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Abstract:



It is of great importance to develop antireflective (AR) coatings and techniques because improved optical performance has been progressively prerequisite for wide-ranging applications such as flat panel displays, optoelectronic devices or solar cells. Natural surroundings inspire researchers considerably to impersonate in order to provoke analogous characteristics via artificial approaches, which provide the opportunity for emerging techniques and development in material engineering. Herein, SiO2 antireflective (AR) coatings comprised of two layers were fabricated using a physical vapour deposition method via glancing angle. The top layer fabricated at an oblique angle of 80° and the bottom layer close to the substrate was deposited at a deposition angle of 0°. The experimental outcomes demonstrate that there is a slight influence on the refractive index of thin films by changing the morphology of nanostructures keeping deposition angles the same. The top layer shows a periodic arrangement of SiO2 nanostructures while the bottom stratum represents a SiO2 compact dense layer. The assembled bilayer SiO2 AR coating retains omnidirectional AR efficiency and tunability at a preferred wavelength range displaying <1% reflectance. Moreover, the fabricated omnidirectional SiO2 AR coatings have thermal stability up to 300 °C. These SiO2 AR coatings also possess negative temperature resistivity to withstand different cold storage conditions. Hence, the flexible and environmental adaptive SiO2 AR coating offers an intriguing route for imminent research in optics.
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1. Introduction


Different optoelectronics instruments such as eyeglasses, cathode ray tubes, display panels, solar cells covers, or windows require anti-reflective coatings (ARCs) [1]. A light reflection from optical boundaries in a coating stack is an outcome of dissimilarities in the refractive index profile in a coating [2,3]. In optoelectronic instruments including solar thermal cells, monitors, liquid crystal displays, telescopes, and shielding windows in greenhouses, AR coatings have a great role in diminishing undesirable light reflectance to enhance the overall working potential of transmissive optical features [4,5,6,7,8]. AR coatings were used to suppress Fresnel reflections between the surrounding media (air) and AR coated substrate interface [9]. Augustin-Jean Fresnel [10] introduces the concept of reflectance loss when light strikes the interfaces having different media. The light impinges on glass having refractive index of 1.52 shows Fresnel reflection at the air-glass interface with 4.2% reflectance loss at 550 nm. An AR coating significantly reduces the resultant losses (4% per interface) by using index-matching materials.



Earlier, numerous groups formulated AR coatings comprised of organic, inorganic or composite materials [11,12]. Diverse composites or amalgam nanostructures were assembled to produce single-layer, bilayer or multilayer AR coatings [13,14]. A single layer AR coating reduces reflectance only at a specified preferred wavelength (quarter-wave (QW)) [15]. A double layer or multilayer AR coatings can diminish reflection in a broader region (more than one wavelength of interest), but the preference of the material selection is more limited, due to refractive index restraints [16,17]. Multifunctional AR coatings with superhydrophobicity, transparency, and thermal stability possessing an ultralow refractive index have been studied by many research groups [18]. These AR coatings have promising potential applications in industrial and commercial scale in electronic or optical devices. However, the poor durability of anti-reflective coatings is a great obstacle hindering their applications [11,19]. A bilayer or trilayer composite AR coating of SiO2-TiO2 shows 99% transmittance at the wavelength of 351 and of 1053 nm, and the tri-layer AR film shows nearly 100% transmittance at the wavelengths of 527 and 1053 nm suitable for laser applications [20]. Plastic substrates such as PMMA shows 99% transmittance in a visible region when a silica layer is coated on both sides of substrates [21]. However, the key disadvantage and limitation of multilayer AR thin film occurs due to appropriate refractive index selection, property incompatibility at the layer edges, and the applicable arrangement of a discrete layer in a multilayer coating stack. These issues make the multilayer composite AR coatings production development complex and bind it for applying them commercially due to expensive costs. Moreover, in a composite multilayer ARC, the increase in a number of layers generates intrinsic problems including the refractive index constancy, precise thickness control of discrete layer throughout the coating stack, and impurity fortification from the adjoining environments. It is easy to fabricate ARCs comprised of a single material to avoid the concerns of choosing the pertinent materials with matching appropriate steady properties.



