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ABSTRACT
In this article we show the fabrication by a dry approach at mild temperature (< 150 ºC) of a photoluminescence white light emitting hybrid layer. The white light emitter is obtained by evaporation of two photoluminescent small molecules, a blue (1,3,5-triphenyl-2-pyrazoline TPP) and an orange (rubrene) dye within the porous of a SiO2 host film fabricated by glancing angle deposition (GLAD). Fluorescencence (Föster) resonant energy transfer between the two organic dyes allows the emission of the combined system upon excitation of the TPP molecule at wavelength of 365 nm. The distribution of the organic molecule within the host layer is analysed as a function of the substrate temperature and vacuum conditions and the required conditions for the white emission determined by finely controlling the TPP:Rubrene ratio. The full vacuum processing of the hybrid layers provides a straightforward route for the incorporation of the white light emitters as optical defect within one-dimensional Bragg microcavities. As consequence, directional emission of the system is achieved which allows the development of wide-range in situ tunable photoluminescent devices.
Organic nanomaterials have been widely used for the fabrication of photonic devices such as photovoltaic cells, [1] sensors[2] and light emitters[3] taking advantage of the large variety of photonic-active molecules, the control on their functionalities through molecular design and the potential for low cost synthesis and manufacturing. Concretely, the incorporation of organic light-emitting materials as active components in electroluminescence devices has demonstrated a great perspective for the fabrication of organic light emitting diodes (OLED) for light weight, low cost and low power consumption colour displays.[1,3] Specifically, organic white- and whitish-light emitters are one of the most critical components in full-colour or backlight source portable displays.[1–3] White-light emitters are commonly fabricated by combining different emitters (red/blue/green or blue/orange) covering the visible range from 400 to 700 nm and numerous works have reported about electroluminescence devices based on multilayer stacked structures of blue/green and redish/orange emitters.[3–10] Thus, the orange dye dopant rubrene has been one of the most widely used molecules for the development hybrid-white organic light emitting diodes (HWOLEDs).[11] Altogether to the development of organic and hybrid electroluminescent white emitters, their photoluminescent counterpart has also undergone interesting advances in terms of enhancement in quantum yield and control on the colour emission.[12–17] On the other hand, it has recently been proposed the incorporation of electroluminescent organic light emitters within an optical vertical microcavity as a feasible route for the improvement in colour quality.[18] Desirable outputs from the coupling of the light emission with the cavity mode are the narrowing of the emission band and improvement of the efficiency, leading to purer colour and enhanced-efficiency organic light emitters. The integration of luminescent media within vertical microcavities as well allows to finely adjust the emission output as a function of the different parameters controlling the characteristics of the photonic structure (cavity thickness, refractive index contrast and periodicity).[18,19] Furthermore, these architectures are the base for the development of in situ tuneable lighting systems. In some complex designs, the colour tuneability is achieved by electro-mechanical actuation on the microcavity thickness,[20] meanwhile other approaches take advantage of the angular dependence of the optical properties of the microcavity.[21] The latter represents a simple way to tune the output wavelength as a function of the device angle.[22] However in all these systems (ex situ adjusted and in situ tuneable luminescent vertical microcavities) the operation range is limited to the spectral region where the active medium emits. All these antecedents have motivated the development of electroluminescent white emitting materials for the implementation in optical microcavities. However, the application of this approach to photoluminescent emitters is almost unexplored and even rarer in the case of white emitters. The main reason is likely due to the difficult realization of an optical microcavity able to locate the emitters (without distorting the cavity) and with high transparency to allow the excitation of the organic dyes. Within this context, we present herein the development of a new family of hybrid white light emitters prepared by a full vacuum deposition approach. The white emission is obtained by incorporation of two photoluminescent small molecules, a blue (1,3,5-triphenyl-2-pyrazoline TPP) and an orange (rubrene) emitter (see chemical structure in Figure 1 a) by physical vapour deposition (PVD) using as host a SiO2 thin film fabricated by glancing angle vacuum deposition (GLAD). This type of films offer unique host possibilities for the incorporation of active molecules, metal nanoparticles, or quantum dots for the development of photonic gas sensors, information encoding or biodetectors.[23–41] In most of these applications the incorporation of the photonic or functional active component(s) requires the intervention of wet chemical processes.[23–31,34,42–45] In contrast, the present work aims primarily at developing a “dry” evaporation-based procedure for the incorporation of several organic dye molecules into the pores of inorganic host thin films. The success of the approach has been demonstrated by sequentially incorporating TPP and Rubrene (Rub) evaporated molecules in the interior of a SiO2 porous thin film, which, in the form of a transparent layer, provides robustness, high optical quality and optimal processing capability. From now on we will refer such hybrid films as TPP:Rub@SiO2. In a second term, physical vapour deposition has been used to integrate the hybrid layers as an optical defect within a 1D photonic Bragg microcavity structure formed by the stacking of inorganic layers of different refraction indices.[18,46,47] This hybrid system behaves as an angular dependent light source where tuneable wavelength fluorescence is emitted within a very narrow angular window. 
