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Introduction

In a growing global evolution in the electrical energy and renewable energy needs, the production of photovoltaic (PV) panels has grown considerably in recent decades. Significant researches have been done to increase the efficiency of silicon solar cells (Si-SC) which represent 90% of fabricated solar arrays. One of these research areas concerns the up-conversion approach (UC) to convert the incident solar light into a spectrum that matches the absorption of the active layer in solar cells, and hence to decrease a large proportion of losses and increase the solar cell efficiency [START_REF] Badescu | Improved model for solar cells with up-conversion of low-energy photons[END_REF]. This UC approach generally consists in converting two low-energy photons non-absorbed by the solar cell into one with higher energy photons before any absorption by the cell.

To date, considerable material fabrication work has been done on the growth and characterization of UC materials. Significant attention has been paid to metal ions embedded in inorganic hosts, mainly lanthanide-and transition metal ions [START_REF] Blasse | A general introduction to luminescent materials[END_REF][START_REF] Auzel | Upconversion and anti-Stokes processes with f and d ions in solids[END_REF][START_REF] Goldschmidt | Upconversion for photovoltaics -A review of materials, devices and concepts for performance enhancement[END_REF]. One of the most efficient couple for up-conversion from near-infrared (NIR) to visible (VIS) spectral range was found to be Er 3+ , Yb 3+ [START_REF] Goldschmidt | Upconversion for photovoltaics -A review of materials, devices and concepts for performance enhancement[END_REF][START_REF] Menyuk | NaYF4 : Yb,Er-An efficient upconversion phosphor[END_REF]. Another, wellinvestigated NIR/VIS upconverter couple is Yb 3+ /Tm 3+ having NaYF 4 as a host material, which emits in the blue [START_REF] Goldschmidt | Upconversion for photovoltaics -A review of materials, devices and concepts for performance enhancement[END_REF][START_REF] Suyver | Upconversion spectroscopy and properties of NaYF4 doped with Er3+, Tm3+ and/or Yb3+[END_REF]. Transition metals have also been used for up-conversion such as: Cs 2 NaScCl 6 :Pr 3+ ;V 3+ and K 2 NaScF 6 :Er 3+ ;V 3+ [START_REF] Reinhard | V3+ sensitized upconversion in Cs2NaScCl6:Pr3+;V3+ and K2NaScF6:Er3+;V3+[END_REF] and Ti 2+ , Ni 2+ , Mo 3+ , Re 4+ , and Os 4+ doped chloride and bromide host lattices [START_REF] Gamelin | Up-conversion processes of 5d transition metal ions in crystals[END_REF]. Among the variety of materials, Er-doped Al 2 O 3 is particularly an attractive candidate for upconversion purposes due to the ability of Er ions to convert low energy photons to high energy photons, but also due to the high refractive index of the Al 2 O 3 host material which is essential for the realization of waveguide type device [START_REF] Dingemans | Er3+ and si luminescence of atomic layer deposited Er-doped Al2O3 thin films on Si(100)[END_REF]. More generally, Al 2 O 3 is an interesting material for optical devices exhibiting a broad transparency from UV to IR and a high solubility for rare-earth dopants [START_REF] Hendriks | Rare-earth ion doped Al2O3 for active integrated photonics[END_REF]. Moreover, it has recently been shown that Er:Al 2 O 3 has great potential for silicon-based integrated photonic devices [START_REF] Yuan | Improvement of the electroluminescence performance from Er-doped Al2O3 nanofilms by insertion of atomic Ga2O3 layers[END_REF][START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF], luminescence enhancement [START_REF] Rönn | Atomic Layer Engineering of Er-Ion Distribution in Highly Doped Er:Al2O3 for Photoluminescence Enhancement[END_REF][START_REF] Zhu | Optical gain at 1.55 𝜇m of Er(TMHD)3 complex doped polymer waveguides based on the intramolecular energy transfer effect[END_REF].

In this study, we used atomic layer deposition (ALD) to synthesize amorphous Al 2 O 3 :Er films on Si wafers. This approach is well known to allow the deposition of high-quality and uniform thin films. It has been extensively applied for the growth of Al 2 O 3 coatings [START_REF] George | Atomic layer deposition: An overview[END_REF] and is used for the deposition of the Al 2 O 3 passivation layer on the back of Si-SC. Thus Er 3+ doping of Al 2 O 3 host attracts great attention because of the possibility to extend the sensitivity of solar cells in the infrared spectral range. It was reported that the efficiency of such an up-conversion process depends strongly both on the Er 3+ content and its spatial distribution inside the matrix [START_REF] Polman | Erbium implanted thin film photonic materials[END_REF].

To get insight into the evolution of Er-doped Al 2 O 3 materials stimulated by thermal treatment, we have prepared Er-doped Al 2 O 3 samples with the same Er content being annealed at different temperatures in the 650-1100 • C range. A detailed study of the effect of annealing temperature on the optical and structural properties of the Er-doped Al 2 O 3 films is the goal of this work. The most attention is paid to the results obtained using the atom probe tomography and cathodoluminescence (CL). The former approach can provide a 3D chemical map of the sample at an atomic scale, allowing a very accurate and direct characterization of the distribution of Er ions inside Al 2 O 3 . The CL spectroscopy permits to study of the abundance of luminescence centers that existed in wide bandgap (about 8.9 eV) Al 2 O 3 as well as to follow the evolution of light-emitting properties of native defects and dopants and its interrelation with films structure evolution at a nanoscale.

