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Abstract 

 

Effect of Nanoscopic Curvature from Anodic 

Aluminum Oxide on Physical Structuring of 

Organic and Inorganic Materials 

and Its Applications 

 

 Guiduk Yu 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

Nanostructures have been received considerable interests, since they have 

exhibited unique properties that are not the same as that in bulk or in molecular 

level. Many investigations have proved that their physiochemical properties greatly 

depend on the size, hardness of confinement, surface curvature, and 

anisotropy/asymmetry of nanostructures. This interesting behavior has suggested 

creation of more advanced materials which properties are tailored based on the 

structural parameters. 

In this thesis, we introduced another new structural parameter and investigated 

its effect on materials properties and it applicability as well. Utilizing self-

assembled anodic aluminum oxide, we obtained hexagonally packed mesoscopic 

concave patterns. A replication technique enabled us to produce both concave and 

convex patterns accompanied with packing transition. Hence, our system 
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incorporated pattern curvature and packing structure simultaneously. . On the basis 

of the interesting structural parameter, we exhibited the importance of our finding 

to control the physical structuring of organic and inorganic materials. 

Firstly, coating polymer thin films on concavely and convexly patterned Al 

substrates, we studied how the structure influenced the thin film stabilities. Even 

though the polymer films are inherently unstable on the substrate material, the 

polymer thin films on the concave patterns were found to present wetting behavior 

whereas those on the convex patterns exhibited extensive rupturing. We ascribed 

the behavior to the opposition in topological gradient in each pattern. Thus, it was 

recognized that pattern curvature can be an important parameter to enhance film 

stability. 

Secondly, we investigated thin film stabilities on concavely patterned and 

convexly patterned PI substrate whereby the coated polymer films are originally 

stable on the substrate. In spite of its inherent stability, polymer thin films were 

found to dewet on the convex patterns by hole nucleation at the peaks of the 

patterns. Although dewetting was initiated by the local process, dewetting on the 

convex patterns presented long-range-order rupturing morphologies. We speculate 

that the long range correlation came from pattern-directed dewetting on the 

regularly packed patterns and its subsequent amplification likewise amplification 

of capillary wave in spinodal dewetting. 

Thirdly, we exploited the inverse packing characteristics of the two patterns and 

investigated its effect on pore growth in anodization. Anodizization of the 

concavely patterned Al produced typical circular pores in hexagonal packing. 

Anodization of the inversely patterned Al formed triangular pores in inverse-
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hexagonal packing. Thus, we discovered that both circular and triangular pore 

shapes are achievable from the self-assembled structure of AAO itself without any 

assistance of expensive lithographic techniques. The opposition in pit packing 

structures and the topographies around the pits were discussed to regulate the pore 

shape. 

Lastly, by incorporating pattern-directed dewetting phenomena, we controlled 

the topographies of the peaks in the patterns and investigated its alteration on pore 

formation in anodization. Reducing the curvature and depth of the convex patterns, 

triangular pores were found to become more isotropic, accompanying formation of 

subsidiary pores in the regions other than pits. In addition, the regulation in pattern 

topographies allowed us to obtain pore arrays with the same ordering structure 

even from the oppositely packed patterns. Therefore, we found that pattern 

topography as well as pit order structure is an important parameter to control the 

pore shape and its ordering. 

In conclusion, we find importance of the structure incorporating curvature and 

packing to control physical structuring of materials. As a new finding of structural 

parameter in nanomaterials has created advanced materials of better tailored 

properties, our finding of a new structural parameter and investigation through its 

utilization will suggest a new strategy to control nanomaterials. 

 

Keywords: anodic aluminum oxide, curvature, hexagonal packing, inverse-

hexagonal packing, wettability, triangular nanopore 
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Chapter 1. Introduction 

 

1.1 Nanoscopic confinement on materials 

Nanostructures have been received considerable interests, since they have 

exhibited unique properties that are not the same as that in bulk or in molecular 

level. Many researches have proven that nanostructures exhibit size-dependent 

properties.[1-3] This interesting behavior has suggested creation of more advanced 

materials composed of size-controlled nanostructures. 

In terms of fabrication of nanostructures, self-assembly of molecules,[4] 

lithographic techniques,[5] and template-assisted methods[6] have been mostly 

adopted. On the basis of various fabrication methods, dimension of the materials 

such as nanoparticles (0-dimensional structures (0D)), nanowires (1D), or thin 

films (2D) can be precisely controlled. Furthermore, the physical size of the 

nanomaterials such as diameter of nanoparticles or thickness or thin films as well 

as their shape is controllable at nanoscopic scale, which have enabled quantitative 

as well as qualitative analysis of the materials and made the materials exploited as 

building blocks for an advanced material with desirable properties.[4]  

For instance, optical and electronic properties of metals and semiconductors 

exhibit strong dependence on the crystallite size at nanometer scale, exhibiting 

quantum effect. Surface plasmon resonance is an example of the quantum effect, 

and the interesting behavior has been advantageous in chemical and biological 

sensors improving adsorption sensitivity.[1] Enhanced absorption of solar radiation, 

as another example, has also been verifier to be beneficial in solar energy 
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devices.[7]  

Although size has been often discussed to explain the properties of 

nanostructures, some other investigations emphasize on the importance of other 

physical parameters like increased surface area-to-volume ratio, hardness of 

confinement, surface curvature, and anisotropy/asymmetry of the nanostructures. 

Based on increased surface area-to-volume ratio, the temperature of glass 

transition (Tg) has been reported to change.[8, 9] For free-standing thin polymer 

films, Tg decreases linearly with decrease in film thickness whereas supported thin 

films showed either thickness-dependent decrease or increase. This emphasizes the 

increased free surface or interface effect for thinner films accompanied by size 

reduction. 

Hardness of confinement was considered to influence crystallization behavior 

of the confined material.[10, 11] By using thermal plastic polymer as the 

confinement material, the hardness of confinement can be controlled on the basis 

of temperature of the system. For crystalline polymer such as polyethylene oxide, 

crystallinity under soft confinement was found to be larger than that under hard 

confinement.  

Size reduction also results in decrease in radius of curvature.[12-14] As the size 

becomes comparable to the size of assembled structure of molecules, the curvature 

of surface or interface at nanoscopic and mesoscopic scales can be another 

parameter to regulate adsorption kinetics of molecules and the structure of 

assembled molecules. In an experiment using isolated nanotubes, adsorption of gas 

molecules was shown to take place two-phase process: monolayer formation in 

internal wall of the tubes and filling the residual space. Liquid crystal and diblock 
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copolymers in 1D nanoconfined system exhibit unprecedented assembled 

structures based on the confined dimension and the curvature.  

