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This study is focused on the fabrication and optimization of Transparent Electrodes (TEs) based on silver Nanowires (AgNW) networks. The TEs are one of the main components of many modern devices such as solar cells, Light Emitting Diodes, smart windows, transparent heaters and, display panels. These devices require high optical transmittance (above 90%), low electrical resistance, and in some cases, high mechanical flexibility. Currently, the most commercialized material for TEs is Transparent Conductive Oxides (TCOs) and Indium-doped tin oxide (ITO) is the leading TCO in the TEs market. Despite the great electro-optical properties of ITO, there are drawbacks associated with it including the scarcity of indium resources, expensive and vacuum-required deposition techniques, a high amount of required indium, and poor mechanical flexibility. Percolative networks composed of high-aspectratio Metallic Nanowires (MNWs), mainly AgNWs, are promising candidates among emerging materials to substitute ITO based electrodes.

Using the air-brush spray procedure described in this thesis, AgNW networks were deposited on Corning glass, with a sheet resistance of 5.9 Ωsq -1 and optical transmittance at 500 nm (without subtracting the substrate contribution) of 84.3%. However, despite such excellent electro-optical properties, there are drawbacks associated with AgNW based TEs. Lack of sufficient thermal and electrical stability, the tendency of MNWs to oxidation or sulphidation, high surface roughness, and poor adhesion of MNWs to the substrates are among major disadvantages.

Addressing the lack of efficient stability, was the main focus of experimental studies in the scope of this thesis. We have chosen thin coatings of metal oxides (a few tens of nanometers) to enhance the stability of AgNW based TEs.

AP-SALD was used to deposit high-quality coatings of ZnO and Al 2 O 3 . We have confirmed that the coatings of ZnO and Al 2 O 3 can dramatically improve the electrical, thermal, and aging stability of AgNW networks, the higher the oxide thickness, the higher the stability. Furthermore, to find a trade-off between the reproducibility of ZnOcoated AgNW networks and the high optical performance of Al 2 O 3 -coated ones, bilayer coatings of ZnO/ Al 2 O 3 has been proposed and tested. Al 2 O 3 coating has been used as an anti-reflective coating over ZnO films. Samples of bilayer ZnO/ Al 2 O 3 coatings showed excellent stability after 6 cycles of annealing from room temperature to 450 °C. Finally, the mechanical flexibility of bare, ZnO and bilayer ZnO/ Al 2 O 3 -coated AgNW networks was measured and showed significant superiority compared to reference ITO electrodes. The results presented in this work indicate a path to low-cost, highly stable, and transparent composite electrodes based on AgNWs and oxide coatings. Also, we have used Monte Carlo simulations to investigate the percolation behavior of networks composed of random nano-objects with different orders of symmetry to find the elemental shapes with the lowest possible ii percolation threshold. We observed that considering an optimum order of symmetry of nano-objects, like branched NWs and nano-stars, can lead to a decrease in material areal density down to 50% compare to similar networks composed of sticks. These findings can be used as a guideline for chemists to synthesize new shapes of nanoobjects. Finally, we focused on the collection efficiency of MNW based TEs for solar cells studying the effect of parameters such as MNW network density, NW length, and Diffusion lengths of photo-generated charge carriers in the active material. Our findings indicate for each type of solar cells and NW length, what would be the ideal network density to optimize the performance of electrodes. We believe that improving our model can provide a reliable guideline to design a TE for a targeted solar cell application from the NW geometry to network properties level.
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optical transmittance above 90% have been reported by many research groups so far. [25] To date, silver nanowires (AgNW) based TEs are the most widely studied type of TEs based on MNWs. One reason behind this is that largevolume synthesis of silver nanowires of controlled diameters (typically few tens to few hundreds of nanometres) and lengths (few tens to few hundreds of micrometres) is well mastered in research and industry. [29]- [31] The high electrical conductivity of silver among all materials at room temperature, high mechanical flexibility, [25], [32], [33] chemical stability, and having antibacterial activity [34]- [36] effects of AgNWs are among other reasons behind the attraction of AgNW based TEs.

Here we will have a closer look at some of the applications of TEs and explore first, the significance of each application and second, the reason why AgNW networks can appear as an interesting candidate to replace ITO based transparent electrodes. One of the major applications concerns the field of energy. Today's demanding growth for energy, along with increased awareness from both among nations and governments about CO 2 emission level and global pollution, promotes further investments in clean and reliable energy resources. Solar cells are one example of promising and sustainable solutions based on renewable energy resources. TEs are one of the indispensable components of solar cells to allow maximum absorption of light in the active layer while collecting the photo-generated carriers (at least for the front electrode). There has been an average of 50% annual growth in the U.S. solar sector, and at the same time, solar cell installation costs have dropped by over 70% from the beginning of 2010 up to date. [37] Another rapidly growing application for TEs is LED devices, which have recently entered the mainstream lighting sector. In 2019, nearly 50% of all lighting sales worldwide were LED-based devices, while its share was only 5% of global market in 2013. [38] LEDs bear similarities to solar cell devices and require a TE in the front layer to enable emission of light. Currently, ITO-based electrodes are the most commonly used TEs in both solar cells and LED devices. [39] AgNW network based TE appears as an interesting candidate to replace ITO in these devices for several reasons. First, the deposition method of AgNWs is low-temperature and easily adapted to roll-to-roll device fabrication process. [40]- [43] Secondly, the amount of required silver is very low (100-200 mg m -2 ) compared to the required indium in ITO films (750-1050 mg m -2 ) to reach similar electro-optical properties. [2] Therefore, the limited resources of indium along with its geopolitical limitations, cannot provide enough material for the growing demand for cheap solar panels and LED devices. Eventually, electrodes based on AgNWs offer much superior mechanical flexibility when compared to ITO-based electrodes. [44] Therefore, AgNW-based TEs may prove to be compatible with components of cheap and flexible Organic solar cells, [45], [46] Organic LEDs (OLEDs) and polymer-based LED panels. [47] Wearable electronics, mainly wrist wearables, are another rapidly growing potential market for TEs. The global market of wearable wrist devices alone was around 100 million units in 2019. [48] AgNW networks are excellent candidates for wearable electronic devices due to their outstanding mechanical flexibility. Furthermore, AgNWs have the potential to be integrated into mobile devices, large-area screen displays and in automotive lighting. Highquality electrodes of AgNWs can be deposited on light and flexible polymeric substrates, thereby decrease the weight and the overall cost of display panels.

Transparent heaters (THs) are another example where there is a potential market growth for AgNW based TEs. [49] THs are required for the proper performance of a wide range of modern devices. Defrosting windows of cockpits and automobiles, heating display panels of gadgets such as handheld scanners, security cameras, outdoor LCD panels, copy machines, refrigeration equipment are among some of the major applications. There are several essential criteria that a functional TH is required to meet. Ease of installation and fabrication on various surfaces, fast thermal response, accurate control over the temperature, homogenous heating pattern over the heating area, long term stability and high visibility are among these criteria. [50] Extensive research concerning AgNW based THs has confirmed that these coatings have great potential to perform as an easily scalable and installable, reliable and fast film on various range of substrates. [51]- [53] Considered together, there is a motivation for further investigations into AgNW networks to gain a deeper understanding of their electrical, optical, and mechanical properties; as well as optimizing their properties and stability. In LMGP several PhD theses have already been dedicated to the investigation of transparent electrodes based on AgNWs. In 2014, Daniel Langley finished his PhD Thesis between LMGP and SPIN at University of Liège under the supervision of Daniel Bellet and Ngoc Duy Nguyen. His work was dedicated to a comprehensive simulation study on the percolation behaviour of random AgNW networks and confirmation of the findings by experimental observations. [54], [55] Langley mainly studied the effect of parameters such as length distribution, angular anisotropy, and curvature of AgNWs on the percolation threshold and electrical resistance of following percolating networks. [55] Also, the effect of thermal annealing as an efficient method to improve the electrical properties of AgNW networks under different annealing conditions was studied. [56] Following this work, Mélanie Lagrange also completed a PhD dedicated to AgNW based TEs in LMGP in October 2015 under the supervision of Daniel Bellet and Yves Bréchet. Her work was mainly focused on the optimization of AgNW networks (both in electrical and optical) properties, considering the effect of different parameters such as network density and NW size (diameter and length) to optimize the performance of these networks. [57], [58] Significant work was also dedicated to the optimization of THs made of AgNW networks and their failure mechanisms. [59] Moreover, Thomas Sannicolo finished his thesis under the supervision of Jean-Pierre Simonato at CEA-LITEN and Daniel Bellet at LMGP on AgNW networks in October 2017. This work was mainly dedicated to studying "electrical percolation" (the electrical distribution in the percolating network) and electrical failure of AgNW networks. Using Lock-in Thermography (LiT) they observed an activation process of AgNW networks (as a result of thermal/ current annealing) and the occurrence of degradation in the AgNW network while the electrical stress increases. They also discussed the impact of parameters such as network density, NW-to-NW junction efficiency, and electrical instabilities on the electrical distribution of standard AgNW networks. [60], [61] Viet Huong Nguyen finished his thesis under the supervision of David Muñoz-Rojas and Daniel Bellet in LMGP and Delfina Muñoz at LHET in CEA, in October 2018. This work was mainly contributed to Atmospheric Pressure-Spatial Atomic Layer Deposition (AP-SALD) and development of low-cost TEs for solar cell devices. [62], [63] They used composite electrodes made of AgNWs and thin coatings (less than 100 nm) of AP-SALD coated ZnO films and confirmed the enhancement of electrical and thermal stability of composite electrodes compared to solely AgNW ones. They also confirmed the effect of Al: ZnO coating on AgNW networks, confirming that such composites can have prominent electro-optical properties (sheet resistance of 7 Ωsq -1 and optical transmittance around 83%). [62] Finally, in December 2020, Dorina (Theodora) Papanastasiou completed her thesis under the supervision of Daniel Bellet and David Muñoz-Rojas and in LMGP. This work had mainly focused on understanding the failure of AgNWs under electrical and/or thermal stresses. A further step was also taken to integrate AgNW based TEs into functional devices including transparent heaters for bio-chips, energy harvesting, and cold emission electron devices. [64] These studies were invaluable in providing a comprehensive understanding of the physical properties of networks composed of AgNWs. However, there are still limitations regarding the successful integration of AgNWs in industrial devices, which need further effort from researchers. One of the major issues which will be tackled during this thesis is the fragility of AgNW networks when exposed to high thermal (typically above 300 °C) or electrical stress. For instance, AgNW networks may not be able to undergo some of the fabrication steps of thin-film devices, e.g. thin-film solar cells. Another example of the failure of NWs is when integrated into THs as Lagrange et al.

studied. [59] Long-term storage of AgNWs in atmospheric conditions might also cause changes in the surface chemistry of NWs and lead to the appearance of Ag 2 S nanoparticles as a result of the sulphidation of silver. These factors can each contribute to a degradation in the electrical performance of AgNW networks in the long-term. Therefore, tackling this lack of stability (be it thermal, electrical, or environmental) is one of the main themes of this thesis.

The current document is divided into four specific chapters. We begin with a "state-of-the-art" review, presented in Chapter 1, which covers a general introduction of Transparent Conductive Materials (TCMs), followed by synthesis process of AgNWs, electrical properties of single NWs, junctions between NWs and the wider network, and optical properties of AgNW networks. This chapter also introduces the Figure of Merit (FoM) as a tool to evaluate networks performance in terms of electro-optical properties. Finally, several examples of successful integration of AgNW networks into functional devices are presented.

Chapter 2, mainly deals with experimental conditions regarding the fabrication and characterization of AgNW networks. Spin-coating and more recent air-brush spray coating techniques are examined for the formation of random, large-area AgNW networks. Details about the morphological, electrical, optical, and mechanical characterization of AgNW networks along with some preliminary results are presented in this chapter. The main experimental findings of this thesis are presented in Chapter 3, where we deal with the lack of stability of AgNW networks. We have confirmed the efficiency of a novel deposition technique, AP-SALD, thanks to conformal and homogenous coatings of ZnO and Al 2 O 3 over AgNW networks with controlled thicknesses of a few tens of nanometres. These coatings were compared based on their stability-enhancement and their loss of optical transmittance, to find the optimum metal oxide composition and thickness. One should consider that the optimum coating strongly depends on the final application. Finally, we introduced a bilayer coating of ZnO/ Al 2 O 3, which dramatically enhances the stability of AgNW networks, while demonstrating an anti-reflection effect of Al 2 O 3 over ZnO coating and causing a milder impact on the optical transmittance of AgNW networks compared to solely ZnOcoated networks.

In this study, using spin-coating and spray coating techniques AgNW networks with sheet resistance values of 9.2 Ω sq -1 and 5.9 Ωsq -1 and optical transmittances at 500 nm of 84% and 84.3%, were respectively fabricated. Lack of stability in bare AgNW networks was refined by bilayer coatings consisting of 70 nm ZnO/ 70 nm Al 2 O 3 . The achieved composites were stable after 6 cycles of annealing in the air from room temperature to 450 °C. A further step in the study of stability can be investigating a wide range of other metal oxides that can be also deposited by AP-SALD. Titanium dioxide (TiO 2 ), Silicon dioxide (SiO 2 ), Molybdenum trioxide (MoO 3 ), are among the few candidates which can be used as coating layers on AgNWs. Selective coating of AgNW networks (and leaving the beneath substrate un-coated) is another approach with can be used to enhance the stability of AgNW networks while preserving high optical performances. Electrodeposition is an example of such approaches that are not taken during this study but will be out of interest for future investigation. [65] As mentioned above, AgNWs are the most widely studied type of TEs based on randomly deposited metallic nanoobjects. However, nanowires are not the only metallic nano-objects that can be synthesized using solution-based techniques. Branched silver NWs and shapes like nano-stars [72], [73], nano-cubes, and nano-rods [74], [75] of silver and gold have been already successfully synthesized. However, the sizes of these nano-objects are much smaller compared to commercialized AgNWs, few tens of nanometres for gold nano-stars [76] and few micrometres for branched silver NWs. [77] The question treated in this work is whether or not the introduction of symmetry in these nano-objects (i.e. using nano-stars instead of nanowires) can lower the percolation threshold of formed networks. This question is critical, since reducing the percolation threshold leads to the lower material consumption in TEs and is also expected to result in higher optical transparency. To investigate this question, Chapter 4 describes a comprehensive study on the effect of symmetry on the percolation onset of nano-objects using Monte-Carlo simulations. In our simulations, we used the algorithm initially developed by Daniel Langley, which as mentioned above focused on stick percolation only. Using the framework of algorithms for sticks, we developed algorithms to predict the percolation onset of random networks composed of different nano-objects such as m-fold periodic stick arrangement or regular polygons of m-edges. Furthermore, we aimed to evaluate the effect of imperfections of symmetric nano-objects on the network percolation threshold. We confirmed the validity of our simulations by comparing our results to the percolation onset of geometries, which have been already reported in the literature. [78] Our study confirmed that networks composed of symmetric nano-objects (e.g. m-fold periodic stick arrangements, or polygonal shapes, or finite-size regular grids) can decrease the total length of material areal density down to 50% compared to similar networks composed of sticks.

Finally, a second simulation attempt has been devoted to predicting the performance of MNW-based TEs in solar cells. The model of photo-generated charge carriers diffusion length was developed by Gonzalez-Vazquez et al. [79] Monte Carlo simulations using charge carriers diffusion length, enable us to estimate the collection efficiency (η in %) of MNWs as front electrodes in solar cells. In this section, we have studied the dependence of collection efficiency of photo-generated charge carriers (which correlates with the efficiency of power conversion in the final device) on parameters such as network density, average areal density of MNWs, MNW length, and electron diffusion length in the active layer of solar cells. One can anticipate using our simulations, that increasing the density of MNW networks increases η%, while increasing the ratio of NW length to Diffusion lengths decreases η%. We believe that improving models that were used in our simulations, can enrich our understanding of different physical properties of TEs based on random metallic nano-objects. Eventually, proposed models can be used as a guideline to choose the best geometry and network properties of metallic nano-objects to meet the requirements of TEs in diverse applications. Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices In this chapter, we will present a brief review of the importance of transparent conductive materials in modern electro-optical devices. Although transparent conductive oxides (TCO) based on rare metals like Indium doped Tin Oxide (ITO), show electro-optical properties which are acceptable for many applications, sheet resistances below 10 Ωsq -1 and optical transmittance above 90%, there are several limitations which promote the need to find substitutional materials to replace ITO. Transparent electrodes based on metallic nanowires (MNWs), mostly silver NWs, are among the most interesting candidates to replace ITO. Optimization of AgNW based TEs, from synthesis process of solutions containing NW to obtaining efficient junctions between NWs and forming conductive random networks along with electro-optical properties of networks is discussed in this chapter. Finally, we will present a brief review on some of the successful integration of AgNWs in functional devices, discussing advantages of this material over classic transparent metal oxides, as well as the limitations of using AgNWs.

Transparent Conductive Materials

There has been extensive research in past decades devoted to transparent conductive materials (TCMs). Transparent electrodes (TEs) have a wide range of applications in many modern opto-electronic devices, such as organic lightemitting diodes (OLEDs), touch screens, solar cells, e-papers, transparent heaters (THs), and sensors. [1] Wide bandgap conductive metal oxides like Indium doped Tin Oxide (ITO), Florine doped Tin Oxide (FTO), or Aluminum doped Zinc Oxide (Al:ZnO) have been widely used as TCMs. [2] The most successfully commercialized transparent conductive material to date, ITO, shows interesting electrical and optical properties, sheet resistance below 10 Ωsq -1 and total transmittance above 90% for a wavelength of 550 nm. 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 ITO by new candidates. [3] Several potential emerging materials include random networks of MNWs, conductive polymers [4], [5] or carbon-based materials like Carbon Nano Tubes (CNTs) or graphene. [3], [6] In particular, percolative networks composed of high aspect ratio metallic MNWs are promising candidates among these emerging materials. [7]- [9] MNW networks exhibit excellent electro-optical properties comparable to ITO, along with high mechanical flexibility. [10] Many research groups have optimized MNW networks with optical transmittance above 90% and sheet resistance of less than Ωsq -1 , confirming that MNW networks stand as an outstanding candidate among other TCMs in terms of the tradeoff between transparency and electrical resistance. [9] In addition, the consumption of metal is much reduced in these MNW based electrodes as compared to the required indium amount in ITO based electrodes to obtain similar properties. As an example, Silver nanowire (AgNW) based networks with Ag areal mass density around 100 to Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 20 mg/m 2 show electrical sheet resistance below 5 Ωsq -1 and total transmittance around 89% at 550 nm, [11] while for ITO films with thickness of 150 nm and similar electro-optical properties, In areal mass density is around 900 mg/m 2 . [12] Table 1-1 shows the geographical distribution of indium and silver resources around the world in last few years, and clearly confirms the advantage of silver over indium in its overall abundancy and availability.
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AgNWs: synthesis and properties of single NWs

Random networks of various MNWs (mainly silver, copper or cupronickel) are among the most attractive candidates to replace conventional TCOs like ITO. Among the different MNW networks, the ones based on AgNWs Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 21 appear 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 fact that silver has the highest electrical conductivity at room temperature. Low-cost and scalable synthesis of silver NWs has been studied in the last two decades. In this section, we will present a brief review over production methods of AgNWs, followed by electrical properties of a single AgNW and junction between two NWs before and after sintering process.

Synthesis of AgNWs: polyol process

Solution-based techniques, mainly based on the polyol process are used for mass production of AgNWs. Polyol method, initially introduced by Xia et al. has been widely used to synthesize high aspect ratio AgNWs. [14] The process involves reduction of silver salts (silver nitrate) by ethylene glycol in the presence of Poly Vinyl Pyrrolidone (PVP). [14], [15] Schematic representation of polyol process is presented in Figure 1 clearly shows the 5-fold symmetry of AgNWs. [16] This synthesis process leads to the formation of AgNWs with average diameters between 20 to 150 nm and lengths in the ranges of few tens of µm. Commercially synthesized AgNWs are available from many companies like Cambrios, Sigma Aldrich, BASF (former Seashell), blue nano and ACS materials. AgNWs used in this study are mainly purchased from ACS materials and Seashell companies. A Scanning electron microscopy (SEM) image of ACS MNWs with average diameter of 90 nm is presented in 1-1.e.

Final products of AgNWs are in solvents like water or alcohols including ethanol, methanol or Isopropyl alcohol (IPA). Methods for deposition and post-deposition treatments which are performed on AgNWs to form high-quality

TEs will be discussed in details in chapter 2.

Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 

The electrical conductivity of an individual silver NW

Although bulk silver has the highest conductivity at room temperature, silver NWs might show different electrical resistance due to the surface scattering of electrons when the diameter of NWs is about the electrons mean free path of bulk Ag. The relationship between single nanowire resistance and its diameter was first formulated and experimentally confirmed by Bid et al. [18] They suggest that electrical resistance of single NWs follows as:

𝜌 𝑁𝑊 𝐴𝑔 = 𝜌 𝑏𝑢𝑙𝑘 𝐴𝑔 (1 + 𝛬 2𝐷 𝑁𝑊 ) (1-1)
Where 𝜌 𝑁𝑊 𝐴𝑔 and 𝜌 𝑏𝑢𝑙𝑘 𝐴𝑔 are the resistivity of nanowire and bulk nanowire, respectively, 𝐷 𝑁𝑊 is the diameter of nanowire and 𝛬 bulk silver free path (around 40 nm). [18] While AgNW with a diameter of 15 nm has the resistivity of 4.11 µΩ cm, bigger NWs, i.e NW with diameter of 200 nm exhibit a resistivity of 2.33 µΩ cm. However, even thinner NWs can meet the required electrical resistance in many applications. [11] The main issue regarding the thin NWs can be their lower stability while they undergo high electrical or thermal stresses as we will discuss in section 3. This makes essential to perform an extra post-deposition treatment to form an intimate contact between the junctions. Thermal annealing, [11] mechanical pressure, [20] joule heating, [19], [21] plasmonic welding, [22], [23] coating NWs by metal oxide layers like Al:ZnO, Titanium dioxide (TiO 2 ) , CNTs [24] or graphene, [25] and applying pulse laser rapid heating [26] are among well-described processes to treat NW to NW junctions. A full junction optimization process, includes two main mechanisms which allow the formation of efficient junctions between NWs, first the PVP surfactant softening or deformation, second the surface diffusion of silver in the junction points to allow the atoms to diffuse around and on to other NWs to create higher junction area. Figure 1-2.a1-a2 show schematic illustration of two adjacent NWs before and after sintering the junction, respectively. Some of the post-treatment techniques focus only on the deformation, softening or thinning of PVP surfactant.

Glass transition temperature (the temperature which polymers become rubbery) of PVP surfactant strongly depends on the molecular weight, Buera et al. showed that for (Mw= 40 000 g mol -1 ), glass transition of PVP is close to 140 -150 °C. [27] Therefore, energy applied on the NWs using thermal annealing, electrical annealing, or plasmonic welding can lead to softening of PVP shell. On the other hand, PVP is hygroscopic, which means it tends to absorb high humidity. Absorption of water leads to a decrease in the glass transition temperature down to (45-85 °C).

Therefore, PVP layer can melt down and allow NWs to efficiently intercalate. [28] Weiβ et al. showed that humidity assisted welding of AgNWs, can be as efficient as conventional annealing at high temperatures. They confirmed that exposing AgNW network to 85% room humidity at temperatures around 60°C for 50 minutes is enough to sinter AgNWs with diameter of 90 nm and reduce the network overall resistance by two orders of magnitude. [28] Figure 1-2.b1 shows a SEM image of two AgNWs with average diameter of 90nm, which have been annealed at 70% room humidity and 70°C for 180 mins, white arrows illustrate better contact of NW to the substrate as well as improved NW to NW junction.