Experimental details

Er-doped Al 2 O 3 films were grown in a Picosun 200 Advanced deposition tool [START_REF]PICOSUNTM, R-series Atomic Layer Deposition (ALD) reactors[END_REF]. Silicon wafers grown by Czochralski pulling technique produced by ''Sil'tronix S.T''. company were used as substrates [18]. These wafers were B-doped with (100) orientation. They were doubleside polished and had 2 inches in diameter and 275±25 μm in thickness. Their resistivity was 15 Ω cm. The surface of virgin wafers was covered with a 5-nm thermal SiO 2 layer. To obtain Er-doped Al 2 O 3 films the alternation of six Er 2 O 3 and three Al 2 O 3 cycles was used. The Er 2 O 3 was grown using Er(CpMe) 2 as a precursor and distilled water as an oxidant. The bottle with Er(CpMe) 3 was heated at 𝑇 𝑏 = 160 • C. The pulse/purge durations of Er(CpMe) 3 were t 𝑝𝑢𝑙𝑠𝑒 = 1.6 s and t 𝑝𝑢𝑟𝑔𝑒 = 2.0 s. The precursor-and boost-flows were 140 and 500 sccm, respectively. The water flow was 150 sccm and pulse/purge durations were fixed at t 𝑝𝑢𝑙𝑠𝑒 = 0.1 s and t 𝑝𝑢𝑟𝑔𝑒 = 2.0 s. For Al 2 O 3 , the Trimethylaluminum (TMA) and water were used as precursors. The bottle with TMA was kept at 𝑇 𝑏 = 20 • C, the pulse/purge durations were t 𝑝𝑢𝑙𝑠𝑒 = 0.1 s and t 𝑝𝑢𝑟𝑔𝑒 = 4 s, respectively. For H 2 O, pulse and purge times were t 𝑝𝑢𝑙𝑠𝑒 = 0.1 s and t 𝑝𝑢𝑟𝑔𝑒 = 6 s, respectively. The water container was kept at 20 • C during film deposition. The substrate temperature was 𝑇 𝑑 = 300 • C. After deposition, Si wafers were cut into small pieces (called hereafter as samples) and submitted to conventional thermal treatment at different temperatures, T 𝐴 , ranging from 650 to 1100 • C during t 𝐴 = 10 and/or 30 min in a nitrogen atmosphere.

The layers were investigated using spectroscopic ellipsometry using a Jobin-Yvon ellipsometer (UVISEL, HORIBA Ltd., Kyoto, Japan), where the incident light was scanned in the range of 1.5 to 6.0 eV under incident angles of 65, 70, and 75 • . The beam spot was 1 mm in diameter. The spectra were recorded at the central point of each sample. The thickness of the films was about 130 nm being precisely controlled via the cycles' number. The factor of thickness non-uniformity was about 0.3%.

Fourier-transform infrared spectroscopy (FTIR) was carried out to follow the variation of film microstructure. The spectra were recorded at room temperature in the range of 450-4000 cm -1 using a Nicolet Nexus spectrometer under the normal incidence of the exciting light beam as well as under 60 • incidence angle allowing registration of longitudinal optical phonons.

Cathodoluminescence (CL) was studied with a JEOL JSM-7900F scanning electron microscope (SEM) equipped with a HORIBA-HCLUE CL system. The CL spectra were acquired at room temperature with an accelerating voltage of the electron beam set to 6 kV and an electron beam current of 1.8nA. The light emitted by the sample under the impinging electron beam was collected by a parabolic mirror and sent to an IHR 320 (320 mm focal length) spectrometers for analysis in UV-Visible range with a 600 lines/mm grating (blazed at 500 nm). The signal is detected by a CCD camera Jobin-Yvon (UV-VIS range). The magnification used is 10000.

The spatial distribution of atoms was studied by atom probe tomography, which enables three-dimensional (3-D) elemental mapping of the analyzed volume with near-atomic resolution and high detection sensitivity [START_REF]Atom Probe Tomography[END_REF]. APT specimens were prepared by lift-off method and annular milling of a focused ion beam using G4 PFIB CXe dual beam. To reduce Xe implantation and avoid damages in the region of interest, the Er -doped Al 2 O 3 samples were capped with a layer of Pt, and a final polishing was performed at a low-acceleration voltage (12 kV). The samples were analyzed by laser-assisted wide-angle atom probe tomography (LAWATAP) from CAMECA. The analyses were performed in a high-vacuum chamber at 10 -10 mbar at a temperature of 80 K using a femtosecond UV pulsed laser (𝜆 = 343 nm) and a detector yield of 0.62. The APT data analyses were performed using the home built 'GPM3Dsoft' software.

