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Introduction

In the last years, nanoscience and nanotechnology have represented a revolution in the way we study, understand and exploit materials through the synthesis and fabrication of advanced devices. But nanomaterials themselves, and their utilization are far more ancient. The typical example is the Lycurgus cup made in Roman times, where the presence of nanoparticles confers the attractive optical properties of the cup. Another example is the colored glasses in stained windows in thousands of medieval churches across Europe, where nanomaterials play again a key role in the final color. [START_REF] Heiligtag | The fascinating world of nanoparticle research[END_REF] The issue is that users of nanomaterials in past times had no way of knowing that they were dealing with nano-objects. Indeed, what drove the outcome of nanoscience was the development of powerful characterization tools that allowed us to probe the nanoworld, such as electron microscopy and scanning probe microscopy, among others. With these powerful tools, one could start walking the spacious bottom [START_REF] Feynman | There's plenty of room at the bottom[END_REF] and understanding the new phenomena appearing thanks to having materials at the nanoscale. The passage from nanoscience to nanotechnology involved yet another development in equipment and processing technologies. The fancy early example of writing with atoms using an STM [START_REF] Toumey | 35 atoms that changed the nanoworld[END_REF] has been followed by more sophisticated and useful techniques. [START_REF] Gates | New Approaches to Nanofabrication: Molding, Printing, and Other Techniques[END_REF] A clear example of these novel processing methods allowing to control matter at the nanoscale is the Atomic Layer Deposition (ALD) technique. ALD is a Chemical Vapor Deposition (CVD) technique, i.e. where precursors in the gas phase react with a surface to form a film. In conventional CVD, volatile metal precursors are sent into the deposition chamber along with the reactant precursors and the reaction yielding the formation of a thin film on the substrate is activated by heat, plasma or any other mean to bring the required energy for the reaction. [START_REF] Bryant | The fundamentals of chemical vapour deposition[END_REF] In CVD, gas diffusion and fluid dynamics play a key role in the quality and homogeneity of the films deposited, and the reaction can be controlled either by diffusion of precursors or by kinetics. While CVD is an excellent technique used by industry for many years now, and capable of yielding high-quality films from tens to thousands of nanometers thick, it has various limitations. The activation of the reaction near the surface and the role of diffusion and fluid dynamics inherent to CVD are at the origin of such limitations. Thus, it is not trivial to i) deposit homogeneous thin films over large areas such as required for large displays; and ii) have highly conformal films over high aspect ratio features or complex porous substrates. This difficulties inherent to CVD can be controlled and, for instance, the glass industry uses different CVD approaches to coat large-area flat glass substrates, and even complex shapes such as bottles. But the processes used only work for molecular precursors (i.e. Si and Sn precursors). In addition to homogeneity, conformality and thickness control, when compared with CVD, ALD offers a wide panoply of materials that can be deposited on large-area and complex substrates.

The need for homogenous films for large-area displays and of highly conformal coatings for the microelectronics industry drove the invention and development of ALD. In ALD, patented by Suntola in 1977 [START_REF] Suntola | Method for producing compound thin films[END_REF] and also developed previously by Russian researchers, [START_REF] Puurunen | Essay A Short History of Atomic Layer Deposition : Tuomo Suntola ' s Atomic Layer Epitaxy[END_REF][START_REF] Ahvenniemiandrew | Review Article : Recommended reading list of early publications on atomic layer deposition -Outcome of the " Virtual Project on the History of ALD[END_REF] volatile and thermally stable precursors are injected sequentially, as illustrated in Fig 1a . First, the organometallic precursor is injected and enough time is given for it to react (hydrolysis/condensation) with active sites on the surface. The reaction involves the breakage and formation of bonds, yielding a chemisorbed layer on the surface of the substrate. As opposed to what happens in CVD, the precursor should not decompose thermally above the substrate. Indeed, when comparing the required properties of CVD vs. ALD precursors, most of them are shared but in the case of ALD precursors, they must be highly reactive yet thermally stable, as stated above. [START_REF] Devi | Old Chemistries' for new applications: Perspectives for development of precursors for MOCVD and ALD applications[END_REF] Once the precursor has reacted with all the active sites on the surface, excess precursor and byproducts are purged and the second precursor is injected. After reaction with the first monolayer, excess precursor and byproducts are purged again before proceeding with the same steps in a cyclic manner (Fig. 1a). Thus ALD is characterized by being a surface-limited, self-terminated method where fluid dynamics plays a minor role, diffusion being the most important parameter allowing precursor molecules to reach every part of the surface to be coated. As a result, very homogeneous films with a precise control over thickness, down to the monolayer thickness, can be achieved. This includes films over large areas or highly conformal films on high aspect ratio features or complex substrates. In addition, due to the highly reactive nature of ALD precursors, high quality films can be obtained at lower temperatures than CVD. ALD reactions are characterized by a temperature range (called ALD window) in which growth per cycle (GPC) stays constant. Out of the ALD window, the GPC can be lower due to low kinetics (low T) or desorption during the purge step (high T); or higher due to condensation of precursor (low T) or thermal decomposition of the precursors such as in CVD (high T), as shown in Fig. 1b). It is obvious that a technique with such qualities is very attractive for nanoscience and nanotechnology research, where surfaces and interfaces need to be engineered at the nanoscale. As a result, the application of ALD in research and development has experienced a boom in the last years and is now a well-stablished technique at the laboratory scale, with a large choice of suppliers of research ALD equipment, which keeps increasing. [START_REF] Alvaro | Characterizing the field of Atomic Layer Deposition : Authors , topics , and collaborations[END_REF] The number of papers in which ALD is involved also increases, and so do the applications targeted, which include photovoltaics, fuel cells, environmental applications, anticorrosion, passivation, encapsulation or sensing. ALD has been widely reviewed in the past, including specific applications of ALD. [START_REF] Suntola | Atomic layer epitaxy[END_REF][START_REF] George | Atomic Layer Deposition: An Overview[END_REF][START_REF] Cassir | Input of atomic layer deposition for solid oxide fuel cell applications[END_REF][START_REF] Bakke | Nanoengineering and interfacial engineering of photovoltaics by atomic layer deposition[END_REF][START_REF] Marichy | Atomic layer deposition of nanostructured materials for energy and environmental applications[END_REF][START_REF] Lu | Synthesis and stabilization of supported metal catalysts by atomic layer deposition[END_REF][START_REF] Miikkulainen | Crystallinity of inorganic films grown by atomic layer deposition: Overview and general trends[END_REF][START_REF] Skoog | Atomic layer deposition: medical and biological applications[END_REF][START_REF] Graniel | Biosensors and Bioelectronics Atomic layer deposition for biosensing applications[END_REF] We refer the reader to the references for more details. Concerning the industrial application of ALD, one could expect a similar trend to what has been observed at the laboratory scale. Unfortunately, apart from some applications on very high added value products in the semiconductor and related industries, this has not been the case. The reason for this slow adaptation is the low deposition rate of ALD, especially at low temperature, in general around 0.15 nm/s, and thus much slower than CVD, or PVD techniques (see table 1). The cyclic nature of ALD, with long injection/saturation pulses and even longer purge steps is the reason for the low deposition rate. It is even worse for large substrates, where the volume of the ALD reactor does increase, and so does the time needed for pulsing and purging. In addition, the fact that most ALD processes take place under vacuum (to accelerate the purge and due to the traditional utilization of ALD for microelectronics), implies another drawback for industrial implementation, due to the high cost involved when scaling up vacuum equipment. The main industrial applications of ALD are still the original ones for which the technique was developed, i.e. microelectronics and large-area displays (historically thin-film electroluminescent (TFEL) display and more recently OLEDs). Even more, microelectronics and the need to reduce further the fabrication scale and even to go to 3D architectures is still a strong driver for the development of ALD, and for pushing the penetration of ALD into production. [START_REF] Bohr | The high-k solution[END_REF] As done in research laboratories, ALD could be applied industrially in many more applications, but for that to happen, high deposition rates, i.e. high throughput (HT), are needed, while vacuum-free processing is desirable, since most applications do not share the added value of microelectronic products. In microelectronics, the finished product has a high value per m 2 (e.g. more than 10 k€ for a completed 300 mm wafer), while for example in photovoltaics, an application for which ALD is largely applied in research, the value of finished products is nominally/ideally less than 100 € per m 2 . Of course, the required uniformity, repeatability and number of process steps is higher in microelectronics, altogether leading to higher cost. Nevertheless, the available budget per process step is orders of magnitude lower in these non-microelectronic applications. Thus, HT ALD would become an enabling innovation for many applications, since while the technical performance may have been proven a long time ago, standard ALD is just economically unfeasible. The same applies to other techniques related to nanoscience and nanotechnology, the development of which should contribute to the outcome of what has been called nanomanufacturing. [START_REF] Cooper | Scalable nanomanufacturing-a review[END_REF][START_REF] Musselman | Nanomanufacturing: High-Throughput, Cost-Effective Deposition of Atomic Scale Thin Films via Atmospheric Pressure Spatial Atomic Layer Deposition[END_REF] Since ALD offers unique qualities that no other technique can offer, it is desirable that any device/technology/product development involving ALD should be scalable and implemented with HT ALD. In the last years, there has been a huge progress toward faster ALD processes. Different approaches have been tackled, including batch ALD, Spatial ALD (SALD), process engineering, and reactor optimization. We present here these HT ALD approaches to show that rather than the Awfully Long Deposition technique that ALD used to be considered, it can already be regarded as a HT technique, with different approaches proving so. The description of the different HT ALD approaches is preceded by a section in which the different performance metrics allowing a fair comparison between the different HT ALD approaches and with other deposition techniques is given. As it will be shown below, in the HT ALD approaches presented here, fluid dynamics are back in the game, and must be considered when designing reactors and for process engineering. A section dealing with modeling of HT ALD is thus included. We will then provide a case study in which we will discuss the use of HT ALD for thinfilm encapsulation of atmosphere-sensitive devices like OLEDs. We will finish by giving a perspective on the challenges that still lay ahead for HT ALD. This review does not intend to be exhaustive on the different HP ALD systems available in the marked. Rather, the authors have focused on the approaches with which they are more familiar as a way of illustrating the different possibilities. We hope this review will provide a wide overview of the HT ALD landscape, helping researchers and companies to make the right choices when moving into the (HT) ALD field.

Performance metrics

Due to the different particularities and specifications of the different existing approaches to HT ALD, it is not always simple to make comparisons between them, and with other deposition techniques. Several metrics can be used to quantify the speed of a thin film deposition process so that different processes can be readily compared. These are detailed below:

Deposition rate (in nm/s) describes the speed at which a coating grows on the substrate and thus provides a basic characterization of the process.

Takt Time (in s) provides the time in between different substrates for an inline process. Alternatively, throughput (in substrates per hour), provides the number of substrates processed per time unit. These quantities also include information on the thickness of the coating, the number of substrates processed in parallel, and the overhead time for substrate heating, cooling, pump down, venting, transfer, etc. A slightly modified metric is area throughput (m 2 /h) which normalizes for the size of the substrate and is specifically used for large area applications.

Cost of Ownership (in $, € or ¥ per m 2 of product) will take into account several economic factors. The total cost per substrate processed is calculated using the different cost contributions such as the cost of equipment (both initial investment and maintenance cost), cost of consumables, facilities, labor, cost of capital and administrative overhead, divided by the number of substrates processed successfully. In addition to the raw throughput, factors such as scrapping of substrates (i.e. destruction of product being progressed by imperfect processing), uptime (percentage of the time that the tool is available for production), utilization (i.e. percentage of the time that the tool is available and actually being used to produce sellable product) are also parts of the economical requirements. Depending on the type of utilization, the relative importance of these factors differs. For example, for a batch process near the end of the production process of a high-value product, a single tool failure may result in a revenue loss that can be comparable to the cost of the tool. The evaluation of Cost of Ownership (or even throughput/takt time) must be done on a case by case basis and is therefore beyond the scope of this review. Instead, we will focus on basic metrics such as deposition rate.

In the case of ALD, two parameters are of foremost importance when evaluating deposition rate: GPC and the Cycle time. GPC under fully saturated ALD conditions is determined by chemistry and temperature (see Fig. 1b). In most cases, it is not possible to vary these parameters, and the GPC is thus to be considered a constant. Nevertheless, some precursor chemistries provide a path to substantially increase the GPC for a given temperature and material system. For example, in the case of low-temperature deposition of Al2O3, it has been found that the GPC in PE ALD is around 1.5-2.0 Å/cycle, while it is in the range 0.6-1 Å/cycle for thermal ALD. The Cycle time is the sum of purge times and pulse times during 1 single ALD cycle. Pulse times are determined by the requirement to absorb a sufficient number of precursor molecules to reach substrate saturation. For many reactive chemistries, pulse times can be very short (tens of milliseconds), but for less reactive chemistries or low vapor pressure precursors, it is not necessarily the case. Purge times are determined by the time to clear the reactants from the reactor. Traditionally, purge times have been quite long (seconds), especially at low deposition temperature, and thus the determining factor for the cycle time, and thus the deposition rate.

ALD approaches to High Throughput

As stated above, there are four main approaches that have been developed and that allow performing ALD at high deposition rates: Batch ALD, SALD, process engineering, and reactor optimization. In the following sections, a description of these different approaches and their current industrial utilization is provided.

BATCH ALD

The simplest and thus more mature approach towards high throughput ALD is the use of batch reactors in which more than one substrate can be coated at the same time. Batch ALD has been used from many years now in production, mainly in microelectronics (were Si wafers are the usual substrate), and the different manufacturers of industrial ALD equipment offer bath tools adapted to different applications. In batch ALD, because the reactors are bigger, the ALD cycles have to be longer in order to ensure the complete formation of monolayers on the substrates and also ensure an efficient purge, the limiting factor being the diffusion of precursors between the wafers. For this same reason, lower operation pressures are usually necessary for Batch ALD to have efficient convective and diffusive purging. Despite both longer cycles and longer overhead times, batch ALD yields a higher number of samples per hour thanks to the higher number of samples coated simultaneously. For instance, Granneman et al. compared the deposition of 10 nm thick HfO2 films using batch and single wafer systems. The results showed, respectively, a throughput of 16 and 7 wafers/h. [START_REF] Granneman | Batch ALD: Characteristics, comparison with single wafer ALD, and examples[END_REF] Also, due to the high reactivity of ALD precursors, and the fact that in most cases the reactor temperature is the same as the sample temperature (i.e. the whole deposition chamber is heated at a certain temperature), deposition takes place on the walls of the reactor, thus causing a waste in precursor which contributes to the final price per substrate. In Batch ALD, since the ratio between the sample surface and reactor surface is higher, a more efficient use or precursors is obtained (30% reported for Al2O3). [START_REF] Dingemans | Merits of Batch ALD[END_REF] Conversely, the higher volumes involved in Batch ALD can cause a narrowing of the ALD window. In the low temperatures, precursor condensation can be an issue on the first wafers exposed to the precursor. In the high temperature range, lower maximum temperatures with respect to single wafer ALD are attainable since the longer cycles can yield thermal decomposition of the precursors while saturation of all the substrates is taking place. In the same manner, the exposure to high temperatures during longer times can cause precursor desorption prior reaction with the second reactant. This, in addition, can affect cycle time since the possibility of using higher temperatures would induce a slight reduction in purge time due to a higher gas velocity and diffusion coefficient.

