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Abstract 

Among the methods of imposing the functionalities on the surface of the 

material, bio-inspired technology is a technique to use engineering method 

such as simulating and applying the surface structure, principle and 

mechanism of the living organisms present in nature. 

This thesis describe how to make a layered nanostructure inspired by 

nature in silicon, glass, and aluminum, and its application. The first chapter 

describe how to fabricate layered nanostructures on silicon substrates by 

plasma etching. A self-aligned surface mask can help reduced the etching 

process and add a flake structure to the boiling water treatment to create a 

hierarchical structure. Specifically, we have developed a novel method to 

fabricate ultra-low reflective Si surfaces having nano-scale hierarchical 

structures by combination of AlOOH, or boehmite, nanoflake having 100-

200 nm in width nested on plasma-etched Si nanostructures with 100 nm in 

diameter and from 500 to 1500 nm in height. By using CF4 plasma etching, 

Si surfaces were nanostructured with pillar-like structures by selective 

etching mechanism with self-masking by fluorocarbon residues. AlOOH 

nanoflakes were formed by Al thin film coating with various thicknesses on 

Si surfaces with nanopillars and subsequent boiling water immersion, which 

control its configuration from needle to flake by formation. Hierarchical 

structures coated with a low-surface-energy material have higher water 

wetting angle over 150o while contact angle hysteresis shows very low, 

implying the self-cleaning surface. Reflectance was significantly reduced 

down to 0.5% on hierarchical nanostructures through synergetic effect by Si 

nanopillar structures for lowering reflection for shorter than 600 nm in 

wavelength and AlOOH nanoflakes for longer than 600 nm. This structure 

will help enhance solar cell performance. 
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In the second chapter, we describe the production of transparent functional 

glass that can be applied to the exterior glass of a car, a ship, or a building or 

to an electronic device. The superhydrophobic/hydrophilic surface is mainly 

accompanied with low reflection function and antifogging effect can be 

expected. However, it is very difficult to making roughness surface by 

plasma etching method because it contains alkaline ion which is strong in 

reactivity. To overcome this difficulty, we report a novel method to fabricate 

nanostructures on a glass by a non-lithographic method that introduces a 

sacrificial SiO2 layer on glass for anisotropic plasma etching. The 

nanopillars were first formed on a SiO2 layer coated glass through 

preferential etching by CF4 plasma. With continuous plasma etching, SiO2 

pillars become local etching-resistant masks on glass, so that the glass 

regions covered with SiO2 pillars are etched slowly, while the regions with 

no SiO2 pillars etched rapidly, resulting in nanopatterns on glass. The glass 

surface, just etched with CF4 plasma, becomes superhydrophilic due to its 

high surface energy as well as nanoscale roughness with high aspect ratio. 

With a subsequent hydrophobic coating on nanostructured glasses, a 

superhydrophobic surface was also achieved. A water contact angle was 

measured over 160° and a contact angle hysteresis of < 5o. Furthermore, 

strong anti-dewing effect was confirmed by water condensation experiments 

on superhydrophilic glass under condition that the temperature raised from  

-15 to 25 oC in water vapor condition. It was measured that the transmission 

of the light on glasses was relatively not affected by the nanostructures, 

while the reflectance was significantly reduced with the increase the 

roughness of the nanopatterns on glass. 

In the third chapter, we describe a study of the capture of water by 

applying nanostructures to Kirigami which is a method of expanding 

formability by applying a simple cut to the material. When a deformation is 

applied to the flat Kirigami structure, a tilting angle is generated and the path 
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of the water is forced, which can be efficient in water collection. By 

controlling the wettability by surface roughness, it is possible to maximize 

the amount of water harvest. When water is collected in the superhydrophilic 

region and then the water is easily roll off on the superhydrophobic region, 

the amount of water uptake increases by about three times that of the 

untreated surface. Surface roughness was achieved by boiling water 

treatment using aluminum substrate and TiO2 nanoparticle was mixed to 

maximize the roughness to ensure superhydrophobicity. 
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1. Introduction 
 

1.1. Bioinspired nanostructure 

 

Bio-inspired technology is a technique to use engineering method such as 

simulating and applying the surface structure, principle and mechanism of 

the living organisms present in nature. In particular, living organisms in 

extreme environments often have a special nanostructured surface to survive 

and people want to use them. For example, since the moth is nocturnal, it has 

a special well aliened dome structure that reduces the reflectance to the eye 

to distinguish objects with less light.[1] Another case is superhydrophobic, 

superhydrophilic properties. The lotus leaves are exposed to the high 

humidity environment because they are floating on the water. To overcome 

this harsh environment, the lotus leaf has a wax coating with low surface 

energy on the hierarchical nanostructure to realize the property of 

superhydrophobic on the surface. In addition, when rain or water droplet is 

added, the efficiency of photosynthesis increases because the dust on the 

surface is dragged down.[2,3] There are also creatures that apply the 

wettability contrast surface to living the Namibu desert. To get water from 

dry desert, the beetle living here collects water using the difference in 

wettability of the surface. In order to collect the dew easily in the morning, 

the beetle collects the water from the superhydrophilic micro bump with 
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high surface energy and then makes the water easily flow down from the 

superhydrophobic surface. So water flows down through their mouth.[4] 

Finally, some insects may have well-ordered nanostructures that are colored 

without a dye and are used as a protective color by changing the structure.[5] 

Figure 1.1 shows a brief nanostructures in the creatures. 
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Figure 1.1 Examples of nature nanostructured surface (a) moth eye (b) lotus 

leaf (c) Namibu desert beetle (d) butterfly wing 
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1.2. Overview on the surface roughness effect 

 

1.2.1. Wettability on roughness surface 

 

The wettability of the solid surface is determined by the influence of 

surface free energy. The contact angle in the flat surface is derived as shown 

in Equation. 1.1 by Young.[6] 

cos𝜃𝜃 = 𝛾𝛾𝑆𝑆𝑆𝑆−𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝑆𝑆𝑆𝑆

      (1.1) 

Where θ is the contact angle in the surface, and γ𝑆𝑆𝑆𝑆, γ𝑆𝑆𝑆𝑆, γ𝑆𝑆𝑆𝑆represents 

the interfacial energy between solid-gas, solid-liquid, and liquid-gas, 

respectively. However, if the surface of the solid is not the same as the flat 

and is as shown in Figure 1.2(a), (b). The contact angle no longer follows 

equation 1.1 and is determined by the model proposed by Wenzel and 

Cassie.[7,8] 

Cassie's model is when a drop of liquid falls on a roughed surface, the 

liquid droplet is supported by the top of the roughness in figure 1.2(a). The 

contact angle θs is calculated as follows. 

cos𝜃𝜃𝑠𝑠 = −1 + 𝑓𝑓𝑠𝑠(1 + cos𝜃𝜃0)     (1.2) 

Where fs is solid friction of roughness surface and θ0 is the static contact 

angle of the flat surface. Wenzel's equation applies to water droplets 

completely wetting when droplets are dropped onto rough surface in figure 

1.2(b). Equation is calculated below. 
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cos𝜃𝜃𝑠𝑠 = 𝑟𝑟 cos𝜃𝜃0      (1.3) 

Where r is surface roughness factor and θ0 is the static contact angle of the 

flat surface. 

If the surface structure has a micro-nano hierarchical structure, the surface 

contact angle is calculated differently in each case.[9,10] In the case of figure 

1.2(c), the water droplet is completely floating in the structure. In the case of 

figure 1.2(d), the water droplet is floating in the microstructure but the 

nanostructure is in the wet state. Figure 1.2(e) is the state in which the 

microstructure is wetted and floating in the nanostructure. And figure 1.2(f) 

is perfectly wet state. Each equation can be expressed as follows.  

cos𝜃𝜃𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑆𝑆𝑆𝑆𝑓𝑓𝑆𝑆𝑆𝑆(1 + cos𝜃𝜃0) − 1    (1.4) 

cos𝜃𝜃𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑆𝑆𝑆𝑆(𝑟𝑟𝑆𝑆 cos𝜃𝜃0 + 1) − 1    (1.5) 

cos𝜃𝜃𝑐𝑐𝑐𝑐 = (𝑓𝑓𝑆𝑆𝑆𝑆 − 1 + 𝑟𝑟𝑆𝑆) cos𝜃𝜃0 + 𝑓𝑓𝑆𝑆𝑆𝑆 − 1   (1.6) 

cos𝜃𝜃𝑐𝑐𝑐𝑐 = (𝑟𝑟𝑆𝑆 + 𝑟𝑟𝑆𝑆 − 1)cos𝜃𝜃0     (1.7) 

In order to obtain the highest contact angle, water droplets must be 

floating in the structure in the same state as figure 1.2(c), equation 1.4 so that 

superhydrophobicity can be maintained. 
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Figure 1.2. Interface configurations on rough surfaces in different wetting 

states: (a)Cassie state., (b) Wenzel state, (c) Cassie-Cassie state, (d) Cassie-

Wenzel state, (e) Wenzel-Cassie state and (f) Wenzel-Wenzel state.[9] 
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1.2.2. Anti-reflection effect 

   

The low-reflectivity surface of moth eyes attracted many researchers' 

attention. In fact, ARC's inspiration comes from the eyes of the moth. In 

order to disguise predators, the 'moth eye' or corneal lens evolves to an 

absolutely shiny surface to prevent light from being reflected.[11,12] The 

structure of the moth was observed by SEM in figure 1.1(a), The geometry 

of the pattern has a smaller size than the wavelength of the light, so it 

interacts with the incident light differently. 

Light entering the macroscopic structure is generally partially absorbed, 

causing reflection and scattering. (Figure 1.3 (a)). However, when the 

surface structure is smaller than the wavelength of light, the light interacts 

differently. The light interacts with the rough surface. As the wavelength of 

the light is the slope of the surface reflective index (Figure 1.3 (b)), the rays 

tend to bend gradually (Rayleigh effect). If there are uniformly spaced 

nanostructures, the incident light rays on the grooved surface are trapped in 

the gap and cause multiple internal reflections, which cause maximum 

absorption of the incident radiation and reduce the reflection of visible light 

range to 0.1%.(Figure 1.3 (c)) [13] 

Another model of decreasing reflectivity is the refractive index of the film 

gradually from the refractive index of the film substrate (ns) to the refractive 

index (nair) of the air stepwise and progressively in figure 1.4 (a) and (b). 
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Gradient-index lenses are indeed naturally occurring and incorporate broad 

field vision in the eyes of antelope, aberration reduction in eyes of human 

and high spatial resolution in the eyes of eagles. In the area of anti-

reflectivity also this has a bearing to the effect that it imparts a smooth 

transition of refractive index from a higher value to the lower value of air. 

The basic idea here comes from the seminal work by Lord Rayleigh [14] in 

1880 on problem of gradual transition where he explained numerically that 

when density changes in a variable medium, reflection reduces and the ray 

bends as shown in Fig. 1.4(c). These structures are called graded refractive 

index (GRIN) structures and the variation in refractive index follows several 

profiles (parabolic, cubic etc.) as we will subsequently see. 

Effective medium theory is also proposed to explain low reflection. The 

basic idea is that the material surface is non-uniform (porous or regular / 

irregularly patterned, rough surface or graded refractive index anti-reflective 

surface) depends on the topology because the light is scattered by the nano-

sized inclusions. 

