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Fabrication of Superhydrophobic Hierarchical Surfaces by Square Pulse Electrodeposition: Copper-Based Layers on Gold/Silicon (100) Substrates

In the present work, copper based layers were fabricated on gold/Si (100) substrates using square pulse electrodeposition at different deposition temperatures. The pre-dominant crystalline plane on Cu2O samples at temperatures higher than 30 °C is (111), which is the most hydrophobic facet of Cu2O cubic structure. Different crystallite structures such as semi-vertical leaves, fractal trees and octahedral pyramids were formed on the surface. The water-repellant sample has a hierarchical structure including octahedral pyramid microstructures with small spherical balls on them and well-branched micrometric vertical leaves on the surface. It provides a suitable surface for trapping the air pockets inside the structure and increasing the water contact angle up to 154°. It is expected that the performed approach would be applicable to preparing water-repellant surfaces in large-scale in the industries due to its achievement to superhydrophobicity in a one-step deposition without any secondary modification.

Introduction

Nowadays, the usage of surfaces with the special wettability has been extended around the world in both industrial and academic research fields. The special water resistivity of surfaces may divide in two categories: 1. Surfaces with the strong water repellent which is called hydrophobic surfaces and 2. Surfaces with strong adhesion of water, called hydrophilic surfaces. [1and 2] Due to the repelling of water droplet from the surface, hydrophobicity has strong advantages in the selfcleaning, drag reduction, anti-fouling, anti-icing, corrosion resistance and marine applications, whereas some of them were developed in industries too. [3and 4] Inspired by the natural hydrophobic surfaces including some leaves, petals and insects body, a great attention has been paid to artificially fabricating superhydrophobic surfaces. [5][6][7][8] Regarding that, researchers have shown that the surface energy and morphology are the main parameters which are governing the wetting properties of a prepared surface. [9][10][11] The required condition is obtainable by changing the surface chemical composition and decreasing the surface energy as well as by optimizing the morphology. [START_REF] Darmanin | Bioinspired Superhydrophobic Surfaces: Advances and Applications with Metallic and Inorganic Materials[END_REF][START_REF] Si | [END_REF][3][4][5][6][7][8] As it is well known from past, fatty acids have comparably lower surface energy and consequently lower tendency to adsorb water. However, their challenges in industrial and environmental applications lead researchers to prepare resistant superhydrophobic surfaces by polymers and inorganic materials. Actually, metal based compounds are mostly developed because of their wide-spread industrial applications. [1, 2 and 4] The fabrication of mineral thin films is performed by different coating stimuli such as sol-gel based methods, chemical and physical vapor deposition, electrodeposition, sputtering and thermal oxidation. [12][13][14][15][16][17][18][19][START_REF] Schlesinger | Modern Electroplating, Chapter 2: Electrodeposition of Copper, 5th Edition[END_REF] Among them, the electrodeposition method has advantages in fabrication of mineral layers on the conductive substrates due to its high efficiency, cost-effectiveness and the quality of deposited layer. Moreover, this method could be developed for fabrication on largescale surfaces with various geometries in industries. [19 - 21] Among the cathodic electrodeposition approaches, pulse electrodeposition has some good advantages such as greater control over the structure and chemical composition of prepared layer. This approach is a part of DC electrodeposition, where there are distinctive pulses with off-time intervals between deposition steps. So, on and off time durations which define the duty ratio, the ratio of the on-time to the total period, govern the deposits properties. [START_REF] Kollia | [END_REF][23][24][25][26][27][28][29][START_REF] Akbari | Wetting transition from hydrophilic to superhydrophobic over dendrite copper leaves grown on steel meshes[END_REF][START_REF] Natter | [END_REF][32] The duty ratio has a considerable influence on the nucleation, growth and migration rates of the crystals on the sample, which finally designs the surface morphology. [32] It is reported that the aggregated cations near the cathode are adsorbed on it during the on-time. [22, 23, 25, 27 and 28] Then, as a result of the relative deficiency of cation near the cathode, the discharged cation of bulk migrates to the cathodic region during the off-time. It would increase the cation concentration and accelerate the deposition, leading to stop the crystal growth and its epitaxial evolution. Based on our results in previous works, [24, 29 and 30] the higher current densities are achievable in the pulse electrodeposition by adjusting the duty ratio, which drastically increases the nucleation and deposition efficiency.