But overall, the advantages of Batch ALD in terms of throughput overcome the drawbacks that it presents. In a study from 2014, Dingemans et al. presented the merits of Batch ALD processing, by evaluation different materials and applications. [START_REF] Dingemans | Merits of Batch ALD[END_REF] As a result, a series of merits of Batch ALD, in addition to the intrinsic characteristics of ALD, were listed:

-Reactors with capacities of up to 170 wafers, with cycle times of only 28 s (i.e. cycles of 0.16 s per wafer).

-Low cost thanks to small system footprint, efficient use of precursor and competitive pricing.

-Sequential Batch processing is possible -Large freedom in cycle time optimization, not affected by hardware limitations (e.g. switching speed of valves) Batch ALD can be optimized thanks to reactor design using simulations. Indeed the concentration of the precursors in different locations of the reactor after a certain time following the injection of precursor depends on how the precursors are injected and on the reactor design. Simulations of a vertical batch reactor with one single precursor inlet at the top and another one with a multiple precursor inlet have been performed, showing a higher homogeneity in terms of precursor distribution with time for the multiple inlet reactor (see Fig. 2). Although Batch ALD is used in the microelectronics industry, the throughput obtained would still be too low for other applications, such as the passivation of Silicon solar cells with Al2O3 layers. In order to increase the throughput and make batch ALD more competitive with respect to PECVD, side improvements are investigated. Beneq, for example, has explored the use of a fully automated system for wafer handling, together with sample preheating. [START_REF] Chunduir | Passivating the p-side[END_REF] Standard batch ALD tools from Picosun are on the other hand used to deposit protective anti-corrosion layers on commemorative coins and to provide color to jewelry components.[26]

Spatial ALD

As it has been explained in the introduction, the key characteristic of ALD with respect to Classical CVD is the sequential exposition of the substrate to the different precursors, in order to have surface limited and self-terminated reactions. This separation was traditionally made by separating precursors in time, in a sequence of injection/purge steps. Another possibility is to separate the precursors in different locations of the reactor, i.e. spatial separation. In Spatial ALD (SALD), as it is most commonly known, precursors are continuously injected in specific locations and fashions, which depend on the system design, and are kept apart by regions containing an inert gas, typically N2. It is interesting to note that SALD was already described in Suntola's first ALD patent in the 1970's. [START_REF] Suntola | Method for producing compound thin films[END_REF] Even more, the first apparatuses proposed in the patent are spatial, while more standard temporal ALD apparatuses are presented afterward. In this patent, ALD was mostly inspired by sputtering and MBE, and thus the precursors proposed were single elements such as Zn and S to deposit ZnS or Sn and O2 for SnO2. Some years later, in 1983, Suntola showed in a second patent that an effective precursor separation can be achieved even at atmospheric pressure, without the need of unrealistically high gas flows, if ingenious systems are conceived. This led to the development of atmospheric pressure SALD (AP-SALD). [27] In this patent, ALD is already closer to CVD since metalorganic precursors are considered. Despite the early presentation of SALD, it was not until 2008 that the first publications and patents came out, mainly by Kodak and TNO. In the first SALD paper by Levy et al. an open-air SALD approach was presented and used to fabricate ZnO based thin film transistors (TFT). [START_REF] Levy | Stable ZnO thin film transistors by fast open air atomic layer deposition[END_REF] In their report, both the Al2O3 dielectric layer and the ZnO gate oxide were deposited at atmospheric pressure, in the open air, obtaining working devices with good properties. Kodak's approach is based on a manifold injection head where the gas flows containing the different precursors are separated in parallel channels, alternated with channels containing only N2. By placing the substrate close enough to the head (typically on the order of 50 to 200 microns, which can be adjusted mechanically or using a gas bearing system) an efficient separation of precursors can be achieved. Due to the small gap used between the head and the substrate to prevent precursor crosstalk, this approach is known as "close-proximity SALD" (see Fig. 3). Kodak's systems were used and further optimized by Prof. Driscoll's group at the University of Cambridge for the deposition of components for new generation solar cells. [START_REF] Muñoz-Rojas | Spatial atmospheric atomic layer deposition: a new laboratory and industrial tool for low-cost photovoltaics[END_REF] The high deposition rate inherent to SALD has allowed the fundamental study of device physics by using doped oxides or extra-thin interfacial layers. [START_REF] Hoye | Engineering Schottky contacts in open-air fabricated heterojunction solar cells to enable high performance and ohmic charge transport[END_REF][START_REF] Musselman | Improved exciton dissociation at semiconducting polymer:ZnO donor:acceptor interfaces via nitrogen doping of ZnO[END_REF][START_REF] Ehrler | Preventing Interfacial Recombination in Colloidal Quantum Dot Solar Cells by Doping the Metal Oxide[END_REF][START_REF] Armstrong | Influence of an Inorganic Interlayer on Exciton Separation in Hybrid Solar Cells[END_REF][START_REF] Khare | Elucidation of barrier homogeneity in ZnO/P3HT:PCBM junctions through temperature dependent I -V characteristics[END_REF][START_REF] Hoye | Improved Open-Circuit Voltage in ZnO-PbSe Quantum Dot Solar Cells by Understanding and Reducing Losses Arising from the ZnO Conduction Band Tail[END_REF][START_REF] Marin | Novel Atmospheric Growth Technique to Improve Both Light Absorption and Charge Collection in ZnO/Cu2O Thin Film Solar Cells[END_REF][START_REF] Muñoz-Rojas | High-speed atmospheric atomic layer deposition of ultra thin amorphous TiO 2 blocking layers at 100 °C for inverted bulk heterojunction solar cells[END_REF][START_REF] Hoye | High performance inverted bulk heterojunction solar cells by incorporation of dense, thin ZnO layers made using atmospheric atomic layer deposition[END_REF] TNO was also among the first to patent and report SALD systems. [START_REF] Van S | Apparatus and method for atomic layer deposition[END_REF] In 2010 this group also showed that SALD could be used to deposit a very efficient Al2O3 passivation layers on crystalline Si solar cells, reducing charge recombination. [START_REF] Poodt | High-speed spatial atomic-layer deposition of aluminum oxide layers for solar cell passivation[END_REF] The high passivation efficiency obtained, together with the high deposition rate and atmospheric processing resulted in the creation of SoLayTec, a spin-off company that commercializes both large-scale and pilot plant tools for the passivation of Si solar cells. Levitech is another company that also commercializes a similar tool for the same application. These tools have demonstrated that SALD can provide very high throughputs, of up to 6000 wafers/h (with deposition rates above 1 nm/s). At the research level, reports from different groups have shown that SALD can be up to two orders of magnitude faster than temporal ALD. [START_REF] Muñoz-Rojas | Growth of 5 cm2V -1s -1 mobility , p-type Copper ( I ) oxide ( Cu2O ) films by fast atmospheric atomic layer deposition ( AALD ) at 225 ° C and below[END_REF] In addition to high rates, the spatial separation of precursors has proven to be a very flexible concept, allowing the design of many different types of reactors. A review by Poodt el al. from 2012 described some of the early reactors, many of them using the close-proximity approach. [START_REF] Poodt | Spatial atomic layer deposition: A route towards further industrialization of atomic layer deposition[END_REF] Since then, other systems were reported. Some of the reactors are designed in order to be compatible with Roll-to-Roll (R2R) mode, [START_REF] Ali | Low-Temperature Roll-to-Roll Atmospheric Atomic Layer Deposition of Al2O3 Thin Films[END_REF][START_REF] Dickey | High rate roll to roll atomic layer deposition, and its application to moisture barriers on polymer films[END_REF][START_REF] Ali | Roll-to-Roll Atmospheric Atomic Layer Deposition of Al 2 O 3 Thin Films on PET Substrates[END_REF][START_REF] Poodt | Low temperature and rollto-roll spatial atomic layer deposition for flexible electronics[END_REF][START_REF] Sharma | Spatial atomic layer deposition on flexible porous substrates: ZnO on anodic aluminum oxide films and Al2O3 on Li ion battery electrodes[END_REF][START_REF] Ali | Rapid fabrication of Al2O3 encapsulations for organic electronic devices[END_REF][START_REF] Yersak | Atmospheric pressure spatial atomic layer deposition web coating with in situ monitoring of film thickness[END_REF][START_REF] Sharma | Spatial atomic layer deposition on flexible substrates using a modular rotating cylinder reactor[END_REF][START_REF] Maydannik | Roll-to-roll atomic layer deposition process for flexible electronics encapsulation applications[END_REF][START_REF] Ali | High rate roll-to-roll atmospheric atomic layer deposition of Al2O3 thin films towards gas diffusion barriers on polymers[END_REF] while the possibility to work in the open air facilitates in situ characterization. [START_REF] Yersak | Atmospheric pressure spatial atomic layer deposition web coating with in situ monitoring of film thickness[END_REF] Also, a recent report presented a comparison of the deposition of ZnO coatings with different SALD systems and conventional ALD. [START_REF] Hoye | Research Update: Atmospheric pressure spatial atomic layer deposition of ZnO thin films: Reactors, doping, and devices[END_REF] It is shown that intrinsic and doped ZnO films can be deposited with tuned optical and electronic properties, which resulted in devices with record efficiencies in some cases, confirming the high quality of SALD coatings. Deposition rates vary a bit depending on the reactor and conditions used, being up to 2 nm/s, as compared to 0.13-0.18 nm/s for a conventional ALD system. In terms of growth per cycle, similar values are obtained for both SALD and ALD, as expected since the chemistry is the same. The concept of cycle in spatial ALD can be confusing since the different SALD systems differ in mode of operation and design, which results in different types of SALD cycle, with different equivalences between SALD cycles and conventional ALD cycles. Therefore, comparisons should be done in terms of nm/s or wafers/h in order to avoid confusion.

As shown above, the initial applications of SALD focused on microelectronics and photovoltaics. The application of SALD to the fabrication of TFT devices has been pursued by Kodak, and their initial publication of 2008 has been followed by the development of areaselective deposition with SALD, which provides design freedom and has allowed to improve the yield and performance of the devices fabricated. [START_REF] Levy | Oxide Electronics by Spatial Atomic Layer Deposition[END_REF][START_REF] Levy | Metal-oxide thin-film transistors patterned by printing[END_REF][START_REF] Ellinger | Selective Area Spatial Atomic Layer Deposition of ZnO, Al 2 O 3 , and Aluminum-Doped ZnO Using Poly(vinyl pyrrolidone)[END_REF][START_REF] Nelson | Improving Yield and Performance in ZnO Thin-Film Transistors Made Using Selective Area Deposition[END_REF][START_REF] Ellinger | Design Freedom in Multilayer Thin-Film Devices[END_REF] SALD has also proven very effective for the deposition of components for new generation solar cells. In one of the first examples, TiO2 blocking layers were deposited by SALD for bulk heterojunction solar cells. The results showed that an amorphous TiO2 film only 13 nm thick and deposited at 100 °C yields the same performance than an 80 nm thick crystalline TiO2 film deposited by Spray pyrolysis at 450 °C. Since SALD yields films with the same quality as conventional ALD, extremely thin blocking layers can be deposited. And thus, amorphous TiO2 can be used without contributing much to the series resistance of the device. And because crystallinity is not needed, low deposition temperatures, compatible with plastic substrates (relevant for organic photovoltaics), can be used. The combination of high deposition rate and the possibility of using extremely thin films resulted in two orders of magnitude faster deposition rates, as compared to other low-temperature atmospheric methods reported to deposit TiO2 blocking layers. [START_REF] Muñoz-Rojas | High-speed atmospheric atomic layer deposition of ultra thin amorphous TiO 2 blocking layers at 100 °C for inverted bulk heterojunction solar cells[END_REF] In addition, the possibility to use an extremely thin blocking layer contributes to a lower cost since less material is used (which is also highly important in terms of making an efficient use or raw materials, in particular, if they contain critical elements). [START_REF] Goe | Identifying critical materials for photovoltaics in the US : A multimetric approach[END_REF] The high throughput offered by SALD was used by Prof. Driscoll's group to perform fundamental studies on the physics of new generation photovoltaic devices. [START_REF] Muñoz-Rojas | Spatial atmospheric atomic layer deposition: a new laboratory and industrial tool for low-cost photovoltaics[END_REF][START_REF] Hoye | Engineering Schottky contacts in open-air fabricated heterojunction solar cells to enable high performance and ohmic charge transport[END_REF][START_REF] Musselman | Improved exciton dissociation at semiconducting polymer:ZnO donor:acceptor interfaces via nitrogen doping of ZnO[END_REF][START_REF] Ehrler | Preventing Interfacial Recombination in Colloidal Quantum Dot Solar Cells by Doping the Metal Oxide[END_REF][START_REF] Armstrong | Influence of an Inorganic Interlayer on Exciton Separation in Hybrid Solar Cells[END_REF][START_REF] Khare | Elucidation of barrier homogeneity in ZnO/P3HT:PCBM junctions through temperature dependent I -V characteristics[END_REF][START_REF] Hoye | Improved Open-Circuit Voltage in ZnO-PbSe Quantum Dot Solar Cells by Understanding and Reducing Losses Arising from the ZnO Conduction Band Tail[END_REF][START_REF] Marin | Novel Atmospheric Growth Technique to Improve Both Light Absorption and Charge Collection in ZnO/Cu2O Thin Film Solar Cells[END_REF][START_REF] Hoye | High performance inverted bulk heterojunction solar cells by incorporation of dense, thin ZnO layers made using atmospheric atomic layer deposition[END_REF][START_REF] Muñoz-Rojas | Growth of 5 cm2V -1s -1 mobility , p-type Copper ( I ) oxide ( Cu2O ) films by fast atmospheric atomic layer deposition ( AALD ) at 225 ° C and below[END_REF][START_REF] Hoye | Perspective: Maintaining surface-phase purity is key to efficient open air fabricated cuprous oxide solar cells[END_REF] The same group also used the possibility of low-temperature processing to deposit ZnO layers as an electron injector in a hybrid perovskite-based LED. [START_REF] Hoye | Enhanced Performance in Fluorene-Free Organometal Halide Perovskite Light-Emitting Diodes using Tunable, Low Electron Affinity Oxide Electron Injectors[END_REF] More recently, research from the LMGP has shown the benefits in coupling SALD with transparent electrodes based on metallic nanowire (MNW, mainly Ag and Cu) networks. MNW networks are very promising since they can have higher transparency and conductivity than standard oxide-based transparent electrodes and are also flexible. [START_REF] Bellet | Transparent electrodes based on silver nanowire networks: From physical considerations towards device integration[END_REF][START_REF] Sannicolo | Metallic Nanowire-Based Transparent Electrodes for Next Generation Flexible Devices : a Review[END_REF] These type of electrodes can be processed at ambient pressure and from solution but need to be coated in order to increase their chemical, electrical and thermal stability. The fast deposition rate together with low-temperature and ambient processing makes this SALD very attractive to coat AgNW networks with conformal oxide layers, rendering the electrodes much more stable. [START_REF] Bellet | Transparent electrodes based on silver nanowire networks: From physical considerations towards device integration[END_REF][START_REF] Celle | Oxidation of copper nanowire based transparent electrodes in ambient conditions and their stabilization by encapsulation : application to transparent fi lm heaters[END_REF][START_REF] Khan | Stability enhancement of silver nanowire networks with conformal ZnO coatings deposited by atmospheric pressure spatial atomic layer deposition[END_REF] The number of reports involving SALD is showing a steady increase since the first report in 2008, and applications have expanded from the initial studies focusing on TFT and solar cells.