Garnett [15,16] and Bruggeman [17] proposed effective refraction as a 

mathematical model. (Table 1). Maxwell-Garnett (MG) proposed the 

technique to determine the ‘‘effective refractive index’’ of a ‘‘homogeneous’’ 

mixture under wave propagation. For a material mixture with volume 

fraction of inclusion f, MG model can be extended to give the effective 

refractive index as a function of f. Consider a medium consisting of two 
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media with refractive indexes n1 and n2 and volume fractions f1 and f2 (= 1 - 

f1) respectively, the effective refractive index given by the two models is as 

reproduced in Table 1. 

 

 

 

 

 

 

 

 

 

 

 



 10 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 (a) Light being reflected away from a macrostructure, (b) light 

interacting with the whole rough surface due to comparable dimensions, (c) 

light undergoing multiple internal reflections through a nanostructure pattern. 
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Figure 1.4 (a) Sharp drop in refractive index observed in single layer anti-

reflective films (b) smooth drop in refractive index from ns to nair in case of 

graded refractive index anti-reflective. (c) Light rays bending in the case of 

gradually varying RI medium. 
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Table 1.1 Maxwell’s model vs. Bruggeman’s model 

Maxwell-Garnett model Bruggeman approximation 

Effective RI can be evaluated 

from the equation 

[
𝑛𝑛2 − 𝑛𝑛12

𝑛𝑛2 + 2𝑛𝑛12
]2 = (1 − 𝑓𝑓1)[

𝑛𝑛22 − 𝑛𝑛12

𝑛𝑛22 + 2𝑛𝑛12
]2 

 

This value is based on the assumption 

that the medium n2 is surrounded by n1. 

Thus, the equation will change if n1 is 

surrounded by n2. 

Effective RI can be 

calculated from the equation 

𝑓𝑓1 �
𝑛𝑛12 − 𝑛𝑛2

𝑛𝑛12 + 2𝑛𝑛2
�
2

+ 𝑓𝑓2[
𝑛𝑛22 − 𝑛𝑛2

𝑛𝑛22 + 2𝑛𝑛2
]2 = 0 

 

This can be extended for k layers as 

�𝑓𝑓𝑖𝑖

𝑘𝑘

𝑖𝑖=1

[
𝑛𝑛𝑖𝑖2 − 𝑛𝑛2

𝑛𝑛𝑖𝑖2 + 2𝑛𝑛2
]2 = 0 
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PART 1. Si based materials 

2. Hierarchical structures of AlOOH nanoflakes 

nested on Si nanopillars 
 

2.1. Introduction 

 

 Continuous effort has been applied to the development of ultra-low- or anti-

reflective, superhydrophobic surfaces for use in solar cell panels or detecting 

devices to increase cell performance and durability via self-cleaning under 

harsh environments. [1, 2] To enhance solar cell performance, studies have 

addressed several issues, ranging from the high absorption rate of sunlight to 

the conversion efficiency of light into electric energy. High-energy sunlight 

absorption can be achieved by reducing scattering or reflection on the 

surfaces by adopting natural structures, such as moth-eye, micro/nanoscale 

pillar structures. These natural designs achieve anti-reflection by using well-

aligned arrays of ripples for the systematic reduction of reflection and 

improvement of transmission, allowing insects such as moths and butterflies 

to live in the low-intensity light available in the nighttime. The tapered 

cross-sectional profiles of such anti-reflective structures increase the 

refractive index difference between air and the surface feature, maximizing 

light transmission. [3-5] 
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 Inspired by moth-eye structures, several studies have developed low-

reflective surfaces on various materials, such as semiconductors, polymers, 

diamonds, or metals, using e-beam evaporation, chemical vapor deposition, 

sputtering, plasma or reactive ion etching (RIE), sol-gel, or hydrothermal 

techniques. [6-8] In particular, Si surfaces with nanostructures, known as 

nanograss, made by RIE or nanoimprinting have been reported to have very 

low reflectance (0.8%) for 400- to 800-nm light, but these methods suffer 

from high costs, complex fabrication, and the use of toxic solutions, such as 

HF or HCl, to form the Si nanostructures. Furthermore, to improve the 

absorption rate of light, several studies have reported multi-scale roughness 

by forming ZnO nanostructures on micro-structured silicon using continuous 

solution methods, which also requires complex processes. [9] 

 Superhydrophobic surfaces are crucial for maintaining the durability of 

solar cell panels, which must gather sunlight without loss due to reflectance 

under harsh environments, such as deserts, and thus require self-cleaning or 

easy cleaning procedures. Moth-eye surfaces have also achieved self-

cleaning using the high fraction of air trapped between textured arrays. [10, 11] 

Hydrophobic or superhydrophobic surfaces are achieved by applying 

coatings with low surface energy on textured surfaces, which usually mimics 

micro-/nano- or hybrid structures, such as that of a lotus leaf, which has a 

high water contact angle (CA) and low contact angle hysteresis (CAH). [12] 
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When a water droplet is released onto a lotus leaf, it forms a nearly perfect 

spherical shape that rolls off and cleans the contaminated surfaces. [13] 

 Herein, we have developed a novel method to fabricate ultra-low reflective, 

superhydrophobic Si surfaces having hierarchical structures using aluminum 

oxide hydroxide (or AlOOH) nanoflakes nested on plasma-etched Si 

nanopillars. This method allows the non-toxic, fast, room-temperature 

fabrication of dual-scale hierarchical surfaces on Si. Nanopillared Si surfaces 

and AlOOH nanoflakes fabricated individually provide anti-reflection due to 

the high nanoscale roughness and superhydrophobicity by coating with low-

surface-energy materials, respectively. [14] However, the combination of these 

two structures improves both hydrophobicity and anti-reflectance. AlOOH 

nanoflakes were formed by Al thin film coating with various thicknesses and 

subsequent immersion in boiling water, which induces the formation of 

flakes rather than needles. AlOOH nanoflakes form due to the corrosion 

reaction of Al ions with hydroxyl ions along with bubble bursting on the Al 

oxide surface. [15,16] The use of CF4 plasma etching created Si surfaces with 

pillar-like structures due to the well-known self-masking and selective 

etching mechanism. [17, 18] AlOOH nanoflakes were then formed on Si 

nanopillared surfaces for the fabrication of hierarchical structures, as shown 

in a schematic in Figure 2.1.  

 On both flat and hierarchical surfaces, SiOx-containing DLC (SiOx-DLC) 

films were coated via plasma polymerization of a hexamethyldisiloxane 
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(HMDSO) vapor. The SiOx-DLC films were used as hydrophobic coatings 

with lower surface energy relative to the substrate and good mechanical 

performance in terms of wear resistance, hardness, and controllable coating 

thickness. [19] Water CA and CAH measurements were performed to 

characterize the robustness of the superhydrophobic surfaces for wettability. 

The optical reflectance as a function of surface structure was measured by 

UV-Vis spectroscopy. 
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Figure 2.1 Schematic of the fabrication of hierarchical structures on the 

nanoscale. (a) Si nanopillars were formed by CF4 plasma etching. (b) Si 

surfaces with nanopillars are coated with Al by e-beam evaporation. Next, 

the Al-coated Si surfaces were immersed in boiling water at a temperature 

above 90ºC for 10 min, resulting in (c) a hierarchical structure of Si 

nanopillars covered by AlOOH nanoflake. Representative images taken by 

SEM have same magnification, and the scale bar is 500 nm. 
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2.2. Experimental 

The overall procedure for the fabrication of hierarchical nanostructures on Si 

(100) was shown in a schematic in Figure 2.1. Detailed conditions for the 

formation and characterization of the structure are given below. 

 

2.2.1. Sample preparation 

 
Si (100) surfaces were prepared with different roughnesses. Si surfaces 

with nanoscale pillars were formed by the CF4 plasma etching of flat, bare Si 

wafers. Si wafers were etched to form nanopillars using a radio frequency (r.f.) 

glow discharge of CF4 gas at 30 mTorr and a -600V bias voltage.[18] This 

simple etching procedure produced nanopillars on the Si surface, forming a 

self-mask due to the local deposition of fluorocarbon films from the CF4 gas 

plasma and the preferred etching of Si with the F atoms, which have high 

reactivity toward Si.[17] A CF4 plasma treatment duration ranging from 30-90 

min was chosen to yield various surface roughnesses [18] and various aspect 

ratios, defined as the ratio of pillar height to pillar diameter. The pillar height 

was controlled from 500 to 1500 nm, and the diameter was 100 nm. Al 

hydroxide nanoflakes were fabricated by Al thin film coating with e-beam 

evaporation and subsequent boiling-water immersion. The thickness of the Al 

coating on flat and nanostructured Si surfaces was varied from 10 to 50 nm. 

Al coated samples were immersed into 100ºC boiling water for 10 min, which 

resulted in the formation of Al hydroxide nanostructures. 
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2.2.2. Hydrophobic coating 

 

 SiOx-DLC film was deposited using a HMDSO precursor via r.f. plasma-

assisted chemical vapor deposition (PACVD). The SiOx-DLC film from the 

plasma polymerization of HMDSO was chosen to increase the surface 

hydrophobicity due to its low surface energy of 24.2 mN/m. [19] The bias 

voltage and working pressure were -400 V and 10 mTorr for 5 sec, 

respectively, which resulted in a static CA of 90° for the SiOx-DLC films on 

flat surfaces, while the CA was approximately equal to or greater than 160° 

on nanostructured surfaces. The detailed process used in the fabrication of 

superhydrophobic surfaces was implemented from previous works. [18] 

 

 

2.2.3. Characterization 

 

 We characterized the wettability of the hierarchically nanostructured 

surfaces by measuring the CA and CAH of DI water droplets. For these 

measurements, water droplets, approximately 5 μL in volume (with radii of 

approximately 1 mm), were gently deposited on the surfaces using a 

microsyringe. The advancing CA was measured by adding a deionized (DI) 

water sessile drop (~5 μL) and the receding CA by the removal of water 

from a DI water sessile drop. The CAH was calculated as the difference 
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between the advancing and receding CAs. All measurements were taken 

using a contact angle goniometer (Rame-Hart) in ambient air at 15ºC with a 

relative humidity of 20-35%. The reported CAs were determined by 

averaging the measurements from five different spots on each sample. 