Anisotropy and asymmetry in nanostructures have been reported to influence 

optical properties and adhesion properties, respectively.[15, 16] Triangular Au or 

Ag nanoparticles have been proved to enhance plasmon resonance by localizing the 

incoming light to the sharper corners of the structures. Arrays of nanorods bent to a 

direction were confirmed to be useful as physical adhesive..  

Therefore, there are many other structural parameters to influence 

physiochemical behavior of nanomaterials besides their dimensions or sizes. The 

various parameters have open up possibilities to create more advanced materials 

having specifically manipulated properties. This implies that finding of new 

structural parameters in nanostructures should be urged to develop academic 

research in naoscience and meet applicability of the materials in industries. 

In this thesis, we introduce another structural parameter to help understanding 

of nanomaterials. From a structure in a self-assembled structure, we adopted 

nanoscopically curved surface with regularly packed structure. A replication 

technique enabled us to produce concave and convex patterns accompanied with 

packing transition. Hence, our system incorporated pattern curvature and packing 

structure simultaneously. Herein we, based on the interesting structural parameter, 

exhibited the importance of our finding to control the physical structuring of 

organic and inorganic materials. The following sections cover the research trend of 

our specified research topics. Figure 1.1 represents the configuration of the 

nanostructures we adopted in this research. 
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Figure 1.1. Schematic illustration of nanostructure we adopted in this study. By 

replicating the scalloped interface in Al/AAO, concavely and convex patterned 

substrates were fabricated. Our researches highlight the importance of curvature 

and packing structure of patterns on physical structuring of materials. 
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1.2 Film stability on flat or patterned substrates 

Stabilities of films on substrates are described generally by wetting and 

dewetting phenomena. Surface tensions of each material, gravity, and van der 

Waals force have been discussed to be the measure to determine their stabilities.[17] 

For a lquid film thicker than the capillary length of the material, gravitational force 

becomes influential while van der Waals force is negligible. On the contrary, for a 

thin film below 100 nm, van der Waals force becomes dominant in film tension.  

Wetting tends to take place when the surface tension of the substrate is higher 

than the summation of the surface tension of the liquid material and the interfacial 

tension, making spreading coefficient positive.[18] Besides, greater contribution 

from gravitational force and negative Hamaker constant in van der Waals force 

result in stabilization of the films on the substrates. Under the opposite conditions, 

films are thermodynamically unstable on the substrates, leading to dewetting. 

In terms of dewetting origin, spinodal dewetting and nucleation and growth are 

often discussed.[19-21] Spinodal dewetting takes places for thin films when the 

interaction between the surface and the interface is attractive; film instability is 

initiated with co-continuous undulation in film thickness with a characteristic 

wavelength, the rupture scale growing with time. Nucleation and growth takes 

place with presence of heterogeneous defects mostly; instant hole nucleation and it 

subsequent growth in lateral direction is the typical process. 

Many researchers contributed a lot of efforts to understand the rupture 

mechanism and kinetics. Most studies have been carried out on a model system, 

chemically homogeneous flat substrates. Surface tensions of each material,[22] 

film thickness,[20, 21] thermal history,[23] elasticity of interface,[24] and external 
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stress[25] have been verified to influence stabilities of films on substrates. Recently, 

dewetting on patterned substrates including chemical and physical patterns has 

been highlighted as a strategy of patterning techniques.[26-30] As dewetting 

preferentially occurs near patterns, anisotropic pattern formation was realized in 

contrast to isotropic rupture presenting randomly distributed droplets on flat 

substrates. Controlling the size and ordering of patterns, the size and the shape of 

the dewet droplets have been even under control at mesoscopic scale. 

As dewetting becomes under control, it has been exploited in various fields 

requiring microscopic and mesoscopic patterns. Since dewetting is a spontaneous 

phenomenon, it has been considered to be an advantageous technique, compared to 

conventional lithographic patterning. Metallic nanocrytals was created by 

dewetting of metallic films.[31] Fabrication of source and drain across oxide in 

metal-oxide-semiconductor field-effect transistor (MOSFET) was achieved via 

pattern-directed dewetting of conducing polymer on oxide.[32] In addition, regular 

spaced droplet arrays were utilized to mimic complex eye.[33] Furthermore, the 

curvature of the dewet droplets can be control via co-solvent annealing process and 

showed great possibility to be useful in optical devices.[34] 
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1.3 Pore growth during anodization with or without pre-

patterns 

Anodization of valve metals such as Al, Ti, Nb, and Ta in acidic electrolyte 

forms oxide of nanoscopic and mesoscopic porous structures. Among those, anodic 

aluminum oxide (AAO) has been employed quite much due to well-defined pore 

structures at mesoscopic scale. Depending on electrolyte, applied voltage or current, 

the size and spacing of pores have been reported to alter. Circular pores with 

regular size and packing have been fabricated under specific anodization conditions 

such as 25V in 0.3M sulfuric acid at 4°C, 40V in 0.3M oxalic acid at 15°C, and 

195V in 0.1M phosphoric acid at 0°C.[35] The porous structure was anticipated to 

come from mechanical stress between Al and Al2O3 due to volume expansion from 

Al to Al2O3 as well as electrolyte condition. 

To fabricate porous AAO, constant voltage anodization has been carried out 

mostly. The applied voltage was reported to be in linear relationship with interpore 

distance as well as the thickness of barrier layer.[35] Recently, constant current 

anodization is utilized due to some advantages like faster pore growth and 

improved mechanical strength of synthesized of AAO.[36] Electrolytes also 

influence the structure of anodized oxide.[37] Continuous type was reported to be 

created in neutral solution whereby alumina is insoluble, e.g. neutral boric acid, 

ammonium borate, and tartrate in ethylene glycol. Porous type is created in acid 

solution where alumina is slightly soluble such as sulfuric, oxalic, and phosphoric 

acids. Furthermore, the thickness of outer layer of oxide (portion of alumina near 

electrolyte) was found to depend on the kind of electrolyte. 



8 

 

There have been quite a few studies to understand self-ordering mechanism of 

pores. Some parameters have been discovered to influence the formation of oxide: 

ion transport in oxide layer,[37] tensile stress at metal/oxide interface,[38] electric 

field strength,[39] and mechanical confinement.[40] As electric field is applied to 

Al in acidic solution, alumina is formed at the interface between metal and oxide. 