Another interesting approach to deal with PVP insulating layer is presented by Lee steps for 5 consecutive steps which leads to a decrease in the thickness of PVP layer from 4 nm to 0.5 nm as shown in Figure 1-2.c1-2. [29] The decrease in the PVP thickness leads to a drop in the sheet resistance of a vacuum filtering deposited AgNW network from 71 Ωsq -1 to 18.9 Ωsq -1 (approximate transmittance 94%).

Another low-temperature technique to form sintered junctions between AgNWs is using the capillary force during drying of applied vapour on the nanowire network. Liu et al. showed that capillary force induced between adjacent NWs can be as efficient as mechanical pressing for welding AgNWs and reach up to 10 MPa to GPa levels. [30] As Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 25 a result, a more intimate junction is observed between adjacent NWs as shown in Figure 1-2.d1 and d2 which present two adjacent NWs before and after applying moisture. Controlled applying of moisture can enhance the electrical conductivity of the entire AgNW network, from the ranges of several kΩsq -1 to tens of Ωsq -1 , while it does not have the limitations of thermal annealing or mechanical pressing in the used substrate. [30] However, although the techniques discussed above improve the junction resistance between two adjacent AgNWs and have been proved to have a considerable effect on the electrical resistance of the AgNW network, a full optimization of the junctions and therefore electrical conductivity of the network requires reduction of the total surface energy of NWs and sintering of junctions which leads to surface/body diffusion of silver atoms and formation of fully sintered junctions. Therefore, thermal annealing is one of the most popular and well-studied techniques to optimized AgNW networks electro-optical properties. [11], [32] A good example of characterization of NW-NW junction before and after thermal annealing has been presented by Sannicolo et al. [31] They have performed TEM observations on as-deposited and thermally annealed Seashell AgNWs. AgNWs were spray coated on copper-based TEM grids filled with an amorphous holed carbon matrix.

Junction of as-deposited networks were compared to those annealed at 180°C for 60 mins. As shown in Figure 1-2.e1, non-annealed adjacent AgNWs are totally straight, covered with a thin PVP shell. While annealed networks clearly illustrate diffusion of Ag atoms which leads to the morphological reorganization of the junctions, see Figure 1-2.e2. However, these TEM images show that PVP layer is still present around the "optimized" junctions, although its chemical nature might be affected by annealing process. Since the annealing temperature is higher than glass transition of PVP, diffusion of PVP has also occurred at the junction points, allowing physical contact of adjacent AgNWs and full sintering of junctions. [31] Because of its simplicity, thermal annealing at temperature ranges around 140-250 °C remains the most favoured method for optimization of electrical resistance of AgNW networks. However, the utilization of thermal annealing is a long and high power consumption process which is restricted in the case of organic electronics and especially for flexible substrates. One fast and low-power consumption way to improve electrical resistance of AgNW network is current assisted localized joule heating. Coleman et al. [34] have shown that for transparent electrodes composed of silver NWs or CNTs, graphene or silver platelets, in the cases of rather thin networks with optical transmittance above 90%, conductivity falls in percolation regime and can be modelled as :

𝜎 ∝ (𝑛 -𝑛 𝑐 ) 𝑣 (1-3)
Where for 2D networks, 𝑣 equals to

4 3
. [34] but this is more practical to deal with areal mass density (amd), which is usually reported as mass of NWs per unit area (often expressed in mg/m 2 ), rather than n c , therefore Lagrange et al. [11] re-wrote Equation 1-3 as: Where 𝑑 𝑏𝑢𝑙𝑘 𝐴𝑔 is the mass density of bulk silver and 𝐿 𝑛𝑤 and 𝐷 𝑛𝑤 are the dimensions of NWs (Assuming cylindrical shape for NWs in spite of their pentagonal cross-section). Therefore, the dependency of sheet resistance upon amd can be modelled as:

𝜎 ∝ (𝑎𝑚𝑑 -𝑎𝑚𝑑 𝑐 ) 𝑣 (1-4)
𝑅 = 𝑅 0 + 𝐶 • 𝜌 𝑁𝑊𝑠 𝐴𝑔 (𝑎𝑚𝑑 -𝑎𝑚𝑑 𝑐 ) -𝛾 (1-6)
Where R 0 is the contact resistance and C is a fitting parameter. 

The only unknown parameters are R 0 , (contact resistance 

Optical properties of AgNW networks

Total Transmittance

Optimized AgNW networks, must have both high electrical conductivity and optical transparency. Figure 123.a confirmed that increasing the network density leads to higher electrical conductivity, however, there have been several studies which confirm that the optical transmittance of AgNW networks decreases linearly with the network areal mass density. [11], [35], [36] Shadowing effect is a simple explanation which can be used to justify the correlation between optical transmittance and network area covered with AgNWs. 

Diffuse transmittance and haze factor

The haze factor is a parameter that quantifies the amount of light scattered by the investigated material and is simply defined as the ratio between diffuse transmittance and total transmittance. Depending on the target application, different properties regarding haziness are required. For example, low haze factor is essential to ensure the performance of touch panels and transparent heaters placed on windows in order to have unblurred viewing, while performance of solar cells might be enhanced by a high haze factor. [37], [38] Finite difference time domain (FTDT) method to solve Maxwell equation, [39], [40] and Mie scattering theory have been used to estimate haze factor of AgNWs. [41] Results of both methods confirm that haze factor of AgNWs strongly depends on the diameter of NWs, and smaller NWs have smaller haze factor values. Lagrange et al. studied haze factor of Seashell AgNWs and clearly confirmed that haze factor is directly proportional to the areal mass density as shown in Figure 1-3.b. [11] Total transmittance and haze factor of AgNW networks is also plotted against Rsh values in Figure 123.c. This can be used as a guideline to find optimum network properties considering both electrical resistance and optical properties.

Figure of Merit

A standard way to evaluate the performance of transparent electrodes in terms of their electrical and optical properties is to define a figure of merit (FoM) depending on the network density. Dense networks provide enough pathways for the electrical current, therefore they have low values of electrical resistance as shown in Figure 1-3.a, however due to shadowing effect the optical transmittance values will be rather low. On the contrary, sparse networks with high optical transmittance values, will not provide enough conductive paths and suffer from high resistance values. It is essential to find a trade-off between electrical resistance and optical transmittance. There are several ways to define FoM, in this study we used the definition by Haacke, which proposes the following FoM for finding a trade-off between electrical resistance and optical transmittance of TEs: [42] 𝐹𝑜𝑀 = 𝑇 10 𝑅 𝑠ℎ (1)(2)(3)(4)(5)(6)(7)(8)(9)(10) where T is the total transmittance measured at 550 nm, which is standard for instance when solar cells applications are considered, and R sh is the sheet resistance values. As shown in figure 123.d, the FoM values, take a bell shape, and there is an optimum network density which provides best electro-optical properties. This density depends on several parameters, like the geometry of NW, deposition method and post-deposition treatments of networks, and has been reported around 100-200 mg/m 2 for AgNW networks. [11] Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 31

1.4.

Applications of AgNWs in opto-electronic devices

AgNW networks in solar cells

Solar cells are one of the green alternatives to replace fossil fuels to meet today's increasing demand for energy.

TCM is one of the key elements which is required in any type of solar cell devices, high transparency is required to allow the entrance of incident light and high electrical conductivity is essential to ensure sufficient harvesting of photo-generated charge carriers. ITO, due to its interesting electro-optical properties is one of the most widely used TCMs in different solar cell technologies. However, there are several limitations which induce large amount of research to find substitutional materials as the replacement of ITO. In general solar cells require relatively thick layers of transparent conductive materials (few hundreds of nm) compared with the relatively low thickness needed for display technologies (few tens of nm). The need for tick layers of TCMs along with the large area of solar cells results in high consumption of TCMs. [43], [44] This is critical due to drained resources of indium as we discussed in section 1.1. Moreover, the brittle nature of ITO, makes it incompatible with flexible solar cells, which have drawn intense attention due to very low-cost installation procedure. [45] Eventually third drawback, raises from high-cost, vacuum required and high-temperature deposition techniques of ITO which makes it a poor candidate for organic solar cells or any low-cost fabrication process. Solution-based organic solar cells have been the subject of high interest in both academy and industry due to their easy fabrication process which makes them economically competent although in general they have lower Power Conversion Efficiency (PCE) compared to crystalline silicon or thin film solar cells. [45] Substitutional materials have been studied as a replacement for ITO in flexible solar cells, including carbon nanotubes (CNT), [46] graphene, [47] metallic grids, [48] [9], [59] which leads to lack of efficient ohmic contact between AgNWs and active layer, and the short-circuits due to highly non-uniform topography of as-deposited AgNW network. [56], [60] As deposited AgNWs, might not be aligned well along the substrate and cause shortening. This is more critical when using AgNWs as lower electrode which results in low shunt resistance, high dark current and poor final PCE values. [56] The latter can be improved by mechanical pressing of as deposited network. [61] Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 32

In spite of these limitations, successful integration of AgNWs into solar cells especially Organic PVs (OPV)s have been reported. For all of these configurations, an adjacent transparent conductive layer is utilized along with AgNWs. This additional layer can be ZnO, [44] AZO [54] or conducting polymers like poly (3,4ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS). [57] The reason behind this configuration is that percolating NW networks are composed of very high aspect ratio elements which have quite big voids between conducting paths. These wide openings lead to loss of photo-generated carriers due to recombination within n-type or buffer layer before being collected by the conducting network. Using this composite enhances the effective area for charge collection and leads to higher PCE values. [44] Polymer solar cells are the main area for which most of the successful integration of AgNWs is reported. AgNW network due to its low-cost and solution-based fabrication process is compatible with other layers in polymer solar cells. Reinhard et al presented a fully solution-processed semi-transparent organic polymer solar cell which comprises AgNW as front electrode, the PCE of their solar cell is equivalent as the reference metal electrode-based opaque solar cells while the transmittance of front electrode is around 85% in the whole visible range. [ and efficient organic solar cell, which is completely fabricated by using brush painting. As shown in Figure 1234 increasing the efficiency of charge carrier distribution. [64], [65], [67], [69] The latter is similar to the issue which MNW networks have in solar cell applications, due to the large voids between adjacent NWs electron-hole pairs, tend to recombine before arriving at the opposite electrodes. In Light emitting panels, the adjacent PEDOT:PSS layer can ease charge distribution to the semiconductor/ active layer. As shown in Figure 1 Current efficiency, external quantum efficiency and luminous efficacy are among the main parameters which are used to evaluate the performance of lightning panels. Here, we have compared luminous efficacy (LE) of AgNW based and ITO based control devices with similar architecture. Zeng et al. [63] were among the first groups who showed that AgNW/ PEDOT:PSS electrodes can provide higher power efficacy when compared to commercial ITO electrodes, 2.43 lmW -1 instead of 1.62 lmW -1 . One reason behind the higher efficiency for AgNWs based devices maybe light scattering. similar performance as OLEDs fabricated on glass (using ITO electrodes). [70] Along with high efficiency and low-cost fabrication process, modern LED devices require Lambertian emission.

The latter means that the apparent brightness of the surface is the same than the observant regardless of its angle toward the lightning surface. 

AgNW networks in transparent heaters

History of Transparent heater (TH) films goes back to decades ago during World War II when these films were designed and used in order to defrost the windshield of aircrafts in high altitude and low-temperature conditions. [71] Although defogging and defrosting the windows of cockpits and automobiles still is one of the major demands which force the studies on THs, wide ranges of other applications, for example, outdoor security cameras, lowtemperature operating display panels, sports goggles, helmets of motorcycles require fast and high-quality THs.

Another interesting application is transparent microfluidic channels on glass or polymers which allows the study of biological samples in precisely controlled temperature, for example continuous polymer chain reaction (PCR), [72] or similar cell culturing microfluidic chips. [73] Although initial TH used conventional TCO films like ITO, [72]- [74] FTO [75], alternative materials like CNT, [76] graphene [77] have been successfully utilized as THs.

Simonato's group was the first one which demonstrated the concept of using AgNW network as flexible film heaters on the glass on PEN substrates. [78] In Equation 1-12, the term in the left represents power generated by joule heating. In the right side of the equation first term corresponds to heat generated in the substrate and the AgNW network, C the specific heat capacity and m the mass. The second term represents the heat loss by convection per time, where h is the convective heat transfer coefficient and A the area of the network. The third term corresponds to the part of heat loss by radiation, where σ is the Stefan-Boltzmann constant. Finally, the last term illustrates the outward conduction losses of the system. The latter can be through the conducting wires (used for electrical temperature measurement and electrical current apply)

or the TH support. In all parameters index, 1 and 2 correspond to the AgNW network and substrate, respectively.

∆T is the temperature difference between sample temperature T(t) and ambient temperature T 0 . [81] Although there is no straightforward analytical solution for Equation 1-12, for small temperature raises, it can be solved as:

𝑇(𝑡) ≈ 𝑇 0 + 𝑅.𝐼 2 𝛼𝐴 [1 -exp (- 𝛼 𝑚𝐶/𝐴 𝑡)] (1-13)
Where 𝛼 = (ℎ 1 + ℎ 2 ) + 4(𝜖 1 + 𝜖 2 )𝜎𝑇 0 3 + 𝛼 𝑐𝑜𝑛𝑑 . Therefore an increasing exponential decay function fit describes well the heat increment profile in the reported studies. The experimental values in the study of Sorel et.al fitted well The frost was removed after a 12 Volt DC voltage was applied on the AgNW network for only 60 seconds while making the logo below clearly visible. [79] Hong et al. showed for the first time that stretchable THs can have the potential to be used in wearable electronics. [83] Wearable electronics have the application in personal thermal management [84] and health care. [85] They embedded randomly oriented AgNW network on Polydimethylsiloxane (PDMS) and showed their operation under 60% of strain in real-time deformation which mimics human motion. Figure 123456.d illustrates temperature profiles at high temperature for two different conditions of inward and outward bending confirming the performance of TH in compressive and tensile strains.

Closing remarks

In this chapter, we discussed the great potential of AgNW based TEs to be integrated into many functional devices.

High electro-optical properties, along with mechanical flexibility, vacuum-free, low-cost, and solution-based deposition technique and the low required amount of silver, are main reasons which make AgNW networks a competent candidate to replace ITO. However, there are some issues regarding TEs based on AgNWs which we are tackling within this project. Lack of stability, under thermal, electrical or environmental stress, is one of the main issues regarding successful integration of AgNW networks in functional devices. One efficient way to enhance stability is to coat AgNWs with transparent oxide layers like ZnO, Al 2 O 3 , or TiO 2 . However, conventional ways to deposit these metal oxide layers, like sputtering, CVD or ALD, are vacuum required and rather expensive, which is in contrast with one of the main advantages of AgNW networks. In this work, we examine the metal oxide layers, deposited by a novel vacuum-free and scalable technique called Spatial ALD (SALD) and compare different oxides in their stability improvement using different thickness values. Finally, last chapter of the study is dedicated to Monte Carlo simulations and studying the percolation behaviour of networks composed of different nano-objects.

Thanks to recent advances in the synthesis of metallic nanoparticles which enables one to control the growth mechanism of these elements, more elaborated geometrical shapes like nano-stars or nano-cubes can be achieved.

We search among different geometries to find nano-objects which have the lowest percolation threshold. Lowering the required total length of the material to reach percolation is critical since it enables us to fabricate lighter, cheaper and more transparent functional devices. We also studied the effect of the orientation of nano-objects on the Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 39 percolation of the networks they create and observed that, as the anisotropy of the network is increased, its percolation threshold increases as well.

Introduction

Techniques were used to fabricate and analyze the samples in Chapter 3, where the main experimental results of this thesis will be presented.

Deposition of AgNW networks

The majority of AgNWs used in this study were purchased from Seashell Technology (meanwhile this technology had been acquired by BASF) and ACS materials companies. Seashell AgNWs (average diameter 117 nm, and average length 37.5 μm), and ACS-Ag90 AgNWs (average diameter 90 nm, and average length 15 µm) were both dispersed in isopropyl alcohol (IPA) with an initial concentration of 20 g L -1 . These suspensions were used to prepare diluted ones, and the concentration is chosen based on the deposition technique and targeted network density by adding IPA. The presence of the PVP layer around AgNWs prevents agglomeration of NWs in the solution, yet a short sonication treatment, 30 seconds long, was performed on the NW solutions to ensure homogenized deposition without aggregates. Lagrange et al. [2] showed that long-time ultrasonication could lead to the scission Chapter 2: Experimental methods related to deposition and characterization along with preliminary results of bare AgNW networks 50 of NWs and shortening of average length. However, sonication for 30 to 60 seconds is too short to have any considerable effect on the length of NWs; therefore, it has been used to produce a homogenized solution of AgNWs.

Substrates that were used in this study were purchased from Delta Technologies (Corning alkaline glasses) and MGCMINC (Neopulim). A three-step cleaning process was applied on glass substrates to remove any possible contamination before deposition: initially, the substrates were sonicated in acetone then ethanol bath for approximately 10 minutes each. Then the substrates were rinsed by deionized water and eventually a N 2 flow gun was used to completely dry them out. Such a cleaning process was not essential for Neopulim substrates since they had double side protection layers around them to avoid any contamination. Neopulim films were put in an O 2 plasma treatment chamber for 90 seconds to enhance wettability of surface and to ease distribution of AgNW containing solvents over the substrate. Therefore, homogenous coatings of AgNW networks could be obtained.

Spin coating of AgNWs

Spin coating was the initial technique used to deposit uniform AgNW networks since this is an easy, well-mastered, room-temperature, solution-based technique. [3] A total amount of 1 mL of AgNW solution was placed at the center of the substrate which is rotating rapidly (1500 rpm). Solution pulses were manually controlled around one drop per second. Langley [3] observed that it is better to perform two steps of deposition (0.5 mL each step) while keeping a 30 seconds pause between steps to allow drying the surface. The procedure takes only a few minutes for a 25×25 mm 2 size sample. Figure 2-1.a shows the spin coating setup (SPIN150), which we use in LMGP. The inset shows the placement of the sample on the rotating substrate holder, where the substrate is fixed due to the suction effect by the pump installed underneath. Since the deposition procedure was optimized for a two-step process, the density of the final network can be controlled by changing the density of the AgNW solution. We have varied this value from 0.2 to 2 g L -1 .

Chapter 2: Experimental methods related to deposition and characterization along with preliminary results of bare AgNW networks 51 Although spin coating is a straightforward process to fabricate AgNW networks with controlled network density and electro-optical properties, it is suffering from some drawbacks: spin coating requires the substrate to be flat and smooth. This can be problematic especially for polymer substrates like Neopulim where the substrate can easily buckle while rotating at high speeds. Another example concerns the deposition of AgNW networks on a substrate where silver contacts have been deposited at the edges. The thickness of evaporated silver contacts (see section 2.2.3) is around tens of nanometers (relatively comparable to the diameter of AgNWs). Therefore, for those substrates, the homogenous deposition of AgNW networks is not feasible using spin coating. Another major issue related to the spin coating process is the preferential orientation of AgNWs due to centrifugal forces. clearly shows such an orientation in a ACS-Ag90 AgNW network. As will be discussed in Chapter 4, see 4.5.6, AgNW network with random angular orientation has the lowest percolation threshold. Therefore, any preferential orientation of NWs leads to a higher percolation threshold, causing lower conductivity at a fixed network density (see Chapter 1, section 1.4.1). This is the main motivation behind the replacement of this procedure, with a spray coating technique which will be described in the following section.
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Air-brush spray coating of AgNWs

Spray coating has been used widely in the literature to produce scalable, high quality (low electrical resistance along with high optical transmittance) AgNW networks on various types of substrates.[3]- [6] In the present work, an airbrush (Harder & Steenbeck) was used to spray the AgNW networks. In principle, an air-brush performs by atomizing a liquid using compressed carrier gas. Carrier gas (N 2 in this case) passes through an aspirator and creates a suction that allows the withdrawing of solvent from the connected reservoir. The solvent containing AgNW is atomized into very tiny droplets due to the high velocity of N 2 . Formed droplets are blown vertically on the deposition substrate and conductive networks of AgNWs are fabricated, where electro-optical properties can be controlled by deposition parameters. [3] In this work the following parameters were used for the deposition: A nozzle of 0.15 mm diameter was chosen for the air-brush head and was fixed at the height of 10 cm above the substrate. 3 bars was the optimum pressure of carrier gas, N 2 , and flow rate of liquid (solvent containing AgNW)

was kept around 0.2 mL min -1 .

These parameters were optimized to form fine solvent droplets containing AgNWs to enable coatings with homogenous morphology. Carrier gas pressure applies shear stress on the AgNW solvent and increases liquid dispersion generating then smaller droplets; therefore enough pressure must be applied.

[3] However, we observed that N 2 pressure higher than 3 bars, can cause damages to AgNWs. The target substrates were placed on the top of a hot plate during the deposition, so the solvent in the sprayed droplets could evaporate as soon as it reaches the substrate leaving behind the silver nanowires without the formation of any coffee rings. When a drop falls on a substrate with high wettability, formed layer is not uniform: the layer is thinner on the edges compared to the center of the drop. Therefore, the evaporation rate is faster at the edges, and a capillary flow is formed from the interior toward the edges. At the end of the evaporation process, nearly all the deposited material is accumulated at the edges of the droplet. This process is called the formation of "coffee rings" and one efficient way to avoid it is to control the substrate temperature to cause immediate evaporation of droplets. [7] Therefore, the desired substrate temperature depends on the used solvent in AgNW solution, i.e. it was optimized at 90°C for IPA solution and 110°C for methanol solution. Schematic of the air-brush and the spray setup is shown in AgNW networks was out of the scope of current work. However, AgNW networks with changing "number of cycles", were spray-coated on the Corning substrate to optimize spray coating process for required electro-optical values during the internship of Tomy Chatin [8] and NiL Fontanals Lozano [9] in LMGP. Evolution of areal mass density (amd), with the "number of cycles" and evolution of sheet resistance and total transmittance values of AgNW networks with amd is discussed in details by Chatin and Fontanals.

Silver contacts deposited by evaporation

After deposition of optimized AgNW networks a thin layer of silver contact with a width of 2.5 mm, was evaporated at the opposite edges of the network to enable two-point electrical measurements. Silver contacts evaporation was performed using an Edwards Auto 306 thermal evaporator. Ag wires with a diameter of 0.05 mm and purity of 99.99% purchased from Goodfellow & co were used as filament for the evaporation process, which was performed by applying up to 3.8 Amp current on the filaments for 3 minutes. In the case of metal oxide coated AgNW networks, Sheet resistance is a commonly used feature that is pertinent to characterize electrically thin films in general, and also in the TCM field. Sheet resistance reports a local measurement of resistance, which is essential to assess both the electrical properties and homogeneity of deposited thin films. Sheet resistance is generally reported in Ω sq -1 , it is equivalent to Ω but is used only for sheet resistances to avoid confusion with bulk resistances. For square-shaped samples, the values of sheet resistance and 2-probe resistances are theoretically identical; however there is no contribution of contact resistance in the reported sheet resistance values using four-point probe measurement systems. The Four-point probe setup used to measure the sheet resistance of the AgNW samples in LMGP, is a Lucab Labo 4 apparatus. Tungsten probe pins with a pin radius of 40 µm, separated by 1 mm, are put in contact with the sample by mechanical pressure. Keithley 2400 sourcemeter, was used to apply the current and measure the voltage. Measurements were repeated on 5 locations on each sample, and the mean values were reported as measured sheet resistance for each sample.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was used to study the morphology of AgNWs and ZnO or Al 2 O 3 coatings over the nanowire network. Images were obtained with a field-emission gun (FEG) SEM Environmental FEI QUANTA 250 using an accelerating voltage between 5-10 keV. This setup has a typical spatial resolution between 1.2 nm at 30 kV and 3 nm at 1 kV. The acceleration voltage was chosen based on the density of AgNW network (therefore electrical resistance) and metal oxide coating type. Although a higher acceleration voltage leads to a better spatial resolution, it might lead to an accumulation of charges on the specimen (e.g. for sparse networks on Preparation of TEM samples was performed by direct dip coating of AgNW solutions on holey carbon-coated copper grid. Kapton scotch at the edges of the grid was used to fix them on the Corning substrate. Followed by the deposition of AgNWs, required thermal annealing was performed to sinter the junctions between NWs (i.e.

annealing step of 230°C for 60 minutes on ACS-Ag90 NWs). Finally, coatings of ZnO and Al 2 O 3 were deposited by Atmospheric Pressure Spatial Atomic Layer Deposition (AP-SALD). Using this approach there was no need for specimen preparation of coated AgNWs on to the TEM grids; therefore we acquired high-quality images with no damage on the NWs and coatings. The TEM and EDS imaging were performed by Dr. Laetitia Rapenne in LMGP. of bending. While AgNW networks have been reported to be mechanically flexible in many studies, [12]- [14] the slight increase can be explained by rather poor adhesion of AgNW to underneath substrate therefore detaching of NWs from substrate while bending. [15] Further discussions over mechanical behavior of bare and metal oxide coated AgNWs are reported in detail in section 3.7 of Chapter 3. Morphological studies of uncoated and later on metal oxide coated AgNW networks are generally performed using SEM and TEM and AFM imaging techniques. Details about the preparation of samples and parameters used to perform these imagings are discussed in this chapter. The setup to perform UVvisible spectroscopy as another major technique to evaluate optical properties (total transmission and haze factor) is also presented briefly.

