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Abstract

:

The structural, wettability, and optical characteristics of aluminum-doped zinc oxide (AZO) thin films were studied with the objective of understanding the impact of deposition power and deposition temperature. Thin films were deposited using a radio frequency (RF) magnetron sputtering technique. The power output of the RF was augmented from 200 to 260 W, and the temperature was increased from 50 to 200 °C, which led to the development of a (002) peak for zinc oxide. The study of film thickness was carried out using the Swanepoel envelope method from data obtained through the UV-Vis spectrum. An increase in surface roughness value was shown to be connected with fluctuations in temperature as well as increases in deposition power. The findings revealed that as deposition power and temperature increased, the value of optical transmittance decreased, ranging from 70% to 90% based on the deposition parameters within the range of wavelengths that extend from 300 to 800 nm. The wettability properties of the samples were studied, and the maximum contact angle achieved was 110°. A Peltier apparatus was utilised in order to investigate the anti-icing capabilities, which revealed that the icing process was slowed down 3.38-fold. This work extends the understanding of the hydrophobicity and anti-icing capabilities of AZO thin films, specifically increasing both attributes which provide feasible options for purposes requiring resistance to ice.
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1. Introduction


The use of coating technology is crucial for several aspects of our everyday tasks. An extensive assortment of coatings has been developed for application on a wide array of things, including consumer and textile goods, pharmaceutical industries, industrial equipment, automobiles, and architectural components [1,2,3,4,5]. The application of a thin film or coating as an outer layer has the potential to successfully protect, improve, or impose unique capabilities and qualities on bulk materials and a variety of surfaces [6]. An extensive range of environmental elements, including weather conditions, humidity levels, and ice, all of which have the potential to produce chemical reactions, fouling, corrosion, and structural damage, can be controlled by the application of coating technologies. These technologies have the capacity to limit the effect of these environmental factors [7,8,9]. The use of coating technologies has the ability to confer a number of diverse characteristics and functions upon substrates. These characteristics and functions include anti-microbial qualities, hydrophobicity, and anti-icing capabilities [10,11]. As a consequence of this, development of multifunctional films and innovations, as well as their investigation and design have garnered a significant amount of attention and effort due to the economic value of these materials and the high demand that has resulted from the vast variety of uses the materials have. In order to generate coatings, a number of different techniques can be utilised. Some of those methods include sol–gel dip and spin coating, pulsed laser deposition, chemical vapor deposition, atomic layer deposition, and sputtering [12,13,14,15,16,17].



In recent years, a significant amount of research has been conducted in the field to develop transparent conducting oxide films that have minimal resistance yet substantial transparency in the visible spectrum; with such properties, TCO has been vastly used for multiple applications such as organic light-emitting diodes, liquid crystal display, and solar cells [18,19]. Various materials like aluminum, titanium oxide, and zinc oxide are being researched for the development of such films, and aluminum-doped ZnO (AZO) coatings that possess remarkable electro-optical characteristics are being considered as alternatives to indium tin oxide-like thin films. Ali et al. conducted a study to investigate the impact of boron–cobalt co-doping on the optical and frequency-dependent electrical characteristics of ZnO thin films. Their findings revealed that the doping process resulted in enhanced optical and frequency electrical properties. Consequently, these films exhibit promising potential as viable options for optoelectronic devices [20]. Lekoui et al. conducted a study in which they synthesised Ag-Mn co-doped ZnO thin films and investigated their impact on the structural, optical, and mechanical characteristics of the thin films. Co-doping enhanced the hardness while reducing the optical transparency. Additionally, it was shown that the energy band gap exhibits a drop during co-doping, with values consistently remaining below those of the pure ZnO sample [21]. ZnO thin films doped with Ga and Mg were developed by Tiwari and Sahay. The researchers demonstrated that the introduction of doping resulted in enhanced optical and electrical conductivity. Additionally, it was said that the films possessed essential attributes indicative of a promising material suitable for utilisation in optoelectronic applications [22]. The high energy band gap makes zinc oxide a viable alternative for applications in the near-UV and Vis spectral range. Superior properties like this can be used for obtaining advanced devices. The deposition of AZO can be performed using the sol–gel dip and spin coating, chemical vapor deposition, magnetron sputtering, spray pyrolysis technique, etc., with various doping elements [23,24,25,26]. As a result of its band energy being more than 3.37 eV, zinc oxide (ZnO) may be utilised in a wide variety of commercial products, including pigments, paints, rubber, glass, metals, and batteries [27,28,29,30,31,32].