The “host” material in the hybrid layers consists on tilted nanocolumnar SiO2 thin films characterized by the porous nanostructure depicted in Figure 1 b) (see also Supporting Information Section S1 and Figure S1) and a high transparency as shown in Figure 1 d) (black curve). A key feature of the process is the homogeneous incorporation of dispersed molecules within the host films, avoiding a crystal aggregation that might hamper the high fluorescence and intermolecular energy transfer phenomena required to induce white light emission. This can be proved by the scanning electron microscope observation of the films before (Figure 1b) and after evaporation (Figure 1c) and the UV-vis transmission (Figure 1d) and luminescent (Figure 1e) spectra of hybrid thin films incorporating separately TPP and rubrene molecules. The optical behaviour of these films is characterized by the typical absorption (Figure 1 d) bands of dispersed TPP (blue curve) and rubrene (orange) molecules at ca. 360 and 500 nm respectively,[48] and their luminescence (solid line) and excitation (dashed) spectra reported in Figure 1e). Overlapping of the emission bands of TPP with the excitation bands of rubrene (shaded in grey in the Figure 1e) suggests the possibility to induce a Fluorescent (Förster) Resonant Energy Transfer (FRET).[49] Hence, we proceeded to the simultaneous incorporation of the two dye molecules by firstly evaporating rubrene at 150ºC and then TPP at 60º C.
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Figure 1. Microstructure and optical behaviour of the hybrid Rubrene@SiO2 and TPP@SiO2 thin films. a) Chemical structure of the organic molecules; b) Characteristic cross section SEM micrograph of the SiO2 GLAD thin film used as hosts. c) A high magnification cross section view of the of the hybrid TPP@SiO2 film showing the homogeneous incorporation of the dye without formation of organic crystals on the SiO2 surface. d) Transmission spectra of single molecule hybrid films as labelled, the black line corresponds to the bare SiO2 film used as host. e) Fluorescence emission (solid line) and excitation (dashed line) of the Rubrene@SiO2 and TPP@SiO2 thin films as indicated. The equivalent concentration (see Experimental Section and Table S1) of organic molecules deposited in c) and d) were 15.6 and 11 µmols for TPP and Rubrene, respectively.
Figure 2 a) shows the fluorescence emission spectra of a series of hybrid thin films with different combinations of TPP:Rubrene embedded in porous SiO2 films using excitation wavelengths at 350 nm for TPP and TPP:Rubrene and 490 nm for the pure rubrene systems, respectively (see Table S1 for the equivalent concentration and percentage of rubrene in each case). Despite the small amount of rubrene in the samples, this series of spectra (hereafter samples will be referred by the percentage of rubrene) are characterized by a very intense rubrene emission when illuminating through the excitation band of TPP. The emission intensity progressively increases with the amount of incorporated rubrene and is hardly detected when no TPP molecules are present in the films. The evolution of the emission intensities as a function of the relative amount of the two molecules (Figure 2 a) proves that a robust and non-dispersive white light emitter thin film can be prepared by properly controlling the relative intensities of the TPP and rubrene emission bands. Besides, this graph also shows the development of the of the rubrene emission band when TPP molecules are present in the nanocolumnar films, particularly when comparing the strong rubrene emission of sample 4.5% with the weak fluorescence signal of sample 100% Rub. Provided that both samples present the same amount of rubrene, this comparison clearly indicates that the rubrene emission is much more efficiently excited through the TPP band. Hence, this phenomenon must be accounted for by a non-radiative intermolecular fluorescence resonant energy transfer (IFRET) process between TPP/Rubrene pairs.