To date, SALD has been extensively used for encapsulation, to protect devices or to fabricate gas diffusion barriers, both in rigid and flexible substrates, including paper, as detailed below. [START_REF] Dickey | High rate roll to roll atomic layer deposition, and its application to moisture barriers on polymer films[END_REF][START_REF] Ali | Rapid fabrication of Al2O3 encapsulations for organic electronic devices[END_REF][START_REF] Celle | Oxidation of copper nanowire based transparent electrodes in ambient conditions and their stabilization by encapsulation : application to transparent fi lm heaters[END_REF][START_REF] Lahtinen | Utilisation of continuous atomic layer deposition process for barrier enhancement of extrusion-coated paper[END_REF][START_REF] Higgs | Spatial molecular layer deposition of polyamide thin films on flexible polymer substrates using a rotating cylinder reactor[END_REF][START_REF] Hoffmann | Atmospheric pressure plasma enhanced spatial atomic layer deposition of SnOx as conductive gas diffusion barrier[END_REF][START_REF] Franke | Alumina films as gas barrier layers grown by spatial atomic layer deposition with trimethylaluminum and different oxygen sources[END_REF][START_REF] Mutee Ur Rehman | Atmospheric Deposition Process for Enhanced Hybrid Organic-Inorganic Multilayer Barrier Thin Films for Surface Protection[END_REF][START_REF] Choi | Fast spatial atomic layer deposition of Al2O3 at low temperature (<100 °C) as a gas permeation barrier for flexible organic light-emitting diode displays[END_REF][START_REF] Lien | Investigation on the passivated Si/Al2O3 interface fabricated by non-vacuum spatial atomic layer deposition system[END_REF][START_REF] Maydannik | Spatial atomic layer deposition : Performance of low temperature H2O and O3 oxidant chemistry for flexible electronics encapsulation Spatial atomic layer deposition : Performance of low temperature H 2 O and O 3 oxidant chemistry for flexible electronics[END_REF] Choi et al. have demonstrated Al2O3 deposition rates as high as 7 nm/min (0.12 nm/s) at temperatures below 100 °C. The SALD system they have developed is coupled to a glove box and can coat substrates of industrial size (370 x 470 mm 2 ). They used it to encapsulate OLEDs, which showed little degradation and sustainable emission properties when using a 50 nm thick Al2O3 encapsulating layer. [START_REF] Choi | Fast spatial atomic layer deposition of Al2O3 at low temperature (<100 °C) as a gas permeation barrier for flexible organic light-emitting diode displays[END_REF] The versatility provided by the possibility to perform deposition at ambient pressure with SALD was exploited by Mutee et al. to combine it with the deposition of organic films by spray to obtain hybrid, multilayer barrier coatings (see details below in section 5). [START_REF] Mutee Ur Rehman | Atmospheric Deposition Process for Enhanced Hybrid Organic-Inorganic Multilayer Barrier Thin Films for Surface Protection[END_REF] The possibility to deposit conformal coatings over more complex, high-aspect-ratio substrates has also been evaluated. SALD proved to be very efficient in coating nanorod arrays at high deposition rates. Musselman et al. reported the deposition of conformal Al2O3 layers over electrodeposited ZnO nanorod arrays with a high rate of 0.12 nm/s. Mg and N-doped ZnO conformal coatings were also deposited, showing a good electrical contact with the underlying nanorods, as shown by the application of the coated arrays in hybrid and quantum dot solar cells. [START_REF] Musselman | Rapid open-air deposition of uniform, nanoscale, functional coatings on nanorod arrays[END_REF] SALD was also used to coat highaspect-ratio templates. [START_REF] Sharma | Spatial atomic layer deposition on flexible porous substrates: ZnO on anodic aluminum oxide films and Al2O3 on Li ion battery electrodes[END_REF][START_REF] Poodt | Effect of reactor pressure on the conformal coating inside porous substrates by atomic layer deposition[END_REF] Sahrma et al. demonstrated that SALD can conformally coat flexible alumina templates only when the right conditions are used depending on pore size. Optimized conditions were then used to coat porous oxide films for application as cathodes in lithium batteries. The results showed an improved capacity stability thanks to the Al2O3 coatings. [START_REF] Sharma | Spatial atomic layer deposition on flexible porous substrates: ZnO on anodic aluminum oxide films and Al2O3 on Li ion battery electrodes[END_REF][START_REF] Yersak | Spatial atomic layer deposition for coating flexible porous Li-ion battery electrodes Spatial atomic layer deposition for coating flexible porous Li-ion battery electrodes[END_REF] Moitzheim et al. have also recently shown that chlorine doped amorphous TiO2 deposited by SALD allows an increase in capacity when used as a cathode in a lithium battery. [START_REF] Moitzheim | Chlorine Doping of Amorphous TiO 2 for Increased Capacity and Faster Li + -ion Storage[END_REF] Mameli et al. recently published a study in which the capability of conformally coating high-aspect-ratio porous substrates at high rates is evaluated. Because high throughput SALD is often performed at atmospheric pressure, the study is focused on the effect of pressure on the deposition quality and rate. Three key parameters are identified: pore aspect-ratio, reaction probability, and precursor diffusion coefficient, which is linked to pressure. Simulations and experimental results show that in most realistic experimental conditions, the deposition is limited by precursor diffusion to the surface areas inside the pores. Nevertheless, atmospheric pressure (S)ALD can allow HT deposition in porous substrates as long as high precursor partial pressures and molar flows can be achieved. [START_REF] Poodt | Effect of reactor pressure on the conformal coating inside porous substrates by atomic layer deposition[END_REF] Some commercial SALD systems such as the Cyclone tool by Jusung, the N333 tool by TEL or the Olympia tool by Applied Materials are based on a rotating substrate holder that can accommodate several wafers. Upon rotation of the substrate holder, the wafers are exposed to the different precursors which are injected in different zones of the chamber, separated by inert gas regions. Given several samples are coated in the same run, these systems are considered as semi-batch ALD reactors as well, and are mainly focused on the microelectronics industry. The same applies indeed to close proximity systems, when the samples to be coated are smaller than the injection head. Another batch-SALD approach is the one designed by R. van Ommen's group for coating nanoparticles. Instead of the conventional fluidized bed reactor, they have designed a tubular reactor where the precursor and inert gas are injected in alternate sections of the tube. As the nanoparticles travel along the tube, an ALD coating is deposited. Given many nanoparticles are coated in each run, this system offers a high throughput. [START_REF] Van Ommen | Continuous production of nanostructured particles using spatial atomic layer deposition[END_REF] While one of the main advantages of SALD is that it can be easily performed at atmospheric pressure and even in the open-air, attention must be pay when depositing materials which are suspected or known to be sensitive or unstable to oxygen or water. This is evident when dealing with organic semiconductors and hybrid perovskites such as the ones used in several optoelectronic applications. In these cases, SALD systems can be designed to be fitted in a globe box for research purposes, such as the one reported recently by Prof. T. Riedl's group (see Fig. 18 in section 5). [START_REF] Hoffmann | Spatial Atmospheric Pressure Atomic Layer Deposition of Tin Oxide as an Impermeable Electron Extraction Layer for Perovskite Solar Cells with Enhanced Thermal Stability[END_REF] Other cases are less obvious but the consequences of processing in air can be very detrimental to the final properties of the deposited materials. These is, for example, the case of Aluminum doped ZnO (AZO), which shows much smaller conductivity values when deposited by open-air SALD as compared to the values obtained by sputtering, PLD and even conventional ALD. This is due to the adsorption of oxygen species at the grain boundaries that result in an increase of the trap density. This, in turn, has a dramatic effect on the electron mobility of the films. Nguyen et al. have recently presented a new theoretical model where the effect of air-processing on the properties of polycrystalline AZO is exhaustively described. [START_REF] Nguyen | Electron tunneling through grain boundaries in transparent conductive oxides and implications for electrical conductivity: the case of ZnO:Al thin films[END_REF] Such issues are thus to be taken into account when performing SALD at atmospheric pressure or in the open air.

Finally, as in the case of batch ALD, modeling of the different SALD systems is an important step when optimizing the reactor design and deposition parameters. This aspect is discussed in more detail in the modeling section below (section 4).

Reactor optimization

In this section, the possible gains in throughput that can be obtained by optimization of the geometry and operation mode of temporal ALD reactors are discussed. First, a discussion will be presented of the different gas transport phenomena that unnecessarily lead to longer purge times. Then, a particular architecture that addressed these different factors to improve cycle times by orders of magnitude, the Parallel Precursor Wave (PPW) architecture will be discussed.

Gas transport is an essential part of the operating principle of temporal ALD reactors. Different gas transport phenomena affect the efficiency of the purge process, and therefore the required length of purge steps. To allow efficient and active purging process, the volume to be purged must consist of a conduit with an inflow of purge (i.e. neutral) gas and an outflow of a purge gas/precursor mixture. If the geometry of the reactor contains sub-volumes that do not allow inflow and outflow ("dead volumes"), the direct displacement of the purge gas/precursor mixture by pure purge gas becomes impossible in that volume. The only remaining mechanism for removal of the precursor is a gradual decrease of the precursor concentration by gas phase diffusion near the edge of the dead volume towards the pure carrier gas in the area which is flushed. This is a very slow and inefficient process.

In other occasions, and depending on the geometry of the conduit and the flow conditions, a velocity pattern can develop where the gas flows in a vortex with a locally closed flow path. Such a vortex will effectively act as dead volume, as the precursor/purge gas mixture is trapped in the vortex (even though no physical boundaries exist to retain it in this place). The creation of such a recirculation at generic geometrical features (such as forward and backward facing steps) has beenstudied extensively (see e.g. ref [START_REF] Biswas | Backward-Facing Step Flows for Various Expansion Ratios at Low and Moderate Reynolds Numbers[END_REF]). The key metric is the Reynolds number, which includes the density of the fluid (i.e. the gas pressure), the flow rate, and the geometry. The occurrence of recirculation effects depends on the operating conditions. As an illustration, Fig. 4 shows the simulated flow pattern in a gas conduit at low and high flow rate. [START_REF] Kools | Method and Apparatus for fabricating a conformal thin film on a substrate[END_REF] It can be seen that a vortex develops near the inlet at an increased flow rate. As the flow rate is (by definition) zero on the wall of the gas conduit, some area with reduced flow velocity will exist near these boundaries. In the particular case of a cylindrical tube, the flow velocity profile becomes a Poiseuille distribution, i.e. a parabolic dependence of the amplitude of the flow velocity on the transversal coordinate. The effect of this reduced flow velocity near the edges on the purging of the precursor pulse depends on the relative importance of gas phase diffusion. If the characteristic length of gas phase diffusion is large with respect to the characteristic length of the flow velocity gradients, there will be a continuous transport between the zones having high flow velocity and the zones having low flow velocity. Thus the effect of the non-uniformities in flow velocity on precursor concentration distribution tends to be smeared out. Conversely, there may be significant concentration gradients, and thus non-uniform purging. This leads to situations in which parts of the reactor with high flow velocities are completely purged, but the purge step must be continued in order to clear out also the areas with lower flow velocities.

A final factor that has to be considered is the effect of gas-surface interactions. In particular, the interactions between water vapor, which is very frequently used as an oxidant in ALD processes, and surfaces of the gas conduit deserve attention. It was found that, as a function of relative humidity, water molecules may form a physisorbed layer of up to a few monolayers. [START_REF] Grassian | Surface science of complex environmental interfaces: Oxide and carbonate surfaces in dynamic equilibrium with water vapor[END_REF] In an ALD process, where the relative humidity increases during the water pulse, and subsequently drops again, it leads to a "sticking" effect of the water on the surface. Thus, the presence of surfaces with a locally high relative humidity may result in smearing of the water pulse.

An example of how the above points can be addressed to speed up the ALD process can be found in the reactors designed by Encapsulix, which are based on the so/called parallel precursor wave architecture (PPW). The basic approach of this reactor architecture is to design and operate the gas conduit as a waveguide for the propagation of separated precursor pulses with minimal dispersion. Therefore, the entire design is optimized towards the creation of well-defined gas and vapor pulses in an appropriate sequence, and the transport of this sequence through the reaction space with minimal perturbation. The key enabling technology components are the gas dosing system, which generates the pulses, and the injector, [84] which create a uniform laminar gas flow in a rectangular reaction space. Fig. 5 shows a typical layout of a dosing system for a liquid precursor. The precursor is stored in a reservoir at a certain temperature T, resulting in a vapor pressure Pvap. The flow towards the reactor is determined by two valves, namely a fast pneumatic valve and a metering valve (some additional safety-related valves are not shown in this schematic). The result of a simulation of the time-dependent pressures P1, P2 in the volumes V1 and V2 is shown as well in Fig. 5 for a water source. Upon opening the dosing valve, the vapor which is in V1 almost instantaneously enters the reactor, resulting in a drop of the pressure P1 in that volume, and flow across the metering valve. During the pulse, evaporation from the liquid surface (Svap) is not sufficient to compensate for this outgoing flux, and the pressure P2 will drop. Upon closing of the dosing valve, the pressure between the two volumes will equilibrate very rapidly, and the evaporation will restore the pressure to the vapor pressure in preparation for the next pulse. Thus, the total amount of vapor injected (Fig. 6a) will be a non-linear function of valve opening time, doser geometry (V1, V2), precursor type and temperature, and position of the metering valve. A common characteristic is a rapid initial inflow, followed by a steadier flow gated by the metering valve. This behavior is also found in the experimental data (Fig. 6b), with one additional caveat: the finite response time of the solenoid driving the pneumatic actuation of the dosing valves results in a time delay of about 10 ms between the arrival of the electrical signal and the actual opening of the valve. Thus it can be seen that a vapor pulse of a sufficiently large number of molecules can be generated in 30-50 ms. In an R&D environment, it is desirable to vary the dose over a large range in order to explore different deposition conditions. For the example of Fig. 6, it can be seen that the water vapor dose can controllably be varied between 3.5 micromoles and 15 micromoles using the dosing valve opening time and the metering valve position.

