seconds to 120 seconds did not further improve the conductivity. Hence, we chose 60 seconds as our optimal NIR laser irradiation time, which is sufficient for elevating device performance and would not cause substrate damage with proper applied NIR laser power. Finally, we conclude on the relationship between NIR laser power, surface roughness, and sheet resistance. In Figure 24 (a) we confirmed that the increasing NIR laser power would cause high surface roughness of the IZO film. 

2-6-1 Temperature on glass substrate

In this section we used the thermal imager to evaluate the temperature increase due to laser irradiation, with IZO films on glass substrates (Table 6). The thickness of glass substrates were 0.8 mm and 0.2 mm. As expected, most of the NIR laser power was not absorbed by the 0.2 mm thick glass substrate due to the low absorbance of the glass at 808 nm, the heating effect would mostly appear on the surface of the substrate. Compared to the previous section 2-5, the raise of NIR laser power leads to the substrate temperature increasing, but this increase of temperature does not lead to an increase of device conductivity. 

2-6-2 Temperature on polycarbonate substrate

Temperature change during NIR laser annealing is also an important parameter to consider when applying on soft substrates. These flexible substrates normally cannot survive high temperature heating. Table 7 shows the temperature change of NIR laser irradiation on polycarbonate (PC) substrate of 0.8 mm and 0.2 mm (with IZO films on them). As then to simulate the temperature increase in the IZO thin film and in the substrate (Figure 27). The variation of energy during dt can be ascribed as incident energytransmitted energy.

We took into account the variation of the NIR absorption during laser curing which is due to the degradation of the IR140 upon laser irradiation. 

2-7-2 Simulation of different parameters in laser annealing process

The numerical model was tested with several sets of parameters to check the validity of the approach and obtained results. This preliminary work is reported in the master thesis of Douae Melikh. Here, we use this tool to provide the evolution of IZO film temperature change as a function of time.

Figure 29 shows the impact of NIR laser power on the temperature profile. In all cases, the temporal profile is similar : a rapid increase of the temperature is observed and the T reach a plateau value after 10 sec. After this time, the temperature remains quite constant during the irradiation.

As expected, when the power is increased, the temperature plateau is higher. The temperature range was found in the same range as the value obtained by thermal imager and shown in section 2-6, which confirms the validity of the model. Note that this temperature profile is obtained only at the condition that a degradation of the NIR dye is introduced, with a short constant of time (tau=2).

It is also interesting to monitor the cooling of the sample to realize that the temperature decrease is slower than the increase phase, which means that the thermally induced modification of the sol-gel matrix occurs after the shut down of the laser (60 sec.). In Figure 30, the annealing time was changed. This figure indicates that it only takes around 20 seconds to reach the maximum temperature by laser annealing, the increasing of irradiation time didn't contribute to higher temperature. One question arising from the choice of the laser curing time as 60 sec in experiences is related to the time needed to degradate the NIR dye : indeed, as the dye is consumed after 4 sec, it means that the stability of the temperature cannot be assigned to the photothermal effect of the dye. We conclude from this that in the first stage of the laser curing, the strong absorption of the NIR dye allows the rapid increase of the temperature. Then, the dye is quickly consumed, which results in a loss of absorption. However, the temperature is maintained at a constant value, which significates that some photothermal effect may take place in the substrate. Even though the absorption of the substrate is low, it is not null and because the substrate is much thicker than the sol-gel film, the NIR absorption along the whole thickness can contribute to heating. Figure 31 shows the test of different substrates (glass and PC), with different thickness of 0.2 mm, 1 mm, and 5 mm. First, we observed that the temperature profiles are not very dependant on the nature of the substrate material. This is true as long as the absorption of the substrate material remains low and if dielectric materials are considered. Materials with higher thermal conductivity would result in higher heat transfer and thus a lower temperature plateau in the sol-gel layer (and thus a lower conversion of the sol-gel by the laser). Secondly, it is observed that the final temperature (after 60 sec) is not much affected by the thickness of the sample but the profile is very different: the T increase is much slower with thick substrate. The reason is that thick substrate facilitates the heat diffusion from the sol-gel film to the substrate. On the contrary, on thin substrate, the heat diffusion cannot efficiently occur because transfer to air is not efficient, which results in a faster temperature increase. The thickness of the substrate appears thus like an important parameter to take into account since it modifies strongly the quantity of heat deposited by laser irradiation, and thus the properties of the final material. As mentioned in the introduction section, prior reports in out lab showed the ability of DUV irradiation to decrease the annealing temperature [START_REF] Leuschel | Deep-UV photoinduced chemical patterning at the micro-and nanoscale for directed self-assembly[END_REF][START_REF] Park | Hydrothermally grown in-doped ZnO nanorods on p-GaN films for color-tunable heterojunction light-emitting-diodes[END_REF][START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF][START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF][START_REF] Yeh | Chemical and structural investigation of zinc-oxo cluster photoresists for DUV lithography[END_REF] . However, use of DUV is usually not sufficient for obtaining enough formation of a metal-oxide inorganic network with suitable electrical properties. In particular, the defect level is too high before thermal treatment [START_REF] Park | Hydrothermally grown in-doped ZnO nanorods on p-GaN films for color-tunable heterojunction light-emitting-diodes[END_REF] . In this work, we decided to combine the use of DUV and NIR laser irradiation and investigate if this combination could be suitable for achieving the curing by only laser treatment. annealing. The power of DUV lamp is provided in Figure 34. The important part of DUV irradiation is the one comprised for wavelengths lower than 250 nm that are suitable for removing the ligands from the precurors, as shown in previous study [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF] . Similar with NIR laser setup, the DUV lamp requires around 120 seconds to reach its stable output from ignition, which means that both NIR laser and DUV lamp have the shutter to control the starting point. The output power during the experiment was set to 77.8 mW/cm 2 . The main peaks in the DUV lamp are 275, 300, and 325 nm. 

3-2-2 Effects of DUV irradiation on the IZO precursor thin film

In the previous part, we indicated that the NIR dye played an important role in the NIR curing process. This dye is an organic molecule and thus, there is a possibility that the NIR dye is not stable under the DUV irradiation conditions, which would result in limitations for the development of combined DUV+NIR curing.

UV-vis spectroscopy was used to monitor the change in the thin film during DUV and NIR irradiation : Figure 35 presents the absorbance spectra of the following conditions: pure PC substrate, PC substrate after 180 seconds of DUV irradiation, PC substrate with IZO film (+IR-140) after 60/120/180 seconds of DUV irradiation.

We did not observe any significant change in the spectrum of raw PC substrate before and after DUV irradiation, which is a sign of the absence of effect of the DUV irradiation under such conditions (note that no visible effect is neither detectable by the eye).

Absorption of the NIR dye in IZO thin film can be observed before irradiation. Interestingly, the characteristic absorption spectrum of the NIR dye is almost unmodified after 60 sec of DUV. Only after 120 sec (and thus also 180 sec), the effect is noticeable. With such conditions, the NIR dye is bleached and cannot be used for photothermal effect. As stated before, this is not very surprising for an organic molecule. This can thus be considered as a limitation if in the process, the first step is a DUV irradiation, followed by NIR curing. However, this limited stability does not constitute a significant limitation if simultaneous DUV and NIR are performed. Indeed, as shown before, the NIR dye is degraded after a few sec. so the DUV irradiation kinetic is much slower.