At the same time, its dissolution also occurs at the interface between oxide and 

electrolyte. In steady stage of pore formation, the thickness of barrier layer which 

ion transport occurs is constant, which means that the field-induced formation and 

dissolution are in equilibrium state.[41]  

Although the self-assembled pore structure exhibits hexagonal packing of pores 

with regular sizes; the ordering is restricted to a few micrometers. To improve the 

limitations, many researchers have benefited from pre-patterning techniques. 

Anodization of pre-patterned Al has been verified to be useful not only to increase 

the monodomain size, but also to control pore shape as well as its ordering 

structures.  

Stamping with hard master molds with tetragonal or graphite-like ordering 

structures produced the pits at the designated location on Al surface.[42] Pores 

grown on the pre-patterned Al exhibited non-circular pores in non-hexagonal 

packing. Soft lithography with subsequent etching of Al surface exposed was also 

suggested to prepare pre-patterns on Al surface and induce formation of pores in 

controlled manner.[43] Using microsphere assembly, circular pores with greater 

monodomain size were achieved.[44] Implanting patterns between evaporated Al 

and Si wafer substrate, the pores were also observed to grow in the packing 

structure reflecting the implanted pattern.[45] Besides, focused-ion beam etching 
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has been beneficial to manipulate the structure of pre-patterns.[46] The technique 

has been employed to create various non-hexagonal packing structures. Circular as 

well as non-circular pores with their sizes tuned have been extensively studied. 
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Chapter 2. Pattern Curvature to Control Thin Film 

Stability on Non-wettable Substrates 

 

2.1 Introduction 

Microscopically or nanoscopically, surfaces and interfaces of most materials 

are observed not to be flat. We find surface roughness in nature such as skins of 

plants or animals; we inevitably meet some degree of roughness in industry either 

by technical limitation during manufacturing processes or by intentional fabrication 

for functions thereof. Under the circumstances, rough surfaces/interfaces have 

attracted great interest of researchers in basic study as well as applied study.[1-6] 

Among those studies, stabilities of coated films on randomly rough or 

periodically patterned substrates have been another intriguing research topic. As 

coated films are mostly required to be stable without dewetting for the purposes of 

protection, insulation, specific functionality of surfaces, it has been essential to 

understand the theoretical background triggering rupture of thin films.[7-15] On 

the other hand, dewetting of coated films on patterned substrates has been 

considered to be an advantageous strategy as the spontaneous process (dewetting) 

influenced by the features of substrates patterns allows the formation of random or 

periodic holes (or droplets) in mesoscale without controls through expensive, 

complicated top-down approaches.[16-21] 

Up to the present, most fundamental researches related to stability of coated 

films have been carried out for thin films on chemically homogeneous, flat 

substrates. Various experimental factors have been proved to affect the rupture 
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mechanism and the morphology: thickness of a polymer film,[10, 11, 22] surface 

tensions of a polymer film and a substrate,[23] thermal history of a film,[24] 

elasticity of interfaces,[25] application of electric field,[26] and so on. On the 

contrary, thin films on patterned substrates have not been investigated as much. 

Only few experimental variables - film thickness, period and width of substrate 

patterns, and chemical contrast have been discussed,[27-35] so it is still required to 

devote a lot of effort to understand the effects of substrate patterns on 

thermodynamic and kinetic behaviors in film stability and meet its potential 

availability.  

In this study, we investigated stabilities of polymeric thin films on patterned 

substrates. While dewetting process on chemical patterns have often been 

compared to that on physical patterns, there exist one parameter that cannot be 

studied by using chemical patterns: the curvature of patterns. In spite of the 

intriguing fact, it has not been discovered yet how pattern curvature influences on 

film stability. We utilized concave and convex patterns in mesoscopic scale with 

the identical morphology, but with the opposite curvature; investigated the effect of 

the pattern curvature on overall stability of polymer thin films.  

As a function of film thickness, we found that films on concave patterns 

presented two discernible regimes - pattern-directed dewtting and wetting. On the 

contrary, films on convex patterns presented three different regimes - pattern-

directed dewetting, isotropic rupture at micron scale, and wetting. We ascribed the 

pattern curvature dependence to the difference in contact line instability on the 

basis of topological gradient of each pattern. Furthermore, the pattern curvature 

dependence on film stability was assured again in an experiment imposing 



16 

 

mechanical stress to the films on each pattern. 
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2.2 Experimental 

 

Fabrication of flat, concavely patterned, and convexly patterned substrates. 

The concavely patterned Al substrates were fabricated by anodization of Al and 

selective etching of the self-assembled nanopore arrays. 0.5 mm thick Al 

foil(99.999%, Goodfellow) was anodized at constant voltage conditions in acidic 

electrolyte condition.[36] To minimize surface roughness, Al foils were 

electropolished in ethanolic perchloric acid at 20V and 0°C. To obtain 110 nm 

spacing patterns, the electropolished Al foils were anodized in 0.3M oxalic acid 

(OA) at 40V and 15°C for 15 h to obtain well-ordered nanopores in hexagonal 

packing. Selectively removing the nanoporous anodic aluminum oxide (AAO) 

layer via wet-etching in chromic acid at 65°C, Al with the concave pattern in 

hexagonal packing was achieved. To fabricate 65 nm spacing pattern, the 

electropolished Al foils were anodized in 0.3M sulfuric acid (SA) at 25V and 4°C 

for 15 h, and AAO layer was removed in the etching solution.  

The convexly patterned Al substrates were manufactured via a replication 

technique. Directly evaporating Al (99.999%) on the concavely patterned Al, the 

inversed structures were fabricated. Before depositing Al on the mater substrates, 

the surface of the master molds (concave Al) were hydrophobically modified for 

the ease of detachment process.[37] After surface modification, 250 nm ~300 nm 

thick Al was thermally evaporated on the mastermolds of the concave patterns. The 

evaporated thin Al was then detached as supported by a substrate with a thin 

adhesion layer. The free-standing convex Al substrates were then thoroughly 

cleaned by organic solvents and chromic acid to remove the hydrophobic material 
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possibly transferred during detachment. Figure 2.1 represents the experimental 

procedure to obtain the substrates with the concave and convex patterns. 

Flat Al substrate was also prepared via the replication process. The surface of 

the Si wafer was hydrophobically treated by the same method mentioned above. 