Results and discussion

Ellipsometry and FTIR data

Fig. 1 displays the optical characterization of the films carried out using spectroscopic ellipsometry. At 2.0-eV detection energy, it was discovered that the refractive index of the films, both as-deposited and annealed at 𝑇 𝐴 ≤ 650 • C, was 𝑛 = 1.732 ± 0.001. With annealing, the films' thickness remains constant (130 nm). The refractive index rises to 1.748 and the thickness falls to 𝑑 =125 nm as 𝑇 𝐴 rises from 650 to 850 • C. n increases up to 1.832 and d falls to 117 nm due to the densification of the amorphous phase during a heat treatment at 𝑇 𝐴 = 900-1000 • C. Last but not least, annealing at 𝑇 𝐴 = 1100 • had the opposite effect, decreasing n to 1.695 and thickening the films (d = 180 nm). While the reduction of the refractive index observed at the maximum annealing temperature can be attributed to the formation of specific phases with low n within the films, such a transformation of the film characteristics allows for the expectation of crystallization of the films for 𝑇 𝐴 = 850-1100 • C. The latter can consist of voids or cavities as well as silicon-rich phases due to the diffusion of Si into the film volume from the substrate. We previously reported a comparable outcome for Er 2 O 3 films produced using the same ALD strategy [START_REF] Khomenkova | Thermally induced evolution of optical and structural properties of Er2O3 films grown on si substrates by thermal atomic layer deposition[END_REF]. It was demonstrated that Si diffusion toward the film surface was controlled by the mismatch between the lattice parameter of the film and substrate. The FTIR spectra were acquired for the same samples to provide insight into the variation of the optical properties of the films in the current study.

Fig. 2 displays the FTIR spectrum of as-deposited film with the presence of vibration bands in the 500-1050 cm -1 related to Al-O vibration bands (Fig. 2). The most intense peaks observed are peaking at 710-720 cm -1 and 945 cm -1 and can be ascribed to transverse optical (TO) and longitudinal optical (LO) phonons of amorphous Al 2 O 3 respectively. Annealing at 𝑇 𝐴 ≤850 • C did not lead to the transformation of these FTIR spectra and therefore, in correlation with the evolution of the refractive index described above, testifies to the amorphous structure of such films.

Heating at higher 𝑇 𝐴 (> 850 • C) stimulates the appearance of several peaks in the 450-900 cm -1 range (Fig. 2). It can be seen that for 𝑇 𝐴 = 850-1100 • C, sharper TO peaks at 514, 575, 643, 738 and 804 cm -1 appear. Additionally, the LO peak near 945 cm -1 (𝑇 𝐴 ≤850 • C) moves to 931 cm -1 (𝑇 𝐴 = 900 • C) and 923 cm -1 (𝑇 𝐴 = 1000 • C) down to 921 cm -1 (𝑇 𝐴 = 1100 • C). The assignment of all these peaks can be performed based on the comparison of the evolution of FTIR spectra of pure Al 2 O 3 and pure Er 2 O 3 films grown with the same ALD tool (Fig. 2,b) as well as on their comparison with the literature data [START_REF] Boumaza | Transition alumina phases induced by heat treatment of boehmite: An X-ray diffraction and infrared spectroscopy study[END_REF]. As a result, 𝛾-Al 2 O 3 phase formation is stimulated by annealing at 𝑇 𝐴 = 850-1000 • C. Furthermore, taking into account the short annealing time (30 min), one can assume a very low contribution of 𝜃-and 𝛿-Al 2 O 3 phases, if any. With further 𝑇 𝐴 rise up to 1100 • C, an appearance of 𝛼-Al 2 O 3 phase can be expected [START_REF] Boumaza | Transition alumina phases induced by heat treatment of boehmite: An X-ray diffraction and infrared spectroscopy study[END_REF]. Since no additional peaks appear in the FTIR spectra of the samples annealed at 1100 • C, one can assume the main contribution in these spectra is given by the 𝛾-Al 2 O 3 phase. This assumption is supported by the observation of the effect of SiO 2 addition into Al 2 O 3 materials demonstrating the retarding of the formation of 𝛼-Al 2 O 3 phase [START_REF] Koltsov | The new nanoenabled phase map of ZrO2-Al2O3[END_REF] that usually appears at 𝑇 𝐴 ≥1100 • C [START_REF] Khomenkova | Thermally induced evolution of optical and structural properties of Er2O3 films grown on si substrates by thermal atomic layer deposition[END_REF]. However, FTIR spectra of such samples demonstrate additional vibration bands with the maxima near 1256, 1090, and 820 cm -1 (at 𝑇 𝐴 = 1000-1100 • C) that are the features of Si-O vibrations [START_REF] Khomenkova | Thermally induced evolution of optical and structural properties of Er2O3 films grown on si substrates by thermal atomic layer deposition[END_REF].

The comparison of FTIR spectra of pure Al 2 O 3 and pure Er 2 O 3 films (Fig. 2,b) allows assuming that the formation of Si-O-Er vibration bands also occurs. These latter can be explained by the formation of a SiO 𝑥 interfacial layer as well as by the diffusion of Er towards film/substrate interface and/or Si diffusion into film volume towards its surface. Similar behavior was reported by us earlier for the Er 2 O 3 films grown on Si substrates with the same ALD approach [START_REF] Khomenkova | Thermally induced evolution of optical and structural properties of Er2O3 films grown on si substrates by thermal atomic layer deposition[END_REF]. These findings are in agreement with the ellipsometry data.

