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Abstract:



Nanowire structures have attracted attention in various fields, since new characteristics could be acquired in minute regions. Especially, Anodic Aluminum Oxide (AAO) is widely used in the fabrication of nanostructures, which has many nanosized pores and well-organized nano pattern. Using AAO as a template for replication, nanowires with a very high aspect ratio can be fabricated. Herein, we propose a facile method to fabricate a nano-micro hybrid structure using nanowires replicated from AAO, and surface treatment. A polymer resin was coated between Polyethylene terephthalate (PET) and the AAO filter, roller pressed, and UV-cured. After the removal of aluminum by using NaOH solution, the nanowires aggregated to form a micropattern. The resulting structure was subjected to various surface treatments to investigate the surface behavior and wettability. As opposed to reported data, UV-ozone treatment can enhance surface hydrophobicity because the UV energy affects the nanowire surface, thus altering the shape of the aggregated nanowires. The hydrophobicity of the surface could be further improved by octadecyltrichlorosilane (OTS) coating immediately after UV-ozone treatment. We thus demonstrated that the nano-micro hybrid structure could be formed in the middle of nanowire replication, and then, the shape and surface characteristics could be controlled by surface treatment.
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1. Introduction


Nanoscale structures such as nanoparticles, nanowires, nanopillars, and nanotubes have attracted attention because of their hidden characteristics in minute regions in various fields such as electricity, electronics, bio surfaces, and optics [1,2,3,4,5,6,7,8]. Among the nano-sized structures, nanowires can be used for stretchable and transparent electrodes [9], wearable sensors [10,11], interconnections [12,13], and nano-optics applications [14]. Nanoscale structures can be fabricated by various methods such as sol–gel methods, self-assembly, lithography and replication [15,16,17,18,19,20]. Among these, direct replication using a template is relatively easy, cost-effective, and applicable to various curable materials [21,22,23,24,25,26]. Anodic aluminum oxide (AAO) is widely used as a template for nanoscale structures since it has a large number of nanosized pores and micro-size height, which enable the fabrication of nanowires and nanotubes with a high aspect ratio [27,28,29,30]. However, at such a high aspect ratio, the nanowires are entangled due to the surface tension between them [31,32,33]. According to previous research, if the aspect ratio exceeds 15:1 when replicating with the AAO template, the nanowires do not stand upright on the polymer film, but collapse and then clumped densely with each other. On the other hand, nanowires fabricated at an aspect ratio as low as 5:1 form, non-aggregated patterns [33,34]. Upon the removal of alumina using an etchant, the capillary force and surface tension play very important roles in the formation of nanowires. When the aspect ratio is high, the nanowires pull one another due to the surface tension, thereby aggregating together very easily. This aggregation occurs not only in polymer nanowires but also in metal nanowires. Many studies have attempted to prevent such aggregation [35], two approaches have been proposed. One involves hydration of the nanowire surface, which can decrease the agglomeration due to surface tension when the liquid filled in the spaces among the nanowires evaporates. The other involves freeze-drying removal, which suppresses the flow of the etchant, so that the force produced by surface tension between the nanowires is decreased.



Despite various efforts, straightening nanowires with a high aspect ratio remains a challenge. In this study, we attempted to fabricate nano-micro hybrid structures from tangled high-aspect-ratio nanowires by exploiting the aggregation phenomenon in a positive manner. The structure can be changed by adjusting various parameters during the manufacture of nanowires. In addition, the behavior of micropatterns with tangled nanowires and surface wettability were investigated after surface treatment. The nanowire structure fabricated using the AAO filter and polyurethane-acrylate (PUA) type resins with viscosities of 257.4 cPs and 7.2 cPs were tested. UV nano imprint lithography (UV-NIL) was applied, and AAO was etched with the help of NaOH solution. In addition, a self-assembled monolayer coating and UV ozone treatment were applied. The shape of the nano-micro hybrid structure was determined by SEM images, and the surface characteristics were investigated by contact angle measurements [36,37].