The current trend in research on wettability properties has piqued the interest of many researchers. Wettability properties can be modified by developing precise chemical properties and morphological properties of any surface. The wettability properties of the surface can be altered between hydrophobic and hydrophilic depending upon the applications required.



In addition to oil refineries, the maritime sector, the aviation industry, the power transmission organisation, and infrastructure companies all face a significant challenge in the form of ice formation. In addition to causing disruptions in functioning and a decrease in production, it also poses significant economic as well as security concerns, which can have devastating effects. There has been a significant amount of work put out in order to address this significant yet difficult problem. Even though there are many different de-icing tactics that are utilised, they are restricted by a number of problems, including the contamination of the environment, the usage of heavy equipment, and the high consumption of electricity, in addition to the requirement of consistent reapplication. There is a promising alternative technique known as surface modification that has the potential to simplify the de-icing operations that are already in place. It does this by minimising or avoiding the buildup of ice and by facilitating the detachment of ice that has already collected. In spite of the fact that this tactic is favourable, it does have certain restrictions with regard to mechanical properties, surface roughness, and surface qualities and characteristics. As a result, the strategy that is expected to be the most successful in decreasing the formation of ice is now being discussed. By imitating the surface of the lotus leaf, a wide range of hydrophobic surfaces have the potential to be used for purposes such as anti-rusting surfaces, anti-fogging surfaces, anti-wetting surfaces, and anti-ice adherence properties [33,34,35,36,37].



The study of wettability properties and optical properties is limited in the literature. The objective of this research is to investigate the ways in which the surface characteristics of AZO thin films may be influenced by variables such as the deposition power and the deposition temperature. This research is aimed at developing hydrophobic properties for the application of self-cleaning glass. The structural, optical, and wettability properties have been explored in this research.




2. Materials and Methods


A specially made vacuum chamber with dimensions of 16” in diameter ×14” in height was used for the deposition of thin films. An RF magnetron sputtering system was used to deposit the AZO target material (ZnO/Al, 98:2 wt%), which was 99.99% pure, onto a Corning glass substrate. There was a gap of 50 mm between the substrate and the surface. A mass flow controller designed by Alicat, Tucson, AZ, USA, was used to maintain a constant flow rate of 10 sccm of inert gas (argon) and reactive gas (oxygen). The deposition procedure lasted 60 min, with a constant deposition pressure of 2.5 Pa. Various substrate temperatures (50 °C to 200 °C) and RF power levels (200 W, 220 W, 240 W, and 260 W) were used during film deposition. AZO coatings were developed by sputtering, and the parameters that were employed are listed in Table 1.



Using a Bruker D2 Phaser X-ray diffractometer, we were able to determine the structural characteristics of the films. Topographic examination of materials was performed using a Nanosurf easyscan 2 atomic force microscope. Ramehart’s Model 290 contact angle measurement equipment was also used to examine the films’ wettability capabilities. For determining the transparency of the films, a Shimadzu UV-3600 plus UV-Vis spectrophotometer was used.




3. Results and Discussion


Figure 1a depicts an X-ray diffraction graph of coatings that were formed at different deposition powers of 200, 220, 240, and 260 W at a substrate temperature of 50 °C. Figure 1b depicts the same graph with a deposition power of 200 W at substrate temperatures of 50, 100, 150, and 200 °C.



An analysis was conducted on the XRD patterns of an aluminum zinc oxide thin film that had been formed at a substrate temperature of 50 °C and a power of 200 W, and a weak peak of (002) was observed (JCPDS reference card number-36-1451). The peak with the highest intensity was obtained at a power of 260 W, which shows that with the rise in power, the peak of the films becomes more prominent. Patel et al. (2022) observed a similarity in the (002) ZnO peak pattern. The peak of (002) ZnO had a low intensity at 170 W but improved as the power was elevated [38]. P. Misra et al. (2017) identified the same pattern of the (002) ZnO peak. As sputtered atoms become more intense as they approach the substrate, the impact of the high-energy electron bombardment on the developing coating grows [39]. The atoms that are being deposited on the substrate receive thermal energy from these two components, which enables them to move more freely and enhances the crystalline structure of the formed AZO layer.