Cathodoluminescence

An evolution of light-emitting properties of the samples described above was investigated using CL spectroscopy. We have used this approach to excite all the emitting centers and to follow their light emission as a function of the annealing temperature. It should be noted that for Er-doped Al 2 O 3 films only Er 3+ related CL emission was registered contrary to defect-related Al 2 O 3 emission observed for pure alumina films (not shown here). Fig. 3,a presents the CL spectra recorded in the 300-1000 nm spectral range for as-deposited samples and those annealed at 650-1100 • C. It was found that whatever 𝑇 𝐴 value, a CL signal originates from Er 3+ ion intra-4𝑓 transitions is detected. The associated transitions for these recorded peaks are mentioned in the energy diagram in Fig. 3.b.

The characteristic doublet with the highest intensity is located at 548-558 nm range and can be assigned to the 4 𝑆 3∕2 → 4 𝐼 15∕2 transition as reported by Brien et al. for AlNOEr films [START_REF] Brien | Room temperature cathodoluminescence quenching of Er3+ in AlNOEr[END_REF]. Other dominant transitions can be distinguished at 382 nm, 408 nm, 523 nm, and 660 nm and are attributed to radiative relaxation from different excited states of Er 3+ ions to the 4 𝐼 15∕2 ground state. For the transitions from 4 𝑆 3∕2 , 4 𝐹 9∕2 , 4 𝐼 11∕2 states to the 4 𝐼 15∕2 level, we can notice the presence of broad and inhomogeneous emission CL bands. The latter transition may be of particular interest since most of Er-based solid state lasers are pumped through this energy level [START_REF] Sanamyan | Spectroscopic properties of Er3+-doped 𝛼-Al2O3[END_REF]. Such a broadening can be related to local effects on the splitting of band structure levels resulting from high disorder in crystalline or amorphous materials where Er atoms encounter different local environments [START_REF] Drdlíková | Luminescent Er3+ doped transparent alumina ceramics[END_REF]. Moreover, in most of the oxides, the transition from the 4 𝐼 9∕2 level of Er 3+ ion is quenched by multiphonon relaxation and appears as very weak [START_REF] Sanamyan | Spectroscopic properties of Er3+-doped 𝛼-Al2O3[END_REF]. We find no discernible relationship between annealing temperature and the emergence or disappearance of CL peaks. However, we can notice an enhancement of the 4 𝑆 3∕2 → 4 𝐼 15∕2 doublet intensity for an annealing at 1100 • C (Fig. 3.a). It is well known that rare-earth transitions are sensitive to the local environment of ions and can be used as ''markers'' of an evolution of the microstructure at the nanoscale with the annealing temperature. In the present case, the observe evolution of the CL spectra as function of annealing temperature does not allow to evidence a structural evolution.

In the following, we will concentrate our intention on the Er luminescence bands evolution. With the annealing temperature, the luminescence depends on the ion distribution in the matrix, its concentration as well as on the microstructure of the sample. The modifications in the CL spectra are related to the settlement of the excited states in Er 3+ ions. The distribution of the CL intensity is due to the competing ways of achieving excited states in erbium ions.

Fig. 4 presents the annealing temperature dependence of the integrated CL intensity. Integration was performed either on the whole wavelength range (300-1000 nm) or by considering specific regions. The wavelength ranges 375-395 nm, 400-420 nm, 515-536 nm, 536-576 nm, 640-689 nm, and 954-1000 nm correspond to 4 

𝐺 11∕2 → 4 𝐼 15∕2 , 2 𝐻 9∕2 → 4 𝐼 15∕2 , 2 𝐻 11∕2 → 4 𝐼 15∕2 , 4 𝑆 3∕2 → 4 𝐼 15∕2 , 4 𝐹 9∕2 → 4 𝐼 15∕2 , 4 𝐼 11∕2 → 4 𝐼 15∕2
transitions', respectively. The evolution follows the same trend independently of the emission band. We can distinguish three different regimes as a function of annealing temperature.

From as-deposited to 850 • C, the integrated CL of the all-emission bands increases before decreases and reaches a minimum at 1000 • C from 850 • C to 1000 • C. Finally, for the highest annealing temperature, the integrated CL intensity increases. It is noteworthy that the increase of intensity of the 640-689 nm bands, related to the 4 𝐹 9∕2 → 4 𝐼 15∕2 transition, is weaker than the others bands. The state 4 𝐹 9∕2 may arise as a result of energy transfer from a nearby excited erbium, as well as 4 𝐹 7∕2 + 4 𝐼 11∕2 → 2 4 𝐹 9∕2 cross-relaxation (CR).

