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Introduction

Transparent electrodes (TEs) have a wide range of applications in many modern optoelectronic devices, such as organic lightemitting diodes (OLEDs), touch screens, solar cells, e-papers, transparent heaters, and sensors. [START_REF] Ginley | Handbook of Transparent Conductors[END_REF] Wide bandgap conductive metal oxides like Indium Tin Oxide (ITO) have been the most successfully commercialized transparent conductive material to date. ITO shows outstanding electrical and optical properties, sheet resistance below 10 Ωsq -1 and total transmittance about 90% at 550 nm. [START_REF] Ellmer | [END_REF] Despite these interesting properties, there has been extensive research in the last years to introduce alternative materials to replace ITO. The scarcity of indium, together with the vacuum based expensive fabrication methods like sputtering and the lack of mechanical flexibility of ITO, are the main reasons behind this urge to replace it with new candidates. 3 Several potential emerging materials include random networks of metallic nanowires, conductive polymers or carbon-based materials like Carbon Nano Tubes (CNTs) or Graphene. 3,4 In particular, percolative networks composed of high aspect ratio metallic nanowires (MNW) are promising candidates among these emerging materials. [5][6][7] MNW networks exhibit excellent electro-optical properties comparable to ITO, along with high mechanical flexibility. 8 In addition, the consumption of metal is much reduced in these MNW based electrodes as compared to the required indium in ITO electrodes to obtain similar properties. AgNW based networks with areal mass density around 100 to 200 mg/m 2 show electrical sheet resistance below 5 Ωsq -1 and total transmittance around 89% at 550 nm, 9 while for ITO films with thickness of 150 nm and similar electro-optical properties, indium areal mass density is around 900 mg/m 2 . 10 Random networks of various metallic nanowires (mainly silver, copper or cupronickel) can be deposited using vacuum-free, low-cost and scalable solution-based techniques 11,12 on numerous types of substrates. [13][14][15] Among the different MNW networks, the ones based on AgNWs appear so far to be the most attractive candidate thanks to the simple synthesis of AgNWs and since they meet the required electro-optical properties for many applications, due to the high electrical conductivity of silver. But, despite the mentioned attractive characteristics of AgNW based TEs, there are still some limitations which prevent a rapid integration of these electrodes into functional commercial devices. For example, as-deposited AgNW networks tend to show very poor adhesion to the substrate. Besides, there is a lack of stability in the ambient conditions and such electrodes present instability when subjected to thermal and/or electrical stresses. Such an instability can derive from atomic diffusion of silver, 14,16 electromigration processes resulting from high current density 17,18 or oxidation/sulphurization of silver when the networks are placed in high humidity and/or hightemperature environments. [19][20][21] One efficient way to hinder these instabilities has been to protect the AgNW networks with thin layers (tens of nm) of metallic oxides like Zinc Oxide (ZnO), [22][23][24] Aluminum doped Zinc Oxide (Al:ZnO), 25,26 Titanium dioxide (TiO2) 27 or Aluminum oxide (Al2O3) 24,28 Please do not adjust margins Please do not adjust margins

shown to provide a clear enhancement of the stability of AgNW networks. So far sol-gel, 27,29 sputtering, 23,26 spin coating, 30,31 and atomic layer deposition (ALD) 32 have been used to deposit metal oxide coatings over AgNW networks. Although the composite layers fabricated using these methods showed much higher stability as compared to the un-coated AgNW networks, some characteristics of the used deposition methods, such as either the requirement of vacuum, low deposition rate or the low scalability, are in contrast with one of the main advantages of AgNW based TEs, which is low-cost and high-throughput scalable fabrication. In a previous article, we have shown that atmospheric pressure spatial atomic layer deposition (AP-SALD) is a very appealing technique to engineer stable AgNW electrodes, 22 since it shares the main advantages of ALD (conformal and homogeneous oxide films with a precise control of the thickness deposited), while being up to two orders of magnitude faster than conventional ALD and more suitable for scaling up. 33 An open air AP-SALD was thus used to deposit ZnO 22 or aluminium-doped ZnO 34 thin layers to improve the thermal and electrical stability of AgNW networks. Nevertheless, the enhanced stability of the composites was obtained at the expense of transparency due to both reflection and absorption of the ZnO layer. 22 In this work, the possibility of depositing Al2O3 by AP-SALD as a protective layer and its comparison to ZnO in terms of thermal stability, optical transparency and reproducibility is investigated. Our results show that, while the ZnO-coated AgNW networks present irreversible changes of the electrical resistance above 280 °C, Al2O3-coated networks do not show any sign of stability loss when subjected to temperatures up to 380 °C. In addition, although the bare networks show the highest average transparency in the visible wavelength range, from 380 to 700 nm, (85%), the transparency of Al2O3-coated networks (80%) was higher than for those coated with ZnO (73%), with the same coating thickness of 50 nm. Nevertheless, the difference in thermal expansion coefficients between Al2O3 thin film and glass substrate caused partial delamination of the electrodes at elevated temperatures, this delamination leads to nonperfectly reproducible Al2O3-coated AgNW networks. Here we present composite electrodes in which the AgNW networks were coated by a ZnO/Al2O3 bilayer coating. As a result, up to a 10% enhancement in optical transmittance of ZnO/Al2O3coated AgNWs networks was obtained when compared to ZnOcoated ones. As discussed below this is due to an antireflective effect of the Al2O3 coating. In addition, thanks to the possibility of using thick metal oxide coatings while not having a detrimental effect on transmittance, the bilayer coatings confer a substantial enhancement in thermal stability, and therefore such electrodes have the potential to be embedded in functional devices with a much improved lifetime. Finally, we examined the mechanical stability of ZnO and ZnO/Al2O3-coated AgNW based TEs, and the results confirm that such composite electrodes clearly possess a much higher mechanical stability than ITO based transparent electrodes for optimized coatings.