The most interesting approach for broadband AR coating encompasses the creation of gradient configurations on wavelength scale such as nanopillar fabrication mimicking moth eye. Graded index AR coatings enhance efficiency at a wider spectral region. Kennedy and Brett study the humidity impact on refractive index of graded-index SiO2 AR films fabricated via glancing angle deposition on glass [22], composite AR coatings of quarter wave double-layer (TiO2-SiO2, 94.4% transmittance), (ZrO2-SiO2, 94.3% transmittance) or groove surfaces of bilayer or trilayer AR coatings used in solar cells to enhance solar cell efficiency [23,24]. Zhang [25] reported a simple way to modify refractive index (1.10–1.45) of SiO2 established on SiO2 hollow nanospheres based on hybridization with acid-catalyze on a low iron glass substrate. The hybridization process impacts and influences the refractive index, thin-film thickness and roughness. They fabricate single-layered ARCs showing 99% transmittance at a single wavelength of 600 nm and the three-layered ARCs (300–800 nm) showing 97.29% transmittance. Similarly, mesoporous SiO2 nanospheres show AR efficiency and reduce glass reflectance from 8% to <2% [26]. SiO2 AR coatings for UV laser applications [27] and ammonia-SiO2 composite monolayer AR coating by the sol-gel method enhance laser-disk pumping efficiency [28]. Wang fabricates antibacterial composite AR coatings comprised of mesoporous SiO2 with Ag nanoparticles. The optimal thin-film-coated glass substrate exhibits an average transmittance of 97.1%, in the range of 400–800 nm [29].



Diverse top down or bottom up approaches were used to fabricate AR coatings including sputtering process [30], liquid phase deposition [31,32], interference or electron beam lithography [33] to replicate structures. However, the majority of these approaches are characteristically challenged due to intricate complex processes with various production stages. In the sol-gel fabrication process, extensive sol ageing times causes trouble. In addition, organic constituent compatibility, its effects on the condensation or hydrolysis process, worsening of organic functionality due to high-temperature exposure, contamination or dust particle influence limit its practical approach and inflict complex challenges. The main shortcoming of the sol-gel fabrication method is the narrow choice of supporting substrates. Previously, most of SiO2 AR coating was assembled on K9 or glass substrates via sol-gel technique [34]. The pore densification step requires high sintering temperature (200–500 °C), which restricts the fabrication to few substrates [35]. Regarding this, the physical vapour deposition (PVD) process is most applicable for production of ARCs as direct deposition has a minimal probability of foreign contamination in the fabricated films. The fabricated films hold good compositional uniformity over film thickness in nanorange, displaying reliability and steadiness in the refractive index profile [22,36].



The purpose of the current work is to fabricate omnidirectional AR coatings and also to study the influence of morphology and its impact on thin films’ refractive index under identical fabrication parameters. Here, we demonstrate a simple method to fabricate SiO2 AR coating using the PVD technique. This methodology permits efficient fine-tuning of the porosity of the individual stratum in a bilayer coating stack to reduce reflectance in a broader wavelength region. The optical performance of the fabricated ARCs was calculated under different environmental conditions. The experimental result shows that there is a very slight influence on the refractive index by changing the morphology, keeping the deposition angles same. The bottom layer in a bilayer coating stack is dense and similar in all fabricated SiO2 AR coatings. The morphology of the top porous layer consists of nanozigzag, nanohelix, C-shape and slating nanostructures. All of the bilayer coatings show good omnidirectional AR efficiency (<1%) in the visible spectra, but the one having zigzag morphology shows the best among all due to higher porosity and a gradual variation in the refractive index profile from top to bottom, which enhances AR efficiency overall.



The novelty of the present work on SiO2 AR coatings lies in the fabrication mechanism and engineering nanostructure. The current coating design is reliable, easy to formulate on a large scale, and applicable on different transparent or semitransparent supporting substrates. One can simply lessen the reflectance of the preferred substrate only by modifying the distinct stratum thickness and choosing the applicable refractive index in a coating stack through modelling and simulation of refractive indices suitable for minimizing reflectance. One of the significant characteristics of the strategy is the non-existence of property incompatibility impact at the interfaces between stratum and least contamination influence as the binary layers encompass a single material.