2. Aggregation of Nanowires


2.1. Fabrication of Nanowire Structure


Figure 1a shows a schematic of the nano-imprint process used in this experiment. Nanowires were fabricated by replication using a porous template referred to as AAO filter (Whatman, anodisc 25, average diameter of 200 nm, thickness of 60 µm, Figure 2b). After cleaning the PET film using isopropyl alcohol (IPA) and acetone, a UV-curable PUA-type resin was dropped and coated on the PET substrate with the help of a spin coater. Two types of resins with different viscosities, 257.4 cPs and 7.2 cPs, were examined. The AAO filter contacts were sequentially and pressed by a roller, as shown in Figure 1d. While maintaining contact, the pressing force was released and UV light was irradiated for a sufficient time (around 30 s). Then, instead of physical demolding, the cured material was immersed in 2 mol of NaOH etchant for 10 min for complete removal of the AAO filter, rinsed with deionized (DI) water, and dried using an air gun [38]. The etching time and rinsing method were confirmed by energy dispersive X-ray (EDX) analysis when there was no residue of Na and Al. Since the thickness of the AAO filter was 60 µm and pore diameter was 0.2 µm, the aspect ratio was 120:1, and the cured resin and AAO filter were very tightly attached. Therefore, the physical separation is totally impossible and if it is tried to demold with even weak forces, the AAO filter cannot but break. According to previous studies, etching can be performed using various etchants (NaOH, KOH and H3PO4) to remove the AAO filter [39,40,41,42]. We tested 2 mol of each etchant for the same etching time. Among the solutions tested, the NaOH solution showed the highest etching rate because of its superior ability to penetrate nanosized spaces. Figure 1c shows the fabricated polymer nanowire on the PET film. The structure was investigated by SEM observations of the surface and cross-section.


Figure 1. (a) Nanowire fabrication by nano imprinting with soluble aluminum oxide; (b) AAO filters; (c) Replicated nanowire pattern on PET film; (d) Roller pressing for nano imprint process.
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Figure 2. Surface of AAO filter with cured polymer resins before etching (×20,000); (a) viscosity 257.4 cPs; (b) viscosity 7.2 cPs; Schematic for explanation of resin filling in the holes of AAO after roller pressing: (c) higher viscosity; (d) lower viscosity.
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2.2. Changes in Nanowire Structure with Viscosity of Resin


Figure 2a,b denote the top surface of the AAO filter with the cured polymer resin before etching. We used resins with two different viscosities of 257.4 cPs and 7.2 cPs; in each case, they had different structures. In these figures, filled and unfilled holes were observed; a greater number of unfilled holes could be seen on the surface of the AAO filter with the cured polymer when the low-viscosity resin was used. This interesting phenomenon can be explained by the schematics in Figure 2c,d. The resin coated on the PET film goes up by the capillary force and is squeezed by roller pressing; then, the holes are fully filled with the resin and some of the ones touching the roller are escaped out again. When using the low-viscosity resin, a large amount of resin escaped from the holes because of the weaker cohesion force as compared to that for the high-viscosity resin (Figure 2c). The difference between the filled and unfilled holes would result in a difference in the height of the micropatterns, as mentioned later in the text.



Nanowires with a high aspect ratio have a higher curvature and tend to agglomerate. Research on these phenomena has been conducted extensively, and when the etched alumina solution is removed, the surface tension and capillary forces act on the nanowires, resulting in aggregation [33,43]. As schematically detailed in Figure 3, the aggregated nanowires will form a micropattern, and the size of the pattern will vary depending on the type of resin. This structure can be regarded as a nano-micro hybrid structure because the micropattern is composed of nanopatterns. Figure 4 shows the top and cross-sectional view of the fabricated nano-micro hybrid structure with aggregated nanowires. Hill and valley shapes can be seen in the cross-sectional view. The micropattern formed by the tangled and aggregated nanowires is a type of hole that is approximately 40–50 µm height and 25–35 µm in diameter.


Figure 3. Schematic for fabrication of nano-micro hybrid patterns by aggregation of nanowires after complete etching.
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Figure 4. Fabricated nano-micro hybrid structure with aggregated nanowires after full etching (×1000). (a) Surface of the structure with viscosity 257.4 cPs; (b) Surface of the structure with viscosity 7.2 cPs; (c) Cross-section of the structure with viscosity 257.4 cPs; (d) Cross-section of the structure with viscosity 7.2 cPs.
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Experiments on the two resins with different viscosities revealed that the overall shape of the patterns is similar, but the height of the patterns is clearly different. A thicker nanowire layer is observed when using the high-viscosity resin than when using the low-viscosity resin (Figure 4c,d), because of the longer wires obtained in the former case.





3. Effect of Surface Treatment


3.1. Variation of Wettability with Surface Treatment


We investigated the change in the surface formation and properties when various surface treatments were performed on the fabricated nano-micro hybrid structure. One of the surface treatments carried out in experiments is self-assembled monolayers (SAMs) coating with OTS, which is considered to have hydrophobic properties, and the other is UV-ozone treatment known as hydrophilic treatment [44,45]. In SAMs coating, the surface is modified via the formation of an organic molecule film spontaneously aligned on the surface [44,46]. In this experiment, the fabricated nano-micro hybrid patterns were coated by a vapor deposition technique using OTS (Sigma-Aldrich) in which a long hydrocarbon chain is bonded to trichlorosilane. 10 mL of the OTS coating solution was placed in a beaker on the hot plate inside a glove box where a N2 atmosphere is maintained. The hot plate was kept at 100 °C and the fabricated surface was exposed to the vapor for 60 min. In UV-ozone treatment, ozone (O3) is generated by irradiation of a strong oxidizing power with ultraviolet rays. The ozone that is produced oxidizes, decomposes, and removes the organic matter on the glass, film, and metal surface, and reforms the surface of the material, resulting in hydrophobic or hydrophilic patterns [45,47,48]. Ultraviolet rays having a wavelength of 185 nm to 254 nm were focused on the surface for 60 min.