In conclusion of this part, in DUV/NIR irradiation, the stability of the NIR dye during DUV irradiation is sufficient to guarantee the effect of the NIR laser. Note that the activation of the material under DUV irradiation does not require the addition of any dye since the direct activation of the precurors can be achieved by DUV irradiation due to a strong absorption of those materials for wavelengths shorter than 250 nm [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF] . 

3-2-3 Electrical properties discussion by DUV and NIR laser irradiation

According to the previous study [START_REF] Leuschel | Deep-UV photoinduced chemical patterning at the micro-and nanoscale for directed self-assembly[END_REF] , with only DUV treatment, suitable electrical properties for use cannot be obtained. Here we also confirmed that with only DUV irradiation of 60/120/180 seconds (Figure 36) we could only obtain low currents, approximately 3-4 orders less In Figure 37 we have also compared the following irradiation conditions: only DUV irradiation, only NIR laser irradiation, NIR laser irradiation after DUV irradiation, the applied NIR laser power was 127 W/cm 2 for 60 s and DUV irradiation was 77.8 mW/cm 2 for 180 s. This route can thus be applied to generate semiconductive patterns by a full laser process, without use of thermal annealing. This is particularly interesting for integrating electronic devices on flexible plastic substrates.

Moreover, DUV lithography is known to be associated with high resolution, which also opens the gate towards micro or nanopatterning semiconductors patterns. 

3-3 Parameters discussion of DUV+NIR laser simultaneous irradiation

In this section, we manage to combine DUV and NIR laser irradiation simultaneously. The outcome was quite impressive and more studies were performed.

3-3-1 DUV + NIR laser simultaneous irradiation

In previous section we have applied different NIR laser power from 93 to 157 W/cm 2 on PC substrate with IZO and IR-140. None of those NIR laser power caused deformation or damage to the substrate. However, when applying DUV (77.8 mW/cm 2 for 180 s) and NIR laser irradiation (127 W/cm 2 for 60 s) at the same time, the PC substrate started to be deformed or burnt at high NIR laser power. Figure 39 (b) and (c) exhibits the impact of DUV irradiation during NIR lasing, Figure 39 (c) showed a burnt hole in the irradiation area. Then, the applied NIR laser power was set down to 105 W/cm 2 from 127 W/cm 2 in Figure 3-3-1 (d). Figure 39 (a)

shows the I-V comparison of only NIR laser-annealed samples with DUV-involved NIR laser annealing process. Surprisingly, the device of DUV and NIR laser with simultaneous irradiation exhibited an even higher output current. Figure 41 shows the Rs as a function of NIR laser power of only NIR laser treatment and DUV-involved NIR laser irradiation. It's worth noted that with such low NIR laser power, the devices treated by only NIR laser would have an unstable device performance, as mentioned in section 2-5.

However, with the aid of DUV irradiation, the required NIR laser power could be much decreased and obtain an even better conductivity than those with only NIR laser treatment devices. 

3-3-3 Different DUV irradiation time comparison

After we obtained a reduced NIR laser power applied on the devices, we then tried to reduce the DUV irradiation time. 

3-3-5 Sheet resistance of NIR laser only and DUV+NIR irradiation

Of all the parameters compared above, in this section we present the sheet resistance comparison of NIR laser annealing with or without DUV simultaneous irradiation. Table 8 shows the Rs values for NIR laser annealing and the DUV-NIR laser annealing by different NIR laser power.

The results indicated that the highest conductivity can be obtained by the use of DUV-NIR irradiation at the same time, the lowest value of Rs was around 5 MΩ. Note that, when the low NIR laser power was applied, the DUV irradiation also contributes to the removal of solvent in the IZO film. In such low NIR laser power and irradiation time made it very promising for the device fabrication on flexible substrates. These data were compared to value obtained after thermal and NIR laser annealing (Table 10). The metal oxide percentage (44 %) for simultaneous DUV/NIR treatment correspond to a value obtained between 200°C and 300°C (resp. 37 % and 53 %), in terms of materials composition. The conductivity value compares with 300°C thermal treatment, which shows that the NIR treatment is very efficient when combined to DUV irradiation.

Table 10. The ratio of 3 bondings (M-OH, M-Ovac, and M-O-M) and

sheet resistance were compared by IZO film as-spun, thermal annealing method, NIR laser annealing, and DUV (77.8 mW/cm 2 ) plus NIR laser irradiation simultaneously.

3-4-2 DUV+NIR laser effects

The improvement of the electrical properties by simultaneous DUV/NIR irradiation is significant but could not be fully understood at this stage of the study. On the one hand, this property relies on the stability of the NIR dye upon DUV irradiation, which is one important condition to obtain the NIR induced curing of the material.

On the other hand, we can argue that the DUV irradiation effect may be enhanced by the fast simultaneous heating. As any (photo)chemical mechanism, it is accelerated by heating since the activation energy is easier to overpass at higher temperature.

Another possible explanation may rely on the final structure of the material. The DUV+NIR treatment is very rapid, as compared to furnace thermal heating, which may avoid phase separation phenomena which require longer reaction times to be obtained [119][120][121] . In other word, the simultaneous DUV/NIR irradiation conditions may create the conditions to eliminate the ligands, solvent and organic moieties, promote the formation of metal-oxide bonds, needed to obtain good electrical properties but also avoiding phase separation of metals (Zn and In). EDX SEM experiments were envisaged to show this, without success.

Conductive AFM may be a technique to try later since it may reveal a different repartition of In oxide in the Zn oxide matrix.

Finally, we summarize the main values in Figure 47 to show the synergic effect of DUV and NIR curing when used simultaneously, which constitutes an important result of this thesis. On the basis of these results, applications are shown in the next chapter. By NIR laser annealing method, we're able to reduce the thermal budget during the fabrication process of the IZO thin film device. Thus, it can be applied to versatile bendable substrates. In this section, we have tested the NIR laser annealing on plastic substrates and textiles.

4-1-1 NIR laser annealing on plastic substrates Different plastic substrates were tested in this study, including PET, PP, PC, PE, and PVC. They correspond to plastic widely used in industry.

Among these substrates, PET, PC, and PE were the best options for the NIR laser annealing method. Indeed, PP was excluded because we could not obtain good quality IZO thin film on this surface. PVC also showed limitation due to its poor endurance to UV irradiation, which was used before the deposition of IZO to ensure the good adhesion between the IZO thin film and the substrate. The glass transition temperature (Tg) of PC, PE, and PET are 150°C, -110°C, and 75°C [122] , the value would be changed by different processing methods.

Figure 48 shows the effect of NIR irradiation on the selected plastic substrates (PC, PET, and PE) after IZO solution deposition. They show results that depend both on the nature of the plastic and its thickness. The results showed that with the NIR laser power of 127 W/cm 2 for 60 seconds irradiation, both PET and PE (0.8 mm thickness) were damaged, since a melted area appeared on both PET and PE substrates. Increase of thickness provokes an increase of the absorption of the substrate in the NIR that may account for this behavior. 

4-1-2 NIR laser annealing on textiles

Recently, due to the fast development of Internet of Things (IoT), more and more electronic devices were fabricated as wearable devices.

