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Abstract

:

A porous anti-reflective coating (P-ARC) with average transmittance in the visible range of 97.9% was fabricated through the sol-gel method, followed by calcination at a relatively low temperature (220 °C) using the porogen of Laureth-5 carboxylic acid via a one-step approach. The results demonstrated the coating had an absolute value that was 7.5% higher than that of bare glass (92%). The prepared porous anti-reflective coating had a refractive index as low as 1.21. The coating remained undamaged during 3M tape stripping tests while maintaining excellent light transmittance. This work presents a film that has good thermal stability, chemical stability, and mechanical stability.
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1. Introduction


In recent years, the development of high-performance anti-reflective coatings has been a major focus of research and has led to significant advances in a wide range of fields, including optics, materials, and engineering [1,2,3]. Much progress, including new materials and fabrication techniques, has been achieved [4,5,6]. Playing an important role in optics, ARCs can reduce the amount of light reflected from the surface of a material, thus improving the efficiency and performance of optical systems [7]. ARCs are widely employed in lenses, solar panels, and various other optical devices to enhance their transparency and minimize glare [8,9,10]. The fundamental principle of ARCs is that the reflection of light at the interface between two media with different refractive indices is reduced [11]. This can be achieved via the application of a thin film possessing a low refractive index onto a substrate characterized by a high refractive index. The thickness and refractive index of the coating can be tailored to minimize the reflection at a specific wavelength or over a broad range of wavelengths [12,13].



The most commonly used methods for preparing ARCs are chemical vapor deposition (CVD) [14], physical vapor deposition (PVD) [15], etching technology [16], and sol-gel synthesis [17]. These methods can effectively reduce the reflection of light on the surface of the material, improve the transparency of the coating, and enhance the overall performance of optical devices. Among a variety of different coating processes, the sol-gel method has many potential advantages, such as adjustable refractive index materials, a simple process, a low cost, and suitability for special-shaped structures [18].



Compared with regular ARCs, it is considered that porous ARCs exhibit many advantages [19,20]. Porous anti-reflection films have a larger surface area and pore volume, which results in a decrease in the refractive index and occurrence of light interference, thereby enabling them to have higher transmittance and less reflected light. Therefore, porous silica-based materials have been extensively studied due to their unique properties and potential applications [21,22]. The design of the pore network in these materials is a critical factor in controlling their properties, such as porosity, surface area, and connectivity. For instance, Boudot et al. developed a method for producing mesoporous silica-based films with precise control over both pore size and porous fraction. This is achieved by combining the sol-gel approach with an alkali ion post-treatment, which allows for the reconstruction of the porous mesostructure of surfactant-templated silica films through alkali metal ion diffusion into the inorganic matrix at 450 °C. A maximum amount of transmittance, approximately 95% at approximately 530 nm, can be achieved [23]. In another work, an acid-catalyzed sol-gel technique was optimized to fabricate SiO2, which was then deposited on glass for sintering in a conventional furnace at temperatures ranging from 350 to 550 °C for 1 h. The prepared ARCs exhibited broadband anti-reflection properties across the spectral response range of multijunction solar cells. By fine-tuning the process in the visible light range, the coating achieved 6% anti-reflection [24]. In addition, researchers are also interested in fabricating materials with hierarchical porosity, which can optimize the preparation processes of porous ARCs [25,26]. However, most of the preparation processes of porous ARCs have to eliminate porogens at high temperatures or through centrifugal washing using organic solvents, thus excessively increasing energy consumption or environmental pollution.



In this work, we report a facile strategy to fabricate a porous AR coating using a one-step approach. We prepared a coating with high light transmittance and a low refractive index. Laureth-5 carboxylic acid (LCA) was introduced for the first time to allow the pores to disperse more evenly. The coating only needed to endure a low temperature (220 °C) for a duration of half an hour during the heat treatment process. LCA is one of the raw materials involved in the reaction, and it is a surfactant commonly utilized in daily life and found in various personal care products. It is non-toxic and environmentally friendly. This work presents an efficient and cost-effective method for preparing a porous anti-reflection coating and provides a detailed study of its optical properties, such as transmittance, refractive index, and mechanical performance.




2. Experimental Section


2.1. Materials


TEOS (≥99.99%) was obtained from Macklin Company in Shanghai, China. Ammonium hydroxide (25–28%) was purchased from Tianjin Tianli Chemical Reagents Ltd. (Tianjin, China) Laureth-5 carboxylic acid was purchased from Wuhan Kemike Bio-Pharmaceutical Technology Co., Ltd. (Wuhan, China). The Ethanol (≥99.7%) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).