A modest peak of (002) was observed at lower temperatures when the development of coatings was carried out at an RF power of 200 W and the substrate temperature was adjusted from 50 °C to 200 °C. This was the case when the substrate temperature was altered. When the temperature of the substrate was raised, it was observed that the intensity of the (002) peak improved as well. The results align with what has been found in previous studies [40,41,42]. The literature reveals that the AZO films exhibited the absence of aluminum phases in all samples, suggesting that the introduction of Al doping did not induce any structural phase transitions [43]. The measure of the average crystallite was ascertained by means of the Scherrer formula [44]. When the power varied from 200 to 260 W, the mean size of the crystallite grew from 22.80 to 26.23 nm. In a comparable vein, when the temperature was varied from 50 to 200 °C, the mean crystallite size improved from 6.20 to 18.41 nm.



In the generation of a hydrophobic surface, the surface must contain nanotextures and microtextures [45]. Wenzel and Cassie-Baxter developed two mathematical models that represent the connections between the amount of roughness and the contact angle, as shown in Equation (1) [46]. If the surface roughness increases, the value of the contact angle will increase as well. Conversely, if the nanostructure and microstructure of the surface decrease, the value of the contact angle continues to drop.


cosθ = Acosθ′



(1)







	
A = roughness factor;



	
θ = contact angle of water;



	
θ′ = water contact angle distinguished based on interfacial energy.






Hydrophilic surfaces are those with values of θ less than 90°, while hydrophobic surfaces have values of θ greater than 90°.



An atomic force microscope was used to obtain images and determine the roughness of coatings deposited at varying temperatures and powers (Figure 2). It was concluded, on the basis of the observations, that a rise in surface roughness was caused by an increase in both the power of the deposition process and the temperature at which the coating was developed. While considering the deposition power, it was observed that with the elevation in deposition power from 200 to 260 W, the value of surface roughness increased from 23.2 nm to 54.6 nm, as shown in Figure 2a. This demonstrates that the bombardment exerted on the surface leads to a decrease in surface smoothness with higher sputtering power [38]. The value of surface roughness increased from 31.4 to 54.6 nm with an increase in deposition temperature, as shown in Figure 2b, which can be validated using the theory of recrystallisation due to an increase in temperature [47,48,49].



With the intent of determining the relationship between the contact angle and the roughness of the surface with regard to deposition power and temperature, the sessile drop technique was employed. Figure 3b displays the trend of an increase in contact angle from 86.8° at 50 °C to 109.7° at 200 °C of deposition temperature. It was observed that rise in deposition power from 200 to 260 W, the value of the contact angle varied between 107.1° and 110° while the roughness of the surface increased from 23.2 to 54.6 nm, as shown in Figure 3a. Thin films of aluminum zinc oxide showed an increase in the value of contact angle with an increase in surface roughness, which increased due to a change in the deposition parameter of the thin film. The surface energies of the developed coatings changed from 19.60 to 17.09 mJ/m2 as the power increased from 200 to 260 W; similarly, the values of surface energy decreased from 31.22 to 18.19 mJ/m2 as the temperature was increased from 50 to 200 °C. The decrease in surface energy has a favourable impact on the hydrophobicity of the coating.



Consistent with what was found in the referenced literature, increasing the surface roughness improved the contact angle [50,51]. Furthermore, differences in temperature and RF power of formed thin films are connected with the composition of chemicals of the coatings when they are developed. The rate at which atoms may be retrieved from the sputtering chamber is a critical factor in determining the formation of AZO films [38]. Additionally, Ahmad et al. observed that the hydrophilic properties of a material may be tailored by several methods. This can be achieved by applying a molecular layer of a new material that is more hydrophilic than the original substrate or by altering the surface chemistry of the substrate [52].



The icing properties of the films made under different sputtering settings were studied with a Peltier cooler set up at a temperature of −15 °C. Comparing treated and untreated Corning glass specimens of coatings showed that the coating caused a postponement in the icing process. Thin films formed at different substrate temperatures and powers show a rise in the icing time delay, as shown in Table 2.