Thermal evaporation on the Si wafer was carried out, followed by detachment and 

cleaning processes.  
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Figure 2.1. Schematic illustration to manufacture concavely patterned and 

convexly patterned Al substrates. 
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Preparation of polymer thin films on flat and patterned Al substrates. 

On the flat and the patterned Al substrates, thin films with various film 

thicknesses were prepared by spin-coating polystyrene (PS) solutions of various 

concentrations ranging from 0.1 wt% to 3.0 wt%. The weight average molecular 

weight (Mw) of PS was 115,000 g/mol with polydispersity index less than 1.05. The 

spin-coated samples were stayed at 75°C under vacuum for three days to minimize 

residual stress in PS thin films, and thermally annealed at 145°C at various time 

scales to investigate thermal stability of the thin films on each substrate. 

 

Scratching of PS film surfaces on patterned Al substrates. 

Mechanical stress was imposed to the surfaces of PS films via arbitrary 

scratching. PS solution of 3.0 wt% concentration was spin-coat on the concave and 

convex Al substrates, followed by annealing at 75°C under vacuum for three days. 

The surfaces of the films were then scratched by a polyethylene stick with a 

sharpened tip, and thermally annealed at 145°C for 25 h under vacuum. 

 

Analysis of film morphologies on flat and patterned substrates. 

The surface morphologies of the bare substrates and PS films coated on the 

substrates were observed by scanning electron microscopy (SEM (JSM-6701F, 

JEOL) after coating of a thin platinum layer, scanning probe microscopy (SPM 

(SPA-300HV, SII instrument or Dimension 3100, Veeco)), and optical microscopy 

(OM (OPTIPHOT2-POL, NIKON)).  

 

Surface analysis of flat Al substrate. 
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The surface energies of Al and PS were obtained through contact angle 

measurement (CAM-200, KSV instrument).[38] We used five different liquids such 

as deionized water, diiodomethane, formamide, ethylene glycol, and glycerol. The 

contact angles of ca. 4 μl drops of each liquid on flat substrates were analyzed. 

Based on acid-base method, apolar fraction (   ), acid part (  ), and base part 

(  ) of the surface tensions were calculated. Using the values, we estimated 

spreading coefficients for Air/PS/Al system. 
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2.3 Results and Discussion 

 

2.3.1 Stability of PS films on flat Al substrates 

To investigate the inherent stability of PS on Al substrates, we analyzed thermal 

stability of PS films on flat Al substrates. PS films of various thicknesses were 

prepared on flat Al substrates. The film thicknesses ranged from 3 nm to 18 nm, 

estimated by film thickness measurement (F20, Filmetrics). The films were 

thermally annealed at 145°C, which is well above the glass transition temperature 

of PS. 

Figure 2.2 exhibits the surface morphologies of PS thin films of various film 

thicknesses after the heat treatment, observed by OM and SPM. As shown in the 

images, PS films in the thickness range were unstable on Al substrate and ruptured 

forming separate droplets, which dimensions increased with increase in film 

thickness. Near the film thickness of 8 nm, we found transition in dewetting 

phenomena. Below 8 nm, only regular-sized droplets (a few hundreds nanometers 

in size) were observed. Above 8 nm, micron-sized droplets as well as much smaller 

droplets were observed to coexist. Average diameter of the smaller droplets was 

even smaller than 100 nm. From the morphological investigation, we speculated 

the dewetting morphologies based on spinodal dewetting below 8 nm and based on 

nucleation and growth above 8 nm. 
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Figure 2.2. SPM (left) and OM (right) images of PS films of various thicknesses on 

flat Al substrates after thermal annealing. 
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To make it sure, we prepared 6 nm thick PS films on flat Al substrates, and 

observed their transformation upon thermal annealing with time. Shortly after heat 

treatment (1 min), we found that the uniformly flat PS film presented co-

continuous rupture structure with a characteristic wavelength (~130 nm). The 

initial stage of film transformation exhibited typical spinodal dewetting 

morphologies, so the instability can be anticipated to come dominantly from 

attractive intermolecular force rather than nucleation of holes.[9, 11] 

Figure 2.3 (a) exhibits the surface morphology of 6nm thick PS film on flat Al 

substrate after heat treatment and Figure 2.3 (b) represents the graph obtained from 

Fast Fourier Transform (FFT) analysis of (a). q in x-axis indicates wavenumber, 

which is a reciprocal form of wavelength (2π/λ) where λ represents the wavelength 

of thickness undulation. We observed broad peak near q ~ 48 μm-1 in the early 

stage of dewetting and found its decrease with propagation in dewetting with time, 

ending up with the formation of regular-sized separate droplets. Therefore, the film 

rupture below 8nm is speculated to be based on the mechanism of spinodal-

dewetting. The coexistence of larger structure and smaller structure observed above 

8 nm is predicted based on the mechanism of nucleation and growth, which hole 

nucleation can be initiated by thermal nucleation or heterogeneous defects. [11] 
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Figure 2.3. SPM image of 6nm thick PS film 1 min after thermal annealing (a) and 

graph from FFT analysis (b). Inset in (a): FFT analysis based on (a). 
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In order to understand the unstable behavior of PS on Al, we analyzed 

spreading coefficient (SAir/PS/Al) for our experimental system. Spreading coefficient 

is a measure to discuss wettability of liquid material on a sold substrate.[39, 40] 

The equation is as follows: 

  / / =   − (  +    )  (1) 

where 1, 2, and 3 represent air (or vacuum), liquid, and substrate, respectively. 

Hence,   ,   , and    indicate the surface tension of liquid (2), substrate (3), and 

the interfacial tension between 2 and 3, respectively. Positive sign of S1/2/3 means 

that spreading of liquid material is stable on the solid substrate. Negative sign 

implies that the liquid is unlikely to spreading on the substrate, resulting nucleation 

of holes or co-continuous undulation in film thickness. [27, 39, 40] 

Based on acid-base method, we obtained the fractions (   ,   , and   ) 

comprising the surface tension.[38] Table 2.1 exhibits the values of each phase.  

Using the vales, we, furthermore, calculated apolar and polar factions of spreading 

coefficients followed by the equations:[13]  

  / / 
  = 2    

  −    
       

  −    
      (2) 

  / / 
 = 2     

     
 +   

 −    
  +    

     
 +   

 −    
  −

   
    

 −    
    

     (3) 

where   / / 
   and   / / 

  exhibit apolar and polar fractions in spreading 

coefficients. Based on the caculations   / / 
   was estimated to be -22.3 mJ/m2, and 

  / / 
  was estimated to be 0.2 mJ/m2, which makes the total spreading coefficient 

(   ⁄  ⁄     ⁄ / 
 +    ⁄ / 

  ) negative. Consequently, PS is supposed to be inherently 
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unstable on Al. Especially, the film instability in this system is ascribed to apolar 

interaction.  