The nanostructures on the surfaces were observed with a scanning electron 

microscope (SEM, Nova 600, FEI), and the crystalline phase of the surfaces 

were examined by X-ray diffraction measurement (XRD, Bruker, D8 

Advanced). Compositional analysis was performed with X-ray photoelectron 

spectroscopy (XPS) to investigate the chemical change from the hydrolysis 

reaction before and after the boiling water treatment on the Al-coated Si 

surfaces. An Al Kα (1486.6 eV) X-ray source was used as the excitation 

source, and the anode was maintained at 250 W, 10 kV, and 27 mA at a 

chamber pressure of 2.67 x 10-8 Pa with a beam spot size of 400 μm x 400 

μm. The peak position was calibrated using the C1s peak at 284.6 eV. The 

UV-Vis measurements were performed in the wavelength range of 200-1200 

nm using a spectrophotometer (Perkin-Elmer, Lambda 20) at room 

temperature. The spectra were recorded by taking air as a reference. 
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2.3. Result and Discussion 

 

Microstructure Al oxide nanoflakes were formed on flat Si surfaces for 

deposited Al thicknesses from 10 to 50 nm. As the thickness of the coated Al 

film increased, the configuration was varied from sharply linear to relatively 

wide nanoflakes, 100 to 200 nm in length, as shown in Figure 2.2. Figure 2.3 

shows the characteristics of the various surface morphologies of the Si 

surfaces: Si with pillars and with or without Al oxide nanoflakes. The 

nanopillars have diameters of 100 to 150 nm and heights of 500 to 1500 nm, 

as determined by the CF4 plasma etching duration. Al oxide nanoflakes were 

formed on top of the nanopillared Si, resulting in a nanoscale hierarchical 

structure. The Al oxide nanopillar grows uniformly over the entire 

nanopillared Si, and its cover density increases with Al film thickness. 
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Figure 2.2 Cross-sectional SEM images of the Al-coated flat Si measured 

with different thicknesses at a 70º tilt: (a) 10, (c) 30, and (e) 50 nm coating by 

an e-beam evaporator and corresponding images (b), (d), and (f) after boiling 

water immersion for 10 min, respectively. All images have the same 

magnification, and the scale bar is 500 nm. 
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Figure 2.3 SEM images of hierarchical structures at a 30º tilt. Si nanopillars 

were evolved during the plasma etching (from left to right), and Al oxide 

nanoflakes were controlled by the coating thickness using a fixed hydrolysis 

duration of 10 min. All images have same magnification, and the scale bar is 

500 nm. 
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Structure analysis Some researchers have reported that the reaction of Al 

in boiling water creates a porous nanostructure, such as flakes or pseudo 

boehmite, as confirmed by morphological observation and chemical analysis 

with respect to the water temperature and treatment duration.[20] It has been 

known that in the immersion of Al in boiling or hot water, OH ions are 

sufficient to form AlOOH rather than Al2O3 at temperatures above 100°C. 

After a brief boiling water treatment, AlOOH islands form and then spread 

over the Al surface. The islands achieve flake-like structures due to bubble 

attack with the bubbles bursting in boiling water. [20, 21] To confirm this 

mechanism, the crystalline phase of Al oxide nanostructures was 

characterized by XRD in Figure 2.4 (a). The Al-coated surface before boiling 

water treatment showed a peak related to the Al oxide phase induced by 

natural oxidation, while the surfaces after boiling water treatment revealed 

three characteristic peaks related to boehmite (AlOOH) with a broad and 

amorphous nature due to the thinness of the coated layer. [20, 22] 

 XPS analysis of the Al surfaces with and without water immersion was 

performed to characterize the chemical change. The O1s XPS spectra, with a 

range of 527~537 eV, were used to distinguish the bonding information of 

AlOOH, as shown in Figure 2.4 (b) and (c). The O1s peaks were 

deconvoluted into two main peaks at 530.8 (O in AlO) and 531.9 (O in OH) 

and two minor peaks related with differential charge at 529.7 and 533.0 eV. 

[23] In the case of the O1s peak in AlOOH, both the 530.8 and 531.9 eV peaks 
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are dominant, while only the 531.9 eV peak is dominant in the case of Al2O3 

and Al(OH)3. It was reported that the boehmite structure is formed by the 

reaction between Al ions moving outwards from the Al bulk and hydroxyl 

ions formed on the external surface. [24, 25] At the high temperature of 100 °C 

in water, the Al surface is attacked by bubbles and Al3+ ions form, which 

combine with the abundance of OH- ions in boiling water, resulting in 

AlOOH boehmite. The final boehmite structure is amorphous due to the 

outward migration of cations and bubble attack. This result indicates that the 

fabricated nanostructures formed on the surface consist of a boehmite phase 

of AlOOH. 
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Figure 2.4 (a) XRD measurements before and after boiling water treatment 

and XPS spectra of Al coated surfaces (b) before and (c) after boiling water 

immersion. 
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Wettability The static CA and CAH of the sessile water droplets on the 

samples with various plasma durations with or without Al oxide nanoflakes 

are shown in Figure 2.5. The flat Si surface with hydrophobic coating has a 

static contact angle of 90o, corresponding to the mild hydrophobic nature of 

a coated SiOx-DLC film. The Si surfaces with nanopillars formed by 

different CF4 plasma durations feature an increased CA of 130-140o owing to 

the increase in nanoscale roughness with plasma duration. In the case of 

AlOOH nanoflakes with three different Al coating thicknesses, all samples 

have higher CAs than those on the Si surfaces with nanopillars. The CAH is 

also lower on the hierarchically structured surfaces.  

The nanopillar geometries varied in diameter and height with variation of the 

CF4 plasma treatment time on Si substrates. Theories of wetting behaviors on 

the micro-textured surfaces, including Wenzel and Cassie-Baxter, have been 

developed for single or dual micro/nano roughness scales.[26-28] The 

governing equations in these theories were derived from the interfacial 

energy minimization of single droplets on a textured surface. γLG is the 

surface tension of the liquid-gas interface, γSL the surface tension of the 

solid-liquid interface, γSG the surface tension of the solid-gas interface at 

equilibrium. Young’s equation is given by cos θ = (γSG – γSL)/γLG. In the 

Wenzel regime, a droplet is totally wetted on the surface, and the apparent 

CA θw is given as a function of r and θ : cos θw = r cos θ                             
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where r is the dimensionless roughness, which is defined as a cylindrical 

pillar shape [29] and θ is the static CA on the flat surfaces. On the other hand, 

a droplet is suspended on the asperities of surfaces in the Cassie-Baxter 

regime, and the apparent CA θCB is given as a function of fS and θ: cos θCB = 

fS (cos θ + 1) – 1                     

where fs is the solid fraction of contacted water in pillar top area. As shown 

in Figure 2.5 (b), the wetting behavior on Si surfaces with a single roughness 

with nanopillars up to 30 min of CF4 plasma treatment could be described by 

the Wenzel state because of the increase in both CA and CAH due to the 

nanostructure. However, 60 and 90 min of CF4 plasma treatment created a 

surface with a very low CAH of less than 10o, which is characteristic of the 

Cassie-Baxter state. The water droplet maintains the superhydrophobic 

Cassie-Baxter state on the hierarchical surfaces composed of two different 

nanoscale roughnesses, as shown in Figure 2.1(c). The surfaces with dual-

scale roughness can be considered a nanoscale Cassie-Cassie (CC) state, as 

discussed in Refs [27, 28]. The static CA on each state can be determined 

using Young’s equation and energy minimization with the Cassie-Baxter 

equation considering nanopillars (P) and nanoflakes (F), which is given by 

cos θCC = fSP fSF (cos θ + 1) – 1  

where the roughness factors fSP and fSF are calculated for nanopillars and 

nanoflakes, respectively, by considering the nanostructures to be regular 

patterns. When the spacing between pillars and pillar diameter were 300 nm 
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and 120 nm, respectively, the pillar height increased from 500 to 1500 nm 

for plasma durations from 30 to 90 min. Using these measurements, the 

theoretical CA was estimated as 143.8 o, which is lower than that obtained by 

the experimental measurement (approximately 150o) because the pillar 

geometries are not uniform in height and width and the pillars randomly 

distributed, which is not reflected in the theory. In the case of AlOOH 

nanoflakes nested on Si nanopillars, a hierarchical structure having dual 

roughness, the CA was estimated as 163o from Cassie-Baxter equation by 

taking a solid fraction of AlOOH nanoflakes as 0.01, as calculated using a 

width of approximately 100 nm and a flake thickness of less than 50 nm. 

This result is quite similar to the values obtained by experiment (160~166o). 
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Figure 2.5 CA (a) and CAH (b) with respect to Al coating thickness on Si 

with nanopillars after hydrophobic coating. Some representative water 

droplets were presented. 
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Optical property Along with superhydrophobicity, optical anti-reflectance 

is an essential requirement for the improvement of solar energy conversion 

in solar cells. In addition to improving hydrophobicity, controlled roughness 

plays a crucial role in reducing the light reflectance due to the enhancement 

of light scattering, which is similar to the moth-eye effect. In Figure 2.6, 

optical images in visible color mode are compared with respect to the 

surface roughness. As the Al thickness on the flat Si substrate increased, the 

surfaces become blue, while on the nanopillared Si substrate without AlOOH 

nanoflakes, the surfaces become dark. In the case of hierarchical surfaces, as 

the Al thickness and CF4 plasma etching duration increased, the surface 

became black due to incident light scattered by more complex geometries of 

AlOOH nanoflakes, as shown in Figure 2.2 and 2.3. 
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Figure 2.6 Optical images taken on various surfaces with increasing plasma 

etching duration from left to right and without and with Al coating (10- and 

50-nm thickness). The back plate is stainless steel. View angle is 30o. 
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Figure2.7 shows the reflectance measured in the range of 200-2000 nm for 

pristine Si, single nanostructured Si with nanopillars or AlOOH nanoflakes, 

and hierarchically nanostructured Si by the combination of nanopillars and 

nested AlOOH nanoflakes. In the case of the reflectance spectra of the flat, 

single-roughness Si with AlOOH flakes, figure. 2.7 (a) indicates a gradual 

decrease in the reflectance of the Si up to 10% for an incident light 

wavelength of 1200 nm, corresponding to the near-infrared region. The 

covering density as well as the aspect ratio of hydroxide nanoflakes increased 

with the increase of Al coating thickness, as shown in figure 2.2. In figure 2.7 

(b), a comparison of the reflectance spectra of the Si before and after 

nanostructuring by CF4 indicates significant decrease in the reflectance of the 

Si from 10 to 3% at wavelength of 600 nm, corresponding to the visible 

region, as the plasma duration increased, which agrees well with the 

reflectance change on wet-etched Si reported in previous works. [30,31] 

Compared to the reflectance reduction by AlOOH nanoflakes, the CF4 

plasma-etched Si pillars exhibit a greater improvement at shorter wavelengths 

of incident visible light. In figure. 2.7 (c), nanoscale hierarchical structures 

with different Al thicknesses coated on nanopillared Si using a fixed CF4 

etching duration of 60 min are shown to significantly reduce the reflectance to 

4.1% for 600-nm light and 11.9% for 1200-nm light. Furthermore, the 

hierarchical structures formed by 90 min of CF4 etching exhibit ultra-low 

reflectance (1.75%) at a wavelength of 600 nm and a reflectance of 8.2% at a 
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wavelength of 1200 nm. Because Si with nanopillars having higher aspect 

ratios significantly reduced the reflectance, the effect of AlOOH nanoflakes is 

lower in absolute value. Overall, the Si with nanopillars shows a higher 

reduction in reflectance for optical wavelengths below 600 nm, whereas the 

AlOOH flake acts on wavelengths above 600 nm. Therefore, the nanoscale 

combination of these two structures creates a hieratical dual structure with 

improved anti-reflection over a wide range of visible wavelengths, as shown 

in figure 2.7(c) and (d).  

Density grading is enhanced with dual structures. Surfaces with only 

nanoscale pillars or only nanoflakes showed much higher reflectivity for 

visible wavelengths, as shown in figure 7(a) and (b). Periodic grating 

structures can be analyzed using grating diffraction or the effective reflective 

index equation. [32, 33] However, the anti-reflection characteristics of non-

uniform dual structures are difficult to analyze with Fresnel’s equation or the 

diffraction grating equation due to the hierarchical structures with nanoscale 

roughness. Although the quantitative estimate of the effective reflective index 

for dual density grading layer was not discussed in detail, it could be 

suggested that the dual structure with dual density graded layers provides a 

smoother, continuous connection of the incident and passing media, lowering 

the reflectivity. 
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Figure 2.7 Reflectance measured on various Si surfaces with a single 

roughness formed by(a) different CF4 plasma treatment durations and (b) 

different Al coating conditions after water immersion.  
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Figure 2.8 The reflectance was also evaluated on hierarchically structured 

surfaces with various Al coating thicknesses deposited on nanopillared Si 

surfaces with plasma durations of (c) 60 min and (d) 90 min with respect to 

the incident light wavelength. 
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2.4. Conclusions 

 

Anti-reflective surfaces having nanoscale hierarchical structures were 

introduced by the combination of AlOOH nanoflakes nested on plasma-

etched Si nanopillars. AlOOH nanoflakes were formed by the Al thin film 

coating of different thicknesses and subsequent boiling water immersion via 

a bubble bursting mechanism on the Al oxide surface as well as the reaction 

of Al ions and water, confirmed as the boehmite phase by XRD and XPS. 

