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Two different designs of top-emitting green OLEDs (Organic Light-Emitting Diodes) have been studied. The first one presents a planar OLED architecture. The second one presents an OLED having a topographic surface, so as to simulate a pixel partitioning of a display using an electrically insulating, 200 nm-thick, resist. It has been observed that the topography has a large impact on OLED performances. Studying devices using an ALD (Atomic Layer Deposition)-deposited Al2O3 barrier film shows that topographic OLEDs have a lower stability under storage in 65 °C/85% RH conditions compared to planar ones, with a difference in ageing models between the two devices. As the ALD deposition technology has a high conformity, which implies that ALD-deposited Al2O3 barrier films should be as good on topographic devices as on planar ones, we inferred that the topographic OLED Achilles' heel lies rather in the OLED structure rather than in the Al2O3 encapsulation itself. Thus, topographic and planar unencapsulated OLEDs (without Al2O3) were studied: interestingly, it has been observed that planar OLEDs can live several weeks, while topographic OLEDs show a very short shelf lifetime (in laboratory atmosphere, at 21 °C/50% RH), of only a couple of hours. It will be shown that the topographic OLED surface tends to reduce the thickness of the PVD (Physical Vapor Deposition)-deposited layers in the OLED, as this is expected for a

Introduction

Since the first discovery of an Organic Light-Emitting Diodes (OLED) in 1987 [1], lot of work has been done on the comprehension of OLED failure mechanisms. The most commonly mentioned external causes of OLED degradation are light, oxygen, water, and temperature [2,3,4]. Reliability of devices relies also on process parameters during OLED production, like residual chemicals (impurities) present in the vacuum chamber [5], evaporation rate and its implication onto film quality [6], crucible temperature and its effect onto the chemical state of the molecule [START_REF] Baranoff | Sublimation Not an Innocent Technique: A Case of Bis-Cyclometalated Iridium Emitter for OLED[END_REF], or impurities in the molecule (problem of reproducibility from batch to batch). Among extrinsic factors that may influence the OLED stability, a good encapsulation against the breathable atmosphere turns out to be a key parameter to ensure a good visual quality (no dark spots or pixel shrinkage) of the emitting surface over the device lifetime [START_REF] Park | Ultrathin Film Encapsulation of an OLED by ALD[END_REF][START_REF] Maindron | Stability of 8-hydroxyquinoline aluminum films encapsulated by a single Al2O3 barrier deposited by low temperature atomic layer deposition[END_REF]. Today's state-of-art and mainstream encapsulation solutions of commercial products use laser frit glass so as to ensure a perfect sealing during device's lifetime [START_REF] Chiu | P-59: 6-inch Full Color AMOLED with Improved Bonding Strength of Laser Frit Encapsulations[END_REF].

By extension, a good encapsulation against chemicals that may originate from the substrate underlying the OLED is also mandatory. This has been mostly documented for OLEDs made onto plastic substrates: as the plastic is highly permeable to atmosphere and/or may contain intrinsically moisture resulting from the fabrication process, a thin-film encapsulation is added to the plastic substrate, so as to protect the OLED from bottom moisture ingress [START_REF] Jia | Failure mechanics of organic-inorganic multilayer permeation barriers in flexible electronics[END_REF]. Besides, in a display, when a driving circuit, together with additional red, green and blue colour filter resists, lay between the substrate and the OLED, one has to ensure that the circuit itself will not degas upon time and harms the OLED pixel matrix above.