UV-Visible-IR spectrophotometer for optical measurements

Eventually, home-made setups to perform post-deposition treatments on AgNW networks that involve applying mechanical or thermal stress on AgNW networks are introduced. All together, tools to prepare and evaluate AgNW based TEs are reviewed in this chapter that enables us to take a step forward in chapter 3 and tackle one of the main objectives of this thesis, studying the stability of uncoated and metal oxide coated AgNW networks.

Introduction

As discussed in Chapter 1, the lack of sufficient stability of AgNW-based networks limits the successful integration of these electrodes into functional and commercialisable devices. Here, we will present a brief review of examples of unstable AgNW networks where the origin of instability is either surface/bulk diffusion or oxidation/sulphidat ion of silver. Diffusion of silver is caused by thermal, [1] and/or electrical [2] stresses, the driving force being to reduce the total surface energy. Oxidation/ sulphidation [3], [4] of silver is also observed while AgNW networks are stored in the atmospheric conditions. Passivation of metallic nanowire networks by thin and transparent coatings of graphene, [5], [6] amorphous carbon film, [7] small organic molecules of 11-mercaptoundecanoic acid (MUA) [8] or polymer coatings of PolyDiMethylSiloxane (PDMS) [9] and PolyMethylMethAcrylate (PMMA) [10] are among well-known methods to improve stability of metallic nanowire networks.

One of the efficient ways to improve the stability of AgNW-based electrodes is to coat them with thin (few tens of nanometers), conformal and homogenous layers of metal oxides. [11]- [13] Previously, during her PhD in LMGP, Mélanie Lagrange reported the enhanced thermal stability of AgNW electrodes with 5 nm of ALD deposited TiO 2 coatings. [14] In LMGP, we replaced conventional ALD with a more modern technique called AP-SALD to deposit coatings of ZnO, Al 2 O 3 and Al:ZnO on AgNWs. The AP-SALD set-up used was designed and developed by David Muñoz-Rojas and his team. [15] We have performed a comprehensive study on the thermal and electrical stability of bare and metal-oxide-coated AgNW networks and compared the performance of oxides in the stability enhancement as well as the optical properties of composite electrodes. Finally, a bilayer coating of ZnO/ Al 2 O 3 was proposed to benefit from the anti-reflection effect of Al 2 O 3 over the ZnO coating, as well as the superior thermal stability of the bilayer as compared to ZnO or Al 2 O 3 coatings solely. Parts of the results which will be presented in this chapter have been already published by our team in ACS-Applied Materials and Interfaces, [16] and Nanoscale. [17] 3.2. Lack of sufficient stability as a major drawback of AgNW networks

Plateau-Rayleigh instability

Although silver has the highest thermal and electrical conductivity of all materials at room temperature, the electrical performance of as-deposited electrodes based on AgNWs can be limited due to high contact resistance between adjacent NWs. As discussed in Chapter 1, the residual organic layer of PVP as the result of polyol process for the synthesis of AgNWs, section 1.3.1, and the limited contact area between adjacent NWs after deposition, Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 70 section 1.3.1, are the main reasons beyond the high electrical resistance of as-deposited AgNW networks. There are reports of several methods to decrease the electrical resistance of AgNW networks, which are all based on sintered junctions between adjacent NWs. Applying heat, [18] mechanical pressure, [19] coatings by metal oxide layers like ZnO (Zinc Oxide), [20] or graphene [21] and applying pulse laser rapid heating [22] are among the well-described processes to treat NW to NW junctions. Although thermal annealing [1], [23]is beneficial for reducing junction resistance thanks to local sintering, it is also known that reaching too high a temperature leads to a morphological instability which is called "spheroidization" of the AgNWs. Spheroidization is the process of non-reversible evolution from silver NWs into disconnected particles/spheres of silver, causing the loss of the percolating nature of the network and eventually leading to infinite electrical resistance. [1] The origin of the spheroidization is called Plateau-Rayleigh instability and has already been observed in other metallic NWs, for example by Karim et al. on gold NWs. [24] While the melting point of bulk silver is above 960 °C, degradation induced by thermal annealing, spheroidization, can occur at a much lower temperature (i.e. < 300 °C) due to the high surface-to-volume ratio in NWs. [18] Increased atomic surface diffusion of Ag atoms at high temperatures leads them to adopt a spherical shape to decrease the total surface energy of NWs. This atomic surface diffusion is the main mechanism behind spheroidization. SEM observations in Figure 3 Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 71

Breakdown of silver NWs as a result of high electrical current and electromigration

In Chapter 2, 2.4, we have discussed some post-deposition techniques to improve the electrical performance of the as-deposited AgNW networks, the main focus being on the thermal annealing. Although this technique is efficient and well controllable, it is rather time-consuming and might cause damage to thermally sensitive substrates. One of the efficient, fast and low-power consumption ways to improve the electrical contact properties between metallic NWsNWs is a process called electrical welding, as we mentioned in Chapter1, 1.2.3. [25]- [27] Electrical welding occurs due to two major effects, namely, current assisted Joule heating (especially at junctions as a result of high electrical resistance and high current density of junctions) and electromigration. [25] Electromigration or electron transport is a well-known phenomenon in thin metal films, which corresponds to the atomic motion of metals under the influence of electrical current. [28] Electromigration is enhanced at the nanoscale due to two main reasons: first, increased current density and second, reduced dimensions. Song et al., have reported that a two nanowire contact system with initial electrical resistance larger than 10 10 Ω, can be treated to a junction of reduced resistance to 185 Ω, as a result of current density around 1.5×10 7 A cm -2 (the diameter of NWsNWs is around 50 nm). [25] The high temperature at the junctions will induce surface and bulk diffusion of silver atoms allowing adjacent NWsNWs to weld together and create higher junction area. This treatment can stabilize the resistance of AgNWs junctions in just 30 seconds. A similar treatment can be applied at the level of the entire network, instead of a single nanowire junction, and decrease the electrical resistance of random AgNW networks. However, electromigration and localised Joule heating will not stop after the initial seconds of treatment and can affect the network morphology while high voltage is applied to the network for a longer time. Nur Kholid et al. have reported breakdown of AgNW networks with an average diameter of 150 nm and sheet resistance of 40 Ω sq -1 , with current densities around 25 A cm -2 at the network level. [27] This can be detrimental in the applications where high current densities are applied to the AgNW networks for a longer time; one example of such applications is transparent heaters. [4] To demonstrate electrical instability in our study, AgNW network sprayed by using ACS-Ag90 solutions, with initial electrical resistance of 30 Ωsq -1 underwent an increasing electrical voltage with a ramp of 0.1 V min -1 up to 9 V. As shown in Figure 3 

Sulphidation or oxidation of silver NWs

Another mechanism behind the observed changes in the morphology or the electrical resistance of AgNW based TEs can be chemical instability during the storage of electrodes in ambient or high temperature/humidity conditions.

Electrodes based on AgNW networks have shown to have different ageing kinetics which raises from the differences in the surface chemistry due to different synthesis, purification, deposition or post-deposition treatments. increment in the electrical resistance of AgNW networks was observed. [3] However, other groups have reported different stability behaviour of AgNWs in environmental conditions, which probably arises from the difference in the surface chemistry of tested AgNWs. Reproduced from reference. [4] One efficient way to hinder the instabilities discussed above is to protect AgNW networks with thin layers (tens of nanometers) of metallic oxides like ZnO, [16], [32], [33] Al: ZnO [34], [35], Titanium dioxide (TiO 2 ) [36]or Aluminium oxide (Al 2 O 3 ) . [33], [37] Conformal coatings of thin metal oxide layers have been shown to have a drastic enhancement of the stability of AgNW networks. So far sol-gel, [36], [38] sputtering, [32], [35] spin Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 74 coating [39], [40] and ALD [41] have been used to deposit metal oxide coatings over AgNW networks. However, some characteristics of the used deposition methods such as either the requirement of vacuum, low-deposition rate or low-scalability, are in contrast with one of the main advantages of AgNW based TEs, which is its compatibility with low-cost and high-throughput scalable fabrication techniques. In previous reports, we have shown that AP-SALD is a very appealing technique to engineer AgNW electrodes.

[16]

AP-SALD as a novel technique to coat AgNWs and its advantages over spin coating, ALD or sputtering

AP-SALD is a promising recent approach to replace ALD that can operate at atmospheric pressure, is easily scalable and up to two orders of magnitude faster than conventional ALD. [42]- [44] This is so thanks to the spatial separation of precursors in AP-SALD, which eliminates the need for purging steps between successive precursor injections in conventional ALD. [42], [45], [46] Relative motion between the substrate and head provides the ALD cycles yielding film growth. As a result, the system is completely atmospheric and operates in the open air, without the use of a deposition chamber. AP -SALD has already been used to deposit high-quality oxide films as passive and active components for new generation solar cells and other devices. [42], [44] Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP - 

ZnO coating of the AgNW network with AP-SALD

AP-SALD was used to deposit ZnO thin layers to improve the thermal and electrical stability of AgNW networks.

The deposition parameters were optimised and then ZnO AP-SALD growth was carried out at 200 °C, using diethylzinc ((C 2 H 5 ) 2 Zn; DEZ) and water vapour as precursors for zinc and oxygen, respectively. The samples were placed at a distance of 200 µm under the injection head oscillating at 10 cm s -1 . In our deposition head, there are two channels for the metal precursor. Thus, each sample oscillation (forth and back) corresponds to four ALD cycles. [47] The system allows depositing over an area of 5×5 cm 2 . The SALD deposition of ZnO and Al 

Effect of ZnO coating on the adhesion of AgNWs on the glass substrate

Before focusing on the impact of ZnO coating on the electrical and thermal stability of AgNW networks, we first considered the impact on both the network adhesion and optical transparency. It is known that low adhesion of AgNW networks to the substrate can be one of the drawbacks of these materials when used as TEs, since even a gentle rub can remove NWs from the substrate. [49] The influence of the AP-SALD ZnO coating on the adherence of AgNW network on the glass substrate was thus investigated by Afzal Khan and Viet H.Nguyen. To do so a scotch tape test was applied to both the bare and the coated networks to qualitatively compare their adhesion strength 

Effect of ZnO coating thickness on the optical transmittance and haze factor of AgNW networks

The effect of the ZnO coatings on the transparency of AgNW networks was evaluated. AgNW networks were deposited using airbrush spray of ACS-Ag90 and annealed at 230 °C in air for 60 minutes. Bare AgNW networks had an initial sheet resistance of 5 Ω sq -1 and the total and diffuse transmittance at 550 nm was 85.6% and 7.26%

respectively. Figure 34567.a reports the influence of the ZnO coating thickness (from 10 to 50 nm) on the total transparency (measured for a wavelength range of 250 to 2500 nm) of coated AgNW networks. In a first approximation, a linear decrease of the optical transparency from 85 % for bare AgNWs to 76 % for 50 nm ZnO coated AgNWs, both in the visible wavelength range (380-700 nm), can be observed. An example of a 200 nm coating of Al:ZnO coating on AgNW network was also studied. As has been reported in the literature, Al:ZnO films are less transparent in the infrared region compared to the visible range. [50], [51] This is due to the increase in reflectance caused by the plasma resonance of electron gas (free carriers) in the conduction band. In the electrical field of a light wave, the conduction band electrons form collective plasma oscillation or plasmons. From an optical point of view, TCO films generally behave like metals and reflect or absorb light at the longer wavelength. [52] For an optimized integration of coated AgNW networks, a compromise should be considered, depending on the application targeted. Indeed, as seen below in sections 3.4.3, 3.4.4 and 3.4.6, increasing the ZnO coating thickness leads to a higher environmental, electrical and thermal stability of the AgNW networks. However, such a boost in the stability comes along with the degradation of the optical performance of the coated AgNW networks. The decrease of optical transparency is nevertheless still acceptable for some applications, such as transparent heaters, where applying voltage leads to a non-reversibility in the electrical resistance [16], [53], [54] and ZnO coating has been proven to enhance reversibility and stability at the same voltage conditions. [16] Chapter [55] They have shown that thicker films have a bigger grain size which can eventually lead to higher diffusion of light. [55] The haze factor is a parameter that quantifies the amount of light scattered by the investigated material and is simply defined as the ratio between diffuse transmittance and total transmittance, as discussed in Chapter 1, section 1.4.2.2. Figure 345678.a and b show the dependency of the haze factor on ZnO film thickness, the thicker the ZnO film, the higher the haze factor. This observation can be explained by considering two effects: first, the decrease in total transmittance and second, the increase in diffuse transmittance of ZnO coated AgNW networks as the thickness of coating increases. 

Effect of ZnO coatings on the ageing process of AgNW networks

As discussed in 3.2.3, TEs based on AgNWs might suffer from a lack of environmental stability depending on the type of used AgNWs and storage conditions. [3], [4] Here, we have studied the ageing process of bare and ZnO coated AgNW network to evaluate the effect of ZnO coating on the stability of AgNW based electrodes during a few years after deposition. ACS-Ag90 silver NWs were spin-coated on Corning glass substrates and annealed at 230 °C in air for 60 minutes. 6 samples were kept uncoated with initial average resistance of 12.1±2.4 Ω and total transmittance in the visible range (380 to 700 nm) of 85%. Coatings of 20 nm and 40 nm of ZnO were AP-SALD deposited on 8 samples of AgNW networks. Total transmittance of coated networks in the visible range (380-700 nm) for 20 nm and 40 nm ZnO coated AgNW networks was 80% and 74%, respectively. The average resistance of coated AgNW networks was 8.1±1.5 Ω. The decrease of resistance in the coated networks can be explained by increased conductive pathways between adjacent NWs due to metal oxide (ZnO in this case) coating. [36] Samples were kept in atmospheric laboratory conditions protected from direct sunlight while regular electrical resistance and SEM measurements were performed on both bare and ZnO coated samples. Up to 1 year after deposition, no apparent effect of ageing is observed either in terms of electrical resistance nor any morphological change in the AgNWs under SEM imaging as shown in Figure 3 Although there are slight changes in the networks electrical properties, there is no trace of particles on AgNWs in SEM observations. This point needs further investigation using TEM and XPS analysis on them to investigate the Potential presence of Ag 2 S in the NWs. 

Effect of ZnO coatings on the electrical stability of AgNW networks

As we have discussed earlier in section 3.2.1 and 3.2.2, the lack of stability of AgNWs against thermal and electrical stresses can lead to fast degradation of these NWs and affects the performance and reliability of the associated device in long term usage. The performance of bare and ZnO coated AgNW networks, against electrical stress was mainly studied by Khan et al. to see how ZnO can impact the electrical stability of AgNW networks. [16] Seashell AgNWs with average diameter of 130 nm were deposited on Corning glass using spin coating and annealed at 250 °C for 30 minutes.

The evolution of the electrical resistance of bare and ZnO coated (associated with different coating thicknesses) AgNW networks, during a voltage ramp of 0.1 V min -1 is presented in Figure 3-10.a. [16] Generally, there are two phases observed for both bare and ZnO coated AgNW networks: first, a linear increase of the electrical resistance versus applied voltage (reversible) and second, electrical failure of the AgNW networks, as discussed in section 3.2.2 (irreversible). A slight linear increase in the electrical resistance of bare or ZnO coated AgNWs networks at low voltage values occurs due to the Joule heating effect. As electrical current flows through the network, electronphonon interactions occur and lead to an increase in the temperature of the network, therefore its resistance as well. This is typical behaviour in metals. [56] A linear approximation is used to model the dependency of electrical resistivity on temperature as:

𝜌(𝑇 0 + ∆𝑇) = 𝜌 0 (1 + 𝛽 𝑅 × ∆𝑇) (3-1)
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 Al 2 O 3 -coated AgNW networks, respectively. [17] Such values are very close to that reported for AgNW networks by Lagrange et al. [18] ((2.4±0.1)×10 -3 K -1 ). When compared with 𝛽 𝑅 for bulk silver, 3.8×10 -3 K -1 , [57] 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.

The linear increase in the electrical resistance due to low applied voltages is reversible, while at high applied voltage values a sudden and irreversible increase of the electrical resistance of the network is observed due to the electromigration of Ag atoms. 

Formulation of the effect of the ZnO coating on the stability of AgNW networks

Reduction of surface energy is the main driving force behind instability, observed both in electrical and thermal degradation of AgNW networks. In the case of electrical degradation, junctions between adjacent AgNWs are more fragile points compared to straight parts of NWs. As we have discussed in Chapter 1, section 1.3.3, junctions have higher electrical resistance, which leads to higher local heating at these points causing a higher rate of surface diffusion. This is the reason why morphological evolution under electrical voltage appears initially in the junctions of the network. b. [16]The next stage, shown in Figure 3-11.c, corresponds to junction breakage probably occurred first at the hottest spots of the network. Atomic surface diffusion is the main mechanism which makes all of the mentioned morphological modifications possible. However, such atomic diffusion can be hindered by a metal oxide coating layer. This is, in fact, a well-known effect, which is the reason why the sintering of metallic powders is normally operated in an oxygen-free atmosphere [58], [59] otherwise the formation of surface oxide layer would have prevented the successful process of sintering. Another example is the natural thin (of few nanometers) oxide layers over Silicon (SiO 2 ), which lowers the thermal diffusion rate of metallic boron or arsenic into Silicon. [60], [61] showing good agreement with the calculated values using Equation (3)(4). Images are reproduced from reference [16] where D is the diffusion coefficient of Ag atoms through the oxide barrier. Therefore we can rewrite Equation 3-1 to provide a direct dependency between the voltage failure and ZnO coating thickness L ZnO as: 

Effect of the ZnO coating on the thermal stability of AgNW networks

The stability of AgNW networks against thermal stress is a critical point in the integration of TE based on AgNW networks in different applications, in particular when used as transparent heaters. [16], [54], [65] The degradation of the network due to an elevation of the temperature can cause irreversible changes in the network morphology and lead to an increase in the network resistance as discussed in section 3. 

Al2O3 Coating of the AgNW network with AP-SALD

The next metal oxide coating that was studied in the stability enhancement of AgNW networks is Al 2 O 3 . The reason behind this choice is the wider bandgap of Al 2 O 3 compared to ZnO (8 eV versus 3.3 eV), respectively [15], [66],

[67] so Al 2 O 3 coating is supposed to induce smaller optical losses as compared to ZnO coating.

Al 2 O 3 coatings were deposited using the AP-SALD system that was previously discussed. The deposition parameters were optimized to reach the growth condition of conventional ALD, and then Al 2 O 3 growth was carried out at 150 °C. Trimethylaluminum (TMA, Al 2 (CH 3 ) 3 ) and water vapour were used as precursors for aluminum and oxygen, respectively. The samples were placed at a distance of 200 µm under the injection head oscillating at 10 cm s -1 . The thickness of coatings is proportional to the number of AP-SALD cycles performed, with a Growth Per Cycle (GPC) rate around 1.5 Å/ALD cycle.

A coated AgNW network with a 50 nm thick Al 2 O 3 coating deposited with AP-SALD is shown in the SEM image in Figure 3-14.a where a homogenous and conformal oxide coating over the AgNW network and glass substrate can be observed. This is so even for very thin coatings, as the 10 nm Al 2 O 3 coating shown in the TEM image in 

c) Bright-field TEM and (d-e-f-g) EDS STEM images showing the Ag atoms (colored in green), covered by the Al coating (colored in red), O (colored in blue), superposition of Al and O (colored in violet).

Effect of Al2O3 coating on the optical transmittance of AgNW networks

As for the case of ZnO coatings, the expected improvement in thermal or electrical stability of Al 2 O 3 coated networks also comes at the expense of the total transmittance. Although the wide bandgap of Al 2 O 3 has the advantage of lowering optical loss when compared with ZnO, it can be a bit too restrictive for some of the applications where excellent electrical conductivity along the substrate plane is required such as for collection or injection of electrical charges. Such a requirement concerns, for instance, the front electrode of thin film solar cells, where composite electrodes made with ZnO coatings on AgNW networks proved to increase the efficiency of solar-cell, as compared to the bare AgNWs, thanks to an improved charge collection efficiency. [32] Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 91 There are several criteria which should be considered while choosing a proper metal oxide coating to cover AgNW networks: first, the loss in the total transmittance after coating AgNW networks with the oxide layer should be as minimised as possible. Secondly, the deposited metal oxide layer should not increase the electrical resistance or decline mechanical flexibility of the AgNW network. Finally, the coating should enhance the thermal (therefore electrical) stability of coated AgNW networks in a reproducible manner. However, it is not feasible to reach all these features at the same time, for example, higher oxide coating thickness leads to higher thermal stability, see section 3.4.5, while at the same time it decreases mechanical flexibility, see section 3.7. Therefore a trade-off between these criteria should be considered, while such a trade-off depends on the targeted application and required electro-optical properties of AgNW networks.

Effect of Al2O3 coating on the thermal stability of AgNW networks

The evolution of electrical resistance of bare and Al 2 O 3 coated AgNW networks has been compared and presented in Figure 3 

Delamination of Al2O3 coated AgNW networks at elevated temperatures

Al 2 O 3 coatings have been proven to have a significant effect on the improvement of the thermal stability of AgNW networks while having a milder impact on the total transmittance values compared to ZnO coatings. However, there are some properties which might limit the successful integration of AgNWs/ Al 2 O 3 nanocomposite layer into functional devices. One issue observed is delamination at elevated temperatures, above 400 °C. This is indeed what has been presented in Figure 3-17, where there is breaking and/or delamination of the AgNWs/ Al 2 O 3 nanocomposite layer.

