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The present work deals with the study of various properties of aluminum (Al)-incorporated diamond-like carbon (DLC) thin films synthesized using the atmospheric pressure chemical vapor deposition (APCVD) technique by varying the deposition temperature ([image: image]) and keeping the [image: image] flow rate constant. Surface morphology analysis, resistance to corrosion, nanohardness ([image: image]), and Young’s modulus ([image: image]) of the coatings were carried out using atomic force microscopy (AFM), corrosion test, scanning electron microscopy (SEM), and nanoindentation test, respectively. SEM results showed a smoother surface morphology of the coatings grown at different process temperatures. With an increase in process temperature, the coating roughness (Ra) lies in the range of 20–36 µm. The corrosion resistance of the coating was found to be reduced with a consecutive increase in the deposition temperature from 800[image: image] to 880[image: image]. However, above 880[image: image], the resistance increases further, and it may be due to the presence of more Al weight percentage in the coating. The nanoindentation result revealed that [image: image] and [image: image] of the coating increase with an increase in the CVD process temperature. The elastic–plastic property indicated by [image: image] and [image: image], which are also indicators of the wear properties of the coating, were studied using the nanoindentation technique. The residual stresses ([image: image]) calculated using Stoney’s equation revealed a reduction in residual stress with an increase in the process temperature.
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1 INTRODUCTION
Coatings play a crucial role in enhancing the performance and durability of various materials and surfaces. They offer a protective barrier against corrosion, wear, and other forms of degradation while also providing desirable properties, such as high hardness and low friction. Diamond-like carbon (DLC) thin films are a type of polycrystalline coating, which possess a very dense carbon crystalline network. These coatings have become popular due to their inherent properties such as higher hardness ([image: image]), Young’s modulus ([image: image]), corrosion resistance and wear resistance (WR), and a lower coefficient of friction (COF) (Singh et al., 2005). This desirable combination of properties has led to a wide range of applications in various fields, like automotive, aerospace, electronics, and biomedical (Bhushan and Ko, 2003). However, the inherent brittleness and low electrical conductivity of DLC films have limited their use in many critical applications. To address these limitations, several researchers have explored the incorporation of metals such as aluminum into DLC films. The resulting aluminum-incorporated DLC (Al-DLC) thin films have been shown to have improved properties and performance.
In recent years, metal-incorporated DLC coatings have been extensively studied by various research groups due to their higher chemical inertness, low residual stress ([image: image]), and excellent mechanical and tribological properties (Ghadai et al., 2018). Addition of aluminum has been shown to increase the toughness, electrical conductivity, and thermal stability of DLC films while maintaining their advantageous properties, such as high hardness and low friction (Voevodin et al., 1999). Moreover, addition of aluminum can also modify the optical properties of DLC films, enabling tailored applications in the field of optics (Erdemir and Donnet, 2006). It has been reported that Al-doped carbon-based thin films resulted in a reduction of internal stress with improved toughness of DLC thin films (Zhang et al., 2002). Tay et al. (2001) reported a reduction in [image: image] of Al-doped DLC thin films due to reduced [image: image] hybridization within the films. Guo et al. (2017) synthesized Al/Ti-doped DLC coatings using a unique hybrid ion-beam system and observed a minimum [image: image] of 1.28 ± 0.1 GPa and maximum [image: image] of 20 GPa. Huang et al. (2023a) analyzed the tetrahedral carbon aluminum film using a large-scale atomic parallel simulator and observed that Al plays a significant role in the properties of the developed coating. Wongpanya et al. (2022) synthesized a DLC coating with Al and N doping over AISI 4140 steel using the filtered cathodic vacuum-arc technique and observed that the corrosion resistance and adhesion performance of the developed coating significantly enhanced compared to those of DLC coating.
Both physical vapor deposition (PVD) and chemical vapor deposition (CVD) methods have been used for the synthesis of Al-DLC thin films. Magnetron sputtering is a popular PVD technique used for the deposition of Al-DLC thin films due to its advantages in terms of high deposition rates, good film adhesion, and scalability (Kong et al., 2018). In magnetron sputtering, the target material is bombarded with high-energy ions, resulting in the sputtering of carbon and aluminum atoms, which are then deposited onto a substrate to form the Al-DLC film. The deposition temperature is controlled by adjusting the power applied to the target and substrate heating (Bouabibsa et al., 2018). Pulsed-laser deposition (PLD) is another popular PVD technique that has been employed for the synthesis of Al-DLC thin films (Ni et al., 2006). In the PLD method, a high-energy laser pulse ablates the target material, which generates a plasma plume that is deposited onto a substrate to form the film. PLD enables the precise control of the film composition and deposition temperature by adjusting the laser energy, pulse frequency, and substrate temperature. PLD produces highly crystalline and uniform films, which makes it a suitable method for synthesizing tailor-made Al-DLC thin films (Ding et al., 2021).