The colour coordinates (x,y) extracted from the fluorescence spectra of these TPP:Rubrene@SiO2 hybrid films depict a straight line between the colours blue (pure TPP, 0% Rub) and yellow (pure rubrene, 100% Rub) (see Figure 2b). In this line profile, white light emission was found for 2.7% of rubrene (Figure 2 c-d). The films with this particular rubrene concentration depict the absorbance (dashed grey line in c), excitation (c) and emission (d) spectra reported in Figure 2. Thus, the photograph in (e) demonstrates that these films, otherwise transparent and practically non-coloured, behave as white emitters when excited with UV light (see also Figure 2 b, 2.7% Rub). Meanwhile, films with 2.2/4.5 % of rubrene yield bright blue/orange colours (c.f. photographs in Figure 2 e) under illumination with λ= 365 nm (see also the coordinate colours in Figure 2b). In this film white light emission results from the similar intensities of the TPP and Rubrene fluorescence bands at, respectively, 450 and 550 nm (Figure 2 d) upon excitation with (exc = 365 nm, i.e. the excitation wavelength of TPP (red line in Figure 2 c). For the same sample, excitation at the wavelength corresponding to rubrene ((exc= 490 nm) yields a weaker fluorescence emission centred at 550 nm typical of the orange dye. 

The absorbance spectrum of the white light emitter is dominated by a band at around 370 nm due to TPP and an almost negligible contribution at around 500 nm due to Rubrene. By contrast, in the excitation spectrum recorded by measuring the fluorescence emission at 560 nm (black line in Figure 2c) the excitation bands associated to both dyers are clearly distinguished. Moreover, the similar shape and position of the rubrene excitation band in the white emitter and the absorption band recorded for a Rubrene@SiO2 reference sample (inset of Figure 2c) orange line) supports that the rubrene and TPP molecules are homogeneously dispersed within the matrix of the white emitter sample[49] (additional considerations about the homogeneous distribution of the molecules within the GLAD sample are presented in the Supporting Information S2 and Figure S2) and in good agreement with the literature[48,50,51] that the white emission phenomenon must be accounted for by a non-radiative intermolecular fluorescence resonant energy transfer (IFRET) process between TPP/Rubrene pairs. A further evidence is supplied by the similar TPP excitation bands in Figure 2c) recorded by monitoring the fluorescence emissions at 560 and 450 nm. 
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Figure 2. Optical behaviour of white light emitter and related hybrid thin films. a) Fluorescence emission spectra recorded for thin films with variable TPP:Rubrene ratios (expressed as percentage of Rubrene) incorporated into the SiO2 GLAD thin films as labelled. Excitation wavelengths selected at 365 nm for the TPP and TPP:Rubrene samples and 490 nm for the Rubrene. b) Coordinate colours x,y corresponding to different hybrid samples extracted from the fluorescent emission shown in a) and d). c-d) Absorbance (c, dashed grey line), excitation (c) and emission spectra (d) of the thin film with 2.7% Rubrene behaving as white emitter. Inset in c) shows a comparison of the excitation fluorescent profile (monitoring the emission at 560 nm) of the sample with 2.7% Rubrene with the absorption bands of a 100 % Rubrene film. e) Photographs of the representative samples excited with visible (left) and UV light (right).

In this work we aim to demonstrate that the high level of processing of the hybrid TPP:Rubrene@SiO2 and straightforward compatibility of the procedure with well-established vacuum methodologies for the deposition of optical thin films allow a “dry” approach to the fabrication of angular and wavelength tuneable emission devices. Thus, we have incorporated the TPP:Rubrene@SiO2 thin film as an optical defect within a Bragg microcavity (MC) structure (Figure 3 a-b). The hybrid film is deposited in between of two one dimensional photonic crystals (1DPC) formed by a multilayer periodic structure of compact TiO2 and SiO2. Considering the wide emission range of the developed material, the Bragg microcavity was designed ad hoc to exhibit an optical band gap extended along almost all the whole visible region (450-650 nm) with two optical windows in the fluorescence region of the TPP/Rubrene system and transparent at the illumination wavelength of TPP (around 365 nm). It is worth stressing that the realization of the coupling of the transmission of the MC with the organic emission is a two-fold remarkable achievement. Firstly, because the controlled vacuum process permits the incorporation of the organic dyes only in the porous layer acting as defect without infiltration of the 1DPC bottom-mirror and the vacuum and low temperature deposition of the top-1DPC does not alter the properties of the TPP:Rubrene@SiO2 defect. Secondly, the excitation of the photoluminescent system is possible by illumination at 365 nm of the TPP through the SiO2/TiO2 multilayers due to the designed transparent window within this region (IW in Figure 3 c-d). The photonic structure consisted of 14 alternant compact layers of TiO2 (≈ 80 nm, n = 2.1) / SiO2 (≈ 70 nm, n = 1.4) and a central TPP:Rubrene@SiO2 layer of 420 nm (see Figure 3 a-b and Figure S3 for the simulation of the optical transmittance of the MC). Figure 3 c) demonstrates the effective coupling of the MC with the fluorescence emission for two different hybrid system, a white light (2.7 % of Rubrene, blue line) and a