Regarding surface energy of Al, such a low value can be attributed to the 

presence of native oxide with decreased roughness. In a previous study controlling 

the surface roughness, surface energy of Al was reported to decrease with the 

decrease in surface roughness. In other words, increased surface roughness by 

improper surface flattening method can bring great degree of error in its value. We 

prepared flat Al substrates with rms roughness smaller than 1nm. The surface 

energy using the Al substrates were found to be reproducible. Moreover, the 

surface energy we obtained was similar to that of Al with minimized surface 

roughness presented in the previous study. 
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Table 2.1. Surface energies of each material calculated based on contact angle 

measurement. 

 γLW γ+ γ- γ (mJ/m2) 

Air (1) 0 0 0 0 

PS (2) 41.7 0 0.4 41.7 

Al (3) 22.4 0.03 6.4 23.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

We varied methods to prepare flat Al substrates: physical deposition of Al, 

electropolishing, chemical and mechanical polishing, and replication of the surface 

of Si wafer. The surface of the replicated Al was found to be most uniform among 

those. The surfaces of physically evaporated Al were reported to exhibit micron 

scale roughness. Even for electropolished Al, the surfaces were reported to exhibit 

roughness due to formation of nanoscopic pore structure under the electrochemical 

reaction in acidic condition likewise anodization.[41] 

We compared the roughness of Al with different flattening processes: 

electropolishing (EP), chemical and mechanical polishishg (CMP), and replication 

of the surface of Si wafer. Among those methods, the surface of replicated flat Al 

was most uniform in terms of surface roughness (rms roughness ~ 5Å). Nanoscopic 

undulating morphologies were observed for EP Al and mesoscopic scratches were 

observed for CMP Al. In fact, the surface energies from EP Al and CMP Al did not 

exhibit only greater value, but they also presented great degree of error based on 

fabrication conditions. Figure 2.4 shows the SPM images of the surfaces of Si 

wafer (a), replicated flat Al (b), EP Al (c), and CMP Al (d) observed in 4μm x 3μm. 
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Figure 2.4. SPM images of surfaces of Si wafer (a), replicated Al from Si wafer (b), 

electropolished Al (c), and chemically and mechanically polished Al.  
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2.3.2 Stability of PS films based on pattern curvature upon thermal 

annealing 

 

We analyzed the surface morphologies of the concavely patterned and convexly 

patterned substrates by SEM and SPM. Figure 2.5 (a) shows that the patterns are 

well-transferred in such a wide area, and Figure 2.5 (b) shows that nanoscopic 

curvature of the pattern is also well-replicated from the concave to the convex 

pattern. The left images in Figure 2.5 exhibit top-views of the concave pattern; the 

right images, top-views of the convex pattern. As AAO nanopores are self-

assembled in hexagonal packing, selective etching of AAO pores remained 

hexagonally packed structures with the scalloped morphology in each cell.  

By SPM analysis, the spacing of the concave cells in Figure 2.5 (b) were 

analyzed to be ca. 110 nm; the height from the peak to the valley, ca. 25nm. As 

SPM tips manufactured by conventional lithographic techniques present some 

limitation in scanning nanoscopically curved patterns at nanometer scale, and 

discrepancy in heights of between concave and convex pattern shown in Figure 2.5 

(b) are expected to occur inevitably, which was underestimated for convex pattern. 

Except for the misreading by SPM, the pattern transfer was confirmed to be 

successful. Consequently, we obtained the patterns with the identical shape and the 

opposite curvatures. Using the concavely and convexly patterned Al as substrates, 

we investigated how the pattern curvature influences film stability.  
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Figure 2.5. SEM (a) and SPM (b) images of bare concave (left) and convex (right) 

Al substrates. Insets in (a): magnified view. Scales bars: 200 nm. White arrows in 

(b): guide line for profile scanning below. 
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PS films with various film thicknesses were prepared on the patterned 

substrates. Upon thermal annealing, we analyzed the change in surface 

morphologies. Figure 2.6 show the SEM images of PS films on the concave (left) 

and convex (right) Al substrates. After sufficient thermal annealing, some 

morphological difference was observed on the basis on the film thickness and the 

pattern curvature. On the concave pattern, we found two different regimes: pattern-

directed dewetting and wetting morphologies. On the convex patterns, three 

different regimes were observed: pattern-directed dewetting, isotropic dewetting at 

micron scale, and wetting morphologies. The transition of the morphological 

difference took place based on the relative volume of the film (VP) to the cavities 

of each pattern (VCC for concave pattern and VCV for convex pattern). 

   For very thin films where VP/VCC<1 and VP/VCV<1, pattern-directed dewetting 

occurred for both concave and convex patterns. An array of mesoscopic droplets 

(A-1) or mesh-like structure (B-1) was created as dewetting occurred at the peaks, 

filling the lower region at the same time, so-called pattern-directed dewetting. The 

length scale of dewetting for the thin film was, therefore, comparable to the pattern 

size, ~110 nm. For very thick films where VP/VCC>>1 and VP/VCV>>1, films were 

observed to be stable on both concave (A-4) and convex (B-4) patterns. 

Furthermore, thinning at the peaks did not take place, and the surface morphologies 

stayed the same as the films were spin-coated. Therefore, for very thin and thick 

films, wetting or dewetting behaviors did not present not much difference based on 

the pattern curvature.  

   For intermediate film thicknesses where VP/VCC≥1 and VP/VCV≥1, we found 

some difference in the surface morphologies on the basis of the pattern curvature. 
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On the concave patterns, no big rupture was observed in the films although there 

was little undulation in film thickness at the scale greater than the pattern size. 

However, we found that the most area of the concave patterns stayed wet. On the 

convex patterns, isotropic big ruptures were observed by exposing most area of the 

patterns. The dimension for the film ruptures on the convex patterns were observed 

to exhibit characteristic wavelengths and become larger with an increase in film 

thickness, which is similar to dewetting behavior for films on flat substrates. [10, 

11, 22] 
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Figure 2.6. SEM images of PS films on concave Al (left) and convex Al (right). 

