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Introduction

During the past decade, OLEDs have attracted a great deal of in terest due to their potential applications in flat panel displays and lighting [1 4]. If highly emissive light emitting materials can be now routinely designed, one of the main issues for OLEDs remains the en hancement of the light outcoupling efficiency. Indeed, only 20% of the light initially electro generated can escape from the front side of the transparent substrate to form a useful emission, the rest of the photons being immediately trapped into lossy guided modes [5 8] of the me tallo dielectric structure that eventually dissipate as heat [9]. Over the years, numerous methods have been explored to solve the problem of poor light outcoupling efficiency.

A recent approach [10] has shown that the control of molecular orientation in the emissive layer (EML) during the fabrication is pos sible, and that it permits to favor dipole emission in the direction normal to the stack plane. This is done to avoid light coupling to guided modes and favor extraction. However, it is known that the dipole emission depends on its electromagnetic environment [11,12], so that one cannot be sure a priori that using a parallel oriented emitter would be enough to solve the problem of light trapping, as initially thought see Fig. 15 of [10]. Another solution, independent of the emitter orientation is to use Bragg gratings [13 24] and low index grids [25], which can help ex tracting the ITO/organic modes. Glass modes can also be extracted through substrate surface patterning [21,26 35]. Numerous textures have been successfully employed for light outcoupling, including micro lens arrays [26 30], pyramides [31 33], nanopillars [34]. Polymeric coatings are of particular interest for such strategy, since they can be easily processed into suitable shapes owing to their typically accessible melting point and good solubility. However, such shapes are typically obtained by costly top down techniques such as photolithography or soft lithography, requiring specially designed templates or UV etching capabilities. A simple two step method based on the low cost "breath figure" (BF) bottom up process [35] was recently used to fabricate a light extracting polydimethylsiloxane (PDMS) micro lens layer by templating. Originally described by François et al. [36] and extensively studied since then [37 39], BF templating is a self assembly method that relies on the fast drying of a polymer solution under a humid air flow. The evaporation induced surface cooling triggers the condensation of water droplets that self organize into close packed hexagonal arrays. Upon complete evaporation of the solvent, a porous honeycomb structure is obtained that is reminiscent of the water dro plets template. BF templating offers many advantages over conven tional lithographic methods used to produce ordered microstructures: the process is fast (typically of the order of a minute), cheap and up scalable [40,41], it does not require the manufacturing of any tailor made template, the water template is effortlessly removed through natural evaporation, and the pore size can be tuned in some extent by varying experimental conditions such as humidity, temperature, or air flow [37]. Whereas HC derived micro lens arrays proved to be efficient for light extraction, we aimed at simplifying further the OLED texturing by directly using the HC films as light extraction layer, thus avoiding the additional molding step of the micro lens design [35]. HC films were readily prepared by the BF method from anion terminated, poly styrene based materials. In particular a block copolymer containing a small elastomeric block of poly(n butyl acrylate) (PnBuA) allowed to obtain crack free HC films, that could be peeled off through water floating. This methodology allows the recovery of self supported HC films that can be easily transferred onto the substrate of interest. We investigated the outcoupling efficiency of two HC films differing in pore size and layer structure, to demonstrate both theoretically and experi mentally that such inexpensive texturing strategy can significantly improve OLED performances. Note that such comparison between theory and experiment is made possible by the fact the fabricated layers are very regular (at the difference with disordered extraction layers [42]).

Experimental section

2.1. Materials N (2 Methylpropyl) N (1 diethylphosphono 2,2 dimethylpropyl) O
(2 carboxylprop 2 yl) hydroxylamine initiator (so called BlocBuilder ® , 99%) and N tert butyl N (1 diethylphosphono 2,2 dimethylpropyl) nitroxide (SG1, 88.4%) were kindly provided by Arkema. Styrene and n butyl acrylate (nBuA) monomers were purchased from Aldrich and were filtered prior to use by passing through a column of basic alu minum oxide to remove radical inhibitors. All materials used for the devices fabrication were purchased from Lumtec with the best purity available and used as received.

