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Abstract
The usage of renewable energy is an effective countermeasure against the occurring climatic change. In this regard, solar energy has been shown to be one of the best ways to tackle this issue. However, it has been discovered that the effectiveness of the solar panel is significantly influenced by environmental issues (dust, sand, contaminations, among others), which may induce surface erosion thus reducing the overall optical efficiency. We explored the possibility to enhance the erosion resistance for magnetron-sputtered antireflective TiO2/SiO2 coatings by Zr-oxide doping and thermal annealing. When thermally annealed at 400°C, these coatings demonstrated excellent mechanical (in dynamic conditions) and optical properties compared with the glass substrate. Moreover, laboratory sandstorm testing verified that the coating doped with 1 at.-% Zr and annealed at 400 °C displayed the highest erosion resistance (decreased erosion rate of 98 %). Consequently, doped and thermally annealed ARCs offer a unique and promising option to protect the photovoltaic glass cover against erosive wear thus enhancing the longevity and efficiency (optical and electrical) of commercially available solar panels.	Comment by Terence Harvey: This could do with a reference or several for this statement	Comment by Andreas Rosenkranz . (andreas.rosenkranz): In the abstract, it is very uncommon to put references
Keywords: Anti-reflective coatings; PV glass Cover; Zr-oxides doping; Optical properties; Mechanical properties; Resistance against erosive wear.
Introduction

