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Introduction

Important optical losses are measured on protection windows or lenses for outdoor white LED lighting due to Fresnel reflections. Antireflective surfaces could be a solution for minimising these losses [START_REF] Maikowski | Use of heatable glass in LED Lighting Products[END_REF][START_REF] Morgan Pattison | LED lighting efficacy: Status and directions[END_REF][START_REF] Singh | Improving the contrast ratio of OLED displays: An analysis of various techniques[END_REF][START_REF] Raut | Anti-reflective coatings: A critical, in-depth review[END_REF]. Conventional antireflective coatings are usually deposited on protection windows with a relative high efficiency. First, a single layer using low refractive index material (for example 1,39 and 1,45 respectively for magnesium fluoride (MgF2) and silica (SiO2)) is efficient only at a single wavelength and at one angle on incidence. Secondly, a multilayer solution combining high and low refractive index materials (as an example TiO2 and SiO2) allow to achieve a broadband antireflective property at normal incidence [START_REF] Raut | Anti-reflective coatings: A critical, in-depth review[END_REF].

Omnidirectional broadband antireflection characteristics can be achieved with graded-index coatings: GLAD thin films or graded composition layers as SiON coatings are largely used [START_REF] Southwell | Gradient-index antireflection coatings[END_REF]. These thin films, deposited by various technologies (vacuum processes, sol-gel method, wet technologies…) on glass or polymer surfaces [START_REF] Schulz | Vacuum coating of plastic optics[END_REF][START_REF] Burghoorn | Single Layer Broadband Anti-Reflective Coatings for Plastic Substrates Produced by Full Wafer and Roll-to-Roll Step-and-Flash Nano-Imprint Lithography[END_REF] are usually applied for outdoor applications. They are thus subjected to climate aggressions and their optical performance could then suffer from ageing [START_REF] Rezaei | A review of conventional, advanced, and smart glazing technologies and materials for improving indoor environment[END_REF].

Low refractive indexes could be obtained by mixing bulk materials with air in a subwavelength scale. As described previously, porous coatings deposited by sol-gel routes are usually described but ageing of such solutions seem to be critical for outdoor application [START_REF] Nielsen | Optical breathing of nanoporous antireflective coatings through adsorption and desorption of water[END_REF].

During the past decades, subwavelength periodic or stochastic surface-relief structures were intensively studied for many applications: solar cells, dashboards, optical and optoelectronic devices, screens, and sensors for example [START_REF] Raut | Anti-reflective coatings: A critical, in-depth review[END_REF][START_REF] Park | Broadband Antireflective Glasses with Subwavelength Structures Using Randomly Distributed Ag Nanoparticles[END_REF][START_REF] Ye | Subwavelength structures for high power laser antireflection application on fused silica by one-step reactive ion etching[END_REF][START_REF] Song | Design of highly transparent glasses with broadband antireflective subwavelength structures[END_REF][START_REF] Wu | Growth mechanism of one-step self-masking reactive-ion-etching (RIE) broadband antireflective and superhydrophilic structures induced by metal nanodots on fused silica[END_REF][START_REF] Shao | Fabrication of Antireflective Nanostructures on a Transmission Grating Surface Using a One-Step Self-Masking Method[END_REF]. Periodic subwavelength surface-relief structures as antireflective surfaces were discovered in nature on moths eyes [START_REF] Han | Antireflective surface inspired from biology: A review[END_REF].

In this study, we propose to develop antireflective moth-eye structures in order to increase optical properties of protection windows for outdoor LED lighting. as described in other studies [START_REF] Tamayo | Maskless fabrication of broadband antireflection nanostructures on glass surfaces[END_REF] . First, reactive ion etching process was optimized on glass substrates for maximising transmission in normal and angular incidence in the wavelength range of white LEDs (400-750nm). Glass substrate have also been treated with two standard vacuum antireflective coatings (MgF2 single layer and SiO2/ZrO2 multilayers) in order to compare nominal antireflective performances of these three vacuum technologies by using the same characterization protocol. In a second time, the influence of different ageing conditions on failure mechanisms generated during outdoor normative tests had been evaluated for these three antireflective solutions. Three standard ageing tests, normative for outdoor applications, were then enforced in a climatic chamber. After ageing tests, we estimated the optical properties degradation of different antireflective treatments developed in this study. These three antireflective technologies developed in this this study were then compared from an economical and environmental impact point of view I a final part.

