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Abstract 
Y2O3:Eu3+ thin films were deposited by pulsed laser deposition (PLD) on unordered 

porous alumina membranes (PAMs). We showed that by adjusting the deposition 

parameters, self-organisation of Y2O3:Eu3+ on the PAM occurs, which leads to the 

formation of a disordered photonic structure with high index contrast. Luminescence 

measurements showed a strong enhancement of the red emission (up to 12 times) 

compared to a continuous layer. We demonstrated experimentally and theoretically that 

such luminescence enhancement is directly correlated to an increase of the absorption 

efficiency in the UV range. 
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Introduction 

Thin films based on rare earth ions (RE) are nowadays largely used for both fundamental 

research and industrial applications. For example, RE-doped thin films are investigated due to 

their ability to convert light (via down-shifting, down-conversion and up-conversion 

processes), thus opening a new alternative way to improve the solar cells’ efficiency.1-6 

However, due to the low absorption cross-section of the RE ions, the efficiency of the 

converting layer needs to be increased. Attempts to enhance the rare-earth ions’ absorption 

have led to the development of three main approaches. The first relies on the use of a third 

rare-earth ion presenting a 4f-5d parity-allowed transition; for example it has been 

successfully applied to achieve efficient sensitisation of quantum-cutting with the Pr3+-Yb3+ 

couple.7,8 Another concept combines a rare-earth doped thin layer with plasmonic resonances 

in the UV and the visible range by using nanostructures made of gold,9-11 silver9,10,12,13 or 

aluminum.14,15 Another more recently proposed solution is to associate a converting layer with 

a photonic crystal (PhC) allowing the control of light-matter interaction. Depending on the 

geometrical parameters of the photonic structure, it is therefore possible to enhance the 

photon lifetime in the active material, and thus the rare-earth ions’ absorption16 and/or to 

improve the extraction efficiency of the converting layer.17,18 The PhC is either patterned 

directly in the conversion layer, or in a transparent and high refractive index layer deposited 

on the top of the active layer. In both cases, lithographic fabrication technologies are routinely 

used. However, this approach requires a complex and a multistep fabrication (i.e. numerous 

chemical, thermal and etching associated steps), which is time-consuming and not cost-

effective. 

In this article, we propose an alternative fabrication method of PhC based on the use of 

unordered porous alumina membranes (PAMs) as a substrate. The use of PAMs was 

pioneered by Martin’s groups, as an evaporation mask for the preparation of nanodot arrays 

with variable dot size and dot-dot-separation distance.19 PAMs have attracted much attention 

owing to the fact that they permit nanofabrication by self-organisation of functional materials 

with a broad range of potential applications, e.g. electrochemical sensing,20 as well as optical 

devices.21-23 The fabrication of two-dimensional PhC based on porous alumina is well 

described.24 Combining the PAM with a layer of high refractive index that mimics the 

structure of the underlying PAM should lead to a modification of the transmission in the layer 

of interest, and therefore allow the fabrication of a PhC using a minimal number of processing 

steps and without the use of expensive lithographical tools. This method is a simple way to 
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enhance the luminescence quantum efficiencies of the any kind rare earth doped materials. 

Moreover, PAMs with various pore geometries (e.g., unordered or highly ordered nanohole 

array) are now commercially available, opening thus the possibility to tune easily and more 

precisely the properties of the optical active layer. In this study, we report the fabrication and 

characterisation of a disordered photonic structure based on a luminescent layer, i.e. a 

Y2O3:Eu3+ thin film. Taking benefit of the self-organisation of Y2O3:Eu3+ on the PAM during 

the deposition, this way is used to produce directly in the luminescent layer a disordered 

photonic structure with high index contrast. The fluorescent properties of this structure are 

investigated and compared to those of a continuous film. The reasons affecting the 

luminescent properties of such structure are discussed using RCWA calculations. 

 

Experimental section 
Elaboration of disordered photonic structures 

Y2O3:Eu3+ (5 at.%) was deposited by pulsed laser deposition (PLD) using an ArF excimer 

laser beam (λ = 193 nm, τ = 17 ns, Coherent CompexPro) operating at 10 Hz. The Y2O3:Eu3+ 

target was previously synthesised by solid-state reaction (8 h at 1400°C in air) after grinding 

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 kept constant at 2.6 J cm-2 and the target-to-substrate distance was set to 6 

cm. The deposition was performed on high-purity fused silica glass (Suprasil grade, Heraeus) 

and commercial 60 µm-thick porous alumina membranes (Anodisc13, Whatman) consisting 

of array of holes of 200 nm in diameter (PAM200). The number of laser pulses was adjusted to 

achieve a 60 nm film thickness. The deposition rate was first determined by means of a 

profilometer (Tencor Alpha Step 100).  