As the annealing temperature rises, favoring an increase in the spacing between the Er 3+ ions, the intensity of the green band (520 nm) increases while the red band decreases, which is consistent with the absence of the excited state 4 𝐹 9∕2 [START_REF] Halyan | Mechanism of photoluminescence in erbiumdoped chalcogenide[END_REF]. The CR process, which generates the excited state 4 𝐹 9∕2 , causes the luminescence, which peaks at 660 nm.

A similar evolution of the luminescence has been previously observed in Ce-doped silicon-rich silicon oxide by Weimmerskirch-Aubatin et al. [START_REF] Weimmerskirch-Aubatin | Observation of a nanoscale phase separation in blue-emitting Ce-doped SiO1.5thin films[END_REF] and by Li et al. [START_REF] Li | The formation of light emitting cerium silicates in cerium-doped silicon oxides[END_REF] and has been ascribed to an evolution of the location of dopants by Beainy et al. [START_REF] Beainy | Structural and optical study of Ce segregation in Ce-doped SiO1.5thin films[END_REF]. Ce atoms, firstly form aggregates with Si atoms leading to the quenching of the luminescence, before diffusing with the annealing temperature favoring the growth of Cerium silicate nanoparticles that are responsible of the re-appearance of an intense luminescence [START_REF] Beainy | Structural and optical study of Ce segregation in Ce-doped SiO1.5thin films[END_REF]. In the case of Al 2 O 3 matrix doped with Er ions, such an evolution is not reported in the literature and the precise origin of the quenching at 1000 • C should be investigated.

Considering the first regime (𝑇 𝐴 ≤ 850 • C), the increase of CL is related to the decrease of non-radiative recombination centers coming from the recovery of induced-growth defects. For the second regime (𝑇 𝐴 = 850-1000 • C), the decrease of the CL intensity is attributed to the structural transformation and film densification resulting in the smaller distance between Er 3+ ions. This can increase the probability of non-radiative recombination such as back energy transfer. Another reason for the quenching of Er 3+ CL signal can be attributed to the Er 3+ diffusion and precipitation during the annealing treatment [START_REF] Polman | Optical doping of waveguide materials by MeV Er implantation[END_REF] or to a modification of the valence of Er ions from 3+ to 2+ [START_REF] Mebrouk | Experimental evidence of Er3$+$ ion reduction in the radiation-induced degradation of erbium-doped silica fibers[END_REF].

But it is quite surprising to observe an enhancement of the CL intensity for 𝑇 𝐴 = 1100 • C (the third regime). Meanwhile, the increase of the film thickness can increase the Er-Er distance and reduce nonradiative recombination probability, and, for instance, to change the CR processes of Er 3+ ions [START_REF] Halyan | Mechanism of photoluminescence in erbiumdoped chalcogenide[END_REF]. To determine the nanostructure evolution with annealing treatment, atom probe tomography analyses have been performed for the samples submitted to annealing at 650 • C, 1000 • C, and 1100 • C. The APT analysis allows us to measure the composition of each element. The mean chemical composition has been determined from the mass spectrum and the proportions of atoms of each species. The mean content of aluminum, oxygen and erbium was found to be 𝑋 𝐴𝑙 = 36.8 ± 0.2 at.%, 𝑋 𝑂 = 52.8 ± 0.2 at.%, 𝑋 𝐸𝑟 = 10.4 ± 0.1 at.% respectively. This reconstruction of the analyzed volume reveals that all the chemical atoms are homogeneously distributed even with the incorporation of high-content of Er in Al 2 O 3 , demonstrating the potentiality of such a growth technique. Similar analyses have been performed for the two other samples annealed at 1000 • C and 1100 • C.

Atom probe tomography

The results allow us to compare the microstructure evolution and erbium location of the samples annealed at different temperatures. For a more precise study of the evolution of chemical species with the annealing treatment, the spatial distribution of the Al, O, and Er atoms was examined by the statistical test of homogeneity. Each dataset was divided up into equal blocks of 100 atoms. These distributions have been obtained by selecting the peaks corresponding to the aluminum (Al 3+ , Al 2+ and Al + at 9, 13.5, and 27 u.m.a respectively in the mass spectrum), to the oxygen (O + at 16 u.m.a.) and erbium (Er 3+ and Er 2+ at almost 55 and 83 u.m.a respectively). The corresponding frequency distributions of the atoms are presented in comparison to the random distribution of atoms in the analyzed volume. If the distribution of the atoms is random, the concentration frequency distribution will be represented by a binomial law. The comparison between the experimental distribution and the binomial law is carried out by the test of 𝜒 2 .

The 𝜒 2 statistics also significance testing of the departure from randomness and the similarity between these two distributions. The experimental distribution of Al, O, and Er atoms for the sample annealed at 1100 • C (Fig. 7.c) can be seen to have widened and shifted in comparison to its corresponding randomized distribution. The significant shift away from the binomial law in the experimental distribution indicates that the atoms are arranged in a non-random manner related to the diffusion of species.

On the other hand, the spatial distribution of chemical species is modified with increasing annealing temperature. A slight deviation from the random case starting with Al and Er atoms at 1000 • C is observed, indicating that probably Al and Er diffuse at a lower temperature than O.