One essential feature which must be considered to explain such an observation is the matching of thermal expansion coefficient of the metal oxide coatings and the substrate below. Such matching is vital to guarantee the performance of composite films at elevated temperature, assuming that AgNW will be able to sustain tensile or compressive stresses due to their superior flexibility. [49] ALD coated ZnO films (with the wurtzite structure), have a thermal expansion coefficient around 15.7×10 -6 K -1 [69], this value is higher than reported thermal expansion coefficient for glass substrates, 9×10 -6 K -1 . Therefore, ZnO coated AgNW network can easily follow the thermal expansion of the glass substrate. While for Al 2 O 3 films deposited by ALD, the expansion coefficient is reported to be only around 4.2×10 -6 K -1 . [70] Therefore, Al 2 O 3 coatings might not be as functional as ZnO coatings at following the thermal Since preliminary calculations suggest that there is a considerable anti-reflective effect for the mentioned configurations of ZnO/ Al 2 O 3 on a glass substrate, we have experimentally investigated similar bilayer coatings on AgNWs. The SEM image has been colored for the sake of clarity. Reproduced from reference [17]. The presented computational and experimental examples, confirm the concept of anti-reflection effect for ZnO/ Al 2 O 3 bilayer coatings on AgNW networks. However, there is a lack of a systematic study to find the optimized thickness of each metal oxide layer in order to minimize reflection of light from ZnO coated AgNW networks. Such a systematic study was performed mainly by Viet H.Nguyen and is summarized in the following discussion. [17] One major assumption which has been made in these calculations is that absorption of light is negligible. [74] The absorption coefficient value of 70 nm ALD coated ZnO film has been reported to be below 1.5×10 The phase change in Al 2 O 3 and ZnO layers can be expressed as:

𝜃 1 = 2𝜋 𝑛 1 𝑡 1 𝜆 (3-8)
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𝜃 2 = 2𝜋𝑛 2 𝑡 2 𝜆 (3-9)
where 𝜆 is the wavelength of incident light. The formula for the reflection of light R, from a bilayer coating on glass, for normal incidence of light, can be written as follows: [17], [78], [79] 𝑅 = 𝑅 𝐴 𝑅 𝐵 (3)(4)(5)(6)(7)(8)(9)(10) where,

𝑅 𝐴 = 𝑟 1 2 + 𝑟 2 2 + 𝑟 3 2 + 𝑟 1 2 𝑟 2 2 𝑟 3 2 + 2𝑟 1 𝑟 2 (1 + 𝑟 3 2 ) cos 2𝜃 1 + 2𝑟 2 𝑟 3 (1 + 𝑟 1 2 ) cos 2𝜃 2 + 2𝑟 1 𝑟 2 2 𝑟 3 cos(2𝜃 1 -2𝜃 2 )
and 𝑅 𝐵 = 1 + 𝑟 [17] Another way of presenting mentioned calculations is tuning the thickness of Al 2 O 3 layer (from 20 to 95 nm) while the thickness of the first deposited oxide layer is fixed (70 nm and 85 nm of ZnO in this case). The objective is to find the thickness combination which leads to minimum reflection values as presented in Figure 3 In conclusion, the discussed model is very elementary and ignores several factors such as the light absorption in the films, the dependence of the film roughness on their thicknesses, [81] and the presence of the AgNW network between the bilayer coating and the glass substrate. Nevertheless, it provides a rapid estimation of the optimum values for the coating layers. A well-adapted application for optimizing the thickness of ZnO and Al 2 O 3 layers is integration of the nanocomposite as front transparent electrode in solar cells, which requires minimized reflection losses. 

bilayer coating on glass as a function of wavelength for different combinations of layer thicknesses; b) Average reflection of ZnO/ Al 2 O 3 bilayer coating on glass calculated in the visible range (380-700 nm) as a function of coating thickness (in this example, both Al 2 O 3 and ZnO layers have a similar thickness). Reproduced from reference

Thermal stability of bilayer metal oxide coated AgNW networks

After confirming the expected improvements in the optical transmittance of composites made with bilayer coatings of ZnO/ Al 2 O 3 , as compared to composites made with ZnO only, we evaluated the thermal stability of the former. Thus, the variation of the electrical resistance of AgNW networks coated with ZnO and ZnO/ Al 2 O 3 was compared when performing thermal annealing up to 450 °C with a ramp of 2 °C min -1 in air. In both cases, the initial electrical resistance was 30 Ω. 

3.7.

The flexibility of bare, ZnO and ZnO/ Al2O3 coated AgNW networks One of the main advantages of AgNW-based TEs, over conventional ITO films, is their superior mechanical stability under bending or stretching tests. This feature makes AgNW networks an outstanding candidate in flexible electronic devices. [49] When external bending stress is applied on the AgNW network, it gets distributed through the entire network. Therefore, there is no significant effect on every single nanowire. As a result, the electrical resistance of an AgNW network can remain stable during mechanical bending experiments. [37], [82], [83] The question that is discussed in this section is whether metal oxide coated AgNW networks preserve their superior mechanical flexibility while compared to conventional ITO films or not? ITO-coated PET films were commercially purchased from Sigma Aldrich. The reported thickness of ITO film was 300 nm and sheet resistance was measured to be around 60 Ω sq -1 . AgNWs networks and following metal oxide coatings were deposited on flexible Neopulim substrates, to perform in situ measurements of mechanical flexibility. Details regarding mechanical bending measurement setup are presented in 2.3.5, Chapter 2. Al:ZnO, [84] sputtered ITO [85] or ALD deposited Al 2 O 3 [86] films on polymeric substrates, exhibit rather high critical tensile and compressive strain (strain that a film can endure before the appearance of fractures). They also observed a strong dependence of critical strain on the oxide thickness: the lower the thickness, the higher the critical strain values.

Eventually, 60 nm ZnO/ 60 nm Al 2 O 3 coating on AgNWs showed considerable cracks after 10,000 cycles of bending in the direction perpendicular to the bending, see We have observed so far that there is a strong dependence between the thermal and electrical stability of metal oxide coated AgNWs with metal oxide thickness, higher the thickness, higher the stability. However, gained improvement in the stability comes along with lower optical transmittance and mechanical stability. Depending on the targeted application, a trade-off should be considered between stability in one hand and optical and mechanical performance on the other hand. It is worth reminding here, that adjusting AgNW network density is also a critical parameter which should be optimized for each application.

Although the main focus of this chapter, was on the stability of metal oxide coated AgNW networks, derived conclusions could be applicable on other metallic nanostructures, such as Ag nanoparticle networks. An interesting study in this regard is reported by Joh et al. where multifunctional temperature-strain sensors that are capable of Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 105 detecting simultaneously temperature and strain up to a temperature of 400 °C [88]. Such a sensor could have applications in the fields of bioelectronics and robotics.

Although Here we have extended such studies by introducing the possibility of using different nano-objects, in addition to nanowires, to form percolating networks, and we have compared their percolation threshold to NW-based networks. The aim was the search for the elemental morphology which could exhibit a lower percolation threshold than when using nanowires. Both symmetric m-fold periodic stick arrangements and regular polygons of m-edges have been evaluated. Our search for new nano-objects with different shapes has shown that shapes other than nanowires can lower the critical amount of material to reach network percolation by 50%. The lower percolation threshold leads to less material consumption and therefore to higher optical transparency. [3] The second part of the numerical work is linked with the potential integration of AgNW based electrodes in solar cell devices. AgNW networks are an interesting candidate as TE for solar cells due to high optical transparency in the solar spectrum, which enables maximum absorption of solar energy, and low electrical resistance. However, the wide openings between adjacent NWs might restrict the efficient collection of photo-generated charge carriers. Here, this potential issue has been investigated and the probability maps of collecting charge carriers have been obtained. Our results showed that the average collection probability depends on the network density, length of NWs and the average lifetime of charge carriers in the active layer of each solar cell. This enables to perform a considerate choice of the appropriate length of NWs and the network density in each solar cell device, to obtain the best performance of these electrodes.
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Determination of the critical density n c by Monte Carlo simulations and study of its effect on the properties of networks

Percolation theory, in general, and continuum percolation of 1D or 2D nano-objects, in particular, have been a very widely studied physical problems in the last few decades. The definition of percolation and related terms which are essential to understand this chapter can be easily found in the literature. [4]- [6] However, we will have a brief review of these terms to make a notion for the reader to follow our discussion. In a general definition, percolation refers to the formation of connecting clusters and creating pathways in a random graph. An example of percolation in physics is the process of formation of pathways for the transport of fluids through porous materials. [2] If there is a pathway from one side of the system to the other side, the system is considered percolating. The cluster, intersecting groups of nano-objects, which forms such a pathway is called the spanning cluster. The formation of a spanning cluster and the occurrence of percolation in a system leads to a phase transition in one (or more) properties of a system. The main purpose of percolation theory is to calculate the density of pathways, which leads to phase transition.

In general, there are two main types of model for the formation of paths in a percolating system: lattice (regular) and continuum (irregular) percolation. Lattice percolation models a system where paths are constrained to follow a fixed order of sets. All element of a given sets are identical in form. Lattice percolation is classified as site or bond percolation. Site percolation refers to systems where paths are formed of connected sites. Two sites are considered connected if they share a common side. Bond percolation refers to a slightly different definition which considers only the edges of sites. Closed bonds between the neighbour edges form percolating paths. Although these regular models are extensively studied in mathematics and statistical physics, they are not suitable to model random natural systems.

For natural systems, continuum percolation is more widely used. It refers to systems where sites are not limited to the lattice arrangement and can be randomly positioned in a continuous system. Two adjacent sites are considered connected if there is contact or overlap between them. In this work, we have used continuum percolation theory since it provides a more realistic basis to study percolation behavior of TEs based on random nano-objects. The studied random nano-objects can be of any shape and are not restricted to any lattice arrangement. A more detailed discussion of these terms along with graphical illustrations are presented by Langley. [2] Metallic or semiconductor nanowires, [7]- [10] metallic platelets, [11] single-walled/ double-walled carbon nanotubes (CNTs) [12]- [15] or graphene [16] are examples of conductive particles which can form transparent electrodes. Such planar electrodes have a wide range of applications in the fields of Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 119 optoelectronics, display technologies, thin-film solar cells, biological or physical sensors and transparent heaters.

In all of the above-mentioned applications, the associated critical network density (n c ) plays a pivotal role. Areal density n is defined as the number of objects per unit area while n c is the density for which there is a 50% probability for reaching percolation in the system. This means that if one generates numerous random networks (typically above 10 3 [17], [18]) with the network density of n c , approximately 50% of formed networks will be percolating. Searching for a low n c value is of prime interest since the functional devices are designed with a network density (n) several times larger than n c .

Therefore lowering n c leads to reliable devices with lower density, allowing to use less amount of material and thus decreasing for instance cost and optical transmittance losses due to the shadowing effects. [3], [19] Monte Carlo simulations have been often used as a powerful tool to study the percolation behavior of random conductive nano-objects. The effects of parameters like nano-object size, [8], [20] density, [21] topology (curliness [22] or deformation of nano-objects), angular orientation distribution [23], [24] or electrical resistance of junctions between nano-objects have been studied on the electrical properties of random networks. [8] Bauhofer et al. reported a very comprehensive survey on the electrical conductivity of carbon nanotube-polymer composites. [25] They reported that for a given CNT concentration, lowering critical network density results in increasing the maximum reachable conductivity of random networks. They showed a good agreement between experimental data and theoretical prediction for the dependency of network conductivity versus network density n. For randomly-deposited networks, the conductivity follows the percolation scaling law as:

𝜎 ∝ (𝑛 -𝑛 𝑐 ) 𝑣 (4-1)
where 𝑣 is of silver nanowires, CNTs, graphene or silver platelets having optical transmittance above 90%, the conductivity falls in the percolation regime and can be modelled with Equation 4-1 as well. [11], [26] Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 120

Nano-objects beyond sticks, experimental examples

So far Monte Carlo studies in continuum percolation have been mainly focused on sticks, which model high aspect ratio nano-objects such as nanowires or CNTs. However, thanks to the recent advances in material chemistry, new varieties of elemental nanoparticles such as gold nano-stars, Figure 4-1.a, nanocubes/rods, [27], [28] silver nano-stars, Figure 4-1.b, [29], [30] or silver dendrites, Figure 4-1.c, [31] can now be synthesised. Branched AgNWs using microwave-assisted PVP process, have been reported by Madeira. [32] and Seshadri et al. [33] as presented in Figure 4-1.e-f and 4-.1.g, respectively. These nano-objects cannot be treated as 1D sticks. The goal of the study is a systematic comparison between networks composed of nano-objects of different shape or symmetry. A search is performed to find the nano-object shape that can minimize either n c or the total length of material at the percolation threshold.

The studied nano-objects can be either m-fold periodic stick arrangement or 2D regular polygons. Circles are also studied as an ultimate polygon with an infinite number of edges. While the present contribution focuses on the study of the physical properties, it reciprocally aims as well at giving hints to chemists for the design and synthesis of novel nano-objects. Reproduced from reference [31] e-f) TEM images of microwave-assisted branched AgNWs. Reproduced from reference [32] g) SEM micrographs of branched nanowires showing various examples of branches at nanowire tips with 110°<α<160°. Reproduced from reference [33] 

Tree-based algorithm to find the percolation threshold

The site/bond percolation problem has been discussed widely using two general techniques, namely, the series expansion of the mean cluster size [35] and Monte Carlo analysis [17], [18] assisted by high performance computing. The latter approach is required to perform a high number of simulations in the range of 10 4 up to 10 8 , depending on the required accuracy for estimation of the percolation threshold.

The series method is a powerful technique to find the percolation point and has been used in lattice and Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 122 continuum percolation [19], [36]- [38] and shows strong agreement with results obtained with the Monte Carlo methods. However, it has been mainly used for a few cases of arranged orders of site or bonds or circles/ellipses [39] and cannot be generalized for other geometric shapes. We have thus chosen Monte Carlo analysis in this work since, unlike series method, once a reliable algorithm has been defined to extract the percolation threshold, the geometry of the nano-objects can be investigated. Therefore, a thorough comparison between percolation threshold of different geometric shapes can then be performed. The study of percolation onset for 1D sticks in LMGP was first tackled by Daniel Langley.

A tree-based algorithm was developed, in Matlab R2016a, which showed agreement with experimental results for AgNW based networks. [1], [2] The initial algorithm developed by Langley was upgraded in the framework of the current study, to explore different nano-objects entities.

To study the percolation threshold, first, several parameters should be specified, such as the shape and size of the studied systems and boundary conditions. While there are several methods for defining these criteria, we have used a modified form of the R1 rule employed by Ziff [40] and initially introduced by We performed simulations mainly based on the tree-based method of Newman and Ziff super-fast algorithm for lattice percolation. [42], [43] We generate a network by adding randomly located nanoobjects and checking connectivity after each addition until a percolating network is formed.

Pseudorandom functions have been used to define both the location of the centre of nano-objects inside the system and a uniform distribution for their angular orientation to form isotropic networks. Each new nano-object is attributed to a new cluster number initially, then intersections with existing clusters are checked. If there is an intersection, the cluster number is updated to the number of the bigger cluster.

Percolation occurs when both the top and bottom electrodes belong to the same cluster. The critical number of nano-objects in the system N c is then stored as the outcome of one simulation. The critical network density n c is then obtained by dividing N c by the system area. This Monte Carlo algorithm was already compared either with other data extracted from literature and also compared with experimental data, both comparisons showing a fair agreement. In order to obtain statistical values of N c , the generation of random networks was repeated for a high number of simulations and eventually the average value of N c was calculated. For the studies of percolation threshold of 1D or 2D objects in the literature, the number of simulations was limited to around 10 4 . [44], [45] Li and Zhang used the fast algorithm of Newman and Ziff [42] and increased the number of simulations to 10 8 . [46] Of course, in all algorithms a higher number of simulations and system size (see section 4.4, finite-size scaling in continuum percolation) leads to more accurate estimations of n c . However, the main motivation behind our study is to perform a comparison between the percolation threshold of different symmetric nano-objects, rather than finding the most accurate estimation of n c itself. Figure 4-3 represents the mean values of N c as function of the number of simulations associated to the percolation of random nano-squares: the first 100 simulations lead to large average N c variations.

After 100 simulations, N c shows 1.15% variation from the final value (after 10 5 simulations). The Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 124 variation decreases to 0.37% and 0.07% after 10 3 and 10 4 simulations, respectively. The latter number was assumed to be sufficient for obtaining acceptable statistics for our study. 

Introduction of the constant η and effect of the nano-object size

One way to read the percolation threshold is to consider the probability, p(N), that a system composed of N nano-objects reaches percolation. When studying the percolation threshold by Monte Carlo a critical factor is the studied system size.

Lattice percolation can be studied for infinite system size, considering symmetries at the boundaries.

However, this is not the case for continuum percolation systems. [46] Infinite system sizes cannot be studied due to computational limitations, however, studies have shown that continuum percolation can Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 125 also fall into the same universal finite-size scaling as lattice percolation. A finite-size scaling function that is widely accepted for lattice and continuum percolation can be written as : [41], [46], [47] 

𝑛 𝑐𝑒𝑓𝑓 -𝑛 𝑐 ∝ 𝐿 𝑠 -𝑛- 1 𝑣 (4-2)
which relates the effective critical density, 𝑛 𝑐𝑒𝑓𝑓 , (for a specific finite-size system) to the critical density, n c (for an infinite system), where L s is the size of the square system and 𝑣= 4 3 is a universal critical exponent for 2D percolation. [48]. While n=0 in general lattice percolation, Li and Zhang showed that stick percolation follows a more severe finite-size effect and scales as 𝐿 𝑠 -1-1 𝑣 (n=1 in Equation 4-2).
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However in the algorithms based on Newman and Ziff tree method, simulation time linearly increases with 𝐿 𝑠 2 . Therefore, a trade-off between simulation time and accuracy of estimated critical density should be considered. The minimum system/ stick size ratio for zero-width stick percolation is around 32 to show universal finite-size scaling behavior. [46] In most of the following results of this work, we have therefore considered systems at least 32 times the nano-objects sizes, otherwise, it has been mentioned.

The main criteria for studying percolation onset has been discussed, however, a parameter is still required to assess the influence of nano-objects shape and size on the percolation onset. In the case of stick percolation, Pike and Seagar [45] were the first ones to show that the relationship between n c and the stick length, L nw , is:

n c × 𝐿 𝑛𝑤 2 = η (4-3)
where η is a constant product. η, is called the filling factor and has been the subject of extensive work in literature to find its value with high accuracy, at least for stick percolation. [45], [46], [49]- [51] One can use this concept not only for sticks but also for m-fold periodic stick arrangement shapes. However, a slightly different way can be used for closed shapes. For instance, for polygonal shapes their area, A polygon , can be used instead of L nw 2 for sticks, and therefore:

n c ×𝐴 𝑝𝑜𝑙𝑦𝑔𝑜𝑛 = η (4-4)
for polygons and circle. Comparing the η values deduced in those from literature can be used to validate the percolation algorithm used in this work. For instance, from the slope values observed in Figure 4-4.c, one gets η=5.64, 0.97 and 1.13 for sticks, squares and circles percolation, respectively. These values match well with reported numbers of η for sticks, squares and circles. [46], [49], [52] Mertens et al. have found precise values of η for these shapes at 5.6372 for sticks, 0.9822 for squares and 1.1281 for circles. [49] Small discrepancies between our reported values with their reported values rise from the limited number of simulations and limited system size reported in this work, however, it can lead to useful physical insights.

For a fair comparison among different studied nano-object shapes, n c or η are not the only parameters that should be considered. Indeed if one searches for the lowest percolation threshold in terms of matter quantity, the nano-object geometry should as well be considered. As we have discussed previously in Chapter 1, critical areal mass density (amd c ) is a critical parameter since first, it shows the required matter quantity to reach desired electrical conductivity (see 1.3.1), and second, it has a linear correlation with the total transmittance of percolating networks (see 1.3.2.1). Therefore, the main motivation here is to search for nano-object shapes which have the lowest amd c values. However, amd c is more an experimental value, which depends on the cross-sectional area of nano-objects, as well as the density of material. Therefore, we have chosen to eliminate the effect of cross-sectional area and density of material from Equation 1-5 and deal with the total length of material per unit area ( 𝐿 𝑡𝑜𝑡𝑎𝑙 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 ) instead:

𝑎𝑚𝑑 𝑐 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑎𝑠𝑠 𝑛-𝑜 × 𝑛 𝑐 = 𝐿 𝑛-𝑜 × 𝐴 𝑛-𝑜 × 𝜌 𝑛-𝑜 × 𝑁 𝑐 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 (4-5) 
𝐿 𝑛.𝑜 ×𝑁 𝑐 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 × 𝐴 𝑛-𝑜 × 𝜌 𝑛-𝑜 = 𝐿 𝑡𝑜𝑡𝑎𝑙 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 × 𝐴 𝑛-𝑜 × 𝜌 𝑛-𝑜
where 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑎𝑠𝑠 𝑛-𝑜 , 𝐿 𝑛-𝑜 , 𝐴 𝑛-𝑜 , 𝜌 𝑛-𝑜 are average mass, length, cross-sectional area and density of nano-objects respectively. In the following sections, we will use

𝐿 𝑡𝑜𝑡𝑎𝑙

𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 associated with the percolation threshold for comparing different shapes of nano-objects. The calculation of this value for m-fold periodic stick arrangement and regular polygons of m-edges is described below. For m-fold periodic stick arrangement (m number of branches with length of 𝐿 𝑛𝑤 ), this leads to : where K changes for each polygonal shape and its values can be found in Table 4-1. Therefore, combining Equation 4-7-b and 4-7-c leads to:

𝐿 𝑡𝑜𝑡𝑎𝑙 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 = 𝜂 × 𝐾 𝐿 𝑛𝑤 (4-8) 
Therefore,

𝐿 𝑡𝑜𝑡𝑎𝑙

𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 is proportional to the inverse of L nw in all the studied cases. Figure 4-4.d represents the dependence of 𝐿 𝑡𝑜𝑡𝑎𝑙 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 versus L nw , where L nw varies from 0.4 to 2 while system size is kept constant equal to 70. For all of the cases, L total is inversely proportional to L nw , therefore as a first approach reducing the total length of material can be obtained through an increase of object size. In the next sections, we will perform a comprehensive investigation of the different geometrical arrangement of nano-objects. This will enable us to also observe how the nano-objects symmetry affects the total length of material per unit area associated with the percolation onset.

4.5.

Effects of the symmetry of nano-objects on the percolation onset

The critical network density at percolation, n c , the associated filling factor, η, and 𝐿 𝑡𝑜𝑡𝑎𝑙 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 values were calculated first in the case of networks formed by identical and symmetric nano-objects. Then, in a second step, statistical distributions were considered in angle, length and orientation of nano-objects.

The effects of such distributions, which lead to imperfections in the morphology, have been studied on the percolation behavior of nano-objects. For different geometries of studied nano-objects, the values of η and the total length are reported. For the sake of comparison, L total has been divided by the total length associated to stick percolation threshold (considered then as the reference). For m-fold periodic stick arrangements, the length of each stick is L nw, while for polygonal shapes, the length of each edge is set to fit the polygons inside a circle with the same radius of L nw . The ratio between system size and L nw is kept at 35.

Effect of order of symmetry on percolation threshold, m-fold periodic stick arrangements and polygons/ circles

In Table 4-1 are reported values of η and total length associated with percolation onset of m-fold periodic stick arrangement or polygonal shapes. For the sake of comparison, L total , has been normalized by the total length of a percolating system composed of sticks, 𝐿 𝑡𝑜𝑡𝑎𝑙 𝑠𝑡𝑖𝑐𝑘𝑠 , and henceforth referred to as:

𝐿 𝑡𝑜𝑡𝑎𝑙 𝐿 𝑡𝑜𝑡𝑎𝑙 𝑠𝑡𝑖𝑐𝑘𝑠 . It .
Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 130 is worth noting that while for m-fold periodic stick arrangement the length of each stick is L nw, for polygonal shapes, the length of each edge is set to fit the polygons inside a circle with the same radius of L nw . A first observed trend concerns the reduction of L total for m-fold periodic stick arrangements, as opposed to single sticks. This observation can be explained by considering two competing effects resulting while "branches addition" in m-fold periodic arrangements. Initially, as more branches are added to m-fold periodic arrangements the probability of finding intersections between two adjacent objects increases. The increment in probability is due to the increment in the excluded area around each nano-object. The excluded area in the literature is defined as the area around an object, where it is prohibited to put the center of an adjacent object if overlapping of objects is not allowed. Higher excluded area, leads to a higher probability of finding intersections at a given network density, therefore lower η and L total values. [53] Secondly, as more branches are added to a m-fold periodic arrangement overall length of each nanoobject increases. This leads to an increment in the total length of material per unit area at the percolation threshold. For high m values this effect surpasses the effect of increased excluded area values. In conclusion, increase in the excluded area is the dominant effect for small m values, explaining why nanoobjects from 2-fold to 7-fold symmetries have

𝐿 𝑡𝑜𝑡𝑎𝑙 𝐿 𝑡𝑜𝑡𝑎𝑙
𝑠𝑡𝑖𝑐𝑘𝑠 values lower than the unit. However, for the case of 10-fold symmetric shapes, the

𝐿 𝑡𝑜𝑡𝑎𝑙 𝐿 𝑡𝑜𝑡𝑎𝑙
𝑠𝑡𝑖𝑐𝑘𝑠 is slightly larger than unity: the benefit of increasing intersection chance has been ruled out by the increase of the total length of each nano-object.