Characterization

1

H NMR spectra were recorded on a Bruker 400 MHz spectrometer at 25 °C using CDCl 3 as solvent. Polymers were analyzed with a Steric Exclusion Chromatography (SEC) apparatus running in THF at 30 °C (flow rate: 1 mL/min) equipped with a Viscotek VE 5200 automatic injector, a pre column and two columns (Styragels HR 5E and 4E), a Viscotek VE3580 refractive index detector, and a Wyatt Heleos II MALLS detector. Scanning electron microscopy (SEM) images were obtained with a HIROX SH 3000 using a 10 kV accelerating voltage. SEM samples were metallized with 10 nm of gold using a Denton Vacuum DESK V sputter coater. ITO substrates were treated with a Jelight 42 220 UVO cleaner. The electroluminescence (EL) spectra, CIE coordinates, current voltage and luminance voltage characteristics of the OLED devices were recorded with an External Quantum Efficiency Measurement System (model C9920 12) of Hamamatsu Photonics K.K.

Synthesis of polymer materials

Synthesis of polystyrene homopolymer (PS). In a 50 mL round bottom flask, 57.2 mg (0.15 mmol) of Blocbuilder ® were dissolved in 6 g (58 mmol) of styrene. The flask was sealed with a septum and degassed by bubbling nitrogen for 30 min. The polymerization was carried out in an oil bath at 110 °C for 6 h. The reaction was stopped by plunging the flask into liquid nitrogen and opening to air. Conversion was estimated by analyzing an aliquot of the obtained mixture by 1 H NMR, weighting the integral of vinyl protons of the monomer (5.3 5.9 ppm) and the integral of aromatic protons of both the monomer and the polymer (7.5 6.4 ppm). The polymer was isolated by precipitating first in me thanol, then in basic hydroalcoholic solution (9:1 v:v ethanol:water at pH 9), and dried under vacuum at 40 °C during 24 h, yielding a white powder.

Synthesis of poly (n butyl acrylate) block polystyrene (PnBuA b PS). Synthesis of PnBuA macroinitiator (PnBuA SG1): in a 50 mL round bottom flask, 500 mg (1.3 mmol) of Blocbuilder ® and 76 mg of SG1 (0.23 mmol), both provided by Arkema, were dissolved in 5 g (40 mmol) of nBuA.

Compared to the styrene polymerization previously described, an extra quantity of SG1 radical was needed to control the reaction be cause of the very fast propagation rate of acrylic monomers [START_REF] Gigmes | Controlled/living Radical Polymerization: Progress in RAFT, DT[END_REF][START_REF] Lacroix-Desmazes | [END_REF]. This prevents a too fast, uncontrolled polymerization (and safety issues due to the exothermic reaction). The flask was sealed with a septum and degassed by bubbling nitrogen for 45 min. The polymerization was carried out in an oil bath at 110 °C for 1h30. The reaction was stopped by plunging the flask into liquid nitrogen and opening to air. Conver sion was estimated by analyzing an aliquot of the obtained mixture by 1 H NMR, weighting the integral of vinyl protons of the monomer (5.7 6.5 ppm) and the integral of methylene protons of both the monomer and the polymer (4.3 3.8 ppm). The polymer was isolated by precipitating twice in a methanol/water mixture (7:3 v:v), and dried under vacuum at room temperature during 24 h, yielding a colorless oily liquid. The molecular weight was estimated by 1 H NMR from re lative integration of the nitroxide end group protons ( NeCHeP]O, 1H, δ = 3.2 3.3 ppm) and the methylene group of the polymer ( COOeCH 2 e, 2 nH, δ = 3.9 4.1 ppm).