Experimental

Elaboration conditions

Boro-aluminosilicate glass substrates (Corning eagle Xg) traditionally used for optronic application (as solar cells for example) have been selected for this study. Composition of this aluminosilicate glass is 55.0% SiO2, 7.0% B2O3, 10.4% Al2O3, 21.0% CaO, and 1.0% Na2O. This glass has been selected because of its good optical properties in the wavelength range targeted for this application. The large amount of CaO should be interesting for etching process because of its strong interaction with fluorine gases used during RIE process.

Moreover, surface analyses demonstrate that surface composition differs significantly from the bulk [START_REF] Cushman | Time-of-flight secondary ion mass spectrometry of wet and dry chemically treated display glass surfaces[END_REF] and should lead to differential etching rate and thus forming pillars on to top surface as described in paragraph 3.2.1.

Moth-eye structures were performed by standard reactive ion etching (RIE) in a Nextral NE110 equipment. The same corning glass (25x25mm² samples) were etched on both sides with a radiofrequency (RF) discharge of a CHF3/O2 mixture. The RF discharge is applied on a 8cm diameter electrode and substrates to treat are grounded. The surface texture were controlled by adjusting partial gas pressures, total chamber pressure, bias voltage and time.

The main objective of this optimisation was to control parameters governing the surface texture, such as period and height as described by optical simulation in literature [START_REF] Song | Design of highly transparent glasses with broadband antireflective subwavelength structures[END_REF]. Period is the average distance between two patterns and height is the average of all patterns' height.

The control of these both geometrical parameters is crucial for two reasons: First, the period must be adjusted in a subwavelength range in order to produce a graded index surface in the wavelength range targeted. The second important geometrical parameter is the ratio height/period that is supposed to control the ratio of diffuse transmission amount comparatively to specular transmission component.

Standard MgF2 single layer and SiO2/ZrO2 multilayer were elaborated by electron beam evaporation respectively in a Oerlikon Univex equipment and a Balzers BAK equipment.

Characterization protocol

The morphology of the textured surfaces was examined using scanning electron microscopy (SEM). Ellipsometry (SEMILAB SE) was used to determine optical constants of deposited materials (refractive index and extinction coefficient). Optical transmission and reflection measurements were performed using a Lambda 950 spectrometer with an integrated sphere. The angle-dependent specular transmission was evaluated by an accessory (ARTA) coupled with Lambda 950 spectrometer from 300 nm to 1100 nm (at an incidence angle 0°, 20°, 40°, 60°) [START_REF] Van Nijnatten | An automated directional reflectance/transmittance analyser for coating analysis[END_REF]. This characterisation method allowed us to measure separately diffuse and specular transmission. Total transmission is the sum of diffuse transmission and specular transmission.

The efficiency of the antireflective treatment was calculated by normalizing total transmitted spectrum (300-850nm) measured by spectrophotometry with the spectral response of white led used for the application (equation 1).

(%) = ( ) • ( ) • ( ) • Equation 1
With SRLED (λ) the spectral response of white LED as a function of wavelength and T(λ) the total transmission in percentage as a function of wavelength. Figure 1 illustrates the standard spectral response of white LED used for this calculation. This calculation is a good way to evaluate and compare the efficiency of each antireflective treatment proposed in this study for LED lighting.

Results and discussion

Optical simulation

Two standard references used as antireflective coating were deposited by electron beam evaporation: MgF2 and multilayer ZrO2/SiO2. Concerning multilayer configuration high index layer could be as example TiO2, Al2O3, Ta2O5 or ZrO2. ZrO2 material has been selected because of its high hardness and as a consequence its high resistance to scratches. The costs issues are also important in this study and ZrO2 seems to give a good compromise cost/performance. First, single layers (MgF2, SiO2 and ZrO2) were first elaborated in order to determine their optical constants (refractive index and extinction coefficient) by ellipsometry.

We measured refractive indexes (at 550nm): 2,11 for ZrO2 layer and 1,46 for SiO2 layer.