Hierarchical structures coated with a low-surface-energy material have 

higher water CA (over 150o), while the contact angle hysteresis is very low, 

implying the creation of a self-cleaning surface with a dual-scale Cassie-

Cassie mode. Reflectance was significantly reduced to 1.75% by the 

presence of hierarchical nanostructures due to enhancement by the 

combination of two different surface textures on the nanoscale: Si 

nanopillars with higher aspect ratios for higher reduction in reflectance for 

optical wavelengths below 600 nm and AlOOH nanoflakes optical 

wavelengths above 600 nm. Using the synergetic effect of the dual 

nanostructures, which exhibit ultra-low reflectance as well as 

superhydrophobicity, the hierarchical surfaces can be used for solar cell 

panels or some display devices to increase performance and improve 

durability through self-cleaning under harsh environments. 
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3. Nanostructured glass with extreme 

wettability formed by non-lithographic, 

anisotropic etching 

 

3.1. Introduction 

 

Functional glass with superhydrophobicity/hydrophilicity, anti-

condensation or low-reflectance has been developed for various applications, 

including windows for automobiles, vehicles or ships; inner or outer 

buildings windows; and display panels for electronic and medical devices 

and other optical equipment. [1, 2, 3] It is known that functional glass surfaces 

require nano- or micro-scale roughness, which is difficult to directly form on 

glass surfaces. [4, 5] Hydrophobic and superhydrophobic surfaces are obtained 

by applying coatings of a low surface-energy material on nanostructured 

surfaces, which usually mimic micro-, nano- or hybrid structures, such as 

that of the lotus leaf with high water contact angle (CA) and low contact 

angle hysteresis (CAH). [3,6] On the other hand, superhydrophilic glass with 

extreme wettability has been developed for anti-fogging, self-cleaning, and 

water collection surfaces. [7,8] Superhydrophilicity is improved by the 

presence of surface nanostructures coated with high-surface-energy materials. 
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[9] Therefore, surface coatings on glass surfaces are required for both 

controlling the surface energy and for introducing extreme wettability.  

Recently, several works have focused on fabricating regular nano- or 

microscale patterns on glass to improve its wettability or anti-reflectance. 

[10,11] L.K. Verma et al. reported a fabrication method for introducing surface 

roughness onto glass with a self-mask pattern using a metal thin layer 

dewetting method. Using the inductively coupled plasma etching method, 

nanostructured glass with high aspect ratio was fabricated for use on solar 

panels. However, this method requires an additional step for the removal of 

metal masks with toxic chemicals.[12] Zeze et al. reported a lithography-free 

method for fabrication of high aspect ratio quartz columns by reactive ion 

etching or chemical etching with a CF4 and Ar gas mixture.[13] They 

suggested that preferential etching to form columnar structures is due to the 

presence of localized metallic impurities in the quartz matrix and the non-

uniform distribution of electrostatic fields at the rounded edges of the contact 

mask. However, the presented methods were limited by the low density of 

columnar structures on the SiO2-based quartz-type glass. It has been reported 

that, in comparison to quartz or Si formation with volatile compounds, such 

as SiFx, surface roughness on soda-lime glass would not be affected by 

reactive ion etching with CF4 or SF6 plasma treatment due to the presence of 

nonvolatile oxide components, such as CaO and Na2O.[14] It has also been 

suggested that due to production of nonvolatile products, such as NaF or 
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AlF3, with halogen gases, such as CF4 or SF6, glass surfaces with Na or Al 

are protected from etching, which reduces the etch rate.[4] The etch rate of 

soda-lime glass by CF4/CHF3 plasma, 4 nm/min, was much lower than that 

of glass with no Ca or Na, 45 nm/min, under the same processing 

conditions.[14] It is a challenge that glasses with nonvolatile elements form 

surface nanostructures under a plasma-based anisotropic etching method. 

Due to the difficulties in directly forming nanostructures on general glass, 

researchers have suggested the utilization of an additional layer on the glass 

via spraying nano- or micro-scale particles [15] or sol-gel coating a porous 

thin film. However, the low interfacial adhesion strength between glass and 

the additional layer presents a limitation to widespread application of this 

technique.[16,17]  

In this work, we provide a novel, non-lithographic method to fabricate 

nanostructures directly on glass via introduction of a sacrificial SiO2 layer 

and subsequent anisotropic plasma etching with reactive plasma. The SiO2 

layer was deposited onto glass as a sacrificial layer, which was subsequently 

CF4 plasma-treated for nanostructure formation with a well-known 

anisotropic plasma etching technique (see figure 3.1 (a)). [18] In turn, SiO2 

nanoscale pillars become etch-resistant surfaces in continuous plasma 

etching (see figure 3.1 (b)), resulting in nanostructure formation on the glass 

surfaces. The glass regions covered with SiO2 pillars are etched slowly, 

while the regions with no SiO2 pillars are etched rapidly, resulting in 
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nanopatterns on the glass. Our process requires post-processing water 

hydrolysis to remove residual metal fluoride and to enhance nanopattern 

roughness. With CF4 plasma treatment alone, the nanostructured glass 

became superhydrophilic, due to the roughness, which enhances 

hydrophilicity. [19] Subsequently, a low-surface-energy material was coated 

on the nanostructured surfaces to render them superhydrophobic (see figure 

3.1(c)). [20]   

Surface analysis of the plasma-treated surfaces was conducted to examine 

surface characteristics. Water CA and CAH measurements were made, and 

water condensation experiments were performed to characterize the effects 

of surface treatments on the wettability and nucleation/growth of water 

droplets, respectively. Changes in optical transmittance were also 

investigated using UV-Vis spectroscopy to estimate the effects of 

nanostructure formation under various plasma durations on the glass 

substrate anti-reflectance. 
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Figure 3.1 Schematic representation of the fabrication process for 

nanostructured glass. (a) Application of a sacrificial layer of SiO2 and reactive 

ion etching with CF4 plasma treatment. (b) Cross-sectional SEM images of 

SiO2-coated glass before nanostructuring (left) and CF4 plasma-etched glass 

with SiO2 coating before (middle) and after (right) pp-HDMSO coating. (c) 

Optical images of pristine (left), superhydrophilic (middle), and 

superhydrophobic (right) glasses. Water was dyed red. 
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3.2. Result 

 

Morphology and microstructure Soda-lime glass surfaces were etched 

with CF4 plasma for varied durations, as shown in figure 3.2 (a-c). No 

noticeable surface roughness was observed on the bare glass after up to 60 

min of plasma etching. Using AFM, it was found that the roughness was 

slightly increased from 0.095 nm for pristine glass to 1.849 nm after 60 min 

of CF4 plasma etching. Glass surfaces may be uniformly etched with reactive 

plasma ions because they contain Ca, Na, which protects them from being 

etched by the plasma-based anisotropic etching mechanism.[4, 12] For glass 

coated with a 1 μm thick sacrificial layer of SiO2, the nanostructures on the 

sacrificial layer evolved into pillar shapes with high aspect-ratio of 6.6:1. A 

side view of these pillars can be observed in figure 3.2 (d-e), where the SiO2 

layer is brighter relative to the glass substrate in the SEM image. With 

continuous CF4 plasma etching, the SiO2 nanopillars can serve as etching 

masks for the selective etching of glass substrates, resulting in the formation 

of nanostructures on the glass, as shown in figure 3.2(f). Here, the SiO2 

pillars were etched away, providing a glass surface with hierarchical 

nanostructures featuring 500 nm wide bumps decorated with 15-30 nm wide 

pillars. The surface roughness was measured on the glasses with and without 

the SiO2 sacrificial layer with varied CF4 plasma etching duration, as shown 

in figure 3.2(g). By estimating the width, d, and the height, h, of a 
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nanostructure as well as the distance between nearest nanostructures, s, an 

equation for the dimensionless parameter of the roughness, r, was adopted 

from Ref. 18.: r=1+ πdh/(d+s)2, where the minimum roughness for the flat 

surface is 1. Based on the measured geometries as shown in Figure 3.S1, the 

roughness of pristine glass was measured as 1.001, and that of plasma 

treated glass without nanopillars was below 1.01. In the case of the 

nanostructured glass, the roughness was measured to be greater than 3, 

which is significantly larger than that of glasses without the SiO2 layer. 

 

 

Wetting properties With increased plasma treatment duration, surface 

morphologies are altered, which affected the wetting behavior, as shown in 

figure 3.3. The water CA and CAH were measured on nanostructured glasses 

before and after application of a hydrophobic coating. The glass without the 

SiO2 layer has no significant surface features; therefore, the CA before and 

after CF4 plasma etching was almost unchanged at approximately 30°. The 

CA of glass without the SiO2 layer increased up to 90° with the hydrophobic 

coating, which is similar to the value for plasma-polymerized 

hexamethyldisiloxane (pp-HMDSO) coated flat surfaces, as shown in Figure 

3a and b. In the case of the nanostructured glass, surface wettability was 

significantly improved by a combination of high surface energy of the SiO2 

surface and nanoscale roughness, resulting in a large reduction of the CA to 
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below 5° after 5 min of plasma treatment. With the hydrophobic coating, 

superhydrophobic surfaces were achieved after 15 min of CF4 plasma 

treatment, and the CAH was measured to be as low as 3°. As shown in 

Figure 3c, the long-term durability of the superhydrophobic and 

superhydrophilic properties was assessed over 50 days and was found to be 

almost unchanged for both conditions due to the nanostructure effect.[10,19] 

The superhydrophobic and superhydrophilic nanostructured glasses were 

tested for anti-condensation with a simple water spraying test under ambient 

air conditions and with a temperature change from -17 to 25 °C under 

supersaturation conditions, as shown in figure 3.4. As the micron-scale water 

droplets were sprayed onto the superhydrophobic lens of the eye glass, the 

water droplets showed high mobility with a very low CAH, resulting in drop 

wise condensation. Similarly to the well-known lotus effect, the droplets all 

rolled off of the superhydrophobic glass surface, as shown in the left side of 

the glasses in figure 3.4(a) and Figures 3.S2 and 3.S3 in supplementary 

information. On the other hand, a liquid film formation was observed on the 

superhydrophilic surfaces, as shown in the right side of glasses in Figure 

3.4(a) and Figures 3.S4 and 3.S5. With continuous addition of water vapors, 

no water droplets were observed, and transparency was unaffected on the 

superhydrophilic surface. This result was expected, as it is known that 

superhydrophilic glass surfaces can be used for anti-fogging or anti-

condensation applications under supersaturation condition.[20,21] 
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Figure 3.2 SEM images of CF4 plasma-etched glass surfaces and soda-

lime glass cross-sections with varied CF4 plasma etching duration: (a) 15, (b) 

30, and (c) 60 min. Schematic representation and SEM cross-sectional 

images of SiO2-coated glasses with varied CF4 plasma duration: (d) 15, (e) 

30, and (f) 60 min. scale bar is 500 nm. (g) Roughness measured on glasses 

with (blue) and without (black) SiO2 layer. 
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Figure 3.3 Measured wetting properties: (a) CA, (b) CAH, and (c) wetting 

durability of nanostructured glasses with and without pp-HMDSO coating. 
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Figure 3.4 Superhydrophobic and superhydrophilic lenses in eye glasses 

with (a) water spray test on glass surfaces and (b) the condensation test by 

incident temperature increase from -17 to 25 °C. CF4 plasma etching 

duration for both glasses was fixed at 30 min. 
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3.3. Discussions 
 

EPMA analysis was performed to investigate the surface chemical 

components on the bare and nanostructured soda-lime glass after CF4 plasma 

etching, as shown in Figure 3.5(a) and (b), respectively. In case of bare glass, 

Fe and F were weakly detected (Figure 3.5(a)). Randomly oriented 

nanopatterns on the nanostructured glass were analyzed with SEM in BSE 

mode and their corresponding EPMA intensity for Fe and F components was 

measured in Figure 3.5(c). The qualitatively and quantitatively large increases 

in these two components on the nanostructured glass relative to the bare glass 

indicates the formation of metal fluoride, as shown in Figure 3.5(b) and (c). 