Methods and experimental conditions 2.1 Deposition of AgNW networks

AgNWs with an average diameter of 90 nm and lengths between 10 to 20 µm were purchased from ACS material, and dispersed in isopropyl alcohol (IPA) with an initial concentration of 20 mg/mL. This suspension was used to prepare diluted suspensions of 0.1 mg/mL by adding IPA. A 30 second-long sonication process was performed to homogeneously disperse AgNWs prior to dilution. Corning alkaline glasses from Delta Technologies and Neopulim from MGCMINC were used as substrates. Glass substrates were cleaned in a three-step process: sonication in acetone, followed by sonication in ethanol then rinsing by deionized water and drying using a N2 flow to remove any possible contamination on the substrates prior to deposition. Neopulim films were exposed to an oxygen plasma treatment for 90 seconds in order to increase their hydrophilicity, and thus to enhance the wettability of the AgNW suspensions over the substrate so that homogeneous coatings could be obtained. Spin coating and spray deposition techniques were both used to fabricate AgNW networks. Spin coating was performed by deposition of 1 mL of AgNW solution onto the rotating substrate (1500 rpm) in pulses of about 1 drop per second, and in two stages of 0.5 mL each with a 30 seconds pause between them, allowing the surface to dry. An airbrush (Harder & Steenbeck) was used to spray the AgNW networks. The following parameters were used for the deposition: nozzle diameter was 0.15 mm, pressure of N2 as carrier gas was fixed at 3 bars, flow rate of solvent was kept around 0.2 mL/min and the airbrush nozzle was fixed at the height of 10 cm above the substrate. The substrates were heated up to 90 °C during deposition in order to facilitate fast evaporation of the solvent. Spin coating is known to induce a preferential orientation of AgNWs due to the centrifugal forces, while a spray-based technique (used for the bare and ZnO-coated specimens) provides more randomly oriented AgNW deposition. 35 The effect of preferential orientation of AgNWs on the network percolation threshold, therefore on the network resistance, has been discussed by Langley et al. 36 In this paper both methods were used for AgNW network fabrication and the same main conclusions appear valid for both method. After the deposition, a thermal annealing in air at 230 °C for one hour was performed to improve the electrical conductivity of networks by sintering the junction between nanowires. All thermal treatments related to the present work were performed in air. Thin silver film contacts (50 nm thick) were deposited at the edges of the electrodes using an Edwards Auto 306 thermal evaporator. Optimized spray-coated networks had a sheet resistance of 5.9 Ωsq -1 and an optical transmittance of 84.3% at 550 nm, and values for Haack's figure of merit were around 30×10 -3 Ω -1 .

Deposition of ZnO and Al2O3 coatings by AP-SALD

The deposition of ZnO and Al2O3 films was performed with a home-made atmospheric pressure spatial atomic layer deposition (AP-SALD) system. 37 In our AP-SALD system, the precursors are continuously injected on the moving substrate In this design, the reactive precursors are spatially separated thanks to inert gas barriers located alternatively between precursor flows. The oscillating substrate is at a constant and very short distances (50 µm -300 µm) from the fixed gas injector, making gas separation effective and replicating conventional ALD cycles. In this work, trimethylaluminum (TMA, Al(CH3)3), diethylzinc (DEZ, Zn(C2H5)2) and water (H2O) were used as precursors for aluminum, zinc and oxygen, respectively. The deposition temperature was set at 150 °C for Al2O3 and 200 °C for ZnO. The samples were maintained at a distance of 200 µm from the gas injector, and oscillated at a maximum speed of 5 cm/s. The thickness of coatings is proportional to the number of AP-SALD cycles performed, with a growth rate of about 0.15 nm/cycle for Al2O3 and 0.25 nm/cycle for ZnO. The thickness of the metal oxide layers were determined thanks to the SEM observations since the growth conditions were identical to the nanocomposites for which the optical properties and stability were studied in the article.