Over the last years, combating climatic change has been one of greatest global challenges [1]. Through improvements and the extended use of photovoltaic (PV) panels and modules, solar energy has gained significance as an alternative solution to burning fossil fuels, which can help to tackle this problem. In Chile, the energy generation from renewable sources has notably increased. In 2009, only 8.3 TWh have been produced by renewable energies, while this number shows an 8-fold increase in 2020 [2]. In this regard, solar-based technologies are the most prevalent ones in Chile (48 % of the nation's installed capacity of non-conventional renewable energy technologies), which are primarily located in the north of Chile, where they take advantage of the favourable meteorological conditions of the Atacama Desert [2,3].  
The performance of solar power plants highly depends on the quality of the installed panels, which rely on the ability to absorb the solar radiation (PV effect) and their positional stability. To improve their efficiency, plants are frequently located in deserts due to the considerable amount of collectable sun light. However, sand and dust particles in the air are an undesirable natural occurrence, which can erode the panels’ surfaces. Surface abrasion induced by the impact of these particles as well as by the cleaning procedures needed to remove deposited particles can lead to a permanent loss of the optical transmittance (up to a 36% drop in transmittance) [4,5].
Moreover, the use of anti-reflective coatings (ARCs) on the front cover glass of solar modules has greatly expanded as industry shifts towards improved efficiencies and reduced manufacturing costs [6]. Over 70% of the silicon PV modules are now projected to have ARCs [6,7]. Many conventional coatings rely on single-layer porous silica, which is generated via dip-coating [8–11]. Typically, these coatings obtain their mechanical strength through high-temperature sintering during the tempering process of the PV glass cover. Nevertheless, ARC glasses with greater durability and long-term performance are desired, which holds particularly for systems operating in medium to high soiling environments, where PV modules are susceptible to degradation by airborne particles and/or frequent cleaning [12,13]. 
The mechanical strength of porous coatings  currently used in PV glass covers is significantly lower than that of the same coating material having a higher density and lower porosity, since pores are filled with air and the bonds between the substrate and the coating are weaker. Consequently, more porous coatings become more susceptible to greater damage than bare glass. Recently, however, it has been shown that multilayer ARCs composed of TiO2/SiO2 offer superior mechanical characteristics over porous SiO2 coatings. Additionally, these coatings have an excellent optical performance, which makes them good candidates to be used in PV solar panels [14–16].	Comment by Terence Harvey: So are traditional coatings porous?  This doesn’t seem to link to PV at the momento.
To evaluate the durability of coated glass surfaces, different tests can be realized to simulate the climatic conditions typical for desert regions. It is important to point out that Wiesinger et al. [17] demonstrated that the existing abrasion standards (MIL-STD-810G [18], ASTMD968-05 [19], and ASTMF1864-05 [20]) do not realistically mimic the impact of sand and dust particles on surfaces in desert environments since the physical parameters present in natural sand and dust storms are not adequately reflected. Nevertheless, some authors have investigated the effect of erosion on coated glass, evaluating impact velocity, angle of impact, and particle properties on the amplitude of erosion [21,22]; Houmy et al. [23] and Mahdaoui et al. [24]. Furthermore, there are recent studies that have investigated the effects of sand erosion on ARCs of the surrounding glass tubes, which are a crucial component of solar collectors with parabolic troughs [25]. However, the erosion behavior of multi-layer TiO2/SiO2 ARCs on the glass cover of PV solar panels with enhanced mechanical properties have been scarcely investigated [16,17,26]. Consequently, the optical efficiency (transmittance and reflectance) and durability (erosion rate) of ARCs based on TiO2/SiO2 doped with Zr-oxides on glass are evaluated under realistic testing conditions that simulate a sandstorm in the laboratory. For this purpose, the approach outlined by Wiesinger [17] regarding the wear resistance of ARCs under harsh desert conditions has been followed and utilized. 
Materials and Methods
Sample Preparation
The studied ARCs are multilayer (4-layer) systems made up of S/TiO2/SiO2/TiO2/SiO2 doped with Zr-oxides, where S stands for the glass substrate. In this regard, the design is based on the alternation of oxides having a high (TiO2) and low (SiO2 and SiO2 doped) refractive index. The ARCs have been deposited by magnetron sputtering with a nominal coating thickness of 250 nm on a glass substrate (5 cm × 5 cm) having a low iron concentration and a thickness of 50 mm. These systems are referred to as "ARZr-X", for which X is 15, 20, 25, or 30 and relates to the power (in Watts) supplied to the ZrO2 target to adjust the Zr-content in the sample, sample that have been annealed (at 400°C) have a ‘-400’ suffix. Table 1 summarizes the terminology used for the 10 distinct samples. Using X-ray photoelectron spectroscopy (XPS), the proportion of Zr present in the doped layers and the type of oxide have been determined [15]. 
Table 1. ARZr-X multilayer coatings (X = 0.15, 20, 25, and 30 Watts applied to the ZrO2 target during co-sputtering of the Zr-oxide doped SiO2 layer) without heat treatment (RT) and thermal annealing at 400°C using various power ratios between the SiO2 and ZrO2 targets.
	Power ratio SiO2: ZrO2 target
	Samples
	

	
	ARZr without heat treatment (RT)
	ARZr with thermal annealing at 400°C
	Zr-content (at %)

	100 W:0 W
	ARZr-0
	ARZr-0-400
	0.0

	100 W:15 W
	ARZr-15
	ARZr-15-400	Comment by Terence Harvey: Is this supposed to be ARZr-15-400 or is the ARZr-15 wrong?  Is neither please explain why they are not like for like comparisons.
	1.1

	100 W:20 W
	ARZr-20
	ARZr-20-400
	3.1

	100 W:25 W
	ARZr-25
	ARZr-25-400
	6.3

	100 W:30 W
	ARZr-30
	ARZr-30-400	Comment by Terence Harvey: Can you add percentage Zr?  I can see some have been measured.
	11.5



