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ABSTRACT 

Phosphors based on rare earth ions are used to convert photons to useful wavelengths for a wide range 

of applications, but the improvement of their emission efficiency remains a key challenge in thin-films. 

In this paper, we demonstrate theoretically and experimentally that a photonic crystal (PC) structure can 

efficiently enhance the luminescence properties of a down-shifting layer (DSL). Our new metastructure 

combines a DSL (Y2O3:Eu3+) and a two dimensional (2D) planar PC (SiNx), the latter being specifically 

engineered to control simultaneously the absorption in the DSL and the emission into free space. A global 
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emission enhancement of 77 times is obtained due to PC Bloch mode resonances. Additionally, this 

metastructure exhibits high transmission above 450 nm, and favours the emission of converted light at 

specific angles, with an enhancement factor of up to 690. We explain how the slow and fast Bloch modes 

of the PC structure induce these giant absorption and extraction enhancements of light. 
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Phosphors based on rare earth (RE) ions play an increasingly important role in a variety of applications 

such as bio-imaging and labeling,1 displays,2 lighting,3 solar cells,4-7 thermometry,8 and X-ray imaging.9 

Interest in these materials is related to their luminescent properties over a wide spectral range from ultra-

violet (UV) to infra-red (IR), their high quantum efficiencies close to the theoretical maximum (100%), 

and their long emission lifetimes (up to a few milliseconds). Unfortunately, due to the forbidden nature 

of the 4f-4f transitions in trivalent rare earth ions, such materials suffer from a small absorption cross-

section (around 10-20 cm2),10 making them unsuitable for thin film applications for example. In order to 

improve the photoluminescence (PL) efficiency, several approaches can be considered. The simplest one 

consists of using a large amount of material (up to several tens of microns thick), but this is not 

compatible with thin film applications. Another possibility is to increase the doping concentration. 

However, the efficacy of this approach is limited because of emission quenching process. During the last 

few years, the maturity of nanophotonics,11 together with the mastering of nanofabrication, has enabled 

novel solutions to tailor light-matter interaction at the subwavelength scale. These technologies can now 

be used to improve the efficiency of light absorption, emission, or extraction of RE doped thin films. 

Thanks to plasmonic resonances, metallic structures precisely designed on the nanometer scale can give 

rise to a fluorescence enhancement in nearby emitters via processes occurring at the excitation and/or the 

emission wavelengths. By exploiting these properties, many studies have been devoted to plasmonic-

based solutions using a handful of materials such as gold12-15,silver11-13,16 and aluminum.17,18 However, 

in practice, and summarizing the current state of the art, the fluorescence enhancement obtained with 

such coupling is limited to factors of a few tens,10,12-15 the highest plasmon mediated enhancement being 

achieved when the resonance is tuned in the excitation wavelength range.12 Recently, Lee et al.19 have 

reported improvements up to 29- and 174 times for down-shifted luminescence and up-shifted 

luminescence, respectively. However, due the complexity of the structures involved which combine 

simultaneously down-shifting and up-conversion layers with silver film and nanodisks, the origin of the 
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enhancement factors is not fully understood. On the other hand, PC structures allow a careful engineering 

of the dispersion of photonic bands, and thereby make it possible to enhance both light extraction20 and 

absorption.21 Additionally, as these structure enable in-depth modification of the local density of optical 

states (LDOS), they may be used to control emission rates,22 and energy transfer mechanisms.23 These 

photonic approaches provide unique ways to improve the wavelength conversion in RE doped layers. 

Most of the literature in this field is focused on enhancing the RE-emission extraction, by out-coupling 

guided light via Bloch mode resonances of a PC, which leads to an increase in luminescence by a factor 

of several times.24-26 In a previous study using a Ce3+, Pr3+, Yb3+ tri-doped CaYAlO4 layer, we 

theoretically demonstrated that Bloch mode resonances at excitation wavelengths can lead to a 10-fold 

increase of the UV light absorption.27 Most recently, Hofmann et al. have proposed a one dimensional 

(1D) PC design which combines absorption improvement and LDOS enhancement, yielding a 480-fold 

theoretical up-conversion enhancement of Er3+ doped NaYF4.
28 Depending on the geometrical 

parameters of the photonic structure, it is therefore possible to optimize separately or simultaneously the 

RE ions absorption, emission rate and light extraction of the converting layer. 