Morphological and optical characterizations

A lambda 950 UV/Visible/NIR Spectrophotometer from Perkin Elmer with an integrating sphere was used to measure transmittance of the different samples in the wavelength range from 250 to 2500 nm. Measurements were repeated on several parts of each sample and average values were reported. Scanning Electron Microscopy (SEM) images were obtained with a field-emission gun (FEG) SEM Environmental FEI QUANTA 250 using an accelerating voltage of 10 keV. Transmission electron microscopy (TEM) images were obtained using a JEOL 2010 LaB6 microscope operating at 200 kV with a 0.19 nm pointto-point resolution. AgNWs and ZnO/Al2O3 coatings were directly deposited on carbon coated copper grids for TEM observations.

4 Thermal and mechanical stability studies

A two-probe setup controlled with a Keithley 2400 sourcemeter was used to perform in situ measurements of the network electrical resistance during either thermal or mechanical cycles. The networks were heated in air up to 450 °C at a rate of 2°C/ min to study their thermal evolution. The thermal stability of AgNW networks is critical regardless that the network is deposited on flexible polymeric substrates or on glass. The use of high temperatures in this work could be seen as an accelerated damaging process for which the comparison between different coatings is of importance. Mechanical stability was investigated in bending mode on bare and coated AgNW networks deposited on Neopulim substrates with a bending radius of 5 mm using a home-made setup.

Results and Discussions

1 ZnO and Al2O3 coatings on AgNW networks by AP-SALD

In order to explore the morphology of the bare and coated networks, SEM and TEM studies were performed. Fig. 1a presents a SEM image of a bare AgNW network on glass after deposition and annealing in air at 230 °C for one hour. As shown in the image, spray deposition results in homogeneous and random AgNW networks over the substrate. A close-up in Fig. 1b shows an example of a clear sintering of the junctions as a result of thermal annealing. An example of TEM images is presented in Fig. 1c, which confirms that the average diameter of AgNWs is around 90 nm. Fig. 1d presents a SEM close-up of a network coated with 60 nm of Al2O3, where a homogeneous and Please do not adjust margins Please do not adjust margins conformal oxide coating over the AgNW network and glass substrate can be clearly observed. This is so even for very thin coatings, as for example the 10 nm Al2O3 coating shown in Fig. 1e. Such quality of the oxide film is crucial since any crack or non-uniformity in the coating can be detrimental to the network stability. 22 Since the deposition of Al2O3 is performed at 150 °C, which is low compared to the crystallization temperature of Al2O3 (around 800 °C) 38 , amorphous coatings were obtained in our study. Energy Dispersive X-Ray Spectroscopy (EDS) confirmed the presence of Al and O in the coating area (the corresponding images can be found in Fig. SI-2 in the Supplementary Information). Fig. 1f and1g show examples of SEM and TEM images of AgNW networks with 50 nm and 15 nm of ZnO coatings, respectively. As for Al2O3 coatings, the TEM images clearly show the conformality, compactness and homogeneity of the coating. In this case, crystalline ZnO is obtained, and the polycrystalline morphology of the ZnO coatings can be clearly seen. Fig. 1.f exhibits a SEM image with 40 nm of ZnO coating which clearly reveals that ZnO is coated on both AgNWs and substrate, the latter coating being at the origin of the optical transmission decrease. While not obvious on other shown SEM pictures this observation is similar for all specimen.

2 Effect of ZnO and Al2O3 coatings on the thermal stability of AgNW networks

The stability of AgNW networks against thermal stress is a critical point in the integration of TEs based on AgNW networks in different applications, in particular when used as transparent heaters. 29,39 The degradation of the network due to a temperature rise can produce irreversible changes in the network morphology due to surface diffusion, leading to a nonreversible increase of the network electrical resistance. 39 Here we have compared the evolution of electrical resistance of bare, ZnO and Al2O3-coated AgNW networks during thermal ramps in air from room temperature to over 400 °C with a ramp rate of 2 °C min -1 . As presented in Fig. 2-a, an increase of temperature from room temperature to around 250 °C, implies an increase in the electrical resistance for both bare and coated AgNW networks. This typical behaviour for metallic materials can be attributed to electron-phonon interactions. 38 A linear approximation can be used to model the dependency of electrical resistivity 𝜌 versus temperature 𝑇 as:

𝜌(𝑇 0 + ∆𝑇) = 𝜌 0 (𝑇) × (1 + 𝛽 𝑅 ∆𝑇) (1)
where 𝜌 0 is the electrical resistivity at the temperature 𝑇 0 while 𝛽 𝑅 is the temperature coefficient of resistivity. For bare AgNW networks 𝛽 𝑅 is around (2.4±0.1)×10 -3 K -1 , while it is (2.6±0.1)×10 -3 K -1 and (2.3±0.1)×10 -3 K -1 for ZnO and Al2O3coated AgNW networks, respectively. Such values are very close to that reported for AgNW networks by Lagrange et al. 9 ((2.4±0.1)×10 -3 K -1 ). When compared with 𝛽 𝑅 for bulk silver, 3.8×10 -3 K -1 , [START_REF] Lide | CRC Handbook of chemistry and physics 2004-2005: A readyreference book of chemical and physical data[END_REF] the 𝛽 𝑅 value for AgNW networks appears to be much smaller, probably due to surface effects within AgNWs, the presence of junctions between different AgNWs and possible defects such as grain boundaries or twins for instance.

After the linear increase of resistance, bare AgNW networks undergo the well-known Plateau-Rayleigh instability around 300 °C, with the consequent sudden increase in the electrical resistance of the network. 9,14 This phenomenon occurs thanks to the surface diffusion of Ag atoms, the associated driving force being the decrease of the total surface energy. This shape shifting effect is called spheroidization. Metal oxide coatings act as barriers for Ag atoms as they hinder the diffusion process. As a result, unlike bare networks, ZnO-coated AgNW networks remain conductive after a full thermal ramp up to 450 °C, as shown by Fig. 2-a. The dependency of the stability Please do not adjust margins Please do not adjust margins enhancement on the ZnO coating thickness was investigated in our previous study, in which we demonstrated that thicker coating leads to better stability. 22 A diffusion model of Ag atoms through ZnO coating was proposed to rationalize this dependency. 22 If the ZnO barrier is not efficient enough, then silver atoms can diffuse through the oxide coating leading to hollow shells solely composed of the oxide layer. An example of such diffusion process effect is shown in Fig. SI-3 in the Supplementary Information, where an AgNW network with 45 nm of ZnO coating was annealed in air at 400 °C for 30 minutes. Unlike for bare or ZnO-coated AgNWs, there is no irreversible change in the electrical resistance of Al2O3-coated AgNW networks after the similar annealing cycle, as shown by Fig. 2a.

For the networks coated with 18 nm and 50 nm of Al2O3 we observe linear dependency of the electrical resistance with temperature while heating electrodes up to 380 °C and cooling down to room temperature. As for the case of ZnO coatings, the drastic improvement in thermal stability of Al2O3-coated networks comes also at the expense of the total transmittance. However in the case of Al2O3, the loss in transparency is less important than for networks coated with ZnO, due to the wider bandgap of Al2O3 with respect to ZnO (8 eV versus 3.3 eV, respectively). 37,[START_REF] Nguyen | [END_REF]42 This is shown in Fig. 2b which represents the total transmittance of ZnO and Al2O3-coated AgNW networks as a function of oxide thickness. A 50 nm thick ZnO coating reduces the average total transmittance in the visible range (from 380 to 700 nm) from 85% for bare AgNWs to 73%, while for the same thickness range of Al2O3 the total transmittance varies from 85% to 80%. The values of oxide thickness reported in Fig. 2a and Fig. 2b, are based on cross-sectional SEM images which were performed on different areas for each sample. The wide band gap of Al2O3 has the advantage of lowering optical loss when compared with ZnO, which should be of great help in applications such as transparent heaters. However it can be a bit too restrictive for some of the applications where very good electrical conductivity along the substrate plane is required such as for collection or injection of charges. Such a requirement concerns for instance the front electrode of thin film solar cells, where composite electrodes made with ZnO coatings and AgNW networks proved to increase the device efficiency, as compared to the bare AgNWs, thanks to an improved charge collection efficiency. 23 A way to mitigate the partial hindering of the photo-generated carriers through the non-conductive Al2O3 layer could be to proceed with the ZnO SALD coating first, then the metallization with the external electrical contacts and eventually the Al2O3 coating used as antireflective coating and diffusive barrier. Thanks to the chemical conformal coating associated to the SALD technique such a configuration should be well adapted for an efficient integration. Another important difference to note between Al2O3 and ZnO coatings is their different thermal expansion coefficient. The Al2O3 films deposited by ALD have a coefficient of 4.2×10 -6 K -1 , 43 while a coefficient of 15.7×10 -6 K -1 was measured for ALD ZnO coatings 44 (with the wurtzite structure).