The second observed trend concerns data of the polygonal shapes. As m increases from 3 (triangles) to 7 (heptagons), the total length of material at the percolation threshold decreases even though all the shapes are defined to fit inside a circle with radius unity. A physical way to explain such observation is to consider the spatial compactness of the different polygons, through their moment of inertia. The latter, also known as the second moment of mass distribution, is a physical quantity that describes the mass distribution of an object regarding its centre of mass and is defined by:

I = ∫ 𝑟 𝑄 2 . dm (4-9)
Where r is the distance of a point from the object's centre of mass and the integral is considered overall infinitesimal elements of mass dm in the two-dimensional space within the boundaries of the object Q.

Since in our study we are dealing with zero-width nano-objects for which there is no mass, we, therefore, replace Q with P (the outer perimeter of the nano-objects) and define moment of inertia as:
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I = ∫ 𝑟 𝑃 2 . dm (4-10)
As the number of edges in polygons increases, the moment of inertia increases which means that objects are less compact spatially. This leads to lowering the percolation thresholds by enhancing the probability of finding intersections between adjacent objects. The relevance between the moment of inertia and percolation threshold will be further discussed in sections 4.5.2.1 and 4.5.5 where we will show that increasing the moment of inertia leads to the decrease of L total .

Morphological imperfections of network components and heterogeneous network compositions: effects on the percolation threshold

Although all nano-objects studied so far were symmetric, it is unlikely to observe a perfect symmetry of nano-objects in real-world synthesized nanostructures. [54], [55] Asymmetrical features can consist of variations in the angles between different branches of stick arrangements, variations in the length of branches or be derived from mixing different types of nano-objects. The latter can result from suspensions containing for instance mixtures of sticks and nano-objects of another shape. The effects of these parameters on percolation properties for different geometries are reported below to assess their impact on total length per unit area at percolation onset.

Angular distribution in 2-and 3-fold periodic stick arrangement

As reported in Table 4-1 and Figure 4-4.d, 2-and 3-fold periodic stick arrangements exhibit approximately 50% and 48% less L total when compared with sticks. In this section, we investigate the effect of changes in the angles between adjacent sticks in 2-and 3-fold periodic stick arrangements on its percolation behavior.

The aim is to answer these two questions: i/ how deviations in the angles between adjacent sticks in a mfold arrangement will affect the percolation behavior and ii/ which geometry yields the lowest L total ? since otherwise sticks are arranged in a too compact way. One possible way to quantitatively assess the compactness of stick arrangements is the use of the moment of inertia, as defined above by Equation 4-10. Previously in section 4.5.1, the moment of inertia has been used to compare spatial compactness of polygonal shapes. It was observed that a higher number of edges in polygons, leads to a higher moment of inertia, which respectively leads to lower L total values. Figure 4-5.c exhibits a similar dependence of the relative total length (normalized by the single-stick arrangement) on the moment of inertia, the larger the moment of inertia the lower the total required material length to reach percolation. This can be easily interpreted physically by the fact that moment of inertia has higher values for non-compact structures associated to large spatial extension and those stick arrangements would span the interspace between opposite electrodes with a lower amount of sticks. In parallel to this intuitive statement, Figure 45.c

shows that for very different shapes L total versus moment of inertia indeed exhibit rather similar tendency.

Mixtures of sticks and circles, mixtures of sticks and 3-fold periodic stick arrangements

Although experimental evidence of synthesized complex nanostructures like nano-stars and nano-cubes have been reported, [28], [29], [56], [57] in practice one might expect to consider a mixture of single sticks and m-fold periodic stick arrangement or polygons, instead of suspensions of solely one single arrangement. In literature, the percolation behavior of networks composed of multiple components has also been studied. However the change is rather abrupt at the beginning, as adding 20% of circles reduces the total length of material at percolation threshold around 48% and as the impact becomes less and less significant as we add more circular shapes. The parts of n c corresponding to sticks and circles at each composition is shown with dashed green lines and blue color respectively. If we plot these two components of n c while changing the percentage of circular shapes, as shown in figure 4-6.b, a linear dependency between two nano-objects density is observed. Such a linear dependency can be explained by excluded area and has been already observed for networks composed of mixtures of sticks and circles. [17], [59] Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 135 A direct comparison of the Monte Carlo simulation reported here and experimental observations (by using macroscopic metallic objects) has been tackled for the sake of simulations assessment. The experimental studies was performed by a group of first year Phelma students for a class project entitled "percolation", under supervision of Daniel Bellet. To do so, percolation thresholds have been measured

experimentally for mixtures of sticks and circles deposited on a 120×120 mm 2 Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 138 symmetry to structures. As one can conclude from Table 4-1, adding orders of symmetries to nanoobjects up to an extent leads to a decrease in total length at the percolation threshold. , respectively, where L s is the system size. These values are a few times smaller than percolation threshold of random stick based networks, therefore networks composed of trigonal /tetragonal meshes are superior to random nanowire networks in terms of L total .

However, the driving force behind using random nanowire networks for TEs is the ease of fabrication and scalability of solution-based techniques. Here we show that finite size grids can approach infinite grids in terms of L total to reach percolation threshold, and still benefit from the ease of fabrication for solution-based TEs.

Percolation threshold for random networks of non-regular finite-size grids

Real-world nanowires always present a length distribution. The effect of the distribution in the length of nano-objects on the percolation onset has been studied using Monte Carlo simulations for metallic NWs and CNTs. For networks composed of metallic nanowires or carbon nanotubes, increasing length to diameter ratio or increasing length distribution [1], [60]- [62] or adding even a small fraction of high aspect ratio nanowires/tubes [8] reduces the electrical resistance at any object density. In the same vein, one can also investigate the effects of length distribution on the percolatio n occurrence of finite-size grids by considering a normal distribution, using Gaussian function, over the lengths of sticks. The latter can be associated with the following probability of having a length x:

𝑃(𝑥) = 1 √2𝜋𝜎 2 𝑒 -(𝑥-𝐿 𝑛𝑤 ) 2 2𝜎 2 (4-11)
Where L nw is average stick length, and 𝜎 is the standard deviation. Another aspect of mimicking real-world imperfection concerns deviation from regular angles at junctions between sticks. Variations in such angle (Ө) would give rise to more asymmetric structures.

We have investigated the effects of such asymmetries on the percolation threshold of networks made by finite-size 2×2 grids. A normal distribution for Ө is also considered where the average value equals to zero and the standard deviation is named α. In this work, we studied various disorder levels, namely α=0, 10° and 20°, while changing the length distribution with D L values from 0 to 4. One practical consequence is that preventing disorder is not a challenge for obtaining real finite size grid networks which could exhibit low percolation threshold compared to random sticks. However, a more systematic way to study the effect of angular perturbations is to find an analytical method to calculate the moment of inertia for 2×2 meshes while changing both D L and Ө. Such a study has not been performed in the framework of this thesis but can provide a more generalized understanding of the dependency of the moment of inertia and percolation threshold in random networks of nano-objects. As a result, the Moment of inertia can be used as a criterion to evaluate objects in their percolation onset.

So, one could predict which shapes are more likely to be beneficial in terms of the reduced percolation threshold.

Effect of compactness of elemental objects on the percolation threshold

The length of nano-objects plays a crucial role in the total length of material per unit area (L total ) at the percolation threshold, as clearly shown in Figure 4 For arrangements of 16 sticks with these limitations, 11 morphologies with a wide range of compactness are feasible. Table 4-2 presents the morphology of the different studied grids, along with the total length of material at the percolation threshold. Figure 4-10.a demonstrates that there is a strong and rather smooth correlation between L total at percolation threshold and the moment of inertia: the larger the moment of inertia the lower L total . In other words, the compactness of the elemental objects has a drastic influence on the percolation threshold: when an elemental shape is elongated the percolation threshold is reached with a much lower density of objects. However, only limited number of shapes have been studied in this section. A more systematic approach to confirm the correlation between moment of inertia and percolation threshold, is to analyse a continuous series of shapes. Ellipses with changing semi-major to semi-minor axes ratio is an example of shapes with continuous moment of inertia. It's expected that L total at percolation threshold value will be highest for the circular shapes and decrease while elongating ellipses (increasing semi-major to semi-minor axes ratio). Ellipses have not been studied in this chapter, but studying them can be an interesting step in understanding the association between percolation threshold and moment of inertia.

The last case that has been studied in this part is the comparison of the total length at the percolation threshold for single sticks and for different finite size grids where both the overall size of objects and their compactness is changing. Respective shapes can be found in table 4-3. Figure 4-10.b shows also the decrease in the total length of material at the percolation threshold for increasing object sizes. So far we have observed that there is a correlation between the moment of inertia values and the total length of material per unit area for some of the studied nano-objects, see Figure 4-5.c and 4-10.a: for mfold periods sticks arrangements/ polygons and grids composed of 16 sticks, respectively. However, there is a lack of systematic study of the moment of inertia for all the studied nano-objects so far (disordered finite size 2×2 grids or different size growing grids) to propose a quantitative relation between the moment of inertia and the total length of material per unit area at the percolation threshold.

However, such a study is not within the scope of this work but can indeed be an interesting subject for future studies. 

Percolation threshold for non-randomly oriented nanowires

So far in the present work, only isotropic networks (associated with a random orientational distribution) have been studied. Very often deposition techniques of nano-objects result in rather randomly distributed sets; this is the case for spray coating, inkjet printing, slot die, [63] Meyer rod, [64] techniques. However, it can be possible to align nano-objects in preferential directions. For instance, a magnetic-controlled deposition of copper-tin [65] nanowires or nickel-bismuth [66]nanowires has been reported. Another example of aligned NW networks is presented by Hu et al. [67] where agitation assisted alignment of AgNWs has led to formation of TEs with low sheet resistance (2.8 Ωsq -1 ) and high transparency (85% at 550 nm).

The question which was addressed here was whether changes in the orientation of NWs from a random distribution to aligned NWs along two perpendicular directions can lead to a decrease of L total . The impact b is that the percolation threshold, for both cases of perfectly aligned sticks and sticks with 5° deviation in the angles, is minimum when there are 50% of vertical and 50% of horizontal sticks. This point has been investigated further by studying a 50% vertical -50% horizontal sticks arrangement while changing the angle 𝛽, from 0 to 90° in Figure 4-11.c. Data shows that increasing β (i.e. approaching to more isotropic systems) decreases the percolation threshold. A similar trend has been reported before in literature about the alignment of random sticks. Langley et al. [1] have shown that replacing a uniform Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 145 distribution of angles between 0 and 𝛑 by a delta-like function, for which all the sticks are parallel to each other with a small deviation in the angles, increases the percolation threshold. We also observed that n c is slightly higher for networks with totally vertical sticks, both 𝛽=0 and 5°, rather than totally horizontal ones. However, this point is not in agreement with some previous reports in the literature.

Simoneau et al. [23] have studied the effect of the disordered alignment of CNTs on the percolation behavior and electrical properties of these networks. They have observed that, for the different statistical distribution of angles, uniform, Gaussian or Lorentzian, alignment of nano-rods in the direction of percolation reduces critical density compared to random networks. One possible reason behind this mismatch is the fact that, although studied shapes and orientational distributions are quite similar, they are dealing with nano-rod shapes with certain diameter, while we are dealing with zero-width sticks in our simulations. Therefore, our study for non-randomly oriented nanowires provides reliable values for solely high aspect ratio nano-objects.

Conclusion over the effect of symmetries on the percolation onset of random nanoscale networks

Monte Carlo simulations have been used to investigate the percolation behavior of networks composed of random nano-objects with different orders of symmetry. Our algorithm, which is based on Newman and Ziff super-fast method enabled us to study a wide range of elemental shapes. Since the results for the cases of zero-width sticks, squares and circles match well with the reported values in literature, the same algorithm can be applied to find percolation threshold of more elaborated geometries. In the current study, the focus has been on the total length of material at the percolation threshold, considering that using less material density at the percolation threshold leads to more transparent and more economic devices. The obtained results confirm that arranging sticks either in the form of m-fold symmetric shapes, polygonal shapes, or finite-size grids can decrease the total length of material at the percolation threshold down to 50%. Studies on angular and length perturbation of symmetric shapes showed that it is not critical to have fully symmetric shapes to reduce percolation threshold. It was shown that possible deviations from ideal shapes as a result of the synthesis process is acceptable to keep the benefits from the decrease in the required material to reach percolation. The Moment of inertia was utilized to consider the spatial distribution of different objects and provided an effective tool to compare the compactness of objects. As intuitively expected, objects with a higher moment of inertia have a better chance of having an intersection with adjacent objects, therefore a lower percolation threshold is required. There was a general (although not yet rationalized) correlation between the increasing moment of inertia and decreasing percolation threshold. Another question which has been investigated here was the effect of Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 146 the alignment of sticks in two perpendicular directions on the percolation threshold of the corresponding networks. Our results suggest that randomly oriented sticks have a minimum percolation threshold compared to aligned networks of sticks along two perpendicular directions.

Collection efficiency of MNW based TEs for solar cell applications

So far in this work, Monte Carlo simulations have been used to investigate the percolation onset of networks composed of random nano-objects with different orders of symmetry. In the following sections, the main focus will be on one of the most widely synthesized and studied shapes, metallic nanowires.

An insight will be taken on one of the major applications of TEs, solar cell devices, and the possibility of using MNW based TEs in these devices will be inquired from the modeling point of view.

Conventionally wide band gap metal oxides like ITO, FTO , ZnO or AZO are widely used as TEs for solar cells. [68]- [72] However, the outstanding electro-optical properties of MNWs along with high mechanical flexibility, solution-based synthesis process and deposition techniques, promote a performance study of these TEs in solar cells. Additionally, MNWs are more transparent in wavelengths above 1500 nm, [73] making them also interesting for Infra-Red (IR) applications. [74], [75] So far there have been several works reporting integration of AgNWs networks in solar cells including Organic Solar Cells (OSCs), [76]- [79] Dye Synthesized Solar Cells (DSSCs), [80]- [82] thin film solar cells like Cadmium Telluride (CdTe) or Cu(In,Ga)(S,Se) 2 (CIGSSe) SCs, [83]- [86] and Polymer solar cells, [87] on glass or flexible substrates like PET. In all of these configurations, a network of MNWs along with an adjacent transparent conductive layer is utilized. This additional layer can be ZnO, [88], [START_REF] Han | Fully solution processed semi-transparent perovskite solar cells with spray-coated silver nanowires/ZnO composite top electrode[END_REF] Al:ZnO [83], [START_REF] Liu | Solution-processed composite electrodes composed of silver nanowires and aluminum-doped zinc oxide nanoparticles for thin-film solar cells applications[END_REF], [START_REF] Liu | Solution-processed composite electrodes composed of silver nanowires and aluminum-doped zinc oxide nanoparticles for thin-film solar cells applications[END_REF] or conducting polymers like PEDOT:PSS. [80], [START_REF] Gueye | Structure and Dopant Engineering in PEDOT Thin Films: Practical Tools for a Dramatic Conductivity Enhancement[END_REF] The reason behind this configuration is that percolating NW networks are formed of very high aspect ratio elements, there are then large voids between the conducting paths. These wide openings lead to the loss of photo-generated carriers due to the recombination within the n-type or buffer layer before arriving in the conducting network. Using a composite of MNWs and transparent conductive layer enhances the effective area for charge collection then the performance of solar cells. [88], [START_REF] Liu | Solution-processed composite electrodes composed of silver nanowires and aluminum-doped zinc oxide nanoparticles for thin-film solar cells applications[END_REF] So far there have been efforts in the literature to investigate the performance of AgNW based electrodes in solar cells using Monte Carlo analysis. Kumar, [START_REF] Kumar | Predicting efficiency of solar cells based on transparent conducting electrodes[END_REF] modelled the efficiency of solar cell devices which use CNT, AgNW or template-based TEs. Optical absorption and charge collection are two main processes which dictate the solar cell efficiency. They confirmed that to gain maximum efficiency, the density of NWs, their aspect ratio, the thickness of the active layer and Diffusion length of charge carriers in the active layer are the critical parameters which should be optimized.

Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 147 On the same topic, the efficiency of MNW based solar cells, Langley has investigated two different approaches of simulations during his thesis. [2] The first one was based on a mathematical model for the probability of finding electrons from its point of generation derived from the work of Gonzalez-Vazquez and Bisquert. [START_REF] Gonzalez-Vazquez | Determination of the electron diffusion length in dye-sensitized solar cells by random walk simulation: Compensation effects and voltage dependence[END_REF] The second approach was based on directly using random walk Monte Carlo simulations, to find collection efficiency maps of AgNW networks. The latter approach provided more reliable maps for collection efficiency probabilities than using mathematical approximations. However, the random walk Monte Carlo method required 10 8 times more time to execute.

Although the model developed by Langley did not reach a level to generate conclusive results, it was used as a basis in the current study. As a first consideration, the density of NW network, length of NWs and the Diffusion length of electrons in the medium seemed to be critical parameters determining the efficiency of charge carrier collection. [START_REF] Kumar | Predicting efficiency of solar cells based on transparent conducting electrodes[END_REF] Dense networks would provide high enough electrical pathways, along with smaller openings between NWs which facilitate the collection of charge carriers.

However, the optical transmittance of dense networks would be smaller because of the shadowing effect of NWs, [3] decreasing consequently the overall cell efficiency. Concerning the length of MNW, an explicit example is using very long NWs to fabricate a conductive network, the electrical resistance of such a network would be low and optical transparency would be rather high, leading to high values in In this work, the probability of collecting carriers has been studied as function of the network density and of the NW length for random networks of NWs. Following this, the electrical resistance and optical transmittance values for networks were calculated, based on the models that were previously developed.

[3] The combination of these parameters led to a new concept for FoM of MNWs network which will be presented in section 4.7.4. Following this strategy could provide a guideline for a careful choice of relevant parameters of MNWs based transparent electrodes, for each solar cell configuration.

In addition to limitations caused in collection efficiency by MNWs, electron diffusion length in n-type or buffer layer adjacent to the NWs network is a crucial parameter controlling the collection probability.

The electron diffusion length is commonly determined from independent measurements of the electron diffusion coefficient D n and the electron lifetime τ n : [START_REF] Bisquert | Theory of the Impedance of Electron Diffusion and Recombination in a Thin Layer[END_REF] 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ = √𝐷 𝑛 𝜏 𝑛 (4-12)

Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 148 Diffusion length values depend on the absorbing material used in each solar cell and can vary from a few micrometres in silicon-based devices [START_REF] Fuyuki | Photographic surveying of minority carrier diffusion length in polycrystalline silicon solar cells by electroluminescence[END_REF] to tens of nanometers in Organic solar cells. [START_REF] Hoppe | Organic solar cells: An overview[END_REF], [START_REF] You | A polymer tandem solar cell with 10.6% power conversion efficiency[END_REF] 

Obtaining colle ction efficiency maps for MNW based solar cells

Numerical modelling of collection efficiency starts with the generation of random NW networks. As already described in section 4.3, 2D square-shaped systems consisting of nanowires randomly distributed over the delimited area were simulated and the percolation was addressed from one side of the square to the opposite side via the conducting nanowires. In the study of collection efficiency, NW networks with density values between one time up to 20 times the critical densities, n c , were computed.

Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 149 Subsequently, the collection efficiency of charge carriers as a function of the 2D space coordinates was obtained as follows. The probability P of finding an electron at a given distance from its point of generation is evaluated by:

𝑃(𝑑) = 𝑒 -|𝑑| 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ (4-13)
where d is the travelled distance and Diffusion length is the electron diffusion length in the medium. [START_REF] Gonzalez-Vazquez | Determination of the electron diffusion length in dye-sensitized solar cells by random walk simulation: Compensation effects and voltage dependence[END_REF] The probability values are normalized with respect to the most adjacent points to NWs. From there, a grid was applied on the NW network with a spatial resolution equal to Diffusion length /2. For every grid point, the shortest distance to each nanowire belonging to the closest spanning cluster was eventually determined. The probability of collecting an electron generated at that point is equal to the sum of the probabilities of that electron to be collected by every single nanowire of the spanning cluster capped by unity. By repeating this process for every grid point, ultimately a matrix of probability values was obtained, which provides the collection efficiency map. The average value over all points of the grid is reported as the global collection efficiency for each NW network configuration.

One of the simplifications which have been made in this series of simulations was to limit the size of the system studied. Unlike the percolation threshold study, here the ratio between system size and stick length was only 10, to keep computational time reasonable since the number of grids and simulation time will increase in proportion to the square of system size. In section 4.7.2 we will show how these simplifications provide still reliable values for collection efficiency. As mentioned in section 4.7, the length of NWs and Diffusion length of carriers are two important factors that need to be taken into account while studying collection probability. Here the results have been reported for normalized values of Length ratio= NW length/ Diffusion length so the data can be used for any length of NWs. Diffusion lengths between 500 nm and 2 μm have been investigated here. Therefore the Length_Ratio has been tuned between 75, 37.5, 18.75, while the length of NWs was 37.5 μm. Figure Similarly to the percolation threshold study, the number of simulations performed on each network density and Length ratio plays a vital role in the accuracy of the obtained results. Since for dense networks (n> n c ), the number of sticks is already fixed (considering η=5.6374) and a statistical average is made over entire grids in the networks, the deviation from one random network to another is not significant. This explains why 10 repetitions for each network parameters results in less than 0.5% standard deviation in the collection efficiency values, as shown in 4-13.a. Similar to Figure 4-12, increasing the network density results in an increase in collection efficiency (η in %).The lines indicate the fitting curve of an exponential function described as:

Collection efficiency maps for changing network density and Diffusion length

𝜂% = 100 (1 -𝐴 × 𝑒 - 𝑛 𝑛𝑐 𝑡1 ) (4-14)
where t 1 is the fitting factor. For very dense networks 𝐴 × 𝑒 μm, [START_REF] Lee | Large-Scale Synthesis and Characterization of Very Long Silver Nanowires via Successive Multistep Growth[END_REF], [START_REF] Li | One-Step Synthesis of Silver Nanowires with Ultra-Long Length and Thin Diameter to Make Flexible Transparent Conductive Films[END_REF]. Diffusion length in silicon solar cells could be up to 100 μm, [START_REF] Fuyuki | Photographic surveying of minority carrier diffusion length in polycrystalline silicon solar cells by electroluminescence[END_REF] therefore Length ratio would be around unit. This value is even smaller than 7.5, which is the lowest studied Length ratio in Figure 4-13.a. Therefore, one could expect that a network density of 2n c would already provide high enough efficiency for the collection of charge carriers. Another example could be Organic solar cells where the Diffusion length is limited to a few tens of nanometers. [START_REF] Hoppe | Organic solar cells: An overview[END_REF], [START_REF] You | A polymer tandem solar cell with 10.6% power conversion efficiency[END_REF] The Length ratio would be around 20,000 for the same length of NWs (100 μm). Such a Length ratio is way higher than the highest studied value in this part (150). Considering Figure 4-13.a, one could expect that ultra-long MNWs would provide very little carrier collection and would not constitute a suitable candidate for integration in Organic solar cells. Such an integral provides a constant, Diffusion length. Therefore, one can define an area corresponding to the width of 2×Diffusion length around each NW and consider that as a covered area for every single stick. Then by adding up the sum of these areas and dividing the sum values to the overall area of the system, one could obtain the estimated average area covered by NW network. In a first consideration, we expect that this approach would lead to an overestimation of collection probability since this method does not consider the intersection area around the junctions. At the beginning of In solar cell devices, the efficiency of collecting photo-generated carriers is another critical factor that affects the performance of the final device. Decreasing the NW length, on the other hand, leads to the formation of smaller voids between NWs in the network, and increases collection efficiency. However, using shorter NWs or higher density in the MNW network means a higher loss in the optical transparency due to the shadowing effect, therefore a trade-off should be considered. We suggested a modified valued for FoM which includes, electrical resistance, optical transmittance and collection efficiency of MNW based TEs. This modified_FoM indicates for each type of solar cells and NW length, what would be the ideal network densityto optimize the performance of electrodes.