In this article, we present a new method to improve the down-shifting efficiency of light by combining 

a 2D planar PC slab with a luminescent DSL, as shown in Figure 1a. We choose the well-known phosphor 

Y2O3:Eu3+, now widely used in fluorescence lamps and field emission displays,29-31 as the DSL material. 

The Eu3+ ion is also well known for its intense red emission under excitation in the UV range, and for its 

quantum yield close to 100%. A detailed study on the spectroscopic properties of Eu3+ ions can be found 

elsewhere.32 For the PC layer located on the top of the DSL, a highly transparent and high optical 

refractive index material, namely SiNx, is used. As the luminescent down-shifting process involves an 

interplay between absorption, emission and extraction mechanisms, various strategies can be envisaged 

to enhance its efficiency. In this study, the PC structure is primarily designed in such a way as to enhance 

the absorption in the DSL. To reach this objective, the PC membrane should exhibit low Bloch modes at 
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photonic band edges with almost-zero group velocity. We use the resonant coupling of these modes with 

the incident light to trap incoming photons within the PC structure and thus improve the absorption.21 In 

order to specifically enhance the absorption in the DSL, the PC dispersion must therefore be engineered 

to exhibit Bloch resonances spatially and spectrally tuned to the absorbing medium. These photonic 

structures should also be chosen to exhibit dispersion characteristics that favour light emission and 

extraction in the longer wavelength range.  

RESULTS AND DISCUSSION 

In this work, the geometrical parameters of the PC have been carefully chosen to optimize the 

absorption of incident light in a 100-nm thick Y2O3:Eu3+ layer, and considering the specific case of the 

solar spectrum as the incident light. In our design, a square symmetry of air holes was chosen. The PC 

structural parameters, including the SiNx thickness t, the lattice period p, and the aspect ratio D/p (D 

being the holes diameter), were varied to ensure high absorption in the DSL. The influence of the PC 

structural parameters on the absorption of the DSL is summarized with the figure of merit (FOM), which 

is calculated as 

𝐹𝑂𝑀 = ∫ 𝐴(𝜆). 𝑃𝐿𝐸(𝜆). 𝑆(𝜆). 𝑑𝜆 

where 𝐴(𝜆) is the absorption spectrum of the device which is numerically calculated by the Rigorous 

Coupled Wave Analysis method (RCWA, see Materials and Methods section for more details), 𝑃𝐿𝐸(𝜆) 

is the experimental photoluminescence excitation spectrum of Eu3+ (see Figure 2a), and 𝑆(𝜆) is the AM 

1.5G solar irradiance. According to this optimization, the set of parameters selected for the fabrication 

is: 100-nm-thick SiNx square lattice PC with period p of 250 ± 6 nm, holes diameter D of 175 ± 25 nm 

(i.e. an aspect ratio D/p of  0.7 ± 0.1), and etching depth h of 90 ± 10 nm. The FOM of our new down-

shifting structure was calculated by scanning the PC geometrical parameters and it is shown in Figure 

SI.1 in the Supporting Information. 
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Figure 1. (a) Schematic view of the new down-shifting metastructure combining a 100-nm thick Y2O3:Eu3+ as the 

DSL and a 2D PC layer. (b) SEM top view of the 2D PC covering the Y2O3:Eu3+ layer. (c) SEM cross-sectional 

view of the whole structure (the sample surface is covered with silver paint to avoid charging effects). 

We used different nanofabrication steps to produce the designed photonic metastructure (see Materials 

and Methods section and Figure SI.2 in Supporting Information for more details). The DSL, i.e. a 100-

nm-thick Y2O3:Eu3+ film, was first deposited on Suprasil glass by means of pulsed laser deposition. 