Synthesis of PnBuA b PS: the purified PnBuA SG1 was subsequently used as macroinitiator for the nitroxide mediated polymerization of styrene. In a 50 mL round bottom flask, 64 mg (0.057 mmol) of PnBuA SG1 were dissolved in 3 g (29 mmol) of styrene. The flask was sealed with a septum and degassed by bubbling nitrogen for 30 min. The polymerization was carried out in an oil bath at 115 °C for 7 h. The reaction was stopped by plunging the flask into liquid nitrogen and opening to air. Conversion was estimated by analyzing an aliquot of the obtained mixture by 1 H NMR, weighting the integral of vinyl protons of the monomer (5.3 5.9 ppm) and the integral of aromatic protons of both the monomer and the polymer (7.5 6.4 ppm). The polymer was isolated by precipitating first in methanol, then in basic hydroalcoholic solution (9:1 v:v ethanol:water at pH 9), and dried under vacuum at 40 °C during 24 h, yielding a white powder. The molar mass of the PS block (and thus the molar mass of the PnBuA b PS copolymer) was estimated by 1 H NMR from relative integration of the PS aromatic protons (ArH, 5 nH, δ = 6.3 7.2 ppm) and the PnBuA methylene protons ( COOeCH 2 e, 2 nH, δ = 3.9 4.1 ppm).

Fabrication of honeycomb film through the "breath figure" process

The honeycomb films were obtained on 1.5 × 1.5 cm 2 indium tin oxide (ITO)/glass substrates (Visiontek Systems Ltd, thickness of 160 nm, 11 Ω/sq) preliminarily cleaned by sonicating 10 min in acetone, then 10 min in isopropanol. The ITO side was ultimately cleaned by a 20 min exposure to a UV ozone plasma. The breath figure process was carried out in a spin coating chamber used as a confined environment. Ambient humidity was between 45 and 55%, and tem perature between 20 and 23 °C. In a typical procedure, the polymer was dissolved in carbon disulfide (CS 2 ) at the desired concentration, and a defined volume of the polymer solution was cast on the substrate. A vertical stream of humid air (2 L/min, 80 90% humidity, obtained by bubbling air into water) was then applied through a hole in the spin coater cover. PS honeycomb films (HC1) were obtained by spreading 40 μL of PS solution (10 g/L in CS 2 ) on the glass side of glass/ITO substrates (2.25 cm 2 ) (Fig. 1). As the pore size and pore ordering tend to vary from the center to the edges of the square substrate, we found that a slow rotating motion of the sample (30 rpm) reduces such variations, thus providing good pore size homogeneity on the major part of HC1. PnBuA b PS honeycomb films (HC2) were prepared by casting 250 μL of a dilute polymer solution (0.5 g/L in CS 2 ) on a microscopy glass slide. Good pore size homogeneity was obtained on a large surface (∼6 8 cm 2 ) without the help of substrate rotation. After 45 s, the newly formed honeycomb films were peeled off their substrates by slowly immersing the glass slide in a petri dish filled with distilled water, keeping a high incidence angle. This procedure has been described previously [45]. The floating films were then recovered onto the glass side of glass/ITO substrates (Fig. 1). The excess water was removed with absorbing paper and the HC covered OLED substrates were al lowed to dry. Eventually strong films were obtained that can be easily manipulated and allowing the deposition of further layers.

Device fabrication

OLEDs were fabricated onto HC covered and untreated ITO glass substrates with sheet resistance of 10 12 Ω/sq. Organic layers were sequentially deposited onto the ITO substrate at a rate of 2 4 Å/s under secondary vacuum. Aluminum cathode was evaporated through a shadow mask by thermal evaporation.

Results and discussion

Polymer synthesis

Two different HC structured films were investigated as light ex traction layers. They were produced by the BF process from carbox ylate terminated polystyrene (PS) and poly(n butyl acrylate) block polystyrene block copolymer (PnBuA b PS), respectively HC1 and HC2, both synthesized by nitroxide mediated controlled free radical poly merization (NMP) [46] (Fig. 2, Table 1). The use of the Blocbuilder ® initiator allows the straightforward incorporation of a carboxylic acid end group, further converted into a carboxylate by precipitation of the polymer into a basic hydroalcoholic solution. Such ionic end group provides better pore ordering during the BF process, by stabilizing the polymer/water droplets interface and thus limiting undesirable coa lescence [47].