Elastoplastic Property Characterization under Dynamic Conditions
Using a nanoindenter (Hysitron Ti900), the elastoplastic characteristics of ARZr systems were studied. The coatings’ hardness (H) and Young’s modulus (E) were measured using a Berkovich indenter, and the data were analyzed using the Oliver and Pharr model [27]. Each indentation was comprised of 16 loading-unload cycles with the maximum load per cycle (Pmax) rising from 0.5 to 8.0 mN to achieve effective indentation depths between 75 and 270 nm. In an unloading segment, Pmax was maintained for 5 s and afterwards reduced to 55% of Pmax of the previous load cycle (Figure 1 (a)). As illustrated in Figure 1 (b), five distinct sections of the sample were evaluated to generate statistically significant data. The elastoplastic characteristics of the samples were examined under dynamic conditions (load cycles) to assess the mechanical behavior when the surface is impacted by particles (sandstorm) that generate erosive wear. In this regard, the parameter H3/E2, which can be associated to the plastic deformation resistance and the plasticity index (Rp), was considered. According to equation 1, Rp is determined by dividing the irreversible indentation work (Wp) by the overall indentation work (Wtotal) [28]. In this work, Rp was approximated using the penetration depths using the following equation:
                Eq. (1)
where hmax is the penetration depth at the maximum load applied during the cycle and hres reflects the residual indentation depth determined using the unloading curve fit following the Oliver and Pharr approach. It should be emphasized that Rp is the complement of the elastic recovery of the material (Re = 1 - Rp), and, consequently, this parameter will be zero when the indentation remains purely elastic [28].
[image: ]
Figure 1. Methodology for measuring elastoplastic behavior under dynamic conditions: (a) Increase in the maximum load applied (Pmax) between each cycle (between 0.5 and 8.0 mN) to evaluate the mechanical properties of the coatings at different indentation depths (hf) between 75 and 250 nm, and (b) diagram of the sample zones that were cyclically (16 cycles) indented for statistical purposes.

Sandstorm-like Accelerated Erosion Testing
To simulate the conditions of a sandstorm and to assess the effectiveness of the created multilayer systems, an erosion equipment based on the ASTM G-76 standard was utilized [29]. After the test, the samples were cleaned with isopropyl alcohol in an ultrasonic bath for 15 minutes to remove remaining sand particles. According to ISO 12103-1A4 [30], commercial sand with a maximum particle size of 350 μm in diameter was employed for this test. Combining the average sand concentration c, the test duration t, and the wind speed v, the quantity of accumulated sand mass per unit area, Ma in (g.cm 2) can be calculated as:
 Eq. (2)
where m is the mass of the sand being impacted and A stands for the area of the sample [25]. The parameters used to simulate a sandstorm under accelerated conditions are summarized in Table 2.
	Parameter
	Value

	Velocity (m/s)
	25.7

	Sand mass (g)
	15.0

	Impact angle (°)
	30.0

	Exposure time (min)
	10.0



Table 2. Summary of the used parameters to conduct accelerated erosion tests designed to mimic a sandstorm.
Additionally, the optical effectiveness of the coatings is analyzed using equation 3 and expressed in terms of the defect rate per area (), where  is the change in transmittance (loss) during the erosion test and Ma stands for the accumulated sand mass per unit area [17].
                                     Eq. (3)

Topographic characterization and optical properties after erosive wear
The samples were characterized in both their original and post-erosion states as listed in Table 1. Optical microscopy (Olympus BX51M microscope) and UV-Visible spectroscopy (Ocean Optics HR 2000 + ES) were used to analyze the influence of the erosion-induced surface damage on the topography and the optical properties to estimate the durability and performance of the glass with multilayer coatings. Using optical micrographs obtained after accelerated erosion testing, the geometry of developing flaws was analyzed using Image JTM processing software. First, background noise reduction and threshold-based defect threshold correction were used prior to transforming the micrographs into grew-scale images. To segment the defects of the binarized micrographs (Figure S1), the digital analysis of the images was realized using the Huang method [31]. Utilizing equation 4, these segmented defects were filtered based on their circularity. 
                Eq. (4)
A circularity of 1.0 denotes a perfect circle, while numbers closer to 0.0 reflect increasingly elongated forms. In each sample, 20 points were examined to calculate mean values and standard deviations. A wear mechanism [17] was assigned to each of the circularities of 1.0, 0.8, 0.6, 0.4, and 0.2 used to segment the various kinds of defects, as illustrated in Figures S2(a) - (e) in the supporting information. It is important to note that the defects are caused by erosive wear. In the second step, using scanning electron microscopy, these wear processes were further described (SEM, FEI Quanta 250). Additionally, to investigate the influence of erosion on the optical performance of the glass with multilayer ARCs with and without doping, reflectance, and transmittance tests in the wavelength range between 380 and 750 nm were performed. In accordance with the ASTM E903 standard [32], the experimental apparatus for UV-Vis spectroscopy consisted of a spectrophotometer and a deuterium-halogen light source.
Following the erosion tests, the erosion rate (ER) of the samples was calculated using the volume loss induced by the particle impact divided by average particle size (350 µm size particle in accordance with ISO 12103-1A4). ER was calculated using the equation 5 [33].
                                     Eq. (5)
Where where Vl is the target volume loss, d is the mean particle diameter, t is the test duration,  is the particle volume fraction and  is the volumetric flow rate of slurry (0.03 g/s).