Subsequent annealing under air at 800 °C for 6 h was performed to improve its crystallization. Structural, 

morphological and optical properties of the annealed Y2O3:Eu3+ layer are given in the Supporting 

Information (Figures SI.3 and SI.4). The PC was then fabricated on top of the Y2O3:Eu3+ layer following 

three steps: (i) deposition of a 100-nm thick SiNx layer using low-frequency plasma enhanced chemical 

vapor deposition, (ii) laser interference lithography and (iii) reactive ion etching in order to transfer the 

pattern onto the SiNx layer. Scanning Electronic Microscope (SEM) images of the fabricated structure 

are shown in Figure 1b,c. These SEM views show the 2D PC of 250-nm period, covering the Y2O3:Eu3+ 

layer. Holes are 80 nm deep, with diameter D of 160 nm. The whole sample is 12.5 mm x 12.5 mm (see 

Figure 2b) with a highly uniform PC pattern (D varies by about 5% within 100 µm x 100 µm). The 

Gaussian distribution of the hole diameter, extracted from SEM images, is shown in the Supporting 

Information (Figure SI.6).  
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Figure 2. (a) Transmittance spectrum of the metastructure (sample with PC - blue curve) and of the reference (full 

stack with unpatterned SiNx - red curve). The photoluminescence excitation spectrum of Eu3+ is also given by the 

grey curve. (b) Picture of the whole sample combining the DSL and the 2D PC slab. 

The effect of the PC structure on the transmission of the metastructure over the solar spectrum was 

first investigated. Transmittance spectra of the metastructure (sample with PC - blue curve) and of the 

reference (full stack with unpatterned SiNx - red curve) measured at normal incidence are shown in 

Figure 2a. These spectra clearly reveal that the PC structure generates two resonant modes in the DSL at 

400 and 419 nm. As expected, these two modes are perfectly coupled with the excitation bands of Eu3+ 

between 350 and 430 nm (grey curve). Another important result is that the transparency of the DSL is 

globally not affected by the presence of the SiNx PC. More precisely, the transmittance remains within 

80% to 93% in the visible and near infrared domains. However, the maximum transmission is blue-

shifted, which can be attributed to a decrease of the effective refractive index due to the presence of the 

air holes in the structure. Figure 2b, showing a macroscopic image of the whole sample, illustrates this 

high transparency.  
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Figure 3. Luminescence properties of the metastructure (sample with PC - blue curve) and of the reference (full 

stack with unpatterned SiNx - red curve). The PL intensity of the reference sample is magnified 10 times to be 

distinguishable. 

To demonstrate the performance of the proposed device, PL measurements were first performed in an 

integrating sphere with an optical excitation of 400 nm at normal incidence (with a power density of 0.82 

mW/mm2 and a spot size of 1 mm diameter, more details can be found in Materials and Methods section). 

The emission spectra of the metastructure and reference samples are shown in Figure 3. The observed 

emission spectra exhibit peaks corresponding to the transitions 𝐷0 → 𝐹𝐽
75  (with J = 0-3) of Eu3+ ions 

in the cubic phase. As expected, the Y2O3:Eu3+ film exhibits very low PL intensity when the SiNx layer 

is unpatterned (red curve), and only the luminescence of the main transition 𝐷0 → 𝐹2
75  at 611 nm is 

observed. The light trapping effect is clearly evidenced on the patterned sample (blue curve). Indeed, 

thanks to the SiNx PC a 77 ± 3 fold enhancement of the emission is measured and all the emission peaks 

corresponding to the transitions 𝐷0 → 𝐹𝐽
75  (with J = 0–3) are now clearly distinguishable. This PL 

enhancement is about 10 times higher than the best results reported in literature for DSLs such as 

Y2O3:Eu3+ thin films.24,33 We will now analyse the contributions of the different mechanisms to this 

remarkable conversion increase, in both the absorption and emission wavelength ranges.  
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Figure 4. (a) Experimental measurements and (b) theoretical simulations of the absorption spectra at normal 

incidence of the metastructure (sample with PC - blue curve) and of the reference sample (full stack with 

unpatterned SiNx - red curve)). The dotted black line is the average reference absorption. (c) Experimental 

measurements and (d) theoretical simulations of the angularly resolved transmission of the metastructure. 

Figure 4a depicts absorption spectra of the metastructure and reference samples. The absorption was 

extracted from transmission and reflectivity spectra measured at normal incidence (the excitation source 

was a halogen lamp and the diameter of the excitation spot was 100 µm with angular aperture of 0.2°). 