The regions covered with metal fluoride are not easily etched, while the 

regions without metal fluoride can be rapidly etched through mechanical or 

chemical reaction etching. It should be noted that the unetchable metal 

fluoride on the nanostructures can be removed via a hydrolysis reaction in 

water. [22,23] Note that the conventional self-masking method with metal film 

dewetting requires a post-process with toxic acids to remove the metallic 

masks on top of glass nanostructures. [9,10] Additional TEM observation on a 

500 nm high/300 nm wide nanopillar (Figure 3.5(d) and (e)) revealed that Fe 

and F surrounded the nanopillar, while Ca and Si were in the body of the pillar, 

as shown in Figure 3.5(f). From this result, it can be hypothesized that Fe, 

which originated from the chamber cathode with the irradiation of F ions, 
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would form the metal fluoride, FeFx. Upon formation of metal fluoride 

clusters on the SiO2 coated glass surfaces, the F ions may be etched by 

physical sputtering, while the surfaces that do not contain metal fluoride may 

be etched by both physical sputtering and chemical reaction mechanisms by 

forming SiFx-like volatile species.[24] 

Water condensation (or anti-fogging) tests on glasses with different 

wettability were performed by increasing the air temperature from -17 (inside 

freezer) to 25 °C (ambient air), as shown in Figure 3.4 (b). It was observed 

that the superhydrophobic surface was easily fogged with water vapor 

condensation as the temperature increased, while the superhydrophilic 

surfaces maintained their transparency, indicating that no water condensation 

occurred. It has been reported that the condensation behavior of 

superhydrophobic surfaces is related to the aspect ratio of surface 

nanostructures. In the structures formed on the glasses in this study, the pillar 

height was not sufficient to resist dew formation; thus, water droplets of a few 

micrometer size from sprayed vapor may stick rather than roll off of the glass 

surface at low temperatures, causing the glass surface to be blurred. 

Conversely, the superhydrophilic surface has sufficiently high surface energy 

to quickly make a thin water film, which maintains the glass surface 

transparency.[25] 

Functional glasses used in applications such as solar cell panels, automobile 

side mirrors or optical glasses for medical devices or surgery require anti-
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reflection properties as well as self-cleaning and anti-fogging properties. 

Optical anti-reflectance is related to surface roughness and is an essential 

requirement for the improvement of optical efficiency in glass. In addition to 

increasing hydrophobicity or hydrophilicity, controlled roughness plays a 

crucial role in reducing light reflectance by enhancing light scattering, which 

is similar to the moth-eye effect. A soda-lime glass without any plasma 

etching exhibits some incident light reflection and has a water CA of 30°, 

while the nanostructured glass surfaces show very low water wetting angle for 

non-coated condition but high wetting angle for pp-HMDSO coating as shown 

in Figure 6a. Note that the nanostructured glass surfaces with or without 

hydrophobic pp-HMDSO coating have very low light reflection and that a 

comparison of the transmittance spectra of the pristine glass before and after 

the hydrophobic coating process indicates no significant decrease in 

transparency occurred due to the very thin layer (20 nm) of pp-HMDSO 

coating. Transmittance on the glasses without SiO2 coating was slightly 

altered as the CF4 plasma etching duration was increased, as shown in Figure 

3.6(b). In the case of the nanostructured superhydrophobic glasses with etch 

durations of less than 30 min in Figure 3.6(c), the surfaces remained 

transparent, while those with longer etch duration of 60 min had drastically 

decreased transmittance at the near-violet region due to larger pillar size as 

shown in Figure 3.2(f). By comparison to the pristine glass, the reflectance 

was not changed on the glasses without SiO2 coating regardless of plasma 
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etching duration as shown in Figure 3.6(d), while a large reduction in 

reflectance from 9 to 3 % at the wavelength of 600 nm was observed on the 

superhydrophobic glasses in Figure 3.6(e). Overall, light transmission on the 

nanostructured glass surfaces was relatively unaffected by the nanostructures, 

while the reflectance was considerably reduced with longer CF4 plasma 

etching durations.  

This simple and novel method to fabricate nanostructures for functional 

glasses with superhydrophobicity/hydrophilicity, anti-condensation properties 

and low reflectance can be applied in various fields, such as self-cleaning 

mirrors or windows in automobiles, vehicles and ships; inner or outer building 

windows; display panels for electronics and other optical equipment for 

biomedical applications. 
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Figure 3.5 SEM image (left) and EPMA mapping (mid and right) analysis 

of glass surfacesfor (a) SiO2-coated glass and (b) bare glass with F and Fe as 

selected surface atoms. Scale bar is 1 ㎛. (c) EPMA intensity for Fe and F 

components on the samples in (a) and (b). (d) SEM image of nanostructured 

glass at an 80° tilt. Scale bar is 500 nm (e) TEM image of single glass 

nanopillar and (f) its EELS area mapping for four components (Si, Ca, Fe, and 

F) where all components are false colored. Where (e) and (f) image scale bar 

is 300 nm 
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Figure 3.6, (a) Optical microscopic images of water droplets on three 

different glass surfaces: pristine (left), superhydrophilic (middle) and 

superhydrophobic (right). Optical transmittance of the CF4 treated glass 

surfaces (b) without and (c) with the SiO2 coating. Optical reflectance (d) 

without and (e) with the SiO2 coating. 
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3.4. Method 

 

 Soda–lime glass (Marienfeld, 1000412) with a thickness of 1 mm was 

utilized in the experiments. The glass surfaces were cleaned with acetone, 

methanol and 2-propanol. Then, a 1 μm thick SiO2 overlayer was deposited 

onto the glass using plasma-enhanced chemical vapor deposition (PECVD) 

with a mixture of N2O gas and SiH4 gas.[26] After coating, the samples were 

etched using a glow discharge of CF4 gas with a treatment duration from 5 

to 60 min by PECVD, as shown in Figure 3.1. The gas pressure and bias 

voltage were maintained at 30 mTorr and -600 Vb, respectively.    

 After CF4 plasma etching, nanostructures were developed on the SiO2 

layer-coated glass via well-known preferential etching with a reactive ion. 

Detailed mechanisms for the nanostructure formation on SiO2 are given in 

the discussion section below. With continuous CF4 plasma etching, the SiO2 

pillars became etching masks for the glass, resulting in nanopillars on the 

glass surfaces. The nanostructured glass underwent a hydrolysis process to 

remove metal fluorides on the surface by adopting the water treatment 

method.[27] The glass surfaces were found to be superhydrophilic after 

nanostructuring. To reduce the surface energy of the nanostructured glass 

surfaces, a hydrophobic material was deposited onto the surface with a 

plasma polymerization of HMDSO (C:H:Si:O) using PECVD. The gas 
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pressure was fixed at 10 mTorr, the bias voltage was -400 Vb, and the 

deposition time was 15 sec.[28]    

 The nanostructured glass surface wettability was characterized by 

deionized (DI) water droplet CA and CAH measurements. For these 

measurements, water droplets of approximately 5 μL, with radii of 

approximately 1 mm, were gently deposited onto the surfaces using a micro-

syringe. Advancing CA is measured by adding a DI water sessile drop (~5 

μL), and receding CA is measured by removal of a DI water sessile drop. 

The CAH is calculated as the difference between the advancing and receding 

CAs. All measurements were taken using a CA goniometer (Rame-Hart) in 

ambient air at 25ºC with a relative humidity of 20-35%. The reported CAs 

were determined by averaging the measurements from five different 

locations on each sample. Glasses with two extreme wetting conditions, 

superhydrophobicity and superhydrophilicity, on both sides were tested for 

water repellence and anti-fogging properties. Sample glasses were stored in a 

freezer at -17℃ for 60 min for the anti-condensation and anti-fogging tests, 

and then the condensation experiments were performed under ambient 

conditions.  

 The surface nanostructures were observed with a scanning electron 

microscope (SEM, NovaSEM, FEI), and their geometries were measured 

with an atomic force microscope (AFM, XE70, Park systems). The surface 

atomic dispersion was measured with a field emission electron probe micro 
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analyzer (FE-EPMA, JXA-8500F, JEOL) and a transmission electron 

microscope (TEM, JEM-3000F, JEOL). UV-Vis measurements were 

performed in the wavelength range of 250 to 900 nm using a 

spectrophotometer (Perkin-Elmer, Lambda 20) at room temperature. The 

spectra were recorded with air as the reference. 

 

 

 

3.5. Conclusions 
 

Functional glass surfaces with superhydrophobicity/hydrophilicity and low 

reflectivity have been developed by a novel non-lithographic, anisotropic 

plasma etching technique. To form surface textures, a sacrificial SiO2 thin film 

layer was first coated on glass to allow for preferential etching by CF4 plasma 

along with co-deposition of metal elements. In turn, the nanostructured SiO2 

pillars become an etching mask during continuous plasma etching, resulted in 

nanopattern formation on the glass surface. Afterward, a very simple mask 

material removal process was carried out using hydrolysis. The surfaces that 

are etched by CF4 plasma become superhydrophilic due to the surface activity 

and nanoscale roughness. With a subsequent hydrophobic coating on 

nanostructured glasses, a superhydrophobic surface was achieved. A water CA 

of over 160° and a CAH of < 5° were measured. In addition, the 

nanostructured glass surface showed relatively robust anti-wetting and anti-

dewing behavior on the superhydrophobic and superhydrophilic surfaces, 

respectively, as confirmed by water condensation experiments. Light 

transmission was relatively unaffected by the nanostructures, while the 
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reflectance was considerably reduced with longer CF4 plasma etching 

durations. This simple and novel method to fabricate nanostructures for 

functional glasses with superhydrophobicity/hydrophilicity, anti-condensation 

properties and low reflectance can be applied in various fields, such as self-

cleaning mirrors or windows in automobiles, vehicles and ships; inner or outer 

building windows; display panels for electronics and other optical equipment 

for biomedical applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. Supplementary 
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Geometrical details on the nanoscale pillars formed on nanostructured 

glass (SiO2 coated and CF4 treated) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. S1. (a) Nanostructured pillar dimension with respect to CF4 plasma 

etching duration; height, diameter, pillar spacing. Since the variation in the 

height of the pillars is large, the distribution of the height were measured for 

three different duration of the CF4 plasma etching; (b) 15 min (c) 30 min (d) 

60 min. 
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Anti-fogging test and water spray test on nanostructured glass 

with superhydrophobic and superhydrophilic treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. S2. Optical images of superhydrophobic glasses under anti-fogging 

or condensation test: total test duration was 5 min under supersaturation 

condition. Numbers in (b) are the test duration.  
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Figure 3. S3. Optical images of superhydrophobic glasses taken (a) before, 

(b) under and (c) after spray test on various surface conditions.  Times for 

total spraying time is 10. Note that water may roll off on the 

superhydrophobic glass as shown in (c). 
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Figure 3. S4. Optical images of superhydrophilic glasses taken (a) before, (b) 

under, and (c) after anti-fogging or condensation test: total test duration was 

10 min under supersaturation condition. Superhydrophillic glass has very 

thin water layer on glass lense surface. Numbers in (b) are the test duration. 
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Figure 3. S5. Optical images of superhydrophilic glasses taken (a) before, (b) 

under, and (c) after water spray Total spraying time is 10 times. 