Using white light interferometry (WLI), the samples topography was characterized (Rtec Multi-functional tribometer MFT-5000). The micrographs collected by WLI were processed with Mountains 9® software to generate a 3D image thus determining the volume loss, the greatest depth of damage, and the resulting roughness.
Results and Discussion
To adjust mechanical and optical properties, the reference sample without doping (Figure 2(a)) and sample doped with a different content of Zr-oxides (Figure 2(b)) was subjected to thermal annealing at 400°C [14,15]. Without the use of Zr-oxide doping, the heat treatment enhanced the anatase formation in the TiO2 layers and densified the film, which was reported in previous works (Figure 2(c)) [14,15], which helps to enhance the mechanical characteristics under static conditions [14]. However, previous work [15] has shown the best mechanical characteristics of the ARCs were produced without affecting the corresponding optical performance when applying doping and heat treatment together (an example for this work is shown in Figure 2(d)). 	Comment by Terence Harvey: Please explain how this appears/manifest in the image, i.e. what in the image indicates this as to the casual observer they only appear slightly different.
[image: ]
Figure 2: Cross-sectional TEM micrographs of the different (a and c) undoped and (b and d) doped multilayer Zr-doped ARZr (a and b) without and (c and d) with thermal annealing at 400 °C [14,15].

Dynamic Elastoplastic Behavior of the ARZr Systems
Cyclic indentations were performed to characterize the resistance against plastic deformation (parameter H3/E2) and the plasticity index (Rp) as a function of the number of load cycles thus assessing the elastoplastic behavior of the multilayer ARZr coatings (Figure 3). In this regard, the substrate influences the value of the hardness and the modulus of elasticity, which needs to be considered when discussing the real properties of the coating systems. 
Figure 3 (a) and (c) illustrate that the number of load cycles had a greater effect on the H3/E2 and Rp parameters of ARZr-0 compared to the other samples . This behavior can be attributed to fracture mechanisms of the TiO2 layer due to its inter-columnar porosity observed by transmission electron microscopy (TEM) [14,34,35], which may lead to a total fracture of the coating. This reduces the resistance against plastic deformation, allowing the structure (remaining porosity) to withstand lower loads as a consequence of the compressive stresses created by the indenter [28,36–39]. With increasing Zr content, H3/E2 slightly decreased (at 1 load cycle). For a Zr concentration of 11 at. -% (ARZr-30 [15]), a greater plasticity index and lower H3/E2 were reported for a reduced number of cycles, thus matching with the observed plastic deformation. However, as the number of cycles increased, the hardening may occur due to an increased dislocation density, thus leading to a decreased plasticity index, and increased H3/E2 parameter [28,38]. 	Comment by Terence Harvey: What do you mean, what are the figures showing and what means physically, ‘unstable’ doesn’t actually mean anything in this context.  Next sentence sort of covers it, but fracture of what? Whole coating or intra/inter-layer?	Comment by Terence Harvey: That is the opposite of what Figure 3a) shows (at 1 cycle)	Comment by Terence Harvey: You are doing hardness measurements so should be able to say definitively if it is hardening!
The mechanical properties of the thermally treated materials (Figures 3(b) and 3(d)) confirm an increase in H3/E2 and a decrease in Rp.  Moreover, a more stable behaviour with increasing load cycles can be observed when compared to the untreated samples (Figures 3(a) and 3(c)). This implies that the ductile-brittle transition  occurs more slowly in the annealed samples than in untreated samples. This phenomenon may be explained to the phase transition of the TiO2 layer (from amorphous to anatase) and a denser microstructure in the ARZr system. Consequently, the system can disperse impact energy more effectively due to the described microstructural characteristics (preferred orientation and densification), which also improved mechanical performance and made the system more durable and resistant with increasing load cycles [14,15,37,38].	Comment by Terence Harvey: Again a gap between figure and conclusion – need what is the figure is showing, what that means for the coating physically and then at the a conclusion.
[image: ]
Figure 3. (a and b) Resistance against plastic deformation (H3/E2) and (c and d) plasticity index (Rp) of the ARZr samples (a and c) without and (b and d) with thermal annealing. 