Additionally, as it is already known, the bath temperature also affects ions velocity in the electrolyte. [33-44 and 53] Increasing the ion velocity may strengthen the coating of the layer. In other words, the possible increase of the ions random motion at higher temperatures might reduce the directional movement of the ions and decrease the coating rate. Hence, one should pay attention to the acceptable range of applied temperature to the solvent during the deposition.

To the best of our knowledge, there are a few works which systematically study the effect of bath temperature on the pulse electrodeposition. [33 and 34] Therefore, to determine the effect of ions mobility in the deposition, the copper based thin films are fabricated by square pulse electrodeposition method with a same deposition program as our previous work [29] at various bath temperatures. Different structures are made by changing the bath temperature, i.e. changing the current and voltage balance of the deposition process as well as ion mobility. The effect of the bath temperature on the chemical composition (surface energy), the surface morphology and hydrophobicity (water contact (θW) and sliding angles (θSA)) were studied by Xray diffraction, scanning electron microscopy (SEM), atomic force microscopy (AFM), optical profilometry and goniometry.

Results

Roughness curves resulted from optical profilometer are shown in Fig. 1. According to the curves, roughness numbers vary from a few nanometers to micrometers which indicate the total change of the surface structure due to the bath temperature change. It may refer to the creation of complex and hierarchical structures in higher temperatures. According to the curves, the prepared samples at 22 ºC have the lowest observed roughness among the others. Moreover, there is not a monotonic trend in the roughness of 30 °C samples which increases gradually to more than 10 times at 8-pulse and then dropping down. It reveals that the prepared sample at 30 ºC with 8-pulse has a different structure compared to other 30 ºC samples. This structure is damaged by increasing the numbers of pulses and its roughness is decreased. It can be revealed by AFM images (Fig. 2), where the average height of 12-pulse sample is 25% of the 8-pulse one. As it is noted in the literatures [1, 10 and 11], the surface morphology and roughness does not necessarily have a monotonic trend by changing the conditions. This can be due to the formation of the complicated branched structures or the extreme states of nucleation and growth. In fact, since the growth of vertical leaves and the change in the number of surface features occur at the same time, the surface valleys' width and height varies heterogeneously. the roughness is changed significantly at higher and lower temperatures than 30 °C, which is the transition temperature between the nucleation and growth regimes. It is due to a large change happened in the surface structures. In addition, the roughness is almost increased by increasing the numbers of pulses, which indicates its positive effect on the surface structure. However, the roughness of 75 ºC samples is less than 45 and 60 ºC samples. It seems that the optimum bath temperature to prepare hierarchical structure of copper by square pulse electrodeposition is around 60 ºC, which will be studied more precisely by SEM images later. Figure 3 shows the θW measurement of water droplet on the prepared surfaces after 1 week rest in a sealed glass box. According to this figure, samples prepared at 45 and 60 °C exhibit the largest change in the θW by increasing the deposition pulses: these samples show a transition between superhydrophilicity and superhydrophobicity as a result of changing the number of deposition pulses. As it is observed, the superhydrophilicity is due to the formation of powdery layer on the surface and consequently distribution and absorption of water in the powder, which was previously observed in some of our copper samples. [START_REF] Akbari | Wetting transition from hydrophilic to superhydrophobic over dendrite copper leaves grown on steel meshes[END_REF] More clearly, for the first time in this work, the hierarchical structure is appeared in the case of 45 °C sample by 2-pulse. However, this structure is destroyed by increasing the numbers of pulses to 4. Thereafter, depositing more new added particles improves the surface and creates a perfect sticky film on the 4 -pulse rough surface.

