Oleg Lupan 
  
Vasile Postica 
  
Dr Thierry Pauporté 
email: thierry.pauporte@chimieparistech.psl.eu
  
Bruno Viana 
  
Maik-Ivo Terasa 
  
Rainer Adelung 
  
Dr Eng Lupan 
  
  
  
  
  
Keywords: Au-modified ZnO NW, gas sensor, nanosensor, hydrogen, individual nanowire Au-modified ZnO NW, gas sensor, nanosensor, hydrogen, individual nanowire

Room temperature gas nanosensors based on individual

Introduction

The demand for new room-temperature nanosensors has come from different fields and requirements, such as rapid detection of explosive and hazardous gases, compounds and various risky nanomaterials. Due to their high surface-to-volume ratio and crystallinity, the onedimensional (1-D) semiconducting oxide nanostructures, such as nanowires, nanobelts, nanofibers and nanotubes, have attracted great interest toward their integration in high performance sensing devices and nanodevices [START_REF] Cao | Engineering Light Absorption in Semiconductor Nanowire Devices[END_REF][START_REF] Hu | Fast-Response Nanowire Sensors by Using Schottky Contacts[END_REF][START_REF] Kolmakov | Enhanced Gas Sensing by Individual SnO2 Nanowires and Nanobelts Functionalized with Pd Catalyst Particles[END_REF][START_REF] Kolmakov | Detection of CO and O2 Using Tin Oxide Nanowire Sensors[END_REF][START_REF] Kind | Nanowire Ultraviolet Photodetectors and Optical Switches[END_REF][START_REF] Strelcov | Gas Sensor Based on Metal-Insulator Transition in VO2 Nanowire Thermistor[END_REF][START_REF] Hernandez-Ramirez | On the Role of Individual Metal Oxide Nanowires in the Scaling Down of Chemical Sensors[END_REF][START_REF] Peng | Low-Dimensional Nanostructure Ultraviolet Photodetectors[END_REF]. A lot of attention has been paid especially on devices based on individual 1-D nanostructures due to their unique opportunity to develop high sensitivity at room temperature, being one of the best candidates for realizing ultrasensitive gas sensors with ultralow power consumption [START_REF] Hu | Fast-Response Nanowire Sensors by Using Schottky Contacts[END_REF]. For example, Zhang et al. reported on the fabrication of a gas sensor based on an individual In2O3 NW able to detect NO2 down to the ppb level at room temperature [START_REF] Zhang | Detection of NO2 Down to ppb Levels Using Individual and Multiple In2O3 Nanowire Devices[END_REF]. Another huge advantage of individual 1-D nanostructures arises from their diameter comparable with the Debye length, which gives the possibility for an efficient modulation of the conduction channel under adsorption/desorption of gas molecules [START_REF] Kolmakov | Enhanced Gas Sensing by Individual SnO2 Nanowires and Nanobelts Functionalized with Pd Catalyst Particles[END_REF][START_REF] Hernandez-Ramirez | Insight into the Role of Oxygen Diffusion in the Sensing Mechanisms of SnO2 Nanowires[END_REF][START_REF] Postica | Schottky Diode Based on a Single Carbon-Nanotube-ZnO Hybrid Tetrapod for Selective Sensing Applications[END_REF]. Therefore, several studies demonstrated that in the case of individual 1-D nanostructures the size is the key factor which determines the performances of the devices [START_REF] Hernandez-Ramirez | On the Role of Individual Metal Oxide Nanowires in the Scaling Down of Chemical Sensors[END_REF][START_REF] Hernandez-Ramirez | Insight into the Role of Oxygen Diffusion in the Sensing Mechanisms of SnO2 Nanowires[END_REF][START_REF] Calarco | Size-Dependent Photoconductivity in MBE-Grown GaN-Nanowires[END_REF][START_REF] Gröttrup | Size-Dependent UV and Gas Sensing Response of Individual Fe2O3-ZnO:Fe Microand Nanowire Based Devices[END_REF][START_REF] Lupan | Highly Sensitive and Selective Hydrogen Single-Nanowire Nanosensor[END_REF][START_REF] Lupan | Ultra-Sensitive and Selective Hydrogen Nanosensor with Fast Response at Room Temperature Based on a Single Pd/ZnO Nanowire[END_REF][START_REF] Mathur | Size-Dependent Photoconductance in SnO2 Nanowires[END_REF][START_REF] Schütt | Single and Networked ZnO-CNT Hybrid Tetrapods for Selective Room-Temperature High-Performance Ammonia Sensors[END_REF]. Yang et al. demonstrated that smaller palladium NWs show accelerated response and recovery rates to H2 gas [START_REF] Yang | Smaller is Faster and More Sensitive: The Effect of Wire Size on the Detection of Hydrogen by Single Palladium Nanowires[END_REF]. Tonezzer and Hieu characterized SnO2 NWs with different diameter sizes as NO2 sensors and observed that thinner NWs show higher gas sensing performances, i.e. a higher gas response, a smaller detection limit and faster response and recovery times [START_REF] Tonezzer | Size-Dependent Response of Single-Nanowire Gas Sensors[END_REF].