2.2. Preparation of the Silica Sol


The sol-gel method was utilized to produce silica to gain a multiporous anti-reflective coating. Initially, 120 mg of LCA was dissolved in 2.8 mL of ammonia hydroxide at room temperature. This mixture was then combined with 60 mL of ethanol and 1.4 mL of water in a 250 mL glass conical flask. Under sealed conditions, over the course of one hour, 1.5 mL of TEOS was slowly injected at 15-min intervals under vigorous magnetic stirring at a temperature of 60 °C, and then the silica sol was obtained. Subsequently, we opened the container, and the water bath temperature was adjusted to 40 °C to release the ammonia from the resulting silicon sol-gel for one hour. We opened the bottle and released the catalyst (ammonia) via heating with the aim of stabilizing the solution, which accelerated the condensation process of the prepared silica sol until the catalyst was completely removed.



To verify the successful synthesis of a porous anti-reflection coating by incorporating LCA in our experimental setup, we prepared a silica sol without any addition of LCA to demonstrate its effectiveness. We mixed 2.8 mL of ammonia, 60 mL of ethanol, and 1.4 mL of water under sealed conditions over the course of one hour. Then, 1.5 mL of TEOS was slowly injected at 15-min intervals under vigorous magnetic stirring at a temperature of 60 °C, and then the silica sol was obtained. The temperature decreased to 40 °C due to the addition of the catalyst.




2.3. Fabrication of the Porous Anti-Reflective Coating


Glass served as the substrate for the porous anti-reflection film. The glass was first rinsed multiple times with water and ethanol to ensure cleanliness. Next, a plasma cleaner was employed to further purify the glass for 60 s at 600 W. A rotary coating machine was then utilized to apply the obtained silica sol onto the pristine glass surface at a speed of 1000 revolutions per minute. After the solvent evaporated at room temperature, we proceeded to coat the backside of the glass with a film. Finally, the coated glass was taken in a muffle furnace at 220 °C for 0.5 h. For convenience, the anti-reflection coating without LCA is called NoP-ARC, while the coating with LCA is P-ARC. The NoP-ARC was prepared in the same way as the P-ARC. Figure 1 shows the schematic illustration of the preparation process.




2.4. Characterization


The micro-morphologies of the prepared coatings were observed using a scanning electron microscope (SEM, JSM-7500F, Tokyo, Japan) and measured using field emission high-resolution transmission electron microscopy (TEM, JEOL-F200, Tokyo, Japan). The AFM transmission spectrum and reflectance were measured using a UV-2550 UV–Visible-near-infrared spectrophotometer in the wavelength range of 300–900 nm. The refractive indices of the P-ARC and the NoP-ARC were measured using an ellipsometer (SE-VE, Wuhan EopticsTechnology Co., Ltd., Wuhan, China). Thermogravimetric (TG) curves were measured using a synchronous thermal analyzer (STA 449 F5, Netzsch, Selb, Germany) in the temperature range of 30 to 400 °C using a heating rate of 10 °C/min in the air.




2.5. Stability Test


When the P-ARC was subjected to harsh environmental conditions, its stability became a crucial factor to consider. There are various methods for testing the stability of a coating. Specifically, high-temperature and acid and alkali resistance tests were conducted to assess the coating’s durability in this work. At the same time, we tested the adhesion of the coating with 3M tape stripping tests.





3. Results and Discussion


3.1. Surface Morphologies


Figure 2 presents the SEM images of both the NoP-ARC and P-ARC. As observed in Figure 2a,b, numerous cracks appeared on the surface of the NoP-ARC after undergoing high-temperature treatment. Despite its smooth surface, the silicon particles were densely packed in an island-like formation. Conversely, it can be seen that the vesicular structure of the P-ARC was formed, which is illustrated in Figure 2d,e. LCA inhibited the dense arrangement of silica, and it started to decompose at 190 °C, resulting in the formation of numerous pores. Figure 2c,f depicts the particle size distribution of the AR coating and porous AR coating. Both the particle size distribution of the NoP-ARC and P-ARC followed a quasi-Gaussian distribution. The particle diameter of the P-ARC was slightly greater than that of the NoP-ARC and was more uniform. Further tests of the P-ARC thickness and NoP-ARC thickness (as shown in Figure 2g,h) showed that the thickness was approximately 105 nm for the P-ARC and approximately 98 nm for the NoP-ARC. The numbers shown in the figure are the thicknesses of the marks. The thickness difference between the two coatings was 7 cm within the margin of error. Through the TEM images displayed in Figure 2h, we can observe that the silica nanoparticles in the P-ARC were spherically shaped, with an average diameter of approximately 45 nm, which is consistent with the SEM results.