However, more deposition may have an inverse effect on the 60 °C sample. Although, the hierarchical surface was improved by increasing pulses up to 8 and the θW reached to 154 °, the water droplet would leak to the structure and the roughness would be increased by more deposition so that the surface shows superhydrophilicity. The θW of 15 and 22 °C samples were increased almost uniformly by increasing the number of deposition pulses. However, the θW of 30 °C sample was increased by increasing the numbers of pulses up to 8 and then decreased at 12-pulse, while the roughness was decreased. It can indicate the destruction and smoothness of the structure at 12-pulse sample. Moreover, despite the large roughness and hierarchical structure, the θW of 75°C sample did not exceed 130 °. In order to study more precisely the effect of bath temperature on surface characteristics of the pulse deposition, the variation of water θW and roughness of the prepared samples at 8 number of deposition pulses versus bath temperature are shown in Fig. 4. According to the curves, the θW and the roughness of surfaces show approximately similar under variation of the bath temperature at fixed number of deposition pulses. It means that the increase of the surface roughness has increased the θW. Eventually, it is evident from the results that superhydrophobicity is observed in the as-prepared sample at 60 °C with 8 number of deposition pulses with the contact and sliding angles equal to 154° and 22°, respectively (Fig. 5). For a better investigation, the change in chemical composition of the prepared layers with 8 number of deposition pulses were plotted versus the bath temperature in Fig. 6.

According to X-ray diffraction patterns of the prepared samples at different bath temperatures, Cu (002) and Cu2O (111) peaks are higher than the rest of the peaks in all samples. In all samples, cuprite (Cu2O) peak overcomes the copper (Cu) peak except 22 and 30 °C samples which it is vice versa. Generally, the results of prepared samples can be arranged according to the intensity of the desired peak at different bath temperatures. Here, considering the intensity of Cu (002) peak, we have: T60> T75> T30> T22> T15> T45 and based on the intensity of the Cu2O (111) peak and the overall intensity of the appeared peaks in the X-ray diffraction patterns of the samples, it is as: T60> T75> T45> T15> T22> T30. However, the superhydrophobicity of the 60°C sample may be attributed to its complicated structure (it is studied by SEM images), though its peaks intensities are higher than that of the other samples, too. According to the microscopy images of the surfaces (Fig. 7), crystals with flat surfaces at different orientations are formed in 15 and 22 °C samples. In addition, by increasing the bath temperature, fractal and leaf-like structures begin to appear. Thereby, at 15 °C, the surface is covered by rod-like structures containing several crystallites in hundred nanometers of diameter with flat surfaces in different orientations (these structures have been discussed in [29]). The formed structures on 22 °C sample are smoother than 15 °C, where pseudo-bar structures are not formed anymore; consequently, the roughness and the water droplet θW of this surface are reduced. By increasing the bath temperature to 30 °C, two different complicated structures consist of vertical leaves on a background of cubic structures are appeared. Leaf shaped structures which stand on the surface have the length of several micrometers. The space between them are covered by octahedral pyramids with 200 nm diameter, which results in the formation of deep and narrow valleys and consequently the increase of the water droplet θW on the surface. By increasing the temperature to 45 °C, fractal structures with needle-like leaves form a dense interwoven surface (See Ref. [46]). Although, small holes in this structure increase the θW, but water droplets are trapped inside the needle tips and do not slip on the surface (parahydrophobicity [1, 11 and 45] ). At 60 °C, a similar structure to 30 °C with larger leaves is formed. Moreover, formed octahedral pyramids between the leaves have been improved and sharpened. In addition, formation of small particles on the cubes makes a hierarchical structure which caused the wetting of the surface changes to the superhydrophobicity state. However, at 75 °C, the quality of fractals and the fractal dimension are reduced and fewer branches in leaves are formed. The formation of these fractals which consist of large crystallites reduces the surface hydrophobicity.