Previous studies demonstrated that individual ZnO and Ag-or Cd-doped ZnO NWs, integrated into nanosensors using the same procedure, possess a good selectivity to hydrogen gas at room temperature compared to other reducing gases [START_REF] Lupan | Highly Sensitive and Selective Hydrogen Single-Nanowire Nanosensor[END_REF][START_REF] Lupan | Fabrication of ZnO Nanorod-Based Hydrogen Gas Nanosensor[END_REF][START_REF] Lupan | Silver-Doped Zinc Oxide Single Nanowire Multifunctional Nanosensor with a Significant Enhancement in Response[END_REF][START_REF] Lupan | Selective Hydrogen Gas Nanosensor Using Individual ZnO Nanowire with Fast Response at Room Temperature[END_REF]. The highly efficient approach to further increase the gas sensing properties and to improve the specificity of individual 1-D nanostructures is surface functionalization with noble metal nanoparticles [START_REF] Kolmakov | Enhanced Gas Sensing by Individual SnO2 Nanowires and Nanobelts Functionalized with Pd Catalyst Particles[END_REF][START_REF] Lupan | Ultra-Sensitive and Selective Hydrogen Nanosensor with Fast Response at Room Temperature Based on a Single Pd/ZnO Nanowire[END_REF][START_REF] Lupan | Functionalized Pd/ZnO Nanowires for Nanosensors[END_REF]. In this case, nanoscale Schottky barriers are formed at the interface of metal oxide nanostructures and noble metal NPs, which greatly improve the modulation of the conduction channel under adsorption/desorption of oxygen species, i.e. lead to a higher gas response [START_REF] Kolmakov | Enhanced Gas Sensing by Individual SnO2 Nanowires and Nanobelts Functionalized with Pd Catalyst Particles[END_REF][START_REF] Lupan | Ultra-Sensitive and Selective Hydrogen Nanosensor with Fast Response at Room Temperature Based on a Single Pd/ZnO Nanowire[END_REF][START_REF] Lupan | Functionalized Pd/ZnO Nanowires for Nanosensors[END_REF]. This gas sensing mechanism is widely attributed to electronic sensitization [START_REF] Kolmakov | Enhanced Gas Sensing by Individual SnO2 Nanowires and Nanobelts Functionalized with Pd Catalyst Particles[END_REF][START_REF] Yamazoe | New Approaches for Improving Semiconductor Gas Sensors[END_REF]. On the other hand, the chemical sensitization is another mechanism which greatly improves the quantity of the adsorbed oxygen species via the spillover effect, because noble metal NPs are far better oxygen dissociation catalysts than metal oxides [START_REF] Kolmakov | Enhanced Gas Sensing by Individual SnO2 Nanowires and Nanobelts Functionalized with Pd Catalyst Particles[END_REF]. For example, Kolmakov et al. demonstrated that Pd-functionalized SnO2 nanobelts exhibit a dramatic improvement in sensitivity toward oxygen and hydrogen due to the enhanced catalytic dissociation of the molecular adsorbate on the Pd nanoparticle surfaces and the subsequent diffusion of the resultant atomic species to the oxide surface [START_REF] Kolmakov | Enhanced Gas Sensing by Individual SnO2 Nanowires and Nanobelts Functionalized with Pd Catalyst Particles[END_REF]. Liao et al. fabricated a gas sensor based on individual Pt-functionalized CeO2 NWs, demonstrating that Pt incorporation can significantly increase the sensor response [START_REF] Liao | Single CeO2 Nanowire Gas Sensor Supported with Pt Nanocrystals: Gas Sensitivity, Surface Bond States, and Chemical Mechanism[END_REF]. However, the main disadvantage in all cases is the necessity of an additional technological step to functionalize the 1-D nanostructures with noble metal NPs. Recently, our group demonstrated the possibility to grow Au NPs-functionalized ZnO NW arrays via a single-step electrodeposition approach [START_REF] Lupan | Synthesis of Au-Modified ZnO NWs for Ultra-Sensitive Gas Nanosensor[END_REF]. In this case, the surface functionalization with Au NPs is performed in the same step of NWs growth by electrodeposition, which simply excludes the necessity of additional steps for surface functionalization. Moreover, while the gas sensing properties of sensors based on networks of Aufunctionalized nano-and microstructures were widely reported [START_REF] Feng | In-Situ Generation of Highly Dispersed Au Nanoparticles on Porous ZnO Nanoplates via Ion Exchange from Hydrozincite for VOCs Gas Sensing[END_REF][START_REF] Gogurla | Multifunctional Au-ZnO Plasmonic Nanostructures for Enhanced UV Photodetector and Room Temperature NO Sensing Devices[END_REF][START_REF] Guo | High-Performance Gas Sensor Based on ZnO Nanowires Functionalized by Au Nanoparticles[END_REF], the gas sensing properties of an individual Au-functionalized nanostructure or nanowire have not been reported. Although, the technological concept of individual functionalized nanowire integration was reported by Lupan et al., as well as the combination of Au NPs with ZnO nanostructures, we consider that detailed gas sensing properties of individual Au/ZnO NWs reported in this work are completely new and will be of high interest for the scientific community due to the lack of information in literature on a single functionalized semiconducting oxide nanowire covered with nanoscale-Schottky contacts at the Au NPs/ZnO NW interface. In this field it is important to identify an updated concept and models of nanosensors, which are essential for understanding the role of noble metal nanoclusters on semiconducting oxide nanowires and contribute to a design of fiable room-temperature gas sensors.