AgNW based transparent electrodes have been the subject of major studies both in research and industry in last few years. Large-scale fabrication of cheap and flexible (even stretchable) electrodes with high electro-optical properties and long-term sustainability has been the major objective of these studies. Today, there is a comprehensive understanding of the electro-optical properties of AgNW-based TEs, which offers a strategic approach to exploring the potential applications of these materials.

[1]- [5] TEs based on MNWs with optical transmittance above 90% and sheet resistance of less than 10 Ωsq -1 have been reported by many research groups so far. [6] Using procedures described in section 2.2.1 and 2.2.2 of Chapter 2, spin-coated and air-brush spray-coated AgNW networks were deposited, with sheet resistance values of 9.2 Ω sq -1 and 5.9 Ωsq -1 and optical transmittance at 500 nm (without subtracting the substrate contribution) of 84% and 84.3%, respectively. However, there are several drawbacks which have caused setbacks in the commercialization stage of MNW based TEs for many years and even a cost in the reputation of these materials to date. [7, p. 656] Lack of chemical, thermal and electrical stability, [8], [9] high tendency of MNWs to oxidation or sulphidation, [10]- [12] high surface roughness and poor adhesion of MNWs to the beneath substrates, [8] are among major drawbacks associated with these TEs. [13] Addressing the lack of efficient stability in the morphology and electrical properties of AgNW networks under high electrical/thermal stress or long term storage in environmental conditions, was the main focus of experimental studies in the scope of this thesis.

Reviewing the literature confirms that improving the stability of AgNW networks is only feasible through passivation of them by thin and transparent coatings such as graphene, [12], [12], [14], [15] amorphous carbon films, [16] small organic molecules of 11-mercaptoundecanoic acid (MUA) [17] or polymer coatings of PDMS and PMMA. [18] We have chosen to coat AgNWs with thin (a few tens of nanometers in thickness) conformal and homogeneous layers of metal oxides. The reason behind this choice was that the efficiency of metal oxide coatings on the stability enhancement of AgNWs had already been proven by several research teams. Coating of oxides like Zinc Oxide (ZnO), [8], [19]- [21] Aluminum doped Zinc Oxide (Al:ZnO), [22]- [24] Titanium dioxide (TiO 2 ) [25], [26] or Aluminum oxide (Al 2 O 3 ) [20], [27] have been shown to provide a clear enhancement of the stability of AgNW networks. So far sol-gel, [25], [28] sputtering, [19], [23] spin-coating, [29], [30] and atomic layer deposition (ALD) [31] have been used to deposit metal oxide coatings over AgNW networks. The composite layers fabricated using these methods showed much enhanced stability as compared to the un-coated AgNW networks. However, these deposition methods, have some characteristics such as the requirement of vacuum, low deposition rate or the low scalability. Such characteristics counterbalance one of the main advantages of AgNW-based TEs, which is lowcost and high-throughput scalable fabrication. We have shown that AP-SALD is a very appealing technique to engineer stable AgNW electrodes, [8] since it shares the main advantages of ALD (conformal and homogeneous oxide films with precise control of the thickness deposited), while being up to two orders of magnitude faster than conventional ALD and more suitable for scaling up. [32], [33] High-quality coatings of ZnO and Al One way to minimize the effect of additional coating on the total transmittance is to selectively coat only AgNWs with the coating film, rather than the case of conformal AP-SALD coating in our study which coats both AgNWs and the substrate. Bai et al. [34] showed an example of silica nanoparticle-coated AgNW networks where nanoparticles are mainly decorated around the AgNWs, as this configuration minimizes their free energy. The composite films of AgNWs/ silica nanoparticles (average diameter of 50 nm) had sheet resistance of 28 Ωsq -1 and total transmittance around 97% (without substrate contribution). These outstanding electro-optical properties come along with mechanical flexibility after 1000 cycles of bending and no change in the electrical resistance. Composite layers of AgNWs and metallic meshes are alternative candidates which exhibit excellent electro-optical properties.

Shinde et al. have reported TEs based on metallic mesh/AgNW with a sheet resistance of 0.745 Ωsq -1 and total transmittance of 90.3% (without substrate contribution). [35] Furthermore, metallic mesh/ AgNW composites showed better stability in electrical resistance compared to TEs with solely AgNWs or metal mesh on PET under various environmental conditions, including light, temperature, and humidity. [35] Taken together, it seems that major steps have been taken in order to overcome the stability issue associated with TEs based on AgNWs. TEs based on AgNW networks finally have the potential to enter the global market of TEs.

Market studies predict that AgNW based TEs are in the growth phase and will keep growing. A study performed

Conclusions and future work 168 by IDtechEx predicted that in 2028 TEs based on AgNWs will be comparable in the market share to the TEs based on ITO. [7] However, there is a common agreement between research communities that there is no single formula to fabricate a TE which can meet the requirements of all different applications. Features like high electro-optical properties, flexibility, stretchability, tactility, energy efficiency, environmental stability, abundancy of required materials and ease of fabrication cannot be achieved by one single material. Wide range of hybrid approaches have been used to integrate the properties of different TEs into a single functional electrode. Multi compound metal oxides (e.g. IGZO, IZO, ZTO), hybrid electrodes of AgNWs and PEDOT:PSS, [36] AgNWs and graphene, [37], [38] AgNWs and metal oxides, [39], [40] hybrids of graphene and PEDOT:PSS, [41] graphene and metal oxides are used to meet properties required for different applications. [13] So far, we have focused on TEs based on AgNW networks and discussed the electro-optical properties of these TEs along with the main challenges which these materials have faced so far following by suggested strategies to overcome those challenges. However, there is yet the question of whether or not NWs are the most optimum nanoshape to form percolative random networks. Moving on to the theoretical part of the study, presented in Chapter 4, we have used Monte Carlo simulations to investigate the percolation behaviour of networks composed of random nano-objects with different orders of symmetry. The algorithm was originally developed by Daniel Langley in his thesis and adapted for the present study. [42] The goal of the latter is to find the elemental shape with the lowest possible percolation threshold since a lower percolation threshold leads to a lower total length of material at the percolation threshold for different nano-objects. This, in turn, leads to lower material areal density and more transparent, more economic devices. Our algorithm, based on a super-fast method proposed by Newman and Ziff, enabled us to study a wide range of elemental shapes with acceptable accuracy. We observed that considering an optimum order of symmetry to nano-objects can lead to a decrease in material areal density down to 50% compared to similar networks composed of sticks. Symmetry in nano-objects can be in the form of m-fold periodic stick arrangements, or polygonal shapes, or finite-size regular grids. The decrement in the total length of the material density is observed even if there is angular and length distribution of symmetric shapes. The main conclusion from this section of the work is that MNW are not necessarily the most optimum shape to form TEs based on randomly deposited metallic nano particles. We concluded that TEs based on branched silver NWs and shapes like nano-stars have the potential to offer even better electro-optical properties compared to MNW based ones. The moment of inertia is another feature that has been used in this study as a general tool to evaluate different nano-objects in the terms of the required material to reach percolation. Our initial study confirmed that there is a strong correlation between the moment of inertia and the total length of material density. However, there is yet a lack of systematic study to see whether it's possible to formulate such a correlation or not? To study such correlation it is better to study sets of geometrical shapes with continuous changes in the moment of inertia. For instance ellipses with changing semi-major to semi-minor axes ratio is an example of shapes with a continuous moment of inertia. One

Conclusions and future work 169 might expect that the total length of material density will be highest for the circular shapes and decrease while elongating ellipses. However, ellipses were not studied during this thesis and can be the subject of a further step in understanding the association between the percolation threshold and moment of inertia.

Finally, in the last part of the theoretical studies, we focused on the collection efficiency of MNW based TEs for solar cells. We have studied the collection efficiency of charge carriers (η in %), versus MNW network density, NW length, and diffusion lengths of photo-generated charge carriers in the active material. Our simulations predict that increasing the density of MNW networks increases η%, while increasing the ratio of NW length to Diffusion lengths decreases η%. In the study of the collection efficiency of MNW based TEs for solar cells, several simplifications have been made. A careful examination of any of them would lead to more reliable and precise results. The first major assumption was to assume that all the photo-generated charge carriers can reach the interface of the active layer and front electrode (MNW based TE). However, in reality, a fraction of charge carriers will recombine before arriving at this interface. Therefore one might define a more comprehensive model considering the active layer, the TE, and the interface between these layers to obtain a better estimation of the collection efficiency. Secondly, an additional thin layer of conducting metal oxide (e.g. Al:ZnO) can be used to cover MNWs to enhance the collection efficiency of the final device. This additional layer is not modelled in our simulations but can be studied in a comprehensive model as well. We believe that improving this model can provide a reliable guideline to design a TE for a targeted solar cell application from the NW geometry to network properties level.

Conclusions and future work

  -1.a-b. The growth starts with multiply twin particles (MTPs) of Pt or Ag with diameters of few nanometers which have 5-fold symmetry, with surface bounded by {111} crystallographic face. PVP strongly interacts with {100} face of nanoparticles and leaves {111} faces free for adsorption of silver atoms, the growth occurs on these faces. As a result we obtain onedimensional NWs, while there is an amorphous thin layer of PVP present around {100} faces as shown in the Transmission electron microscopy (TEM) image in Figure 1-1.c. The cross-sectional TEM image in Figure 1-1.d

Figure 1 -

 1 Figure 1-1. a-b) Schematic illustration of Polyol process based growth of AgNWs. a) Growth of high aspect ratio nanowire from five-fold symmetric twin plane in presence of PVP.PVP interacts strongly with {100} and leaves {111} giving rise to an anisotropic growth. b) Silver atoms can be adsorbed on both free ends of a nano-rod, then increasing the aspect ratio. [14] c) TEM image of ACS material AgNW with diameter of 90 nm, scale bar is 5 nm. d)The cross-section TEM image of the as-prepared nanowire, scale bar is 20 nm.[16] e) SEM image of ACS material AgNW, average diameter of NWs around 90 nm, scale bar is 500 nm.[17] 

24 Figure 1

 241 Figure 1-2. a1-2) Schematic view of two NWs before and after junction sintering. b1) SEM image of humidity assisted NW junction, scale bar is 200nm. [28] c1) SEM image of one time and c2) five times solvent washed AgNW, showing the lowering of PVP thickness by the number of washing cycles, scale bar is 10 nm. [29] d1-2) SEM images of a Ag NW to NW junction before and after moisture treatment, Scale bar is 200 nm.[30] e1) TEM image of junction between Seashell AgNWs after deposition, scale bar 50 nm,e2) TEM image of junction between Seashell AgNWs after annealing at 180°C for 60 minutes, morphological reorganization of the junction is clearly visible. Scale bar is 100 nm. [31] f1) SEM of a AgNW junction before (scale bar is 200 nm )and f2) after the electrowelding treatment, scale bar is 500 nm.[19] 
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 8 ) and C which can be obtained by fitting experimental data with formula. Experimental data are obtained from AgNW networks fabricated by spin coating of Seashell AgNWs (synthesized by Polyol process). AgNWs with D nw of 117 nm and L nw of 42.9 μm are spin-coated on corning glass substrates, annealed at 200°C for 2 hours to reach their minimum sheet resistance. R 0 and C have been reported 0.and 7 × 10 10 mg 4/3 .m -11/3 respectively.[10] Figure 1-3.a shows good agreement between the experimental values of R sh versus model described by Equation 1-7.

Chapter 1 :

 1 Figure of Merit Haacke

  .a AgNW network, adjacent PEDOST:PSS layer, PCBM based active layer, ZnO electron transporting and Al electrode layers are all deposited simply using paint brush with PCE of 2.055%. They confirmed superior flexibility of two-brush-painted AgNW to the reference ITO anode as a function of bending and showed its easy installation on different platforms as shown in Figure 1-4.b. Although the efficiency of AgNW based polymer solar cell is slightly lower than ITO based reference electrode, see Figure 1-4.c, its feasibility shows the potential of costefficient and flexible organic solar cell.
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 1 Figure 1-4. a) Schematic presentation of fully brush painting process of PCBM based solar cell using AgNW network as anode. b) Flexible brush painted organic solar cell. c) J-V curves of brush painted organic solar cell along with reference solar cell deposited on ITO/PET substrate.[45] 
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 1341 Figure 1-5. a) The comparison of current efficiency-luminance characteristics of the AgNW based OLED device with and without PEDOT:PSS layer.[66] b) Current density-voltage-luminance (J-V-L) characteristics of a flexible PHOLED with the AgNW/PEN and ITO/PEN transparent electrode. [70] c) Photographic image of operating AgNW based OLED with angular colour stability. [64] d) Comparison between mechanical flexibility test of the OLEDs based on AgNW/PEN and ITO/PEN transparent electrodes.[70] 
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 63 Lee et al. showed that OLEDs employing n-type hole injection layers show higher power efficacy of 35.8 lmW -1 for AgNW based devices when compared to ITO based reference LEDs (28.1 lmW -1 ). As Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 35 shown in Figure 1-5.b, current density-voltage-luminance (J-V-L) characterization of AgNW based OLEDs show
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 111 Figure 1-6.a) Time dependency of temperature rise for a AgNW network under different applied currents. The dashed lines represent fits to Equation 1-13.[81] b) A photograph and infrared image of the large-area AgNWbased TH (250 mm × 200 mm), confirming its mechanical flexibility.[79] c) Defrosting test results of a AgNW film heater: before and after frost removal due to applied 12 V.[79] d) infrared image of stretchable TH fixed to a human wrist at outward bending (left) and inward bending (right) conditions. Inset is an infrared image captured from a different angle.[83] 
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 2 Figure 2-1.a) Picture of the spin coating setup (SPIN150). The inset shows the placement of the 25×25 mm² sample in the setup. b) SEM image of a ACS-Ag90 NW network deposited by spin coating. 1 mL of AgNW solution with 1 g L -1 concentration was deposited on a glass substrate, showing the preferential orientation of AgNWs due to centrifugal force.
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 22 a and b, respectively. Air-brush is mounted on a platform that moves thanks to a dual-axis RCP2 linear electric actuator by IAI Corporation. The deposition area can be programmed by the user depending on the sample size. The air-brush is programmed to move in a "Zig-Zag" pattern as shown in Figure2-2.b. It scans the substrate in x and y directions, respectively, and completes a full "cycle" of deposition. The network density, therefore the electro-optical properties of AgNW network can be controlled through the number of deposition cycles. Figure 2-2.c represents an Chapter 2: Experimental methods related to deposition and characterization along with preliminary results of bare AgNW networks 54 example of spray-coated AgNW with a sheet resistance of 5.9 Ωsq -1 and total transmittance of 84.3% at 550 nm, and Haack's figure of merit value of 30 × 10 -3 Ω -1 .
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 22 Figure 2-2. a) Schematic of an air-brush to deposit AgNWs. b) Deposition setup in LMGP, using a flow of N 2 as carrier gas. Zig-Zag deposition pattern in x and y direction is shown.c) SEM image of a AgNW network deposited by spray coating of AC-Ag90 NW, solution density of 0.1 g L -1 .

  deposited to enhance thermal/ electrical stability, an additional contact layer was pasted on the electrode area. A DuPont conductive silver paste was applied after metal oxide deposition to ensure good electrical contact. The silver paste can get cured and dried at room temperature during (16-20 hours) or annealed for 1 hour or less at (60-100°C).
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 2 3.a and b show the schematic of bare and metal oxide coated AgNW networks, respectively. Details of metal oxide layer deposition, ZnO and Al 2 O 3 films in this study, will be discussed in Chapter 3, 3.3.
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 22422573231 Figure 2-3. a) Scheme of the silver contact deposited over the bare AgNW network on the Corning substrate. b) Scheme of the metal oxide coated AgNW network with additional silver paste added over the contact area.

glass or Al 2 OChapter 2 : 58 2. 3 . 3 .

 225833 3 coated AgNWs) and noisy images. Both secondary electron (SE) imaging (inelastic electron interaction) and backscattered electrons (BSE) imaging (elastic electron interaction) modes were used in this work. SE images were mainly used for the topographical study of AgNWs, and BSE images were used in the case of ZnO or Al 2 O 3 coated samples to differentiate between AgNWs and oxide layers. Samples were placed at a working distance of 10 mm under the detectors. Experimental methods related to deposition and characterization along with preliminary results of bare AgNW networks Transmission Electron Microscopy (TEM) Transmission electron microscopy (TEM) was used to observe the AgNW and ZnO or Al 2 O 3 coatings thickness and crystallinity, plus the evolution of AgNWs and ZnO or Al 2 O 3 coatings after thermal degradation. TEM images were obtained using a JEOL 2010 LaB6 microscope operating at 200 kV with a 0.19 nm point-to-point resolution. Energy-dispersive X-ray spectroscopy (EDS) was used for the elemental analysis of ZnO or Al 2 O 3 coated AgNW networks. EDS measurements were performed by STEM with a JEOL 2100F FEG microscope operating at 200 kV with a 0.2 nm resolution in the scanning mode. The novel JEOL SDD Centurio detector with a large solid angle of up to 0.98 steradian was used for the EDS experiments.
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 59251 Figure 2-5. Schematic illustration of total or diffuse transmittance measurement using an integrating sphere, from http://www.perkinelmer.com.
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 2624241262226342 Figure 2-6. Mechanical bending setup in LMGP. a) Top view of AgNW network placement on movable contacts, the top jaw is fixed and bottom jaw is moved by a Transtechnik integrated servomotor. b) Side view of a bent sample, with a bending radius of 5 mm. c) In-situ electrical measurement of a AgNW network, with initial resistance of 21.6 Ω.
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 282645 Figure 2-8. SEM images of spin-coated ACS Ag-90 networks: a) as-deposited network. b-e) annealed network at 140°C, 230°C, 250°C, and 270°C in air for 1 hour respectively. With high (top) and low (bottom) magnification.

  -1.a exhibit ACS-Ag90 AgNW networks spin-coated on Corning glass substrates. As-deposited network shows no sign of damage or degradation of the NWs, however after a thermal ramp up to 400 °C (2 °C min -1 ) in air, degradation and spheroidization of NWs are visible in Figure 3-1.b.
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 31 Figure 3-1. SEM images showing the a) as-deposited ACS-Ag90 AgNW network, and b) Spheroidization after a thermal ramp of 2°C min -1 up to 400° C in air.

  Figure 3-2. a) SEM image of ACS-Ag90 AgNW network with initial resistance of 11 Ω, after voltage ramp of 0.1 V min -1 is applied up to 9 V. b) Zoom showing a junction between AgNWs, where smaller nanowire breaks earlier.

[ 4 ]

 4 Mayousse et al. have observed perfect stability of AgNW networks deposited by both spin coating and spray coating techniques, stored in the laboratory atmosphere and protected from light.[4] There was no evidence of the change in the electrical properties of networks after two years and a half. Conversely, they have observed elevation in the AgNW network electrical resistance while samples were stored in high temperature and humidity chambers: relative humidity of (90%) and two different temperatures (38°C and 60°C). They observed that acceleration of the ageing process in humidity depends on the temperature. Although the networks stored at 38 °C did not show any increase in electrical resistance, samples stored at 60 °C for 10 days showed an 80% increase in the resistance. AgNW network exposed to a 50 ppm flow rate of H 2 S in dry air for 8 hours did not show any evidence of change in electrical resistance.Nevertheless, SEM images as shown in Figure3-3 confirm the appearance of tiny particles along the NWs, which NWs are confirmed to contain Ag 2 S according to XPS analysis based on TEM images.
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 33 Figure 3-3. SEM images of AgNW network: a) before and b) after exposure to a 50 ppm flow of H 2 S for 8 hours.

  Figure 3-4.a and b illustrate the schematic of successive precursor injection and spatial separation in ALD and SALD respectively. The AP-SALD set-ups that are being developed at LMGP use the "close-proximity" approach, in which the different precursors are supplied via a manifold injection head along parallel channels kept away by adjacent inert gas-flow channels, as shown in Figure 3-4.c (precursors shown in this image are examples for the deposition of Al 2 O 3 ). The close proximity between head and substrate prevents the mixing of the different flows in the gap between the injection head and the substrate. Precursor concentration in the different flows must also be tuned to prevent diffusion of precursor molecules between the different channels. In such optimized conditions, ALD takes place, and reactions are limited to the surface and are self-terminating.
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 3 Figure 3-4.a-b) Comparison between the temporal (and more traditional) ALD (a) and of SALD principles (b):the separation between the two reactive precursors is performed either in time or space, respectively. c) An AP-SALD gas injector with three gas inlets of trimethylaluminum (TMA), inert gas (N 2 ), and H 2 O, which are then continuously injected to a moving substrate, the gas exhaust channels are not shown in this Figure.Reproduced from reference[15] 

  Figures3-5.c and d show TEM images of a bare and 30 nm ZnO coated AgNW with a diameter around 90 nm, which enables to highlight the polycrystalline nature of ZnO coating. Such coating appears very conformal: this point is crucial since this is a prerequisite for efficient protection against any instability. As in ALD, in AP -SALD the ZnO layer thickness is proportional to the number of AP-SALD cycles, i.e. sample oscillations under the head.The growth rate, r, was thus estimated from the thickness measured for the thicker ZnO layer deposited on AgNWs divided by the number of AP-SALD oscillations. The thickness of 80 cycles of AP-SALD ZnO coating was estimated to be 40 nm. The growth rate was thus ~ 0.50 nm/oscillation (as stated above, in our AP-SALD system a sample oscillation is equivalent to 4 conventional ALD cycles),[48] yielding a growth per cycle (GPC) of about 1.25 Å/ALD cycle).
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 35 Figure 3-5. SEM image of the bare and ZnO coated AgNW networks, all networks were annealed at 230 °C in air for 60 minutes (prior to oxide deposition). a) SEM image of the bare AgNWs. b) SEM image of a ZnO coated AgNW with an average coating thickness of 40 nm. c) A TEM image of a AgNW with a diameter of 90 nm. d) Dark Field TEM image of a ZnO coated AgNW, showing the polycrystalline nature of the 30 nm AP-SALD ZnO layer.
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 3 Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 77 to the substrates. AgNW suspensions in isopropanol were purchased from Seashell technology. The average length of AgNWs was 32 μm, whereas their average diameter was 130 nm. AgNW solution was deposited on Corning glass using spin coating process as described in Chapter 2, 2.2.1. Post-deposition thermal annealing at 250 °C for 30 minutes step was performed to decrease the electrical resistance of the junctions between adjacent AgNWs.
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 3 Figure 3-6 shows SEM images of the bare (top) and the 20 nm ZnO coated (bottom) AgNW networks. The rightimages correspond to the areas on which the scotch tape test was applied, while the left parts correspond to regions outside the tested zone.[16] 
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 363 Figure 3-6. SEM images of bare (top) and ZnO coated (20 nm) (bottom) AgNW networks. The right (left) half is the region where the tape was (not) applied. This shows the effect of the scotch tape test.