For the glass substrates thermal expansion coefficient is reported around 9×10 -6 K -1 . Thus, as a result of the mismatch in the thermal expansion coefficients, Al2O3 coatings might not be able to follow the thermal expansion of glass substrate at high temperatures, which can lead to breaking and/or delamination of the AgNWs/Al2O3 composites. This is indeed what we did observe, an example of such delamination is shown in Fig. SI-4 in the Supplementary Information. It is worth to mention that since AgNWs are very flexible 7 and can follow buckling as a result of high temperature, they are unlikely to be the origin of delamination process. Following these two arguments we have investigated the effects of ZnO/Al2O3 bilayer coatings.

3 Antireflective properties of ZnO/Al2O3 bilayer coatings on AgNW networks

As stated above, the optical loss caused by ZnO layer can be due to light absorption or reflection. The latter stems from the difference in the refractive index of the media in which light propagates. Antireflective coatings are one of the basic elements in optical systems and can improve the multi-layer's transmittance by reducing the surface reflection. Al2O3 has been successfully used as antireflective coating on ZnO layers in thin film devices. [START_REF]Ta2O5/ Al2O3/ SiO2 -antireflective coating for non-planar optical surfaces by atomic layer deposition[END_REF][START_REF] Marszałek | [END_REF] We have applied the same principle aiming to obtain oxide layers on top of AgNW networks which enhance the network's stability (thanks to ZnO layer) while retaining a high transmittance (thanks to Al2O3 layer). Fig. 3a and 3b present, respectively, TEM and cross-sectional SEM images of bilayer coatings of ZnO/Al2O3 on AgNWs. Estimated thickness of each oxide is around 50 nm in TEM image and 70±3 nm in SEM image while the identical AP-SALD process was used in both cases. The difference in the thickness values stems mainly from the different growth rate on copper grids (used for TEM samples) and Corning glass (used for SEM samples). Several ZnO and Al2O3 thicknesses were selected for experimental observations. The thickness of each layer was chosen for a proof of concept of the anti-reflecting coating effect. A well-adapted application for optimizing in first approximation the thickness of ZnO and Al2O3 layers is for the integration of the nanocomposite as the front transparent electrode of a photovoltaic solar cell, which requires to minimize reflection losses. For such a task one can use the analytical optical equations which are detailed in the Supplementary Information (part 7). The obtained results discussed in SI have been used to test experimentally the ZnO/Al2O3 bilayer coatings which exhibit the most promising anti-reflective effect. For instance, the combination of thicknesses of 70 nm/70 nm for the ZnO/ Al2O3 bilayer coating appears pertinent and then was experimentally investigated. However, this is worth noticing that while the optical simulation can be considered as a useful but basic guide for the proof of concept of the anti-reflective coating, the detailed optical properties of the real thin layers are indeed dependent on the growth method and experimental conditions. A thorough comparison between experimental data and simulations would be needed to obtain more accurate predictions. However we consider that such a task is out of the scope of this article. Prior the deposition of the bilayers on AgNW networks, optical measurements were performed on Corning glass substrates to confirm the occurrence of an antireflective effect. For instance, This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins it was observed when ZnO/Al2O3 bilayers were 70 nm/70 nm or 85 nm/85 nm thick (the thickness values have an error bar around ±5 nm). Fig. 3c and 3d represent the total transmittance in the range of 250-2500 nm for 70 nm ZnO/70 nm Al2O3 bilayer on Corning glass and on a AgNW network (previously deposited on Corning glass), respectively. In the visible wavelength range, from 380 to 700nm, the average value of total transmittance obtained for AgNW networks coated with 70 nm of ZnO was 64.9%. Conversely, the total transmittance increased to 73.5% after an additional 70 nm thick layer of Al2O3 was deposited.

Similarly, the transparency increased from 62.3% for networks coated with 85 nm of ZnO to 69.5% after an additional 85 nm thick layer of Al2O3 was deposited (results not shown).

After confirming the expected improvement in the optical transmittance of composites made with bilayer coatings of ZnO/Al2O3, as compared to composites fabricated solely with ZnO coating, we evaluated the thermal stability of the former ones. Thus, the variations of the electrical resistance of AgNW networks coated with ZnO and ZnO/Al2O3 were compared during thermal annealing up to 450 °C with a ramp of 2 °C min - 1 . In both cases, the initial electrical resistance was 30 Ω. Fig. 4a shows the change in the electrical resistance of ZnO-coated AgNWs after three consecutive thermal annealing ramps in air.