From top to bottom, film thickness increases. Scale bars: 500 nm. 
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Considering inherent stability of PS on Al, PS films are anticipated to be 

unstable on Al, estimated from the negative spreading coefficient. Therefore, stable 

behavior on the concave patterns is regarded exceptional. Usually, films supposed 

to be stable have been reported to be unstable occasionally in terms of residual 

stress originated from spin-coating process or presence of heterogeneous 

defects.[11, 24] In this study, we found that films supposed to be unstable could be 

stable based on the pattern curvature although the roughness can be worked as 

defects in film stability.  

Dewetting morphologies exhibited time-dependent behavior, and rupture 

dimensions appeared to become bigger with annealing time. Especially for viscous 

materials like polymers, it takes quite long time to reach the steady states. In that 

aspect, the difference in morphologies on the baiss of the pattern curvature can be 

regarded just kinetically possible state, which films on the concave pattern also 

would eventually rupture as observed for those on the convex patterns.  

To make sure of our results, PS films of much lower molecular weight (Mw 

2,000 g/mol) were prepared on each pattern. As the molecular weight is much 

lower than the entanglement molecular weight of PS (Me ~ 18k),[42] the viscosity 

is expected to be much lower than PS of Mw ~115k we used in this study. We 

prepared PS films of two different films thicknesses on both concave and convex 

patterns and heated them at 145°C for 25 hr under vacuum, which was exactly the 

same as the thermal annealing condition for PS films of Mw ~115k.  

Figure 2.7 represents top-view images of the PS films with lower molecular 

weight (2k) after the thermal annealing process. As expected, we found the 

consistent morphologies with those shown in Figure 2.6. Most areas of the concave 
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patterns were wet by the liquid phase (PS) only with little undulation of overfilling 

PS. On the other hand, most area of the convex pattern was dewet with formation 

of micron-sized ruptures. Therefore, we verified that the film transformation based 

on the pattern curvature was not just kinetically possible state, but 

thermodynamically favored behavior. 
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Figure 2.7. SEM iamges of PS films (Mw~2k) on concave (left) and convex (right) 

patterns. (a): relatively thin films, (b): thicker films. Scale bars: 500 nm. 
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In previous studies adopting patterned substrates, some parameter have been 

investigated to influence the morphologies of film rupture. Mostly, the width of a 

pattern or spacing between patterns has been studied to influence dewetting 

structures.[34] Both chemical patterns and physical patterns have been utilized in 

the research arena. 

For chemical patterns, dewetting is initiated on less wettable regions. 

Depending on the width of the less wettable region, periodic undulation without 

dewetting or anisotropic dewetting replicating the pattern structure can be 

created.[28] Controlling chemical contrast in terms of surface tension, anisotropic 

dewetting as well as isotropic dewetting was reported to take place.[30] 

For physical patterns, dewetting is initiated at the edges of the patterns with 

high curvature.[21]  Liquid flows to the lower valley and to the mesas in the 

patterns. With the size of spacing of patterns comparable to the dimension of dewet 

droplets, the ordering feature of dewet droplets was directed by the patterns.[43]   

Pattern size or spacing was also reported to regulate the dewetting dimension.[44] 

By incorporating mesoscopic pattern, dewetting scale was found to decrease down 

to the analogous scale in spite of the fact that it presents micrometer scale rupture 

without patterns. In addition to the dimension of patterns, the relative amount of 

the film to the empty volume in pattern affects dewetting morphologies, which is 

directly related to the film thickness.[27] Pattern-directed dewetting was reported 

to take place for thin films by underfilling the empty spaces of patterns; large and 

randomly distributed droplets on patterns, for thicker films by overfilling the space.  

In this study, we adopted physical patterns with the opposite curvatures. 

Compared to previous works, we obtained similar as well as dissimilar results. 
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Similar to other studies, pattern-directed dewetting was observed for the thin films 

which volumes were smaller than those of the cavities in the patterns. Dissimilarly, 

films could be stable depending on the pattern curvature although the film volumes 

were greater than the volumes of the cavities. Since PS is anticipated to be unstable 

on Al, rupture in PS films on the patterned Al can be reasonable as reported in 

other studies. However, films on the concave patterns presented relatively wettable 

behavior even with enough volume to overfill the cavities in the patterns. 

To understand the exceptional behavior of our system, we studied how film 

transformation took place with annealing time especially for the films of an 

intermediate thickness whereby the difference was observed. Figure 2.8 and Figure 

2.9 exhibit SPM images of films on the concave patterns and convex patterns, 

respectively, with an alteration in annealing time. The first images (A) in Figure 2.8 

and Figure 2.9 display the surface morphologies of as-cast films on the concave 

and convex patterns, respectively. B, C, and D represent the images of the films 

thermally annealed for 1 min, 3 min, and 7 min on each substrate. The drawings in 

left are the simplified illustrations of each stage. The graphs in right show the 

profiles of the PS films transformed on the patterns in each stage. 

Shortly after the specimen were heated (1 min), the film surfaces on both 

concave and convex patterns was smoothened out, filling the lower regions of the 

patterns as shown in B in Figure 2.8 Figure 2.9. Even so, dissimilarity was also 

observed based on the pattern curvature in this stage. Nanoscopic holes with the 

rims of large positive curvature were observed for the convex pattern whereas 

much smaller holes near sharp peaks with little undulation in film thickness were 

observed for the concave pattern. 
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With annealing further in time, the transformed surface morphologies showed 

much larger difference based on the curvature of the patterns. The films on concave 

patterns did not present much difference form the early stage (B). On the contrary, 

the films on the convex patterns transformed further by developing to a larger 

rupture structure. 

We speculate that local dewetting in the early stage (B) is based on instant 

nucleation of holes at the peaks of each pattern. We observed non-uniformity in 

film thickness for the spin-coated films. The thicknesses at the peaks were thinner 

at the peaks than the other regions. Therefore, Thinning at the peaks should be 

favored in terms of higher disjoining pressure for thinner thickness.[40] In fact, we 

experimentally found that instability of PS films below 8 nm came dominantly 

from apolar interaction; dewetting at thinner regions appears to be reasonable.  