Many applications were introduced, such as pulse monitoring or body status recording. Thus, it is also became important to develop processes to fabricate electronic devices on textiles. Considering the conditions of our process (solution based, laser annealing), it is possible to apply the NIR laser annealing on textiles. This section is aimed at carrying a preliminary study to investigate if it is faisable. properties. To check this point, electrodes were deposited by sputtering on Polyester (Figure 52). However, we could not obtain stable conductivity of the Polyester devices. This could be due to the high roughness of Polyester, which led to the discontinuous of the deposited electrodes. The woven fabric structure of Polyester showed the discontinuity on the surface at Figure 53 [123] . Because we didn't have the proper machines to deposit well-attached electrodes, we couldn't go further in this experiment. Note that if the electrodes were deposited before the NIR laser annealing, the deposited electrodes could absorb the NIR light and cause the burning of textiles. Also, maybe it's better to use spray coating for thin film deposition on textiles [124,125] . Also, silver paste may be an easy solution to obtain good enough electrodes on the textiles.

However, these preliminary results appear very promising and this work will be continued in the future. 

4-2 Devices for humidity and gas sensing

By NIR laser annealing we manage to obtain good enough conductivity with stable electrical performance on plastic substrates.

After verifying that the film composition and the sheet resistance (Rs) of the NIR laser-annealed IZO film are as good as those in thermal-annealed counterparts, in this section we would investigate the sensing applications of such IZO devices. IZO semiconducting thin films are known to be sensitive to gas, and this material can thus be used in a chemoresistor material. For sensor applications, we like to have a large enough output current (i.e., 10 -8 to 10 -6 A) at low operation voltage (i.e., 5-10 V) to avoid the noise in the electrical measurement system. Note that the substrates we used for the humidity and gas sensing were polycarbonate with 0.2 mm thickness.

4-2-1 NIR laser-annealed devices as humidity sensors

First, we noticed that the NIR laser-annealed devices have the potential to realize the humidity monitoring. Figure 54 depicts our sensing system for the humidity detection. The system delivered an air flow with a tunable relative humidity (RH). The RH was controlled by tuning the flow ratio between the "dry air" and the "wet air" settings, where the dry air is the ambient air passing through a NaOH tube to exhibit a RH of approximately 10% and the wet air is the ambient air passing through a bottle of water to deliver a RH of approximately 80%.

The final RH was adjusted by controlling the flow rates of dry and wet air using flow meters. With a pump in the outlet of the system, the mixed air with an adjustable RH was then injected into a glass tube, which served as the sensing chamber with the IZO device. Inside the sensing chamber, the device current was recorded along with time by using an I-V analyzer (Agilent U2722A). the RH values were modulated from 11% to 59%, the device current increases as the RH increased. Such an effect was also reported in prior works. Water molecules absorbs onto the surface of the metal oxide to form H + or H 3 O + through a dissociation effect [126,127] . Then, H + or H 3 O + ions hopped between adjacent hydroxyl groups to form the conducting current. Increasing of RH led to an increase of such hopping current. 

4-2-2 NIR laser-annealed devices as gas sensors

In the next step, we would demonstrate the application of this NIR laser-annealed device as a gas sensor on PC substrate. For the gas detection, as shown in Figure 58, the background air with an RH set around 62% by the aforementioned humidity system was pumped into the sensing chamber at a flow rate of 500 mL/minute to serve as the carrier gas. The analyte gas such as hydrogen sulfide (H 2 S) or carbon monoxide (CO) was injected into the system to mix with the background air through a syringe pump system. Inside the syringe, 100 ppm of the analyte gas was placed. By tuning the speed of the syringe pump, the concentration of the analyte gas in the mixed gas ranged from 300 to 1000 ppb. Same as humidity sensing, inside the sensing chamber, the device current was recorded along with time by using an I-V analyzer (Agilent U2722A). We then illustrated the H 2 S gas-sensing performance of the device on a flexible substrate PC. With a fixed relative humidity as 62%, the proposed IZO chemoresistor had a very good response to H 2 S gas. It is noted that the humidity has to be fixed; otherwise, the variation of humidity will cause an interference signal to the H 2 S sensing. The method to control the humidity in the sensing chamber was mentioned before (by controlling the flow rates of dry and wet air using flow meters). The real-time current response to H 2 S gas is illustrated in Figure 59 (a), in the pink regions, H 2 S gas with 1000, 500, and 300 ppb concentrations was injected into the sensing chamber for 30 seconds. The responding current drops were very fast and were reversible after removing the H 2 S gas. The sensing response was defined as the current variation ratio, which is the current difference during the 30 seconds sensing period divided by the initial current level before injecting H 2 S gas. When the sensing response is defined by using the current variation ratio, the response will not be affected by the absolute value of the current [128,129] . Hence, after the recovery period, even if the current level cannot reach its original value, the sensor delivers a stable response to a fixed H 2 S concentration (Figure 60). The slight decrease of the background current signal during measurement may be due to the increased defect density with continuous bias, which is known as the bias stress effect in oxide semiconductor devices [START_REF] Park | Improvement of bias stability of oxyanion-incorporated aqueous sol-gel processed indium zinc oxide TFTs[END_REF] . Figure 60 Noted that, later the sensors will be shown to detect CO gas also. When changing the relative humidity, we also obtained similar CO sensing calibration curves as shown in Figure 62. This means that the relative humidity change do not obviously affect the H 2 S or CO sensing behavior.

More details about CO detection will be given as follows. As a preliminary test, we also compared the H 2 S-sensing response using a just-fabricated sensor (noted as Day 0) and a sensor stored at a food-storage-quality nitrogen bag for 2 days (noted as Day 2) in Figure 66. There is no much difference between the Day 0 and Day 2 data. Also, within 2 hours, the sensor delivers repeated sensing results even when the background current decreases due to the continuous bias effect (not shown). In future, more studies will be conducted to investigate the optimal storage condition to obtain a good enough shelf-lifetime for real applications In prior reports, when using SnO 2 or Cu-doped ZnO to detect H 2 S, a current increase was observed upon exposure to H 2 S with ppm-regime concentrations [129,[132][133][134] . Other recent reports [START_REF] Mousavi | A room temperature hydrogen sulfide gas sensor based on electrospun polyaniline-polyethylene oxide nanofibers directly written on flexible substrates[END_REF][START_REF] Kim | Bimodally porous WO3 microbelts functionalized with Pt catalysts for selective H2S sensors[END_REF][135][136][137][138][139] for H 2 S sensing are compared in suppresses the response to H 2 S gas [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF] . In the current work, we observed a current reduction in IZO upon H 2 S sensing at room temperature. In addition, the sensing capacity was not degraded by increasing the ATR spectra were acquired using an IS50 spectrophotometer from Thermo Scientific. Diamond was supplied by Specac (Golden Gate diamond, with a 45° angle).

Film roughness was characterized using AFM in tapping mode (Picoplus system from Agilent).

5-5 Electrical properties measurements

For the electrical characteristics measurements, Agilent E5270B semiconductor parameter analyzer was used. I-V curve was measured in the medium mode. The voltage range was set from -10 V to 10 V.