Nagai, M. has described for instance the detrimental effect of remaining moisture in RGB colour filter arrays underlying OLED pixels [START_REF] Nagai | Dark Spot Formation and Growth in Color-Filter-Based OLED Devices[END_REF]. Another example regarding the effect of the underlying circuit onto the OLED quality has been described by Chin B. D. who showed that OLED surface shrinkage can occur if some moisture, originating for instance from the ITO bottom electrode, reaches the organic semiconductor layers [START_REF] Chin | Role of the polymeric hole injection layer on the efficiency and stability of organic light emitting diodes with small molecular emitters[END_REF]. In an active matrix display, an addressing circuit is used to power up and select the OLED pixels. In the case of an OLEDbased display, each pixel is generally supplied by a current source, consisting for instance of two transistors and an electric capacitance. In the case of large OLED displays, the oxidebased TFT (Thin-Film Transistor) technology is preferred, (pixel size > 10 µm typ.) [START_REF] Hosono | Transparent amorphous oxide semiconductors for organic electronics: Application to inverted OLEDs[END_REF], while it is silicon-based CMOS (Complementary Metal Oxide Semiconductor) technology for small size displays (pixel size < 10 µm typ.), usually named microdisplays [START_REF] Vogel | Bidirectional OLED microdisplay for interactive see-through HMDs: Study toward integration of eye-tracking and informational facilities[END_REF][START_REF] Templier | OLED Microdisplays: Technology and Applications[END_REF]. These elementary components deposited in thin layers are generally constructed in such a way that the upper surface of the addressing circuit, which corresponds to the bottom electrode for the OLED, is appropriately smoothened before thin layers of organic semiconductors constituting the OLED, and of the counter-electrode, are deposited on. Since pixels are electrically independent, it is necessary to ensure permanent electrical insulation between them. For this purpose, organic photoresists are generally deposited in the inter-pixel regions [START_REF] Okuda | Low-Temperature-Curing Type Positive-Tone Photosensitive Polyimide Coatings for Insulating Layer in OLED Displays[END_REF]. These dedicated resists have been developed so as to not degas any chemicals over time, so as not to harm the device from the inside. Moreover, they are also generally studied to flow at moderate temperatures, once the deposition and photolithography steps have been carried out, in order to produce very smooth edges (low tapered angle) to avoid as much as possible a thickness reduction of organic and metallic layers at pixel edges, that may lead otherwise to anode-cathode short circuits [START_REF] Haskal | Substrate designs and contacts for organic light-emitting displays[END_REF]. In the end those permanent photoresists generate a small topography onto the active surface of the display.

Surprinsingly, few articles have mentioned the effect of a resist-induced surface topography onto top-emitting OLED performances [START_REF] Kwon | OLED Pixel Shrinkage Dependence With Cathode Influenced by Thermal Effect[END_REF], and to the best of our knowledge, no publication relates the effect of a resist-induced topography onto top-emitting, ALD thin-film encapsulated, OLED performances.

The aim of this work is therefore to explore the impact of a small topography (∼ 200 nm) generated by an insulating photoresist, used to partition OLED pixels, onto thin-film encapsulated top-emitting OLED performances. Planar and topographic green top-emitting OLED architectures, with and without an Al2O3 thin-film encapsulation, have been explored for that purpose. It will be shown that the integration of a very thin semi-transparent top electrode, here a 15 nm-thick Ag film, shows a critical thickness decrease, together with a low film density, on tapered angle regions of the resist. This leads to an increased sensitivity of Ag film to atmosphere resulting in lower performances and stability against atmosphere of topographic devices compared to planar ones. Alternative scenarios will be discussed in order to propose an alternative backup to single very thin Ag films in top-emitting OLEDs.