2. Materials and Methods


2.1. Materials


Borosilicate crown glass (BK7) having dimensions 15 mm × 15 mm and silicon wafers were used as supporting substrates to deposit SiO2 thin films. Before the fabrication process, the supporting substrates BK7 were washed in an ultrasonic bath with ethanol and acetone for half an hour to remove any kind of contamination. Afterwards, the BK7 was dipped in deionized water for five to ten minutes and dried in an atmospheric environment.




2.2. Fabrication Method


Glancing angle deposition technique is used to fabricate bilayer SiO2 AR coatings under a high vacuum using an electron beam evaporation machine at room temperature. A quartz-crystal microbalance (QCM) positioned close to the substrate is used to evaluate the thickness growth of the individual thin layer. During experiments, the fabrication parameters i.e., the deposition rate (5 A°/s) and base pressure (3 × 10−4 Pa), were kept similar. According to the experimental needs, we can change and incline the substrate at the different tilted position. The substrate is positioned at a specified distance of 10 cm away from the target (SiO2 99.9% high purity). The SiO2 AR coatings assembled on silicon wafers were used for morphological study and refractive index study while the AR coatings fabricated on BK7 transparent substrates were used to evaluate AR characteristics, omnidirectionality, thermal stability and negative temperature influence.




2.3. Characterization


Field Emission Scanning Electron Microscopy SEM, JEOL-7001F (operational voltage; 15 kV) (JEOL, Tokyo, Japan) is used to analyse the cross-sectional nanostructure and top morphology of as-deposited bilayer SiO2 AR coating. Computer software is used for simulating SiO2 AR coatings by adjusting distinct stratum width in the coating structure. In order to determine the refractive index of SiO2 nanofilms at a wavelength of 550 nm, a WVASE32 spectroscopic ellipsometer instrument (JA Woollam Co., Inc., Lincoln, NE, USA) is used. AR performance of bilayer SiO2 at the normal light incidence and oblique omnidirectional angles were supported by means of an ARM (angle-resolved microscope) R1 series Ideaoptics (HL2000 Pro) instrument (IDEAOPTICS Instrument Co., Ltd., Shanghai, China). AR measurements were performed at five different locations on the sample surface to determine the homogeneity of thin films. The average result of five readings was reported here for accuracy. The surface wettability of SiO2 AR coatings was determined by using a drop shape analyzer instrument (DSA 100, Krüss GmbH, Hamburg, Germany). A needle having a diameter of 0.5 mm and length of 38 mm is used to measure the water contact angle using a droplet volume of 5 μL.




2.4. Optical Simulation for Designing AR Coating


Thin Film Calculator software (TFcalc) (3.5, Software Spectra, Inc., Portland, OR, USA), a computer controlled programming method is used for simulation purposes to design AR coatings. This software helps in designing different kinds of AR coatings including broadband, multilayers, narrow band or single wavelength AR coatings in accordance with preferred specifications. During simulation, the input parameters comprise the number of layers in coating stack, η of the individual stratum, layer thickness, light incident angle, substrate η, one-sided substrate reflectance consideration and preferred wavelength region. The output parameter consists of reflectance curves of bilayer AR coating. Preliminary studies illustrate that the two layers selected for assembling AR coating were a porous layer having η = 1.17–1.19 adjoining air media and a compact layer having η = 1.46 close to the substrate. The two layers are arranged in a manner to create a gradual increment in a refractive index from surrounding air media towards the substrate bottom. This layer arrangement helps in reducing the reflectance of substrate material increasing AR efficiency. Layer thickness and the refractive index of the individual layer in a coating stack are of vital importance to enhance AR characteristics. In the current work, firstly TFCalc software is used to optimize the thickness of each individual layer and the arrangement of the specified layer to generate low reflectance in the visible desired region through simulation. The bilayer AR coating is fabricated by using the simulation parameters. The assemble bilayer AR coating shows nearly the same AR performance in accordance with the simulated design AR coating.