The spectrum of the metastructure exhibits two clear and intense absorption peaks, corresponding to 

resonances at 400 nm and 419 nm. We note that the measured data includes the global absorption of Eu3+ 

in the Y2O3 host matrix (the parasitic absorption of SiNx and Suprasil glass are negligible). Since Eu3+ 

and Y2O3 are located in the same layer with respect to the electric field distribution, they share the same 



10 
 

enhancement factor of absorption. From the measurements, the absorption enhancement factor at 400 nm 

is given by 

𝜂𝑎𝑏𝑠 =
𝐴400𝑛𝑚

𝑀𝑒𝑡

𝐴400𝑛𝑚
𝑅𝑒𝑓

= 25  5 

where 𝐴400𝑛𝑚
𝑀𝑒𝑡  and 𝐴400𝑛𝑚

𝑅𝑒𝑓
 are the absorption of the metastructure and reference samples, respectively. 

The simulated spectrum as calculated by RCWA is displayed in Figure 4b (see Materials and Methods 

section for more details). The simulations, which take into account the 5% variation in hole diameter on 

the fabricated sample and the angular aperture of the excitation beam, are in good agreement with the 

observed absorption spectrum. The slight shift in spectral position with respect to the experimental 

measurements is attributed to the imperfect shape of the PC holes. In particular, they are incompletely 

etched truncated cones instead of perfect cylinders (Figure 1c). To further characterize the two absorption 

resonances, we performed angularly-resolved transmission measurements around the normal incidence 

along the 𝛤-X and 𝛤-M symmetry axes (see Materials and Methods section for more details). The 

experimental spectrum (Figure 4c) is in very good agreement with predictions provided by the RCWA 

simulation (Figure 4d and Figure SI.7 in Supporting Information). Both spectra clearly show a photonic 

dispersion corresponding to slow Bloch modes at 400 nm and 419 nm. This result confirms the fact that 

the slow Bloch mode at 400 nm is responsible for the absorption enhancement.  

Angularly resolved PL experiments were also performed on the reference (Figure 5a) and on the 

metastructure (Figure 5b) under excitation at 400 nm and at normal incidence (with a power density of 

0.82 mW/mm2 and a spot size of 1 mm diameter). The PL was measured under a conic angle 𝜙 = 0o for 

various emission angles 𝜃 ranging from 10 to 170°.  The angular distribution of the light emission 

corresponding to the main transition 𝐷0 → 𝐹2
75  is shown in Figure 5c. The corresponding configuration 

is shown in Figure 5d. As expected, the emission pattern of the reference (Figure 5a) does not exhibit an 

optical dispersion characteristic; light emitted around 611 nm is extracted directly into free-space over a 
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large angular range. On the contrary, the emission pattern of the metastructure (Figure 5b) clearly exhibits 

two photonic bands corresponding to Bloch resonances in a background of free-space modes. Thus, the 

metastructure preferentially extracts emitted photons at angles selected by the Bloch mode dispersion 

characteristics, and they overlap with the main transition of the emitter at 611 nm (Supporting 

Information for details, Figures SI.8 and SI.9).  

 

Figure 5.  Angularly-resolved PL experiments on the reference (a) and on the metastructure sample (b) under 

excitation at 400 nm (the data are presented in log-scale to highlight Bloch modes at different energies since the 

signal at 611 nm is too dominant on a linear scale). (c) Angular distribution of emission at 611 nm (corresponding 

to the main transition 𝐷0 → 𝐹2
75 ). (d) Schematic of the angularly resolved PL experiment. 

These results clearly show that our metastructure not only controls the absorption at 400 nm with slow 

Bloch modes, but also influences the extraction in the Eu3+ emission range due to fast Bloch modes, i.e. 

with a significant slope leading to a high group velocity. Such dispersions provide efficient out-coupling 

channels via Bloch resonances, and thus enhance extraction of emission.34 The angular distribution of 

emission at 611 nm, depicted in Figure 5c, shows a high degree of anisotropy - mostly unidirectional 

with an oblique emission angle: 𝜃 = 58𝑜 (back emission) and 𝜃 = 119𝑜 (front emission). In addition to 
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that, the metastructure favours the transmitted emission since the back emission, i.e. below the 

metastructure, into the substrate, is about twice as intense as the front emission (Figure 5c,d). We attribute 

this property to the vertical asymmetry of the stack, which includes a higher refractive index medium 

below the PC structure compared to the ambient medium above it. 