Here, it is worth mentioning that the breath figure process can be combined with amphiphilic [48], coil coil [49], and rod coil [50] block copolymer nanophase segregation to elaborate hierarchically structured honeycomb porous films by the control of concomitant and interacting self organization processes occurring in time at different length scales. Indeed, copolymer ordering at nanometer length scale was described with respect to the ordering of micron sized pores [ 48 51]. However, no nanophase segregation is expected from the block copolymer (PnBuA b PS) in the present work, given the low volume fraction in PnBuA (∼2%).

Honeycomb film fabrication

All the HC films exhibited the expected iridescence due to light interaction with periodic microstructures [48] (Fig. 3). The PS HC films (HC1) were obtained from a 10 g/L solution evenly spread on the glass side of 1.5 × 1.5 cm 2 glass/ITO substrates, and appear hazy, with some cracks attributed to the brittleness of PS (thermoplastic polymer with a glass transition temperature Tg of 100 °C). The procedure took about 1 min. The apparent surface pore diameter was estimated to about 1.2 μm by SEM (Fig. 3), although areas near the substrate edges ex hibited smaller pore size (down to 1 μm). Cross sectional SEM imaging of a fractured sample revealed that the pores have a 1.7 μm inner diameter, and often intersect each other.

We also employed a PnBuA b PS block copolymer that allowed producing more transparent HC2 films by BF, using a 0.5 g/L solution (increasing the concentration above 1 2 g/L yielded HC of lower quality, and no HC at all above 5 g/L). Surprisingly, HC2 films could not be obtained directly on the square OLED substrates, whereas they could be produced on large areas using microscopy glass slide as sub strate. Differences in surface energy and/or thermal conduction may account for this substrate dependent behavior. Nonetheless, we were able to peel the films off their substrates and transfer them onto OLED substrates using a simple water floating method. The HC fabrication is slightly lengthened (about 3 min) compared to the direct procedure used for HC1. The nearly absence of cracks in the HC2 films attributed to the soft PnBuA block (low glass transition temperature Tg = -55 °C) allowed carrying out the transfer without significant damage. The HC2 films being much larger than the 1.5 cm × 1.5 cm portions effectively recovered, we concomitantly avoided the center/edge pore size dis crepancy observed for PS HC films (HC1) prepared directly on the square OLED substrates, although substrate rotation was a partial so lution in that case. It is worth noting that such indirect procedure can be of particular interest if the ultimate HC substrate is solvent sensitive (organic materials). The apparent surface pore diameter in HC2 film was estimated to about 3.4 3.8 μm by SEM (Fig. 3). Cross sectional imaging of a fractured sample revealed a 3.5 μm inner diameter, with pores spanning the film thickness (1.8 μm), without noticeable con tinuous sub layer.

Fabrication of the HC patterned OLED

Finally, the two HC films (HC1 and HC2) were investigated as light outcoupling layers for OLEDs. Low light outcoupling efficiency is an important limiting factor in the OLED technology, especially for blue devices that inherently suffer from lower photoluminescence quantum yields compared to the other colors [52 55]. Consequently, insertion of a light outcoupling layer on top of the glass substrate that could help to recover the lost waveguide modes of light is of special significance for blue OLEDs. For this study, a benchmark light emitting material i.e. 4,4′ bis(4 (9H carbazol 9 yl)styryl)biphenyl (BsB4) has been selected as the blue fluorescent emitter [56,57]. To examine the light extraction ability of the honeycomb films deposited on the outer side of the glass substrate the following structures represented in Fig. 4 have been fabricated.