It was found that coatings that were synthesised at a power level of 260 W RF had an enormous time lag for ice formation, a delay that was 3.38 times greater than that for the specimens that were not treated. It was discovered that the formation of ice was slowed down significantly while considering the fact that the hydrophobic nature of the coatings improved from 107.1 to 110° in response to a shift in the power. A similar delay in the generation of ice was recorded for films that were created at a variety of temperatures. This delay was equal according to the findings. It took 3.22 times longer for films that were coated at a temperature of 200 °C to generate ice on the surface when compared to a substrate that was not coated. According to the findings of recent scientific investigations, there appears to be a direct relationship between the ability of ice repellency and the ability of water repellency. Surface roughness is another key component that raises the water contact angle on surfaces, which progressively enhances the anti-icing capabilities of thin films. Materials with a low surface energy are one of the two primary variables that improve hydrophobic and anti-icing qualities. The second main factor is surface roughness.



S. Noormohammed and D. Sarkar conducted a study to determine the impact that water-resistant coatings have on the adherence and growth of ice. The findings of this study were published in one of their papers. According to their findings, possibilities for icephobic surfaces that are acceptable include hydrophobic surfaces that are governed by geometry and chemistry. A further finding that they noticed was that the strength of the attachment of ice dropped as the hydrophobic characteristics of the material soared. This was an additional discovery that they made [53]. Additionally, it was discovered by other researchers that in order to obtain a hydrophobic and, in actuality, an icephobic surface, it is necessary to produce surface roughness and low surface energy. An investigation of the effect that time has on the hydrophobicity of films that were formed on an aluminum substrate was carried out by G. Liu et al. The hydrophobic nature of the developed films resulted in a delay in the application of frosting and icing to surfaces that had been covered with metal oxide thin films. There was also a difference between coated and bare surfaces in terms of ice adhesion strength [54].



The thin film’s optical characteristics, such as transmittance and absorbance spectrum, were determined with the assistance of a UV-Vis-NIR spectrophotometer. The transmission curves of thin film formed at different deposition powers of 200, 220, 240, and 260 W and at varied temperatures of 50, 100, 150, and 200 °C are displayed in Figure 4a,b. The optical transmittance of the film was measured in the span of 300 to 800 nm. The findings demonstrated that the transmission of films dropped as the depositing power and temperature increased. Furthermore, the transmittance was found to be in the range of 70 to 90% for both variations. In a 2016 study, Y. Xia et al. deposited AZO films at different power levels and found that when the power was increased, the crystal quality degraded and the film’s transparency decreased [55]. S. Yang et al. (2019) examined how temperatures between 100 and 400 °C during deposition affected the optical properties of films. The transmittance of the thin films dropped from 91.3% to 88.4% as the synthesis temperature increased from 100 to 400 °C, with the greatest absorption observed in the 300–350 nm range [56]. Values have been shown to decrease as power and temperature increase, which has been documented by various researchers [57,58]. A coating’s thickness and particle size determine its transmittance. Electron scattering impacts the transmission of light while operating at elevated powers and temperatures as a result of larger crystallite sizes and rougher surfaces.



The film thickness was determined by using transmission data through the Swanepoel envelope technique [59]. It was noted that when the level of deposition power increased from 200 to 260 W, the film thickness also increased from 1079 to 1198 nm. A similar trend was seen while establishing a relation between deposition temperature and film thickness; as the temperature was elevated from 50 to 200 °C, the thickness values increased from 1207 to 1254 nm.



The value of refractive index ‘n’ for the sputtering power of 200 to 260 W is in the range of 1.49 to 1.51, while for deposition temperature from 50 to 200 °C, it varies from 1.50 to 1.52, which is mentioned in Table 3.