In this work, the individual and multiple networked Au NPs-functionalized ZnO NWs with nanoscale-Schottky contacts were integrated into gas sensing devices using a dual beam FIB/SEM system. The influence of the diameter and the effect of relative humidity on the room temperature gas sensing properties were investigated in detail. Moreover, the comparison of gas sensing characteristics for individual and multiple networked NWs was carried out in order to find out which configuration is more suitable for fabrication of high performance gas micro-and nanosensors.

Experimental part

The synthesis of ZnO NW arrays, modified by Au, was performed by electrochemical deposition in a classical three-electrode electrochemical cell, as was already reported in our previous works [START_REF] Lupan | Synthesis of Au-Modified ZnO NWs for Ultra-Sensitive Gas Nanosensor[END_REF][START_REF] Belghiti | Mechanistic Study of ZnO Nanorod Array Electrodeposition[END_REF][START_REF] Lupan | Hydrothermal Treatment for the Marked Structural and Optical Quality Improvement of ZnO Nanowire Arrays Deposited on Lightweight Flexible Substrates[END_REF]. In this study, only the samples grown using 0.9 µM of HAuCl4 (Sigma-Aldrich, >99.9%) in an electrochemical bath were used for nanosensor fabrication. The detailed morphological, structural, optical and chemical characterization of Au-modified ZnO NW arrays are presented in our previous work [START_REF] Lupan | Synthesis of Au-Modified ZnO NWs for Ultra-Sensitive Gas Nanosensor[END_REF]. In the present paper, only the gas sensing properties of the synthesized Au/ZnO NWs will be investigated.

The individual Au-modified ZnO NWs were integrated into nanosensor devices using a FIB/SEM system by a method developed by Lupan et al. [START_REF] Lupan | Fabrication of ZnO Nanorod-Based Hydrogen Gas Nanosensor[END_REF][START_REF] Lupan | Versatile Growth of Freestanding Orthorhombic α-Molybdenum Trioxide Nano-and Microstructures by Rapid Thermal Processing for Gas Nanosensors[END_REF]. The nanosensors device represents a SiO2 (350 nm)-coated Si substrate (SiO2/Si) with pre-patterned Au/Cr electrodes. The size of the chip is 10 mm × 10 mm. The configuration of the electrodes and optical images of the chip are presented in our previous work [START_REF] Lupan | Versatile Growth of Freestanding Orthorhombic α-Molybdenum Trioxide Nano-and Microstructures by Rapid Thermal Processing for Gas Nanosensors[END_REF], as well as schematically illustrated in Figure S1a-c.

On the same chip, maximum eight devices based on a single nanowire or multiple structures can be integrated (see Figure S1b) and measured using the two probes method. The integration of individual or multiple nanowires can be described as follows. The Au/ZnO NWs are released from the initial substrate by sonication in ethanol, followed by a transfer by touching an intermediate SiO2/Si substrate in order to obtain the lower density of NWs [START_REF] Lupan | Fabrication of ZnO Nanorod-Based Hydrogen Gas Nanosensor[END_REF][START_REF] Lupan | Versatile Growth of Freestanding Orthorhombic α-Molybdenum Trioxide Nano-and Microstructures by Rapid Thermal Processing for Gas Nanosensors[END_REF]. This allows the connection of multiple networked NWs to the Au pads by deposition of a Pt complex. In order to integrate the individual nanostructures, further dispersion to a lower density of NWs is necessary, which was used also for the integration of individual CuO, MoO3 and Fe2O3 NWs with a diameter down to 20-30 nm [START_REF] Lupan | Fabrication of ZnO Nanorod-Based Hydrogen Gas Nanosensor[END_REF][START_REF] Lupan | Versatile Growth of Freestanding Orthorhombic α-Molybdenum Trioxide Nano-and Microstructures by Rapid Thermal Processing for Gas Nanosensors[END_REF][START_REF] Lupan | Localized Synthesis of Iron Oxide Nanowires and Fabrication of High Performance Nanosensors Based on a Single Fe2O3 Nanowire[END_REF]. The lower density and uniform distribution of Au/ZnO NWs can be obtained by transfer to the SiO2/Si chip using a direct contact technique and a micro-manipulator, described in detail in our previous work [START_REF] Lupan | Versatile Growth of Freestanding Orthorhombic α-Molybdenum Trioxide Nano-and Microstructures by Rapid Thermal Processing for Gas Nanosensors[END_REF]. The respective SEM images of networked and individual Au/ZnO NWs is further presented in this work.