Experiment

OLED devices have been fabricated onto 200 mm silicon substrates with Al:Cu (∼ 200 nm) /TiN (∼ 7 nm) as a bottom reflective anode [START_REF] Gohri | Integration of high brightness and low operating voltage green organic light-emitting diodes on complementary metal-oxide semiconductor backplane[END_REF]. The device pattern was such that 135 OLED devices could be made at the same time onto one single wafer, one half leading to planar devices, and the other half to topographic ones. Active surfaces of planar and topographic are S (9 x 5 mm²) and S/2, respectively, which have been taken into account for current density calculation. An insulating positive photoresist (name cannot be provided because we have a non-disclosure agreement with resist manufacturer -results can be probably reproduced with any kind of resist that can generate the equivalent topography) has been used in order to partition the whole active zone into a matrix of pixels. The whole process took place in a clean room environment. Four OLEDs have been studied: device A1 and device A3 are planar while device A2 and device A4 are topographic, meaning that the resist has been used as an insulator between pre-patterned, 3.6 x 3.6 µm², pixels (see Figure 1, Figure 2 and table 1 for description). This partitioning of pixels on topographic devices has been realized so as to simulate the architecture of a real display, where pixels are spatially isolated from each other, as this is usually the case in (micro)display technology [START_REF] Vieri | An 18 megapixel 4.3'' 1443 ppi 120 Hz OLED display for wide field of view high acuity head mounted displays[END_REF]. In our work, all pixels are interconnected because there is no addressing circuit (TFT or CMOS) underneath. One photomask, using a MA8 mask aligner system from Suss MicroTec has been used to define the insulating photoresist pattern onto the patterned electrode. The hard bake used for annealing the resist after the photolithography step is 200 °C, 30 min under N2, to ensure that it will not degas upon time (following provider's specifications and experimental procedure), and harm the OLED during its operational lifetime. After the resist process, wafers have been pretreated by an Ar-plasma surface treatment (60 W, 60 s) just before loading the substrate into the organic deposition chamber. All organic layers have been deposited in sequence by vacuum evaporation (∼ 1 Å/s) using a Sunicel plus 200 deposition cluster tool from Sunic Systems Ltd. As most of the layers in the structure are under non-disclosure agreement with molecules providers, we unfortunately cannot describe them in details here. The general description of the whole green-emitting OLED structure, identical between all devices, can be found out in [START_REF] Murat | Highly Performant and Stable Thin-Film Encapsulated Inverted Top-emitting Organic Diodes Based on MoOx as Electron Injection Layer[END_REF]. Finally, a semi-transparent Ag layer (15 nm nominal thickness, 0.1-0.5 Å/s) has been deposited as the top-electrode followed by a SiO layer (x nm): for device A3 and device A4, three thicknesses have been studied, x=25, 80 and 140 nm. For device A1 and device A2, the SiO thickness has been set to 80 nm and an additional Al2O3 (25 nm) barrier layer has been deposited by ALD at 90 °C in a Savannah 200 system from Cambridge Nanotec/Veeco. Complementary details on SiO and Al2O3 characteristics can be found out in [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]. Metal-Insulator-Metal (MIM) structures, device B1 and device B2, defined as planar MIMs and topographic MIMs, respectively, see Table 1, have been also fabricated onto the same kind of substrates using the same deposition tool as OLEDs, replacing all organic layers by a single dielectric SiO layer as [Al:Cu (200 nm)/TiN (7 nm)/SiO (25 nm)/Ag (80 nm)/SiO (80 nm)/Al2O3 (25 nm)]. Device C1 and device C2 have been finally provided to investigate the two-point probe measurement resistance of single Ag films, versus storage time in ambient atmosphere, deposited onto the same topographic pattern as for OLED and MIM devices, see Table 1. The device architecture is as follows: [Al:Cu (200 nm)/TiN (7 nm)/Ag (x nm)/SiO (80 nm)], with x = 80 and 15 nm, respectively for device C1 and device C2.