Before surface treatments of the fabricated entangled nanowires, the characteristics of each surface treatment were examined on the flat cured PUA-type resin without patterns. After each surface treatment was carried out, the contact angle was measured by dropping 5 µL of DI water on the surface, as shown in Figure 5. Without any treatment, that is, when the material was just cured, the contact angle was about 90°, which indicates the inherent surface energy of the material. Figure 5b shows the contact angle after OTS coating with silan monolayer. The contact angle increased by about 10°, and from this result, it can be clearly seen that the OTS coating makes the surface state hydrophobic. On the other hand, the contact angle was measured to be as small as 31° after the UV-ozone treatment as shown in Figure 5c. That is, the wettability of the surface can be improved, so this can be said to be a hydrophilic treatment.


Figure 5. Contact angle of the cured polymer surface with PUA resin after various surface treatments: (a) before surface treatment and after (b) OTS coating and (c) UV-ozone treatment.
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There have been many studies on the effect of increasing amounts of oxygen on the surface subjected to UV-ozone treatment, and the surface energy is reported to change accordingly [46,47,48]. Also, a study focused on how the shape of Pt nanoparticles is affected by UV-ozone treatment [49]. Based on the previous studies, a preliminary experiment on UV-ozone treatment was conducted using cylindrical micropatterns with a diameter of 5 µm and a height of 10 µm. Cylinder patterns with nanosized rugged surfaces were fabricated by UV-NIL using the PUA polymer, as shown in Figure 6a. After UV-ozone treatment for 60 min, the rough surface became smooth, as shown in Figure 6b. Excessive UV energy can produce even cracks on the surface of the polymer pattern. Due to the smoothing effect, the diameter of the cylinder structure decreased from 5 µm to 4.2 µm. From this result, it can be concluded that the polymer structure becomes smooth when exposed to UV-ozone for a long time. In particular, nanowire structures are very susceptible to the smoothening effect.


Figure 6. The change in the polymer structures following UV-ozone treatment. (a) Fabricated polymer structures; (b) The structures after UV-ozone treatment for 60 min.
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3.2. Structure Variation with Surface Treatments


Two representative types of surface treatments mentioned above were carried out on the nano-micro hybrid structure formed by nanowires, to investigate the change in surface characteristics. Figure 7 shows the surface and cross section of the nano-micro hybrid structure after OTS coating. Since silan monolayer is coated on the surface, its shape is similar to that of the structure before surface treatment. Dimple structures appear relatively uniformly throughout the entire surface. The diameter of each dimple was about 30 ± 5 µm as shown in Figure 7b. The cross section shows that the tangled nanowires maintain their shape to the tip. Although a 60-µm-thick AAO filter was used, the thickness of the nanowire layer was about 50 µm since the nanowires were tangled together to form a dimple structure. However, UV-ozone treatment on the tangled-nanowire micro structure greatly changed the surface state. The size of dimples was approximately two times larger on average as shown in Figure 8b. Moreover, additional shapes like bumpy structures appeared in some locations. As the ends of the nanowires exposed to UV-ozone melted together, a smooth surface was formed. Figure 8d clearly shows the cross section of this bumpy structures and smoothed parts.


Figure 7. Nano-micro hybrid structures with OTS coating: (a) Surface (×200); (b) surface (×1000); (c) cross section (×1000); and (d) cross section (×5000).
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Figure 8. Nano-micro hybrid structures with UV-ozone treatment: (a) Surface (×200); (b) surface (×1000); (c) cross section (×1000); and (d) cross section (×5000).
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In addition, we tried both surface treatments sequentially. Figure 9 shows the top and cross-sectional surface after UV-ozone treatment followed by OTS coating. The OTS coating did not affect the shape of the surface, whereas the UV-ozone affected the shape, so the final shape after this double treatment was similar to that after UV-ozone treatment alone.