Also, thinning at peaks with thickening in lower regions is favored as it can 

reduce the curvature of the film surface accompanied with decrease in Laplace 

pressure.[7] In terms of the two governing forces, the peaks in each pattern can 

work as physical defects in film stability, and instant hole nucleation can take place 

preferentially at the local regions. This can explain the pattern-driected dewetting 

for the films of very thin thicknesses (A-1 and B-1 in Figure 2.6) and stable 

behavior for the films with thick thickness (A-4 and B-4) as well. As higher 

concentration solutions are coated on the pattern substrates, the film thickness is 

not only thicker, but the surfaces are also much smoother. Hence, both disjoining 

pressure and Laplace pressure are anticipated to be lower not enough to induce 

surface smoothening as shown in A-4 and B-4 in Figure 2.6. 
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Figure 2.8. SPM images of PS films on concave Al with alteration in annealing 

time in 1μm x 1μm. A: as-cast, B: 1 min, C: 3 min, D: 7 min. Left column: 

schematic drawing at each stage. Right column: profiles of PS films in the unit 

cells of the concave patterns (white boxes in the SPM images).  
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Figure 2.9. SPM images of PS films on convex Al with alteration in annealing time 

in 1μm x 1μm. A: as-cast, B: 1 min, C: 3 min, D: 7 min. Left column: schematic 

drawing at each stage. Right column: profiles of PS films in the unit cells of the 

convex patterns (white boxes in the SPM images). 
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With the nucleation of holes at the peaks, the surface of polymer around the 

holes was found to become positively curved as shown in B in Figure 2.8 and 

Figure 2.9. Especially in B in Figure 2.9, the curvature of the dewet film was 

comparable to that of the substrate pattern. The large curvature can be explained by 

the accumulation of dewet polymer at the peaks as well as the elastic response due 

to sudden hole nucleation.[45] Analogy was also found in the concave pattern, 

local abrupt dimples with slightly positive surface curvature as shown in B in 

Figure 2.8. 

In spite of the similar dewetting behavior, we found that larger area was 

basically dewettable for the convex pattern. Herein, we discussed the discrepancy 

in wettability associating with the opposite gradient of the patterns. As our adopted 

patterns are curved, tangential angle locally changes in the same pattern. 

Furthermore, the variation in the angle for the concave pattern is opposite from that 

for the convex pattern.  

By analyzing the surface topography of a bare concave Al substrate, the 

tangential angle of the pattern ranged from 0° to 40°. From the peaks to the valleys 

of the patterns, the gradient of the convex pattern should change from 0° to 40°, 

and that of the concave pattern changes from 40° to 0°. Table 2 represents the 

quantitative expressions of the pattern height and the tangential angles in the unit 

structures of each pattern. A in Table 2 represents the height from the top to the 

lowest valley (25 nm), and D represents the pattern spacing (110 nm). The pattern 

structures were defined as sinusoidal functions. Therefore, the pattern height and 

the tangential angles (θC for concave pattern and θV for convex pattern) as a 

function of local position, x can be expressed by the equations shown in Table 2.2. 
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Figure 2.10 show the graphs presenting the tangential angles as a function of 

the local position, x. As anticipated from SPM analysis, we confirmed that the 

tangential angles of the each pattern oppositely changes from their peaks to valleys. 

Comparing the angle distribution estimated by calculation with SPM analysis, the 

assumption of the pattern structures as sinusoidal functions appeared to be 

appropriate. 
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Table 2.2. Quantitative expression of concave and convex patterns. 
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Figure 2.10. Tangential angles of concave (a) and convex (b) patterns as a function 

of local position in each pattern. 
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Due to the opposite characteristics in gradient, the contact instabilities of the 

dewet polymer at the peaks are anticipated to show great difference based on the 

curvature of the patterns and modify the meniscuses of polymer films to satisfy the 

equilibrium contact angle. Even in the same pattern, the meniscus can vary locally 

with the pitch of the contact line. Hence, the meniscus of polymer is anticipated to 

alter with propagation in dewetting.  

We analyzed the contact angles of separate, isotropic dewet droplets on flat Al 

substrates with their size below a few hundreds of nanometer by SPM, and the 

values were estimated to be in between 15° and 25°. Figure 2.11 shows the results 

from the SPM analysis. According to the discussion above, positively curved 

meniscus is predicted to be valid at the peaks in the convex pattern and negatively 

curved meniscus is reasonable for the concave pattern to reach closely the 

equilibrium contact angle. 
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Figure 2.11. SPM analysis of PS dewet droplets on flat Al substrate. 
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Although the film on the convex pattern exhibits the anticipated morphology 

(positive curvature), it is now under higher Laplace pressure. Hence, the 

interconnected polymer with positive curvature shown in Figure 9 B can be 

transformed preferentially by forming even larger structure with lower curvature, 

minimizing its surface area as well. On the other hand, the contact line in the 

pattern goes down as shown in C, and flatter meniscus with lower surface area will 

be possible due to increase in the gradient angle of the pattern. Hence, coexistence 

of microsopic larger droplets and mesoscopic mesh-like structure can be reasonable 

as shown in B-2 and B-3 in Figure 2.6 in steady state. 

Also for the concave pattern, polymer film will be transformed to minimize 

surface area. Since the positive curvature observed in B in Figure 2.8 can be 

ascribed to kinetic response, the surface curvature is anticipated to decay with time 

to reach its equilibrium state. In fact, we observed that film surface in pattern 

became flatter with increase in annealing time (C in Figure 2.8). With annealing 

further in time (D), we could not observe more decay in both its curvature and 

contact line. The surface morphology was even close to the morphology 25 h after 

thermal annealing (A-2 and A-3 in Figure 2.6). Therefore, the contact angle 

reached for the pitch of the contact line can be assumed to be a stable condition for 

the films on the concave patterns. Considering that the equilibrated contact line for 

the convex pattern was deep, polymer pinned at the higher pitch in the concave 

patterns is expected to be reasonable. 

By adopting substrates with a smaller pattern, we found that the curvature 

effect also worked at a smaller scale. As dewetting behavior is closely associated 

with film thickness, decrease in volume of the cavity in a pattern incorporating 
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lower asperity might bring difference in film stability. So, we fabricated almost 

half-sized patterns which curvatures are analogous to 110 nm-spacing patterns. The 

pattern height of the smaller pattern was ca. 15 nm, and its spacing was ca. 65 nm 

analyzed by SPM.  