Discussion

According to the results reported above, during the change in the bath temperature, roughness levels ranged from a few nanometers to several micrometers (Fig. 1). By increasing temperatures to 60 °C the roughness increased sharply and then decreased at 75 °C. In addition, the roughness was increased by increasing the numbers of pulses, which can be attributed to the positive influence of the number of deposition pulses to strengthen the complexity of the prepared structures.

According to the θW data reported in Fig. 3, changes in the surface wetting of samples coated by pulse electrodeposition are affected by the bath temperature. Moreover, the wettability of the samples almost follows the roughness changes of the surfaces. Except two samples, having a powdery surface such that the water droplet spreads on them, the rest of the samples are hydrophobic.

Regarding the X-ray diffraction patterns, the chemical composition of all prepared samples are a combination of copper (Cu) and cuprite (Cu2O) materials grown on the (002) and (111) directions, respectively (Fig. 6). The cuprite peak overcomes to the copper peak above 30 °C which has the highest intensity in 60 °C. It should be mentioned that the ratio of the measured height of the Cu2O (111) to Cu (002) peaks is the largest in the most hydrophobic sample (60 °C-8X).

Regarding to the SEM images in Fig. 7, a significant change in the surface morphology of the samples happened by varying the bath temperature. This change increased the θW of the samples from 85° in the un-coated substrate to 154° with 22° sliding angle in coated sample at 60 °C, where the hierarchical structures with a combination of vertical micrometric wellbranched leaves on the bed of sub-micrometer octahedral pyramids covered by small spherical particles were formed.

Therefore, based on the wetting results of this work and using the Cassie-Baxter equation (Eq. 1), [10] it could be possible to take a closer look at the solid-liquid-air interfaces of the samples;

𝑐𝑜𝑠 (𝜃 𝑊 ) = 𝑓 1 𝑐𝑜𝑠 (𝜃) -𝑓 2 , (1) 
where θW and θ are the contact angles of structured and smooth samples, and f1 and f2 are the area fraction of the solid and air which wet by the liquid (f1+f2=1). Using this equation, solid and air fractions were determined and reported in Table 1.

Table 1: The determination of the area fraction of the solid (f1) and air (f2) on the prepared surfaces, according to the Cassie-Baxter equation. The θSmooth is the contact angle on a smooth copper oxide sample which was reported in our last work. [29] Temperature (°C) θSmooth (°) θW (°) f1 (%) f2 (%) According to this data, the water droplet wetted the surface with the most hydrophobicity about 11 %, consequently 89 % of the droplet bottom contacts the trapped air pockets inside the surface structure. So, in a micro/ nano structured surface, air pockets have a determinant role in the superhydrophobicity of the sample. In summary, by comparing the optical roughness curve (Fig. 1) and SEM Images (Fig. 7), it seems that by increasing the bath temperature, the surface roughness is increased gradually, as more complicated hierarchical structures appear This might be attributed to the acceleration of the copper ions towards cathode by increasing the bath temperature. [33-44 and 53] However, further increasing of the temperature and approaching to the boiling point of the solvent (ultra-pure water with the boiling temperature around 100 °C) led to the disturbance in the ion transfer toward the cathode and consequently destruction of the deposited layer due to increasing of the random motion of the ions in the electrolyte. [33-44 and 53] Thereupon, the deposition is impossible above the 80 °C.

Finally, it should be mentioned that similar to our previous works [29 and 30] and in agreement with some other literatures, [19 and 47-51] the hydrophobicity of all copper based samples were increased by storing for a long time in a sealed glass box. So, after one year, all samples showed the superhydrophobicity with θW higher than 150° and sliding angle less than 5°. It could be due to the desorption of oxygen from the surface and decreasing the surface energy. [19 and 47-51] In fact, It is difficult to detect these changes using the ordinary chemical composition characterization methods (XPS, FTIR, PL and etc.) because the penetration depth of such methods is much larger than the surface layer and the corresponding peaks of copper and different copper oxides (CuxO) are overlapped. [13,52] This exciting phenomenon, which can solve the challenge of durability of superhydrophobic property of the surfaces in industries, still needs more precisely surveys in theory and practice.