Measurements of Current density-Voltage-Luminance (JVL) have been carried out using a

Keithley generator and a PR655 spectrophotometer from Photo Research. Images of OLEDs have been captured through an Olympus BX 51 optical microscope (mounted with an Infinity 2 CCD camera from Lumenera). Cross-sectional Scanning Transmission Electron Microscopy (STEM) measurements have been done using a Tecnai OSIRIS equipment from FEI in order to measure conformity and thickness of different layers in planar and topographic devices. The evolution of device A1 and device A2 in 65 °C/85% RH storage conditions has been recorded as followed (Figure 3): the y axis represents the percentage of zero-defect diodes. The x axis represents the time spent at 65 °C/85% RH. The statistical analysis has been performed onto 135 diodes. The photo acquisition has been made onto a fully automated prober tool (TEL P-8XL) by mean of a high resolution digital camera (Nikon D700). Once captured, the 135 images of the OLED, all biased at the same voltage, have been processed with an image processing software. The colour depth of the image has been then decreased down to two binary colours so that the procedure allowed the evaluation of the number of dark pixels onto the OLED surface. The storage study of device A3, A4, C1 and C2 has been performed only in controlled laboratory conditions, at 21 °C/50% RH.

Results

Reliability of device A1 and device A2 in 65 °C/85% RH storage conditions

Figure 3 represents the evolution (% of OLED with no defect) of device A1 and device A2 stored under 65 °C/85% RH storage conditions for ∼ 200 h. It can be seen that the degradation kinetic of topographic device A2 is much faster than the one for planar device A1. For the latter, there are two regimes for the degradation, the first one between initial time and ∼ 87 h (0.05 %/h) and the second one between ∼ 87 h and end of test (0.4 %/h).

The non-linearity and sudden change in the slope at 87 h is likely a lag time feature τ, which is a characteristics of Al2O3 ALD barrier layers. τ is defined as the time for water species to diffuse through the full Al2O3 layer thickness. This has been documented in [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], [START_REF] Bertrand | Evaluating Al2O3 gas diffusion barriers grown directly on Ca films using atomic layer deposition techniques[END_REF] and [START_REF] Nehm | Breakdown and Protection of ALD Moisture Barrier Thin Films[END_REF] where values of τ for Al2O3 ALD barrier films exposed to hot humidity have been estimated to be 64 h, 32 h, and 20 h, respectively. Differences in τ values can probably be explained in term of different degradation mechanisms that are intrinsic to the barrier quality evaluation method that is implemented. The value calculated using device A1 ageing, τ=87 h, is somehow coherent to the value we estimated for the same Al2O3 material, based on the use of the fluorescence of the AlQ3 molecule as a defect probe [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]. Contrary to device A1, it can be seen that device A2 degradation follows a single linear regime with a degradation slope of (0.52 %/h), close to the degradation slope measured in second regime, at t > τ, for device A1. The lag time τ characteristic feature of Al2O3 does not exist in the case where the 200 nm thick topographic pattern is present. This experiment has been reproduced a couple of times in our laboratory, with very good reproducibility. Hence, it seems that the OLED stability is dependant onto the topography induced by the resist or by the presence of the resist material itself. The second case scenario will not be considered in this work as the resist we employed is an OLED-dedicated product (cannot be disclosed here), with control outgassing features for commercial life of the display product. We therefore inferred that the premature degradation arises from the topography only.

Moreover, owing to the very fast observed degradation kinetics of topographic device A4 to total failure (couple of hours), it is therefore quite obvious that outgassing of the resist cannot be incriminated on this time scale, a fortiori at ambient storage temperature

(21°C/50%RH).
It is very complicated to observe any degradation mechanisms at ambient for these two thin-film encapsulated devices because they degrade too slowly (almost no change of electro-optical characteristics and no dark spot occurrence for months in a controlled 21°C/50% RH laboratory atmosphere). We therefore proposed to analyse device A3 and device A4, similar to device A1 and device A2, respectively, but without any performant Al2O3 barrier layer. In these new devices, the PVD (Physical Vapor Deposition)-deposited SiO (25, 80 and 140 nm thick) barrier can be considered as a single thin film barrier, of poor quality, compared to the Al2O3 used in device A1 and A2. This will be described in the following section.