As represented in Fig. 4 (see left panel), the final device structure is the following: ITO was used as a transparent anode/MoO 3 (10 nm) as a hole injecting material/MoO 3 :BsB4 (20 wt%, 10 nm) as the hole transport layer, BsB4 (100 nm) as the emission layer (EML)/2,9 di methyl 4,7 diphenyl 1,10 phenanthroline (BCP) (10 nm) as the hole blocking layer/tris(8 hydroxyquinolinato)aluminium (Alq 3 ) (30 nm) as an electron transporting material/LiF (1 nm) as an electron injecting material and Al (80 nm) as the cathode.

Optical and electrical modeling

In this section, we describe briefly the opto electrical model of the OLED. This latter relies on the assumption that the increase of EQE due to the presence of the extraction layer is only due to an increase of the outcoupled light, but not to a change of the Purcell factor (i.e. the rate of emission) of the emitting molecules. The corresponding multilayer structure (see Fig. 4) is caped with a 3D honeycomb structure denoted HC1 or HC2, which has been presented in section 2. The HC1 coating is made of truncated spherical pores of period a = 1.5 μm and diameter 1.7 μm. Their height D is 1.5 μm, and they are arranged above a con tinuous PS layer of thickness L = 1.5 μm (see the scheme Fig. 3e). The second type of film HC2 has no continuous film (L = 0). Note that the shape of HC2 pores is quite different from that of HC1, as shown by the MEB pictures (see Fig. 3), where the HC2 profile is clearly more cy lindrical (we assumed perfectly cylindrical pores in the calculation, for HC2 film).

In such cases, Finite Element Method is a very convenient tool, as it permits to easily implement complex (e.g. overlapping) pores shapes and to compute the optical properties of photonic membranes [58]. We first compute the electromagnetic response to a plane wave excitation at a wavelength of 473 nm, corresponding to the maximum of the EL spectrum. A single plane wave is sent on the photonic structure (i.e. the HC film), with a given polarization, and angle of incidence, and one eventually obtains the optical signature of the structured coating. Note that the recently developed formalism of Quasi Normal Mode expan sion [59] could be used advantageously in further works, to simplify the computation of the optical response of the photonic layer. Finite Ele ment calculations have been performed with COMSOL 5.2 software, taking into account the real and imaginary part of the refractive index of all the organic (and metallic) layers.

When one of the angles of incidence is varied, one clearly sees (Fig. 5, left axis) that some energy can be transmitted above the critical angle, θc = arcsin (1/n) ∼ 42°where n = 1.5 is the glass refractive index , if a photonic extraction layer is used. This is due to the ex citation of photonic resonances, which permits light transmission at specific angles and wavelength, because of guided resonance effects [60,61]. They are responsible for the observed iridescence. However, with the extraction layer, slightly less energy is transmitted at small angles. Therefore, using a PC layer to increase the OLED EQE is meaningful only if the source emits some energy above the critical angle.

In practice, the direction of emission dramatically depends on the distance between the source and the metal electrode [START_REF] Novotny | Principles of Nano-optics[END_REF], as well as on the orientation of the molecular dipole [START_REF] Flämmich | [END_REF], that governs its interaction with the local density of electromagnetic modes [59].

In the present case, the emitter (BsB4), vapor deposited at room temperature is preferentially oriented parallel to the stack planes [10]. We shall make this assumption in the model.

One can see on Fig. 5 a typical emission profile (right hand axis), for a dipole placed in the middle of the BsB4 layer, at 125 nm from the LiF/ Al cathode. If the source were punctual as it is the case for an OLED with thin EML the calculation of the transmission weighted by the dipole emission, see Fig. 5, could give an estimate of the extraction gain. However, in the present architecture, one need to consider many point sources in the EML, each of which emits many plane waves, that bounce back and forth in the substrate, between the Al coated and the Photonic Crystal (HC) coated surfaces [58].

In order to do so, one first computes the EQE gain assuming the dipole source is punctual and located at different positions in the EML (see Fig. 6). Then, this gain is weighted by the exciton distribution, computed from an electrical model of the OLED (see Fig. 7). Let us detail hereafter.