These single layers were evaporated at 0,5nm/s without introducing oxygen in the chamber.

Contrary to usual optical layers processes, no ion beam assistance was used for depositing these layers in order to reduce the cost of the evaporation equipment. These results were implemented and used in optical simulation performed with Optilayer software in order to optimize the thicknesses to deposit on glass for white LED lighting [START_REF] Amotchkina | Advanced thin-film software techniques improves design-to-fabrication workflow[END_REF]. We purchased the maximum in total transmission (100%) at an incidence angle of 0° for the white LED spectral response wavelengths (350-800nm) described in Figure 1.

Concerning single layers and multilayers configurations, optimized thicknesses were determined from refractive indexes and the optical target specifications described above.

Concerning MgF2, an optimum thickness of 93nm has to be deposited in order to achieve the best total transmission. Concerning multilayer ZrO2/SiO2 coating, a simulation study was conducted to optimize the number of layers for achieving the best antireflective performance.

The Figure 2 presents the results of optical simulation leading to the calculation of antireflective efficiency (Equation 1) of ZrO2/SiO2 coating as a function of the number of layers in this stack. The optimum number of layer will be determined in order to have a good compromise between maximum efficiency and minimum total thickness for costs and productivity considerations. Eight layers configuration on both sides (SiO2/ZrO2/SiO2/ZrO2/glass/ZrO2/SiO2/ZrO2/SiO2) seems to be the best solution to apply because it gives a 99,2% efficiency combined with 402nm total thickness (201nm on both sides). A higher number of layer could lead to high cost of production and doesn't improve drastically the efficiency: a 99,4% maximum efficiency is calculated for a 24 layers stack with a total thickness of 1054nm.

Optical properties

From optical simulation results, MgF2 and 8 layers ZrO2/SiO2 coatings were deposited by electron beam evaporation using conditions described above. Moth-eye structures process have been optimized to achieve antireflective performance in the same wavelength range (350-800nm).

Initial performances

Optical properties of moth-eye structures, elaborated by reactive ion etching, had first been evaluated by exploring elaboration parameters. As described in other studies [START_REF] Tamayo | Maskless fabrication of broadband antireflection nanostructures on glass surfaces[END_REF][START_REF] Schulze | New approach for antireflective fused silica surfaces by statistical nanostructures[END_REF], under specific etching conditions, the surface composition create pillars on the surface which act as an antireflective nanostructure. A design of experiment (DOE) was performed in order to create different sizes of pillars (various period and heights). As depicted in [START_REF] Tamayo | Maskless fabrication of broadband antireflection nanostructures on glass surfaces[END_REF], extreme surface composition (based on Ca and Na should interact strongly with CHF3 gas and probably should form CaFx components acting as mask during etchning steps. This step was in a first time applied on one side of glass: four different conditions were selected to illustrate this DOE and the different moth-eye structures performed. The first part of optimisation is the DOE by adjusting gas flows, power, pressure and time. The second part of parametric optimisation based on the selection of the best condition extracted from this DOE and the time of treatment was then adjusted.

Table 1 summarizes the process parameters used for these four examples. Figure 3 presents SEM observation of moth-eye structures: we observe a clear influence of parameters on pattern period and height. These geometrical parameters could have an influence on graded index generated by such a textured surface. The refractive index profile of this graded interface between glass and air was probably influenced by period, height and form of patterns. The advantage of this type of antireflective structure, comparatively to traditional graded index layer (GLAD, graded composition coatings or porous layers) is its ability to control the gradual modification of refractive index by controlling geometrical patterns through plasma parameters without any additional material at the interface air/glass. First, Figure 3 exhibits that the form of structure (small peaks) is approximatively the same for each process condition. The heights, observed on Figures 3b,3c and 3d seem to be the same for these three conditions. ME1 depicts the thinnest structure with a small period and low height.

These both geometrical properties seem to have a large influence on the low diffuse transmission observed in Figure 4b. Nevertheless, the density of peaks increases progressively from ME2 to ME4 (Figure 3b, 3c and 3d). Moreover, the greater period observed on Figures 3b,3c and 3d shifts the maximum of total transmission toward the longer wavelengths (Figure 4a) and leads to high diffusing transmission, which could be problematic for antireflective property. ME1 conditions seems to give the better structure in terms of period and height.