3 :Figure 3

 33 Figure 3-7. a) Optical total transmittance and (b) diffuse transmittance (substrate contribution non -subtracted) of a bare substrate of Corning glass (in blue), bare AgNW network deposited by spray coating and five AgNW networks coated by increasing thickness of ZnO coatings. AgNW network coated by 200 nm of Al:ZnO which is not transparent in the NIR region unlike bare or ZnO coated AgNW networks is also reported in this Figure.

Figure 3 -

 3 Figure 3-7.b, represents the diffuse transmittance of bare, ZnO and Al:ZnO coated AgNWs, which is essential to calculate the haze factor of these films. Higher diffuse transmittance of thicker ZnO coatings as observed in Figure 3-7.b, can be explained due to the presence of larger grain size and higher roughness of thicker ZnO films. Nguyen et al. have reported the change of roughness in AP-SALD coated Al:ZnO films, as thickness increased from 205 to 525 nm.[55] They have shown that thicker films have a bigger grain size which can eventually lead to higher

Chapter 3 :Figure 3

 33 Figure 3-8. a) Optical haze factor (%) of Corning glass, bare and ZnO coated AgNW networks with increasing ZnO thickness from 10 to 50 nm. A 200 nm Al:ZnO coated AgNW network is also presented. b) Haze factor (%) of bare, and ZnO coated AgNW networks in the visible range (380-700 nm) versus ZnO thickness. A 200 nm Al:ZnO coated AgNW network is also presented. The dashed line is a guide for the eye.

  -9.a and 3-9.b, respectively. However, after 2 years Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 81 of storage, bare AgNWs have the highest increase in the electrical resistance, around 35%, while ZnO coating has preserved AgNW network from evolution in the resistance. While 20 nm coated ZnO AgNW networks show 25% increase in the electrical resistance, networks with 40 nm show only 5% increase in the electrical resistance.

Figure 3 -

 3 Figure 3-9. a) Plot of the evolution of relative resistance of bare AgNW network (colored in black), AgNW networks with 20 nm of AP-SALD ZnO coating (colored in blue) and 40 nm of AP-SALD ZnO coating colored in red). Samples were stored in the laboratory environment protected from direct sunlight for more than two years. b) SEM images of bare and 40 nm of ZnO coated AgNWs on the Corning substrate, right after, 100 days and 2 years of deposition low (top) and high (bottom) magnifications.

Figure 3 -Figure 3 -

 33 Figure 3-10. a) Evolution of electrical resistance of bare and ZnO-coated AgNW networks during a voltage ramp of 0.1 V min -1 . While the bare AgNW network breaks at 9 V, increasing ZnO coating thickness increases failure voltage: a 30 nm ZnO coated-AgNW network has increased failure voltage to 18 V. b) Dependency of failure voltage on ZnO coating thickness.There is a non-linear correlation between failure voltage and ZnO layer thickness. (the line is a guide for the eye). Reproduced from reference[16] 

Figure 3 -

 3 11.a presents an as-deposited junction between two NWs, where there is a lack of an efficient connection (limited contact area between adjacent NWs). Afterwards, increasing applied voltage on the Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 84 AgNW network promotes the formation of efficient junctions due to electrical sintering, as shown in 

Figure 3 -

 3 Figure 3-11.d shows a schematic representation of the coated AgNWs studied in this work (similar to AgNW networks presented in Figure 3-5. b and d).Figure 3-11.e shows an actual example of morphological instability,

Figure 3 -Figure 3 - 11 .

 3311 Figure 3-11. Schematic view of two adjacent AgNWs a) as-deposited and b) after the formation of efficient junction due to local sintering.c) Start of the degradation process of a junction. If the thermal or electrical load continues, degraded junctions can appear globally on the network and cause a complete breakdown. d) schematic view of an AgNW junction coated by AP-SALD deposited thin and conformal ZnO coating (of thickness L ZnO ). e) SEM image of a AgNW junction which has been load by thermal or electrical stress, just before degradation f) the dependency of the experimental values of failure voltage against ZnO coating thickness, measured during a voltage ramp,showing good agreement with the calculated values using Equation(3)(4). Images are reproduced from reference[16] 
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 3433 Figure 3-10.b, are presented again in Figure 3-11.f along with fitting form Equation 3-4.Although the model we described here was quite simple, it shows a very good agreement with the experimental data.[16] The diffusion coefficient of silver atoms through ZnO oxide, D, is the only unknown parameter in Equation 3-4. The fit presented in Figure3-11.f yields a D value of 7.4 10 -16 cm 2 s -1 . It is not straightforward to compare this D value, with already reported ones in the literature due to two main reasons: first, the diffusion coefficient drastically depends on the experimental conditions of oxide growths which affect the structural properties like the presence of defects, grain boundaries or voids. Second, the diffusion coefficient depends on the experiment temperature since diffusion itself is a thermally activated process. The low solubility limit of Ag ion in ZnO at equilibrium leads to very low diffusion coefficient D values. The reason behind the low solubility is the larger size of Ag ionic radius compared with Zn, as well as different valence states of Ag and Zn.[62] Sakaguchi et al. reported the diffusion coefficient of Ag in polycrystalline ZnO to be around 7.8 10 -13 cm 2 s -1 at 900 °C.[63] McBrayer et al.[64] studied the diffusion coefficient of metals in SiO 2 oxide layers and reported that Ag diffusion coefficient D is equal to 10 -15 cm 2 s -1 at a temperature of 221 °C, which is typically the temperature associated to the AgNW network failure. The order of magnitude of these D values from literature is thus in agreement with the value obtained from our model (3-4) (see Figure 3-11.f).

2 . 1 .Figure 3 -

 213 Figure 3-12. a) In situ measured resistance of bare and ZnO coated ACS-Ag90 NWs from room temperature to 450 °C with a thermal ramp of 2 °C min -1 in air, while ZnO thickness plays a crucial role in the stability enhancement. b) Evolution of bare and ZnO coated ACS-Ag90 NWs during an isothermal ramp at 320 °C in air for 1 h. As bare network degrades as soon as the temperature rises to 320 °C, 30 nm coating of AP-SALD deposited ZnO protects the AgNW network from any instability of the electrical resistance.

Figure 3 - 88 section 3 . 4 . 5 .

 388345 Figure 3-13 illustrates a diffusion process where an AgNW network coated with 45 nm of ZnO is annealed at 400 °C for 30 minutes. This figure confirms the predicted behaviour of Ag atoms diffusion through the ZnO layer in

Figure 3 -

 3 Figure 3-13.a) Bright field STEM and (b-c-d) STEM EDS images showing the thermal degradation of 45 nm ZnO coated AgNW networks after thermal annealing at 400 °C in air for 30 minutes. Ag atoms (colored in green), diffuse through the ZnO coating (colored in blue) which stays stable at 400 °C.

Figure 3 -

 3 Figure 3-14.b. Such quality of the oxide film is crucial since any crack or uniformity in the coating can be

Figure 3 -

 3 Figure 3-14.a) SEM image of an Al 2 O 3 coated AgNW with an average coating thickness of around 50 nm. b) TEM image of an Al 2 O 3 coated AgNW, showing the amorphous nature of the AP-SALD Al 2 O 3 coating.c) Bright-field TEM and (d-e-f-g) EDS STEM images showing the Ag atoms (colored in green), covered by the Al coating (colored in red), O (colored in blue), superposition of Al and O (colored in violet).

Figure 3 -Figure 3 -

 33 Figure 3-15. a) Optical total transmittance of a bare substrate of Corning glass, bare AgNW network deposited by spin coating and three AgNW networks coated by increasing thickness of Al 2 O 3 coating. b) Average total transmittance of ZnO and Al 2 O 3 coated AgNW networks in the visible wavelength range (380-700 nm) versus oxide thickness, this shows that Al 2 O 3 coating induces smaller optical losses as compared to ZnO coating. Dashed lines are guide for the eye.

92 Figure 3 -

 923 Figure 3-16. In situ measured resistance of AgNW networks during a thermal ramp showing that after 18 nm and 50 nm Al 2 O 3 layer coating a clear thermal stability enhancement is observed since the network can undergo a thermal ramp of 2 °C min -1 up to 315 °C for bare AgNWs and more than 380 °C for coated AgNWs. Temperature coefficient of resistivity, 𝛽 𝑅 , for Al 2 O 3 coated AgNW networks is measured to be around (2.3±0.1) ×10 -3 .

Chapter 3 :

 3 Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 93 expansion of glass at elevated temperatures. As a result, the stress in the interface of Al 2 O 3 coating and glass can initiate buckling and form microcracks in the Al 2 O 3 coating. The initial microcracks can elongate through the coating and cause ultimate delamination of the AgNW/ Al 2 O 3 nanocomposite.

Figure 3 - 17 . 1 . 94 coatings. Figure 3 -

 3171943 Figure 3-17. Delamination of an Al 2 O 3(80 nm) coated AgNW network deposited on a Corning glass after annealing up to 400 °C with a rate of 2 °Cmin -1 . Reproduced from reference[17] 

Figure 13 -

 13 Figure 13-18. a-b) Transmission, absorption and reflection values of 70 nm ZnO coating before (a) and after (b) deposition of 70 nm Al 2 O 3 . c-d) Transmission, absorption and reflection values of 85 nm ZnO coating before (c) and after (d) deposition of 85 nm Al 2 O 3 . Images are reproduced from reference [75] using planar morphology for the glass substrate and LPCVD and ALD for ZnO and Al 2 O 3 coatings respectively.

Figure 3 - 95 presented in Chapter 2 , 2 . 3 . 3 .

 3952233 19.a and b illustrate TEM and cross-sectional SEM images of coatings of ZnO/ Al 2 O 3 on AgNWs with an estimated thickness of 70 nm for each oxide layer. Details about the preparation of TEM samples are Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD To get high-resolution Cross-section SEM images, a cleanly cut section of the AgNWs/ ZnO/ Al 2 O 3 on Corning glass was prepared using diamond scribe pen. Afterwards, the samples were vertically mounted on the substrate holder. To avoid the problem of charge accumulation in glass, an electrical bridge from the composite to the sample holder stub was made using conductive carbon tape. Following these instructions, clear cross-section images were acquired where AgNWs, polycrystalline ZnO, and amorphous Al 2 O 3 coatings were visible, allowing us to measure the thickness of each coating layer.

Figure 3 -

 3 Figure 3-19. a) TEM and b) cross-sectional SEM image of bilayer coatings of 70 nm Al 2 O 3 / 70 nm ZnO on AgNWs.The SEM image has been colored for the sake of clarity. Reproduced from reference[17].

Figure 3 -Figure 3 -

 33 Figure 3-20.a and b represent the total transmittance (in the range 250-2500 nm) for a 70 nm ZnO/ 70 nm Al 2 O 3 bilayer on Corning glass and a AgNW network (previously deposited on Corning glass), respectively. Before depositing the bilayers on AgNW networks, optical measurement tests were made on Corning glass substrates to confirm the occurrence of the anti-reflection effect. In the visible range (380-700 nm), the average value of total transmittance obtained for 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 Al 2 O 3 was deposited. Similarly, Figure 3-20.c and d represent the total transmittance for a 85 nm ZnO/ 85 nm Al 2 O 3 bilayer on Corning glass and a AgNW network (previously deposited on Corning glass), respectively. The total transmittance value has increased from 62.3% for

Figure 3 - 21 .

 321 Figure 3-21. Schematic representation of a ZnO/ Al 2 O 3 bilayer coating on glass, refractive indices of air, Al 2 O 3 , ZnO and glass substrate is represented by n 0 , n 1 , n 2 and n 3 respectively. The thickness of Al 2 O 3 and ZnO layers is represented by t 1 and t 2 respectively. The image is reproduced from[17] 
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 12333 Figure 3-22.b. A minimum of the average reflection values is observed around 70 nm of each oxide thickness.

  -23. According to this modelling, the minimum value of the reflection of the bilayer coating is obtained for 70 nm ZnO/ 65 Al 2 O 3 and 85 nm ZnO/ 60 nm Al 2 O 3 bilayer coatings.

Chapter 3 :Figure 3 - 23 .

 3323 Figure 3-23. Variation of the calculated average reflection (%) in the visible range (380-700 nm) as a function of Al 2 O 3 thickness when fixing ZnO thickness at 70 nm and 85 nm. For 70 nm of ZnO, a minimum of average reflection is observed for 65 nm of Al 2 O 3 , while for 85 nm of ZnO the minimum average reflection is obtained for 60 nm of Al 2 O 3 .

Figure 3 -

 3 24.a shows the change in electrical resistance of ZnO coated AgNWs after three consecutive thermal annealing ramps. During the first thermal annealing ramp, there is a decrease of the electrical resistance around 200 °C as a result of 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 ZnO coating. This causes the resistance to reach 200 Ω after three thermal cycles (up to 450 °C).

Figure 3 -Figure 3 -Chapter 3 :

 333 Figure 3-24. a) In situ measured resistance of a AgNW network coated with 70 nm of ZnO, 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 Al 2 O 3 bilayer during a thermal ramp up to 450 °C with a heating ramp of 2 °C min -1 . The first two cycles are shown for the sake of clarity. Reproduced from reference [17] c) The 4 th and 6 th cycles are shown.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 seems to stop at this temperature, and a further increase of the temperature again results in a linear increase of the electrical resistance. Upon cooling, a clear linear relationship between electrical resistance and temperature is observed. After this initial cycle, the subsequent heating-cooling cycles, only showed the same linear dependency between resistance and temperature,
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 33104 Figure 3-25.a) Relative electrical resistance change of ITO on PEN, and bare, 40 nm ZnO, 60 nm ZnO/ 60 nm Al 2 O 3 coated AgNW networks on Neopulim during 10,000 cycles of bending with bending radius of 5 mm. b) SEM observations showing the absence of cracks in the 40 nm ZnO coated AgNW network after 10,000 cycles of bending A macroscopic illustration of observed cracks (c) and SEM image of cracks observed in a 60 nm ZnO/ 60 nm Al 2 O 3 coated AgNW network after 10,000 cycles of bending. Reproduced from reference[17] 

Figure 3 -

 3 25.c. Suck cracks are visible in the SEM images of ZnO / Al 2 O 3 coated AgNW networks as shown in Figure 3-25.d. As expected, these cracks affect the electrical resistance of ZnO/ Al 2 O 3 coated AgNW networks and induce an increase of 45% in the relative electrical resistance, which is much higher compared to solely ZnO coated AgNW networks. There are several reasons which could explain the observed difference between mechanical flexibility of ZnO and ZnO / Al 2 O 3 coated AgNW networks: first, the overall metal oxide thickness in the ZnO/Al 2 O 3 coating is higher, as mentioned above higher metal oxide film thickness leads to the lower critical strain values. Therefore, similar deformation could induce more significant cracks in ZnO/Al 2 O 3 coating. Second, the critical strain values of ZnO and Al 2 O 3 coatings might not be identical. This is indeed, what Chawla et al. observed while studying the mechanical flexibility of ZnO, Al 2 O 3 and ZnO/ Al 2 O 3 nanolaminates deposited by ALD on PET substrates.[87] They have observed that the failure strain of Al 2 O 3 and bilayer (ZnO/Al 2 O 3 ) films are lower when compared to ZnO films.

Figure 3 -Figure 3 - 26 .

 3326  Assessment of thermal behaviour of ZnO coated AgNW networks after mechanical bending, in situ measured resistance up to 285 °C with a thermal ramp of 2 °C min -1 of bare AgNW network and 40 nm ZnO coated AgNW network; these thermal ramps were both performed after 10,000 cycles of bending (with a radius of curvature of 5 mm). The direction of the arrows show the heating up (from left to right) and cooling down (from right to left) cycles. Reproduced from reference[17] 
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 4 2D random networks. [25] Coleman et al. have shown that for rather sparse networks

Chapter 4 :Figure 4 -

 44 Figure 4-1 a) TEM images of five branch gold nano-stars obtained from seed-growth synthesis. Nanostars generated from AuCl 4-and Triton X-100. Reproduced from reference[34] b) TEM images of silver nano-stars grown by a two-step reduction of Ag + . Reproduced from reference[29] c-d) Ag nano dendrites via an electrochemical Ostwald ripening (OR) driven branch fragmentation mechanism. Reproduced from reference[31] e-f) TEM images of microwave-assisted branched AgNWs. Reproduced from reference[32] g) SEM micrographs of branched nanowires showing various examples of branches at nanowire tips with 110°<α<160°. Reproduced from reference[33] 

Reynolds et al.[ 41 ]

 41 R1 specifies a squared shaped system, where the right and left sides are in the open boundary and the top and bottom sides are in the close boundary condition, not connected and connected to the spanning cluster respectively.

[ 1 ]Figure 4 - 2 Figure 4 - 2

 14242 Figure 4-2 represents examples of continuum percolation for random networks consisting of sticks, 3fold periodic stick arrangement and hexagons. For all cases, top and bottom electrodes plus spanning clusters are colored in blue, while the rest of the network is colored in black.

Figure 4 - 3 .

 43 Figure 4-3. The convergence of N c with increasing number of simulations for squares. The length of each edge of the square is unit and system size is 35.

Figure 4 - 4 .

 44 a represents p(N) for nano-squares. One can also define the cumulative probability distribution function cp(N). In the case of finite-size systems p(N) typically takes the form of a Gaussian curve and results in a smoothed step function for cp(N), as shown by Figure4-4.a. The percolation threshold is the point where the probability of finding a percolating pathway is 50%, this is the way to extract the n c value.

Figure 4 - 4 .

 44 Figure 4-4. Monte Carlo simulations of percolation occurrence of nano-objects networks: a) Output of p(N) and cp(N) for square percolation for which the system/nano -object size ratio is 35; b) n c values (symbols) for sticks, 2-fold and 3-fold arrangement of sticks and circles as a function of L nw ; the lines are associated to Equation (4-3) for which η=5.64 for sticks, η= 1.41 for 2-fold, η=0.97 for 3-fold periodic stick arrangements and η=1.13 for circles; c) Linear correlation between 1/n c and L nw 2 for different nano-objects. d) The total length of material per unit area at the percolation threshold as a function of object size for different objects. The system size was fixed at 70 for b, c and d.

[ 45 ] 2 :

 452 Figure 4-4.b illustrates the correlation between n c and L nw 2 for 1-, 2and 3-fold periodic stick arrangements and circles. As it is observed in this figure, the larger the L nw , the lower n c . A more quantitative way to show the dependence of n c and L nw is to plot the inverse of n c versus L nw Figure 4-4.c exhibits indeed a linear dependence, the slope being 1/η. The dimensionless product,

  regular polygons of m-edges where the polygon can fit inside a circle with the radius of 𝐿 𝑛𝑤 , it follows : 𝐿 𝑡𝑜𝑡𝑎𝑙 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 = 𝑁 𝑐 ×𝐿 𝑝𝑜𝑙𝑦𝑔𝑜𝑛 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 = 𝑛 𝑐 × 𝐿 𝑝𝑜 𝑙𝑦 𝑔𝑜𝑛 (4-7-a) Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 128 If we combine Equation 4-4 and 4-7-a, we obtain:

Figure 4 - 5 .

 45 Figure 4-5.a shows the variation of n c for 2-and 3-fold periodic stick arrangements versus the angle between adjacent sticks. One stick was used as reference and α is the angle between the extension of the reference stick with other sticks of m-fold periodic stick arrangements and it is changed between 0 and 180°. For 2-fold periodic stick arrangements (black curve in Figure 4-5.a), the larger α the larger n c . For

Figure 4 -

 4 Figure 4-5.a) Effect of symmetry on the percolation threshold of 2-and 3-fold stick arrangements: n c dependence versus α values. b) The total length of material per unit area for 2-and 3-fold periodic stick arrangement versus α. c) Correlation between total length relative to single-stick arrangement and moment of inertia for polygonal shapes and 3-fold periodic stick arrangement associated with various α values. In all simulations system size is 35, length of sticks in 2-and 3-fold sets of sticks is 1 and polygonal shapes fit in a circle with the same radius of 1. In subfigure a, 2-and 3-fold stick arrangements are drawn larger to illustrate clearly the angle α. Lines are guide for the eye.

For 3 -

 3 fold stick arrangement (red curve in Figure4-5.a), n c versus α is not monotonous anymore, since one can observe a minimum n c value at α=60° which corresponds to the symmetric arrangement of 3 sticks. However, within the range of α values between 30° and 90°, the relative variation of n c is small (<10% compared to its minimum value at 60°). Therefore a practical consequence of this result is that to minimize experimentally n c values for 3-fold periodic stick arrangements, the α values should not be a stringent parameter. The dependency of the total length of material per unit area ( 𝐿 𝑡𝑜𝑡𝑎𝑙 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 ) versus α values Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 133 are reported in Figure 4-5.b for 2-and 3-fold stick arrangements, while the dashed line corresponds to random sticks. This figure shows that even non-symmetric 2-or 3-fold periodic stick arrangements exhibit smaller L total values compared to single sticks, the lowest value is 2.82 for 2-fold and 2.92 for 3fold periodic stick arrangements. The low L total values only correspond to α values lower than about 120°

[ 17 ]

 17 Ni et al. reported the percolation behavior of a thin film composed of 1D sticks and 2D disks and showed an almost linear relationship between densities of nano-objects, n c , while changing the composition in mixed systems. This can be the case of mixture nanocomposites of Carbon Nano Tubes (CNTs) and Graphene NanoPlatelets (GNPs).[58] Here we study two type of networks composed of the first mixture of sticks and circles and the second mixture of sticks and 3-fold periodic stick arrangements. When dealing with networks composed of multiple nano-objects, the main question is how the percolation threshold of the mixture changes compared to a network which is occupied by solely sticks. Circles or 3-fold periodic stick arrangements are added to stick based networks and changes of 𝐿 𝑡𝑜𝑡𝑎𝑙 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 while changing composition are observed.Figure 4-6.a shows that adding a few Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 134 percentages of circles to a stick network significantly decreases the percolation threshold (both n c and L total values).

Figure 4 -

 4 Figure 4-6.a) Values of n c and the total length of the material per unit area at the percolation threshold for different mixtures of sticks and circles.B) Linear correlation between n c values in systems composed of mixtures of circles and sticks. The branch lengths and circle radius are kept at 1 and the size of the system is 35. c) Comparison between numerical and experimental results for mixtures of sticks and circular shapes, where all lengths have been rescaled to L nw ,=1, R circle =0.87 and system size=12.9 to be coherent with the rest of presented results here. D) Experimental setup to do macro-scale percolation test for a combination of sticks and circles.

  paperboard sheet onto which two opposite electrodes composed of 20 mm wide aluminium strips were positioned. Copper strands of 15.5 mm length were used as sticks and steel washers with outer diameter of 27 mm were used for circles. Washers were soaked in 13 mol/L HCl acid to remove the superficial native oxide layer to allow efficient electrical contacts. Sticks and washers were manually thrown randomly on top of the paperboard. A large magnet was used just below the sheet to exert a gentle downward force on the steel objects for improving the electrical contact between the percolating objects and both electrodes. The setup is presented in Figure 4-6.d. Five different mixtures of sticks and circles were investigated, with stick percentage values of 100, 75, 50, 25 and 0%. Percolation test of each mixture was performed 3 times and then averaged.
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 44453 Figure 4-7. a) Continuum percolation simulations for a system composed of 50% of sticks and 50% of 3 fold periodic stick arrangements. The inset shows a close up of the indicated area.b) values of n c and total length of the material per unit area at percolation threshold for different mixtures of sticks and 3fold periodic stick arrangements. c) Correlation between n c values in systems composed of mixtures ofsticks and 3-fold periodic stick arrangements. For all of the cases, the stick length is kept at 1 and the system size is35. 