yellowish (2.8 % of Rubrene, orange line) TPP:Rubrene@SiO2 emitters. This MC presents two resonant peaks at 480 (TW1) and 600 nm (TW2) located within the luminescence bands of TPP and Rubrene. The transmission of the MC (i.e., through the illumination window, IW) at 365 nm corresponding to the TPP excitation is about the 45 %. The illumination of the MCs at 365 nm results in the normalized luminescence spectra of the Figure 3 d) recorded at 0º (see schematic on the geometry as inset in panel f) and Figure S4 showing the angular dependency of the MC optical transmittance). The common effect in both emitters is the narrowing of the emission bands and the shift of the emission maxima towards the centre of the transmission windows. In addition to the peaks related to TW1 and TW2 it appears a broader and smaller band at approximately 440 nm that might be linked to slight transmission of the MC at this wavelength (the transmission at 440 nm is around 40%). By selecting the peak at 580 nm for the 2.8 % Rubrene, the width of the emission is reduced to a third part, from FWHM = 57 nm in the hybrid layer to 20 nm within the microcavity. In the case of the white emitter, the width of the same peak goes from 60 nm to 15 nm once implemented in the MC. Thus, following the conclusions in reference 18 the integration of the hybrid films into the Bragg microcavity improves the quality of the colour in terms of purity or saturation. Nevertheless, the most interesting results develop about the angular behaviour of the luminescent MC. On the one hand, Figure S5 shows the luminescence emission of the 2.8 % Rubrene MC for two different orientations respect to the excitation (see also schematic in Figure 3 f). The spectrum acquired in normal configuration (at “0º” in the scheme) depicts the shape already mentioned in Figure 3 d). Interestingly, when the orientation of the MC is tuned to “60º” the emission vanishes even though the transmittance of the MC at this latter angle yet corresponds to the 45 % (Figure S5). This result indicates the coupling between the TPP:Rubrene@SiO2 with the Bragg microcavity provides a directional luminescence. In general, fluorescence emission is non-directional and sophisticated procedures are applied when directionality is a key issue.[50–52] Directional emission is extremely useful since it permits to collect all the fluorescence light at a certain direction (otherwise isotropically distributed) improving the fluorescent collection efficiency for applications in biosensors or single-molecule detection.[53,54] In addition, the angular control in the emission can be determinant for the development of colour tuneable lighting systems.[21] Fluorescence angular control has been recently achieved by coupling the spontaneous emission of fluorescent molecules to optical antennas[54] and by embedding the fluorescence material within optical fibers.[55] Incorporation of fluorescent materials within photonic structures represents a more reliable way to control both the spectral and spatial characteristics of the emission output.[21,52,56] 
On the other hand, if the combination of dyes embedded in the defect corresponds to the white emitters films the angular dependence of the luminescent MC becomes more complex. Figure 3 e) presents the experimental (bottom) and simulated (top) photoluminescence spectra as a function of the collection angle of the 2.7 % Rubrene MC. The simulations have been obtained through convolution of the MC transmittance as a function of the collection angle (Figure S3) and the luminescence emission shown in Figure 2 d). Thus, when the device is excited at λexc= 365 nm, the fluorescence emission depicts a strong angular dependency. At 0º, the white emission of this angular dependent emitter was slightly shifted to the yellow (see colour coordinates in Figure 3f) due to the blocking of blue emission by the photonic crystal. Interestingly, taking advantage of the wide range emission of the 2.7 % rubrene layer, it is possible to finely tune the emitted colour of the MC by a simple adjustment of the MC angle. Hence, for a given composition of the hybrid layer, the emission colour can be selected in situ by rotation of the MC respect to the detector. As far as we know, these results show for the first time a full vacuum approach to the implementation of a hybrid white light emitter fluorescent layer into an optical microcavity as well as demonstrate the suitable modulation of the fluorescence signal according to the optical properties of the photonic structure. 
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Figure 3. Incorporation of hybrid white emitter thin films into a Bragg microcavity structure. Cross section SEM micrographs of the devices under secondary (a) and backscattered (b) electrons. In this case the stack layers system corresponds to 78 nm-TiO2 (refractive index n(550 nm)=2.1) and 72 nm-SiO2 (n(550 nm)= 1.4) and the 2.7% Rubrene hybrid film incorporated into SiO2 GLAD -70º. Deposition of the top stack layers was carried out by electron beam evaporation at normal incidence using a cooling system in order to avoid sublimation of TPP during the process. c) Normalized luminescence spectra for the 2.7% and 2.8 % Rubrene@SiO2-70º overlapping to the UV-Vis transmission of the Bragg microcavity incorporating the defect. e) Simulated (top) and experimental (bottom) emission spectra recorded at normal and off-normal geometries for the 2.7 % Rubrene@SiO2-70º Bragg microcavity structure. Simulated spectra are corrected by the UV transmission value at 365 nm. 