The gas sensing measurements were performed at room temperature (RT, ~ 25 °C) and in normal ambient air (relative humidity, RH of ~ 25 %) as was already reported in our previous works [START_REF] Lupan | Silver-Doped Zinc Oxide Single Nanowire Multifunctional Nanosensor with a Significant Enhancement in Response[END_REF][START_REF] Cretu | Synthesis, Characterization and DFT Studies of Zinc-Doped Copper Oxide Nanocrystals for Gas Sensing Applications[END_REF][START_REF] Lupan | Single and Networked CuO Nanowires for Highly Sensitive p-Type Semiconductor Gas Sensor Applications[END_REF]. The RH was continuously monitored using a standard hygrometer, while the bubbling system was used in order to generate different values of RH [START_REF] Cretu | Synthesis, Characterization and DFT Studies of Zinc-Doped Copper Oxide Nanocrystals for Gas Sensing Applications[END_REF]. The gas response (S) is defined as the ratio between the current under exposure to gas (Igas) and the current under exposure to ambient air (Iair), i.e. S = Igas/ Iair. The theoretical detection limit was estimated as reported in details by Dua et al. and Lu et al., i.e. using the signal-to-noise ratio [START_REF] Dua | Manohar Sanjeev All-Organic Vapor Sensor Using Inkjet-Printed Reduced Graphene Oxide[END_REF][START_REF] Li | Carbon Nanotube Sensors for Gas and Organic Vapor Detection[END_REF].

Results and discussions

Influence of the Au/ZnO NW diameter and relative humidity on gas sensing properties

Figure 1a and Figure S1 show SEM images of Au/ZnO NWs with different radius (140, 115, 90 and 60 nm), used in this study in order to investigate the influence of the NW diameter on the gas sensing properties. All NWs were grown using 0.9 µM of HAuCl4 in electrochemical bath, which was demonstrated to be the optimal concentration in order to achieve the highest gas sensing performances [START_REF] Lupan | Synthesis of Au-Modified ZnO NWs for Ultra-Sensitive Gas Nanosensor[END_REF]. On the surface of all NWs, the Au NPs could be observed (see Figure S2). The gas response at room temperature versus the diameter of the Au/ZnO NW to 100 ppm of hydrogen gas, ethanol, acetone and methanol is presented in Figure 1b. As was demonstrated in our previous work [START_REF] Lupan | Synthesis of Au-Modified ZnO NWs for Ultra-Sensitive Gas Nanosensor[END_REF], the Au/ZnO NWs are highly selective to hydrogen gas, which can be also observed for NWs in a wide range of radius (from 60 to 140 nm, see Figure 1b), i.e. the selectivity does not depend on the diameter of the NWs. Also, it must be mentioned that for all individual NWs, the number of Au NPs was practically the same (5 ± 3 NPs), in order to exclude the influence of the NP density on the gas response (see Figure 1a andS2). The gas response to 100 ppm of ethanol, acetone and methanol vapors for Au/ZnO NW with 150 nm diameter is presented in Figure S3a, showing no deviation in current values. The gas response of Au/ZnO NWs with radius of 60, 75, 90, 115 and 140 nm to 100 ppm of H2 gas is 7.5, 4.7, 2.4, 1.4 and 1.2, respectively (see Figure 1b).

Figure 1c shows the dynamic gas response at room temperature to 100 ppm of H2 gas of individual Au/ZnO NWs with different radius (60, 90 and 140 nm). The calculated response and recovery times versus diameter of individual Au/ZnO NW is presented in Figure 1d. A decrease in recovery time with the decrease of the NW diameter can be observed, which is in agreement with other experimental results based on individual semiconducting oxide NWs nanosensors [START_REF] Lupan | Ultra-Sensitive and Selective Hydrogen Nanosensor with Fast Response at Room Temperature Based on a Single Pd/ZnO Nanowire[END_REF][START_REF] Tonezzer | Size-Dependent Response of Single-Nanowire Gas Sensors[END_REF]. In the case on Au/ZnO NW with a radius of 60 nm the response and recovery times are 140 s and 300 s, respectively (see Figure 1d).