Plasma-enhanced chemical vapor deposition (PECVD) is a popular CVD technique used for depositing Al-DLC films since it produces high-quality films at relatively low temperatures (Huang et al., 2023b). In PECVD, a gaseous mixture of hydrocarbon and aluminum precursors in a reaction chamber is subjected to electrical discharges. This generates plasma, which causes film deposition onto the substrate. The deposition in PECVD can be controlled by adjusting the power input, precursor flow rates, and substrate heating (Huang et al., 2023b). Similarly, hot-filament chemical vapor deposition (HFCVD) is another CVD method used for the synthesis of Al-DLC films. In HFCVD, a hot filament is used to thermally decompose hydrocarbon and aluminum precursors in a gaseous mixture, which leads to the deposition of carbon and aluminum atoms onto the heated substrate (Pang et al., 2010). In HFCVD, the film properties can be the fine-tuned by adjusting the filament temperature and substrate heating.
Thus, it is noted that each technique offers certain advantages and drawbacks over the other. PVD techniques like magnetron sputtering and PLD generally have higher deposition rates, better film adhesion, and greater scalability (Ding et al., 2022). However, PVD techniques may suffer from issues related to film uniformity and stoichiometry control. On the other hand, CVD methods like PECVD and HFCVD can produce high-quality films at lower temperatures, making them more preferable for temperature-sensitive substrates (Huang et al., 2023b). CVD techniques also offer better control over film composition and uniformity but generally require longer deposition times (Pang et al., 2010).
Additionally, the literature review reveals that few researchers deposited the Al-DLC coating using physical vapor deposition techniques and obtained a reduction in the [image: image] value. However, PVD techniques exhibit poor step coverage in the case of applications related to silicon devices because of the increased aspect ratio of contact through trenches. This limitation is diminished in the case of chemical vapor deposition techniques, and the possibility of surface uniformity with CVD techniques is finer than that in PVD techniques (Irudayaraj et al., 2007).
In the present work, the synthesis of the Al-DLC coating has been carried out using the atmospheric pressure chemical vapor deposition (APCVD) technique. The objective of this study is to fill this knowledge gap by systematically investigating the influence of deposition temperature on the surface morphology, resistance to corrosion, nanohardness ([image: image], and Young’s modulus ([image: image]). The elastic–plastic properties of the coatings, as indicated by the [image: image] and [image: image] ratios, which are considered important indicators of wear properties, were also investigated. The residual stresses ([image: image]) in the film were also calculated using Stoney’s equation, and their dependence on the deposition temperature was also investigated.
This paper is organized as follows: Section 1 presents a brief introduction to the need for Al incorporation into DLC films and reviews a few relevant literature works. Section 2 describes the experimental methods used in this study. The process of synthesis of Al-DLC films by the APCVD technique and the characterization techniques employed to investigate the surface morphology, resistance to corrosion, nanohardness, and Young’s modulus of the coatings are discussed in Section 2. Section 3 presents and discusses the results obtained from the analysis of the films, including the effects of the deposition temperature on the coating roughness, corrosion resistance, nanoindentation properties, and residual stresses. Section 4 presents a general discussion on the effect of the deposition temperature on AL-DLCs. Finally, Section 5 summarizes the main findings and conclusions of the study.
2 EXPERIMENTAL DETAILS
The methodology followed in this work is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart depicting the methodology for the synthesis and characterization of Al-DLC coatings.