During the first thermal annealing ramp, there is a decrease of the electrical resistance around 190 °C as a result of the sintering in the junctions between AgNWs. Increasing the temperature above 400 °C results in an irreversible change in the electrical resistance due to the diffusion of Ag atoms through the ZnO coating. This causes the resistance to reach 200 Ω after three thermal cycles (up to 450 °C). Fig. 4b shows the change in electrical resistance of ZnO/Al2O3-coated AgNW networks. As depicted here, the electrical resistance of the bilayer follows a linear relationship with the temperature, reaching 44.4 Ω at 190 °C. A further increase in temperature drives the optimization of the junctions between AgNWs, which causes a decrease of the electrical resistance to 14.5 Ω at 320 °C. The sintering process appears to stop at this temperature and a further increase of the temperature results in a linear increase of the electrical resistance. Upon cooling, a clear linear relationship between electrical resistance and temperature is Please do not adjust margins Please do not adjust margins again observed. After this initial cycle, the subsequent heatingcooling cycles merely showed the same linear dependency between resistance and temperature, with a temperature coefficient of resistivity of 2.7×10 -3 K -1 and without any irreversible change in the electrical resistance after each thermal cycle. It is also worth noticing the large difference of resistance ranges between Fig. 4a and Fig. 4b while the thermal ramp conditions are identical: this illustrates as well the drastic effect of ZnO/Al2O3 enhancement of stability of the coated AgNW networks. Further annealing cycles of ZnO/Al2O3 -coated network is reported in Fig. SI-5 in supplementary Information. During up to six cycles of annealing, the same linear dependency is observed. Therefore one can consider that a very good thermal stability has been reached at this stage.

It is worth noticing that ZnO-coated AgNW networks exhibit enhanced stability after a long-duration storage under room conditions and away from direct sun light: after 770 days of storage the relative increase of electrical resistance was 37%, 26% and 6%, respectively, for bare AgNWs, 20 nm coated AgNWs and 40 nm ZnO coated AgNWs. This clearly shows the stability enhancement when considering long term storage. A similar study for the ZnO/Al2O3-coated networks is still missing and would clearly be of interest. While the paper is mainly focused on fundamental research aspects, the potential integration of such transparent electrodes in different applications is also of crucial importance. The case of transparent heaters is rather obvious since the electrical insulating properties of Al2O3 can be used to insulate the conductive part (AgNW network) from the user. For LED and solar cells, where we deal respectively with injection and collection of charge carriers, the situation is less trivial. For these two applications, the integration can be discussed differently for bottom and top electrode. For the bottom electrode and for organic photovoltaic (OPV) devices, the bottom electrode is not supposed to have any anti-reflective coating therefore ZnO (or even better Al-doped ZnO) could be used. Concerning the top electrode, one concern is the temperature of the SALD coating since the active layers of OPV devices and OLEDs cannot withstand high temperatures (typically <120 °C). As already discussed in the article the optimization of these nanocomposites concerns several aspects including also the SALD conditions (including coating temperature). Increasing the coating temperature leads generally to better metallic oxide layers (more crystallized and compact layer), [47][48][49] however, for thermally sensitive substrates, plasma-enhanced SALD can be employed to significantly lower processing temperature (< 150 °C). 50,51 Therefore SALD coating deposition at low temperature is possible, potentially associated with a slight drawback effect on certain physical properties of the coated layers. In parallel AgNW networks can be optimized without the need of thermal treatment, this depends on the AgNW synthesis conditions (the latter probably leading to different AgNW surface chemistry).

Finally the positive effects of the Al2O3 coating demonstrated in this paper concern thermal and electrical stability as well antireflective coating, but Al2O3 layer could also be foreseen as a coating for the final device (i.e. over AgNWs/ZnO/metallization) since Al2O3 coating is known to be an efficient gas and humidity barrier, 52 ensuring also then a better lifetime and performances of devices.