Electro-optical characterization of OLEDs

Figure 4 shows JVL measurements, as well as luminous efficiencies versus voltage, of device A3 and device A4. The typical electroluminescent (EL) spectra of the OLED green emission has been added also in inset. First, it can be seen that the JV characteristics of device A4

shows large current densities (J > 10 -3 mA/cm²) between -2 V and 2 V compared to device A3 for which a low current level of 10 -6 mA/cm² has been measured. This feature is very reproducible whatever the thickness of the single SiO layer is. Right after glove box exit (< 1 h), maximum luminous efficiencies have been measured at 55 lm/W and 30 lm/W, respectively for device A3 and device A4. As a reference, maximum luminous efficiencies for our Al2O3-based OLEDs lie in the 50-60 lm/W range [START_REF] Murat | Highly Performant and Stable Thin-Film Encapsulated Inverted Top-emitting Organic Diodes Based on MoOx as Electron Injection Layer[END_REF]. After 24 h in the laboratory atmosphere, device A3 luminous efficiency does not change much for the three SiO thicknesses (only the thinnest, 25 nm thick, SiO case has been depicted for clarity), with a maximum value of 53 lm/W (-3% relative decrease). On the contrary, device A4 shows a catastrophic failure with maximum luminous efficiencies of 1.1 lm/W, 2 lm/W and 19 lm/W respectively for SiO thicknesses of 25 nm, 80 nm and 140 nm. This corresponds to relative decreases of 95.6%, 92% and 24%, respectively. Higher thicknesses of the SiO layer seem to lead to lower relative decrease of efficiency, which is coherent with the poor encapsulation quality of porous PVD-deposited SiO films for which critical thickness is attained at very high thicknesses compared to the ALD technology [START_REF] Leterrier | Durability of nanosized oxygen-barrier coatings on polymers[END_REF][START_REF] Carcia | Gas diffusion ultrabarriers on polymer substrates using Al2O3 atomic layer deposition and SiN plasmaenhanced chemical vapor deposition[END_REF].

Figure 5 shows the evolution of OLED luminance onset voltages (see illustration for device A3 on Figure 4, top) versus storage time in laboratory atmosphere, up to 720 h (30 days, shelf storage in the laboratory atmosphere). It can be seen a fast increase of threshold voltage for topographic device A4, giving a clear evidence that it is not stable upon atmosphere exposure. On the contrary, device A3 threshold voltage does not change much for the three SiO thicknesses, with an average increase of only 16 % after one month of storage (increase rate of ∼ 0.25 mV/h), which is coherent with maximum luminous efficiency of 40 lm/W measured after one month (not shown here).

Optical images of different devices stored in laboratory conditions have been reported onto Figure 6. As already mentioned, Device A1 and device A2 do not show much cosmetic degradation and very few localized dark spots can be observed after six months. They are often correlated to the presence of residual particles, as we already described in [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]. Device A3 after 30 days shows localized dark spot features, which probably correspond to pinholes in the porous SiO PVD barrier layer, while device A4 rather shows a uniform distribution of dark zones all over the emitting surface, whatever the SiO thickness is, only after 24 h of storage. A zoom-in onto these dark zones have been depicted on Figure 7. Zone 1 shows non-emissive area of the OLED, outside the active area of the OLED, in between pixels; zone 2 corresponds to very large non-emissive areas, more than 2 pixels, of the OLED.

In zone 1, one can observe the occurrence of a uniform surface shrinkage phenomena at pixel edges, as described in [START_REF] Kwon | OLED Pixel Shrinkage Dependence With Cathode Influenced by Thermal Effect[END_REF]. The density of dark spots in zone 2 is many times higher (∼8800 ± 1500/cm², measured onto zoom-in pictures after 24 h storage in ambient) than the density calculated for device A3 (∼45 ± 5/cm², measured onto zoom-in pictures after 24 h storage in ambient). The main difference here between device A3 and device A4 lies in their intrinsic stability under forward biasing. While device A3 can sustain many forward biases with limited impact on its JVL characteristics, device A4 on the contrary is highly sensitive to first forward bias. For very thin layers of SiO, device A4 even degrades during the first electrical characterization, with irreversible failure (no more functional after the JVL). As a result, on Figure 5, onset voltages of device A4 must have been taken onto different OLEDs, at different times, on the same wafer.