5-6 Humidity and gas sensing

The sensing response in this dissertation was defined as the ratio between the current difference and the initial current (∆I/I 0 ) within a fixed time (i.e. 30 s), as depicted in Figure 75. The proposed low-cost bendable NIR-laser-annealed IZO chemoresistor is promising for use in wearable devices to detect environmental humidity or to give an alert of dangerous gas such as hydrogen sulfide or carbon monoxide levels. Textile substrates appear also of interest for wearable devices and, preliminary results show that the NIR laser process is compatible with such substrates, which also opens new gates towards practical applications.
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 3738 Figure 37. Device I-V comparison of (a) NIR laser irradiation after DUV treatment, (b) NIR laser irradiation only, and (c) DUV irradiation only. Each condition was performed for 3 times. (d) Rs comparison of the above three conditions........................................Figure 38. (a) I-V curve of IZO film with 3 conditions: DUV treatment and washed by ethanol; after DUV treatment and washed by ethanol, NIR laser annealing was applied; NIR laser irradiation after IZO film washed by ethanol. (b) Rs comparison of 3 conditions in (a). (c) Patterned IZO film after DUV irradiation and washed by ethanol. .............................................................................
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 3940 Figure 39. (a) I-V curve of 2 conditions: only NIR laser irradiation, and the combination of NIR laser and DUV lamp (irradiated simultaneously). The substrate was PC. (b) Photo of sample after NIR laser irradiation of 127 W/cm 2 and 60 seconds. (c) Photo of sample after the combination of DUV (180 seconds) and NIR laser irradiation of 127 W/cm 2 and 60 seconds. The PC substrate was broken. (d) Similar with condition (c), but lower the NIR laser power to 105 W/cm 2 and the PC substrate survived.......................Figure 40. (a) Rs as a function of NIR laser power in the experiment of DUV and NIR laser irradiation simultaneously. (b) and (c) showed the PC substrate revealed some deformation after the applied NIR laser power were 100 and 120 W/cm 2 . ..............................................
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 4142 Figure 41. The comparison of Rs as a function of NIR laser power, showing that DUV (77.8 mW/cm 2 for 180 s) and NIR laser (60 s) simultaneous irradiation can further improve the device conductivity.........................................................................................Figure 42. (a) I-V curve of different DUV irradiation time of 60/120/180 seconds, each condition was performed for 3 times. (b) Rs as a function of DUV irradiation time in the 3 conditions. The applied NIR laser irradiation was 20 W/cm 2 for 60 seconds. ......................
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 43 Figure 43. I-V curve of three NIR laser-annealed devices using 60 seconds of DUV irradiation and washed by ethanol. ......................
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 4445 Figure 44. (a) I-V curve of the IZO film with or without IR-140, both conditions were performed for 3 times. (b) Rs comparison of the 2 conditions, showing the importance of IR-140 in the experiment of DUV+NIR laser irradiation simultaneously. ...................................
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 52 Figure 52. (a) The NIR laser-annealed Polyester substrate with gold electrodes. (b) Gold electrodes on Polyester.....................................
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 53 Figure 53. Woven fabric structure of Polyestser shows the discontinuity of the surface. (a) Mircograph of the cross-section of Nomex ® fabric. (b) Geometry of unit cell [123] . The figure was captured from Siddiqui, M.O.R. and D. Sun, Computational materials science, 2013. 75: p. 45-51................................................................................
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 55 Figure 55. (a) I-V curve of IZO device as the humidity sensor, the applied NIR laser power was 127 W/cm 2 for 60s on PC substrate. The I-V data was measured in the ambient air, with the RH around 55%. (b) The real-time current response of the humidity sensor, with the adjustable RH from 11% to 59%. .....................................
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 569257945895599760986199626364656667 Figure 56. (a) The real-time current evolution as the RH increases. (b)
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 6869 Figure 68. Failures during the fabrication of plastic wrap devices. (a) The loss of flexibility due to the long time irradiation of UV/DUV light. (b) Substrate deformation caused by the hot Al steam during thermal evaporation.........................................................................Figure 69. (a) The I-V characteristic of the plastic wrap devices. There were five devices to be calculated the average and the standard deviation of Rs and compared in (b) with devices fabricated on PC substrate. Thickness of IZO film was around 100 nm. .................

Figure 70 .
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 71 Figure 71. (a), (b) and (c) showed the current response and gas response to H 2 S gas of 1000/500/300 ppb by 3 different plastic wrap devices. (d) Calibration curve plotted by the data from (a), (b), and (c). .
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 72 Figure 72. (a) Sensing selectivity of plastic wrap devices. (b) Sensing selectivity of device fabricated on PC as a reference. ...................
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 73 Figure 73. (a) Hotplate used for thermal annealing. (b) Thermal image taken by thermal imager of a glass sample heating on a hotplate. (c) Thermal image of a sample heating in the furnace tube. .............
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Figure 1 .

 1 Figure 1. Diagram showing the main steps (I-IV) of chemical solution deposition together with the different stages (i-iv) reached in the material during its evolution from the initial precursor solution to the final crystalline film[START_REF] Bretos | Low-temperature crystallization of solution-derived metal oxide thin films assisted by chemical processes[END_REF] . This figure is captured from Bretos, I., et al ., Chemical Society

Figure 2 .

 2 Figure 2. Schematic drawings representing: (a) conventional thermal annealing (TA), (b) photochemical reaction induced by continuous exposure to deep UV light, (c) laser annealing, and (d) flash lamp annealing [92] . This figure was captured from Yarali, E., et al., Advanced Functional

Figure 3 .

 3 Figure 3. Impact of DUV and thermal treatment on metal-oxide material structure by XPS analysis[START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF] . This figure was captured from Lin, H.-C.,

1- 3 Figure 5 .

 35 Figure 5. Schematic diagram of the contents in this dissertation.Taking the above into consideration, we decided to investigate a new way for the curing of sol-gel metal oxide materials which consists in using NIR continuous lasr irradiation. The goal in this dissertation is to realize a low-cost room-temperature operated devices with electrical properties for sensors applications. The schematic diagram in Figure5indicates the contents in this dissertation. NIR laser annealing was developed as a new way for the metal-oxide semiconductor curing. Then this technique is investigated for its potential for the flexible sensor devices fabrication.Near-infrared (NIR) laser annealing is introduced in chapter 2, along with the use of NIR dye, which plays a critical role in the annealing process. The price of our continuous wave (CW) NIR laser is much cheaper than the conventional pulse laser systems and the preparation of

2- 2 Figure 6 .

 26 Figure 6. Experimental flow of NIR laser-annealed devices.

Figure 6

 6 Figure 6 shows the schematic of device fabrication. First, the IZO solution is prepared, using indium(III) nitrate hydrate [In(NO 3 ) 3 •xH 2 O] and zinc nitrate hydrate [Zn(NO 3 )2•xH 2 O] precursors (both purchased from Sigma-Aldrich) dissolved in 2-methoxyethanol (In:Zn = 5:4, [In] +[Zn] = 0.25 M). Because the sol-gel solution and thin films are transparent at 808 nm, a NIR dye (IR-140) was added to the IZO solution, which would be discussed later in chapter 2-3. The devices were produced using 3 cm × 3 cm substrates, which can be either glass or flexible plastic substrates. After cleaning the substrate, we used 10 min of oxygen plasma (in a reactive ion etching system) at 100 W on glass substrates or 20-min UV ozone treatment (Orient Service Co. Ltd; TW-UN-URS-500-03) on plastic substrates to produce hydrophilic surfaces to facilitate the following film adhesion. Then, the IZO precursor solution was spin-coated on the glass substrate. After the coating process, the laser annealing treatment was applied. The irradiation area was 5 × 5 mm 2 using an NIR 808 nm continuous laser (DS3-11312-xxx-LD No., BWT Beijing). The distance between the laser head and the sample is 15 cm. After laser annealing, the substrate was baked at 50°C for 20 min to make sure the removal of the remaining solvent. The thickness for IZO film after annealing was about 100 nm, confirmed by Profilometer ET200 (SANPANY INSTRUMENTS CO., LTD.). Finally, the aluminum electrodes (60 nm) were deposited by thermal evaporation to form an IZO chemoresistor. The spacing between the two electrodes was 200 μm.Correlatedmaterial analysis was performed before the electrodes-deposition step.