Figure 4 -

 4 8.d represents the decrease in the total length of material per unit area while increasing the grid size for two types of finite-size grids where the angles between sticks are 60° or 90°. Triangle grids at each step are growing by adding a raw to the bottom of the previous grid and square grids are growing by adding a new stick at each side of the mesh as shown in Figure4-8.d. Each grid is named by the number of sticks at the edges, e.g. 2×2 or 3×3 sets of sticks. For rather big grids composed of 3×3 sets of sticks or more, total length at percolation threshold converges to the cases corresponding to infinite meshes where the angles between adjacent sticks are 60° and 90°. The total number of nano-objects per unit area, for the latter networks, is 3 ( L s / L nw ) 2 and 2 ( L s / L nw )2 

4 ,

 4 For the length distribution of nanowires, 𝜎= 𝐷 𝐿 𝐿 𝑛𝑤 where D L is the normalized length distribution width (length distribution Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 139 parameter). D L =0 and D L =4 correspond, respectively, to the cases where all the sticks have the same length of L nw and where sticks have a standard deviation of length's distribution of L nw .

Figure 4 - 9 .

 49 a shows an example of a percolating network composed of disordered finite-size 2×2 grids, where D L is 1 and α =5°.

Figure 4 - 9 .

 49 Figure 4-9.b shows the total length of material per unit area values obtained for finite-size 2×2 grids with different values of D L and α.We observed that increasing D L induces a decrease of the percolation threshold. A similar correlation has been reported for sticks in literature. Balberg et al.[53], for instance, used the excluded area theory and confirmed that the excluded area has a general but not an exact correlation with the percolation threshold. They have calculated excluded area for fixed length and normal distribution of lengths for zero-width sticks and have compared both cases using Monte Carlo simulations. They suggest that normal distribution in length increases the average excluded area, therefore decreases the percolation threshold.

Figure 4 -

 4 Figure 4-9 a) Study of the continuum percolation of a network composed of disordered finite size 2×2 grids, D L is 1 and α =5°. The inset shows a close up of the indicated area. b) The total length of material per unit area at percolation threshold for irregular finite size 2×2 grid structures while D L is changing from 0 to 4, for α=0, 10 and 20°. Lines are guides for the eye.They have confirmed the same behavior for circles and spheres and therefore concluded that a more general trend can be deduced. While the length distribution has clear effects, the angle distribution

-4 and 4 - 8 .

 48 Moreover, some object shapes exhibit different L total values when compared with each other. As depicted in Figure4-5.c, for either polygons or 3-fold periodic stick arrangements the moment of inertia appears to be correlated with L total . To test further this idea, the moment of inertia of all possible forms of elemental grids composed of the same number of sticks has been compared. Grids formed of 16 sticks keeping two limitations have been studied: first, the connected sticks should always from complete squares, and second, each formed square should share at least one stick with an adjacent square. The reason behind these limitations and choosing 16 sticks is to keep the number of studied objects reasonably limited, considering the computation time.

Chapter 4 :Figure 4 -

 44 Figure 4-10.a) Correlation between the total length of material per unit area at the percolation threshold and the moment of inertia for different stick arrangements that are formed with the same number of sticks: 16. b) Total length of material per unit area at percolation threshold for grids with different grid size and spatial compactness. Lines are guide for the eyes.

Figure 4 -

 4 Figure 4-11.a) Examples of vertical and horizontal sticks where angles are normally distributed within [-𝛽,𝛽] or [90°-𝛽, 90°+ 𝛽]. b) The percolation threshold of networks composed of vertically or horizontally aligned sticks versus the percentage of vertically aligned sticks. n c values for both perfectly aligned sticks and sticks with 5˚ deviation from vertical/horizontal directions are presented. c) The effect of angular deviation on the percolation threshold of networks composed of 50% vertical -50% horizontal aligned sticks, as shown in the examples 𝛽=0˚ corresponds to perfectly vertical/horizontal aligned sticks and 𝛽=90˚ corresponds to randomly oriented networks.

Figure 4 -Figure 4 -

 44 b reports the critical network density, n c , for aligned sticks while changing the percentage of vertically aligned sticks (in the direction of percolation) from nearly 0 to 100%. Let's note that since we are dealing with zero-width sticks in our simulations, for systems composed of all-perfectly aligned sticks no percolation can be attained. Data reported in Figure4-11.b show that for aligned networks along two perpendicular directions n c is always larger compared to random network (shown by the dashed line). This is in agreement with the study of Balberg et al.[44] who showed that the percolation threshold increases with the macroscopic anisotropy in the system. Figure4-11.b shows that introducing a deviation of 5° slightly reduces the percolation threshold values, however, the obtained values are still higher when compared to a randomly oriented network. Another point which should be considered about Figure 4-11.b is that the percolation threshold, for both cases of perfectly aligned sticks and sticks with

Figure

  Figure of Merit (FoM).[3] However, the collection efficiency of the photo-generated carriers of such a sparse network would be very low due to large voids between NWs.

Figure 4 -

 4 Figure 4-12 represents collection efficiency maps for different NW networks. Wires indicated by red are the ones connected to the spanning cluster, while not connected wires are marked in black. Red dots indicate the points for which the chance of collecting a charge carrier is equal to one, while blue regions correspond to areas where the carriers will be recombined. The first raw is the map of a random network having the critical network density ,n c , while the second and third raws indicate networks having densities equal to 2n c and 4n c , respectively.

Chapter 4 :

 4 Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 150 4-12 allows us to identify two main directions to increase the collection efficiency: first, increasing the network density from sparse networks to more dense ones; second, decreasing the Length ratio values.However, there is still a need for a more quantitative guideline to assess the exact characteristics of MNW networks for guaranteeing efficient charge collection. Such a guideline is the subject of the next section where Figure4-13.a represents the collection efficiency values for networks of densities from n c up to 12 n c while the Length ratio has been changed between 7.5, 9.375, 12.5, 18.75, 37.5, 75, and 150.

Figure 4 - 12 .

 412 Figure 4-12. Collection efficiency map for networks of different densities and Length ratios. Network density changes from n c to 2n c and 4n c up to down and NW length / Diffusion length is tuned between 75, 37.5 and 18.75 from left to right.
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 4463 Figure 4-13 a) Collection efficiency versus normalized network density for networks from n c to 12 n c and Length ratios of 7.5, 9.375, 12.5, 18.75, 37.5, 75 and 150. b) Collection efficiency based on Monte Carlo simulations compared to the estimated coverage ratio. The dashed line indicates the slope of 1. (Dots closer to this line, indicate better accuracy of this estimation approach.)
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 4464 13.b, for low n c values, the calculated values are quite close to simulated data. The reason behind is that for low n c values, the intersection areas are rather limited, therefore do not imply a big impact on the estimated Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks 153 average area covered by NW network. While as the network density and overall number of NWs increases, the estimated values surpass 100%. Therefore, this simplified technique cannot provide reliable values for estimation of collection efficiency for large n c values. A new definition for the Figure of Merit (FoM) As discussed in section 1.3.3 of Chapter 1, Haacke's Figure of Merit is a widely used parameter to evaluate the performance of TEs. However, this parameter only considers electrical resistance and optical transparency of transparent electrodes and is expressed by the following relation:

Figure 4 -Figure 4 -Figure 4 - 4 . 6 . 5 .

 444465 Figure 4-14.b represents conventional and modified_FoM, versus amd values from amd c to 20 amd c . As we see around 7amdc, the Haacke's FoM value is maximized, meaning electro-optical properties are in their best trade-off. Then for different Length ratios the collection efficiency values are simulated and modified_FoM values are plotted. As the Length ratio increases, slight differences between modified_FoM plots compared to Haacke's FoM are observed. When the Length ratio is 7.5 there is almost no change in FoM values, while for Length ratio of 150 (which represents smaller Diffusion length for unique NW length), modified_FoM values show two important changes: first, since the η% values are limited especially in low-density networks, the maximum of modified_FoM would decrease compared to its original values. Second, the density where the maximum of FoM occurs would shift slightly to the right, from 7 amd c for Haacke's FoM to 9 amd c for modified_FoM. The reason behind this change is that for small Diffusion lengths as we discussed in 4.7, high-density MNWs networks are required to reach acceptable efficiency in the collection.

  2 O 3 wereConclusions and future work 166 deposited using AP-SALD while electrical, thermal and ageing stability of composite films were compared to uncoated AgNW networks.We have observed that the coating of ZnO and Al 2 O 3 (sections 3.4.6 and 3.5.2 of Chapter 3, respectively), can dramatically improve the thermal stability of AgNW networks. In-situ electrical measurements were performed on both uncoated and metal oxide-coated AgNWs during thermal ramps of 2 °C min -1 in air. Such measurements showed that bare AgNW networks with an average diameter of 90 nm were degraded and lost their electrical conductivity above 300 °C. In contrast, a 50 nm of ZnO coating was enough to provide an efficient barrier against diffusion of Ag atoms and keep the network conductive after heating up to 450 °C followed by cooling down to room temperature. Similarly, coating of 12 nm Al 2 O 3 on AgNWs protected them from degradation and the electrical resistance remained unchanged after a thermal ramp up to 380 °C. We have formulated the dependence of the failure voltage of metal oxide-coated AgNW networks, with thickness of coating using a diffusion model for Ag atoms and proposed a simple physical model explaining the dependence of the failure voltage versus oxide thickness: the failure voltage varies with the square of the oxide layer thickness, leading to a clear stability enhancement.[8] However, such a gain in stability comes along with a loss in the optical transmittance of metal oxide-coated AgNW networks. 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% due to the rather low band gap of ZnO coating (3.3 eV).[33] Al 2 O 3 coating causes a milder effect on the total transmittance compared to ZnO coating, due to its higher band gap with respect to ZnO (8 instead of 3.3 eV). A 50 nm thick Al 2 O 3 coating reduces the average total transmittance in the visible range from 85% for bare AgNWs to 80%.[9] However, despite superior optical properties for Al 2 O 3 -coated AgNW, we have observed some local damage and delamination in some of the Al 2 O 3 -coated samples at temperatures above 400 °C. The reason behind, might be the mismatch in the thermal expansion coefficient between Al 2 O 3 coating and glass substrate. So unlike ZnO coatings, Al 2 O 3 films are not able to follow the thermal expansion of glass substrates at elevated temperatures. To find a trade-off between the reproducibility of ZnO-coated AgNW networks and high optical performance of Al 2 O 3 -coated ones, bilayer coatings of ZnO/ Al 2 O 3 have been proposed and tested as an alternative to AgNW networks with a single coating of ZnO or Al 2 O 3 . Al 2 O 3 coating has been used due to its anti-reflective coating effect on ZnO films, which leads to an overall improvement in optical transmittance of bilayer-coated AgNW network compared to ZnOcoated ones. While a 70 nm thick ZnO coating on AgNW networks showed an average transmittance in the visible range of 64.9%, bilayer coatings consisting of 70 nm ZnO/ 70 nm Al 2 O 3 on similar networks showed a transmittance up to 73.5%. The improvement in the optical transmittance comes along with the superior thermal stability of bilayer-coated AgNW networks compared to solely ZnO-coated ones. Samples of AgNWs/ 70 nm ZnO/ 70 nm Al 2 O 3 showed excellent stability after 6 cycles of annealing in the air from room temperature to 450 °C. Conclusions and future work 167 Finally, the mechanical flexibility of bare ZnO and bilayer ZnO/Al 2 O 3 -coated AgNW networks was compared to reference ITO values. ZnO-coated AgNW networks show the best mechanical stability, with only a 4.7% increase in the electrical resistance after 10,000 bending cycles with a radius of 5 mm. The addition of Al 2 O 3 coating leads to an increase in the total oxide thickness and partially limits the bending stability of bilayer composites. However, 60 nm ZnO/ 60 nm Al 2 O 3 -coated AgNW-based transparent electrodes still show superior mechanical flexibility compared to ITO electrodes. Bilayer coated AgNWs show thoroughly less change in the electrical resistance (150 times less) compared to ITO electrode after bending for the same number of cycles (100 cycles). Therefore a compromise in terms of ZnO and Al 2 O 3 thicknesses between enhanced thermal/electrical stability and flexibilit y, as well as optical and electrical properties, has to be considered. Such a compromise depends drastically on the envisaged application. Finding a trade-off between enhancements of thermal, electrical, and environmental stability of AgNW networks and the loss in the optical transmittance values, seems to be a future challenge of AgNW network research. So far we have only studied the effect of ZnO, Al 2 O 3 and composites of ZnO/ Al 2 O 3 coatings on stability of AgNW networks and loss in the optical transmittance values. However, a wide range of other metal oxides can be also deposited by AP-SALD and their stability enhancement performance along with optical properties can be studied. Titanium dioxide (TiO 2 ), Silicon dioxide (SiO 2 ), Molybdenum trioxide (MoO 3 ), are among the few candidates which can be used as coating layers on AgNWs.

  

  

  

  

  

  

  

  

  

  

  

Table 1 -

 1 

		2015	2016	Countries	2016	2017 Reserves
	United states	-	-United states	1150	1020	25000
	Canada	70	65 Bolivia	1,350	1,200	22,000
	Belgium	20	25 Australia	1,420	1,200	89,000
	China	350	290 Chile	1,500	1,200	27,000
	France	41	-China	2,380	2,500	39,000
	Japan	70	70 Kazakhstan	1,180	1,200	NA
	Republic of			Mexico		
	Korea	195	195		5,360	5,600	37,000
	Peru	9	5 Peru	4,370	4,500	93,000
	Russia	4	5 Poland	1,270	1,400	89,000
				Russia	1,570	1,600	55,000
				Other countries	4,100	3,600	57,000
	World total			World total		
	(rounded)	759	655	(rounded)	25,700 25,000 530,000

1: World Indium resources and mine production and reserves of silver, confirming the abundancy of silver compared to indium. Numbers are in metric ton. Reported by U.S. Geological Survey (there were no reported numbers for reserves of Indium).

[13] 

3. Sintering junctions between adjacent AgNWs to form conductive networks

  Although individual AgNWs have rather low resistivity values (few µΩcm), as deposited AgNW networks often suffer from high electrical resistance. The reason behind this issue is a lack of efficient wire to wire contacts. Song et al. showed that as-deposited NW junctions can have resistances up to 10 10 Ω.[19] High contact resistance in junction points raises from two main sources: i, as discussed in section 1.2.1, AgNWs are encapsulated with a thin (few nanometers) layer of insulating surfactant PVP during the synthesis process and this insulating layer, limits the conductivity in junction points. ii, the contact area between two NWs is very limited as shown in Figure1.2.a1.

1. Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 23 1.2.

3. Properties of networks consisted of AgNWs: the study of electro-optical properties and figure of merit versus network density 1.3.1. Electrical resistance of AgNW networks

  

	𝑛 𝑐 . 𝐿 𝑛𝑤 2 = 5.64	(1-2)

Song et al. 

confirmed that the use of localized reactions induced by an electrical current flow can significantly improve the contact properties of adjacent NW in MNW network as shown in Figure

1

-2.f1-2.

[19] 

Sintering of junction by electromigration due to joule heating will be discussed in details in section 3.1.2. The main advantage of electrical welding to thermal annealing process is the fact that the temperature of the adjacent device layers can be kept close to room temperature during the process, therefore unlike thermal Chapter 1: Transparent electrodes based on silver nanowire networks, synthesis of nanowires, properties of networks and applications in opto-electronic devices 26 annealing this method is suitable for use in devices which contain thermally sensitive materials such as polymer solar cells.

1.

So far we have discussed the electrical properties of single NWs and junctions between adjacent NWs. Another critical parameter which affects the overall electrical resistance of a AgNW network is the density of network, n, which defines the number of NWs per unit area. As we will discuss in the framework of percolation theory, in section 4.3 and 4.4, for each geometry of NWs, there is a critical network density, n c , where the possibility of occurring percolation equals to 50%. The occurrence of percolation is mandatory in order to have electrical conductivity in the network, therefore in the study of electrical resistance, we focus on networks which have densities up to few times n c , to guarantee percolation. Monte Carlo simulations show a link between the average length of NWs, L nw , and critical density, n c , as :

[33] 

  Gaynor et al. were the first group who demonstrated a transparent electrode based on

	AgNWs can have angular colour stability as shown in Figure 1-5.c. [64]
	Flexibility, both stretchability and bendability, is another critical property which MNW based TEs offer opposite
	to classic and brittle ITO based electrodes. [67], [68], [70] Lee et al. compared the mechanical flexibility of OLEDs
	of two different type of electrodes, AgNW/PEN and ITO/PEN.[70] As shown in Figure 1-5.d, device operation is
	tested after it was rolled around a bending radius of 7.5 mm and unrolled to the initial flat status. The luminous
	intensity is measured after each rolling cycle, as expected ITO based OLED sharply degrades its luminous intensity
	due to appearance of cracks in the ITO layer after initial bending cycles, while AgNWs based OLED remained
	almost unchanged after 150 cycles of wrapping, which is good proof of higher flexibility of MNW based LEDs
	compared to ITO based devices.

  of deposition of AgNW networks have been already optimized in LMGP during the Ph.D. thesis of

	Daniel Langley and Mélanie Lagrange, with spin coating as a major technique for depositing different types of
	AgNWs (with different diameter and length of NWs). Although this method is fast, cheap, and straightforward, it
	has some limitations. For instance, the preferential orientation of AgNWs is observed, its origin stems from
	centrifugal forces.[1] Moreover, it is not possible to upscale the spin coating deposition to large substrates (i.e. spin
	coating is roughly limited to 5×5 cm² substrate otherwise the deposition is not homogeneous). These arguments
	prompt the search for substitutional deposition techniques. Spray coating using an air-brush was chosen during this
	thesis due to several advantages. It is a fast and repeatable technique which is easily scalable and can generate
	homogenously and randomly deposited AgNW networks on various types of substrates, from rigid ones like glass
	to polymeric ones like PolyEthylene Naphthalate (PEN) and Neopulim. Deposition parameters have been
	optimized, and homogenous large area samples (i.e. > 100 cm²) were acquired during this thesis. Furthermore,
	details about the characterization of morphological, optical, and electrical properties of AgNW networks, the result
	of bending tests on the electrical resistance, and post-deposition treatments, the main focus being on thermal
	annealing, on AgNW networks are discussed in this chapter. The latter covers the experimental conditions which
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1 shows the electrical resistance, optical transmittance and Haacke's FoM , see 1.3.3 Chapter 1, values of ACS Ag-90 NWs while changing AgNW solution density. As density of AgNW networks is increased, sheet resistance and total transmittance values both decrease ( see section 1.3.1 and 1.3.2). However, FoM values have increased by increasing network density. Considering the bell shape curve of FoM versus relative network density ( network density over critical density at percolation threshold) , see 1.3.3, we are still in the growing part of FoM curve. However, using AgNW solution with the density of 2 g L -1 , leads to AgNW networks with sheet resistance values below 10 Ωsq-1 and total transmittance over 90% . These values seemed optimal for the next step of our study, improving AgNW network density using metal oxide coatings, see section 3.5 of Chapter 3. Chapter 2: Experimental methods related to deposition and characterization along with preliminary results of bare AgNW networks 52 ACS-

Ag 90, Solution density (g L -1 ) Sheet resistance (Ω sq -1 ) Total Transmittance at 550nm (%) Haacke's Figure of Merit

  

	0.2	79±5.6	96.9	9
	0.5	42.5±2.3	95.2	14
	1	17.2±1.5	92.9	28
	1.5	12.5±0.7	93.6	43
	2	9.2±0.6	92.3	47
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1. Sheet resistance, total transmittance (after subtracting substrate contribution) and Haacke's FoM values of ACS-Ag90 NWs, spin-coated on Corning glass substrate using the procedure described in 2.2.1. Sheet resistance values have been measured at four corners and the center of each sample and the average value along with standard deviation is reported. Increasing the solution density leads to larger network density and FoM values.

  Moon et al. have studied chemical, thermal and corrosion stability of AgNWs networks while storing them at environmental, Conversely, in the presence of H 2 S the degradation was much faster and after 20 minutes a 896%

	high temperature or hydrogen sulphide (H 2 S) gas conditions.[3] Silver, unlike many metals, does not form a natural
	oxide layer; however, sulphidation of bulk silver is a well-known phenomenon.[30], [31] Since AgNWs are more
	sensitive to hydrogen sulphide (H 2 S) than sulfur dioxide (SO 2 ), sulphidation tests are conducted in H 2 S. According

to Moon et al., exposure to air for 60 days eases the process of oxidation and increases the resistance of AgNWs Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -SALD 73 more than 200%.

  energy range) by Pal et al.[76] Similarly, She et al. have reported the absorption coefficient value of 50 nm ALD coated Al 2 O 3 film to be below 0.4×10 5 cm -1 (in 1.2-12 eV energy range).[77] Therefore, neglecting absorption loss in these layers is an acceptable assumption that can lead to the simplicity of calculations.A schematic representation of the ZnO/ Al 2 O 3 bilayer coating on a glass substrate is represented in Figure.3-21.The objective of these calculations is to minimize reflection of normal incidence light in the visible wavelength range, 380-700 nm. This is the same wavelength range which has been used to report the experimental total transmittance values for ZnO and Al 2 O 3 coatings, see Figure3-15.b. The refractive indexes of air, Al 2 O 3 , ZnO and glass substrate are named as n 0 , n 1 , n 2 and n 3 respectively, and the thicknesses of Al 2 O 3 and ZnO layers, are named as t 1 and t 2 respectively. Equations 3-5, 3-6 and 3-7 represent light reflection form air/ Al 2 O 3 (noted as r 1 ), Al 2 O 3 / ZnO (noted as r 2 ), and ZnO/ glass interfaces (noted as r 3 ) respectively, according to Fresnel equation for thin films.

	Chapter 3: Enhancing the stability of AgNW networks thanks to conformal metal oxide coatings deposited by AP -
	SALD
	4.5 eV
	5 cm -1 (in 2.5-
	97

Chapter 4 :

 4 Monte Carlo simulations to find critical network density (n c ) and its effect on the properties of the networks

	objects	stick		m-fold periodic stick arrangement	
		m=1	m=2	m=3	m=4	m=5	m=6	m=7	m=10
	η	5.64	1.41	0.97	0.83	0.77	0.72	0.68	0.58
	𝑳 𝒕𝒐𝒕𝒂𝒍	1	0.50	0.52	0.59	0.68	0.77	0.84	1.03
	𝑳 𝒕𝒐𝒕𝒂𝒍 𝒔𝒕𝒊𝒄𝒌𝒔								
			Polygonal nano-objects/circle			
		m=3	m=4	m=5	m=6	m=7	circle		
	K	3.99	2.83	2.47	2.31	2.22	2		
	η	0.82	0.99	1.04	1.07	1.09	1.13		
	𝑳 𝒕𝒐𝒕𝒂𝒍	0.58	0.47	0.46	0.44	0.43	0.42		
	𝑳 𝒕𝒐𝒕𝒂𝒍 𝒔𝒕𝒊𝒄𝒌𝒔								
									129
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1. 
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 4 2. Total length of material per unit area at percolation threshold and moment of inertia for grids composed of 16 sticks, changing from the most compact object to the most elongated one.

	Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties
	of the networks
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	Chapter 4: Monte Carlo simulations to find critical network density (n c ) and its effect on the properties
	of the networks

3

. Total length of material per unit area at percolation threshold for finite-size meshes ordered from smaller to larger size.

Table 4 -

 4 4 represents a report of different solar cell technology and Power Conversion Efficiency (PCE) andDiffusion length for each type.

	Solar cell	Organic	Perovskit	polycrystalline	DSSCs	Thin film	CIGS CdS/CdT
		solar cells	e	silicon solar		(CuZnSnSe		e
	Type			cells		)		
	Diffusion	below 20	100 nm-1	up to 400 µm	up to	up to 2 µm	1 to 3	0.1 to 1
	length	nm	µm		few		µm	µm
					µm			
	Power	10.6%	Up to	13-15%	Up to	11.6%	13.2	Up to
	Conversion		12%		11%		to	15.8%
	Efficiency						15.3%	
	(%)							
	Reference [96], [97]	[98]	[95]	[99]	[100]	[101]	[102],
								[103]
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4. Examples of different technologies of solar cells with the respective Diffusion length of photogenerated carriers and PCE of final devices.