The rise in H2 gas response by decreasing in NW diameter can be explained based on increased impact of surface phenomena (adsorption/desorption of gaseous species) on electron transport through the conduction channel of NW [START_REF] Hernandez-Ramirez | Insight into the Role of Oxygen Diffusion in the Sensing Mechanisms of SnO2 Nanowires[END_REF][START_REF] Gröttrup | Size-Dependent UV and Gas Sensing Response of Individual Fe2O3-ZnO:Fe Microand Nanowire Based Devices[END_REF][START_REF] Lupan | Ultra-Sensitive and Selective Hydrogen Nanosensor with Fast Response at Room Temperature Based on a Single Pd/ZnO Nanowire[END_REF][START_REF] Liao | Size Dependence of Gas Sensitivity of ZnO Nanorods[END_REF][START_REF] Paulowicz | Zinc Oxide Nanotetrapods with Four Different Arm Morphologies for Versatile Nanosensors[END_REF]. The thinner the NWs, the higher is modulation of surface electron depletion region under adsorption/desorption of oxygen species and then it results in a higher gas response (S) [START_REF] Lupan | Ultra-Sensitive and Selective Hydrogen Nanosensor with Fast Response at Room Temperature Based on a Single Pd/ZnO Nanowire[END_REF]:
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Assuming that Lgas << D, where D is the diameter of NW, Lair and Lgas are the width of electron depletion region under air and gas, respectively. λD is the Debye length, T is the absolute temperature, k is the Boltzmann's constant, and VS(air) is the band bending induced by adsorption under ambient air. According to Eq. ( 1), the gas response was calculated assuming that Lair is 15 nm [START_REF] Fan | ZnO Nanowire Field-Effect Transistor and Oxygen Sensing Property[END_REF]. The results in comparison with experimental data are presented in Figure S3b, showing that for relatively thick NWs the experimental data are comparable with theoretical calculations.

However, for NWs with radius smaller than 100 nm the experimental data considerably deviate from theoretical results, which may be of high interest for further scientific investigations and new nano-physics. This can be explained based on gas sensing mechanism elaborated in previous work [START_REF] Lupan | Synthesis of Au-Modified ZnO NWs for Ultra-Sensitive Gas Nanosensor[END_REF], which is based on formation of nanoscale-Schottky contacts at Au NPs/ZnO NW interface due to higher work function of Au (φAu = 5.1 eV) compared to that of ZnO (φAu = 4.1 eV) [START_REF] Liu | Giant Improvement of the Performance of ZnO Nanowire Photodetectors by Au Nanoparticles[END_REF][START_REF] Joondong | ZnO Nanowire-Embedded Schottky Diode for Effective UV Detection by the Barrier Reduction Effect[END_REF].

This will lead a to narrower conduction channel (dair) under exposure to ambient air, and therefore to higher modulation of the conduction channel width (dgas) after exposure to H2 gas (see Figure 2).

Previous studies demonstrated that individual ZnO and doped ZnO NWs (Ag-and Cddoped) possess a good selectivity to hydrogen gas at room temperature [START_REF] Lupan | Highly Sensitive and Selective Hydrogen Single-Nanowire Nanosensor[END_REF][START_REF] Lupan | Fabrication of ZnO Nanorod-Based Hydrogen Gas Nanosensor[END_REF][START_REF] Lupan | Silver-Doped Zinc Oxide Single Nanowire Multifunctional Nanosensor with a Significant Enhancement in Response[END_REF][START_REF] Lupan | Selective Hydrogen Gas Nanosensor Using Individual ZnO Nanowire with Fast Response at Room Temperature[END_REF]. In our case, the surface functionalization with Au NPs induced no changes in the selectivity from hydrogen gas to other tested gases (ethanol, acetone and methanol, see Figure 1b). Thus, we can conclude that the main mechanism responsible for enhancement of gas sensing properties is an additional modulation of the conduction channel due to formation of nanoscale Schottky contacts at the interface of Au NPs and ZnO NWs (or so called electronic sensitization), while catalytic properties of Au NPs do not increase the rate of oxidation of ethanol, acetone or methanol molecules.

According to other results, the electronic sensitization does not induce the changes in selectivity and is only responsible for increasing the gas response [START_REF] Choi | Remarkable Improvement of Gas-Sensing Abilities in ptype Oxide Nanowires by Local Modification of the Hole-Accumulation Layer[END_REF][START_REF] Miller | Nanoscale Metal Oxide-Based Heterojunctions for Gas Sensing: A Review[END_REF].

Influence of relative humidity on gas sensing properties of individual Au/ZnO nanowires

In normal ambient conditions, the value of relative humidity can vary over a wide range, it is thus an important parameter which can reduce the gas sensing properties of metal oxide based gas sensors [START_REF] Kim | The Role of NiO Doping in Reducing the Impact of Humidity on the Performance of SnO2-Based Gas Sensors: Synthesis Strategies, and Phenomenological and Spectroscopic Studies[END_REF]. Figure 3a shows the dynamic gas response at 30% and 85% RH to 250 ppm of H2 gas at room temperature for an individual Au/ZnO NW with 75 nm radius. The higher values of RH were generated using a bubbling system, while the RH value was continuously monitored using a standard hygrometer [START_REF] Cretu | Synthesis, Characterization and DFT Studies of Zinc-Doped Copper Oxide Nanocrystals for Gas Sensing Applications[END_REF]. It is found that at higher value of RH, the value of the electrical baseline in the absence of H2 gas, was not clearly modified and that the gas response was slightly reduced from 35.7 for 30% RH to 32 for 85% RH. In the case of unmodified ZnO NWs (radius of 90 nm) the gas response to 100 ppm of H2 was essentially reduced from 2.3 for 30% RH to 1. 3b), which can explain the lower influence of water vapors on the gas response for the Au-modified ZnO NW. In general, the decrease in resistance of semiconducting oxide under a rise in the RH value can be explained based on hydroxyl poisoning, which was already discussed in other works [START_REF] Cretu | Synthesis, Characterization and DFT Studies of Zinc-Doped Copper Oxide Nanocrystals for Gas Sensing Applications[END_REF][START_REF] Kim | The Role of NiO Doping in Reducing the Impact of Humidity on the Performance of SnO2-Based Gas Sensors: Synthesis Strategies, and Phenomenological and Spectroscopic Studies[END_REF][START_REF] Lupan | Non-Planar Nanoscale p-p Heterojunctions Formation in ZnxCu1-xOy Nanocrystals by Mixed Phases for Enhanced Sensors[END_REF].