Figure 7 .

 7 Figure 7. (a) The absorbance of IZO solution w/ & w/o IR-140 at 808 nm. (b) The absorbance of polycarbonate substrate and IZO thin film (100 nm, with IR-140) on polycarbonate substrate.

Figure 8 .

 8 Figure 8. Schematic plot of the use of NIR dye (IR-absorber). The photo shows the IZO solution after/before IR-140 was added.

Figure 9 .

 9 Figure 9. Perrin-Jablonski diagram, illustrating the electronic states of molecule and the transitions between them. The main non-radiative pathways are underlined in red. IC stands for Internal Conversion and ISC for InterSystem Crossing.

Figure 10 .

 10 Figure 10. The absorbance change shows the effect of IR-140 was fading after NIR laser irradiation. IZO film thickness was 100 nm with 3 wt% of IR-140.

Figure 11 .

 11 Figure 11 . Molecular of IR-806 and the photo of IZO solution with IR-806 dissolved in water.

Figure 12 .

 12 Figure 12. (a) IR-806 absorbance degradation over time. (b) IR-806absorbance coefficient vs. wavelength for low concentrations.[105] 

  (a)). The ratios between the intensities of the three specific peaks of thermal and laser annealing films are compared in Figure15(a) and (b), after deconvolution.We expect that the thermal or laser annealing provokes the condensation of the sol-gel thin film, promoting the conversion of defects (surface and lattice hydroxides and defects) into the metal-oxide network. For thermal annealing (Figure15(a)), we observed, as expected, the condensation reaction of the metal-oxide network, with further conversion of the hydroxide species to metal-oxide lattice species. With increasing temperature, the proportion of vacancy and lattice defects decreased, which accounts for the improvement of the electrical properties. In Figure15(b), the effect of the NIR laser is plotted. Metal-oxide lattice ratios were 50, 48, and 49% for samples with laser powers of 93, 107, and 157 W/cm 2 , respectively. Such metal-oxide lattice ratios are comparable to those of samples prepared under a 300 °C thermal annealing condition (53%), as shown in Figure15(a). The finding of extremely similar metal-oxide lattice ratios for the laser-annealed samples also suggests that changing the laser power from 93 to 157 W/cm 2 does not substantially change the film composition.

Figure 13 .

 13 Figure 13. XPS analysis of NIR laser-annealed IZO film (O1s peak). The power density used in (a), (b), (c) and (d) was 93 W/cm 2 , 105 W/cm 2 , 127 W/cm 2 , and 157 W/cm 2 , respectively. The XPS data was acquired with PHI Quanterall, ULVAC-PHI (P < 2.0 10-7 Pa).

Figure 14 .

 14 Figure 14. XPS data for thermal annealed IZO film (O1s peak). (a) is the IZO film only treated by 50°C for 20 minutes after film deposition. (b), (c), (d), and (e) are the thermal annealing at 100°C, 200°C, 300°C, and 400°C, respectively. The XPS data was acquired with Gammadata Scienta (Uppsala, Sweden) SES 200-2 X-ray photoelectron spectrometer under ultra-high vacuum (P < 10-9 mbar).

Figure 15 .Table 5 .

 155 Figure 15. (a) shows the fluctuation of three main peaks, hydroxyl, vacancy and lattice defect, and metal-oxide lattice for several temperatures. (b) shows similar metal-oxide ratios of laser powers at 93, 127, and 157 W/cm 2 .

  (b) shows the schematic figure of ATR-FTIR configuration. It is based on the attenuation effect of light when it is internally reflected at an interface between a high refractive index material (as an internal reflection element)

Figure 16 .

 16 Figure 16. (a) shows the organic bonding around 1500 cm -1 in the FTIR plot as the reference [110] . (b) is the schematic figure for ATR-FTIR working principle. (c) is the ATR-FTIR machine in IS2M, France. Figure (a) was captured from Pholnak, C., et al., Materi als Research, 2014. 17(2): p.

Figure 17 .

 17 Figure 17. ATR-FTIR analysis of the IZO thin film for laser and thermal annealing. The highlighted area corresponds to the removal of nitrate ions under both thermal and laser annealing process.

Figure 18 .

 18 Figure 18. AFM images of IZO thin film morphology of NIR laser-annealed samples, the power applied from left to right are 93 W/cm 2 , 107 W/cm 2 , 127 W/cm 2 , and 157 W/cm 2 for 60s.

Figure 19 .

 19 Figure 19. AFM images of IZO thin film morphology of furnace thermal annealing (300°C, 400°C, and 500°C) samples.

Figure 20 .

 20 Figure 20. (a) Sheet resistance (Rs) of the IZO thin film cured by NIR

Figure 21 .

 21 Figure 21. Comparison of thermal and laser annealing for Rs values. Laser curing time : 60 sec. Thermal curing : 1 h.

Figure 22 .

 22 Figure 22. The Rs of different NIR laser power densities (56/93/127/157/192 W/cm 2 ) as a function of irradiation time. Also, from the XPS analysis. The ratio of hydroxide (530.4 eV) to the sum of the three peaks is plotted as a function of NIR laser irradiation time in Figure 23. This result suggests that a laser irradiation time of 60 seconds is sufficient to substantially remove the surface hydroxide defect.

Figure 23 .

 23 Figure 23. Evolution of hydroxyl content with different laser irradiation times from XPS data.

Figure 24 (

 24 b) also shows the evolution of Rs as the surface roughness changes. To properly use the NIR laser annealing, there's an optimized range of applied NIR laser power, and the thin film morphology change must be considered during the NIR laser annealing process.

Figure 24 .

 24 Figure 24. (a) Surface roughness as a function of NIR laser power. (b) Sheet resistance as a function of surface roughness.

Figure 25 .

 25 Figure 25. Thermal image taken by thermal imager (Testo 875i-versatile), M1 states the highest temperature in the image.
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 77263 Figure 7 (b) implied, the NIR laser heating on PC substrate is very limited, the change of temperature on PC substrate after 120 seconds of NIR laser irradiation were little, within 20°C (initial substrate temperature was 25°C).

Figure 26 .

 26 Figure 26. Temperature measured by thermal imager of different lasing conditions as a function of irradiation time. (a) is 0.8 mm glass, (b) is 0.2 mm glass, (c) is 0.8 mm PC, and (d) is 0.2 mm PC substrate.

Figure 28 shows

 28 Figure 28 shows the degradation of NIR dye during the process of NIR laser irradiation. We can then obtain an equation = α = A + B * Exp(-t/tau). The parameters tau and B of photo-degradation law were extracted from the IR-140 degradation experiments. B was chosen for fitting the initial absorbance of IR-140 (3% for a 100 nm film) at t=0. Tau was chosen to give the proper slope in the formula. Parameter A stands for the constant and can be ignored as we only discuss the absorption effect by the IR-140. Thus, according to the formula we obtained, we can change the selective parameters such as laser power density, irradiation time, thin film cooling time, thickness of thin film, degradation of NIR dye (value obtained by experiments), material of the substrate and substrate thickness.