For each source location in the EML, we compute the emission profile in the thick glass substrate, and use the transmission function of the HC layers, and reference OLED, see Fig. 5, to compute the out coupled power with/without extraction layers. The outcoupling gain (i.e. the ratio of extracted power with/without extraction layers) is shown on Fig. 6. Both films have almost the same characteristics, except HC2 is slightly better (between 2% and 7%, depending on emitter lo cation). For a point source close to the BCP/BsB4 interface, emission is mostly along z axis, normal to the OLED stack see inset a. Only a small fraction of the light emitted in this region of EML couple to the guided modes. Accordingly, the PC film has no interesting effect there. We make the same remark when the dipole source is close to the BsB4/ Transmission diagram from a glass to air with or without the Photonic Crystal films, for several directions of incidence (θ is the angle between a ray incident to the PC and the normal to the stack planes). Right axis: Intensity of the light emitted by the source and propagating in a given direction θ (averaged on ϕ), when the source is in the middle of the BsB4 layer, oriented parallel to the metal plate [10]. The product of transmission and emission, considering that the emitter is most probably oriented parallel to the OLED stacks, gives an estimate of the outcoupled power in the presence (green solid line) or in the absence (green dashed line) of PC extraction layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) MoO 3 :BsB4 interface see inset c. However, the behavior we observe is very different for a source close to the middle of BsB4 layer see inset b. Most of the light emitted there propagates above the critical angle (see Fig. 5) and would remain trapped to guided substrate modes if there were no extraction layer. With the PC layers (whether HC1 or HC2), a large EQE gain of 450% can theoretically be reached, at this very specific source location.

This shows that even when molecular orientation favors OLED emission [10], the perturbation of the dipole source by its electro magnetic environment (mainly the interaction with the metallic cathode), can lead to light trapping, and would necessitate an extraction layer to improve EQE.

In order to evaluate the response of the whole OLED, and the effi ciency of the PC layer, we now need to know what is the distribution of dipole source in the EML, or Emission Zone Profile. In first works [58], some of us considered an idealized exciton distribution. To be more accurate, we use here a commercial solver, SETFOS [64] to make an electrical modeling of the OLED by solving the drift diffusion equation for electric charges when a voltage is applied.

To elaborate the electrical model, we took the HOMO/LUMO data from the literature [67,68], as well as the work function of the LiF/Al cathode [66] and the ITO/MoO 3 anode [65]. Electron mobility of BsB 4 is 1.2e 8 cm 2 /Vs [67]. As we could not find data for hole mobility in BsB4, we tested that our results are practically unchanged upon taking a hole mobility between 1e 5 cm 2 /Vs and 1e 8 cm 2 /Vs for BsB 4 (larger than electron's mobility). In the electron transport layer (ETL), made of Alq 3 , mobilities were assumed to be 1e 5 cm 2 /Vs for electrons and 1e 8 cm 2 /Vs for holes [68]. The Hole transport layer (HTL) is a blend of MoO 3 and BsB 4 that has been modeled as a doped BsB 4 layer. The ac ceptor doping concentration was varied between 10 13 and 10 17 cm -3 with little effect on the exciton density in EML.

The results clearly show that excitons are preferentially located close to BCP/BsB4 interface, see Fig. 7. This is in agreement with the fact, that due to larger hole mobility (compared with electron's) in EML, excitons "accumulate" close to the ETL. However, a close look reveals the presence of a long tail of exciton density that extends over the whole EML. To be quantitative, we define the EQE gain as

∫ = G G x ρ x dx ( ) ( ) EQE EML loc E (1)
Where the integral is taken on the width of the emissive layer, and involves the normalized exciton distribution ρ x ( ) E , see Fig. 7, and the EQE gain for a point source, G x ( ) loc when the recombination takes place at location x, see Fig. 6.

Eventually we find an EQE gain of 29% for HC2 and 23% for HC1. These results are compared to the measurements in the next section.