Characterisation 

After deposition, the samples were analysed by scanning electron microscopy (SEM, Hitachi 

S800 FEG). The SEM images were analysed using ImageJ software to determine the average 

pore diameter (d), the average interpore distance (p) and the porosity (P) of Y2O3:Eu3+ films 

deposited on PAMs. Luminescence measurements were performed at room temperature using 

a tunable pulsed laser (τ = 5 ns, Ekspla NT342B) as the excitation source. The fluorescence 

was collected through an optical fibre (1.1 mm diameter, NA = 0.2) coupled with a Triax190 

spectrometer (Jobin Yvon) equipped with a CCD camera. To eliminate directional scattering 
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effects, and therefore directional enhancement effects, emission was also measured in an 

integrating sphere (Labsphere). The excitation spectra were performed using a 450 W xenon 

lamp associated with a monochromator Gemini 180 (Jobin Yvon). All the spectra (emission 

and excitation) were corrected by the calibrated sensitivity of the experimental setup. 

Simulation details 

Photonic crystals structures, made of a single pattern periodically repeated in a regular lattice, 

can give a good overview of the main optical resonances in the structured membrane.25 

Rigorous coupled-wave analysis (RCWA)26 was thus used to simulate the structure of 

Y2O3:Eu3+ deposited on PAMs and to reflect its photonic crystal behaviour in the UV range 

(200–300 nm). Given the structural geometry, the properties of the material and of the 

incident light, the simulation permits us to follow the spread of an electromagnetic wave 

impinging upon a periodic structure, and thus to derive the absorption spectra of the 

Y2O3:Eu3+ layer. 

 

Results and Discussion 

Morphological and structural characterisations 

The morphology of Y2O3:Eu3+ thin films deposited, keeping the experimental parameters 

constant and changing the substrate morphology, is shown in Fig. 1. As expected on Suprasil 

(Fig. 1a), the film is dense and compact with no appearance of porosity. Consistent with this 

picture, we showed elsewhere that continuous Y2O3 films with a roughness of less than 0.1 

nm are obtained on SiO2 when deposition is performed under similar conditions.15  

 

Figure 1 - Top SEM views of Y2O3:Eu3+ thin films deposited on Suprasil (A) and PAM200 (B). The 

deposition parameters were kept constant, and the equivalent thickness was 60 nm. 
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For deposition on PAM200 (Fig. 1b), the Y2O3:Eu3+ thin films clearly replicate the porous 

structure of the underlying substrate, indicating that under these conditions the growth is 

dominated by the surface diffusion process. This means that the kinetic energy of the species 

arriving on the surface is high enough to promote diffusion and self-organisation during the 

deposition. This in in agreement with previous works related to the deposition of metallic (Pt, 

Au and PtAu)20 and oxide (Lu2O3:Eu3+)23 films on PAM substrates. At high kinetic energies, 

i.e. under vacuum or moderate background pressure (e.g. PO2 < 10-2 mbar), the nucleation and 

growth of particles on the substrate are dominated by surface diffusion processes. Under these 

conditions, thin or thick macroporous films (up to 300 nm) with pore diameter exceeding 150 

nm and replicating the pore structure of the underlying PAM could be prepared. The aspect 

ratio (R) of the PAM substrate, which is defined as the ratio of width to height of the pores, is 

of about 0.003. With such low value, deposition at the bottom of the pores is therefore 

excluded. However, deposition inside the pore at depths ranging up to a few hundred of 

nanometers can be considered. Indeed, previous works27,28 have demonstrated that it is 

possible to deposit nanostructures by pulsed laser deposition through a nanostencil having an 

aspect ratio of about 0.5-0.7. Taking into account this value and considering a pore diameter 

of 200 nm, it means that Y2O3:Eu3+ can be theoretically deposited up to about 400 nm in 

depth. Moreover, A.-L. Thomann et al. have also reported for R > 0.4, that the conformity of 

the films at the side walls is poor (less than 35%).29 In our case, it means that the film 

thickness on the pore walls will not exceed 20 nm. The structural parameters of films 

deposited on PAM200 were determined by analysing SEM images and are summarised in 

Table 1 (more details are given in the supporting information and Fig. SI-1). These values are 

in fair agreement with the technical data given for the uncovered PAMs.30 Moreover, 

according to x-ray diffraction measurements (Fig. SI-2 in the supporting information), 

Y2O3:Eu3+ films deposited on Suprasil and PAM200 appear amorphous, as no diffraction peaks 

are observed. 