 

Figure 6. Total PL enhancement 𝜂𝑡𝑜𝑡(𝜃, 𝜙) extracted from the angularly-resolved PL measurements for the 

incident plans 𝛤-X (i.e. 𝜙 = 0) and 𝛤-M (i.e. 𝜙 = 𝜋 4⁄ ). The enhancement factor is given by  𝜂𝑡𝑜𝑡(𝜃, 𝜙) =

𝜂𝑎𝑏𝑠. 𝜂𝑒𝑥𝑡(𝜃, 𝜙). 𝜂𝜏, where  𝜂𝑎𝑏𝑠 is the absorption enhancement factor due to slow Bloch modes at 400 

nm, 𝜂𝑒𝑥𝑡(𝜃, 𝜙) is the extraction enhancement factor due to fast Bloch modes at 611 nm and  𝜂𝜏 is the emission rate 

enhancement factor. The values given in the figure correspond to the  𝛤-X direction.  

Figure 6 presents the total PL enhancement 𝜂𝑡𝑜𝑡(𝜃, 𝜙) extracted from the angularly resolved PL 

measurements performed on the metastructure and on the reference. This total enhancement 𝜂𝑡𝑜𝑡(𝜃, 𝜙), 
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which is the average of the enhancement factor with emission angle 𝜃 ∈ [0, 𝜋], and emission plan making 

an angle 𝜙 ∈ [0,2𝜋] with the PC axis (see Figure 5d) is given by 

𝜂𝑡𝑜𝑡(𝜃, 𝜙) =
1

4𝜋
∬ 𝜂(𝜃, 𝜙)𝑠𝑖𝑛𝜃. 𝑑𝜃. 𝑑𝜙. 

The measurements were therefore performed according to both planes of incidence 𝛤-X (i.e. 𝜙 = 0) and 

𝛤-M (i.e. 𝜙 = 𝜋 4⁄ ) to determine how the emission is enhanced in different directions and thereby to 

infer the total enhancement. In the case of the 𝛤-M direction (red dots), the enhancement is almost 

constant and equal to 𝜂𝑡𝑜𝑡  ~ 26 ± 7 times for all angles. Such enhancement is consistent with the slow 

Bloch mode observed previously at 400 nm following the 𝛤-M direction, and is responsible for the 

absorption enhancement (Figure 4c). In the case of the 𝛤-X direction (blue dots), a similar trend is 

observed, namely a constant background enhancement of 𝜂𝑡𝑜𝑡 ~ 33 ± 7, except for four highly intense 

emission angles located at 59o, 70o, 109o and 120o. These are attributed to preferential out-coupling to 

fast Bloch modes displayed in Figure 5b. Moreover, we highlight that the highest global wavelength 

conversion enhancement is obtained at 𝜃 = 59°, with 𝜂𝑡𝑜𝑡𝑎𝑙~ 690. These results show a strong angular 

dependence of the enhanced emission, suggesting that the increased absorption is not the only mechanism 

responsible for such luminescence enhancement. Indeed, for each (𝜃, 𝜙), the enhancement factor is also 

given by 

𝜂𝑡𝑜𝑡(𝜃, 𝜙) = 𝜂𝑎𝑏𝑠. 𝜂𝑒𝑥𝑡(𝜃, 𝜙). 𝜂𝜏 

where  𝜂𝑎𝑏𝑠 is the absorption enhancement factor due to slow Bloch modes at 400 nm (see Figure 

4), 𝜂𝑒𝑥𝑡(𝜃, 𝜙) is the extraction enhancement factor due to fast Bloch modes at 611 nm (see Figure 5) 

and  𝜂𝜏 the emission rate enhancement factor of the metastructure with respect to the reference. Decay 

time measurements (Supplemental Information, Figure SI.10) show that the luminescence lifetime of 