The influence of water vapors on the gas sensing mechanism of the ZnO NW and Au/ZnO NW (presented in cross-section) is tentatively proposed in Figure 4. Under exposure to dry air the diameter of the conduction channel will be narrowed due to adsorption of oxygen molecules (O2(g) + e -→ O2(ad) -, see Figure 4a,d) [START_REF] Lupan | Highly Sensitive and Selective Hydrogen Single-Nanowire Nanosensor[END_REF][START_REF] Lupan | Silver-Doped Zinc Oxide Single Nanowire Multifunctional Nanosensor with a Significant Enhancement in Response[END_REF]. By exposure of NWs in atmosphere with high concentration of water vapors, the H2O molecules are adsorbed on the surface of metal oxides in the molecular or hydroxyl form with donor effect and can replace the previously adsorbed oxygen species by generation of free electrons (see Figure 4b). This leads to a decrease in resistance and to a widening of the conduction channel (dRH) in the case of a ZnO NW (see Figure 4b) [START_REF] Lupan | Ultra-Sensitive and Selective Hydrogen Nanosensor with Fast Response at Room Temperature Based on a Single Pd/ZnO Nanowire[END_REF][START_REF] Kim | The Role of NiO Doping in Reducing the Impact of Humidity on the Performance of SnO2-Based Gas Sensors: Synthesis Strategies, and Phenomenological and Spectroscopic Studies[END_REF].

However, in the case of a Au/ZnO NW we can tentatively propose that Au NPs play the role of hydroxyl adsorbers on the surface of NPs, thereby providing an oxygen adsorption site for surface reactions in humid atmosphere (see Figure 4d,e), which do not lead to the change in the conduction channel (dair ≈ dRH) [START_REF] Suematsu | Surface-Modification of SnO2 Nanoparticles by Incorporation of Al for the Detection of Combustible Gases in a Humid Atmosphere[END_REF]. The same effect was observed for Fe2O3-functionalized ZnO tetrapods [START_REF] Lupan | Enhanced UV and Ethanol Vapour Sensing of a Single 3-D ZnO Tetrapod Alloyed with Fe2O3 Nanoparticles[END_REF], Al-doped SnO2 NPs [START_REF] Suematsu | Surface-Modification of SnO2 Nanoparticles by Incorporation of Al for the Detection of Combustible Gases in a Humid Atmosphere[END_REF], Sb-doped SnO2 [START_REF] Suematsu | Antimony-Doped Tin Dioxide Gas Sensors Exhibiting High Stability in the Sensitivity to Humidity Changes[END_REF], CuO-loaded SnO2 hollow spheres [START_REF] Choi | Ultraselective and Ultrasensitive Detection of H2S in Highly Humid Atmosphere Using CuO-Loaded SnO2 Hollow Spheres for Real-Time Diagnosis of Halitosis[END_REF], and NiO-doped SnO2 [START_REF] Kim | The Role of NiO Doping in Reducing the Impact of Humidity on the Performance of SnO2-Based Gas Sensors: Synthesis Strategies, and Phenomenological and Spectroscopic Studies[END_REF]. However, the interactions of water vapors with gold have been studied by many methods [START_REF] Wells | Adsorption of water on clean gold by measurement of work function changes[END_REF][START_REF] Hakamada | Water-adsorption effect on electrical resistivity of nanoporous gold[END_REF][START_REF] Sharma | Adsorption of water vapor on thin-gold electroplate on copper[END_REF]. For example, Wells and Fort studied the adsorption of water on clean gold by means of measurement of work function changes, demonstrating that water chemisorbs on the gold with an activation energy of 3 to 9 kcal/mole [START_REF] Wells | Adsorption of water on clean gold by measurement of work function changes[END_REF]. Sharma and Thomas measured the adsorption/desorption isotherms of water on the porous plate gold using the quartz crystal sorption (is that correct ??) monitor, showing no strong dependence on the temperature in the range from 22 ºC to 60 ºC [START_REF] Sharma | Adsorption of water vapor on thin-gold electroplate on copper[END_REF].