In a manufacturing environment, where the required dose does not vary, the optimal operation conditions are those in which the dose in the initial volume V1 corresponds to the required dose. This leads to a stable, fast injection of the required quantity of precursor. The PPW method utilizes a modular system of gas injectors (Fig. 7a) allowing the creation of a highly uniform laminar flow in the reaction space at very high flow speeds. As a result, the transport of the precursor pulse shows very little dispersion. This is illustrated in Fig. 7b, which shows a CFD simulation of the iso-concentration contours after propagation of a 20 ms trimethylaluminum (TMA) pulse in a 600 mm long reaction space. It can be seen that the precursor propagates rapidly through the reactor. At this point, the reaction space is ready to receive the next precursor pulse, even before this pulse has completely gone through it. As a result, the purge times can be reduced drastically. For example, a thermal Al2O3 process at 80 °C, for OLED encapsulation at manufacturing level onto industrial size glass substrates, has been operated stably in the ALD regime for tens of thousands of depositions using TMA purge times around 150 ms and H2O purge times around 600 ms for a total cycle time of less than 1 second. This is in strong contrast to conventional practice in ALD. For example, applying the same process chemistry and temperature in a conventional ALD R&D can require purge times of 5 second and 20 seconds for the TMA and H2O purge times and a total cycle time of 28 seconds. [START_REF] Groner | Low-Temperature Al2O3 Atomic Layer Deposition[END_REF] Similarly, in ref [86], it is recommended to flow an amount of gas corresponding to twice the volume of the reaction space (defined in a particular fashion) in between two precursor pulses to ensure stable operation in the ALD regime. In contrast, in PPW systems, operation in the ALD regime is obtained with an amount of neutral gas corresponding to less than 0.2 times the reaction space.

Similar reactor optimizations are also applied in other commercial systems intended for production. This is the case for example of the Pulsar® XP Reactor from ASM, in which the reactor chamber and source delivery system have been optimized for precise gas-flow dynamics and minimum purge times, thus providing advanced process control, and high film purity and uniformity. And as mentioned above, reactor optimization is a key point towards decreasing the cycle time in batch reactors.

Process Engineering

Process modifications with respect to the standard ALD process have been achieved with reactors specifically designed for such process modifications. [START_REF] Krumdieck | Pulsed-Pressure MOCVD Science, Materials and Technology[END_REF][START_REF] Piallat | At the edge between metal organic chemical vapor deposition and atomic layer deposition: Fast Atomic Sequential Technique, for high throughput conformal deposition[END_REF] However, such results can be achieved, to a lower extent, in most ALD reactors. When tuning the process, one has to keep in mind three aspects which are: the precursor condensation, unwanted CVD reactions and insufficient exhaust of the reaction by-products. Precursor condensation takes place on cold parts of the reactor or when the precursor vapor pressure in the reactor is too high. It results in the deposition of the material on the walls of the reactor, in turn leading to the generation of particles or flakes. [START_REF] Kääriäinen | Fundamentals of Atomic Layer Deposition[END_REF] Unwanted CVD reactions are observed when purge of the precursor or reactant gas is not sufficient and the two meet in the reaction chamber, it results in the generation of particles and defects in the deposited material. [START_REF] Poodt | Spatial atomic layer deposition: A route towards further industrialization of atomic layer deposition[END_REF][START_REF] Kääriäinen | Fundamentals of Atomic Layer Deposition[END_REF][START_REF] Rf | Deposition Technologies: An Overview[END_REF] The insufficient elimination of the reaction by-products leads to poor characteristics of the deposited material, due to the trapping of unwanted species in the deposited layer. [START_REF] Poodt | Spatial atomic layer deposition: A route towards further industrialization of atomic layer deposition[END_REF][START_REF] Kääriäinen | Fundamentals of Atomic Layer Deposition[END_REF][START_REF] Rf | Deposition Technologies: An Overview[END_REF] Many different aspects of the process can be tuned to increase the deposition rate in ALD. However, most of them are related to the precursor or reactant gas chemistries and the increase of the deposition rate is limited by the kinetics of the absorption reactions. Such parameters are, for example precursor partial pressure, flow speed, pumping speed… Few parameters can enhance the deposition rate further, including precursor chemistry, the addition of catalyst species, deposition pressure variation, removal of purges, and plasma enhancement,… [START_REF] Poodt | Spatial atomic layer deposition: A route towards further industrialization of atomic layer deposition[END_REF][START_REF] Kääriäinen | Fundamentals of Atomic Layer Deposition[END_REF][START_REF] Rf | Deposition Technologies: An Overview[END_REF][START_REF] Leskelä | Atomic layer deposition (ALD): from precursors to thin film structures[END_REF] The effect of modifying three of these parameters on deposition rate are presented here: pressure variation, elimination of purges in purge-less ALD mode and plasma enhancement.

Each has advantages and limitations, examples used here correspond to the best-case scenario of what has been reported in the literature.

Pressure variation.

Similarly to performing a CVD-type process, if bursts of the precursor to be deposited are used (Fig. 8), good conformality can be achieved at a high deposition rate and great repeatability. Pulsed pressure CVD (pp-CVD), as it is called, uses the expansion of the precursor in a short time to allow a good coverage of the substrate, [START_REF] Krumdieck | Pulsed-Pressure MOCVD Science, Materials and Technology[END_REF][START_REF] Cave | Development of a model for high precursor conversion efficiency pulsed-pressure chemical vapor deposition (PP-CVD) processing[END_REF] as opposed to ALD, where precursors are injected in a viscous flow. The burst pressure is then followed by a pump-down phase to remove the reaction by-products and unreacted species. A precise control of the quantity injected leads to deposition of thicknesses close to the monolayer at a deposition rate close to the ALD deposition rate, i.e. 1-5 nm/min. [START_REF] Cave | Development of a model for high precursor conversion efficiency pulsed-pressure chemical vapor deposition (PP-CVD) processing[END_REF] But an increase of the injected quantity per cycle leads to a deposition rate ranging from 10 to 100 nm/min, with limited impact on conformality and material properties. One of the main drawback of this approach is that it has mainly been used for the deposition of mono-atomic materials, such as Pd, Co, W, Cu, etc. [START_REF] Emslie | Metal ALD and pulsed CVD: Fundamental reactions and links with solution chemistry[END_REF] The pp-CVD approach has also been used in batch reactors and has shown edge coverages of more than 90% for aspect rations of 32. [START_REF] Granneman | Batch ALD: Characteristics, comparison with single wafer ALD, and examples[END_REF] 3.4.2. Removal of purges. In a standard ALD cycle, the purging time represents at least 50% of the process time. Hence suppressing the purges between each injection would lead to higher deposition rates. This can only be done when the chemistry prevents the reaction between precursor and reactant in the volume of the chamber. As an example, such an approach is found in the so-call Fast Atomic Sequential Technique (FAST), which is equivalent to "Pulsed-CVD" or "purge-less ALD". Maximal separation of the precursor and reactant can be achieved by the use of dual-channel showerhead, such as what can be found in some CVD tools. In such tools, by pulsing the precursor and reactant gas, without or with an overlap of the pulses, one can obtain deposition in a CVD regime or ALD regime. Fig. 9 shows different pulse sequences that can be performed and that correspond to the different deposition modes discussed. To illustrate the effect of the different pulse sequence on film deposition, Fig. 10 presents the evolution of the deposition rate of TiN using CVD, ALD and FAST techniques in the same deposition reactor. [START_REF] Piallat | At the edge between metal organic chemical vapor deposition and atomic layer deposition: Fast Atomic Sequential Technique, for high throughput conformal deposition[END_REF] For all three techniques, deposition was achieved using an ALD and CVD compatible precursor: TDEAT (Tetrakis(diethylamido)titanium) and NH3 reactant gas, at the same deposition temperature. In a CVD mode, the precursor and the reactant are sent together to the reaction chamber and react on the heated wafer. In the ALD mode, purges allow desorption of precursor and elimination of reactant gas excess altogether with the reaction by-products. In the FAST mode, the pulses are gap-less and overlap-less, with a minimum variation of the pressure in the chamber to allow a continuous flow above the substrate. Removing the purges of the ALD technique resulted, in this case, in a 4-fold increase of the deposition rate, while keeping the linear deposition rate from the first step. This deposition rate is still twice slower than the CVD mode, but allows a control of the deposited thickness down to the angstrom (the deposited thickness per cycle) and a higher conformality than CVD or pp-CVD. [START_REF] Piallat | At the edge between metal organic chemical vapor deposition and atomic layer deposition: Fast Atomic Sequential Technique, for high throughput conformal deposition[END_REF][START_REF] Vitiello | Alternative deposition solution for cost reduction of TSV integration[END_REF] In addition, the process obtained has a 23% lower activation energy than the MOCVD technique, [START_REF] Vitiello | Alternative deposition solution for cost reduction of TSV integration[END_REF] resulting in a lower minimum deposition temperature, i.e. down from 250 °C to 200 °C. Furthermore, lower resistivity of the TiN metal layer was achieved, resulting in a resistivity closer to the one obtained with ALD deposition (Fig. 10b). Other materials have been tested, such as TaN, ZrO2 or Cu, and behaved in similar fashion. However, some precursors led to no deposition (such as TEOS (Tetraethyl orthosilicate) for SiO2 deposition) or formation of powder (such as TMA for Al2O3 deposition).

Plasma enhancement.

In some cases, the reaction between the precursor and the reactant gas only happens in a well-defined temperature window. In that case, a plasma can be used to initiate the reaction. For example, ALD deposition of Ta2O5 from Ta(NtBu)(NEt2)3 (Tris(diethylamido)(tert-butylimido)tantalum, TBTDET) and O2 is obtained for a substrate temperature higher than 300 °C. Below that temperature, the oxidation of the TBTDET is not observed, hence no nucleation sites are created during the O2 pulse for further growth of the layer. Due to this well-defined deposition temperature window, one can use O2 as a reactant gas but also as a purging gas, permitting the decrease of the required purging time. [START_REF] Gros-Jean | Process and device for making a tantalum pentoxide layer on a carrier material particularly titanium nitride and integreted circuit incorporating a tantalum pentoxide layer[END_REF] The oxidation step of the precursor will be thus limited by the plasma-on time. Fig. 11 shows a comparison between the standard PEALD process with the engineered process. As one can see, the elementary cycle in the case of the engineered process needs many fewer steps. Using this approach, the elementary cycle time is reduced by up to 20%, resulting in a deposition rate of up to 4 nm/min. This approach is suitable for precursors which have no or limited reaction with the reactant gas in a temperature window matching with the temperature of self-limiting surface saturation required for ALD deposition (i.e. ALD window).

Plasma enhancement can also be paired with the FAST technique discussed above. In that case, precursors which do not present a self-limiting surface saturation step (as needed for ALD deposition) can be used. Fig. 12, shows the GPC and growth rate of SiO2 deposition from TEOS and O2 plasma in a purge-less ALD mode, with cycle time ranging from 0.2 up to 1.2 s (half of the time is used for TEOS injection and the other half for plasma O2 activation). This figure clearly highlights the shift from an ALD regime, i.e. a growth per cycle which is limited to a mono-layer of SiO2, between 0.2 and 0.8s, to a CVD regime for longer cycles, in which the growth per cycle increases linearly with injection time.

Process engineering can also be tackled in SALD reactors. In particular, in close proximity reactors where the deposition head can be adjusted mechanically, the gap between sample and head can be adjusted so that crosstalk of precursors in the gas phase above the surface is allowed. For precursors and temperatures giving rise to chemical reaction, this means that a CVD-like mode is obtained in addition to the ALD process taking place on the surface. While CVD growth could compromise film conformality, for featureless, flat substrates, it is not dramatic to allow this CVD component. These conditions are attractive for device production as higher rates are obtained, while still producing smooth, pinhole-free films at modest temperatures. Obtained thicknesses are as well proportional to the number of SALD cycles, which allows a precise control over thickness, as in conventional ALD mode. Thus, homogeneous, high-quality (ALD-like) films can be achieved at around twice faster deposition rates by using this CVD-like approach, as has been shown for ZnO. [START_REF] Hoye | Research Update: Atmospheric pressure spatial atomic layer deposition of ZnO thin films: Reactors, doping, and devices[END_REF][START_REF] Musselman | Rapid open-air deposition of uniform, nanoscale, functional coatings on nanorod arrays[END_REF][START_REF] Hoye | Synthesis and Modeling of Uniform Complex Metal Oxides by Close-Proximity Atmospheric Pressure Chemical Vapor Deposition[END_REF] The same approach has also been shown on high-aspect-ratio samples, in particular, to coat ZnO nanorod arrays. Musselman et al. have recently shown that higher deposition rates (one order of magnitude) can be achieved to by working in CVD-like conditions, reaching depositions rates of 7 nm/min for Al2O3 at 150 °C, using TMA and H2O. [START_REF] Musselman | Rapid open-air deposition of uniform, nanoscale, functional coatings on nanorod arrays[END_REF] In the same article, the authors show that the films obtained have similar quality than films obtained in ALD conditions, allowing the fabrication of functional devices. In an industrial context, running SALD in CVD-like mode would have to be optimized so that mixing of precursors only takes place above the surface of the sample and not on the deposition head or other parts of the reactor, so that maintenance costs can be kept at a minimum.