Surface damage characterization of eroded ARZr systems	Comment by Terence Harvey: Are not all coating ArZr?  Even ArZr-0, if so you don’t them all over the place

Using the 3D reconstructed micrographs produced by WLI (Figure 4), the depth of the flaws caused by the impact of the sand particles was determined. Figure 4 demonstrates that the maximum defect depth in ARZr-0 (Figure 4(a)) is similar than in ARZr-15 (Figure 4(b)). Nonetheless, ARZr-30 with the greatest Zr concentration (11% at) and without heat treatment (Figure 4 (c)) demonstrates an increased defect depth of up 25% compared to ARZr-15. In contrast, the defect depth is significantly reduced for the samples after thermal annealing. ARZr-0-400 (Figure 4(d)) exhibited a reduction of 24 % compared to ARZr-0, while ARZr-15-400 (Figure 4(e)) showed a 20 % reduction in defect depth compared to ARZr-15. Consequently, ARZr-15-400 demonstrated the smallest average defect depth among all samples analyzed (102 ± 20 nm). In this regard, the sample (ARZr-15-400) doped with 1% Zr and thermally treated demonstrated a reduction in the maximum depth of the defect 16% compared to ARZr-30-400 (Fig. 4(f)). By raising the resistance to plastic deformation (H3/E2) and reducing the plasticity index (Rp), the depth of the damage can be reduced [28].  Nevertheless, it is noteworthy that there are localized zones where the depth reaches up to 800 nm, which can be formed by particles with larger angular dimensions and a higher impact velocity than the calculated average [5,38,40]. 	Comment by Terence Harvey: So what about the depth (blue) bits, you cannot ignore them.
[image: ]	Comment by Terence Harvey: Anyway you can make the top of the coating be 0 µm? and thus all depth relative and much better visually.  At the moment the coating looks to be about 6.5 µm and with the coating only being 0.5 µm (500 nm) anything below 6 µm is substrate (wear).  Although the images in Figure 2 indicate it is only 240 µm.
Figure 4. White light interferometric micrographs for (a) ARZr-0, (b) ARZr-15, (c) ARZr-30, (d) ARZr-0-400, (e) ARZr -15-400, and (f) ARZr-30-400, which are used to evaluate surface damage induced by erosive wear. 