MIM devices

In order to get a further detailed insight into differences between planar and resistinduced topographic surfaces, MIM devices, Device B1 and device B2, have been fabricated, using SiO (25 nm) as the dielectric between the two electrodes, see table 1. Figure 8 depicts the electrical characteristics, current density versus electrical field (I-E), of those devices. The voltage breakdown occurs at 0.31 MV/cm for both devices. It can be seen that device B2 shows however higher current densities in reverse bias, compared to device B1 (J-E curves here are averaged curves measured onto five different samples from the same wafer). This behavior is somehow similar to what has been observed onto J-V characteristics of topographic device A4. The topographic surface therefore seems to enhance the leakage current in reverse bias. Optical pictures of device B1 and device B2 on Figure 6 show the same trend as for OLEDs, that is to say planar MIMs seems to break down following local defects while topographic MIMs break down uniformly onto the whole surface, preferentially at pixel edges/tapered angle regions of photoresist.

STEM analysis

The STEM cross-section analysis has been performed onto topographic device A4 and device B2 in tapered zones as well as in planar zones, Figure 9. This analysis allowed to measure the thickness of different layers, table 2. It can be seen that all PVD-deposited layers show a thickness reduction at pixel edges, with the most important one being for the Ag layer (-31.5%, device A4 and -27% for device B2). Al2O3 on the contrary shows a very constant thickness all over the surface, owing to the high conformal ability of the ALD technique. While such a thickness reduction is expected for a PVD-deposited layer, this observation has to be correlated to the relative behavior of different top-emitting devices, planar versus topographic, with and without Al2O3, developed in this study. This singular issue turns out to be of main importance here because the top cathode Ag film has to be very thin to allow the light to extract out efficiently. The following discussion will give an insight into the relative mechanisms of degradation for each kind of OLED.

Discussion

The thickness reduction on tapered angle of photoresist turns out to be a critical point for very thin layers. In this work, the nominal Ag thickness, 15 nm, has been chosen to allow Ag to be a semi-transparent and at the same time an electrically conductive top electrode in these top-emitting OLEDs. It is known that Ag continuous film deposition onto electrically insulating substrates by vacuum evaporation is not favored because the surface energy difference between Ag and the substrate is often high: as a consequence, PVD-deposited Ag films grow rather in the thin-film 3D mode (Volmer-Weber mode) [START_REF] Yang | Optimizing ultrathin Ag films for high performance oxide-metal-oxide flexible transparent electrodes through surface energy modulation and template-stripping procedures[END_REF].

Area of thinner Ag layer in topographic devices are therefore zones of critical thickness, where small variations of Ag film thickness imply a large variation of Ag resistivity. 10-15 nm Ag thickness turns out to be a typical range where the Ag film resistivity can vary on several decades, as this is for instance described in [START_REF] Romanyuka | Growth of thin silver films on silicon oxide pretreated by low temperature argon plasma[END_REF] for planar Ag films. Besides, Ag stability against atmosphere is probably affected by the low density of the Ag film, as this could be seen onto Figure 9, STEM HAADF (High-Angle Annular Detector Dark-Field) dark field analysis: the thinner Ag layer on the tapered angle of the photoresist shows clearly a lower density compared to the planar, thicker, Ag cathode in the planar region of the pixel. In the end it is probable that the Ag stability in air is decreased in these tapered zones because a larger surface exchange between atmosphere gases (O2, H2O) and Ag islands takes place, leading to unstable device A4, with very short shelf lifetimes as well as poor stability under forward bias. This is corroborated by the fact that topographic device A2, with the high quality Al2O3 barrier layer are very stable in ambient. In order to analyze the increased sensitivity to atmosphere of thin Ag films we proposed in this work, we provide topographic device C1 and device C2. Ag thicknesses are 80 nm and 15 nm in device C1 and C2, respectively, in order to compare the evolution of thick and thin Ag metal films. These devices have been made to monitor the evolution of Ag film electrical resistance, assessed in a two-point probe measurement using the same experimental setup as for OLED measurements. For these measurements, careful positioning of the electrical probes onto the surface of the electrical contact has been considered in order to avoid reproducibility issue with the contact resistance. A statistical analysis has been made, using 10 identical samples for each measurement at a given time.