To quantify more precisely the evolution of Er atoms in the structure, we have used the first nearest neighbor (1NN) distribution method. This method allows studying the distance distribution of dopants in a volume [START_REF] Philippe | Clustering and nearest neighbour distances in atom-probe tomography[END_REF]. When we consider a model of 1NN distances in a system of a mixture of two phases and 𝛽, the probability density 𝑃 (𝑟) assembling the distribution of both phases could be written:

𝑃 (𝑟) = (1 -𝑓 )𝑃 𝛼 (𝑟) + 𝑓 𝑃 𝛽 (𝑟) ( 1 
)
Where 𝑓 is the atomic fraction of 1NN pair in 𝛽 phase and the intrinsic distributions (𝑃 𝑖 (𝑟)) of both phases 𝛼 and 𝛽 could be written as:

𝑃 𝑖 (𝑟) = 4𝜋𝑟 2 𝑄𝐶 𝑖 .𝑒𝑥𝑝 ( - 4 3 𝜋𝑄𝐶 𝑖 𝑟 3 ) , i = α and β (2) 
and

𝑓 = 𝐶 𝛽 𝐶 0 ( 𝐶 0 -𝐶 𝛼 𝐶 𝛽 -𝐶 0 ) , ( 3 
)
N. Al Helou et al. where 𝐶 𝛼 and 𝐶 𝛽 are the compositions of the 𝛼 and 𝛽 phases respectively and 𝐶 0 is the overall composition. In a simplified form, the 𝛼 phase deals with low distance and corresponds to 'aggregation' and the 𝛽 phase with high distance corresponds to atoms diluted in the matrix. The experimental distribution, computed from APT data, has been fitted with two components (Fig. 8): a 1NN distribution (blue line) describing the distribution of Er in the short-distance range (phase 𝛼) and a 1NN distribution (green line) describing the distribution of Er in the long-distance range (phase 𝛽). The 1NN distribution corresponding to the case of homogeneous distribution is represented (black line) for comparison. The position of the peaks for each of the two distributions represents the most probable distance of atoms of Er first neighbors in the first and second phase respectively.

To follow the evolution of the spatial distribution of the Er atoms as a function of the annealing temperature, we have applied this statistical method on the same three samples (annealed at 650 • C, 1000 • C, and 1100 • C) (Fig. 8). In the case of the sample annealed at 650 • C, the distribution of Er atoms exhibits a slight deviation from an uniform distribution. 1NN curve can be fitted with ''two phases'' where Er ions are mostly at two different distances. There are determined, by extraction from the 1NN distribution, to be 0.18 and 0.3 nm for 𝛼 and 𝛽 phases respectively. It should be noted that the intensity of the 𝛽 phase is much more important than the intensity of 𝛼 one.

The Er:Al 2 O 3 films annealed at 1000 • C show more pronounced separation of two phases on the 1NN distributions (Fig. 8.b). A fraction (27%) of Er atoms is at the mean distance of about 0.24 nm (phase 𝛼) from each other and the other part (73%) at the distance of 0.36 nm (phase 𝛽). 𝛼 phase is still the more important in the sample annealed at 1000 • C. The 1NN approach for the sample annealed at 1100 • C reveals a more pronounced non-uniform distribution of Er atoms as already evidenced in frequency distribution (Fig. 5.c). The two observed phases show the same atomic distances as the sample annealed at 1000 • C: 0.24 and 0.36 nm for 𝛼 and 𝛽 phases respectively but with a quasiequal intensity for both distributions. This effect indicates an increase of the 𝛼 phase with annealing temperature which can be related to the diffusion of Er atoms and is a sign of the first stage of Er segregation in the Al 2 O 3 matrix.

The results of the 1NN approach are consistent with frequency distribution analysis. The thermal annealing activates the phase separation between Al, O and Er elements. Thus, considering all the observations extracted from APT analyses; it is obvious that the diffusion mechanism is activated by annealing, at the first, for Al and Er atoms and, afterwards, for O atoms. No formation of clusters or secondary phases has been detected. There is, therefore, a creation of local inhomogeneity of Er with the increasing stages of annealing. The evolution of chemical species location can be correlated to the CL emission observed (Fig. 3.a).

The first stage of CL intensity increases (up to 850 • C), dealing with homogeneous distribution of all elements, especially Er ions, in the Er:Al 2 O 3 layer. It can be associated with recovering of growth defects and densification of the film such as the O vacancy defects originally present in the sample that may have been removed by the annealing treatment [START_REF] Vipin | Effects of forming gas annealing on luminescence properties of erbium silicate thin films[END_REF]. Also, the increase of the Er-related luminescence can partially be explained by the formation of Er-O complexes that appear after annealing. In fact, Er 3+ ions are optically activated by these Er-O complexes [START_REF] Adeola | Influence of the annealing temperature on the photoluminescence of Er-doped SiO thin films[END_REF].