4 Mechanical flexibility of AgNWs/ZnO and AgNWs/ZnO/Al2O3 composite electrodes

AgNW networks are well known for their very good mechanical stability under external bending or stretching tests, which makes them a perfect candidate to be integrated into flexible electronic devices. 7 The applied external bending stress is distributed through the nanowire network, without strongly Please do not adjust margins Please do not adjust margins affecting each individual nanowire. Therefore the electrical resistance can remain constant even when a mechanical stress is applied. [53][54][55] Here, the effect of ZnO and ZnO/Al2O3 coatings on the mechanical flexibility of AgNW networks was examined to compare the mechanical behaviour of these composites to conventional ITO films. We used a commercial ITO-coated flexible polyethylene terephthalate (PET) substrate with ITO thickness of 300 nm and sheet resistance of 60 ΩSq -1 . In order to perform in situ measurements of mechanical flexibility, AgNW networks and metal oxide coatings were deposited on Neopulim substrates and the electrical resistance was measured during 10,000 cycles of mechanical bending with a bending radius of 5 mm. As shown in Fig. 5a, the bending test confirmed that similarly to bare networks, both ZnO and ZnO/ Al2O3 encapsulated AgNWs exhibit mechanical stability much better compared to ITO (there is about 40 times less relative electrical resistance increase after 10,000 bending cycles for ZnO/Al2O3 encapsulated AgNWs when compared to ITO). However, ZnO/Al2O3 encapsulated AgNWs based nanocomposites exhibit more degradation due the larger thickness of the oxide coating when compared to ZnO and bare AgNW networks. The resistance of the ITO electrode reached 2 kΩ after only 100 cycles of bending, while the bare AgNW networks only showed 11.4% increase of electrical resistance after 10,000 cycles of bending. The increase in resistance for AgNW networks coated with 40 nm of ZnO was only a 4.7% after similar bending cycles. This improvement in the stability can be explained by superior adhesion of AgNWs to the substrate thanks to the ZnO coating, which prevents the separation of AgNWs from the substrate during the bending cycles.

Moreover, as shown in Fig. 5b, there was no trace of cracks in the ZnO coating after bending. It has been already reported in literature that thin metal oxides films deposited on polymeric substrates, such as ZnO on polyethersulfone (PES) substrates, can endure rather high tensile and compressive strain before fracture. This has been demonstrated either on sputtered Al:ZnO, 56 sputtered ITO 57 or ALD deposited Al2O3 58 on polymeric substrates with a strong dependency of the critical tensile and compressive strain on oxide film thickness. Thermal annealing of bare and ZnO-coated AgNW network after bending cycles has been performed and the evolution of their electrical resistance is reported in Fig. SI-6 (see the supplementary information). While the resistance of bare AgNW network increased from 18 Ω to 21 Ω, after annealing up to 285°C and cooling back to room temperature, ZnO-coated AgNW network shows no change in electrical resistance (17.4 Ω before and after annealing). Superior thermal stability of ZnOcoated AgNW network is another proof that thin ZnO coating remains an efficient coating even after 10,000 cycles of bending with bending radius of 5 mm. Finally, bending tests have been performed on bilayer coatings (60 nm ZnO / 60 nm Al2O3) on AgNWs and showed a rather high increase, 45%, in the electrical resistance after 10,000 bending cycles. Major cracks in the direction perpendicular to the bending were observed by SEM images as shown in Fig. 5c. Therefore, bilayer coatings exhibit weaker mechanical flexibility as compared to the sole ZnO coating. One reason behind this behaviour is the overall higher thickness of bilayers as compared to ZnO coatings. As discussed above the thicker the Please do not adjust margins Please do not adjust margins films the lower the strain required to initiate the crack formation. Furthermore, there might be a difference in the critical strain of Al2O3 and ZnO coatings. Chawla et al. have studied the mechanical flexibility of ALD-coated ZnO, Al2O3 and ZnO/Al2O3 nanolaminates on PET substrates. 59 They showed that Al2O3 and bilayer films have lower failure strains compared to ZnO films. Depending on the targeted application, the thickness of each ZnO and Al2O3 layer has to be optimized since a trade-off has to be considered. Generally speaking, thicker metal oxide layers on AgNW networks lead to better thermal and electrical stability but also to lower optical transmittance and mechanical stability. A systemic research design could be used to optimize the main properties of the transparent electrodes based on such nanocomposites, knowing that such an optimization will be clearly application-dependent and can be also performed by adjusting AgNW network density. The present work can find applications in several domains. A direct connection can be linked with the work of Chen et al. who showed that ZnO coated AgNW networks embedded within the surface of a polyimide matrix can constitute an efficient flexible transparent electrode. 60 The latter was shown to withstand thermal processing at 300 °C for at least 6 h with little properties change. Such a freestanding electrode can for instance be used for the fabrication of a white polymer light emitting diode (PLED). 60 Also while the present work focuses on coated AgNW networks it could also be useful for other nanostructures, such as Ag nanoparticle networks, especially when used in devices that should withstand relatively high temperatures. An interesting example is reported in the work of Joh et al. who fabricated multifunctional temperature-strain sensors that are capable of detecting simultaneously temperature and strain up to a temperature of 400 °C, 61 with potential applications in bioelectronics and robotics.