2.1 Sample preparation
DLC coatings were deposited over Si (100) wafers. Before the synthesis of thin films, Si wafers were cleaned using the Radio Corporation of America (RCA) cleaning process, whose detailed explanation can be found in some other literature (Das et al., 2022). The substrates were kept in an APCVD chamber by placing them over an alumina ceramic boat. The synthesis of Al-DLCs was carried out using pure Al powder (99.9%). The Al-DLC samples were prepared by varying [image: image] from 800[image: image] to 920[image: image] and keeping the acetylene ([image: image]) and nitrogen ([image: image]) flow rates constant. The deposition time was fixed at 1 hour after reaching the required deposition temperature. The heating rate was set at 5[image: image]min, and the cooling rate was set at 3[image: image] min. The base pressure was set at 5 × 10−6 Torr, and the process pressure was maintained at 500 mTorr. Table 1 indicates the details of the gas flow rate, film thickness, and process temperature used for deposition.
TABLE 1 | Details of the deposition parameter and film thickness of Al-DLC thin films.
[image: Table 1]2.2 Thin-film coating characterization
The morphology and elemental composition of the coatings were analyzed using an SEM EVO MA18 instrument with an Oxford EDS (X-act) magnification range of ×1 to ×100,000. The AFM technique was used to evaluate the coating roughness (Ra) using Innova SPM (scanner 100 µm). The thin-film coating thickness was evaluated using a Dektak profilometer (Dektak 300 V). The corrosion behavior of DLC films was studied using CHI Software by plotting the curve between [image: image] and [image: image]. The samples were dipped in 1 M H2SO4 solution prepared by mixing distilled water and chemical-grade reagents. The corrosion test was conducted at room temperature under open-air conditions, with a scan rate in the range of 0.1–0.5 V/s; Al-DLC samples were used as a working electrode, and Ag/AgCl and platinum acted as reference and counter electrodes, respectively. The nanoindentation technique was used to evaluate [image: image] and [image: image] of Al-DLC films using an NHTX 55-0019 nanohardness tester equipped with a Berkovich diamond indenting tip (B-I 93; radius of curvature 20 μm). The H value of the coatings was calculated at four different points of samples with a fixed load of 18 mN.
3 CHARACTERIZATION RESULTS
3.1 Thickness and morphological analysis
The coating thickness of Al-DLC with respect to various deposition temperatures is listed in Table 1. From the table, it is observed that the coating thickness decreases with respect to the deposition temperature. The deposition rate depends on many parameters, like the deposition temperature, gas flow rate, deposition time, deposition pressure, and substrate position. With the increase in the deposition temperature, the particles in the deposition layer gradually become larger, leading to the gradual increase in thickness. The increase in the temperature leads to an increase in the growth rate of the nuclei, and the particles begin to fuse with each other to form cellular particles. Therefore, the porosity of the coating decreases, while its density increases (Bi et al., 2022). Furthermore, at a high temperature, the movement of gas molecules inside the chamber will be higher, which results in a rough surface and film thickness. The SEM images of the Al-DLC samples prepared at different [image: image] are shown in Figure 2. The SEM micrographs show a smooth texture for all the samples grown at different [image: image]. However, no distinct grain pattern is evident from the SEM images. Notably, the coating prepared at the temperature of 920°C exhibits distinct, white-colored spots over its surface, and they have been marked by red circles. These spots may be attributed to white agglomerated particles that could have been deposited at the time of deposition due to partial melting and evaporation of the powder particles. The coatings are observed with negligible pores and inclusions. Furthermore, the surface of the coatings appears smoother than those deposited at 920°C. In previous research works, it is reported that the morphology of the coatings greatly depends on atom diffusion, deposition, and etching effect (Liang et al., 2007). The proper estimation of the grain size or particle size of the coatings is further characterized by AFM. The composition of various elements of Al-DLC coatings prepared under various process temperatures is listed in Table 2. The results of EDS reveal that with an increase in [image: image] (800[image: image] to 880[image: image]), the atomic% of C increases and that of Al decreases. However, for the deposition temperature of 920[image: image], the atomic% of C is the lowest and that of Al is the highest.
[image: Figure 2]FIGURE 2 | SEM micrographs of AL-DLC thin films prepared at (A) 800[image: image], (B) 840[image: image], (C) 880[image: image], and (D) 920[image: image].
TABLE 2 | Composition of various elements of Al-DLC thin films using EDS.