Table 1 - Structural parameters of Y2O3:Eu3+ films deposited on PAM200 determined by analysing 

SEM images with the ImageJ software. 

Pore diameter, d (nm) Period, p (nm) Porosity, P (%) 

213 ± 28 315 ± 28 52 ± 2 
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Luminescence properties 

Typical emission spectra of a 60 nm-thick Y2O3:Eu3+ films deposited on Suprasil and on 

PAM200 are displayed in Fig. 2a with a 240 nm excitation wavelength, corresponding to an 

excitation in the Eu-O charge transfer band (CTB). As described elsewhere in detail,14 the 

observed emission peaks are identified as the transitions 𝐷0 → 𝐹𝐽75  (with J = 0–4), and 

correspond to Eu3+ in the cubic phase. These spectra clearly reveal a strong enhancement of 

the fluorescence properties when the films are deposited on PAM200. Thus between 550–725 

nm, the amplification factor goes up to ∼12 when Y2O3:Eu3+ is deposited on PAM200.  

 

Figure 2 - Luminescence properties of Y2O3:Eu3+ (60 nm-thick) deposited on Suprasil and PAM200 

under excitation at 240 nm and at normal incidence: A) typical emission spectra recorded for an 

emission angle of 30°, B) enhancement factor for Y2O3:Eu3+ deposited on PAM200. 

The angular distribution of emission at 612 nm was also measured for Y2O3:Eu3+ deposited on 

PAMs as well as on Suprasil. A sketch of the investigated configuration is shown in the inset 

of Fig. 2b. By comparison, we determined at different emission angles the luminescence 

enhancement factor (EF), which is defined as the ratio of the luminescence intensity of 

Y2O3:Eu3+ coated on PAMs to that on the Suprasil. Values higher than one indicate a 

fluorescence enhancement, while those lower than one correspond to a quenching of the 

luminescence. The distribution of enhancement factor versus emission angle (𝜃𝑒) is shown in 

Fig. 2b, and a strong enhancement of emission up to 12 times is observed. Moreover, even if 

EF noticeably decreases for angles ranging from 60 to 120°, this structure presents a wide 

angular distribution for the upward and downward emission. Such angular independence of 

the enhanced emission is due to the fact that the film structure is non-ordered, and this 

behaviour differs from the angular dependence of light emission, when 2D photonic crystals 

are for example used to improve the light extraction.31 It is worth noting that this behaviour 
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can be interesting for many applications (e.g lighting, and display), in which a strong variation 

of the intensity with the emission is undesirable. Comparing now the upward and downward 

enhancement, it also appears that the upward emission is more pronounced (typically ~58%). 

In fact, the enhancement of the downward emission is underestimated. Indeed, independent 

measurements (not described here) have allowed us to estimate that the PAMs absorb ~94% 

of the light at 612 nm, which suggests a downward emission far higher than the upward one. 

To investigate the role of the structure orientation with respect to the excitation source, we 

also measured the emission spectra of Y2O3:Eu3+ films deposited on PAM200 for an incident 

angle ranging from 0 to 60° and a conic angle of 0°, 45° and 90° (Fig. SI-3 in the supporting 

information). All these measurements were performed in the integrating sphere in order to 

obtain the “true” emission intensity, and the recorded signal was corrected by the cosine of 

the incident angle. At incidence angles up to 60° and whatever the conic angle, the values of 

the emission intensity remain high and are weakly dependent on the incidence angle as well as 

on the conic angle. This expected result can be explained by the fact that the film structure is 

non-ordered and randomly oriented (see Fig. 1b). As a result, the incident angular dependence 

is averaged, therefore leading to excitation angular-independent emission.  

 

Figure 3 - A) Excitation spectra monitored at 612 nm for Y2O3:Eu3+ (60 nm-thick) deposited on 

Suprasil (black curve) and PAM200 (red curve). The excitation spectrum of uncovered PAM is also 

given by the grey curve. The expanded intensity between 300 and 500 nm is shown in the inset with 

the typical excitation levels of Eu3+. B) Emission spectra for a film deposited on PAM200 under 

excitation at 240 and 352 nm. 