Modeling: a Key tool in High Throughput

As discussed above, high-throughput deposition techniques push the limit of the ALD basic operating window to such levels that proper design of the different aspects, i.e. chemicals, substrate surface states, inlet and reactor, processing choices, are to be considered in their mutual and complex interplay. Compared to traditional chemical deposition techniques, such as CVD or MOCVD, typical ALD conceptually reduces drastically the chemical complexity of the overall deposition process, hindering all potential gas phase reactions, and projecting itself into more or less one-step self-saturation chemical reaction with the surface. This apparent simplicity, making it a well-defined model system, has attracted considerable attention from a purely theoretical perspective. Since the beginning of the century, atomic scale modeling, mainly through Density Functional Theory (DFT) calculations, has established itself as a remarkable tool to provide quantified ALD chemical reaction paths, from both thermodynamic and kinetic points of view. [START_REF] Jeloaica | Density functional theory study of HfCl4, ZrCl4, and Al(CH3)(3) decomposition on hydroxylated SiO2: Initial stage of high-k atomic layer deposition[END_REF][START_REF] Olivier | Insights into crystalline preorganization of gas-phase precursors: Densification mechanisms[END_REF][START_REF] Klejna | First-Principles Modeling of the "Clean-Up" of Native Oxides during Atomic Layer Deposition onto III-V Substrates[END_REF][START_REF] Elliott | Simulating the atomic layer deposition of alumina from first principles[END_REF][START_REF] Elliott | Modeling Mechanism and Growth Reactions for New Nanofabrication Processes by Atomic Layer Deposition[END_REF][START_REF] Widjaja | Quantum chemical study of the elementary reactions in zirconium oxide atomic layer deposition[END_REF] From these insights, macro-and mesoscale models have been derived: (i) using Kinetic Monte Carlo techniques to highlight collective behaviors and structuring of a limited number of ALD layers at the atomic scale, [START_REF] Shirazi | Atomistic Kinetic Monte Carlo Study of Atomic Layer Deposition Derived from Density Functional Theory[END_REF][START_REF] Mazaleyrat | A methodology for the kinetic Monte Carlo simulation of alumina atomic layer deposition onto silicon[END_REF][START_REF] Dkhissi | Multiscale Modeling of the Atomic Layer Deposition of HfO2 Thin Film Grown on Silicon: How to Deal with a Kinetic Monte Carlo Procedure[END_REF] (ii) using mechanistic kinetic models at the continuum scale, [START_REF] Travis | Modeling alumina atomic layer deposition reaction kinetics during the trimethylaluminum exposure[END_REF][START_REF] Remmers | Reaction factorization for the dynamic analysis of atomic layer deposition kinetics[END_REF][START_REF] Deminsky | Mechanism and kinetics of thin zirconium and hafnium oxide film growth in an ALD reactor[END_REF] more adapted to direct industrial engineering usage. Finally, the consideration of fluid dynamics equations have allowed to tackle issues related to the scale of the reactor. [START_REF] Puurunen | Surface chemistry of atomic layer deposition: A case study for the trimethylaluminum/water process[END_REF][START_REF] Shankar | Density functional theory and beyond -opportunities for quantum methods in materials modeling semiconductor technology[END_REF] Overall, all these simulation levels draw a hierarchical bottom-up methodology in which each level can provide essential data to higher modeling levels, in terms of time duration and system size that can be simulated. In practice, a complete loop from atomic scale fundaments to reactor scale simulations has only been partially accomplished to date, as each modeling level suffers from intrinsic difficulties in addition to coupling issues between levels.

Due to its applicative interest in microelectronics applications, alumina deposited by TMA/H2O ALD corresponds to the most studied and therefore most illustrative example discussed in the literature. It is often considered as a model system to explore ALD processes. Note that at the scale of the individual molecular interaction/reaction, there is strictly no difference between classical ALD and HT ALD. After two decades of research effort, a rather satisfactory inventory of TMA-related interactions has emerged. The results exhibit an infinitely more complex picture than it was initially expected: self-interaction in the gas phase with formation of TMA dimers, strong variation of decomposition activation barriers, ligand exchange mediated by proton transfer, the effect of co-adsorption, and hydroxylation, among other. [START_REF] Widjaja | Quantum chemical study of the elementary reactions in zirconium oxide atomic layer deposition[END_REF][START_REF] Shirazi | Cooperation between adsorbates accounts for the activation of atomic layer deposition reactions[END_REF][START_REF] Weckman | First principles study of the atomic layer deposition of alumina by TMA-H2O-process[END_REF][START_REF] Sandupatla | Ab Initio Investigation of Surface Chemistry of Alumina ALD on Hydroxylated gamma-Alumina Surface[END_REF] In addition, the initial surface offers drastically different chemistries than the steady-state growth chemistry after the initial surface coverage is reached. This generally translates into an incubation period in the GPC profile but leads also to deviations from the ALD window and specific structuring of the interfacial region.

Kinetic Monte Carlo (KMC) and mechanistic calculations, while they are by far less documented, are crucial modeling steps to give an overview and quantify the relative importance of an ensemble of very diverse elementary mechanisms (adsorption, surface configuration, reaction, and migration) such as described by DFT calculations. For instance, Travis and Adomaitis have provided a reaction factorization technique that allows the separation of different classes of mechanisms as a function of their kinetic time scales. [START_REF] Travis | Modeling alumina atomic layer deposition reaction kinetics during the trimethylaluminum exposure[END_REF][START_REF] Travis | Modeling ALD Surface Reaction and Process Dynamics using Absolute Reaction Rate Theory[END_REF] Early KMC results from Esteve and co-workers have provided evidence that cooperative effects (so-called densification) are mandatory to achieve proper structuring and the coverages observed experimentally. [START_REF] Mazaleyrat | A methodology for the kinetic Monte Carlo simulation of alumina atomic layer deposition onto silicon[END_REF] These modeling steps are also essential to get feedback information for further DFT investigations of fundamental mechanisms. Interestingly, Poodt et al. have developed a kinetic model specifically dedicated to SALD, making a direct relation to the growth per cycle. Their work underlined the role of the water reaction, and that diffusion of precursor to the substrate is rate limiting. [START_REF] Poodt | On the kinetics of spatial atomic layer deposition[END_REF] Computational Fluid Dynamics (CFD) is probably the most important growing field in providing predictive tools to HT ALD processing. At this level of theory, all aspects of ALD can be envisaged within an integrated multiscale/multiphysics approach. But primarily, the objective is to address transport phenomena in the chamber, which is crucial to the determination of partial pressures, dosing and precursor crosstalk, precursor exposure or purge/pumping durations, and temperature, as a function of reactor geometry. Within CFD simulations, all these aspects can be analyzed to obtain the desired uniformity over large or distributed substrates (batch ALD), and with good conformality of the deposited layers. Holmqvist et al. wrote a series of papers dedicated to the setting up of a comprehensive modeling framework dedicated to reactor scale modeling. [START_REF] Holmqvist | A model-based methodology for the analysis and design of atomic layer deposition processes-Part III: Constrained multi-objective optimization[END_REF][START_REF] Holmqvist | A model-based methodology for the analysis and design of atomic layer deposition processes-Part I: Mechanistic modelling of continuous flow reactors[END_REF][START_REF] Holmqvist | A model-based methodology for the analysis and design of atomic layer deposition processes-Part II: Experimental validation and mechanistic analysis[END_REF] CFD simulations with neutral gases are currently used to properly design the reactor chamber at the industrial level in order to maximize the deposition rate, as has been detailed above. [START_REF] Kools | High Throughput Atomic Layer Deposition for Encapsulation of Large Area Electronics[END_REF] This allows recirculation effects, turbulences, and non-uniform flows to be readily anticipated and corrected thanks to systematic modification of the reactor chamber and inlet geometries. 3D transient simulations on batch ALD were performed by Lankhorst et al. for evaluating the deposition parameters necessary to deposit HfO2 (TMAH/H2O) on high-aspectratio trenches. [START_REF] Lankhorst | Transient ALD simulations for a multi-wafer reactor with trenched wafers[END_REF] Gakis et al. have proposed to couple two 3D CFD models to account for both the gas flowing through the feeding inlet and the gas transport over the reactor chamber. [START_REF] Gakis | Computational Fluid Dynamics simulation of the ALD of alumina from TMA and H2O in a commercial reactor[END_REF] The work identifies nonuniformities in the concentration of TMA over the substrate and temperature distribution, due to the purging flow positioning from the substrate. Note that no surface reactions are considered in this work.

Obviously, the level of understanding of precursor transport and, above all, precursor surface interactions is far from being mature for the majority of processes and materials. In addition, the overall complexity of chemical mechanisms, such as in the case of TMA/H2O ALD, cannot be fully implemented for computational reasons (resources and formulation complexity). A simplified formulation was proposed by Yanguas-gil et al. for classical ALD, [START_REF] Yanguas-Gil | Simple model for atomic layer deposition precursor reaction and transport in a viscous-flow tubular reactor[END_REF] with potential extension to more complex physicochemical processes. Xie et al. were the first to provide CFD simulations coupled to the gas/surface chemistry of ALD deposition of alumina via TMA/H2O exposures. [START_REF] Xie | Mechanistic modeling of atomic layer deposition of alumina process with detailed surface chemical kinetics[END_REF] These authors provided basic information on the effect of temperature and pressure, highlighting differences in sensitivity depending on surface species.

Concerning HT techniques, Deng et al. proposed a numerical framework for solving SALD issues dealing with a simplified laminar type of rate model to account for surface reactions. [START_REF] Deng | Mechanistic modeling study on process optimization and precursor utilization with atmospheric spatial atomic layer deposition[END_REF] The authors discussed the separation of gases, and the mass fraction of precursor is shown to be of crucial importance to perform high throughput deposition. The fluid dynamics at the gap region in their close-proximity SALD model system are discussed in detail to arrive at proper gas separation and diffusion (low Péclet number) in the desired reaction zone. Pan et al. further proposed to optimize the gap size between the gas cylinders and the moving wafer belt of a SALD reactor.

[125] They demonstrated that while intermixing can be reduced by increasing the gap, it also affects the growth rate by lowering the selfsaturation level. Also, the authors unravel the role of substrate temperature which favors intermixing and increases growth rate. Finally, the simulations unraveled that a full cycle could be realized within a few tens of ms which would allow growth rates of a few nm/s.

Another important factor to take into account when designing SALD reactors and when optimizing deposition conditions is the possibility of precursor entrainment from one region of the reactor to another in which the second precursor may be present. SALD reactors involve the fast movement of the substrate across the different zones where the precursors and inert gas are present. Because there is always a boundary region where the relative velocity of a gas and a surface is 0, it means that precursor molecules near the substrate surface could be carried along with the substrate, giving rise to higher GPC than expected. Levy et al. used finite element modeling of gas flows to evaluate the effect of substrate scanning speed on precursor entrainment in their close-proximity system. The calculations were performed for scanning speeds of 0.5 m/s and 3.5 m/s. The results clearly show the influence of substrate speed, but in both cases the precursor is confined to areas that prevent crosstalk with the second precursor, thus ensuring ALD deposition mode (The result of a simulation showing he effect of precursor entrinment in a close-proximity SALD system is shown in Fig. 13). [START_REF] Levy | Oxide Electronics by Spatial Atomic Layer Deposition[END_REF] In another report, Maydannik et al. observed an anomalously high deposition rate in a system designed for moving flexible substrates. While the authors initially explained the deviation form ALD behavior as due to entrainment of the precursor, [START_REF] Maydannik | An atomic layer deposition process for moving flexible substrates[END_REF] in a later report, the same authors presented a study on the gas entrainment effects on their reactor using helium as a tracer gas.

The results showed that no entrainment was indeed taking place, and water condensation was suggested as an alternative explanation. [START_REF] Maydannik | Continuous atomic layer deposition: Explanation for anomalous growth rate effects[END_REF] This shows the importance of using an accurate model when simulating an ALD reactor. 

Case study: HT ALD for encapsulation

In this section, we give an overview on how HT ALD is being developed for an application in which film quality, deposition rate, and cost are very important aspects, namely, thin-film encapsulation of air-sensitive devices like OLEDs. There has been a trend in the microelectronics industry to integrate several types of high-performance nanoelectronic devices (e.g. Sensors, Displays, etc.) into CMOS-type integrated circuits ("More than Moore"). Many of these devices such as MEMS, sensors, OLED displays, LED components, thin-film batteries, memory, can be based on complex structures of new materials like for instance transparent conductive oxides for PV [START_REF] Frank | Transparent Conductive Oxides in Thin Film Photovoltaics[END_REF] or organic semiconductors (π-conjugated small molecules or polymers) for OLED. [START_REF] Cao | Transparent electrodes for organic optoelectronic devices: a review[END_REF] Unfortunately, many of these new materials are extremely vulnerable to degradation by atmospheric gases like water vapor, and require extreme protection using high-performance thin-film barrier as encapsulation. Since the device reliability is critical in many applications, OLED in particular, requires encapsulation techniques showing an Ultra-High Barrier (UHB) grade. These barriers are usually characterized by their Water Vapor Transmission Rate (WVTR) which has to be of the order of 10 -6 g/m²/day for the OLED display industry to ensure a lifetime of 10 years. [START_REF] Maindron | Defect analysis in low temperature atomic layer deposited Al2O3 and physical vapor deposited SiO barrier films and combination of both to achieve high quality moisture barriers[END_REF] This is today accomplished in a mass production environment by using glass encapsulation where a thick glass lid is fritted around the perimeter the rigid glass substrate using a laser [START_REF] Lai | The Process and Reliability Tests of Glass-to-glass Laser Bonding for Top-emission OLED Device[END_REF] or by using ALD-deposited barrier films in OLED microdisplay technologies. [START_REF] Templier | OLED microdisplays: technology and applications[END_REF] As a reference value, plastic sheets, commonly used in food packaging, but also planned to be used as flexible substrates for the display industry, generally have a WVTR value of only 1-10 g/m²/day, because of their intrinsic very poor barrier properties against oxidizing gases. [START_REF] Hirvikorpi | Comparison of some coating techniques to fabricate barrier layers on packaging materials[END_REF] Usually, in the food packaging industry, Al barrier films are deposited onto R2R lines so as to reinforce the WVTR of the plastic pouch. [START_REF] Chatham | Oxygen diffusion barrier properties of transparent oxide coatings on polymeric substrates[END_REF] Performances of barrier materials are however limited due to the use of PVD processes in non-clean room conditions (process cost must be ridiculously low), at the high-speed motion of rolls.

Contrary to food packaging, the application of barrier films in OLED display technology also involves the mastering of killer defects during the steps of realization of the encapsulation layers. This means that R2R and non-clean room conditions of the process are not suitable. This is because the UHB level for the barrier implies that the number of defect/surface unit must be extremely low. [START_REF] Rossi | Effect of local flaws in polymeric permeation reducing barriers[END_REF] If this condition is not fulfilled, undesired black spots will appear onto the emitting surface of the corresponding OLED device. [START_REF] Lim | Correlation between dark spot growth and pinhole size in organic light-emitting diodes[END_REF] This assertion is particularly true for OLED-based microdisplays for which the image on the display is enlarged by an optical engine system. [START_REF] Uwe | Bi-directional OLED microdisplay for interactive see-through HMDs: Study toward integration of eyetracking and informational facilities[END_REF] Obtaining UHB properties using PVD techniques to deposit the dense inorganic barrier layers (e. g. oxide or nitride) to protect OLEDs requires the implementation of hybrid multilayer structures, by alternating dense inorganic layers and extra polymer decoupling layers. [START_REF] Templier | OLED microdisplays: technology and applications[END_REF] This kind of architecture allows to decouple pinhole defects inevitably present in PVD or PECVD-deposited inorganic layers. [START_REF] Templier | OLED microdisplays: technology and applications[END_REF] The improvement of the barrier properties results from the lengthening of the diffusion path of the oxidizing gas molecules (O2, H2O) in these hybrid structures (principle of the tortuous path). The resulting reduction in the diffusion coefficient considerably reduces the WVTR and also increases significantly the lag time required to reach the steady state WVTR. [START_REF] Templier | OLED microdisplays: technology and applications[END_REF] Affinito et al. obtained the first transparent multilayer system using a three-layer hybrid structure of the kind [polymer/PVD Al2O3/polymer] obtained by PVD on a PET substrate and called PML for Polymer Multilayer process and developed in the early 80's at General Electric capacitor's division. [START_REF] Affinito | A new method for fabricating transparent barrier layers[END_REF][START_REF] Affinito | PML / oxide / PML barrier layer performance differences arising from use of UV or electron beam polymerization of the PML layers[END_REF] The thick polymer layers were made by vacuum evaporation (ebeam) of a dedicated monomer (blend of acrylate derivatives) crosslinked in situ, as thin films, by UV exposure. The monomer forms a liquid film and fills the pinhole defects of the inorganic film, before being crosslinked. By increasing the number of dyads (polymer/inorganic unit), WVTRs of less than 5 × 10 -3 g/m²/day have been measured in this study. The same thin film encapsulation has been applied to OLED. Based on the measurement of the lifetime of the encapsulated OLED, authors estimated a WVTR of 10 -5 g/m²/day. [START_REF] Mandlik | Diffusion of atmospheric gases into barrier-layer sealed organic light emitting diodes Diffusion of atmospheric gases into barrier-layer sealed organic light[END_REF] This process was originally proposed by the US company Vitex, a company recently acquired by Samsung in 2011. It turns out that the multilayer inorganic/organic structures made by PVD faces some problems to allow mass production, probably because the sputtering deposition can alter the fragile OLED circuits and because of some reproducibility issues originating from the difficulty of controlling Ommen's the defect distribution in the inorganic layers. One way to circumvent the issue related to pinhole defects in the inorganic barrier layers is to use alternative defectfree deposition techniques like ALD.