It is important to point out that all samples demonstrate less damage compared to the substrate (Figure S3 (a)). In addition, ARZr-20 (Figure S3 (b)) and ARZr-25 (Figure S3 (c)) exhibit an increased surface degradation in comparison to ARZr-15. However, it is less pronounced compared to ARZr-30 (Figure S3 (b and c)). This tendency can be also found in the heat-treated samples ARZr-20-400 and ARZr-25-400 (Figure S3(d and e)).
To complement the WLI results, Figures S4 (a) and (b) illustrate the results of the circularity-based defect segmentation and quantification resulting from digital image analysis of the optical micrographs. This analysis of the sample flaws was conducted to further characterize the evaluation of erosion-induced surface damage. Additionally, the circularity of the flaws may be associated with wear processes such as delamination, cracking, or plastic deformation [17].	Comment by Terence Harvey: These should be a different figure, really confusing attaching the to some profilometry results.

The figures themselves are really hard to work out what they mean – what is proportion of occurrence?  Of what, how is it calculated, what are the two horizontal dashed lines?  What are the 5 columns 0.2 to 1.0 (circularity index?)  Should they not add up to 100%...it is all really unclear.
Figure S4 (a) demonstrates that thermally annealed samples had a lower number of defects than reference samples without thermal annealing (Figure S4 (b)). In this regard, ARZr-30 had the maximum number of defects per area (proportion of occurrence) with a circularity of 1.0, at 45 %, in contrast to ARZr-30-400, which had a proportion of occurrence of 33%. This defect reduction observed for ARZr-30-400 may be attributed to the denser and more aligned microstructure induced by thermal annealing (Figure 2), which enhanced the resulting mechanical properties (Figures 3 (b) and (d)). However, the proportion of circular flaws in ARZr-15-400 is 9 % lower than ARZr-0-400 and the glass substrate. Therefore, ARZr-15-400 contains the lowest amount of defects caused by elasto-plastic deformation, fractures, and craters on the surface, which is associated to an improved coating’s integrity and service life [17,25,37].
The principal erosive wear processes caused by the impact of sand particles on the ARZr samples have been analysed. When a brittle material is hit by particles traveling at a low velocity (less than 100 m/s) [33,41], surface microcracks can be observed. However, as velocity increases, the surface may experience brittle fractures via lateral crack propagation as a result of elastic recovery stresses [41]. Regarding surfaces of more ductile materials, such as ARZr-30 (Figure 5 (a) – (d)), a significant elasto-plastic deformation caused by the impact has been observed [5,25]. Additionally, the constant impact of the particles on the surface would result in detachment (or, in the case of coatings, delamination) or material loss, resulting from subsurface fatigue. Consequently, the proportion of occurrence (Figures S4 (a) and S4 (b)) in the samples directly correlated to the increased elastoplastic deformation, delamination, and brittle fracture [41]. This suggests that elongated flaws (circularity of 0.2) can be connected to abrasive wear, while larger circular defects (circularity of 0.8 and 1.0) can be associated to brittle fracture and plastic deformation failure (Figure S2) [17,41].	Comment by Terence Harvey: In what way, there are three different mechanisms – what is the correlation?  Where is the evidence, the next sentence already associates them?
[image: ]

Figure 5. SEM micrographs of typical wear mechanisms (brittle fracture (BF), plastic deformation (PD), lateral crack failure (LCF), abrasion (ABR), delamination (DL) and exposure glass substrate (sub) observed in four different zones along the wear track of the ARZr-30 sample including (a) the center, (b) the upper edge, (c) the lower edge, and (d) the intermediate zone between the center and the upper edge.