[image: Table 2]The EDS results, as shown in Figure 3, reveal that the concentration of Al in the Al-DLC film decreases with an increase in [image: image] of up to 880[image: image]. However, above 880[image: image], Al concentration increases further. Similarly, nanoindentation plots reveal that the [image: image] of DLC thin films decreases with the increase in [image: image]. It has been reported in previous studies that the concentration of the film decreases with the increase in [image: image] (Liu et al., 2005). The [image: image] value of Al-DLC thin films for various [image: image] is shown in Figure 8. In the present case, the [image: image] value of the film is more for the DLC film deposited at 800[image: image], and the [image: image] value decreases with an increase in the deposition temperature. The decrease in [image: image] at higher temperatures may be due to the heat treatment phenomena. Furthermore, at higher temperatures, at.% of Al in the film increases, which tends to decrease the [image: image] value (Zhou et al., 2019).
[image: Figure 3]FIGURE 3 | EDS analysis of the Al-DLC coating prepared at 800[image: image] using APCVD.
3.2 Surface roughness using AFM
The surface morphology of Al-DLC coatings characterized by the AFM technique is shown in Figure 4. The Al-DLC thin films prepared at 800[image: image], 840[image: image], 880[image: image], and 920[image: image] showed the maximum particle sizes of 29.0, 10.3, 29.4, and 18.3 nm, respectively. The AFM images also revealed globular-shaped grains of C and Al atoms unevenly distributed throughout the surface of the coating. The Al-DLC thin films prepared at 840[image: image], 880[image: image], and 920[image: image] process temperatures showed large and sharp pyramidal-shaped grains of Al and C atoms all over the surface. Among all the Al-DLC thin films prepared, the coating synthesized at 880[image: image] showed the maximum particle distribution all over the surface. The maximum surface roughness (Ra) of the coatings prepared at different process temperatures was 8.3, 10.28, 12.23, and 7.29 nm, respectively. Pu et al. (2015) reported that the Ra of sputtered Al-DLC thin films was 0.154 and 2.148 nm for the negative bias of 0 and −500 V, respectively. In the present study, a higher value of Ra of the coatings was observed, which may be due to the higher randomness of the gaseous and powder particles inside the CVD chamber, which may have arisen due to a higher [image: image] flow rate at a high CVD temperature (Pu et al., 2015). In addition to this, the higher Ra of the coatings could be due to the increasing Sp2-bonded carbon sites.
[image: Figure 4]FIGURE 4 | Particle size estimation of Al-DLC thin films characterized by AFM.
3.3 Corrosion behavior of Al-DLC coatings
Figure 5 shows the polarization curve of different Al-DLC thin films through the Tafel plot using diluted water (50 mL) and KCl powder (1.5 g). The polarization curve indicates the corrosion potential ([image: image]) and corrosion current density ([image: image]) for various electrodes. [image: image] and [image: image] for Al-DLC 800[image: image], Al-DLC 840[image: image], Al-DLC 880[image: image], and Al-DLC 920[image: image] coatings synthesized via APCVD were found to be −0.461 V and −7.26 [image: image], −0.6611 V and −6.804 [image: image], −0.747 V and −7.238 [image: image], and −0.673 V and −6.501 [image: image], respectively. The corrosion resistivity of all samples is almost the same, but the curve for Al-DLC films prepared at 800[image: image] is on the rightmost side amongst all others, as shown in Figure 5, which shows the highest corrosion resistivity (Matei et al., 2015). This also means that the Al-DLC nanocomposite material synthesized at lower temperatures is likely to have better corrosion resistivity.
[image: Figure 5]FIGURE 5 | Tafel plot of Al-DLC coatings deposited at 800[image: image], 840[image: image], 880[image: image], and 920[image: image].
3.4 AC impedance
The kinetic information and the interfacial properties of electrode materials were extracted using the EIS method—a non-destructive and easy method suitable for all coatings (Das et al., 2022). A Nyquist plot was constructed, which presents a plot of real impedance Z′ vs. negative imaginary impedance Z''. Figure 6 shows the Nyquist plots of all Al-DLC coatings prepared at different temperatures ranging from 800[image: image] to 920[image: image]. The semi-circular curves shown in the Nyquist plot indicate the charge transfer resistance (RCT) within the material, whereas the initial semi-circular plot indicates the magnitude of RCT. It provides insights into factors, such as capacitance, charge transfer resistance, and diffusion processes, aiding in the assessment of the Al-DLC coating’s corrosion resistance. Figure 6 shows that the Al-DLC thin film deposited at 800[image: image], observed with a well-defined initial semi-circle, indicated the actively controlled charge transfer process. The smaller semi-circle of the AL-DLC coating prepared at 880[image: image] shows that the charge transport is lesser than the other two coatings (Matei et al., 2015). A reduction in RCT is observed due to the enhanced super-capacitive properties, which could be the result of a synergistic effect between Al-DLC 880[image: image] and AL-DLC 800[image: image] coatings.