Conclusions

As a conclusion, the square pulse electrodeposition by duty ratio of 83 % was used to fabricate copper based thin films to study the wetting properties of surfaces. This procedure was applied for 2 to 12 numbers of deposition pulses in different bath temperatures ranging from 15 to 75 °C. It was observed that by changing the bath temperature, the surface structure was changed from the octahedral pyramids to leaves and hierarchical structures. Thereby, the superhydrophobicity is occurred in a sample prepared at 60 °C with 8 numbers of pulses, due to the complex hierarchical structure including vertical micrometric wellbranched leaves on a bed of submicrometer octahedral pyramids covered by small spherical particles, with contact and sliding angles equal to 154 ° and 22 °, respectively. In addition, hydrophobicity of the samples increased intensely by storing in a sealed bottle for a long time. Since this property has been obtained without any secondary modification of the surface, it is expected that, given the high strength of the surfaces, there will be a good capability for use in the smart surfaces industry.

Experimental Section

Electrodeposition experiments

In order to determine the proper temperature of solution during deposition, the aqueous copper sulfate solution (Sigma Aldrich) was used to prepare copper based thin films. The precursor solution concentration was 0.1 M with pH equal to 4.68. The electrolyte container was put in a thermal bath at approximately constant temperatures of 15, 22, 30, 45, 60 and 75 °C. An Autolab potentiostat of Metrohm was used for the electrochemical experiments. A three-electrode system was connected to the potentiostat: a carbon rod as a counter-electrode, gold-coated silicon wafers (150 nm gold (111) on 10 nm chromium on silicon wafer (100)) (θW=85°) as the working electrode and a saturated calomel electrode (SCE) as the reference electrode. Deposition was performed at the working voltage (E W = -0.5 V) for 10 seconds and subsequently 2 s rest at zero volts for every pulse. So, the duty ratio is 83 %. This operation is repeated at different solution temperatures for 2, 4, 8 and 12pulse.

It should be mentioned that the deposition was impossible at above the 80 °C, which indicates that the flow rates of ions at this temperature could be disturbed and the layer do not stick to the substrate. This temperature is a few less than the solvent (ultra-pure water) boiling point.

Surface characterization

The θW and θSA were measured using a DSA30 goniometer (Krüss) for a 2 μL water droplet (γLV =72.8 mN/m) at five different positions on each sample. Xray diffraction (XRD) pattern of the samples were studied by Philips XRD X'pert MPD diffractometer (Cu Kα radiation-1.54 Å) with step size of 0.02˚ and count time of 1 s per step in 2θ range from 10° to 80° at grazing incidence mode. A 6700F microscope (JEOL) was used to obtain the SEM images. In addition, to study the surface features more precisely, a NT-MDT atomic force microscopy (AFM) was used in non-contact mode (window size: 1-10 μm). The average surface roughness was determined using a Wyko NT 1100 optical microscope (Bruker) with High Mag. Phase Shift Interference (PSI), field of view 0.5X and objective 50X.
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 1 Figure 1: Average optical roughness of the prepared samples as a function of the numbers of pulses at different bath temperatures.
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 2 Figure 2: Left) AFM images and right) average profiles of 30 ºC samples with 8 and 12 numbers of deposition pulses.
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 3 Figure 3: Apparent contact angle of water (θW) as a function of the numbers of pulses at different bath temperatures.
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 4 Figure 4: The θW and roughness of prepared samples at 8 number of deposition pulses at different bath temperatures.

Figure 5 :

 5 Figure 5: Images of contact and sliding angles of the as-prepared sample at 60 °C with 8 numbers of deposition pulses.

Figure 6 :

 6 Figure 6: The chemical composition of 8X sample versus the bath temperature. The height of each X-ray peak is expressed relative to the highest peak of the substrate (Au (111)).

Figure 7 :

 7 Figure 7: SEM images of the prepared 8X samples at different bath temperatures at two different magnifications. At the left of the images, the roughness and wetting data are available for each sample.
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