Opto electrical characterization of the HC patterned OLED

Prior to further investigations and to determine the light extraction efficiency of the different HC films, electrical characteristics of both the pristine devices and HC patterned devices were examined.

As evidenced by a careful control of the OLED J V (current density/ voltage) curves which were similar with or without HC (Figure not shown), we estimate that the modification of the electroluminescence (EL) performance arises from the HC films.

As can be seen from Fig. 8, the External Quantum Efficiency (EQE) of OLEDs with structured outcoupling layers shows an enhancement of approximately 25% for HC2 based devices and 12% for HC1 based OLEDs, both compared to the reference devices at a current density of 500 mA/cm 2 . This improvement, observed over a wide range of current density, is interpreted to be due to the HC films that increase the ex traction of guided modes in the glass substrate.

Fig. 9, panel (a), represents the Luminance/Voltage (L V) curves of the reference device and devices bearing honey comb films HC1 (PS) and HC2 (PS PnBuA). The same trend as EQE enhancement of Fig. 8 can be deduced from the measurement of the luminance vs. voltage. Indeed, HC2 based devices achieved a luminance of 17 000 cd/m 2 (at 13 V), far the luminance determined for HC1 based devices (7000 cd/m 2 ) and the reference device 3600 cd/m 2 at the same voltage. Therefore, higher luminances at lower voltages could be obtained for the two devices comprising HC1 and HC2 as light outcoupling layers and these results are consistent with an extraction of photons trapped in the glass sub strate.

It was expected that HC2, with larger pore diameter, would give better results. Indeed, in this structure, more modes can be excited [69], what increases in particular the outcoupling of light above the critical angle. We notice a good agreement between model and experiment for HC2, and some substantial difference, concerning HC1. This might come from the fact that there is residual absorption or diffusion (not taken into account in the model) in the continuous film below the PC, that is present in HC2, not in HC1. In particular, HC1 bears a milky, white color at naked eye, suggesting the presence of light diffusion in the continuous layer. This diffusion would enhance the coupling of light to the guided mode of the continuous film of higher index (n = 1. 6), what we would like to avoid. In the future, it would be preferable to find techniques (as for HC2), were no continuous film appears. These results show the strong insight of this rapid and cheap bottom up method compare to other methods with metal oxide nano honeycomb structured OLED based on the monolayer colloidal crystal (MCC) pattern of polystyrene spheres (PS) filled with thermally eva porated MoOx following by removal of the residual spheres with ad hesive tape [70], solution processed organic nano and micro materials [71], emissive layers with homogeneous molecular distribution of host and guest [72], orientation of the transition dipole moment of emitters [10], or other approaches [73] for fabricating high efficiency organic light emitting diodes.

To complete the experimental characterization of the electro optical properties of the HC patterned OLEDs, the electroluminescence spectra have been measured for each device types. EL characterization is of particular significance since the color of an OLED can be affected by the introduction of a pattern into such a multilayer architecture, as ob served when internal extractors are used [18,74]. Such color change is a very general feature (also true at the nanoscale [75]) caused by the modification of the density of states that can arise from the coupling between a resonator (here the OLED stack with or without Photonic Crystal) and an emitter.

Comparison of the outcoupled light for the two devices with that of the reference evidenced that neither the position nor the shape of the EL peak was strongly affected by the HC films (see Fig. 9, panel (b)).

A blue light peaking at 465 nm with a full width at half maximum (FWHM) of 69 nm was obtained. EL spectra of all devices barely changed over the whole voltage range, which is a sign that the spectrum of emission in the EML remains unaffected by the presence of HC films. This legitimates the hypothesis of our model, that the Purcell factor is unaffected by the Photonic Crystal layer.