Indeed, a great feature of the ALD technology is that it allows the production of inorganic layers that are practically free of defects over a wide temperature range (from ambient to about 300 ° C). Thermal ALD, in particular, is preferable to other thin film deposition technologies (PECVD, PVD) because it does not produce particles. Plasma enhanced-ALD can allow the realization of very good quality layers but the process window control is probably more drastic, due to the use of a plasma that may generate particles. [START_REF] Selwyn | Plasma particulate contamination control. I. Transport and process effects[END_REF] In the case of thermal ALD, the particle generation control is easier in real ALD mode (CVD modes have to be avoided): the particle levels can, however, increase after a certain number of runs when gas lines and walls in the reactors are saturated, and therefore the reactor starts to flake. This particle contamination is obviously a key feature of ALD reactors and a fortiori must be considered in fast-ALD processes.

It is common to assimilate the ALD technology to the chemistry of the couple TMA and water, in order to produce Al2O3 films. One of the main reasons lies in the general properties of the TMA molecule, which is a stable, highly volatile (high vapor pressure at ambient, 13 Torr [START_REF] Robin | Room-Temperature ALD of Metal Oxide Thin Films by Energy-Enhanced ALD[END_REF]) and reactive organic compound. The TMA temperature process window is important and varies between room temperature and approximately 300 °C. This material deposited by ALD is really adapted, from a scientific and technological point of view to the realization of atmospheric barriers for the encapsulation of air sensitive devices like OLEDs. Other materials can be deposited in an easy way, as for instance ZnO or ZnO:Al, from the highly reactive and stable, with a large temperature processing window, diethyl zinc (DEZ) molecule and water. These model type molecules can easily be processed in a fast ALD environment, as this has been already shown in most of the publications related to HT ALD (mainly SALD) processes. Alternatively, other precursors with a low vapor pressure at ambient temperatures must be heated up in their canister and all along the line to the ALD reactor. [START_REF] Armstrong | Influence of an Inorganic Interlayer on Exciton Separation in Hybrid Solar Cells[END_REF][START_REF] Muñoz-Rojas | Growth of 5 cm2V -1s -1 mobility , p-type Copper ( I ) oxide ( Cu2O ) films by fast atmospheric atomic layer deposition ( AALD ) at 225 ° C and below[END_REF][START_REF] Van Den Bruele | Atmospheric pressure plasma enhanced spatial ALD of silver[END_REF] While it is not always easy to keep a constant processing window in standard, cross-flow reactors, this aspect has to be considered when comes the time to implement such processes into HT ALD systems.

Alumina barrier layers deposited by ALD at low temperature

The main characteristics of Al2O3 ALD are: (i) a wide temperature process window (no degradation in gas phase); [START_REF] Groner | Low-Temperature Al2O3 Atomic Layer Deposition[END_REF] (ii) a very low critical thickness; [START_REF] Carcia | Gas diffusion ultrabarriers on polymer substrates using Al2O3 atomic layer deposition and SiN plasma-enhanced chemical vapor deposition[END_REF] (iii) Al2O3 has excellent optical transmission in the visible range, an important quality for devices through which optoelectronics is performed (e.g. photon emission for OLEDs of the top-emitting architecture type); (iv) a good general adhesion to the substrate it is deposited upon. Inversely, problems related to the use of Al2O3 layers by ALD for encapsulation of fragile devices are as follows: (i) the purely thermal low temperature deposition show very long deposition times when water is used (water has high sticky coefficient and thus at temperatures around or below 100°C it requires extremely long purges to avoid CVD mode); (ii) there is usually a high residual content of C and -OH in the final layer; [START_REF] Groner | Low-Temperature Al2O3 Atomic Layer Deposition[END_REF] (iii) oxidizing reagents (H2O, O3 or O2 plasma) are not intuitively suitable for use with fragile organic circuits like OLED, which intrinsically need to be protected from these gases and can react to large amounts of water oxidant, as demonstrated. [START_REF] Park | Ultrathin Film Encapsulation of an OLED by ALD[END_REF] If one has to implement HT ALD onto OLED, all those characteristics must be of course considered.

A thin layer of Al2O3 by ALD has intrinsic qualities perfectly suitable for a gas barrier function: the layer is dense with intrinsically a low level of pinhole features. It has been demonstrated that thin Al2O3 films deposited by ALD at low temperature (<120 ° C) can reduce the WVTR of plastic substrates by orders of magnitude below the intrinsic WVTR of the raw plastic substrate: WVTR values as low as 1.7 × 10 -5 g/m²/day at 38 °C/85% RH were measured for an Al2O3 oxide film thickness of only 25 nm, onto PEN. [START_REF] Carcia | Ca test of Al2O3 gas diffusion barriers grown by atomic layer deposition on polymers[END_REF] Recently, the OLED research group at CEA-LETI calculated a value of 2 x 10 -5 g/m²/day at 85 °C/ 85% RH based on the use of a fluorescent test to monitor the degradation of the Al2O3 barrier, made in a standard cross-flow reactor (Savanah 200, Veeco Instruments). [START_REF] Maindron | Defect analysis in low temperature atomic layer deposited Al2O3 and physical vapor deposited SiO barrier films and combination of both to achieve high quality moisture barriers[END_REF] Good performances (unpublished) have been obtained onto an Infinity 200 system from Encapsulix, using the same organic fluorescent film as the atmospheric sensor, as depicted in Fig. 14. Details of the procedure can be found in reference [START_REF] Maindron | Investigation of Al2O3 barrier film properties made by atomic layer deposition onto fluorescent tris-(8-hydroxyquinoline) aluminium molecular films[END_REF]. It can be seen on the figure that the unencapsulated molecule degrades very quickly because of photo-oxidation under the UV irradiation (fluorescence intensity divided by 20 after 10 min), while it retains a high level of fluorescence when it is encapsulated with a single 25 nm thick Al2O3 barrier. Most importantly, there is no difference in degradation rates between the slow ALD system (30 s/cycle) and the fast ALD one from Encapsulix (3 s/cycle). These good results were also obtained with an OLED sample, as shown further in the text.

One of the main problems with Al2O3 films deposited at low temperature lies in their high sensitivity to moisture. As a consequence, additional barrier layers must be used to passivate the Al2O3 film. This case scenario has already been shown by several groups using rapid SiO2 by ALD [START_REF] Dameron | Gas Diffusion Barriers on Polymers Using Multilayers Fabricated by Al2O3 and Rapid SiO2 Atomic Layer Deposition[END_REF] or SiO by PVD. [START_REF] Maindron | Defect analysis in low temperature atomic layer deposited Al2O3 and physical vapor deposited SiO barrier films and combination of both to achieve high quality moisture barriers[END_REF] Besides, it has been shown that the critical thickness of Al2O3 ALD films could be as low as 5 nm thick on polymers, which turns out to be a very low value compared to what is commonly measured for inorganic films deposited typically by PVD or PECVD, as for instance for SiO2. [START_REF] Leterrier | Durability of nanosized oxygen-barrier coatings on polymers[END_REF] Therefore, if one combines ALD of Al2O3 with another material deposited by other faster processes (sputtering or PECVD), it means that thin Al2O3 (∼ 5 nm) coated by thick PVD or PECVD films should theoretically be sufficient to ensure a UHB level. Of course, this low value for the critical thickness of ALD films is substrate-dependent and may, therefore, vary while the implementation of PVD or low-temperature PECVD is not an easy task onto fragile circuits like OLED. The mechanical stress in PVD films is high, and therefore this strategy may show some limitations for flexible applications. Finally, conformality of deposition technologies could be a hurdle also, in particular for PVD; however, it could be a viable solution for rigid displays and PVs where surfaces to be coated are fairly planar. In any case, if one can find a suitable combination material to coat on the very thin 5 nm Al2O3 layer, the realization of the ALD layer by a fast ALD technique, together with the high-speed deposition of the passivation layer will probably help to lower down the production costs of display or PV panels.

There are a couple of examples of HT ALD processes using TMA as precursor to deposit Al2O3 as a thin-film barrier to protect plastic films. However, there are almost no publications describing the encapsulation of OLED circuits by fast ALD technologies, or devices of the kind, based on organic semiconductors. We will show later on in this work some results we had inhouse, at CEA-LETI, regarding the encapsulation of OLED using the HT ALD Infinity reactor from Encapsulix. The literature describing materials deposited by HT ALD as atmospheric barrier layers is mostly oriented toward the characterization of the barrier materials onto plastic films. Few references provide WVTR measurements, which is the value of the interest in this application, considering that this parameter is crucial for OLED technology and the one used by the display industry. Table 2 gives a (non-exhaustive) list of recent works on the development of Al2O3 barrier films deposited by SALD. Despite some discrepancies in the measured WVTR values, it can be seen that interesting values of WVTR have been reported, down to ∼10 -6 g/m²/day, which is the typical target value for OLED-based displays. Discrepancies between the measured WVTR values can originate from different factors: the level of particle contamination is obviously different in each case and the barrier quality of the barrier material may differ from one substrate to another. One can conclude that SALD processing of barrier layers could technically be a method of choice to encapsulate organic circuits like OLED, OPVs or OTFTs but the feasibility of a 10 year lifetime organic circuit based onto HT ALD as barrier layer technology has still to be proven in a massproduction environment.

Unlike the few examples of direct encapsulation of OLED using SALD systems discussed above, examples of thin-film encapsulation of OLED using ordinary ALD tools (temporal, cross-flow) are numerous, the first one being published in 2003. [START_REF] Park | Ultrathin Film Encapsulation of an OLED by ALD[END_REF] One example of SALD used to deposit a barrier layer onto an OLED device has been presented recently by Choi et al.: [START_REF] Choi | Fast spatial atomic layer deposition of Al2O3 at low temperature (<100 °C) as a gas permeation barrier for flexible organic light-emitting diode displays[END_REF] the authors present a "newly developed" reactor capable of processing Gen 2 substrates (370 x 470 mm², Fig. 15). The size of substrates used in the display industry can be up to Gen 10, that is to say ∼ 2.9 x 3.1 m² glass panels. This highlights one of the main requirements for ALD and SALD: the scale up to such large size substrates is mandatory, ensuring the same quality for the barrier layers at each generation while keeping cost low and high throughput. The advantage of the reactor developed by Choi et al. is an ALD deposition made with very short cycle times, i.e. below the second per cycle, at low temperature (typically <100 °C). In the end, the authors of this work show that it is possible to realize an Al2O3 barrier film of excellent quality for the encapsulation of OLED with a WVTR <3x10 -3 g/m²/day, resulting in a long lifetime for the OLED, compared to the non-encapsulated reference device (Fig. 16). Another example of encapsulation of thin-film optoelectronics devices concerns the integration of an active impermeable electron extraction layer in a perovskite solar cell. This kind of thin-film devices resemble very much OLED in the sense that they use organic semiconductors as charge transport layers. In the end, they are at least as sensitive to moisture as their OLED counterparts. [START_REF] Han | Degradation observations of encapsulated planar CH3NH3PbI3 perovskite solar cells at high temperatures and humidity[END_REF] The photoactive material is however of a different nature compared to OLEDs, being an inorganic perovskite or hybrid inorganic-organic perovskite. LED devices based on perovskite technology will probably in the future require the same level of barrier quality as for OLED. [START_REF] Hoffmann | Spatial Atmospheric Pressure Atomic Layer Deposition of Tin Oxide as an Impermeable Electron Extraction Layer for Perovskite Solar Cells with Enhanced Thermal Stability[END_REF] Hoffman et al. proposed to use a SnO2, deposited by SALD from Tetrakis(dimethylamino)tin(IV) (TDMASn) and H2O as an extraction layer for electrons in a perovskite-based photovoltaic device. They claim that by doing this the barrier against atmosphere is "embedded" inside the device itself. Interestingly, the authors observed a difference in the lifetime of the device, at laboratory ambient, versus the substrate velocity in the SALD reactor (Fig. 17). Substrate velocity in SALD systems in particular, or precursor wave speed in fast temporal reactors, will probably play a major role onto the barrier properties. By extrapolation, it is wise to think that high-speed deposition in real ALD mode in fast reactors could also have an impact on the doping efficiency of binary compounds. As discussed above, modeling of the reactors and processes (both chemical and fluid dynamic) will play a major role in obtaining high-quality barriers at high throughout.

HT ALD onto top-emitting OLED developed at CEA-LETI

The OLED research group at CEA-LETI has been working on ALD for OLED microdisplay thin-film encapsulation since 2006. The first generation of ALD systems was composed of R&D tools like the Savanah 200 system. In 2015, the group acquired an Infinity 200 tool from the French company Encapsulix. This tool was designed for 200 mm diameter substrates, silicon or glass wafers. The mainstream process in the tool is Al2O3 from TMA/H2O. Very short ALD cycle times of 3 s have been optimized at 90 °C, so as to preserve the OLED integrity. A dedicated attention has been paid so as to manage the level of particle contamination inside de the reactor so as to provide pinhole-free barrier layers, as thin as 25 nm thick. The typical characteristics of the Al2O3 made in this fast PPWR reactor (see the description of the technology above for details) have been detailed in Fig. 18. As a result, an optimized process has led to the realization of high quality Al2O3 barrier films and the obtained single Al2O3-encapsulated OLEDs can live several months in the laboratory atmosphere, without any noticeable degradation (Fig. 19). More details of the OLED top-emitting structure we have developed at CEA-LETI can be found for instance in reference [START_REF] Karim | Thin-film encapsulated white organic light top-emitting diodes using a WO3/Ag/WO3 cathode to enhance light out-coupling[END_REF]. The interesting point in these structures lies in their emitting configuration. The light emitted inside the OLED under forward bias is extracted out from the top of the structure, which corresponds to the side where the device has been encapsulated with the Al2O3 barrier film. Such Al2O3 films, and a fortiori those made using the fast ALD from Encapsulix, are highly suitable in this configuration, because their optical transmission is very high in the visible so that light absorption is minimized (in fine negligible compared to the absorbed light in the metallic, semi-transparent Ag electrode, through which light is extracted out).