Consequently, these ME1 conditions were selected to be optimised by adjusting time of treatment in the following part of this study.

The DOE pointed out the strong influence of time of treatment on pattern period for the same gas mixture and power applied. Gas ratio CHF3/O2 also influences the pattern period and height but its impact is lower than time or power parameters. From DOE experiments, we think that lower time should lead to higher efficiency. The maximum of transmission as a function of wavelength clearly depends on time of etching with ME1 conditions (Figure 5).

The wavelengths corresponding to the maximum of transmission on these curves shift toward high wavelengths when time of treatment increases. Time of treatment probably modifies period of moth-eye structures elaborated with ME1 conditions. The green curve (Figure 5)

corresponding to a 600s etching in ME1 conditions seems to be well centred on spectral response of white led. To confirm this observation, the transmission efficiencies of Figure 5 curves were calculated from equation 1 and presented as a function of time in Figure 6.

Consequently, lower time of treatment from 100s to 500s gave respectively 93,2% and 97,4% of transmission efficiency. Higher time of treatment resulted in a lowering of transmission efficiency from 97,5% and 96,4% for respectively 600s and 1100s. Consequently, one can conclude that time of treatment has a large influence on total transmission (Figure 6). An optimal transmission was found with ME1 process conditions by adjusting the total time of treatment on both sides of glass around the initial 400s duration (Figure 6). Moreover, as depicted in Figure 4, ME1 conditions gave high total transmission combined with a low diffuse transmission.

Consequently, this second optimisation step led us to select ME1 conditions with 600s time of treatment to elaborate moth-eye structures for the following work. This antireflective moth-eye structure had been compared with standard MgF2 and 8 layers ZrO2/SiO2 antireflective coatings (Figure 7). 8 layers ZrO2/SiO2 is the most efficient antireflective surface in normal incidence. The calculated efficiency for this multilayer coating is 99+/-0,1%. MgF2 coating and moth eye structure have a respective efficiency of 96,8+/-0,1% and 97,5+/-0,1%.

Moreover, antireflective moth-eye structure exhibited high antireflective properties at normal and oblique light incidence (Figure 8). Thus, this antireflective structure could be applied with favourable results to glass protection of outdoor led lighting with large angle of incidence. Figure 8 represents the gain of transmission (γ) calculated for each antireflective configuration comparatively to untreated corning glass (Equation 2) with respectively ηantireflective and ηglass the efficiencies of antireflective surfaces and untreated glass reference (Equation 1).

Figure 8 shows the advantage of moth-eye structure on standard antireflective coating with oblique incidence of light. Antireflective performance γ was very stable at 4,3% for low incidence angle (0-40%) and increases to 4,9% for high incidence angle (60°). Contrary to moth-eye structure, standard antireflective coatings had decreasing performances as a function of incidence angle. Antireflective gain of MgF2 coating starts with 3,5% at 0° to 2,5% at 60°. 8 layers ZrO2/SiO2 configuration gave the best results at low incidence angle with respective transmission gains at 6,5%, 6,2% and 5,4% for incidence angles of 0°, 20°, 40° . At 60°, the antireflective performance of multilayer coating (+3,7%) is lower than moth-eye structure one (+4,9%). The moth-eye structure seems to have the best homogeneity in antireflective performance whatever the angle of incidence may be as described in other studies [START_REF] Shao | Fabrication of Antireflective Nanostructures on a Transmission Grating Surface Using a One-Step Self-Masking Method[END_REF][START_REF] Chattopadhyay | Antireflecting and photonic nanostructures[END_REF].