3. Results and Discussion


3.1. Morphological Study of SiO2 Single Layer Nanostructures


Firstly, we deposit SiO2 nanofilms at an oblique angle of 80° and try to change the morphology of a single silica layer by controlling the fabrication parameters including the substrate rotational speed by keeping the deposition angle and base pressure similar. Herein, we try to study the morphological influence on the refractive index and porosity of thin films.



3.1.1. Nanozigzag, Nanohelix, Slanting and C-Shape SiO2 Nanofilms Fabrication


SiO2 thin films having different morphologies were deposited on silicon wafers in a high vacuum e-beam evaporation system with a base pressure of 3 × 10−4 Pa by using a glancing angle deposition technique. The oblique incident was adjusted at, θ = 80° to fabricate nanozigzag, nanohelix, slanting and C-shape SiO2 single layer thin films. Different nanofilms were fabricated in order to study the influence of morphology on the refractive index of thin films. The experimental result shows that there is a slight increment or decrement in the refractive index of thin films by changing the morphology. The growth mechanics of SiO2 nanostructures is mentioned below.




3.1.2. SiO2 Nanostructures Growth Mechanism


The governing principle that leads towards the nanostructure growth is based on a self-shadowing effect and adatom diffusion. The nanostructures column development proceeds because atomic shadowing generates zones. Due to these zones, the vapour flux cannot directly reach the substrate. The adatom mobility is very low for surface diffusion to fill the cavities and voids. When the vapour flux reaches at a glancing angle (α > 70°), the atomic shadowing influence is considerably boosted. This leads to a formation of porous columnar nanostructure morphology of isolated grains directed towards the vapour source. Thus, columnar nanostructure was generated when the substrate is tilted at α > 70° during deposition. The nanostructures do not develop and advance in a parallel direction as the direction of the incident vapour flux, but they always develop and grow towards the vertical direction.



According to experimental requirements, the growing nanostructures morphology can be modified easily by monitoring the substrate rotational condition, stationary position, deposition angle, or the vapour flux arrival during the fabrication process. We also fabricate different morphologies of SiO2 nanostructures such as nanozigzag, nanohelix, slanting and C-shape SiO2 nanofilms by controlling and adjusting the substrate position as shown in Figure 1. Figure 1a represents the SiO2 nanozigzag film. The zigzag nanostructure can be easily established by instigating the vapour flux arrival direction to rotate the substrate holder by 180° repeatedly in clockwise and anticlockwise directions while the deposition angle was kept constant at 80° throughout the deposition process. Similarly, C-Shape nanofilms and nanohelics can be fabricated by rotating substrates at a constant rate comparative to the deposition rate. Thus, a columnar C-shape (0.06 Rev/min) or nanohelics (0.12 Rev/min) formation takes place comprised of constant pitches depending on the rotational speed of the substrate with respect to revolution per time.


Figure 1. Cross-sectional images of SiO2 nanostructures: (a) nanozigzag, (b) C-Shape, (c) nanohelix, and (d) slanting nanorods. The inset in each figure represents the top view morphology of thin films.
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Slanting nanorods as shown in Figure 1d is fabricated by a slanting substrate holder with respect to the target normal direction by an angle of 80° keeping the substrate holder stationary, and thickness of the developing film is controlled by a deposition rate measured via QCM. The QCM determines variation in mass flux per unit area by computing the frequency change. When target materials having high melting points are deposited at room temperature under high vacuum in a tilt substrate position, then the vapour flux arrives at a normal substrate, which results in growing columnar nanostructures. SEM images observably indicate that deposition angle plays a key role in monitoring the nanostructure morphology of thin films due to limited atom mobility and self-shadowing effect. Cross-sectional SEM images show that, in all the fabricated SiO2 nanostructures, the inter-column spaces increase, due to which extremely oriented, nanocolumn development proceeds. The nanocolumns in spite of any shape show good separation, consistency, uniformity and homogeneity with periodical void spaces between growing nanostructures as shown in Figure 1.