[image: Figure 6]FIGURE 6 | Nyquist plots of Al-DLC coatings.
3.5 Mechanical properties by nanoindentation
The load–displacement curve of Al-DLC coatings prepared at different [image: image] and constant [image: image] and [image: image] flow rates is shown in Figure 7. The thin films were subjected to a fixed maximum indentation load of 17 mN. The nanoindentation depth of Al-DLC coatings synthesized at varying temperatures is listed in Table 3. As [image: image] increases, the maximum indentation depth of Al-DLC thin films increases, which indicates the decrease in the [image: image] value. This decrease in [image: image] with the increasing process temperature could be due to lesser Al incorporation (in at. wt%) as represented in Table 1. Previous research reports reported that the higher the coating hardness, the smaller the depth of penetration of the nanoindenter, i.e., [image: image] (Kong and Fu, 2015). The nanoindentation curve of Al-DLC thin films showed pop-out phenomena that could be due to slower loading/unloading rates (Domnich et al., 2000). The maximum [image: image] and [image: image] of the Al-DLC coating prepared at different temperatures are shown in Table 4. The maximum [image: image] and [image: image] in the present study are 22.5 [image: image] GPa and 212.70 [image: image] GPa, respectively. Dai et al. (Robertson, 2002) reported that a reduction in [image: image], [image: image], and the internal stress of the sputtering-coated Al-DLC is observed from 25 GPa to 10 GPa, 150 GPa to 50 GPa, and 1.5 GPa to 0.5 GPa, respectively, with an increasing Al concentration from 0.68% to 17.7%. In general, the [image: image] value of the DLC thin film is reported as 35 GPa–42 GPa (Dai and Wang, 2011). The [image: image] value of DLC thin films depends on the [image: image] bond fraction.
[image: Figure 7]FIGURE 7 | Load (mN) vs. displacement (nm) curve of Al-DLC coatings.
TABLE 3 | Maximum indentation depth of Al-DLC coatings.
[image: Table 3]TABLE 4 | [image: image] and [image: image] values of Al-DLC coatings.
[image: Table 4]The plasticity index ([image: image]), plastic deformation resistance ([image: image]), and elasticity index ([image: image]) of Al-DLC thin films are listed in Table 4. The ƞp value of Al-DLC coatings is evaluated using the following relation:
[image: image]
Here, [image: image] is the area between the loading and unloading curves and [image: image] is the total area during plastic loading. The [image: image] value of the coatings is calculated using the following equation (Patel et al., 2015):
[image: image]
The plasticity index measures the coating toughness, and plastic deformation resistance ([image: image]) is an indicator of the creep resistance of the coating at the point of application of the load (Deng et al., 2014). With the increase in the process temperature, the [image: image] and [image: image] values of the coatings prepared at 800[image: image], 840[image: image], 880[image: image], and 920[image: image] were found to be very close to each other, indicating that there is the least effect of the process temperature on the ductility of Al-DLC thin films. The close values of [image: image] and [image: image] obtained in the case of Al-DLC coatings prepared at various process temperatures showed a similar nature of the coating plastic deformation and energy dissipation in the indentation region, which may have a considerable effect on [image: image] and [image: image] of the coating (Yang, 2016). Therefore, the results obtained from Table 4 also conclude that the deposited coatings possessed almost similar toughness.
3.6 Residual stress analysis
The detachment of films from the parent body leads to higher residual stress ([image: image]) values in DLC thin films, which further causes a restriction to their diverse applications (Peng and Clyne, 1998). Although various attempts have been made to reduce [image: image] in DLC coatings, it remains a complex task to accomplish. However, there are different methods to calculate the [image: image] value in DLC films, but Stoney’s equation is the most convenient method to calculate the [image: image] value of the films. The [image: image] value is calculated using Stoney’s equation as follows:
[image: image]
where [image: image] is the substrate thickness, [image: image] is the film thickness, [image: image] is the curvature of the film, [image: image] is the substrate curvature before deposition, [image: image] is the Poisson’s ratio, and [image: image] is the Young’s modulus of the substrate. The [image: image] and [image: image] for the Si (100) substrate are 127 GPa and 0.27, respectively (Ardigo et al., 2014).