Eu3+ does not change when the SiNx structure is patterned as a PC ( 1.1 ms), indicating that the Purcell 

effect is not a relevant mechanism in our case (i.e. 𝜂𝜏 = 1). In summary, the observed emission 
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enhancement is related to an improvement in the absorption efficiency, extraction efficiency, or a 

combination of both. A detailed analysis of Figures 4 and 6 reveals that, when there is no fast mode at 

play, i.e. in the 𝛤-M direction and for most angles in the 𝛤-X direction (except in the case of the intense 

emission peaks), the total enhancement arises only from an increase in the absorption. In these case, the 

absorption is on average enhanced 29-fold (the variations observed are within experimental 

uncertainties), and fast Bloch modes do not enhance light extraction (i.e.  𝜂𝑒𝑥𝑡 = 1). Using the same 

approach, we can therefore determine the extraction enhancement factor for each highly intense emission 

angles in the 𝛤-X direction. For example at 𝜃 = 59𝑜, with 𝜂𝑡𝑜𝑡~690 and 𝜂𝑎𝑏𝑠~ 29, we found that the 

extraction was enhanced by a factor of ~24. It is worth noting that this giant enhancement occurs only 

in one direction (i.e. an oblique emission which is favoured in the transmitted direction). This is an 

important property which can open new avenues for the implementation of DSL in photovoltaic 

applications. Indeed, such obliquely emitted light is expected to be efficiently trapped in a solar cell that 

could be positioned underneath the metastructure. Integrating these metastructures with silicon solar cell 

is currently under investigation. More generally, using this concept, tight adjustments of the geometrical 

parameters of the PC will enable one to tune the wavelength and emission angle of the converted light. 

CONCLUSION 

In summary, we have designed and fabricated a new metastructure that combines a luminescent down-

shifting layer with a photonic crystal, in order to control and enhance the down-shifting process. We have 

experimentally demonstrated efficiency enhancement of luminescence of the active layer using optical 

resonances of the PC structure. Our metastructure results in a 77 fold-enhancement of luminescent down-

shifting efficiency, which is the highest reported PL enhancement for DSLs such as Y2O3:Eu3+ thin films. 

Optical simulations and measurements demonstrate that the fabricated metastructure based on our design 

leads to slow Bloch resonances spectrally tuned with the absorption peaks of the DSL in the UV range. 

This coupling allows enhancement of the absorption in the DSL by up to 29 times without disturbing the 
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transmission at other wavelengths. Due to fast Bloch modes in resonance with emission of Eu3+ at 611 

nm, which strongly improve the extraction process, giant luminescence enhancement can be achieved, 

up to a factor of 690 at specific angles in the transmitted direction. Such oblique emission is an important 

property which can open the door for the implementation of DSL in photovoltaic applications. One can 

expect a boost in efficiency if effective solar spectrum harvesting is realized, especially in the UV and 

near-UV range. More generally, this light management approach, combining DSLs and PCs, is relevant 

to improve the PL efficiency of other devices, such as LEDs and photodetectors where efficiency and 

directionality of the emitted light needs to be controlled. Specific metastructures can then be designed 

using our approach, and fabricated over wide areas using laser interference lithography or 

nanoimprinting, which is expected to open new routes for the implementation of a wide variety of 

emitting devices based on luminescent materials.  

MATERIALS AND METHODS 

Optical simulations. All the optical simulations use RCWA35 method. In our RCWA code developed 

in-house, analytical Bessel functions are used to calculate the Fourier coefficients of the permittivity for 

each cylindrical hole, rather than the Fast Fourier transform (FFT) techniques. This enables a faster 

computation. Moreover, in contrast to most other methods, the computation time does not depend on the 

thickness of the stack for a given spectral resolution. The number of orders used in the simulation, from 

-5 to +5 in each direction for the square lattice of holes, is sufficient to ensure accurate results. The 

absorption and angularly resolved transmission of the metastructure are simulated using a period of 250 

nm, an etching depth of 80 nm, and the radius distribution shown in Figure SI.6.  