Optical properties of eroded ARZr systems
Figure 6 shows the optical performance (transmittance and reflectance) of each ARZr sample and the glass substrate prior to and after accelerated erosion testing. Regardless of the degree of doping, the transmittance of all unheated samples (Figure 6 (a)) is greater than that of glass substrate in the visible range (between 450 to 700 nm wavelength). This experimental tendency (Figure 6(a)) has been also observed for thermally annealed samples (Figure 6(b)), except for ARZr-30-400, whose transmittance increased between 450 and 750 nm. Additionally, a redshift (between 325 to 400 nm) of all coatings produced mainly by the absorption of TiO2 layer can be observed [14,42,43]. Moreover, the broadband of the ARZr samples (from 400 to 750 nm of wavelength [15]) without thermal treatment prior to and after erosion exhibits a redshift. The observed redshift is reduced for the annealed samples. A reduction in reflectance in the UV region (330 to 400 nm), which was inversely proportional to the Zr content, is observed for the samples without heat treatment (Figure 6(c)). In contrast, the thermally annealed samples kept their reflectance in the UV spectrum, although having a reflectance that was roughly 15% lower than previously examined samples without deterioration [15]. Consequently, their ability to block UV radiation, which is the overall purpose of the created ARCs, reduces with erosion, which was more significant for samples without heat annealing.  	Comment by Terence Harvey: Which figure(s) and shown how?  I presume this is the purple line lower than the others, does the between 375-325nm have any significance?  As glass is superior	Comment by Terence Harvey: The first thing to talk about is the substrate, this is your baseline behaviour, then compare the coating to this and each other.
On the other hand, figures 6 (e) and (f) reveal a more significant effect on the optical behavior (transmittance and reflectance) of the ARZr compared to the glass substrate for a wavelength centered on 550 nm. The optical properties prior to the erosion test are shown in Figure 6(e). Due to their greater density, the formation of anatase, and the quantity of Zr present in the coatings, the optical properties (reflectance and transmittance) of the ARZr samples have changed [44–46]. Moreover, Figure 6(f) shows the optical response of the samples after erosive wear. The transmittance of the bare glass decreased from 88.0 (prior to erosion) to 61.5 % (after erosion) as a result of light scattering induced by surface imperfections associated with wear [5,25], as seen in Figure 5. Also, both samples with and without erosion had an antireflective tendency in this situation. The optical characteristics of the annealed samples, however, degraded more slowly than those of the non-annealed samples. However, the loss of transmittance (28 %) in all samples is significantly induced by the deterioration of the glass substrate. 
This behavior has also been observed in previous antireflective experiments, by Wiesinger et al. [25], however, the chemical composition of the ARCs was not been discussed. They determined that the ARCs enhanced the transmittance of glass (made of boron silicates) by up to 4.9%. However, when exposed to particle erosion simulating sandstorm conditions, their optical performance rapidly degraded. Furthermore, the need of putting an ARC onto glass to increase the optical performance is discussed, since untreated glass also saw a drop in transmittance after erosion [25].
Although ARZr samples tend to decrease their efficiency in both UV (330 - 400 nm wavelength) and visible range (400 - 750 nm wavelength) due to erosion, we infer that these systems can help to slow down the crystallization and degradation of the adhesive polymer due to excess UV [47] thus allowing a greater amount of available light to be absorbed by the silicon solar cell [48,49] compared to the eroded glass without ARCs [49–51].
[image: ]
Figure 6. Effect of erosion on the optical characteristics of ARZr. (a and b) Optical transmittance and (c and d) reflectance (a and c) without and (b and d) with thermal annealing in a wavelength range of 330 to 750 nm after erosion testing. Summary of the optical properties (transmittance and reflectance) centered at 550 nm prior to (e) and after (f) erosion testing.
Resistance against sandstorm erosion of ARZr systems