Other materials of interest for the construction of barrier layers by HT ALD

Apart from the most used Al2O3 material in ALD technology for thin-film encapsulation, alternative metal oxides can be a priori good candidates for low-temperature ALD encapsulation, if one considers that the premium quality of ALD-deposited films, their pinholefree characteristics, constitutes the main prerequisite to ensure a very low WVTR. Among these alternative materials, ZnO, ZnO: Al (AZO), rapid SiO2, TiO2, Ta2O5, HfO2 or SnO2 could be cited. Barrier properties of rapid SiO2 by ALD are close to the ones obtained with conventional deposition methods for rapid SiO2. Compared to Al2O3 made by ALD, its main advantage is the high GPC, i.e. 12 nm/cycle, as described in reference [START_REF] Dameron | Gas Diffusion Barriers on Polymers Using Multilayers Fabricated by Al2O3 and Rapid SiO2 Atomic Layer Deposition[END_REF]. The deposition mode was however made in a semi-static mode (reactor is soaked with a given precursor by closing the gate valve in the pumping line), which leads to long deposition run of 15 min/cycle, for a total number of 5 cycles, leading to 75 min deposition for the 60 nm thick SiO2. This procedure has been adopted probably because of the low reactivity of the SiO2 precursor, tris(tert-pentoxy)silanol.

In the end, very nice results employing the bilayer [Al2O3/rapid SiO2] were obtained, with WVTR as low as 1x10 -4 g/m²/day. In the end, the integration of such precursors into HT ALD systems might be tricky in the sense that HT ALD tools need precursors that react fast and efficiently.

"How fast ALD tools can go" is intrinsically related to the material to be processed, from a given couple precursor/oxidant. If one uses fast deposition material together with a HT ALD tool, the winning combination would be obtained. The case of SnO2 as well as TiO2 as barrier films is interesting. The recent publication from Behrendt et al. has shown that SnO2 deposited by ALD from TDMASn and H2O2 or O2 plasma, had a low WVTR value while maintaining a high stability in a moisturized environment, at least compared to ALD-deposited Al2O3 in the same conditions (low temperature). [START_REF] Andreas | Highly Robust Transparent and Conductive Gas Diffusion Barriers Based on Tin Oxide[END_REF] Fig. 20a shows the evolution of the conductivity of different films deposited by ALD (standard cross-flow in that case, not fast ALD). It can be seen that the conductivity of SnO2 remains very stable compared to ZnO or AZO material deposited in the same conditions. The authors concluded that his material is more stable under humidity ingress compared to ZnO and AZO. The study was performed under 85 °C/85% RH storage conditions. 2). A very attractive WVTR of 7x10 -4 (at 60 °C/60% RH) has been obtained for 110 nm-thick SnO2 films as well as a very interesting reliability study, based on the monitoring of the electrical conductivity up to 8000 h (Fig. 20b), which showed almost no increase (from 10 +2 (ohm.cm) -1 at initial time up to only 2x10 +2 (ohm.cm) -1 ). [START_REF] Hoffmann | Atmospheric pressure plasma enhanced spatial atomic layer deposition of SnOx as conductive gas diffusion barrier[END_REF] The high reliability under moisture and low WVTR of SnO2 ALD films, by standard and fast ALD, makes this material a serious candidate for making atmospheric barrier films.

In the same manner, TiO2 deposited by standard ALD has been claimed to be robust to moisture. [START_REF] Bulusu | Improving the stability of atomic layer deposited alumina films in aqueous environments with metal oxide capping layers[END_REF] It has been recently deposited by SALD, see table 2, onto PEN films. [START_REF] Aghaee | Low temperature temporal and spatial atomic layer deposition of TiO2 films[END_REF] Good WVTR of 5x10 -4 (at 38 °C/90% RH) have been measured for 20 nm-thick films. R2R ALD of TiO2 has been performed by the LOTUS Applied Technology company. [START_REF] Dickey | High rate roll to roll atomic layer deposition, and its application to moisture barriers on polymer films[END_REF] Despite a good barrier quality, authors discussed the issue related to particle contamination issuing from movement of plastic films in the R2R system: the ALD coating on particles and bumps in the substrate surface rubs against the adjacent web in the take-up coil (rewind process in the full R2R process, unwind + rewind -band mode means that no rewind is made, only unwind). The thin ALD coating may then be cracked, or debris may be displaced, resulting in point defects in the barrier. The effect on the permeation performance can be critical, as shown in Fig. 21. As shown in the plot, for thin ALD films, the WVTR of films processed in roll to roll mode is generally higher than that of films processed in the band mode. For thicker films, the WVTR of the roll to roll films plateaus in the low 10 -3 g/m²/day range, and does not improve with increasing thickness. Generation of particles due to the substrate movement must thus be taken into account when designing a SALD system.

TiO2 films have been made at CEA-LETI as thin-film encapsulation for OLED. The principal characteristics of the TiO2 films have been summarized in table 3, together with the ones for Al2O3 made in the same reactor, at the same temperature (90 °C). The main result is that the TiO2 process can be implemented onto an OLED without affecting its characteristics. The process is still under development and work has to be done to improve in particular the non-uniformity of the TiO2 process.

(HT) Molecular Layer Deposition

The ALD growth mode can be used for the growth of organic polymers. This growth of polymer films is named MLD, which stands for Molecular Layer Deposition. According to the same principle as for ALD, a molecular fragment is deposited during each cycle of MLD. Recently, many studies have shown film deposition by standard MLD to produce thin hybrid [MLD/ALD/…] films with excellent mechanical stability and flexibility [START_REF] Lee | Metalcone and Metalcone/Metal Oxide Alloys Grown Using Atomic & Molecular Layer Deposition[END_REF] compared to pure inorganic barrier films deposited by ALD. This strategy is somehow similar to multilayer stacks of the kind [Al2O3/polymer/…], made by a dedicated PVD process, that were implemented onto plastic films or OLED so as to achieve very low WVTR, down to 10 -6 g/m²/day. [START_REF] Jin-Seong | Thin film encapsulation for flexible AM-OLED: a review[END_REF] The production of these hybrid multilayers in the same ALD deposition chamber makes it possible to minimize the impact of defects added during transfers between deposition machines. Usually, these MLD produces films that are called metalcone. They are made using standard organometallic precursors, as for instance TMA, oxidized by an alcohol, in that case leading to Alu(cone).

WVTR values of hybrid [Al2O3/alucone/…] films were measured at ∼ 2x10 -2 g/m²/day, which turns out to be better than WVTRs of single Al2O3 or alucone made under the same conditions, respectively 3.7x10 -2 g/m²/day and 1.14 g/m² day. [START_REF] Park | Gas diffusion barrier characteristics of Al2O3/alucone films formed using trimethylaluminum, water and ethylene glycol for organic light emitting diode encapsulation[END_REF] Since the alucone (or metalcone in general) film is partially organic, its WVTR is very high as organic phases are porous to water (and oxygen). Their role in hybrid [MLD/ALD/…] is therefore only to provide a decoupling effect between inorganic ALD layer defects and to contribute to an enhanced mechanical stability.

A very recent paper showed the realization of a fast MLD process of polyamide films using sequential exposures of trimesoyl chloride and m-phenylenediamine. Using a SALD system, authors claimed polymer growth rate > 1900 Å/min at a rotation speed of 210 RPM. [START_REF] Higgs | Spatial molecular layer deposition of polyamide thin films on flexible polymer substrates using a rotating cylinder reactor[END_REF] Another group has recently proposed to make a hybrid [PVA/Al2O3 (R2R-SALD)] (Table 2). [START_REF] Mutee Ur Rehman | Atmospheric Deposition Process for Enhanced Hybrid Organic-Inorganic Multilayer Barrier Thin Films for Surface Protection[END_REF] In that case, however, the PVA polymer was done using a spray derivative technique, not MLD, but taking advantage of the open air processing offered by SALD to combine it with other atmospheric deposition techniques in a sequential (or in-line) mode (Fig. 22). The performance of the hybrid has been measured in terms of WVTR, showing a low value down to 2.3x10 -2 g/m²/day. Combining both technologies, e.g. polyamide fast MLD + Al2O3 fast ALD could pave the way to the development of HT hybrid processes.

6.-Outlook/perspectives:

Table 4 below gives an overview of processing times and target cost for different industries that make use of thin-film materials, processed by vacuum deposition technologies. Except for the food packaging industry, where thicknesses of materials are usually too high for the ALD technology, ALD, if fast enough, will probably penetrate in a while some markets other than the microelectronics one. The different approaches to HT discussed above have shown high deposition rates while being capable of retaining the high conformality and quality of conventional ALD films. As a consequence, we should expect to see ALD implemented industrially in an increasing number of applications and fields, such as these detailed in table 4. From the different results and reports published from studies performed at the lab scale, it seems that HT ALD should result very attractive for device encapsulation and for device optimization through interface and surface nano-engineering. In particular, SALD has been widely used in the context of optoelectronic devices [START_REF] Muñoz-Rojas | Spatial atmospheric atomic layer deposition: a new laboratory and industrial tool for low-cost photovoltaics[END_REF][START_REF] Muñoz-Rojas | Spatial Atomic Layer Deposition (SALD), an emerging tool for energy materials. Application to new-generation photovoltaic devices and transparent conductive materials[END_REF] for the deposition of diverse components such as blocking layers, [START_REF] Muñoz-Rojas | High-speed atmospheric atomic layer deposition of ultra thin amorphous TiO 2 blocking layers at 100 °C for inverted bulk heterojunction solar cells[END_REF][START_REF] Hoye | High performance inverted bulk heterojunction solar cells by incorporation of dense, thin ZnO layers made using atmospheric atomic layer deposition[END_REF] transparent electrodes, [START_REF] Illiberi | Spatial atomic layer deposition of zinc oxide thin films[END_REF][START_REF] Illiberi | Invited) Spatial Atomic Layer Deposition of Transparent Conductive Oxides[END_REF][START_REF] Illiberi | Spatial-ALD of Transparent and Conductive Oxides[END_REF][START_REF] Illiberi | High rate (~7 nm/s), atmospheric pressure deposition of ZnO front electrode for Cu(In,Ga)Se 2 thin-film solar cells with efficiency beyond 15%[END_REF][START_REF] Illiberi | Atmospheric Spatial Atomic Layer Deposition of In-Doped ZnO[END_REF][START_REF] Illiberi | Spatial Atmospheric Atomic Layer Deposition of InxGayZnzO for Thin Films[END_REF][START_REF] Nguyen | Deposition of ZnO based thin films by atmospheric pressure spatial atomic layer deposition for application in solar cells[END_REF] interface layers, [START_REF] Armstrong | Influence of an Inorganic Interlayer on Exciton Separation in Hybrid Solar Cells[END_REF][START_REF] Musselman | Rapid open-air deposition of uniform, nanoscale, functional coatings on nanorod arrays[END_REF][START_REF] Frijters | Atmospheric spatial atomic layer deposition of Zn(O,S) buffer layer for Cu(In,Ga)Se2 solar cells[END_REF] charge extraction layers in LED [START_REF] Hoye | Enhanced Performance in Fluorene-Free Organometal Halide Perovskite Light-Emitting Diodes using Tunable, Low Electron Affinity Oxide Electron Injectors[END_REF][START_REF] Hoye | Bright and efficient blue polymer light emitting[END_REF] and encapsulation layers. [START_REF] Hoffmann | Spatial Atmospheric Pressure Atomic Layer Deposition of Tin Oxide as an Impermeable Electron Extraction Layer for Perovskite Solar Cells with Enhanced Thermal Stability[END_REF] The first industrial application of SLAD has indeed been the deposition of Al2O3 passivation layers on crystalline Si solar cells. Therefore, in the coming years, HT ALD should undergo a significant industrial penetration in the field of optoelectronic devices.

The widespread utilization of HT ALD is going nevertheless to depend on different factors. First, most HT ALD approaches and processes depend on high-volatility, high-reactivity precursors. So, if materials other than Al2O3 and ZnO based ones are to be industrially implemented, new chemistry would have to be developed to widen the panoply of materials that can be deposited by HT ALD. The same applies to organic and hybrid materials deposited by MLD, with encouraging initial results by spatial MLD, as discussed above. [START_REF] Higgs | Spatial molecular layer deposition of polyamide thin films on flexible polymer substrates using a rotating cylinder reactor[END_REF] Secondly, and as has been shown above, in some cases the use of plasma activation can contribute to an increase in the deposition rate and film quality. While atmospheric plasma has already been implemented for the deposition of oxides and metals with SALD, [START_REF] Hoffmann | Atmospheric pressure plasma enhanced spatial atomic layer deposition of SnOx as conductive gas diffusion barrier[END_REF][START_REF] Van Den Bruele | Atmospheric pressure plasma enhanced spatial ALD of silver[END_REF][START_REF] Hoffmann | Gas Diffusion Barriers Prepared by Spatial Atmospheric Pressure Plasma Enhanced ALD[END_REF][START_REF] Illiberi | Atmospheric plasma-enhanced spatial-ALD of InZnO for high mobility thin film transistors[END_REF][START_REF] Poodt | Patterned deposition by plasma enhanced spatial atomic layer deposition[END_REF][START_REF] Creyghton | Plasma-enhanced atmospheric-pressure spatial ALD of Al 2 O 3 and ZrO 2 Y. Creyghton[END_REF] scaling up to large substrates will remain a technical challenge. As for Batch ALD, plasma activation can only be done with remote plasma solutions, thus limiting the chemistry that can be performed in such HT ALD reactors. In the same line, the coating of high-aspect-ratio features with PEALD is already a challenge in conventional ALD systems, and solutions and strategies such as substrate biasing are currently being explored. [START_REF] Faraz | Tuning Material Properties of Oxides and Nitrides by Substrate Biasing during Plasma-Enhanced Atomic Layer Deposition on Planar and 3D Substrate Topographies[END_REF] The nature of the best solutions that will be developed will determine whether they can be easily transposed to HT ALD approaches such as SALD, or implemented in the design of HT ALD reactors.