Figure 9. Nano-micro hybrid structures with double surface treatments: (a) Surface (×200); (b) surface (×1000); (c) cross section (×1000); and (d) cross section (×5000).
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3.3. Contact Angle Variation with Surface Treatment


In order to investigate the wettability of the surfaces according to various surface treatments, the contact angle was measured. The contact angle with non-before surface treatments could not be measured, because the dropped water was absorbed into the nano-micro hybrid pattern as soon as it came in contact with the surfaces. In this case, the surface was super-hydrophilic.



The contact angle measurement results after surface treatment are shown in Figure 10. After the OTS coating, the contact angle was measured to be about 117 ± 4° (Figure 10a). The super-hydrophilic entangled-nanowire surface with microsized dimples becomes water-repellent even with OTS coating alone. The contact angle after UV-ozone treatment was measured to be about 127 ± 3° (Figure 10b). It is a peculiar phenomenon that the contact angle after UV-ozone treatment is higher than that after OTS coating. The reason for this is considered to be the fact that the effect of the formation of a nano-micro hybrid structure having an appropriate size is greater than the effect of the formation of the silane monolayer on the surface to impart hydrophobicity. In order to enhance the hydrophobicity, OTS coating was conducted after UV-ozone treatment and the measured value was about 134 ± 3° (Figure 10c). The monolayer was coated on the properly formed nano-micro hybrid structure, so this double treated surface had the highest hydrophobicity.


Figure 10. Contact angles with the nano-micro hybrid structures after various surface treatments: (a) OTS coating; (b) UV-ozone treatment; and (c) OTS coating after UV-ozone treatment.
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4. Conclusions


The nanowire structure was fabricated via a UV nano imprint process using an AAO filter as a template. It was revealed that nanowires aggregated together to form a micropattern after the alumina etching process. Surface treatments, i.e., OTS coating and UV-ozone treatment were conducted on the fabricated nano-micro hybrid surface, and the structural change and surface variations are investigated.



The phenomenon of nanowire aggregation was investigated when nanowires were fabricated using polymer-type UV resins. The shapes of the nano-micro hybrid structure after full etching with different resins were similar. However, the length of nanowires of the resin with 257.4 cPs was longer; this is because the residual resin filled voids because of capillary force under pressure. However, the resin with 7.2 cPs could not be filled in voids, because there was no residual resin. Therefore, the amounts of filled resin differed.



The behaviors and surface wettability of nanowires after the OTS coating and UV-ozone treatment on the surface of the fabricated structure were investigated. There were only dimple structures after the aggregated nanowires were formed, but bump structures appeared after UV-ozone treatment because of the smoothed surface. Further, the size of the dimple increased to about 60 ± 10 µm after UV-ozone treatment. The nano-micro hybrid structure without surface treatments showed a super-hydrophilic behavior because the water permeated into spaces between the uncoated nanowires. When the silane monolayer was coated on this surface with the hybrid structure, a contact angle of about 117 ± 2° was obtained, but the surface got wet gradually. Further, the surface with the composite structure was subjected to UV-ozone treatment, and a contact angle of about 127 ± 3° was obtained. This phenomenon is because the top part of the composite structure coated with the silane monolayer is cured after smoothening, so water molecules could not be permeated between the structures, thus forming nano-micro hybrid structures. After the double treatment was carried out, the surface structure showed the same shape as when UV-ozone treatment was performed. The surface contact angle was 134 ± 2° or more, which indicates that a monomolecular layer formed on the surface as a result of UV-ozone treatment, and a higher contact angle was obtained. By using the fabricated composite structure, it is possible to fabricate a composite structure of embossing when duplicating again, and it is possible to form a hybrid pattern. Study results are summarized in Table 1 and Table 2.



Table 1. Results for the fabrication of nano-micro hybrid structures using the AAO filter with different viscosities of PUA resins after full etching.







	
Viscosity of PUA Resins

	
Thickness of Nanowire Layer

	
Note






	
257.4 cPs

	
48 ± 4 µm

	
The resin with 257.4 cPs viscosity was well filled into AAO filter because of difference of cohesion force




	
7.2 cPs

	
40 ± 5 µm










Table 2. Results of the fabrication of nano-micro hybrid structures according to surface treatments.







	
Surface Treatment

	
Contact Angle

	
Structure (The Size of Dimples)

	
Note






	
No treatment

	
Super hydrophilic

	
30 ± 5 µm

	
The nano-micro hybrid structure because of the aggregated nanowires was obtained




	
Silane monolayer treatment

	
117 ± 2°

	
Similar to that for no treatment

	
The hydrophobic surface was fabricated because silane monolayer was coated




	
UV-ozone treatment

	
127 ± 3°

	
60 ± 10 µm

	
The contact angle increased because of smoothed layer




	
Double treatment

	
134 ± 2°

	
Similar to that for UV-ozone treatment

	
The contact angle was higher according to the silane monolayer
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