Optical properties after ageing

Applying antireflective treatments on a surfaces exposed to the external environment must demonstrate some resistances to hot and humid environments. In this study, we chose to investigate the reliability of moth-eye structure comparatively to standard
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Equation 2 Equation 2antireflective in various conditions of temperature and humidity. Moreover, as described in introduction, the application of outdoor lighting was targeted in this study. Consequently, we chose to test these antireflective solutions with standardized norms used in the automotive application field. Three main accelerated ageing tests were conducted : (i) first test named saturated humid heat resistance (SH) consisted in ageing samples during 48 hours at 40°C and 100% of relative humidity according to DIN50017 norm; (ii) the aim of a second test, named Humid Heat (HH), was to age samples for 96 hours at 70°C and 95% of relative humidity;

(iii) a third test, named extreme heat (EH), stressed the different samples for 1h at 130°C. The moth-eye structure and 8 layers ZrO2/SiO2 coating demonstrated good performances in these three accelerated ageing tests (Figure 9). The performances remain stable respectively at 7.5%

and at 6% for the multilayer and the moth-eye structure whatever the ageing tests. Beside, MgF2 coating seems to be sensitive to saturated humid heat resistance by losing 1% of gain of transmission comparatively to the same sample without ageing. This sensitivity to humid conditions of MgF2 is well known in the literature [START_REF] Dumas | Characterization of magnesium fluoride thin films deposited by direct electron beam evaporation[END_REF].

Comparative evaluation of antireflective solutions

For summarizing this comparative study of different antireflective solution for outdoor lighting components, we synthetized the main advantages and drawbacks of ZrO2/SiO2 multilayer, MgF2 single layer and moth-eye structure from different considerations in the table 2. These considerations were focused on the elaboration technology, their optical properties, the reliability of these solutions and their impact on environment.

First, considering elaboration technology, PVD equipments have to be used to deposit MgF2 and multilayers ZrO2/SiO2. The size of such equipment is mainly determined by the size of components to treat and production rate. Concerning LED light market, high production yield were imposed in order to produce antireflective surface at low cost. As a consequence, the size and/or the number of PVD tools necessary to produce antireflective on glass components is important: it should lead to an important equipment investment.

Moreover, deposition of multilayer oxides with high accuracy of refractive indexes and thicknesses needs specific tools as inline control inducing extra costs on such equipment.

Methods based on lithography were generally used to fabricate these types of moth-eye structures [START_REF] Wu | Growth mechanism of one-step self-masking reactive-ion-etching (RIE) broadband antireflective and superhydrophilic structures induced by metal nanodots on fused silica[END_REF][START_REF] Li | Antireflective surfaces based on biomimetic nanopillared arrays[END_REF][START_REF] Son | Large scale antireflective glass texturing using grid contacts in anodization methods[END_REF]. High rate production and cost issues remain a challenge for these elaboration processes. Moth-eye structures, performed in our study by a one-step reactive ion etching process, did not involve high-cost equipment. Consumables costs is also another advantage for moth-eye structure because our technology did not require any material deposition for masking. Process robustness was also a key point for producing with a good reproducibility such antireflective surfaces. The allowable error in thickness of multilayer coating for maintaining its antireflective performances is less than 10%. A tolerance of 20% in thickness had been calculated for MgF2 coating. Concerning moth-eye structure, as described in figure 6, a variation of 50% of etching time still allows to obtain an antireflective performance higher than 97%.

Secondly, considering intrinsic optical properties, multilayer seems to be the best solution with a 99% total transmission measured by spectrophotometry. Nevertheless, the angular measurements pointed out that multilayer solution is very sensitive to incidence angle and highly dependent on spectral response of white light used (Figure 7). Angular spectrophotometry measurements described in Figure 8 exhibited a good antireflective property over a broad spectral range and angles of incidence with moth-eye structures.

Moreover, plasma etching used for elaborating moth-eye structure offered the possibility to modulate the period and the height of the pattern. Using such processes to elaborate diffusing structure without depositing any diffusing material could be an opportunity in the field of optical components for solar cells application as an example. This modified process could also be integrated in some components used for outdoor lighting needing to diffuse LED lights and this, whatever the colors of LEDs to transmit.