3.2. Refractive Index Analysis


The refractive index of SiO2 nanostructures was determined by using a WVASE32 spectroscopic ellipsometer (JA Woollam Co., Inc., Lincoln, NE, USA) in the wavelength range of 300–900 nm. The η of SiO2 nanostructures were calculated by using the Cauchy dispersion model, as SiO2 is transparent and dielectric. The experimental results show that there is a slight variation in the refractive index of thin films at 550 nm wavelength, as shown in Figure 2.


Figure 2. Refractive index (η) of SiO2 nanozigzag, nanohelix, slanting and C-shape nanofilms measured as a function of wavelength at 550 nm.
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The nanozigzag and C-shape SiO2 nanostructures nearly show the same η = 1.17. However, SiO2 nanohelix structures show the η = 1.18. Earlier in our previous experiments, we deposited standing nanorods that almost show the same refractive index of 1.18 [24]. Slanting SiO2 nanorods show the highest refractive index of 1.19 among all fabricated nanostructures at a deposition angle of 80°. The experimental results prove that overall there is a very slight influence on the refractive index of thin films by changing the morphology of nanostructures keeping the deposition angle the same. The η value remains in between 1.17–1.19 at angle 80° by changing morphology. In thin films, the main cause for the decrement in the effective refractive index is due to an upsurge in porosity, which influences the packing density and mass fraction. Figure 2 indicates that nanozigzag SiO2 film shows higher porosity in comparison with other nanostructures. Overall, all of the SiO2 nanofilms are very permeable, spongy and porous comprised of mass flux and void air spaces.



In order to prove and validate our findings of the nanostructure influence on the refractive index, we use the maximum glancing angle 88° and fabricate nanostructures with varying morphologies including standing [24], and C-shape nanofilms as shown in Figure 3. The experimental results show that, at such high oblique angle, there are minor differences in refractive index still existing at the nanolevel. The SEM top and cross-sectional images clearly indicate that nanofilms are highly oriented, well-spaced, homogenous, and separated. Figure 3a,b shows the standing nanorods, and C-shape nanofilms fabricated at a glancing angle of 88° with fast substrate rotational and slow rotation. Figure 3c shows the refractive index of SiO2 standing, and C-shape measured as a function of wavelength at 550 nm. The refractive index analysis shows that there is a very slight negligible influence of refractive index at a glancing angle of 88°. Overall morphology did not impact the refractive index at 88° and it lies in between 1.07–1.08.


Figure 3. Shows the (a) standing nanorods (reproduced with permission from [34]; © 2018 WILEY-VCH Verlag GmbH & Co. KGaA), and (b) C-shape nanofilms fabricated at glancing angle of 88°; (c) the refractive index of SiO2 standing and C-shape nanofilm calculated as a function of wavelength at 550 nm.
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3.3. Fabrication of SiO2 AR Coatings


In fabricating AR coatings, optical thickness and η play an important role in reducing the reflectance of the desired substrate. In our experiments, we deposit bilayer SiO2 AR coatings comprised of a dense layer and a porous layer on top of the dense layer to reduce the reflectance of BK7 glass substrate less than 1 percent in the visible region. Firstly, the dense film is deposited on the forward-facing side at deposition angle 0° having a refractive index of 1.46 at 550 nm wavelength [34]. On the top of the dense film, a porous vertical nanostructure having lower η than the bottom layer was deposited at an oblique angle (α) of 80°.



Both layers were deposited in a single step just by changing the tilting position of the substrate to avoid any foreign contamination or dust influence. The oblique angle was preferred to induce porosity as well as to generate a steady deviation in η of AR coating stack from surrounding air towards the substrate bottom. Figure 4 clearly represents the cross-sectional SEM image of bilayer SiO2 AR coatings having different morphologies on BK7 substrate. The SEM image clearly shows the interfaces between the dense layer and the top porous layer having different morphologies comprised of nanozigzag, C-shape, nanohelix, and slanting nanostructure. In all cases, the bottom layer is deposited at angle 0° and the top layer is deposited at angle 80°. The edges of two layers in the SiO2 AR stack and the supporting substrate is clearly evident, indicating the consistency and regularity within the individual layer throughout the thickness of nanostructure representing stability and consistency in the refractive index profile.