Superhydrophillic glass has water layer on glass lense surface. 
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PART 2. Al based materials 
 

4. Fabrication of UV-healing superhydrophilic 

AlOOH-TiO2 flake-particle flower like 

structure using immersing boiled water 

reaction 

 

4.1. Introduction 

 

 The development of a material used for removing moisture from the air has 

been considered to be important to reduce energy use and to enhance 

dehumidification capacity. [1] In particular, high humidity in both industrial 

sites and households is one of the crucial factors not only to cause unpleasant 

in daily life but also to bring mechanical troubles of components and 

equipment. In order to reduce energy consumption and enhance 

dehumidification efficiency, it is important to make the water condensing 

surface superhydrophilic. The surface having hydrophilic properties allows 

moisture to easily condensation, [2,3] while the development of a surface 

material having durability of the hydrophilic properties is 

highlighted.Among several materials for the heat exchanging system or 

dehumidifier, Aluminum is widely used due to its high heat transfer 
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coefficient. However, the Al is not a high hydrophilic surface to collect water 

in air, hydrophilic coatings or nanostructuring with AlOOH have been 

studied. A hydrophilic surface or a super-hydrophilic surface having good 

affinity with pure water has been continuously studied for the purpose of 

harvesting water, anti-fog, or anti-bacteria ,etc. [4-7] As a method of preparing 

a hydrophilic or super-hydrophilic surfaces, wet etching, laser treatment, or a 

anodizing treatment, or dry coating with hydrophilic materials have been 

used.[8-11] In particular, it has been known that a hydrophilic or 

superhydrophilic surfacescould be obtained by increasing roughness of a 

surface and adjusting chemical properties of a surface by using a material 

having hydrophilic property. 

 Attempts have been made to implement hydrophilic characteristics on a 

surface of various materials and thin film, but hydrophilic nature of the 

surfaces is easily degraded due to well-known aging effect. The reason for 

aging has been studied that the surface energy of a hydrophilic surface is 

relatively high, so it tends to be easily combined with fine particles such as 

water molecules and hydrocarbon in the air, for reducing its surface energy 

or the internal materials or molecules are diffused out to the top surface.  

Then, most hydrophilic or super-hydrophilic treatment based on the 

conventional method loses the hydrophilic property within a few hours or a 

few days.[12-14] Recently, developed methods for forming a super-hydrophilic 

surface comprises a method for fabricating a porous material having a nano-
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scale by depositing TiO2 coating. However, a surface material prepared by 

these methods are disadvantageous in that it is not available for a large area 

or mass-production, and adhesion strength between a coated material and a 

base material, and the like, may also be problematic.[14-16] 

 Thus, this work proposes a simple method to provide enhanced durability 

in comparison to any other existing surface treatment techniques, and 

treating a surface through relatively simple equipment regardless of a shape 

through environmentally friendly process. We developed long lasting 

superhydrophilic Al surface. Al surface can be easily nanostructured by 

boiling process as we suggested in previous work, which has lack of long-

term stability in hydrophilicity, theadditional hierarchical nanostructure has 

been introduced on the Al surface by putting the TiO2 nanoparticles on 

boiling water, which induces self-assembled hybrid nanostructure of 

agglomerating particles and flake. 
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4.2. Experimental 

 

We use Al coupons having purity 99.9% and anatase TiO2 nanoparticles of 

which size is 20~30 nm. For making nanostructure on Al surface, we boiled 

deionized (DI) water in glass with adding TiO2 nanoparticles within the 

range of 90-100oC. 

 The wettability was characterized by DI water droplet CA measurement. 

For these measurements, water droplets of approximately 2 μL were gently 

deposited onto the surfaces using a micro-syringe. Measurements were taken 

using a CA goniometer (Rame-Hart) in ambient air at 15ºC with a relative 

humidity of 20-35%. The reported CAs were determined by averaging the 

measurements from five different locations on each sample. 

 To overcome aging on hydrophilic, we use TiO2 nanoparticles. TiO2 particle 

cluster have superhydrophilicnature because TiO2 reacts to UV light and turn 

superhydrophilic after UV light. We use UV light with 18 W Hg lamp with 

wavelength of 280~360 nm and irradiance of 51 μW/cm2 and the exposure 

time is 30 minute. Aging test was performed by linear stage which was 

reciprocating motion. We maintained 2 minute under water and 2 minute 

exposed air. We repeat this process and measured contact angle for 250 

cycles. 

 The surface nanostructures were observed with a scanning electron 

microscope (SEM, NovaSEM, FEI).The surface atomic dispersion for the 
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hybrid nanostructure was measured with a transmission electron microscope 

(TEM, JEM-3000F, JEOL). Compositional analysis was performed with X-

ray Photoelectron Spectroscopy (XPS) to investigate the chemical change 

from the aging AlOOH-TiO2 before and after. An Al Kα (1486.6 eV) X-ray 

source was used as the excitation source, and the anode was maintained at 

250 W, 10 kV, and 27 mA at a chamber pressure of 2.67 x 10-8 Pa with a 

beam spot size of 400 μm x 400 μm. The peak position was calibrated using 

the C1s peak at 284.6 eV. 

 Water collection was performed in constant temperature and humidity 

chamber its conditions are temperature 27 oC, humidity 60 %, wind 2 m/s, 

collecting pin surface temperature 5 oC. We measure collected water during 1 

hour. 
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4.3. Result and Discussions 

 

 Structure formation AlOOH-TiO2 structure was formed boiling water 

process with Al substrate and TiO2 nanoparticle. In this method, Al was 

transformed AlOOH and TiO2 was attached Al surface during boiling water 

process. As a result, the shape of AlOOH is like flake including TiO2 

nanoparticles. Before inserting TiO2, AlOOH roughness is not enough to 

make superhydrophilicity. However, nanoparticles enhance a surface 

roughness. It was formed nanoclusters on Al surface and when AlOOH flake 

appeared, cluster was inside the flake. In this reaction, AlOOH flake has a 

dual roughness and their contact angle is superhydrophilicity. Figure 4.1 

shows brief mechanism of AlOOH-TiO2 roughness surface. 

 

Durability Superhydrophilicity has a high surface energy. Therefore, if the 

surface energy is high, because the surface is likely to combine with oxygen 

and carbon in air, easily lose the superhydrophilicity. To prevent aging effect, 

we use TiO2 property which is photocatalyst. AlOOH-TiO2 has a TiO2 

particle cluster. They play a role in photocatalyst that prevent aging effect. 

When TiO2 react UV light, surface hydroxyl group is increase and carbon is 

decrease. AlOOH-TiO2 dual roughness structure is already maintained 

superhydrophilicity during 30 days in air (figure 4.2 (a)). Water dry/wet 

cycle test is performed AlOOH-TiO2 surface and its result also shown that 
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improved performance in aging. In figure 4.2 (b), superhydrophilic property 

is maintained even in the 10000 cycle. However, after 1000 cycle, contact 

angle is increased and turned hemi-wicking state. The Hemi-wicking is a 

state spread on the superhydrophilic surface cannot spread 

instantaneously,after a few seconds spread. Because of evaporation, it was 

instantaneously measured the contact angle. It is possible to determine the 

state of the surface by calculating original contact angle before evaporate. In 

this experiment, the contact angle remains superhydrophilic and the rough 

structure is strengthened the hydrophilic. We investigate UV light after 

10000 cycle which contact angle is about 10 degree, surface turned 

superhydrophilic. UV light irradiated 24 hours. 
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Figure 4.1 Fabrication method to make a hierarchical AlOOH-TiO2 

nanostructure and effect of boiling water treatment 
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Figure 4.2 (a) Aging test compared Al, AlOOH, AlOOH-TiO2 in air 

condition. (b) dry/wet test which immerse under water during 2 min and dry 

on air 2 min. 

  

(a) 

(b) 

UV treated 
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Al boiling water treatment is that the change in AlOOH flake have been 

reported from many researchers. Inserting TiO2 during boiling process, their 

behavior is shown at figure 4.1. First, TiO2 particles attached on Al surface. 

They randomly accumulated flat surface, so given a little roughness. But 

there adhesion force is week even detached kapton tape. At that time, flake is 

not formed. This reaction occurs within 30 sec. Until formation of Flake, the 

reaction is continued to occur, and from about 60 seconds AlOOH flake 

begins to form. It was observed that AlOOH flake has been formed not only 

Al surface but TiO2 cluster. Flake was formed under 100 nm height so it 

covered bottom of cluster. In this reaction, cluster was connected AlOOH 

flake, so adhesion force is increased. This surface was also damaged kapton 

tape. While nanoparticles form a cluster and repeating the process of the 

flake growth, roughness of surface is increased. At this point, contact angle 

is about 30 degree which is not superhydrophilic. After this, flake grow 

continuously to cover Al surface and TiO2 clusters within 3 minute. Surface 

roughness is enough to make superhydrophilicity. In that situation, because 

of covered AlOOH flake, adhesion force is strong to endure kapton tape.  

Figure 4.3 shows cross section image of AlOOH-TiO2 hierarchical structure. 

They have network structure that inside is TiO2 cluster and AlOOH flake is 

connected around. Because nanoparticles form a cluster and repeating the 

process of the flake growth, TiO2 clusters observed above on the flake. As 

TEM image, TiO2 was observed a crystalline structure in core, AlOOH flake 
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has an amorphous structure covered a TiO2 core clusters. Figure 4.4 (a) 

analysis XPS O1s peak. This peak has a three adsorptions hydroxyl group (-

OH, 531.0eV), aluminum oxide (Al-O, 529.9eV), titanium oxide (Ti-O, 

528.9eV). This result indicate that Al and Ti do not have an intermetallic. 

They exist separate phase so TiO2 reaction is still maintained. Figure 4.4 (b) 

and (c) show an aging recovery process by XPS. They indicate O 1s peak 

which is inferred aging and recovery. Figure 4.4 (b) is measured after 10000 

dry/wet cycles that contact angle is about 10 degree and it turns not a hemi-

weeking state. Before UV, O 1s spectra corresponded to the adsorption of the 

hydroxide, oxide and also carbon oxide group (Al-O-C, 530.6 eV) because 

surface continuously exposed water. After UV reaction, O 1s spectra 

corresponded to the adsorption of the hydroxyl group, which converted the 

surface to a superhydrophilic surface after UV irradiation. 