Figure 27 .

 27 Figure 27. Schematic representation of the system considered here. By the conservation of energy, the variation of energy during dt = incident energytransmitted energy.

Figure 28 .

 28 Figure 28. Simulation of the degradation kinetic of the NIR dye with different time constant. These data were compared to UV-visible data displayed in Figure 10 to extract the value of tau=4).

Figure 29 .

 29 Figure 29. Simulation tool showed the change of temperature when applying different power densities.

Figure 30 .

 30 Figure 30. Temperature change with different irradiation time by simulation tool.

Figure 31 .

 31 Figure 31. Simulation tool showed the temperate change when using (a) glass or (b) PC substrate, the thickness of 0.2, 1, and 5 mm.

Figure 32

 32 Figure 32 shows the result without adding NIR dye, which means that the parameter B value is set to zero. With such condition, we can observe, by comparison with Figure 29 that the temperature increase is

Figure 32 .

 32 Figure 32. Simulation tool showed the temperature change of the IZO film without NIR dye (IR-140), thus the temperature difference was due to the substrate absorption properties.To conclude, we believe that this numerical tool is quite interesting to understand the impact of the different parameters of the system on the laser curing. The values obtained fits well with experimental data, which validates this model for use in this context.
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 2 Figure 33 (a) shows the setup for combined NIR laser and DUV lamp

Figure 33 .

 33 Figure 33. (a) Photo of NIR laser setup and DUV lamp, and (b) the schematic figure for the combination of NIR laser and DUV irradiation applied on IZO film.

Figure 34 .

 34 Figure 34. Power versus time for the DUV lamp (start from ignition).

Figure 35 .

 35 Figure 35. (a) The absorption spectrum of raw PC substrate, PC with 180 seconds of DUV irradiation, IZO with IR-140 on PC, IZO with IR-140 on PC after the irradiation of DUV lamp for 60/120/180 seconds. (b) Zoom-in figure of (a) spectrum from 760 to 840 nm.

  from the device fabricated by NIR laser annealing. The obtained low output current by only DUV irradiation prevent the devices from use for sensor applications.

Figure 36 .

 36 Figure 36. I-V curve of IZO with IR-140 only by the DUV treatment for 60, 120, and 180 seconds.

Figure

  

  37 (a), (b), and (c) showed the corresponding I-V curve, and Figure37 (d)shows the comparison of Rs of 3 mentioned irradiation conditions. It's obvious by the results that the NIR laser irradiation played an essential role in the annealing process. The separated irradiation of DUV and NIR laser also showed the similar Rs.

Figure 37 .

 37 Figure 37. Device I-V comparison of (a) NIR laser irradiation after DUV treatment, (b) NIR laser irradiation only, and (c) DUV irradiation only. Each condition was performed for 3 times. (d) Rs comparison of the above three conditions.

Figure 38 (

 38 Figure 38 (c) shows the photo of patterned IZO film.

Figure 38 .

 38 Figure 38. (a) I-V curve of IZO film with 3 conditions: DUV treatment and washed by ethanol; after DUV treatment and washed by ethanol, NIR laser annealing was applied; NIR laser irradiation after IZO film washed by ethanol. (b) Rs comparison of 3 conditions in (a). (c) Patterned IZO film after DUV irradiation and washed by ethanol.
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 39332 Figure 39. (a) I-V curve of 2 conditions: only NIR laser irradiation, and the combination of NIR laser and DUV lamp (irradiated simultaneously). The substrate was PC. (b) Photo of sample after NIR laser irradiation of 127 W/cm 2 and 60 seconds. (c) Photo of sample after the combination of DUV (180 seconds) and NIR laser irradiation of 127 W/cm 2 and 60 seconds. The PC substrate was broken. (d) Similar with condition (c), but lower the NIR laser power to 105 W/cm 2 and the PC substrate survived.

Figure 40 .

 40 Figure 40. (a) Rs as a function of NIR laser power in the experiment of DUV and NIR laser irradiation simultaneously. (b) and (c) showed the PC substrate revealed some deformation after the applied NIR laser power were 100 and 120 W/cm 2 .

Figure 41 .

 41 Figure 41. The comparison of Rs as a function of NIR laser power, showing that DUV (77.8 mW/cm 2 for 180 s) and NIR laser (60 s) simultaneous irradiation can further improve the device conductivity.

Figure 42 (

 42 a) shows the I-V curve of 3 reduced DUV irradiation time of 60/120/180 seconds. As converted to Rs in Figure 42 (b), the result showed that it's not necessary to use a 180-second of DUV irradiation. 60 seconds of DUV irradiation seemed to be enough for reducing Rs values. So we managed to use the same irradiation time of both DUV and NIR laser irradiation to obtain a good conductivity of the device.

Figure 42 .

 42 Figure 42. (a) I-V curve of different DUV irradiation time of 60/120/180 seconds, each condition was performed for 3 times. (b) Rs as a function of DUV irradiation time in the 3 conditions. The applied NIR laser irradiation was 20 W/cm 2 for 60 seconds.
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 43334 Figure 43. I-V curve of three NIR laser-annealed devices using 60 seconds of DUV irradiation and washed by ethanol.

Figure 44 .

 44 Figure 44. (a) I-V curve of the IZO film with or without IR-140, both conditions were performed for 3 times. (b) Rs comparison of the 2 conditions, showing the importance of IR-140 in the experiment of DUV+NIR laser irradiation simultaneously.

Table 8 .Figure 45 .Table 9 .

 8459 Figure 45. AFM image of IZO film with DUV + NIR simultaneous irradiation. NIR laser power was 20 W/cm2, irradiation time of NIR laser and DUV lamp was 60 seconds.Table9shows the comparison of sheet resistance and surface roughness in IZO film with different irradiation conditions. With only NIR laser irradiation of 127 W/cm2 for 60 s, the high roughness (~50 nm) could be due to the fast evaporation of the solvent. With only DUV irradiation, the lack of efficiency in the densification and the condensation reactions led to the high sheet resistance results, even though the surface roughness was low (~7 nm). The effect of NIR laser annealing was shown in the third condition (DUV irradiation for 60 s then

Figure 46 represents

 46 Figure 46 represents the analysis of the O 1s peak, deconvoluted, as before in 3 components (namely hydroxyl, vacancies and metal-oxide). It can be observed in this graph that the O environment at the atomic scale is quite similar after sequential and simultaneous DUV/NIR irradiation. It is thus difficult to explain, on the basis of the XPS analysis the origin of the improved conductivity when simultaneous irradiations are carried out.

Figure 46 .

 46 Figure 46. XPS analysis in the experiment of DUV-involved NIR laser annealing. The percentage of each bonding (M-OH, M-Ovac, and M-O-M) was compared.

Figure 47 .

 47 Figure 47. Sheet resistance comparison of 3 annealing methods: DUV irradiation only, NIR laser only, and DUV-NIR simultaneous irradiation.

Figure 48 .Figure 49 .

 4849 Figure 48. The test of substrate endurance to NIR laser irradiation. The substrates were PC, PET, and PE, with 0.2 mm and 0.8 mm thickness. The applied NIR laser power was 64 W/cm 2 and 127 W/cm 2 for 60 seconds. The irradiation area is described in the photos.

Figure 49 .