In this work we have developed an full vacuum methodology for the fabrication of fluorescent emitter hybrid thin films and photonic structures which, due to their outstanding optical characteristics and the absence of any light dispersing behaviour, can be directly utilized for specific applications where the control over the colour and angular dependence of the emitted light are key features. Besides the robustness of the processing technique and final devices obtained, the method provides the possibility of incorporating in a tailored way two different dye molecules and to control the Fluorescent Resonant Energy Transfer excitation process operating between them to achieve fluorescent white light emitters. The incorporation of these fluorescent thin film layers into a Bragg microcavity photonic structure has enabled the fabrication of directional luminescent emitters and microcavities with wide-range in situ colour-tuning capabilities. Among the advantages of the developed methodology it is worthy to specifically address the following characteristics: i) all the procedures involved are founded on physical vapour deposition processes, i.e. solvent-less environmentally friendly protocols; ii) the solvent-less character of the methodology allows the infiltration of different molecules independently of their solubility. Such advantage is critical when comparing this methodology with other stablished wet-approaches. Also in this sense, our methodology permits to control the location of the infiltrated molecules within the mesoporous host layer which makes possible its direct incorporation in photonic structures as the Bragg microcavity reported herein; iii) the method is general from the point of view of organic and inorganic counterparts in the hybrid system. In fact, conclusions in terms of substrate temperature requirements for the diffusion of the molecules, sequential sublimation approach for the combination of two or more different dyes into the same host layer and integration of the hybrid active layers into photonic devices are straightforwardly extensible to an ample variety of vacuum processable small molecules and different composition of the porous layer acting as host. This general character is also applicable to the host material. Thus, the solvent-less operation at low and mild temperatures makes the procedure fully compatible with the use of thermal/solvent sensible organic flexible substrates as polymers or cellulose.
Experimental Section
SiO2 GLAD thin films were prepared on quartz and silicon substrates by electron evaporation at zenithal angles, α, of 70° and 80º.[23–31,33,34] In the standard conditions, a typical distance of 80 cm separates the evaporation crucible and the substrate. Hybrid thin films were obtained by evaporating TPP and Rubrene molecules in a Knudsen cell over the host thin films kept at 150 ºC for Rubrene and 60 ºC for TPP. Argon at a pressure of 2 x 10-2 mbar was dosed to the chamber during the organic molecules deposition. The amount of deposited material, indirectly controlled by means of a quartz crystal monitor placed close to the substrate, is referred in the Table S1 as nominal thickness. The amount of molecules was estimated by the evaluation of the absorption bands of the hybrid films (after a background subtraction) and its direct comparison with the absorption of the corresponding solutions (TPP and Rubrene in ethanol and acetone, respectively). In this way we have followed a non-destructive optical method for the quantitative assessment of organic species within the device. The Table S1 shows the equivalent concentration for each molecule, i.e. the absorption that would have the corresponding solution measured on a 1cm-path optical quartz cuvette.
When two dye molecules were incorporated into the films, the process was done sequentially. These crucibles, placed at the same distance of 8 cm from the substrate, were laterally moved to proceed to the evaporation when they were at the same vertical position and distance from the substrate.
Bragg microcavities structures, made up from the stacking of SiO2 and TiO2 individual layers, were prepared in the same evaporation set up by placing the substrates facing (i.e. normal orientation) to the electron beam evaporator. An oxygen pressure of 5x10-4 mbar was kept during the evaporation of the TiO2 to ensure obtaining transparent and fully oxidized stoichiometric layers.[33–35] The in-situ control of the thickness of the individual stacked layers of SiO2 and TiO2 was done by means of a quartz crystal monitor placed besides the substrates.

Cross section and top-view SEM images of the hybrid thin films and Bragg microcavity devices was taken in a Hitachi S4800 field emission microscope. UV-Vis analysis of the samples was done in a Cary 100 spectrometer from Varian. Fluorescence spectra were recorded in a Jobin Yvon Fluorolog-3 spectrofluorometer using the front face configuration and grids of 4 and 2 nm for the excitation and emission monochromators. 
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