Metastructure fabrication. Y2O3:Eu3+ (10 at.%) was first deposited by pulsed laser deposition using 

an ArF excimer laser beam ( = 193 nm,  = 17 ns, Coherent CompexPro) operating at 5 Hz. The 

Y2O3:Eu3+ target was previously synthesized by solid-state reaction (8 h at 1400 °C in air) after grinding 
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and mixing Y2O3 (99.99% purity, Alfa Aesar) and Eu2O3 (99.999% purity, Alfa Aesar). Thin films were 

grown at room temperature in an oxygen-gas atmosphere (PO2 = 10-3 mbar). The laser fluence was held 

constant 3.2 J/cm2. Depositions were performed on high purity fused silica glass (Suprasil grade, 

Heraeus), which was placed parallel to the target surface at a target-to-substrate distance of 5 cm. The 

number of laser pulses was adjusted to achieve a 100 nm film thickness. The deposition rate (in nm/pulse) 

was first determined by means of a profilometer (Tencor Alpha Step 100). The deposited films were then 

subject to thermal annealing under air at 800 °C at a rate of 0.5 °/min for 6 h, and then cooled down to 

20 °C at a rate of 0.5 °C/min. Such thermal treatment allows for improvement of the crystallization of 

Y2O3, and the low ramping rate was used to avoid the formation of cracks on the film surface. 

A 100-nm thick SiNx layer was deposited on top of the Y2O3: Eu3+ layer by low-frequency plasma-

enhanced chemical vapor deposition, using a 440 kHz SEMCO-Engineering reactor. The SiNx 

stoichiometry was controlled by adjusting the SiH4/NH3 gas ratio. The optical properties of SiNx were 

determined by ellipsometry measurements to ensure a low extinction coefficient k (< 10-6 for λ  350 

nm) and the proper refractive index n in the working spectrum (Supporting Information, Figure SI.5). 

Laser interference lithography (LIL)36 was used to create a square lattice of air holes in the SiNx layer. 

HMDS (hexamethyldisilizane – an adhesion promoter) and then Ma-N2403 photoresist were first spin-

coated on the layer at 6000 rpm for 30 s, followed by baking on a contact hotplate at 90 oC for 60 s. 

Exposure was performed with a 266 nm laser (P = 10 mW) on a sample holder connected to a mirror at 

90°. Under illumination fringes are generated on the resist with an inter-fringe period p. This is directly 

related to the angle , which corresponds to the angle between the laser beam and the normal of the 

sample surface (p = λlaser/(2sinθ)). The hole radius is controlled by the exposure time (336 s). After tilting 

the sample at 90°, a second exposure was performed in order to create a 2D pattern with square symmetry. 

Finally, the resin was developed using a MIF726 solution for 20 s. After LIL, a reactive ion etching 

process was used to transfer the pattern from the photoresist on to the SiNx layer. The etching was 
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performed using a gas mixture of SF6, Ar and CHF3 (flow rate of 15, 10 and 40 sccm respectively), a 

total pressure of 30 mTorr and 100 W of power. The etching time was set to 70 s. At the end, an additional 

oxygen cleaning plasma was performed for 120 s to completely remove the photoresist (flow rate of 20 

sccm, pressure of 20 mTorr and 60 W of power). 

Photoluminescence measurements. PL enhancement measurements were performed using a tunable 

pulsed laser ( = 5 ns, Ekspla NT340) as the excitation source. The fluorescence was collected through 

an optical fiber (1.1 mm diameter, NA = 0.2) connected to an integrating sphere (Labsphere), and coupled 

with a Triax190 spectrometer (Jobin Yvon) equipped with a CCD camera. All measurements were 

performed inside the integrating sphere under normal incidence with a 400 nm excitation wavelength 

(with a power density of 0.82 mW/mm2 and a spot size of 1 mm diameter), six accumulations and 10 s 

of integration time. Angularly-resolved PL experiments were performed outside the integrating sphere 

using the same experimental setup. All spectra were corrected by the response of the experimental setup. 

Angularly resolved transmission measurements. Incident broad light (halogen lamp) was focused 

onto the metastructure via a microscope objective (x20, NA = 0.42), corresponding to a 50 µm spot size. 

The transmitted light was collected via a second microscope objective (x5, NA = 0.2) whose the back 

focal plan was projected onto the entrance slit of a spectrometer. Finally, the output of the spectrometer 

was coupled to the sensor of a CCD camera (1024 x 256). This experiment allowed to measure in single 

shot the angularly resolved transmission (within the numerical aperture of the collecting objective): the 

horizontal axis of the CCD sensor is the spectral axis and the vertical axis is the angular one. 
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