 49 Figure 49. I-V characteristic of NIR laser-annealed IZO films on 0.2 mm thickness (a) PC, (b) PET, and (c) PE substrate.

Figure 50

 50 Figure50exhibits the effect NIR laser irradiation on three kinds of textiles (Viscose, Polyester, and Polymond) that are currently used. It can be seen from Figure50(a) that Viscose can endure the NIR laser irradiation of 127 W/cm 2 for 120 seconds, but with 192 W/cm 2 for 30 seconds it was burnt. Figure50 (b)shows that Polyester is a good candidate for the laser annealing method, it could resist to 127 W/cm 2 for 120 seconds, 157 W/cm 2 for 120 seconds, and 192 W/cm 2 for 30 seconds.For the Polymond in Figure50 (c), the applied NIR laser power of 127 W/cm 2 for 60 seconds started to burn the substrate. Results showed that the ranking of the endurance by NIR laser irradiation was Polyester > Viscose > Polymond. This shows that the NIR laser treatment conditions are compatible with such substrates.

Figure 50 .

 50 Figure 50. NIR laser irradiation on textiles. (a) Viscose, (b) Polyester, and (c) Polymond.

Figure 51 .

 51 Figure 51. NIR laser irradiation of 127 W/cm 2 for 60 seconds was applied on Polyester substrate. The blue area was the IZO thin film deposited by drop, and the yellow square in center was the irradiation area by NIR laser.

Figure 52 .

 52 Figure 52. (a) The NIR laser-annealed Polyester substrate with gold electrodes. (b) Gold electrodes on Polyester.

Figure 53 .

 53 Figure 53. Woven fabric structure of Polyestser shows the discontinuity of the surface. (a) Mircograph of the cross-section of Nomex ® fabric. (b) Geometry of unit cell [123] . The figure was captured from

Figure 54 .

 54 Figure 54. Sensing system for the humidity sensor fabricated by NIR laser annealing. IZO device served as a chemoresister in the sensing chamber. After that, the humidity sensing results was demonstrated. By the humidity sensing system mentioned above, we tested the real-time current response to the changing of RH in Figure 55. As shown in Figure 55 (b),

Figure 56 (

 56 Figure 56 (a) shows the current response when changing RH from 13% to 60%. Figure 56 (b) depicted the current as a function of RH. However, from Figure 55 (b) we noticed the repeatability problem. There is no consistent current response when applying identical RH. In the following section, we will propose a method to overcome this problem.

Figure 55 .

 55 Figure 55. (a) I-V curve of IZO device as the humidity sensor, the applied NIR laser power was 127 W/cm 2 for 60s on PC substrate. The I-V data was measured in the ambient air, with the RH around 55%. (b) The real-time current response of the humidity sensor, with the adjustable RH from 11% to 59%.

Figure 56 .

 56 Figure 56. (a) The real-time current evolution as the RH increases. (b) Calibration curve of the NIR laser-annealed humidity sensor in (a).

Figure 58 .

 58 Figure 58. Schematic diagram of the gas sensing system.

  (b) demonstrates the calibration curve by plotting the sensing response as a function of H 2 S concentrations. For every H 2 S concentration, three sensing responses were recorded to calculate the average and standard deviation. Note that even the change of RH would lead to a variation of device current level, the current response to H 2 S remained the comparable level with a fixed RH value.

Figure 60 .

 60 Figure 60. Current response under 1000 ppb of H 2 S gas for 3 times measurements.In Figure61(a) and (b), we showed the real-time H 2 S gas response curve at high RH level (RH = 62%) and at low RH level (RH = 30%), respectively. The results showed that, compared with the IZO devices at high RH level, IZO devices at low RH level exhibited a lower output current and an almost the same H 2 S response. Note that the decrease of RH would not obviously influence the gas response. However, the decreasing current level due to the low RH could lead to a profound interference due to the noise in the measurement system (Figure61 (b)).

Figure 61 .

 61 Figure 61. (a) Current response and gas response to 1000, 500 and 300 ppb of H 2 S gas with the RH of (a) 62% and (b) 30%.

Figure 62 .

 62 Figure 62. (a) I-V curve of the NIR laser-annealed IZO devices with different RH. (b) The calibration curve of such IZO devices with different RH values.

Figure 63 .

 63 Figure 63. (a) Current response and gas response to 2.5/1.25/0.75 ppm of CO gas with 60% RH. (b) Calibration curve of CO gas sensor.

Figure 65 .

 65 Figure 65. (a) The current response and gas response to 300/500/1000 ppb of H 2 S gas, the device was NIR laser-annealed by 93 W/cm 2 for 60 seconds on glass substrate. (b) The current response and gas response to 300/500/1000 ppb of H 2 S gas, 157 W/cm 2 for 60 seconds of NIR laser annealing was applied on glass. (c) The calibration curve comparison of the two devices.

Figure 66 .

 66 Figure 66. The 3-times repeated real-time sensing responses to 1.2 ppm H 2 S when device was (a) just fabricated (noted as Day 0) and (b) stored in a food-storage-quality nitrogen bag for 2 days (noted as Day 2).

  humidity. It is thus plausible that the H 2 S detection of our sample does not rely on the reaction with O -or O 2 -. The detailed mechanism, however, requires further investigation. In this work, we aimed to propose a new annealing method to realize flexible IZO on a plastic substrate and to deliver an ultrasensitive ppb-regime H 2 S and CO sensing performance. Table 11. Comparison of recent reports of H 2 S sensors.4-3 Plastic wrap devices using DUV+NIR laser annealing methodIn chapter 3, we have noticed that the use of DUV irradiation in the NIR laser annealing process can further improve the device conductivity and lower the required NIR laser power. In this section we will demonstrate the plastic wrap devices fabricated by the combination of DUV and NIR laser annealing process.4-3-1 Schematic flow of plastic wrap devices fabricationThe plastic wrap (GLAD press'n seal) in this work was purchased in amazon online shop. Figure67shows the schematic flow diagram of the plastic wrap device fabrication. First, we pull out a piece of plastic wrap and cut it into a 3 cm × 3 cm substrate. Then we attach the plastic wrap onto a polycarbonate substrate for the rest of the fabrication process. The UV treatment for 5 minutes was applied on the plastic wrap to produce hydrophilic surfaces for facilitating the following IZO film adhesion.Note that the long irradiation of UV light would cause damage to the plastic wrap, leading to the loss of flexibility, as shown in Figure68 (a). After UV treatment, the IZO film with IR-140 was spin-coated onto plastic wrap. The combination of NIR laser of 20 W/cm 2 and DUV simultaneous irradiation for 60 seconds was applied afterwards. Still, long irradiation of DUV would cause the damage to the plastic wrap (i.e., 180 seconds for the IZO patterning). The color of plastic wrap became a bit yellow due to the DUV treatment for 60 seconds, however, the flexibility of the substrate remained almost the same. Then, Al electrodes were deposited by thermal evaporation machine in the final step. It's worth noting that during the thermal evaporation for electrodes deposition, the substrate deformation could happen due to the heat transmission by shadow mask (Figure 68 (b)). To avoid this, we can deposit the electrodes by multiple times (thin Al layer at one time) or attach the plastic wrap onto other substrates with a better heat conduction.

Figure 67 .

 67 Figure 67. Schematic flow diagram to fabricate the plastic wrap devices.
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 68432 Figure 68. Failures during the fabrication of plastic wrap devices. (a) The loss of flexibility due to the long time irradiation of UV/DUV light. (b) Substrate deformation caused by the hot Al steam during thermal evaporation.