The evolution of the film resistance has been plotted on Figure 10. Ageing has been performed at ambient because ageing tests in accelerated conditions (65°C/85% RH) lead to very fast and similar degradation features of the two different thin and thick films. It can be seen that the thick Ag film electrical resistance is constant over time while the thin Ag film, which is representative of top-emitting OLEDs developed in this work, shows an obvious increase of its resistance of +23 % between initial time and 260 h. This proves that the thin Ag film deposited onto the topographic surface shows higher sensitivity to atmosphere than the thick one, with probable different degradation kinetics when the Ag film is deposited onto an organic semiconductor stack (device A1,…A4) or onto device B1, B2 or C1, C2 surfaces (no organic semiconductor layer underneath). The question that arises now is the following: how could we get rid of this increased, topography-induced, degradation issue with Ag thin top electrode in top-emitting OLED? The next section will describe some alternative scenarios.

First, Ag could be replaced by another "OLED-friendly" metal, for instance Al, which wettability onto organic surfaces is usually far better than Ag [START_REF] Yu | Following the Island Growth in Real Time: Ag Nanocluster Layer on Alq3 Thin Film[END_REF]. However, this scenario does not constitute an ideal case scenario because Al films show more visible absorption than Ag (for a given thickness), leading to devices with lower current efficiencies. An alternative solution to improve the uniformity of Ag films onto tapered angles of photoresist would be to co-evaporate Ag with other metals like Mg [START_REF] Kwon | OLED Pixel Shrinkage Dependence With Cathode Influenced by Thermal Effect[END_REF] or Al [START_REF] Gu | Ultrasmooth and Thermally Stable Silver-Based Thin Films with Subnanometer Roughness by Aluminum Doping[END_REF], usually using 10:1 (Ag:metal) ratio. This generally leads to better wettability of Ag films. Another possibility would be to implement the use of ultra-thin seed layers (1 nm) beneath the Ag, as this has been already described in other publications using for instance Ge [START_REF] Logeeswaran | Ultrasmooth Silver Thin Films Deposited with a Germanium Nucleation Layer[END_REF], Ni [START_REF] Liu | Enhanced Surface Plasmon Resonance on a Smooth Silver Film with a Seed Growth Layer[END_REF], Al [START_REF] Im | Bulk-like Al/Ag bilayer film due to suppression of surface plasmon resonance for high transparent organic light emitting diodes[END_REF] or Au [START_REF] Schwab | Eliminating Micro-Cavity Effects in White Top-Emitting OLEDs by Ultra-Thin Metallic Top Electrodes[END_REF]. Once again, these seed layers generally help to increase the wettability of Ag during the vacuum deposition process. Doing so, one can expect that the thickness reduction of the Ag film on tapered angles of the photoresist, which is unavoidable due to the use of the PVD technique, will not affect much the resistivity of Ag because the Ag growth will then be more 2D (Frank-van der Merwe) or a mix of 2D and 3D growth modes (Stranski-Krastanov), leading to very thin films with high densities. These alternative case scenarios could not be tested unfortunately in our laboratory because we do not have the possibility to load other metals than Ag in the evaporation chamber. Coming back to device A1 and A2, accelerating ageing tests made onto these ALD-encapsulated devices have shown that the degradation kinetics are different between planar and topographic devices. It is therefore expected that the topography plays a role in this degradation kinetics.