As shown in Fig. 3a, such an enhancement is also present in the excitation spectra of the 

emission of Eu3+ at 612 nm. The excitation spectrum of Eu3+ shows two patterns: i) one 

between 200–320 nm that corresponds to the CTB; and ii) another between 350–500 nm, 

which is assigned to the f-f intra-configurational transitions. After subtraction of signal of the 
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membrane, we found that the intensity of the CTB at 240 nm is enhanced ∼10.5 times on 

PAM200 compared to the reference, which is in agreement with the value obtained for the 

emission enhancement at 612 nm (∼ x 11.5 for integrated intensity at 612 ± 7 nm; see Fig. 2a). 

Thus, the intensity of excitation band around 240 nm closely follows the intensity of emission 

at 612 nm, suggesting that no energy transfer process between PAM and Eu3+ occurs. In order 

to point out that the observed enhancement on PAM is due to the Y2O3:Eu3+ film itself rather 

than a transfer between the PAM and the luminescent layer (as suggested by Peng et al.32), a 

direct excitation of the membrane at 352 nm, where no direct excitation of Eu3+ ions occurs 

(see inset of Fig. 3a), was performed. As shown in Fig. 3b, the emission spectrum did not 

show any emission peak at 611 nm, which demonstrates that no energy transfer occurs from 

the membrane (the excitation and emission spectra of the membrane are given in the 

supporting information and Fig. SI-4). This measurement confirms the fact that the 

enhancement of the luminescence properties is due to the self-organisation of the Y2O3:Eu3+ 

layer and its structure when deposited on PAMs. 

 
Figure 4 - A) Normalised photoluminescence decay for a 60 nm-thick Y2O3:Eu3+ film deposited on 

Suprasil and on PAM200 under excitation at 240 nm. The black curve corresponds to the emission of 

Eu3+, while the red curve corresponds to the mixed emission of the membrane and of Eu3+. In the inset, 

decays of uncovered membrane and covered membrane are displayed, showing that the fast decay is 

clearly due to the emission of the membrane. B) Time-resolved photoluminescence for a 60 nm-thick 

Y2O3:Eu3+ film deposited on PAM200 recorder at two different times. 

The observed luminescence enhancement can be explained by an improvement in the 

absorption efficiency, the extraction efficiency, or a combination of both. As follows from the 

decay measurements performed at 612 nm for Y2O3:Eu3+ coated on PAM200 and on Suprasil 

(Fig. 4a), the evolution of the luminescence decays is slightly different. On Suprasil, the 

decay is exponential and the luminescent lifetime was about 1.1 ms, which corresponds well 

to the data of Eu3+ in the literature.33 In contrast, on PAM200 two decay components can be 
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clearly distinguished: i) a fast decay time corresponding to the emission of the membrane as 

shown by the comparison made with uncovered membrane at short time (see inset), and ii) a 

long decay (∼1 ms) that corresponds to the luminescence of Eu3+. These results are supported 

by the time-resolved photoluminescence measurements performed on the coated membrane. 

Indeed, Fig. 4b shows that for short delays (t = 0 µs), the emission signal arises only from the 

membrane, whereas for longer delays (t = 50 µs) a typical emission of Eu3+ is obtained with a 

residual emission from the membrane. Finally, the results presented here show that the 

luminescent lifetime of Eu3+ does not change (1.1 ± 0.1 ms), indicating that the emission 

enhancement is only related to an increase of the absorption in the UV range, thanks to the 

structure of the Y2O3:Eu3+ layer. 

Simulation results 

To understand the luminescence enhancement, we need to consider light collection and 

trapping mechanisms allowing an improvement of the absorption in the UV range. First, for 

an absorbing layer with a non-ordered structuration, it is well known that the light can be 

efficiently diffracted into various oblique angles to enhance the absorption length compared 

with an unpatterned layer. Indeed, such an absorbing structure leads to an improvement of the 

absorption by decreasing the reflection and by multiplying the number of propagation angles 

inside the layer. However, for high index film of small thicknesses (i.e. < λ/nf, where nf  is the 

film’s refractive index) this mechanism is less trivial. In this case, the enhancement of 

absorption by the factor of 2nf
2 as described by Yablonovitch34 is no more valid, due to the 

discrete set of resonances in the film. We assumed that the Y2O3:Eu3+ layer deposited on 