Figure 4. Bilayer SiO2 AR coatings having different morphologies on BK7 substrate: (a) nanozigzag, (b) C-shape, (c) nanohelix, and (d) slanting nanostructure.



[image: Coatings 08 00210 g004]







3.4. AR Efficiency of SiO2 AR Coatings


The angle-resolved microscope (ARM) R1 series Ideaoptics is used to determine the reflectance properties of bilayer SiO2 AR coatings at the normal light incidence and omnidirectional angles. BK7 substrate reflects 4.26%–5% in the wavelength range between 500–900 nm. Fabricating bilayer SiO2 AR coating reduces the reflectance of BK7 to <1% reflectance in the wavelength range 500–900 nm as shown in Figure 5. The measured experimental reflectance (dE) outcomes of fabricated bilayer SiO2 AR coating are quite analogous to each other displaying <1% reflectance as shown in Figure 5 in the visible region.


Figure 5. Bilayer SiO2 AR coating efficiency on BK7 substrate: (a) nanozigzag, (b) C-shape, (c) nanohelix, and (d) slanting nanostructures. Blue curves represent the simulated reflectance of design coating. The black curve represents reflectance from the uncoated substrate. Coloured curves represent the experimentally measured reflectance results of fabricated bilayer SiO2 AR coatings.
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The fabrication parameters i.e., the deposition angle and individual layer thickness in bilayer SiO2 AR coating stack is mentioned in Table 1. The experimental result shows that AR efficiency of nanozigzag is better than the other SiO2 AR coatings having different morphologies. Nanozigzag bilayer SiO2 AR coating shows less <1% reflectance in the whole visible region 470–850 nm at normal incidence angle. C-shape and nanohelix bilayer SiO2 AR coatings show nearly identical AR efficiency (<1%) in the wavelength range of 520–900 nm. Slanting SiO2 AR coatings shows a slight decrement in efficiency (540–850 nm) in comparison with other SiO2 AR coatings. The reason is due to a slight variation in refractive index of top layers in comparison with other coatings throughout the wavelength range (300–900 nm).


Table 1. Bilayer SiO2 AR coating fabrication parameters.





	
Morphology

	
Deposition Angle (α)

	
Refractive Index (η)

	
Thickness (nm) dS

	
Thickness (nm) dE




	
Layer-1

	
Layer-2

	
Layer-1

	
Layer-2

	
Layer-1

	
Layer-2

	
Layer-1

	
Layer-2






	
Nanozigzag

	
0

	
80

	
1.45

	
1.173

	
65

	
130

	
70

	
130




	
C-shape

	
0

	
80

	
1.45

	
1.179

	
75

	
135

	
78

	
141




	
Nanohelix

	
0

	
80

	
1.45

	
1.18

	
60

	
142

	
56

	
147




	
Slanting

	
0

	
80

	
1.45

	
1.19

	
64

	
130

	
56

	
125










Here, the bilayer SiO2 AR films were fabricated according to simulation parameters. The simulated AR curves are similar to experimental reflectance curves of as-deposited SiO2 AR films, as shown in Figure 5a–d. The thickness of each individual layer in bilayer coating stack information is taken by simulated design AR film as mentioned in Table 1. The experimental fabricated thickness of bilayer SiO2 AR films is identical to the thickness of the individual layer of a simulated design AR coating stack. The simulated thickness is represented by dS and experimentally fabricated AR film thickness is abbreviated as dE, as stated in Table 1. The experimental results show that, by optimizing the thickness of the individual layer in a coating stack and selecting the appropriate refractive index, one can design AR coatings according to optical instrument requirements at the desired wavelength region.