3.2. Refractive Index and Anti-Reflection Properties of the Coating


In this part, the coating transmittance for the P-ARC is studied. Meanwhile, the coating transmittance under different layers is discussed, too. It can be seen that with the increase in the number of coating layers, the transmission of the coated glass plate increases first and then decreases. The reason is that the thickness of the coating becomes larger as the number of layers increases. When the incident light is perpendicular to the coating surface, the corresponding transmittance of the coating wavelength with different thicknesses is also different. As depicted in Figure 3b, the glass with the coating exhibited a peak transmittance of 99.5% and an average transmittance of 97.9% within the visible range, signifying a remarkable 5% improvement compared to standard glass. Figure 3c displays the refractive index of the coating measured using an ellipsometer at each wavelength within the visible range (the air refractive index was 1.0, the refractive index of glass is shown in Figure 3c, and the coating thickness was 100 nm). The results reveal that the refractive index of the NoP-ARC was approximately 1.32, whereas that of the P-ARC was as low as approximately 1.21. In addition, we conducted reflectance and absorptivity measurements of the P-ARC glass, and as illustrated in Figure 3d, the reflectance in the visible range was approximately 0.2%. These results provide further evidence of the excellent anti-reflection properties of the coating.



The refractive index of the film is closely related to its structure. Here, the relationship between the porosity and the refractive index is discussed. Normally, when a low-refraction coating is prepared, the refractive index (np) of the coating is closely related to its porosity (p), and the relationship can be satisfied using the following formula [27]:


   n p 2  = (  n 2  − 1 ) ( 1 − p ) + 1  



(1)







Here, n represents the refractive index of the dense film material. Obviously, in order to prepare a coating with low refraction, a more loose and porous structure is more favorable.



In order to further study the influence of reaction time and temperature of the silica sol on the transmittance (a wavelength of 550 nm), a statistical analysis was conducted on the reaction temperature and time for P-ARC preparation, as shown in Table 1. The observations indicate that variations in the reaction temperature and time have a remarkable impact on the transmittance of the coating. At a reaction temperature of 40 °C and a reaction time of 90 min, the layer attained maximum transmittance at 96.9%. When the temperature rose to 60 °C with a reaction time of 60 min, the coating exhibited even higher maximum transmittance at 99.5%. The transmittance of the prepared coating decreased significantly when the temperature reached 70 °C. It can be observed that the optimal reaction temperature was 60 °C, as higher or lower temperatures would lead to a decrease in the transmittance of the coating. In the entire reaction process, we concluded the optimal reaction temperature to be 60 °C; the reaction was not very efficient at low temperatures, while excessively high temperatures led to the evaporation of the ammonia in the bottle, thereby reducing the reaction rate. A reaction time of 60 min could achieve a maximum transmittance of 99.5%. When the reaction time exceeded 60 min, the transmittance of the coating decreased. We speculate that this is due to an excessive reaction, causing an increase in the diameter of the silicon particles in the solution, leading to a decrease in the transmittance.



Figure 3e shows a mathematical sketch to illustrate the possible light path passing through the coated glass. As shown in Figure 3f, the coated glass and bare glass were placed on the paper, with an LED light positioned 50 cm above them. It can be observed that the light emitted from the LED lamp passed through both pieces of glass. However, it is difficult to read the words on the paper for naked glass because of the excessive reflection. It is much clearer for the P-ARC glass since it has a much smaller reflectivity.



Normally, one or more layers of a transparent medium with a low refractive index are coated onto a surface in order to minimize the optical loss caused by the reflection on the surface. The thickness of the coating has a significant impact on the anti-reflection effect, as demonstrated by the optical path diagram and path difference [28]. The thickness of the coating can be modified to achieve the desired level of anti-reflection according to the optical path difference formula [28]:


  d =  λ  4  n 1     



(2)







Here, n1 is the refractive index of the anti-reflection coating. According to the previous transmission spectra, SEM images, and refractive index, we know that when λ equals 550 nm, and n1 equals 1.22, we can calculate that d is approximately equal to 112.7 nm. This is not much different from the coating thickness we measured.