4 DISCUSSION
Thus, this study concludes that the deposition temperature has a significant impact on the morphology and structure of Al-DLC thin films. At lower deposition temperatures, Al-DLC films generally exhibit a more amorphous structure, which is associated with a random arrangement of carbon atoms and a mixture of [image: image]- and [image: image]-hybridized bonds (Bouabibsa et al., 2018). In contrast, as the deposition temperature increases, the film structure becomes more crystalline, with a higher degree of ordering and an increased fraction of [image: image] bonds (Ghadai et al., 2021). Such a structural transition affects the mechanical, optical, and electrical properties of the films.
It has been reported in the literature that the deposition temperature also influences the grain size and surface roughness of Al-DLC films. As the deposition temperature increases, the grain size generally increases due to the enhanced atomic mobility, which leads to the growth of large crystalline domains (Zhou et al., 2019). The increase in the grain size often results in reduced film hardness and increased surface roughness. However, the exact relationship between deposition temperature, grain size, and surface roughness depend on the synthesis method and experimental conditions. This is why it is important to optimize these parameters for the desired film properties.
From the results of the experiments in the previous section, it is noted that the mechanical properties of Al-DLC films, such as hardness and elastic modulus, are strongly influenced by the deposition temperature. Higher deposition temperatures can lead to increased grain sizes and a more crystalline structure, which results in reduced film hardness (Kong et al., 2018). The DLC coating is basically a mixture of Sp2 and Sp3 bonds. The mechanical properties of the coating significantly affect the amount of Sp2 and Sp3 bonds present within the coating. The elastic modulus may also decrease with the increasing deposition temperature due to the transition from a more [image: image]-rich amorphous structure to a more [image: image]-rich crystalline structure (Ghadai et al., 2021). Therefore, it is imperative to control the deposition temperature and optimize it to achieve the desired mechanical properties for specific applications. The residual stress with respect to the deposition temperature is shown in Figure 8. By increasing the deposition temperatures, the residual stress of the coating decreases, which may be due to the heat treatment phenomena.
[image: Figure 8]FIGURE 8 | Residual stress of Al-DLC thin films at various deposition temperatures.
Deposition temperature also plays a crucial role in determining the chemical composition of Al-DLC films, particularly the aluminum content and its distribution over the film. Because of enhanced surface mobility and diffusion of aluminum atoms, high deposition temperatures can lead to an increase in aluminum incorporation in the film (Ni et al., 2006). However, excessive aluminum content may also result in the formation of aluminum carbide phases, which can negatively impact the film’s mechanical and tribological properties (Voevodin et al., 1999). Therefore, careful control of the deposition temperature is needed to achieve the desired aluminum content and distribution in Al-DLC films. This further highlights the need for a carefully crafted design of experiments and optimization for obtaining the best DLC thin films. Due to its high hardness and low residual stress, the developed coating can be used in various automotive engine components, such as piston, piston ring camshaft, valve stem and head, and rocker arm (Voevodin et al., 1999; Zhang et al., 2002; Erdemir and Donnet, 2006; Ghadai et al., 2018). This type of coating can also be used for the development of a biological implant (Tay et al., 2001).
5 CONCLUSION
In the present research, Al-DLC coatings were synthesized using the APCVD technique by varying [image: image]. The AFM images also revealed that the maximum Ra of the coatings prepared at different process temperatures is 8.3, 10.28, 12.23, and 7.29 nm, respectively. The nanoindentation results revealed that the [image: image] and [image: image] of DLC thin films decrease with an increase in the deposition temperature, which is due to the release of internal stress with respect to temperatures. The residual stress of the film decreases with any increase in the deposition temperature. The corrosion results confirmed that the Al-DLC nanocomposite material synthesized at lower temperatures is likely to have better corrosion resistivity; by carefully controlling the deposition temperature, it is possible to tailor the properties of Al-DLC films for specific applications. Further research is warranted to fully understand the complex relationships between deposition temperature, synthesis method, and film properties. Moreover, the need for using optimization to tailor thin-film coatings cannot be overstated. In the future, this study will be extended in this direction by incorporating an appropriate design of experiments and an optimization procedure to achieve enhanced properties for specific applications.
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