PAMs acts like a disordered photonic structure. To overcome this limitation and to estimate 

the light collection and trapping performance of our structure, the absorption of the porous 

Y2O3:Eu3+ layer deposited on PAM200 was calculated in the UV range using the RCWA 

method (Fig. 5). The parameters used in the simulation to calculate the absorption were the 

pore diameter (d ± 20 nm), the period (p ± 20 nm), the incidence angle (𝜃𝑖  = 40°), the 

azimuthal angle (𝜑𝑖 = 0°), the polarisation state (TE) and the refractive indices of PAM200 

(𝑛𝐴𝐴2𝑂3) and of the porous Y2O3:Eu3+ layer (𝑛𝑌2𝑂3). Here, the structure was modelled using a 

periodic triangular pattern according to Masuda et al.35, which is a rough approximation of the 

real structure. To approach the real structure, the d and p values determined from the SEM 

image analysis were used, whereas the refractive indices were derived from the literature 

(𝑛𝑌2𝑂3 = 2.1736 and 𝑛𝐴𝐴2𝑂3 = 1.8537 at 240 nm). For calculation, the absorption of Eu3+ was 
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also taken into account by fixing the extinction coefficient of Y2O3:Eu3+ at 10-6. The height (h) 

of the structure was equal to the Y2O3:Eu3+ film thickness (i.e. 60 nm); the PAM200 thickness 

was 60 µm. Fig. 5a shows the absorption intensity of the porous Y2O3:Eu3+ layer deposited on 

PAM200 for various periods. Among many small peaks attributed to Fabry Perot-like modes in 

the low index PAM200 buffer layer, high-intensity resonance peaks appear in this range, 

indicating an increased absorption in the Y2O3:Eu3+ layer at specific wavelengths. This can be 

attributed to an efficient coupling of the impinging light into a pseudo guided mode of the 

high index film. Their positions and intensity clearly depend on the period of the structure. 

More precisely, the wavelength λ of the resonances occurring at given normalised frequency 

λ/p related to the stack and pore diameter d, logically increases with the period (clearly visible 

for two modes and for periods of 310 and 340 nm in Fig. 5a). 

 
Figure 5 - Simulated absorption spectra for 60 nm-thick layer of Y2O3:Eu3+ deposited on PAM200 

using a triangular cell structure: A) changes in absorption spectra depending on the period p, B) 

changes in absorption spectra depending on the pore diameter d, and C) global absorption spectrum 

taking into account the variation of the period and the pore diameter (p = 315 ± 30 nm and d = 213 ± 

28 nm, respectively). The red curve corresponds to the average absorption. The simulated absorption 

spectrum of a Y2O3:Eu3+ layer on Suprasil is also given (black dashed line). 

The same behaviour is observed in Fig. 5b, when the pore diameter is changed, while the 

period remains constant. Roughly speaking, small holes limit the coupling of the guided 

waves inside the membrane and the radiative waves; this can justify the highest intensity of 

the peaks for the smallest diameter, e.g. at ~220 nm. Even if the absorption of light is a 

wavelength-selective process that relies on the structure order, here we need to take into 

account the fact that the period as well as the diameter in the real structure is not constant. 

Thus, to approach further the real porous structure that is disordered, we made the summation 

of all absorption spectra with p and d ranging from 285–345 nm and from 185–240 nm, 

respectively, and calculated an average absorption (Fig. 5c), under the hypothesis of a short 

coherence length. The absorption enhancement occurs at a larger number of wavelengths but 
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with a smaller magnitude, as established for pseudo-disordered or correlated disordered 

structures.38 Even if the Y2O3:Eu3+ layer cannot be considered as a perfectly ordered photonic 

crystal, this result is in agreement with the experimental measurements: the luminescence 

enhancement of the self-organised Y2O3:Eu3+ is directly correlated to an increase of its 

absorption.  

 

Conclusions 

In conclusion, we have demonstrated that the luminescence properties of an emitting layer 

such as Y2O3:Eu3+ can be significantly improved when deposited on porous alumina 

membranes. By taking advantage of the self-organisation of Y2O3:Eu3+ on the PAM during 

the deposition and of its structure, the emission of the Eu3+ ions can be increased by a factor 

of up to ∼12. We have shown that observed luminescence enhancement can be explained by 

an improvement in the absorption efficiency in the UV range. 
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