We demonstrated recently that the OH content in an ALD-deposited Al2O3 layer (25 nm) can be high, as explained in [START_REF] Terlier | Characterization of advanced ALD-based thin film barriers for organic electronics using ToF-SIMS analysis[END_REF]. In the case of device A1 and A2, in accelerated testing conditions, the OH concentration in the Al2O3 layer increases strongly over exposure time to H2O. After a certain amount of time, OH species in device A1 and A2 reach the SiO underlayer where they probably find entry ports in the "porous" PVD-deposited layer, finding their way to the Ag cathode. This is coherent with previous work from R. C. Ross who describes humidity-induced degradation of Ag-based low-emissivity films of the kind ZnO/Ag/ZnO films. In this work, the author stated that initiation of degradation primarily involves contact of H2O with the Ag layer through a breach in the overlying film. This is probably the case in our devices using an Ag/SiO/Al2O3 top cathode structure.

Finally, a suitable solution also to improve device stability would be to explore planar electrical insulating architectures for pixels in a (micro)display, where the insulating photoresist material would be designed almost planar backplane architectures.

Conclusions

Planar and topographic green top-emitting OLED architectures, with and without an Al2O3 thin-film encapsulation, have been explored. It has been shown that the semi-transparent top electrode of OLEDs, 15 nm-thick Ag, shows a strong thickness decrease, together with a low film density, on tapered angle regions of the photoresist used to partition pixels. This leads to a critical increase of Ag film resistivity and to a poor stability of topographic devices compared to planar ones, as this has been clearly demonstrated onto devices without the Al2O3 encapsulation layer. While planar and topographic devices encapsulated with the ALD-deposited Al2O3 barrier layer do not show much difference in their degradation kinetics at ambient storage, their degradation kinetics in 65°C/85% RH storage conditions reveal different ageing mechanisms between the planar and the topographic OLED. For OLED in top-emitting architectures, where the top electrode must be designed very thin to allow the semi-transparent feature, this issue must be considered for future developments of displays.

Alternative solutions would be to improve Ag wetting during the evaporation process and/or make planar backplanes using dedicated architectures to partition and electrically insulate pixels.
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 12356 Figure 1: Schematic illustrations (cross-section) of (top) device A3 (planar OLED) and
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 7 Figure 7: Optical picture showing the surface of device A4 (SiO thickness 80 nm) after the
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 8 Figure 8: Current density versus electric field characteristics of MIM device B1 (squares) and
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 9 Figure 9: STEM cross-section, (top) device A4, overview of the tapered angle region
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 8 Figure 8: Evolution of electrical resistance of single Ag films in topographic device C1 (top)

Table 1 :

 1 Description of devices studied in this work. (a) OLED [Si/Al:Cu/TiN/organic layers/semi-transparent Ag (15 nm)/TFE], which detailed structure can be found in [22] -x=25, 80 and 140 nm; (b) Metal-Insulator-Metal (MIM) structures [Si/Al:Cu/TiN/SiO (25 nm)/Ag (80 nm)/TFE]; (c) Single Ag film structures [Si/Al:Cu/TiN/Ag/TFE]

	Layer	Targeted thickness (nm)	Thickness, planar regions (nm)	Thickness, resist (nm)* tapered angle	Delta (%)
	SiO (device A4)	80	70 ± 2	62 ± 2	-11.4
	Ag (device A4)	15	19 ± 1	13 ± 2	-31.5
	SiO (device A2)	80	73	61.5 ± 6	-15.7
	Al2O3 (device A2)	25	23 ± 1	24 ± 1	+ 4
	Ag (device B2)	80	78 ± 6	57 ± 11	-27

Table 2 :

 2 thickness measurements from STEM imaging on different devices (*: measurement on tapered angle of photoresist made in red rectangle regions, see example on Figure9for Ag, on device A4)
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