3.5. Omnidirectional AR Efficiency of SiO2 AR Coatings


Practically in different optoelectronic appliances, AR coating encompassing wideband reflectance over a wide light incident angles (AOI) is mandatory and prerequisite. Here, we also determine the AR efficiency of our fabricated coatings at a different angle of light incidence via full angle reflection (FAR) operational mode. The omnidirectional AR capacity of bilayer SiO2 AR coating having different morphologies is shown in Figure 6.


Figure 6. Omnidirectional AR efficiency of bilayer SiO2 AR coating on BK7 substrate at a different angle of light incidence: (a) nanozigzag, (b) C-shape, (c) nanohelix, and (d) slanting nanostructure.
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The experimental measurement demonstrates that, in the visible wavelength range, bilayer SiO2 AR coating having zigzag morphology preserves its AR proficiency uniformly at oblique angles. The zigzag SiO2 AR coating reflecting 0.01%–0.58% light in the wavelength range of 530–850 nm at oblique angles varies from normal incidence 90° up to 50° with 5° change. Similarly, the bilayer SiO2 AR coating having different morphologies Figure 6b C-shape, Figure 6c nanohelix and Figure 6d slanting nanostructure also show omnidirectional AR efficiency at a different angle of light incidence. In C-shape SiO2 AR coatings, the films show <1% reflectance in the entire visible spectra. In the wavelength range of 650–750 nm, C-shape SiO2 AR coatings show <0.29% light, while, at 550–650 nm and 750–850 nm, it shows <0.58% showing good omnidirectional characteristics.



A similar kind of omnidirectional efficiency is observed in helical SiO2 AR coatings displaying <0.48% light in the wavelength range of 550–850 nm wavelength. Thus, the experimental result shows that fabricated AR coating is omnidirectional. In case of slanting SiO2 AR coatings (Figure 6d), the coating shows <0.5% reflectance in the wavelength range between 550–700 nm at different angles of light incidence. However, at oblique angles of 60° and 55°, the AR efficiency declines towards higher wavelength regions (650–750 nm) showing nearly 1%–2% reflectance. Beyond this wavelength (i.e., 750–850 nm), the AR film reflects nearly 2%–3% light. Overall, the performance of AR coatings having different morphologies is stable and consistent in visible spectra showing an incident-angle-insensitive antireflective omnidirectional characteristic.




3.6. Negative Temperature Stability


Experiments were also carried at a negative temperature to investigate the AR efficiency of nanozigzag bilayer SiO2 coating. We keep the bilayer SiO2 AR films at 32 °F (0 °C, refrigerator) and 0 °F (−18 °C) for 24 h in order to study the negative temperature impact on the AR efficiency of as-deposited bilayer SiO2 coating. The experimental result displays that the AR film retains its AR efficiency even when exposed to such low temperatures. The as-deposited and negative exposed nanozigzag bilayer SiO2 coating shows similar AR efficiency when measured at normal incidence angle. There is a very negligible variation in AR efficiency (towards lower wavelength region 500 nm) of as-deposited SiO2 AR coating and cold storage SiO2 AR coating after exposure to 24 h at 0 °C, and −18 °C, as shown in Figure 7. The inset in Figure 7 shows SEM images of as-deposited and cold storage nanozigzag bilayer SiO2 AR coatings, showing that there is no change in morphology taking place. Due to this, there is consistency and no worsening occurs in AR performance of bilayer SiO2 thin films.


Figure 7. Experimentally calculated AR efficiency of as-deposited nanozigzag SiO2 AR coating and cold storage SiO2 coating at 0 °C, and −18 °C, The inset represents the top morphology of as-deposited AR and negative temperature exposed SiO2 AR coating.
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3.7. Annealing Influence on AR Proficiency of SiO2 AR Coatings


Annealing experiments were also performed to examine the AR proficiency of nanozigzag bilayer SiO2 coating at a higher temperature. The SiO2 AR coating was annealed for an hour at 100, 200, 300 and 350 °C with a ramp speed of 5 °C, as shown in Figure 8. At 100 °C, the as-deposited SiO2 AR coating and annealed SiO2 AR coating show nearly identical AR efficiency as there is no influence of annealing. At 200 °C and 300 °C, there is negligible slight declination in AR efficiency in comparison with as-deposited AR coating. However, the SiO2 AR coating shows <1% reflectance in the visible region retaining its AR performance. After annealing at 350 °C, a clear shift of reflectance minima is observed in comparison with as deposit AR coating. The AR efficacy of SiO2 AR coating at 350 °C deteriorates due to structural defects, lattice stresses, increased packing density or crystallization [34]. Overall, the SiO2 AR films are thermally stable up to 300 °C without any deterioration in AR efficiency. Beyond this temperature (350 °C), there is a slight increment in AR efficiency due to induced crystallinity, which influences packing density of thin films in the declining of the AR efficacy [34].