 It was used water collecting system by long-lasting and recovering 

superhydrophilic property. To measuring this result, AlOOH-TiO2 pin was 

inserted constant temperature and humidity chamber attached cold substrate 

which is indicate figure 4.5. When substrate has superhydrophilic, water 

collecting efficiency is increased compare than hydrophilic. We compared 

pristine Al, boiling AlOOH, and AlOOH-TiO2. After water collecting 1 hour, 

superhydrophilic surface AlOOH and AlOOH-TiO2 has a high efficiency of 

water collecting rather than pristine Al. Their increasing rate is 32.14 % and 

19.40% respectively. This gap that TiO2 contained surface is little lower 



 81 

cause low heat transfer in TiO2. After 30 days, aging was in processed that 

shuperhydrophilicity is lost so water collecting ratio is decreased. To 

improve water collecting efficiency, we treat UV light on the aging AlOOH-

TiO2 surface during 1 day. After that, water collecting ratio is recovered as 

treated condition both 30 and 72 days. 
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Figure 4.3 TEM analysis of AlOOH-TiO2 hierarchical nanostructure. TiO2 

particle make a clusters on AlOOH flake and flake surrounding TiO2. Oxide 

area has an amorphous phase and TiO2 remained crystal structure. They did 

not make intermetallic. 
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Figure 4.4 XPS analysis of AlOOH TiO2 structure in O1s peak. (a) is a as 

received sample. (b) is after dry/wet cycle test which force an aging. In that 

case carbon is attached sample. (c) is after UV irradiation 10 min on sample 

(b). 
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Figure 4.5 Schematic of water harvestings in closed chamber and their result. 

Superhydrophilic is more efficient to collect a water on dew conditions. UV 

treatment maintained harvesting performance. 
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4.4. Conclusions 

 

 Aluminum was treated with boiling water to obtain AlOOH. The structure 

was confirmed to be superhydrophilic because it had a nano-flake structure 

and an OH group. To add roughness to the structure, TiO2 particles are added 

and boiled in water to place the particle clusters between the aluminum 

flakes and increase the roughness. In addition, a method of maintaining long 

lasting hydrophilicity due to the photoreactive catalyst phenomenon of TiO2 

itself is proposed. It has been reported that super hydrophilicity is 

advantageous in collecting dew.[17] As a result of dew harvesting, 32.14% 

increase compared to bare aluminum. AlOOH will lose its hydrophilic 

property over time. If TiO2 is contained, it will be applied to super-

hydrophilic surface which can be used for a long time. 

 

 

 

 

 

 

 

 

 



 86 

4.5. Reference 

 

[1] Y. Yin, X. Zhang, Z. Chen, Building and Environment, 42, 2505 

(2007) 

[2] R. P. Garrod, L. G. Harris, W. C. E. Schofield, J. McGettrick, L. J. 

Ward, D. O. H. Teare, J. P. S. Badyal, Langmuir, 23, 689 (2007) 

[3]  K. Koch, W. Barthlott, Phil. Trans. R. Soc. A, 367, 1487 (2009) 

[4]  H. G. Andrews, E. A. Eccles, W. C. E. Schofield, J. P. S. Badyal, 

Langmuir, 27, 3798 (2011) 

[5]  N. Nuraje, R. Asmatulu, R. E. Cohen, M. F. Rubner, Langmuir, 27, 

782 (2011) 

[6]  B. Jose, V. Antoci, Jr., A. R. Zeiger, E. Wickstrom, N. J. Hickok, 

Chemistry & Biology, 12, 1041 (2005) 

[7]  J. Drelich, E. Chibowski, D. D. Meng, K. Terpilowski, Soft Matter, 

7, 9804 (2011) 

[8]  T. Martina, K. R. Hebert, Journal of The Electrochemical Society, 

148, B101 (2001) 

[9] M. D’Alessandria, A. Lasagni, F. Mucklich, Applied Surface 

Science, 255, 3210 (2008)  

[10]  H. Wang, D. Dai, X. Wu, Applied Surface Science, 254, 5599 (2008) 

[11]   L. Zhang, N. Zhao, J. Xu, Journal of Adhesion Science and 

Technology, 28, 769 (2014) 



 87 

[12]  R. K. Roy, H.-W. Choi, S.-J. Park, K.-R. Lee, Diamond & Related 

Materials, 16, 1732 (2007) 

[13]  J. W. Yi, M.-W. Moon, Sk. F. Ahmed, H. Kim, T.-G. Cha, H.-Y. 

Kim, S.-S. Kim,K.-R. Lee, Langmuir, 26, 17203(2010) 

[14] M. Houmard, D. Riassetto, F. Roussel, A. Bourgeois, G. Berthome´, 

J.C. Joud, M. Langlet, Applied Surface Science , 254,1405 (2007)  

[15] J. Yu, X. Zhao, J. Du, W. Chen, Journal of Sol-Gel Science and 

Technology, 17, 163 (2000) 

[16]  A. Tricoli, M. Righettoni, S. E. Pratsinis, Langmuir, 25, 12578 

(2009) 

[17]  D. Seo, J. Lee, C. Lee, Y. Nam, Sci. Rep., 6, 24276 (2016) 

 



 88 

5. Improvement of water harvesting by Kirigami 

structure and surface wettability contrast 
 

5.1. Introduction 
 

 The development of a material used for capturing moisture from the air has 

been considered to be important to solve a shortage of water in many 

countries.[1-3] Researchers have been investigating to increase water harvesting 

amount.[4-7] Some technology was inspired from nature. In nature, many 

creatures living in harsh environments, change to adapt in nature such as 

modified their surface morphology and energy.[8-10] Especially Namib beetle is 

living harsh desert which is hard to find a water condition, so it has a 

superhydrophilic micro bump and superhydrophobic surface. It can help to 

collect water in dew harvesting condition with harsh desert. Superhydrophilic 

has a high surface energy which play a role in collecting a seed layer. Also, 

superhydrophobic surface can drop off easily from back to insect mouth.[11]  

 To improving fog harvesting amount, Kirigami structure will helpful to 

colleting water. Kirigami was traditional cutting technique which adapt a 

sheet materials. This patterns are given on foldable and stretchable in stiff 

materials. Because of having strain while constant area of sheet, it has a 

patterned void and specific mechanical behavior such as tilting angles in sheet 

materials.[12, 13] Using this phenomena, some researcher make a Kirigami 

pattern on solar cell films, it is tracking solar light stretched by external forces 
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and that cause a high efficiency solar cell performance. And also this Kirigami 

patterns are also promising for many applications such as stretchable lithium-

ion batteries[14], nanopatterned graphens[15], solar devices.[16] Not only the 

application of Kiriggami as described above, when applied to the uniaxial 

tensile direction of the pattern of Kirigami, it is possible to obtain a 

biologically inspired morphologies which is kind of muscles. [17] 

 To making water collecting substrate, we applied Kirigami structure in the 

sheet material. When having one dimensional patterned Kirigami, inducing 

stress cause three dimensional structure having tilting angle. It can force a 

water droplet path and efficient to collect a downside collector.  

 We also combined Krigami based fog harvesting surface with 

superhydrophobic, superhydrophilic and its patterning. Aluminum is easy to 

make a roughness on its surface and good for deformation behavior to 

comparing Kirigami strain effect. As a method of preparing a hydrophilic or 

super-hydrophilic Al surfaces, wet etching, laser treatment, or a anodizing 

treatment, or LBL coating with hydrophilic materials have been used.[18-21] In 

particular, simple method to make a superhydrophilic Aluminum was 

investigated researchers by using boiling water process.[22, 23] In that case, 

Aluminum phase was turned AlOOH and formed flake morphology. This 

reaction make a superhydrophilic surface on the Aluminum and roughness 

which has a potential to turning superhydrophobic by using low surface 

energy film coating like a lotus leaf. 
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5.2. Experimental 
 

Base material is pure Aluminum using Al foil (Fisherbrand™ Aluminum Foil, 

0.024 mm thick). Al has a plastic deformation behavior so that it is observed 

maintained strain. In this experiment, serving as reference Kirigami pattern is 

defined figure 5.1. Unit cell dimension is 18 mm length and height is 2mm. 

Entire surface area is 40mm X 40mm. Fabrications of rough Al surface was 

performed by boiling water immersing method. When Al is immersed in 

boiling water in over 10 minute, phase is changing to AlOOH and has a flake 

like roughness. Also, if adding TiO2 particle, their roughness is changed 

hierarchically which structure cause an extreme wettability. Original AlOOH-

TiO2 roughed surface contact angle is almost 0 that means superhydrophilic 

state. We coated roughness surface by Self-Assembled Monolayers (SAM) 

method with (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane. After 

coating, contact angle is over 150 degree and their state is superhydrophobic. 

Microstructure of AlOOH-TiO2 and their contact angle is shown at figure 5.2. 

Superhydrophobic/superhydrophilic patterned on Kirigami surface by oxygen 

plasma during 15 minute putting the mask on the superhydrophobic surface. 

Patterning schematic is shown at figure 5.1. Water collecting method is based 

on fog collecting. The Kirigami surface is hang on a frame with a 90° from 

the horizontal line. Fog droplets are generated by a humidifier as a fog flow. 

The weight of collected water is measured after 30 minute. 
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Figure 5.1 (a) Schematic design of water harvestings of Kirigami structure. 
Collector is located under harvesting substrate. (b) Dimension of Kirigami 
surface. Cut is operated gravity direction and when structure is opened, tilting 
angle is changed. (c) Wettability changes on Kirigami surface. 
Superhydrophilic area is play a role in harvesting site and superhydrophobic 
will play a water droplet downside easily. 
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Figure 5.2 Roughness surface on Al substrate that process was performed by 
boiling water with TiO2.As respected sample is superhydrophilic. 
Superhydrophobic was implemented by fluorosilane coated. When we make a 
patterned surface, we use a PDMS mask in the oxygen plasma chamber. 
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5.3. Result and Discussion 
 

 The Kirigami structure is easy to variable its tilting angle depend on a strain. 

Kirigami pattern is always enhanced harvesting performance rather than plane 

surface. However, when Kirigami deformed 0%, harvesting amount is almost 

same compared with plane case. Because, collected droplet is pinned on 

between Kirigami banding region. Therefore it prohibit to roll off downside.  

Figure 5.3 shows a Kirigami effect of fog harvesting water amount. When 

Kirigami deformed elongated direction, fog collecting water amount is higher 

because of Kirigami's structure. In plane case, water droplet is harvested 

randomly distributed on the surface. As time goes by, seed droplets are 

growing enough to roll off on initial site. And after roll off, new droplet is 

generate empty space where previous droplets were gone. On the other hand, 

Kirigami surface is determined roll off path way which is more effective way 

to growth of droplet. Because Kirigami has a continuous path way stable to 

roll off the downside. In small deformation under 30% increased by compared 

to the original sample is a tendency in enhancement of water harvesting 

amount. When structure is deformed, tilting angle is decreased.  