The decrease of CL emission observed for electronic transitions starting from 850 • C up to 1000 • C, can be explained by the formation of Er-rich inhomogeneities at the nanometer scale as evidenced by APT (Fig. 6.b). The observed Er diffusion during annealing occurs in the same time that the evolution of the Al 2 O 3 matrix from amorphous to crystalline 𝛾 phase. Cattaruzza et al. have shown, using XRD measurements, in Er:Al 2 O 3 films deposited by radiofrequency magnetron co-sputtering that annealing treatments lead to the formation of erbium aluminates such as ErAlO 3 [START_REF] Cattaruzza | Er-doped alumina crystalline films deposited by radiofrequency magnetron co-sputtering[END_REF]. The formation of erbium composite can determine a local increase of the Er concentration. The mean distance between dopant ions is much shorter so that they could interact by an electric multipolar process leading to energy migration and consequently, to a luminescence intensity decrease due to the concentration quenching effect. Despite the few studies on alumina, it is known that the alumina matrix does not act in a similar way to silica [START_REF] Benz | Concentration quenching of the luminescence from trivalent thulium, terbium, and erbium ions embedded in an AlN matrix[END_REF]. The concentration quenching of RE doped silica is often attributed to the agglomeration of RE ions which is hard to observe in an alumina matrix with usual characterization techniques. Although, clustering on an atomic scale could not be ruled out due the to small local atomic arrangement. It has also been shown that the hightemperature annealing could favor the formation of the theta phase and the erbium ions could act like impurities and enhance the formation of this phase. The formation of Er-rich zones evidenced by APT can be the first stage of formation of such a complex responsible of the decrease of CL.

Finally, the enhancement of emission beyond the annealing process at 1000 • C, more specifically for 4𝐺 11∕2 and 4𝐻 9∕2 to 4𝐺 15∕2 transitions (at 382 and 408 nm) and for 4𝑆 3∕2 and 4𝐹 11∕2 to 4𝐼 15∕2 (849 and 979 nm) have been associated with the increase Er-Er distance with the increase of the film thickness related to the formation of Er:SiO 𝑥 interfacial layer. The regions with a high Er concentration contain a low Al concentration whereas the oxygen content is quite constant. We cannot rule out a contribution of Er introduced in the interfacial layer to the increase of CL intensity. However, it is well established that the solubility of Er ions in silicon oxide is low (< 0.1 at.%) so that one can expect a minor of this Er amount in the CL signal.

Up-conversion measurements have been realized on the Er doped Al 2 O 3 layers for all annealing temperatures. UC process has not been demonstrated in this study which can be explained by the difficulty to manage Er-Er distance.

Conclusion

The structural and optical properties of Er-doped Al 2 O 3 thin films elaborated by atomic layer deposition were investigated using ellipsometry, FTIR, APT, and CL methods. The results evidence that ALD techniques allow to fabricate high concentration and homogeneous Er doped Al 2 O 3 thin layer. It has been shown that the annealing temperature enables the control of amorphous or crystalline Al 2 O 3 thin films without concentration quenching effect on luminescence. High cathodoluminescence intensity is obtained both in amorphous sample annealed at 850 • C or crystalline one after 1100 • C thermal treatment. The post-grown annealing initiates the diffusion of each chemical species leading to an inhomogeneous distribution of Er 3+ ions. The Er 3+ cathodoluminescence has the lowest intensity in the films annealed at 1000 • C and was explained by the clustering of Er-ions. At higher temperatures (1100 • C) an enhancement of Er CL emission was observed and was attributed to an increase of Er-Er distance and decrease of non-radiation recombination contribution.

Fig. 1 .

 1 Fig. 1. Effect of annealing temperature on refractive index taken at 2.0 eV and thickness of the films.

Fig. 2 .

 2 Fig. 2. FTIR spectra for Er-doped Al 2 O 3 films (a) and pure Al 2 O 3 , pure Er 2 O 3 and Er-doped Al 2 O 3 films annealed at different 𝑇 𝐴 . The spectra were recorded with 60 • incidence of excitation light. Annealing temperatures are mentioned in the figures. The spectra were shifted vertically for clarity.

Fig. 3 .

 3 Fig. 3. (a) CL spectra in the UV-Visible range for the Er-doped Al 2 O 3 sample annealed at different temperatures. (b) Schematic presentation of intra-4𝑓 shell of Er 3+ ions.

Fig. 4 .

 4 Fig. 4. Integrated CL intensities as a function of the annealing temperature for selected optical Er 3+ transitions.

Fig. 5 .

 5 Fig. 5. 3-D reconstructions volume of APT analysis of the sample annealed at 650 • C, Al atoms are represented in red color, O in green, and Er in blue. (Volume: 42 × 42 × 126𝑛𝑚 3 ).

Fig. 5

 5 Fig. 5 shows 3-D reconstructions obtained Er-doped Al 2 O 3 annealed at 650 • C, where the Er atoms are represented in blue color, Al in red, and O in green.The APT analysis allows us to measure the composition of each element. The mean chemical composition has been determined from the mass spectrum and the proportions of atoms of each species. The mean content of aluminum, oxygen and erbium was found to be 𝑋 𝐴𝑙 = 36.8 ± 0.2 at.%, 𝑋 𝑂 = 52.8 ± 0.2 at.%, 𝑋 𝐸𝑟 = 10.4 ± 0.1 at.% respectively. This reconstruction of the analyzed volume reveals that all the chemical atoms are homogeneously distributed even with the incorporation of high-content of Er in Al 2 O 3 , demonstrating the potentiality of such a growth technique. Similar analyses have been performed for the two other samples annealed at 1000 • C and 1100 • C.The results allow us to compare the microstructure evolution and erbium location of the samples annealed at different temperatures.