3.3. Thermal Stability and Acid and Alkali Resistance Tests for the Coating


Chemical stability and thermal stability are imperative for practical purposes when it comes to anti-reflection coatings. Thermogravimetric analysis was conducted on both LCA and the NoP-ARC to validate the decomposition of LCA during high temperatures. As illustrated in Figure 4a, it can be observed that LCA begins to decompose at a temperature of 190 °C. The decomposition rate is correlated to the slope depicted in the figure. In contrast, AR remains intact even when subjected to temperatures as high as 400 °C because there is no LCA in the AR coating. So, it is reasonable for us to remove LCA at a temperature of 220 °C. We also examined the influence of the P-ARC annealing time on the transmittance at 220 °C. It is proved that the coating’s maximum transmittance before annealing was 97.8%. After annealing for 30 min, the coating’s maximum transmittance reached a peak of 99.5%, while with further continuous annealing, no further increase in the transmittance can be seen. This indicated that LCA was completely removed.



In order to evaluate the chemical stability, we examined the average transmittance of the P-ARC following immersion in solutions with different pH values (pH = 4, 10) for varying time periods. The P-ARC was soaked and removed every 12 h, washed with water, and dried before testing. It is evident that the coating remained relatively stable under acidic conditions. After 72 h of immersion in a pH = 4 solution, the coating had an average transmittance of 97% in the visible range. Conversely, at pH = 10, the average transmittance of the coating exhibited a downward trend. The average transmittance was 96% after soaking for 60 h. In order to assess the thermal stability of the coating, we exposed it to various temperatures ranging from 100 °C to 400 °C for a duration of 10 h with 100 °C intervals. It can be observed that there was no significant change in the transmittance of the coating, even at a temperature as high as 400 °C. We also conducted an adhesion test using 3M tape (Figure 4f) [29]. The 3M tape was applied firmly onto the coating and then slowly peeled off to assess the light transmittance. It is important to note that the coating remained undamaged when subjected to a single application of 3M adhesive tape. As shown in Figure 4e, we tested the transmittance of the coating before and after it was subjected to a single damage event incurred using 3M tape. After a test using 3M tape, the transmission curve shifted to the left overall, but the average transmittance of the visible light portion only decreased by less than 0.22%. We speculate that this is due to the removal of the surface layer of silicon dioxide when peeling off the 3M tape, resulting in a thinner silicon dioxide coating and causing the transmission curve to shift to the left.





4. Conclusions


At a relatively low temperature (220 °C), residue-free porous medium calcination was utilized to prepare a porous anti-reflection coating, resulting in a high transmittance of 99.5%; the average transmittance in the visible range was 97.9%. A low refractive index of approximately 1.21 was achieved. The P-ARC film had good thermal stability, chemical stability, and mechanical stability, showing huge promise in solar cells, windshields, lenses, and other practical applications in optical components.
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Figure 1. Illustration of the preparation process of the porous anti-reflective coating (P-ARC). 
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Figure 2. (a) SEM image of the NoP-ARC; (b) SEM image of the enlarged NoP-ARC; (c) particle size distribution of the NoP-ARC; (d) SEM image of the P-ARC; (e) SEM image of the enlarged P-ARC; (f) particle size distribution of the P-ARC; (g) SEM image of the cross-section of the P-ARC; (h) SEM image of the cross-section of the NoP-ARC; (i) TEM images of the coating particles with the P-ARC. 
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Figure 3. (a) UV–Vis transmission spectra of the coating with different numbers of layers applied; (b) UV–Vis transmission spectra of coated and bare glass and their differences; (c) refractive index of the NoP-ARC, P-ARC, and glass; (d) absorption values and reflectance of the P-ARC; (e) light path diagram of the anti-reflection coating; (f) optical image of the coated glass. 
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Figure 4. (a) TG curve of the NoP-ARC and LCA; (b) relationship between the transmittance of the P-ARC and the firing time at 220 °C was examined; (c) transmittance of the P-ARC immersed in the solution with different pH values for 12, 24, 36, 48, 60, and 72 h; (d) high temperature on the transmittance of the P-ARC; (e) UV–Vis transmission spectra before and after the 3M tape test; (f) 3M tape test diagram. 
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Table 1. Effect of the reaction time and temperature on the transmittance.






Table 1. Effect of the reaction time and temperature on the transmittance.





	

	
Ultraviolet–Visible Transmittance




	
Temperature

	
40 °C

	
50 °C

	
60 °C

	
70 °C




	
Time






	
30 min

	
92.5%

	
93.2%

	
94.9%

	
93.2%




	
60 min

	
94.3%

	
98.2%

	
99.5%

	
96.4%




	
90 min

	
96.9%

	
97.6%

	
98.6%

	
95.8%
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