 The geometry of the expanded kirigami structure can be characterized by the 

tilting angle θ, longitudinal expanded length L, lateral width W, and out-

of-plane height H (Figure 5.1 (b)) as a function of the stretching strain ε, 

θ = cos−1( 1
1+𝜀𝜀

)       (5.1) 
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L = (1 + ε)𝐿𝐿0       (5.2) 

H = 2ℎ
1+𝜀𝜀

�(1 + 𝜀𝜀)2 − 1      (5.3) 

W = 𝑊𝑊0 + 1−𝑑𝑑�

1+𝑑𝑑�
[cos(sin−1 2ℎ�

1−𝑑𝑑�
�(1 + 𝜀𝜀)2 − 1)) − 1]𝑊𝑊0  (5.4) 

Where d � = 𝑑𝑑/𝑙𝑙  and h � = ℎ/𝑙𝑙  are the normalized transverse and axial 

distance between cuts. Wo and Lo are its original length and width, 

respectively. Equation. 5.1 indicates that θ is only dependent on ε. For a 

relative small (ε  =16%) and large strain (ε  =100%), θ  =30o and 60o, 

respectively. Another important parameter is the sliding angle β as defined, 

which can be approximated as β ≈ sin−1[ℎ(1 + 𝜀𝜀)/𝑙𝑙] that can be tuned not 

only by ε but by the patterning of cuts. Table 5.1 shows an actual and 

calculated tilting angle. The difference is caused by un-uniform deformation 

located upper or down side on Kirigami.  

 Despite of angle change, fog capture amount is still increased because of 

their continuous long path to roll off a droplets. The maximum point is 30% 

deformation Kirigami. This phenomena is affected by droplet pinning effect. 

Figure 5.4 shows a brief behaviors on a Kirigami surface in various view. If 

structure is not enough to widen, water is pinned between opened spaces. We 

control the variation of Kirigami unit cell height twice and half. In that case, 

height increase twice 4 mm, bending deflection δ is increased and tilting angle 

is decreased at same deformation rather than pristine case. As a result, overall 

collected water amount is decreased and shifted less deformation. On the 
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other hand, height decrease a half 1mm, tendency is shifted more deformation 

because of δ decreased. And tilting angle is higher than pristine pattern, 

overall harvesting amount increase. 

To improve a water collecting, we controlled another factors of Kirigami 

surface which is superhydrophobic and superhydrophilic. Researchers find out 

that which surfaces are more efficient to collect water in different system.[10, 

24, 25] First one is dew collecting system which has a closed chamber to 

maintain humidity and temperature. In that case, superhydrophilic surface 

collect a more water rather than superhydrophobic surface because it is 

advantageous to capture a seed moisture and growth easily. On the other hand, 

direct fog collecting system by fog generator, superhydrophobic surface has 

much higher collecting amount rather than superhydrophilic. Because in 

abundant fog, roll off efficiency is critical to collecting water. In our case, we 

collect a direct fog system and change a surface energy. Superhydrophilic case, 

water seed is formed fast and making water film on the surface. Their 

tendency is almost same as bare Al case. Maximum collecting point is 30% 

deformation and after that collecting amount is decreased because of tilting 

angle increased which prohibit water movement. However, collecting amount 

is increased rather than pristine case because water film is already formed and 

it does not need a moisture seed, only need a growth energy. Meanwhile 

superhydrophobic surface has almost constant water collecting amount 



 96 

because droplet is easy to roll off which means Kirigami structure effect is not 

so much. To improving water amount weight, we make a pattern on Kirigami 

surface. Pattern was shown in figure 5.1 (c), it can improve water harvesting 

at large deformation in Kirigami structure. In small deformation, tilting angle 

is high enough to roll off downside directly. However, large deformation 

cause a local banding in Kirigami branch that force a droplet movement 

toward branch not to downside. Therefore, 0.5 strain has a maximum 

collecting amount any other case.  
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Table 5.1 Kirigami tilting angle measured and calculated by equation 5.1 

Strain Tilting angle(o) 

(measured) 

Tilting angle(o) 

(calculated) 

0.1 

0.2 

0.3 

0.5 

1.0 

31 

39 

49 

58 

69 

25 

34 

40 

48 

60 
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Figure 5.3 (a) Geometry effect of water harvesting amount. h is a height of 

Kirigami structure. In small h, opened area is increased, so water path is also 

increased. Their tendency is same as pristine compared with height change. (b) 

Wettability control effect of water harvesting. Patterned surface is most 

efficient rather than any other. 
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Figure 5.4 Difference between flat surface and Kirigami pattern. In plane 

surface, water harvested randomly on the surface. And water droplet pathway 

is just straight down the gravity side. So remaining water is always exist. In 

Kirigami surface, water is dropped path way on Kirigami structure and has a 

growth site. This phenomena increased water harvesting. However, if the 

structure is too small opened, the water droplets will pinning between the gaps 

to decrease the efficiency. On the other hand, if the structure is too much 

expanded, the tilting angle increases, which induce the mass required to 

rolling down. So the optimum strain is exists. 
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5.4. Conclusions 
 

Kirigami structure is enhanced fog collecting amount by its structure. We 

make a 1D structured pattern so it react 1D force to elongate direction which 

contain strain and tilting angle. They can force a droplet route to downside 

and get a higher efficiency. Water amount is balanced by tilting angle and 

water pinned effect which affected banding of structure. Banding effect is 

important because of pinning. Thin pattern is more improve to harvesting 

amount. Surface wettability also enhanced harvesting ratio. Optimal 

patterning has a similar effect of bio mimicking water harvesting ratio. These 

technique help water harvesting amount improvement. 
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6. Conclusions 

 

 In this thesis, we describe how to make nanostructures by etching silicon 

based substrates using plasma by PECVD, and how to make nanostructures 

using boiling water treatment in aluminum. In the silicon-based substrate, the 

F- ions generated when the CF4 gas is ionized in the plasma react with the 

silicon to cause the etching. At the cathode of PECVD made of stainless steel, 

Fe and Cr ions are simultaneously ionized to form a self-mask on the Si 

substrate. Based on this principle, we have found that etching is possible not 

only in pure silicon but also in silicon compound containing impurities. In a 

glass that is silicon oxide containing highly reactive alkali ions, if pure SiO2 is 

coated, a self-aligned etch mask can be obtained in advance to form a 

nanostructure on glass. Unlike other processes, the self-aligning mask is a 

substance combined with F, so it is easy to dissolve in water at room 

temperature, so the mask removal process is very simple. The nanostructures 

resulting from changing the etching rate with the self-mask are mainly make 

nano-pillars. These columns can be used for various applications because they 

can achieve high aspect ratios according to process conditions and can form 

superhydrophilic superhydrophobic and low-reflectance surface. 

 On the other hand, aluminum is a heat-transferable structural material that is 

mainly used for cooling equipment or for collecting water. If we make 
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nanostructures on aluminum, we will be able to increase the efficiency of the 

device. Aluminum reacts with water or water vapor at a temperature higher 

than 100oC, changes to AlOOH, and has a high roughness because it has a 

flake structure. Adding TiO2 nanoparticles to water, it can easily create a 

hierarchical nanostructure, because the particles adhere to the aluminum 

surface and after form flakes thereon. This structure can also be used in 

various fields, and since it can make nanostructures through an aluminum 

coating, there is an advantage that a nanostructure can be made on any 

substrate if possible an aluminum coating. 
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Abstract (in Korean) 
 
재료의 표면에 기능성을 부과하는 방법 중에 자연모사 기법은 

자연에 존재하는 생물의 표면구조, 원리 및 메커니즘을 모사 및 
응용하여 공학적으로 활용하는 기술이다. 본 학위논문에서는 실리콘, 
유리, 알루미늄에 자연에서 영감을 얻은 계층나노구조를 만드는 
방법과 그 응용에 대해서 서술하였다. 첫번째 장에서는 실리콘 
기판에서의 계층나노구조를 플라즈마 에칭법을 이용하여 만드는 
방법을 서술하였다. 자가 배열되는 표면 마스크로 에칭공정을 
줄이고 플레이크 구조를 끓는 물처리로 더하여 계층구조를 
구현하였다. CF4 가스를 사용하여 플라즈마 에칭을 하면 플루오르화 
탄소가 실리콘 위에 자가배열되고 이것이 마스크로 작용하여 
에칭속도를 감소시켜 나노기둥이 형성된다. 계층나노구조의 기판인 
실리콘의 나노기둥은 지름이 100nm 이고 높이는 에칭시간에 따라 
500 에서 1500 nm 까지 조절할 수 있다. 그 후 알루미늄을 실리콘 
나노기둥 위에 코팅하였고 끓는 물처리를 통해 알루미늄이 
수산화알루미늄으로 변화하면서 100~200 nm 높이의 플레이크로 
표면을 덮어 계층 이중구조를 구현하였다. 여기서 플레이크의 
높이는 알루미늄 코팅두께로 조절이 가능하다. 여기서 만들어진 
계층구조에 표면에너지가 낮은물질을 코팅하여 접촉각을 150 도 
이상, 접촉각이력도 5 도미만으로 낮게 만들어 자가세정이 가능한 
표면을 만들었다. 또한 실리콘 나노기둥-알루미늄 플레이크 
계층나노구조로 인하여 자외선 영역에서 반사율을 최대 0.5%까지 
낮추어 초소수-저반사 표면을 만들었고 이를 태양전지 등에 사용할 
경우 높은 효율을 보일 것으로 기대된다.  

두번 째 장에서는 자동차, 배, 또는 빌딩의 외벽 유리나 
전자기기에 적용될 수 있는 투명한 기능성 유리 제작에 대해 
서술하였다. 초소수/초친수 표면은 주로 저반사 기능을 동반하고 
방담효과도 기대할 수 있는 장점이 있다. 유리에 이와 같은 기능을 
넣기 위해 표면 거칠기를 주어야 하는데 기존에 많이 쓰이고 있는 
유리에는 반응성이 강한 알칼리 이온이 포함되어 일반적인 
에칭방법으로 표면 거칠기를 주기가 매우 어렵다고 알려져있다. 
이를 극복하기 위하여 자가 배열되는 마스크를 미리 만들어서 
에칭하는 방법을 제시하였다. 알칼리 이온을 제외한 유리의 성분인 
SiO2 를 미리 코팅하여 자가 배열되는 마스크를 이용하여 에칭속도 
차를 이용하여 유리에 거칠기를 주었다. 나노기둥은 처음에는 SiO2 
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층에서 관찰되었고 에칭시간을 늘리면 SiO2 층은 제거되고 유리 
자체에 나노기둥이 형성된다. 에칭 직후의 유리는 높은 종횡비를 

가진 나노기둥으로 초친수성을 나타낸다. 이 상태에서는 -15 에서 25 

oC 로 온도가 급격히 변하여도 미세한 물막이 먼저 형성되어 성애가 

끼지않는 특성을 가진다. 

여기에 표면에너지가 낮은 물질을 코팅하면 접촉각이 160 도를 
가지는 초소수 표면을 얻는다. 적용분야에 따라 초소수와 초친수 
특성을 컨트롤 할 수 있고 나노구조로 인하여 반사율이 낮은 
효과도 얻을 수 있다. 

세번 째 장에서는 재료에 간단한 컷(cut)을 적용하여 성형성을 
확장시키는 방법인 키리가미(Kirigami)에 나노구조를 적용해서 물을 
포집하는 연구에 대해 서술하였다. 평판 키리가미 구조에 변형이 
가해지면 기울기가 생기게 되고 물이 지나가는 길을 강제하므로 
물포집에 효율적일 수 있다. 여기에 표면 거칠기를 주어 젖음성을 
컨트롤하면 물포집양을 극대화 할 수있다. 초친수 영역에서 물을 
포집하고 초소수 영역에서 포집한 물을 잘 굴러떨어지게 하면 물 
포집량이 아무것도 처리하지 않은 것 보다 약 3 배 이상 증가한다. 
알루미늄 기판을 사용하여 표면 거칠기는 끓는물 처리를 통하여 
구현하였고 TiO2 를 섞어줌으로 거칠기를 극대화시켜 초소수성을 
확보하였다.  
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