Conclusion

Nowadays, tremendous efforts are made to improve the perfor mances of blue OLEDs. In this work, we have shown that microporous honeycomb (HC) polymer films can be used for this purpose, as an ef ficient external light outcoupling layer (up to 25% gain measured for EQE). Even in the case of an OLED with emitters oriented parallel to the planes, some region of the thick EML can emit photons that couple strongly to guided modes. In this case, it is interesting to add an ex ternal outcoupling layer. Note that the HC films are produced within a minute by the spontaneous condensation of water droplets at the sur face of a drying polymer solution, either directly on the OLED substrate or on a temporary substrate from which the HC film can be peeled off and transferred. Their very good regularity permits to use a model derived from the physics of photonic crystals to obtain their optical characteristics, that was combined with an electrical 1D model of the OLED, to obtain the Emission Zone Profile. Considering the versatility of the "breath figure" templating (pore size, regularity/randomness of pore network) and the flexibility provided by the new transfer ap proach, we believe this fast and inexpensive patterning strategy can be easily implemented in a wide variety of OLED devices or organic flex ible functional films. In particular, perspectives of higher gain, as pre dicted by theory, will be sought by optimizing both the morphology of the HC photonic films and the architecture of the OLED. In particular, comparison between model and experiment leads us to think that it is important to find the good synthesis to fabricate extraction layers with a continuous film as thin as possible. M. Perrin acknowledges Marc Tondusson for help on transmission measurements.
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 1 Fig. 1. Schematic representation of HC fabrication methods 1 and 2 (for HC1 and HC2 respectively).

Fig. 2 .

 2 Fig. 2. Synthesis of PS and PnBuA-b-PS polymers employed for the fabrication of honeycomb films HC1 and HC2 respectively.

Table 1 a

 1 Characteristics of PS and PnBuA-b-PS polymers. Polymer Mn RMN (g/mol) a Mn SEC (g/mol) c Not included: 381.45 g/mol for Blocbuilder ® . b PnBuA and PS blocks, respectively. c Evaluated by SEC/MALLS in THF at 30 °C using dn/dc values of 0.185 (PS) and 0.183 (PnBuA-b-PS).

Fig. 3 .

 3 Fig. 3. Cross-sectional SEM images (45°tilt) of HC1 (a) and HC2 (b) honeycomb films on glass/ITO OLED substrates. Insets: corresponding macroscopic pictures. (c) and (d) show respectively the coated and uncoated OLEDs. Panel (e) is a 2D scheme of the 3D HC films that have been modeled. The geometrical parameters used for simulation are the period a, the height of pores D, and the thickness of the continuous film L. For HC1, the total thickness was estimated to approximately 3-3.3 μm, composed of a 1.5 μm-thick porous layer and a 1.5-1.8 μm thick continuous layer underneath. We considered a = 1.5 μm, to model slightly overlapping pores of radius 0.87 μm. For HC2: a = 3.5 μm, L = 0 μm and the pores are cylindrical.

Fig. 4 .

 4 Fig. 4. (Left) Device structure of the blue multilayer OLED with the HC film deposited on the glass substrate and (Right) Chemical formula of the blue fluorescent emitter (BsB4) used to fabricate the device and the corresponding EL spectrum/CIE coordinates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6 .Fig. 7 .

 67 Fig. 6. Outcoupling gain for a point source emission placed at different location in the EML, when both HC1 film (small red circles), or HC2 film (larger black circles) are used. The insets shows the three-dimensional light emission profile in an infinitely thick layer of glass for the bare OLED (without the extraction film), when the source is (a) at 10 nm from the BCP/BsB4 interface, (b) at the center of BsB4 layer, (c) at 100 nm from the BCP/ BsB4 interface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8 .

 8 Fig. 8. External quantum efficiency (EQE, %) vs. current density (mA/cm 2 ) for the reference and devices bearing honeycomb coatings HC1 (PS) and HC2 (PS-PnBuA).

Fig. 9 .

 9 Fig. 9. Measured characteristics: panel (a) L-V curves of the reference devices and devices bearing honeycomb coatings HC1 (PS) and HC2 (PS-PnBuA). Panel (b) EL spectra of the reference devices and devices bearing honeycomb coatings HC1 (PS) and HC2 (PS-PnBuA).
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