Conclusion

A bilayer coating of ZnO/Al2O3 over AgNWs has been proposed and tested as an alternative to AgNW networks with single coating by ZnO or Al2O3. The additional Al2O3 coating on top of the initial ZnO layer allows to obtain a resulting material which acts as an efficient antireflective coating: while a 70 nm thick ZnO coating on AgNW networks shows an average transmittance in the visible range -from 380 to 700 nm -of 64.9%, bilayer coatings consisting of 70 nm ZnO/70 nm Al2O3 on AgNWs show an average transmittance of 73.5%. This improvement in the total transmittance is also associated with a superior thermal stability of bilayer coatings compared to that of ZnO single layer coating. Mechanical bending tests showed that composite electrodes of ZnO, Al2O3 and AgNWs are still much more stable when compared to ITO-based electrodes. The best flexibility results were obtained for ZnO-coated AgNW networks while the addition of the Al2O3 coating increases the total oxide thickness and partly limits the bending stability of bilayer composites. But still, the ZnO/Al2O3 coated AgNW based transparent electrodes remain flexible. For instance, ZnO/Al2O3 encapsulated AgNWs exhibit about 40 times less relative electrical resistance increase after 10,000 bending cycles compared to ITO. Therefore a compromise in terms of ZnO and Al2O3 thicknesses between enhanced stability and flexibility, as well as optical and electrical properties, has to be considered; such a compromise depends drastically on the targeted application. The results presented in this work indicate a path to low-cost, highly stable and transparent composite electrodes based on AgNWs and metal oxide coatings. This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins

  Please do not adjust margins Please do not adjust margins from different locations of a fixed gas injector, as shown schematically in Fig. SI-1 in the Supplementary Information.

Figure 1 .

 1 Figure 1. (a) SEM image of a AgNW network deposited by spray coating. (b) High magnification SEM image of a bare AgNW network revealing the efficient sintered junctions. (c) TEM image of a bare AgNW with average diameter of 90 nm. (d) SEM image of an Al2O3-coated AgNW network with an average coating thickness of around 60 nm. (e) TEM image of a 10 nm thick Al2O3-coated AgNW, showing the conformal and amorphous nature of the AP-SALD Al2O3 coating. (f) SEM image of a ZnO-coated AgNW with an average coating thickness of around 40 nm. (g) TEM image of a 15 nm thick ZnO-coated AgNW, showing the polycrystalline nature of the AP-SALD ZnO layer.

Figure 2 .

 2 Figure 2. (a) In situ measured relative resistance (R/R0) of bare, ZnO and Al2O3 -coated AgNW networks with a thermal annealing in air with a ramp of 2°C min -1 . This clearly shows the crucial role played by the oxide layer coating as well as the effect of its thickness. (b) Average total transmittance of Al2O3, ZnO and ZnO/Al2O3-coated AgNW networks in the visible wavelength range, from 380 to 700 nm, versus oxide thickness, this shows that Al2O3 coatings induce smaller losses in optical transmittance as compared to ZnO coatings. Two examples at 70 nm and 85 nm confirm antireflective effect of Al2O3 coating over ZnO layer.

Figure 3 .

 3 Figure 3. (a) TEM image of a junction between two AgNWs with a coating composed of 50 nm Al2O3 on top of 50 nm ZnO. (b) Cross sectional SEM image of bilayer coatings of 70 nm ZnO/70 nm Al2O3 deposited on AgNWs. The SEM image has been colored for the sake of clarity. (c) Total transmittance of the 70 nm ZnO film deposited on bare glass and antireflective 70 nm ZnO/70 nm Al2O3 deposited on bare glass (ZnO being first deposited). (d) Total transmittance of the AgNW networks, 70 nm thick ZnO film coating AgNW networks and AgNW network coated with the antireflective 70 nm ZnO/70 nm Al2O3 layer (ZnO being first deposited).

Figure 4 .

 4 Figure 4. (a) In situ measured resistance of a AgNW network coated with 70 nm of ZnO, during annealing in air from room temperature to 450 °C with a thermal ramp of 2 °C min -1 . The first three cycles are shown. (b) In situ measured resistance of a AgNW network coated with 70 nm ZnO/70 nm Al2O3 during annealing in air from room temperature to 450 °C with a thermal ramp of 2 °C min -1 . The first three cycles are shown and a very good stability is observed.

Figure 5 .

 5 Figure 5. (a) Relative variation of electrical resistance of ITO on PEN, and bare, 40 nm ZnO and 60 nm ZnO/60 nm Al2O3-coated AgNW networks on Neopulim during 10,000 cycles of bending with bending radius of 5 mm. (b) SEM observation reveals the absence of crack in the 40 nm ZnO coated AgNW network after 10,000 cycles of bending. (c) SEM image of cracks observed in a 60 nm ZnO/60 nm Al2O3-coated AgNW network. after 10000 cycles of bending.
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