The third consideration described in Table 2 focuses on durability of antireflective treatments. As described in other studies [START_REF] Dumas | Characterization of magnesium fluoride thin films deposited by direct electron beam evaporation[END_REF][START_REF] Alvisi | Ion assistance effects on electron beam deposited MgF2 films[END_REF], MgF2 optical properties are sensitive to humid ageing conditions. The extreme heat test, conducted at 130°C on glass in this study, is not problematic for each treatment. Nevertheless, following the normative procedure, this test was usually intended to be applied on polymer substrate. Consequently, when we applied this ageing on polycarbonate substrate with antireflective coatings, a strong decrease of 2% in gain of transmission was measured with ZrO2/SiO2 multilayer. This optical failure was mainly due to microcraking of coatings because of its high young modulus. The thermal stress applied on multilayer during extreme heat could be problematic. Multilayer ZrO2/SiO2, with a high thickness and high mechanical stresses should be very sensitive to high thermal stresses.

Other studies demonstrate that this type of coating could be highly sensitive to thermal cycling by losses of adhesion of coating. Moth-eye structure demonstrates a high stability under heat and humid ageing conditions. Mechanical wear resistance is the main advantage of 8 layers ZrO2/SiO2 comparatively to MgF2 and moth-eye structure due to high hardness of ZrO2 layer. Moth-eye structure is very sensitive to abrasive wear because it could lead to geometrical modification by abrasive wear of nano-roughness of moth-eye structure.

However, the only reason for soliciting this treatment to abrasive wear should be the cleaning step of this surface. These mechanical cleanings should be avoided because the moth-eye structure has a self-cleaning property due to its superhydrophilic property. We performed some wettability tests on this moth-eye structure comparatively to multilayer, MgF2 and untreated glass substrate (Figure 10). The contact angles measured with water on theses surfaces are 46° on glass, 75° on MgF2 surface, 50° on the 8 layers ZrO2/SiO2 and lower than 15° for moth-eye structure. Due to the superhydrophilic property of moth-eye structure, we had some difficulties to have a picture of water drop on this surface. Consequently, we chose to show a picture of the highest contact angle measured at 15° on moth-eye structure surface to illustrate its superhydrophilic property (Figure 10d).

The self-cleaning property of a such surface, also described in some studies [START_REF] Luo | Antireflective and self-cleaning glass with robust moth-eye surface nanostructures for photovoltaic utilization[END_REF][START_REF] Yao | Recent progress in antireflection and self-cleaning technology-From surface engineering to functional surfaces[END_REF] is another advantage of this antireflective technology if we are evaluating environmental impacts of such developments. Recyclability is also a crucial point concerning environmental impact: moth-eye structure seems to be the easier sample to recycle, as it did not need additional material for achieving antireflective properties. Nevertheless, the main drawback of such technology considering environmental protection is the use of fluoroform gas (CHF3).

This gas is not an ozone depleter but is a greenhouse gas. Even if plasma decomposed this gas precursor during etching process, sub-products based on fluor could be formed. Moreover energetic and water consumption of vacuum technologies used for developing antireflective surfaces has to be considered: physical vapour deposition systems used for depositing MgF2 and ZrO2/SiO2 layers used a large amount of energy for evaporating or sputtering material.

Efficient cooling is also required for such technology. Reactive ion etching, used for moth-eye structure elaboration, should also require high electrical consumption. However plasma etching processes should require less energy than electron beam evaporation processes to produce the same volume of components.

Conclusion

In this paper, a comparative study was carried out on various vacuum technologies to elaborate antireflective glass protection for outdoor white LED lighting. Moth-eye structure surface, elaborated by one-step reactive ion etching, was optimised for achieving high antireflective properties over a broad spectral range and angles of incidence. This solution was compared to optimized MgF2 single layer and ZrO2/SiO2 multilayers elaborated for this study in standard elaboration conditions considering white led lighting application in outdoor environment. We demonstrate that, in these specific test conditions, moth-eye structure optimised in this study is the best compromise concerning antireflective performance and angular tolerance. Another important point for outdoor application is the capability of surfaces to preserve their optical properties after specific accelerated ageing tests. Moth-eye structure transmitted 97,5% of white led over high angles of incidence and after high climatic stresses.

Economic and environmental impact of such technologies was also evaluated. From these atypical considerations in a scientific paper, we would like to highlight the problem of energetic consumption of such technologies, the use of materials or gases having a strong impact on our environment by considering the recyclability of products and the residual materials rejected during elaboration processes. Nowadays, we have to focus more and more on environmental issues. Beside of the performances of our technological developments, we thus have to estimate their impact on our environment. 
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