Figure 8. AR efficiency of as-deposited and annealed nanozigzag SiO2 AR coating at 100, 200, 300 and 350 °C.
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3.8. Contact Angle Measurement


The wetting behaviour of coatings is a significant phenomenon for its practical usage in real-world applications i.e., TiO2 self-cleaning coatings for photocatalysis [37,38,39,40]. The contact angle (CA) parameter is used to describe the hydrophobicity or hydrophilicity of a surface. In our experiments, the sessile drop method is used to determine the static contact angle of SiO2 AR coatings having different nanostructures. The experimental result demonstrates that our fabricated AR coatings are super hydrophilic in nature, showing a water contact angle θ < 12° as shown in Figure 9.


Figure 9. Contact angle measurement of SiO2 AR coating on BK7 substrate (a) showing droplet volume of 5 µL use to measure contact angle, (b) nanozigzag, (c) C-shape, (d) nanohelix, (e) slanting nanostructure, and (f) represents the droplet spreading behavior before and after droplet removal from needle.
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The CA measurements show that SiO2 AR coatings having nanozigzag and C-shape morphology show super hydrophilic behaviour with a CA of nearly 5° and 7°. Nanohelix and slanting nanostructure also show the same kind of hydrophilic behaviour as shown in Figure 9d,e. The CA measurements were performed at five different locations on AR coatings and the average result is reported here for accuracy. Figure 9f clearly demonstrates the spreading of water droplets after it drops on SiO2 AR coating. Hydrophilicity and wettability performance of SiO2 AR coatings depend on nanostructure, chemical composition and surface geometrical dimension. The hydrophilicity characteristic in our fabricated SiO2 AR coating generates a self-cleaning ability in AR films as the water spreads instantaneously over the surface, rather enduring as droplets. The hydrophilic behaviour in thin films improves the removal of the dirt particles and makes the surface dry quicker. Thus, SiO2 AR coating offers an intriguing route in different optics applications because of it self-cleaning ability, thermal stability and omnidirectional AR performance.





4. Conclusions


A PVD method for the fabrication of SiO2 thin films that transforms refractive index from 1.45 to 1.07 has been established by changing the deposition angle. The omnidirectional optical behaviour of SiO2 AR coating could be easily varied by the rational design of film structure and the choice of the substrate material. It was experimentally proved that the AR film exhibits a significant decrement in reflectance in comparison with the uncoated supporting substrate. The outstanding performance of experimentally fabricated coating could be attributed to the design parameters of a bilayer coating on a transparent substrate. The current coating design advantage is that it is reliable, easy to fabricate, consistent and appropriate for different substrates (transparent or semitransparent). One can easily reduce the reflectance of the desired substrate only by regulating the discrete stratum thinness and selecting the appropriate refractive index in a coating stack. One of the noteworthy characteristics of the design is the absence of property incongruity influence at the interface and least contamination impact since the two distinct layers comprise a single structure. Our experimental result proves that the morphology slightly impacts the refractive index of nanostructures when deposited at the same angle at the nanolevel. The fabricated bilayer SiO2 AR coatings having different morphologies demonstrate self-cleaning ability, thermal stability and omnidirectional AR efficiency as well as AR constancy when exposed to negative temperature. Engineering graded-index morphologies at the nanolevel is an effective methodology to engender identical properties such as lotus like superhydrophobicity or being reminiscent of moth eyes. These kinds of AR coatings are a good choice in optoelectronic devices operational in negative temperature environments.
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