After introduction of H2 gas in the test chamber, the oxidation of H2 molecules will occur [START_REF] Lupan | Ultra-Sensitive and Selective Hydrogen Nanosensor with Fast Response at Room Temperature Based on a Single Pd/ZnO Nanowire[END_REF][START_REF] Kim | The Role of NiO Doping in Reducing the Impact of Humidity on the Performance of SnO2-Based Gas Sensors: Synthesis Strategies, and Phenomenological and Spectroscopic Studies[END_REF]:
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Therefore, the electrons will be released back to the NW and will widen the conduction channel (dgas, see Figure 4c,f). However, in the case of a Au/ZnO NW the modulation of conduction channel (dgas -dRH) will be higher due to the non influence of water vapors on the conduction channel in humid atmosphere. Thus, addition of Au NPs can significantly decrease the influence of water vapors on the gas sensing properties of ZnO NWs, which is very important for practical applications in ambient atmosphere.

Individual and multiple Au/ZnO NWs based micro-and nanodevices

Figure 5a shows the SEM images of devices based on multiple networked Au/ZnO NWs, while Figure 5b shows the currentvoltage (I -V) characteristics of devices based on individual (radius of 60 nm) and multiple networked Au/ZnO NWs, demonstrating the formation of double asymmetric Schottky contacts. Figure 5a shows that the multiple networked Au/ZnO NWs are connected between the two Au/Cr electrodes using Pt complex contacts deposited in a FIB/SEM system. In the case of multiple NWs the higher current value can be explained based on increased channels for current flow, which was also observed in other experimental results [START_REF] Zhang | Detection of NO2 Down to ppb Levels Using Individual and Multiple In2O3 Nanowire Devices[END_REF][START_REF] Khan | Nanojunction Effects in Multiple ZnO Nanowire Gas Sensor[END_REF].

Figure 5c shows the gas response to 100 ppm of H2 gas at room temperature for single (with a radius of 60 nm) and multiple Au/ZnO NWs (device from Figure 5a). In the case of multiple NWs higher response value of ~ 40 was obtained, compared to 7.5 for an individual NW.

Figure 5d shows the dynamic gas response at room temperature to different concentrations of H2

gas. The gas response to 30, 50, 100, 150, 175 and 300 ppm is 4.9, 9.6, 40, 50, 55 and 120, respectively (see Figure 5e). The gas response follows a power law relationship on gas concentration

 2 H p S 
, where β ~ 1.1 is the curve slope of the dependence [START_REF] Cretu | Synthesis, Characterization and DFT Studies of Zinc-Doped Copper Oxide Nanocrystals for Gas Sensing Applications[END_REF]. The theoretical detection limit of ~ 1 ppm was estimated using signal/noise ratio 2 , as was reported by Dua et al. [START_REF] Dua | Manohar Sanjeev All-Organic Vapor Sensor Using Inkjet-Printed Reduced Graphene Oxide[END_REF], which is smaller value compared to an individual Au/ZnO NW, reported previously [START_REF] Lupan | Synthesis of Au-Modified ZnO NWs for Ultra-Sensitive Gas Nanosensor[END_REF]. In order to check the reproducibility of a device based on multiple Au/ZnO NWs, three pulses of 300 ppm H2 gas were applied (see Figure 5f), which showed a deviation in response smaller than 5%.

The better gas sensing properties (higher gas response and lower detection limit) of multiple NWs compared to an individual NW were also observed by Zhang et al. for In2O3 NWs [START_REF] Zhang | Detection of NO2 Down to ppb Levels Using Individual and Multiple In2O3 Nanowire Devices[END_REF], as well as by Khan et al. for ZnO NWs [START_REF] Khan | Nanojunction Effects in Multiple ZnO Nanowire Gas Sensor[END_REF]. We tentatively attribute these improved gas sensing properties to the formation of potential barriers at NW/NW junctions, which is missing in the case of an individual NW [START_REF] Zhang | Detection of NO2 Down to ppb Levels Using Individual and Multiple In2O3 Nanowire Devices[END_REF][START_REF] Schütt | Single and Networked ZnO-CNT Hybrid Tetrapods for Selective Room-Temperature High-Performance Ammonia Sensors[END_REF][START_REF] Lupan | Single and Networked CuO Nanowires for Highly Sensitive p-Type Semiconductor Gas Sensor Applications[END_REF][START_REF] Lupan | Enhanced UV and Ethanol Vapour Sensing of a Single 3-D ZnO Tetrapod Alloyed with Fe2O3 Nanoparticles[END_REF][START_REF] Lupan | Individual Hollow and Mesoporous Aero-Graphitic Microtube Based Devices for Gas Sensing Applications[END_REF]. A proposed gas sensing mechanism is presented in Figure 6. In this case, the modulation of the potential barriers height (qVS1) between Au/ZnO NWs has the main role in enhancement of the gas sensing properties (see Figure 6) [START_REF] Zhang | Detection of NO2 Down to ppb Levels Using Individual and Multiple In2O3 Nanowire Devices[END_REF][START_REF] Lupan | Enhanced UV and Ethanol Vapour Sensing of a Single 3-D ZnO Tetrapod Alloyed with Fe2O3 Nanoparticles[END_REF][START_REF] Postica | Multifunctional Materials: A Case Study of the Effects of Metal Doping on ZnO Tetrapods with Bismuth and Tin Oxides[END_REF][START_REF] Postica | Morphology Dependent UV Photoresponse of Sn-Doped ZnO Microstructures[END_REF].