Figure 69 .

 69 Figure 69. (a) The I-V characteristic of the plastic wrap devices. There were five devices to be calculated the average and the standard deviation of Rs and compared in (b) with devices fabricated on PC substrate. Thickness of IZO film was around 100 nm.

Figure 70 . 4 - 3 - 3

 70433 Figure 70. The re-attached test of plastic wrap device. The black dots showed the I-V curve of the plastic wrap device on original PC substrate. The red dots showed the I-V curve after the plastic wrap device was re-attached on a name card.

Figure 71 .

 71 Figure 71. (a), (b) and (c) showed the current response and gas response to H 2 S gas of 1000/500/300 ppb by 3 different plastic wrap devices. (d) Calibration curve plotted by the data from (a), (b), and (c).

Figure 72 . 5 - 1

 7251 Figure 72. (a) Sensing selectivity of plastic wrap devices. (b) Sensing selectivity of device fabricated on PC as a reference.

Figure 73 .

 73 Figure 73. (a) Hotplate used for thermal annealing. (b) Thermal image taken by thermal imager of a glass sample heating on a hotplate. (c) Thermal image of a sample heating in the furnace tube.

Figure 74 .

 74 Figure 74. NIR laser setup and DUV lamp.

Figure 75 .

 75 Figure 75. The definition of sensing response in this dissertation.
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	Chapter 1. Introduction
	Résumé du chapitre 1
	Dans ce chapitre, les connaissances de base sur les matériaux
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	l'émergence du marché de l'Internet des objets (IoT), l'objectif de cette
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	de capteurs de gaz sélectifs récents utilisant des matériaux à base
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	Cette dernière application suppose de développer des procédés de
	fabrication dont toutes les étapes sont à basse température pour assurer
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	fabrication à basse température de matériaux d'oxyde métallique sur des
	substrats flexibles est donc d'abaisser la température de recuit. Cette étape
	de recuit est en effet indispensable pour conférer des propriétés adéquates
	au matériau. Nos travaux précédents ont permis d'introduire des procédés
	alternatifs de traitement par laser qui remplace ou complètent ces recuits
	thermiques. Les principaux résultats sont rappelés.

Table 6 . Temperature measured by thermal imager on glass substrate of 0.8 and 0.2 mm thickness after NIR laser irradiation was applied.

 6 

Table 11 .

 11 For H 2 S sensing on the flexible substrate, we are the first to deliver sensitivity in the ppb regime. The annealed IZO chemoresistor was in contact with H 2 S. When we reduce the RH in the sensing chamber to 30%, as shown by the red line in Figure65(c), the responses to H 2 S were almost the same as those with a RH of 62%. Such a humidity effect on gas sensing in IZO differs from prior reports. In previous works, a degraded CO or H 2 S sensing response is observed when increasing the humidity. The elevated water absorption on the ZnO surface shields the reactive O -or O 2 -sites and hence

	sensing mechanism, particularly at operating temperatures above 140°C,
	is mostly explained by the reaction between H 2 S molecules and O -or O 2 -
	to generate additional free electrons. The high temperature greatly
	enhances the absorption activity of oxygen onto the surface of the
	metal-oxide semiconductor. The conversion rate of absorbed molecular
	oxygen (O 2 -) to atomic oxygen (2O -) is also increased at elevated
	temperatures. The H 2 S molecules then react with O-or O 2 -to form SO 2

and free electrons. Hence, a current increase is obtained wen detecting H 2 S. However, in our work, we repeatedly observed a current drop when the NIR-

3-3-6 IZO film morphology of DUV+NIR laser annealing

By using the DUV and NIR laser simultaneous irradiation, we were able to obtain devices with low sheet resistance and stable current performance even with low NIR laser power. According to the previous discussions in section 2-4-3 and 2-5, we observed that the IZO film morphology was changed when tuning the NIR laser power. With high NIR laser power, IZO film roughness was significantly increased due to the fast evaporation of solvent. This also leads to the increase of the sheet resistance. Figure 45 shows the AFM image of IZO film using DUV+NIR laser annealing. The low surface roughness was comparable to that of the thermal annealing samples (around 1-2 nm), verifying that DUV and NIR laser simultaneous irradiation alleviated the problem of fast solvent evaporation under high power laser irradiation. In this section, we noticed that the NIR laser-annealed IZO chemoresistor can also serve as a carbonate monoxide (CO) sensor. With the analyte gas change to CO, the IZO device also showed a good current response to CO gas, as depicted in Figure 63. We then measure the sensor response to other kinds of gas to evaluate the sensing selectivity. The sensing response to ammonia (NH 3 ), acetone (denoted as ACE), nitrogen monoxide (NO), carbon monoxide (CO), and hydrogen sulfide (H 2 S) with a gas concentration of 1 ppm is shown in Figure 64. We noticed that the proposed NIR laser-annealed IZO film was particularly sensitive to H 2 S and CO gas. The high sensitivity and selectivity indicates that the devices made by NIR laser annealing are promising for applications in industries or household surveillance [130,131] . We have noticed that the applied NIR laser power could influence the morphology of the IZO film in section 2-4-3. Normally, the high-roughness is considered to be a good way to promote the sensing response. Thus, we tried to compare the effects of roughness difference to the sensing response in our NIR laser-annealed devices. The NIR laser power of 93 W/cm 2 for 60 seconds was applied to serve the low roughness device (roughness ~ 10 nm) and the power of 157 W/cm 2 for 60 seconds was used to serve the high roughness device (roughness ~ 80 nm). Both devices were fabricated on glass substrate. The gas response for both devices were shown in Figure 65. Figure 65 (a) and (b) showed the current response and gas response to the 300/500/1000 ppb of H 2 S gas.

Figure 65 (c) shows the calibration curve comparison of each device. The results indicated that even the IZO film roughness influenced the device output current, the surface roughness is not the primary factor to control the H 2 S sensing.

Chapter 6. Conclusions

We demonstrate a new 808 nm NIR-laser-based method to prepare IZO thin film from solutions. This process is low-cost, simple and fast (by reducing the annealing time), which makes it suitable for practical applications. The performances of the laser-annealed (60 sec) devices are comparable with that of a thermally annealed devices with an annealing temperature above 200°C/1 hour. The short laser irradiation time and the local heating phenomenon make the NIR laser suitable for fabrication on flexible substrates such as polycarbonate (PC). The XPS and ATR-FTIR analysis confirmed that the proposed NIR laser annealing method provides a suitable metal-oxide network for electric conduction. In particular, we showed the important contribution of IR140 NIR dye in the laser-induced process.

The NIR laser-annealed IZO film was then used as a humidity sensor and gas sensor. For humidity sensing, compared with the reference humidity, the IZO film delivered a stable sensing response to RH, varying from 10 to 60%. Then, with a fixed humidity, the IZO film exhibited an extremely sensitive response to H 2 S gas, ranging from 300 to 1000 ppb, and also a good sensitivity to the CO gas, ranging from 750 to 2500 ppb.

The sensing mechanism does not rely on the interaction between H 2 S and the absorptive of oxygen (O -or O 2 -), which is only present at high temperatures. As a result, in our work, ppb-regime H 2 S sensing can be realized at room temperature on a bendable substrate. The H 2 S and CO sensing selectivity among acetone, ammonia, nitric monoxide, and carbon