The measurement of the optical band gap for the thin film was performed using the absorption spectra of films, where absorption spectra were determined as a function of wavelength. With the help of the Tauc relation [59], optical band gap of the film was found from the absorption coefficient α. Figure 5 shows the plot of (αhv)2 on the vertical axis versus photon energy (hv) on the horizontal axis. The extrapolation of the linear region shows an approximation of the optical band gap. As shown in Figure 5a, band gap values range from 2.8 to 3.1 eV with variation in power from 200 to 260 W, whereas the value varies from 2.6 to 3.1 eV with variation in deposition temperature from 50 to 200 °C, as shown in Figure 5b. Alqahtani et al. developed single-layer (ZnO), bilayer (TiO2 and WO3/ZnO), and multilayer (WO3/TiO2/ZnO) thin films and observed that the band gap energy was in the range of 2.47 to 3.45 eV [60].




4. Conclusions


Using reactive magnetron sputtering, aluminum zinc oxide thin films were deposited at varying RF powers and temperatures. The (002) peak intensity increased with an increase in the deposition power and temperature. The maximum roughness of 54.6 nm and water contact angle of 110° were observed in AZO thin films at 50 °C and 260 W of RF power, and the surface energy was 17.09 mJ/m2. These films have a good chance of being employed to make hydrophobic surfaces. The optical energy band gap narrows and the apparent refractive index rises when coating temperatures and powers are increased. The thin films of AZO exhibited a significant slowdown in the process of ice formation, with a lag measuring 3.38 times more than that which was found in the specimens that had not been treated. The findings and empirical data from this investigation indicate that hydrophobic surfaces that are produced using low-surface-energy materials and contain distinctive textures have a significant potential to serve as viable solutions for applications that need ice resistance. Increases in both temperature and power are likely the primary causes of the coatings’ improved anti-icing properties. This research contributes to the advancement of the study of hydrophobicity and anti-icing attributes of AZO thin films. The purpose of this research is to boost both capabilities, which will allow the material to be used on surfaces for aviation windscreens, with the potential to improve the anti-icing attributes of the surface.
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Figure 1. XRD patterns of thin film of aluminum zinc oxide prepared at various (a) sputtering powers and (b) temperatures. 
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Figure 2. Atomic force microscope images of AZO thin film prepared at different (a) powers and (b) substrate temperatures. 
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Figure 3. Relation between surface roughness and contact angle for thin films deposited at different (a) powers and (b) temperatures. 
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Figure 4. Optical transmittance curves for thin film of aluminum zinc oxide deposited at different (a) powers and (b) temperatures. 
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Figure 5. Optical absorption curves of aluminum zinc oxide thin film deposited at different (a) powers and (b) temperatures. 
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Table 1. Parameters for sputtering used in the deposition of thin films.
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	RF Power
	200, 220, 240, and 260 W



	Temperature
	50, 150, 200, and 250 °C



	Pressure
	2.5 Pa



	Sputtering time
	60 min



	Distance between surface and substrate
	50 mm



	Argon/oxygen flow
	10:10 sccm










 





Table 2. Wettability and anti-icing characteristics of coatings produced under different sputtering circumstances.






Table 2. Wettability and anti-icing characteristics of coatings produced under different sputtering circumstances.





	Sputtering Details
	200 W
	220 W
	240 W
	260 W
	50 °C
	100 °C
	150 °C
	200 °C



	Water Contact Angle (°)
	107.1
	107.6
	109
	110
	86.8
	102.4
	106.5
	109.7



	Time Delay (folds/times)
	2.60
	2.71
	3.15
	3.38
	1.2
	2.01
	2.50
	3.22










 





Table 3. Calculated parameters of AZO thin film.






Table 3. Calculated parameters of AZO thin film.





	Sample Name
	RF Power (W)
	Temperature (°C)
	Gas Flow Rate of O2/Ar (sccm)
	Band Gap (eV)
	Refractive Index (n)
	Thickness (nm)





	50 T
	200
	50
	10:10
	3.09
	1.49
	1207



	100 T
	200
	100
	10:10
	3.00
	1.50
	1228



	150 T
	200
	150
	10:10
	2.78
	1.50
	1232



	200 T
	200
	200
	10:10
	2.61
	1.51
	1254



	200 W
	200
	50
	10:10
	3.11
	1.50
	1079



	220 W
	220
	50
	10:10
	3.01
	1.50
	1143



	240 W
	240
	50
	10:10
	2.84
	1.51
	1150



	260 W
	260
	50
	10:10
	2.80
	1.52
	1198
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