Under exposure in ambient air, due to adsorbed oxygen species (as was already described in the gas sensing mechanism for individual Au/ZnO NWs in Figure 2) on the surface of Au/ZnO NWs the electron depletion region will be formed, leading to the formation of potential barriers (qVS1, see Figure 6a). Under exposure to H2, the width of the electron depletion region is narrowed, leading to a decrease in the potential barriers height (qVS2, see Figure 6b). In the case of exposure to H2 gas molecules of the device based on networked NWs the decrease in the barrier height occurs due to a release of electron after oxidation of the hydrogen molecules [START_REF] Lupan | Ultra-Sensitive and Selective Hydrogen Nanosensor with Fast Response at Room Temperature Based on a Single Pd/ZnO Nanowire[END_REF][START_REF] Lupan | Silver-Doped Zinc Oxide Single Nanowire Multifunctional Nanosensor with a Significant Enhancement in Response[END_REF][START_REF] Lupan | Enhanced UV and Ethanol Vapour Sensing of a Single 3-D ZnO Tetrapod Alloyed with Fe2O3 Nanoparticles[END_REF]:

- - + → + e O H ad O H 2 2 2 ) ( 2 1 (3) 
Consequently, the formed additional potential barrier leads to a more efficient modulation in the device resistance [START_REF] Zhang | Detection of NO2 Down to ppb Levels Using Individual and Multiple In2O3 Nanowire Devices[END_REF][START_REF] Paulowicz | Zinc Oxide Nanotetrapods with Four Different Arm Morphologies for Versatile Nanosensors[END_REF][START_REF] Lupan | Enhanced UV and Ethanol Vapour Sensing of a Single 3-D ZnO Tetrapod Alloyed with Fe2O3 Nanoparticles[END_REF][START_REF] Khan | Nanojunction Effects in Multiple ZnO Nanowire Gas Sensor[END_REF]. In this case the gas response exponentially depends on the variation of the potential barriers height (qΔVS = qVS1 -qVS2) [START_REF] Bârsan | Conduction Mechanisms in SnO2 Based Polycrystalline Thick Film Gas Sensors Exposed to CO and H2 in Different Oxygen Backgrounds[END_REF][START_REF] Postica | Multifunctional Device Based on ZnO:Fe Nanostructured Films with Enhanced UV and Ultra-Fast Ethanol Vapour Sensing[END_REF]:

         - =  air gas S I I kT V q ln 2 (4) 
Thus, the device based on multiple networked Au/ZnO NWs demonstrates a more sensitive H2 gas response compared to the individual NW device.

Conclusions

In summary, the individual and multiple networked Au nanoparticles (NPs)-functionalized ZnO nanowires were integrated into nanosensors using a dual beam FIB/SEM system. These devices were studied systematically as gas sensors at room temperature at different RH values.

The nanowire diameter strongly influences the H2 gas sensing properties and we demonstrated that thinner NWs show a higher gas response and faster response and recovery times at room temperature, which is very important for practical applications. Also, the low impact of water vapors on the sensing properties of an individual Au/ZnO NW was observed, which is very important for operation under ambient conditions. While an individual Au/ZnO NW demonstrated the response of ~ 7.5 to 100 ppm of H2 gas, the multiple networked NW device showed a higher gas response of ~ 40. The multiple NWs also demonstrated a smaller theoretical detection limit of ~ 1 ppm at room temperature, compared to ~ 5 ppm for the individual nanowire device. The higher gas response was explained based on a gas sensing mechanism which includes the modulation of a potential barrier height at the interface of different Au/ZnO nanowires bridging external contacts.

These results provide useful information for the fabrication of high performance and highly selective H2 gas sensors. 

  2 for 85% RH (see Figure S4). We also observed longer response (~ 190 s) and recovery times (~ 151 s) in the case of exposure in 85% RH, compared to exposure in 30% RH (response time of ~ 76 s and recovery time of ~ 128 s). The much lower influence of RH on the gas response of a Au-modified ZnO NW can be explained based on a smaller change in resistance under increase in the RH compared to an unmodified ZnO NW. Figure S5 shows the change in resistance of individual Au-modified and unmodified ZnO NWs under the change of the RH value from 30% to 85%.

  Figure 3b shows the response to RH for devices based on an individual Au-modified and unmodified ZnO NW, based on measurements from Figure S5. The response was defined as (RRH -R30%)/R30%) • 100%, where RRH and R30% are the resistance under different values of RH and at 30% RH, respectively. It can be observed that in the case of the Au-modified ZnO NW the change in resistance by a rise in the RH value is much smaller compared to an unmodified ZnO NW (see Figure
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