Figure 7 correlates the topography of the doped and thermally treated samples after the erosion test with their roughness (average roughness (Ra)) and root mean square roughness (Rq) (Figure 7(a)), optical efficiency (Figure 7(b)), and erosion rate (Figure 7(c)) as well as their overall wear resistance. As can be seen in Figure 7(a), the glass substrate has the highest relationship Ra/Rq values with the greatest variability when compared to the ARZr samples. In this context, the appearance of more severe craters on the surface owing to brittle fracturing induced by the propagation of lateral fractures is a plausible reason for this observation. In contrast, the roughness (Ra/Rq) of ARZr-0-400 lower by 11% compared with the glass substrate. In case of ARZr-15-400, Ra/Rq lower by 35%, while these values show a 9% increase for ARZ-30-400 compared with ARZr-15-400. The increased roughness could be attributed to the poor mechanical characteristics of ARZr-30-400 (low resistance to plastic deformation). In addition, the Rq value increased 6 to 9 times in the thermally treated samples compared to the initial roughness of the glass substrate (10 ± 2 nm) before erosion test. Wiesinger et al. [25] also reported this effect, observing a 10-fold rise in Rq for all samples following erosion simulating sandstorms. Moreover, according to Bousser et al. [38], the surface change caused by plastic deformation and the following material loss due to erosion closely relate to the mechanical properties. This holds particularly true for the H/E parameter, while an increasing hardness helps to notably decrease the resulting erosion rate. 	Comment by Terence Harvey: Not really inaccuracy, but variability in measurement. 	Comment by Terence Harvey: These are not ‘decreases’, they are ‘lower’.  The starting point is not each other but the uneroded surfaces	Comment by Terence Harvey: See comment above.	Comment by Terence Harvey: This is something you need to do as well then compare to this.	Comment by Terence Harvey: Which ones and how? this is too vague.


[image: ]
Figure 7. Correlation between the surface damage and wear resistance of ARZr samples (with and without annealing at 400 °C exposed to erosion tests) as measured by (a) the relationship between average roughness (Ra) and root mean parameters square roughness (Rq), (b) the defect rate due to change in optical properties (optical efficiency), and (c) the erosion rate (ER) due to sand impact.

Related to the rate of defects per area (Figure 7(b)) in terms of optical efficiency (transmittance loss due to surface damage), it can be observed that the annealed samples show a better performance. Moreover, ARZr-15-400 (1 at-% Zr) and ARZr-25-400 (6 at-% Zr)) exhibit the highest resistance to flaws (lowest defect rate) and, consequently, a higher optical efficiency. Additionally, Figure 7 (c) underlines that samples that have been thermally annealed tend to have an improved erosion resistance. In this regard, ARZr-0-400 and ARZr-15-400 increase the protection of the glass substrate by decreasing the rate of erosion (82 and 98 %, respectively). When comparing with the values of the defect rate reported in literature [17], it can be observed that our values for the ARZr samples with the best performance (range between 0.3 and 0.9 % g-1.cm-2) are comparable with the existing state-of-the-art as shown by Wiesinger et al. [17] (range between 0.3 and 0.5 percent g-1.cm-2) under similar laboratory conditions.
A synergy between the mechanical, optical, and tribological characteristics is seen, resulting in an improvement in the optical performance (efficiency) and erosion resistance (durability) of the PV glass cover in ARC based on TiO2/SiO2 doped with Zr-oxides can equal and even surpass the characteristics of commercial and traditional ARCs. In other words, the discovered materials operate as multifunctional coatings that are suitable candidates for usage in the components of solar panels/modules and produce an economic effect by decreasing maintenance costs on an industrial and commercial level. This results in entire or partial component repair, which contributes to the 2030 target of a longer usable life for the module and electronics (> 35 years) and reduced efficiency deterioration (0.3% per year) [1].
Conclusions
This study aimed at evaluating the effect of thermal annealing and Zr-oxide doping on the optical, mechanical, and tribological properties of TiO2/SiO2 multilayers with the overall purpose to use them as optically efficient and erosion-resistant ARCs under harsher conditions (sandstorms). Our results demonstrated that 250 nm thick, thermally annealed TiO2/SiO2 ARCs with a low doping concentration of Zr showed the best resistance against erosion (decrease in the rate of defects and erosion). In this regard, the sample doped with 1% Zr and thermally treated at 400°C (ARZr-15-400) exhibited enhanced optical (67% reduced defect rate per area) and tribological (89% reduced erosion rate) properties compared to the substrate and all other samples. Therefore, the increase in resistance to plastic deformation (better mechanical characteristics) induced by thermal annealing and doping with Zr-oxides is essential to improve the erosion resistance, which notably helps to extend their service life. 
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