Fig. 6

 6 Fig. 6 represents cross-sectional views of the 3D reconstruction of the Er ions of the samples the annealed at 650 • C (Fig. 6.a), 1000 • C (Fig. 6.b), 1100 • C (Fig. 6.c). As mentioned previously, the sample annealed at 650 • C shows a random distribution of Er in the sample. Note that the as-deposited sample (not presented in this work) also shows a random distribution of the species inside the layer. At a first glance and as it can be seen in this Fig. 6, after being annealed at 1000 • C and 1100 • C, the sample shows an inhomogeneous distribution which amplifies with the temperature. For a more precise study of the evolution of chemical species with the annealing treatment, the spatial distribution of the Al, O, and Er atoms was examined by the statistical test of homogeneity. Each dataset was divided up into equal blocks of 100 atoms. These distributions have been obtained by selecting the peaks corresponding to the aluminum (Al 3+ , Al 2+ and Al + at 9, 13.5, and 27 u.m.a respectively in the mass spectrum), to the oxygen (O + at 16 u.m.a.) and erbium (Er 3+ and Er 2+ at almost 55 and 83 u.m.a respectively). The corresponding frequency distributions of the atoms are presented in comparison to the random distribution of atoms in the analyzed volume. If the distribution of the atoms is random, the concentration frequency distribution will be represented by a binomial law. The comparison between the experimental distribution and the binomial law is carried out by the test of 𝜒 2 .The 𝜒 2 statistics also significance testing of the departure from randomness and the similarity between these two distributions. Fig. 7 shows the frequency distribution of Al, O, and Er atoms for the three annealing conditions investigated by APT. Fig. 7.a reveals that the Al, O and Er atoms can be considered to be randomly distributed only in the Al 2 O 3 sample annealed at 650 • C. Even if it is not visually obvious in the atomic distribution (Fig. 5.b) of the sample annealed at 1000 • C, the distribution of Al and Er cannot be considered as randomized distribution (Fig. 6.b) where significant deviation from experimental and random distributions are noticed. However, O atoms distribution agrees with the binomial distribution.

Fig. 7

 7 Fig. 6 represents cross-sectional views of the 3D reconstruction of the Er ions of the samples the annealed at 650 • C (Fig. 6.a), 1000 • C (Fig. 6.b), 1100 • C (Fig. 6.c). As mentioned previously, the sample annealed at 650 • C shows a random distribution of Er in the sample. Note that the as-deposited sample (not presented in this work) also shows a random distribution of the species inside the layer. At a first glance and as it can be seen in this Fig. 6, after being annealed at 1000 • C and 1100 • C, the sample shows an inhomogeneous distribution which amplifies with the temperature. For a more precise study of the evolution of chemical species with the annealing treatment, the spatial distribution of the Al, O, and Er atoms was examined by the statistical test of homogeneity. Each dataset was divided up into equal blocks of 100 atoms. These distributions have been obtained by selecting the peaks corresponding to the aluminum (Al 3+ , Al 2+ and Al + at 9, 13.5, and 27 u.m.a respectively in the mass spectrum), to the oxygen (O + at 16 u.m.a.) and erbium (Er 3+ and Er 2+ at almost 55 and 83 u.m.a respectively). The corresponding frequency distributions of the atoms are presented in comparison to the random distribution of atoms in the analyzed volume. If the distribution of the atoms is random, the concentration frequency distribution will be represented by a binomial law. The comparison between the experimental distribution and the binomial law is carried out by the test of 𝜒 2 .The 𝜒 2 statistics also significance testing of the departure from randomness and the similarity between these two distributions. Fig. 7 shows the frequency distribution of Al, O, and Er atoms for the three annealing conditions investigated by APT. Fig. 7.a reveals that the Al, O and Er atoms can be considered to be randomly distributed only in the Al 2 O 3 sample annealed at 650 • C. Even if it is not visually obvious in the atomic distribution (Fig. 5.b) of the sample annealed at 1000 • C, the distribution of Al and Er cannot be considered as randomized distribution (Fig. 6.b) where significant deviation from experimental and random distributions are noticed. However, O atoms distribution agrees with the binomial distribution.
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Fig. 6 .

 6 Fig. 6. 3D reconstruction of the Er ions in the annealed sample at (a) 650 • C, (b) 1000 • C, (c) 1100 • C.

Fig. 7 .

 7 Fig. 7. Frequency distributions of Al, O and Er observed in the case of a distribution of 100 atoms in layers annealed at (a) 650 • C, (b) 1000 • C and (c) 1100 • C.

Fig. 8 .

 8 Fig. 8. Distribution of the first nearest neighbor distance between erbium atoms in sample annealed at 650 • C (a), 1000 • C (b) and 1100 • C (c).
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