Finally, cutting-edge research in the ALD filed in the last years involve the development of area selective ALD deposition and atomic layer etching (ALE). An approach widely followed for the area selective deposition of ALD layers has been the preconditioning of the sample surface with patterned regions in which a growth inhibitor is deposited. [START_REF] Chen | Achieving area-selective atomic layer deposition on patterned substrates by selective surface modification[END_REF][START_REF] Chen | Chemistry for positive pattern transfer using area-selective atomic layer deposition[END_REF][START_REF] Jiang | Area-selective ALD with soft lithographic methods: Using selfassembled monolayers to direct film deposition[END_REF] The possibility to have HT ALD and selective deposition will depend on the type of device to be fabricated. If for instance several patterning steps are required, an atmospheric HT ALD approach such as SALD would be the most favorable to minimize the overhead times. This will be so in the cases in which the patterning will not require nanometric resolutions. The group from Kodak has indeed already demonstrated that complex devices could be fabricated by SALD through selective area deposition. [START_REF] Levy | Metal-oxide thin-film transistors patterned by printing[END_REF][START_REF] Ellinger | Selective Area Spatial Atomic Layer Deposition of ZnO, Al 2 O 3 , and Aluminum-Doped ZnO Using Poly(vinyl pyrrolidone)[END_REF][START_REF] Nelson | Improving Yield and Performance in ZnO Thin-Film Transistors Made Using Selective Area Deposition[END_REF][START_REF] Ellinger | Design Freedom in Multilayer Thin-Film Devices[END_REF] For devices requiring nano-patterning, the throughput will be limited by the patterning steps. Another approach to selective deposition is the use of plasma to activate the surface selectively. [START_REF] Mameli | Area-Selective Atomic Layer Deposition of In2O3:H Using a μ-Plasma Printer for Local Area Activation[END_REF] The group from TNO has shown that this approach can also be applied in SALD reactors. [START_REF] Poodt | Patterned deposition by plasma enhanced spatial atomic layer deposition[END_REF] ALE is a technique in which thin layers of material are removed from a surface following selflimiting sequential reaction steps, and therefore it can be regarded as a subtractive counterpart of ALD. ALE is of interest for the microelectronic industry as an alternative to continuous etching since it provides more control at the atomic level and therefore allows for more complex devices to be fabricated. While ALD has been used in industry for many years now, ALE is still not suitable for industrial application since cycle times are excessively long (i.e. minutes). A review has recently been published on ALE and its implementation in the microelectronic industry. [START_REF] Kanarik | Overview of atomic layer etching in the semiconductor industry[END_REF] Efforts are being currently done to reduce the ALE cycles, including the combination of SALD with spatial plasma etching to have HT ALE and selective deposition. [START_REF] Roozeboom | Cyclic Etch/Passivation-Deposition as an All-Spatial Concept toward High-Rate Room Temperature Atomic Layer Etching[END_REF] 7.-Conclusions Despite ALD has traditionally been regarded as an extremely low deposition technique, different approaches have succeeded in providing the unique assets of ALD, namely, high conformality, high film quality even at low temperature, and precise thickness control, at high deposition rates (few nm/s). These approaches include Batch ALD, Spatial ALD, process engineering, and reactor design and optimization. With this approaches and for certain materials, ALD growth rates have equaled those obtained by CVD. In the case of SALD, the possibility to design open air and atmospheric equipment also contributes to cost reduction, which is very important for applications in which cost must be orders of magnitude smaller than in microelectronics, the main application for which ALD has been used industrially. In all these HT ALD approaches, modeling plays a key role in optimizing the designs and understanding the fluid dynamic and reactions taking place for a particular process and reactor. Due to the intrinsic complexity of HT ALD, modeling is to be done at different levels, going from DFT simulation of reactions to KMC simulations and fluid dynamic modeling.

At present, batch ALD is already used in the microelectronic industry and penetrates other markets, as for example the protection of collector coins and the coloring of jewelry parts.

Reactor design an optimization has been applied to batch and conventional ALD systems and has also yielded new reactor concepts, such as the one proposed by Encapsulix, which are already being used in industry. Concerning process engineering, it can be readily implemented since it can be performed in conventional ALD systems. Finally, SALD is already used in industry, mainly to coat Si solar cells with an Al2O3 passivating layer. Taking into account the reports published in the last years, it seems that SALD should be more extensively used for the fabrication of components for optoelectronic devices, including different types of solar cells and LEDs. SALD seems also an exceptional approach for the encapsulation of sensitive devices, such as OLED, and for the surface functionalization of materials, i.e. plastics. In this line, a new spin off from the Holst Centre called SALDtech has just been created for the deposition of large-area encapsulation layers for the display industry.

There are new concepts such as areas selective deposition and atomic layer epitaxy that have received a lot of attention in the last years. The possibility to use PEALD to coat high-aspectratio features also depend on the development of new plasma processes and it constitutes a highly active research field. In all these exciting fields, there is potential to achieve high throughput, as has been demonstrated for the area selective deposition with SALD. But ultimately, the possibility to implement them with HT will depend on the solutions proposed in each case.
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 1 Fig. 1. a) Scheme of the Atomic Layer Deposition (ALD) process for the deposition of ZnO, showing the alternative steps: a first precursor (DEZ, diethylzinc) is injected and a purge occurs followed by the injection of the second precursor (water) and so on. b) Scheme of the typical Growth per Cycle (GPC) as a function of temperature in ALD.

Fig. 2 .

 2 Fig. 2. Contour plots of precursor (TiCl4) partial pressure at different times after precursor injection in two similar batch reactors. a) Single inlet reactor. b) Multiple inlet reactor. Reprinted from ref. [24] with permission.

Fig. 3 .

 3 Fig. 3. a) Scheme of a SALD close-proximity head in which the substrate is oscillated below the slots through which the different precursors are continuously injected. B) Side view of the head-substrate gap showing the paths of the different flows that take place for the small gap used, which ensure no precursor crosstalk.

Fig. 4 .

 4 Fig. 4. Computational Fluid Dynamics (CFD) study of the development of a vortex in a gas injection volume at different flow speeds.a) low flow rate, aproximately 133 sccm. b) High flow rate, aproxmiately 1333 sccm.[START_REF] Kools | Method and Apparatus for fabricating a conformal thin film on a substrate[END_REF] 
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 5 Fig. 5: Schematic of vapor dosing system for a liquid precursor used in the systems by Encapsulix (PR: reactor pressure, Pvap: Precursor vapor pressure, T: temperature, Svap: Precursor surface area. The graph shows the simulated pressure (P1 and P2) in the two volumes (V1 and V2) during and immediately after a pulse.

Fig. 6 .

 6 Fig. 6. a) Simulated of precursor doses injected vs. time after valve opening, for different dosing valve opening times; b) Experimental injected doses expressed as variation in pressure vs. time after valve opening, for different dosing valve opening times.

Fig. 7 .

 7 Fig. 7. a) Computational Flow Dynamics Simulation of the gas injectors in the Encapsulix PPW system; b) Precursor concentration isocontours after propagation of the precursor pulse in the reaction space.

Fig. 8 .

 8 Fig. 8. Evolution of the pressure in the reactor during a pulsed pressure CVD deposition.

Fig. 9 .

 9 Fig. 9. Sequence of precursor pulses and purges in different operation modes: a) ALD mode, b) FAST mode, c) FAST ALD-like mode, and d) FAST CVD-like mode.

Fig. 10 .

 10 Fig. 10. a) Variation of TiN deposition rate from TDEAT and NH3 by ALD, MOCVD, and FAST techniques. b) Comparison of ALD, CVD and FAST deposition techniques for the deposition of TiN using the same precursors and temperature. c) FAST reactor cluster from KOBUS used to perform the deposition of TiN in the three different modes.

Fig. 11 .

 11 Fig. 11. Comparison of PEALD elementary cycle (a)) and engineered-PEALD elementary cycle (b)).

Fig. 12 .

 12 Fig. 12. Evolution of the SiO2 growth per cycle and growth rate depending on cycle length in FAST deposition mode.

Fig. 13 .

 13 Fig. 13. Spatial distribution of a) Precursor velocity and b) precursor concentration above the substrate for the deposition of ZnO from diethyl zinc (DEZ) with a close-proximity head such as the one in Fig. 2. Only the cross-section views including a DEZ inlet and two exhaust inlets are shown here. The blue color corresponds to low velocity/precursor concentration, while red or yellow color corresponds to high velocity/precursor concentration. As it can be appreciated, more precursor entrainment takes place as scanning speed increases.

Fig. 14 .

 14 Fig.14. Evolution of the normalized fluorescence (FL) intensity, under constant UV light, in laboratory atmosphere, of (squares) an Al2Q3 thin film and an Al2Q3 thin film encapsulated with 25 nm Al2O3 deposited by low temperature ALD (90 °C) in (triangles) a Savanah 200 standard cross-flow reactor (30 s/cycle) and (circles) in an fast-ALD Infinity 200 PPWR system from Encapsulix (3 s/cycle); thickness of Al2Q3 films is 100 nm.
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 15 Fig. 15. Photograph of the fast spatial ALD system used by Choi et al. to encapsulate OLED panels.[71]
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 16 Fig.16. Emission lifetime evaluation of Al2O3 encapsulation on an OLED panel.

Fig. 17 .

 17 Fig. 17. a) Schematic of the SALD assembly used to deposit a SnOx layer as part of a perovskite solar cell stack; [79] b) Plasma SALD system inside a globe box for the deposition of SnOx layers for solar cells based on hybrid perovskies; c) Normalized photoconversion efficiency (PCE) vs. time of storage in ambient air (25 °C, 60% RH) for solar cells with SALD SnOx layers grown at 20 and 80 mm/s, respectively. (Images courtesy of Prof. T. Riedl);

Fig. 18 .

 18 Fig. 18. 25 nm thick Al2O3 film made in a PPWR Infinity 200 reactor, 3 s/cycle, 90°C.Left: a) optical index (n) and GPC vs. the H2O dose; b) non-uniformity of the alumina layer measured on a 200 mm Si wafer
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 19 Fig. 19. a) IVL characteristics of a green top-emitting OLED encapsulated with a single 25 nm-thick Al2O3 barrier layer deposited by HT ALD (3 s/cycle, 90 °C, TMA/H2O) in an Infinity 200 tool from Encapsulix -initial time, freshlymade device (filled symbols) and after 22 months in laboratory atmosphere (open symbols); b) picture of the greenemitting OLED surface under 3.2 V forward bias, after 22 months (no dark spots, similar quality as freshly-made device).

Fig. 20 .

 20 Fig. 20. a) Normalized conductivity upon aging under damp heat conditions (85 °C and 85% RH) of 200 nm thick ZnO, AZO, and SnOx films (grown at 150 °C) using O3 or H2O as oxidants; b) electrical conductivity, carrier density and electron mobility of SnO2 deposited by HT PE-ALD

Fig. 21 .

 21 Fig. 21. a) Schematic Representation of the LOTUS Applied technology roll-to-roll (R2R) reactor configured for plasma-based SALD; b) Chart of water vapor barrier performance for ALD TiO2 films on "generic" industrial grade PET, deposited by substrate translation.

Fig. 22 .

 22 Fig. 22. Flow process diagram of hybrid multilayer barrier coating containing bare PET substrate. [70]

Table 1 .

 1 Comparison between ALD, CVD and PVD deposition techniques

	Property	ALD (cross-flow)	PE-CVD	PVD
	Growth mode	2D	nucleation	nucleation
	Thickness control	Digital control (given by the number of cycles, depending on precursors/materials)	Good from tenths of nm	Not suited for nanometer-scale thickness
	Film conformality	High	Moderate	low
	Film quality	Pinhole-free, low stress	Pinholes moderate, stress moderate	High pinhole density, high stress
	Typical deposition speed	2.5x10 -3 nm/s R&D reactor)) (standard cross-flow	0.1-10 nm/s	0.1-10 nm/s

Table 2 .

 2 List of recent works that published WVTR measurements for oxide barrier layers deposited by SALD onto plastic foils.

	Reference	Reactor type	Deposition speed	Substrate nature	WVTR (g/m²/day)
		Continuous			
		ALD system	1.66	Paper/polypropylene/Al2O3 (100	7x10 -1 (23
		(Beneq TFS	nm/min	nm)	°C/50% RH)
	[66]	200R)			
		Batch ALD (Beneq TFS 500)	0.33 nm/min	Paper/polypropylene /Al2O3 (100 nm)	3x10 -1 (23 °C/50% RH)
	[52]	R2R-SALD	-	PET/Al2O3 (15-40 nm)	6x10 -3 (37.8 °C/100% RH)
	[51]	R2R-SALD 180 m²/day	PEN/Al2O3 (20 nm)	<5x10 -4 (38 °C/90% RH)
	[73]	SALD (Beneq TFS 200R)	-	PEN/Al2O3 (20 nm)	<5x10 -5 (38 °C/90% RH)
	[69]	SALD (Plasma, Sentech)	2.3 nm/min	Glass/calcium/Al2O3 (50 nm)	4x10 -6 (25 °C/50% RH)
	[150]	SALD (plasma, Sentech)	-	Glass/calcium/Al2O3 (100 nm)	7x10 -4 (60 °C/60% RH)
	[151]	SALD (Beneq TFS 200R)	-	PEN/TiO2 (20 nm)	5x10 -4 (38 °C/90% RH)
	[70]	R2R-SALD (for Al2O3 only)	0.9 nm/pass	PET/Al2O3 (30 nm)/PVA/Al2O3 (30 nm)/PVA	2.3x10 -2 (37.8 °C/100% RH)
	[68]	SALD (plasma, O3, H2O)	-	Glass/calcium/SnO2 (110 nm)	7x10 -4 (60 °C/60% RH)

Table 3 .

 3 Main characteristics of Al2O3 and TiO2 made in an Infinity 200 system at CEA-LETI, from TMA/H2O and TTIP/H2O, respectively, at 90 °C, onto 200 mm Si wafers. Efficiency (lumen per watt) of top-emitting green OLED using each material have been added.

	Material	GPC (Å/cycle)	Time per cycle (s)	Non-uniformity (1 sigma)	Optical index n at 633 nm (30 nm)	OLED efficiency (lm/w)
	Al2O3	0.85	< 3	2.5	1.57	32.6
	TiO2	0.28	< 3	5.7	2.10	31.2

Table 4 .

 4 Processing times and target cost for different industries that make use of thin-film materials

	Deposition technology	Typical target thickness (nm)	Typical deposition rate (nm/s)	processing time (s)	Target cost (k€/m²)
	Packaging industry, PVD (large area)	50-500 [134]	10	50	0.0001
	Microelectronics, PVD (TBD)	100	1	100	
	Microelectronics, ALD (HfO2, Al2O3, 200-300 mm	2	0.015	133	350
	wafers)				
	TFE for display				
	industry, ALD (x-				
	flow, low temp,	50	0.003	16666	
	Al2O3, 200 x 200				
	mm² substrates) TFE for display,				5
	ALD (PPW, low				
	temp, Al2O3, 200	50	0.02*	2500	
	x 200 mm²				
	substrates)				

* assuming CEA-LETI process conditions onto OLED (25 nm in 20 min roughly)
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