Figure 2.12 shows SEM images of PS films on 65 nm spacing patterns (a) and 

on 110 nm spacing patterns (b) thermally annealed for 25 h. Since the volumes of 

the cavities in 65nm-spacing patterns are smaller than those in 110 nm-spacing 

patterns, the film thickness showing the curvature dependence was thinner for the 

smaller pattern. Even so, we found analogous dewetting behavior for the smaller 

patterns. Although polymer overfills the patterns, films on the concave patterns did 

not dewet the substrates extensively, but the films on the convex patterns ruptured, 

forming droplets or interconnected dewetting structure. Therefore, we claim that 

our finding based on the pattern curvature was not a specifically observed 

phenomenon, but a behavior coming from its structural property. 
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Figure 2.12 SEM images of PS films on 65nm spacing (a) and 110 nm spacing (b) 

patterns. Left: concave pattern, Right: convex pattern. Scale bars: 500 nm. 
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2.3.3 Stability of PS films based on pattern curvature upon mechanical 

stress 

By scratching the surfaces of PS films on the concavely and convexly patterned 

substrates, we imposed mechanical stress on the films. The dewetting propagation 

from the local stressed regions was analyzed upon thermal annealing. Figure 2.13 

show the top-view images of the films which the surfaces were scratched, followed 

by heat treatment at 145°C for 25 h. We found discernible difference in its 

propagation based on the pattern curvature. 

Excluding dewetting behavior depending on film thickness, we prepared thick, 

stable thick films on each substrate, even thicker than A-4 and B-4 in Figure 2.6. 

The surfaces of the thick PS films were intentionally damaged with sharpened tips 

of a polyethylene stick, followed by sufficient thermal annealing. Irrespective of 

the pattern curvature, the films were observed to be stable in the regions far from 

scratches, but unstable to rupture near scratches. The white arrows indicate the 

scratched region, and the small images in right are the magnified images around the 

regions indicated by the numbers in the left images.  

As shown in the images, we found difference in degree of film rupture based on 

the pattern curvature. On the convex pattern, dewetting at the scratched region 

appeared to propagate even further in lateral direction at the scale of a few tens of 

micrometer. On the contrary, most area on the concave pattern was still covered 

with polymer as the very vicinities of the scratches were dewet at the scale of a few 

hundreds of nanometer. Even under scratching hard enough to damage the 

substrates (1 in (a) and 4 in (b)), the films on the concave patterns still presented 

minimized breakup in film whereas those on the convex patterns ruptured 
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extensively at a much greater scale. Therefore, we found that films on the concave 

patterns are less susceptible to the mechanical stress. Considering inherent 

instability of PS on Al, the incorporation of concave pattern in surface is speculate 

to be a strategy to improve wettability itself and stability even under an external 

stress.  
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Figure 2.13. SEM images of scratched PS films on concave (a) and convex (b) Al 

substrates after thermal annealing. White arrows in left images: scratches. Small 

images in right with numbers: magnified view of the regions numbered in left 

images. Scale bars: 1μm. 
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2.4 Conclusion 

We investigated how the curvature of the patterns influenced on film stability. 

The substrates with patterns with the identical shape, and the opposite curvatures 

were fabricated exploiting self-assembled structure and its replicated structure. 

Preparing PS thin films on the patterned substrates with variation in film thickness, 

we observed thickness dependent and pattern curvature dependent behaviors in 

film rupture.  

For very thin and thick films, we found analogous dewetting behavior on the 

concave and convex patterns. The pattern-directed dewetting took place for very 

thin films, exhibiting regularly packed mesoscopic droplet array on the concave 

pattern or mesh-like structure on the convex pattern. For thick film, films on both 

concave and convex patterns did not rupture, exhibiting completely wetting 

morphologies. However, for the films barely overfilling the cavities of each pattern, 

film stability was found to present pattern-curvature dependence: unstable on the 

convex pattern and stable on the concave pattern. 

In the early stage of film transformation, film thinning at the peaks and 

subsequent hole nucleation were observed to occur in both concave and convex 

patterns. With annealing further in time, film transformation showed difference 

based on the pattern curvature. We speculate that the opposite characteristic in the 

gradient angles of the patterns brought difference in contact instabilities in each 

pattern, and subsequent film transformation to minimize surface area further 

induced discrepancy in film stability based on the pattern curvature. 

Adopting patterns with a smaller size and the similar degree of curvature, we 

also found pattern-curvature dependence in film rupture. Imposing mechanical 
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stress on the thick enough films, it was assured again that films on the concave 

patterns were less susceptible to mechanical stress. Consequently, we found that 

the curvature of patterns can be an important parameter to control film stability. 

Especially concave pattern can be a crucial element to improve substrate 

wettability itself and stability upon an external stress. 
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Chapter 3. Pattern Curvature to Control Thin Film 

Stability on Wettable Substrates 

 

3.1 Introduction 

Most surfaces and interfaces are not ideally flat, but possess some degree of 

roughness. Physical properties related to rough surfaces/interfaces are being under 

active investigation: adhesion and friction, heat conduction and electric conduction, 

fluid dynamics, stability of coating material etc.[1-4] In addition, surface/interface 

roughness is now inclined to be pursued for its applications: superhydrophobicity, 

better adhesion, improved optical properties, and so on.[5-7]  

Among those researches stability of a polymeric film on a randomly rough or 

patterned substrate has been of importance. For the purpose of the protection, 

insulation, specific functionality of surfaces, polymer films are mostly required to 

be stable without dewetting. So it has been essential to understand the theoretical 

background inducing the rupture of the liquid films.[8-16] On the other hand, 

dewetting phenomena of coated films on patterned substrates have been one of 

attractive topics who want both basically to recognize the effect of surface patterns 

on film stability, and technically to exploit it as another patterning technique.[17-19] 

So far, many studies related to dewetting of thin films have carried out on flat 

Si wafer and have proven that dewetting mechanisms as well as kinetics are 

influenced by various experimental factors: chemical properties of materials,[20] 

film thickness,[11, 12] annealing time,[15] hardness of substrates,[21] thermal 

history of films,[22] application of electric field,[23] etc. Adoption of chemical and 
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physical patterns have open up the potential application of dewetting phenomenon 

as another patterning technique, showing that geometry of film rupture like holes 

or droplets could be under control.[18, 24-27] The dimension and contrast of 

patterns was discussed to affect spacing and arrangement of dewet holes/droplets, 

and annealing condition was further considered to regulate the curvature of dewet 

droplets.  

In this study, we fabricated substrates with the patterns of the identical shape, 

but of the opposite curvatures by replicating the curved interface of self-assembled 

anodic aluminum oxide (AAO), and investigated how the curvature of patterns 

influences stability of polystyrene (PS) thin films. As a substrate, we utilized 

polyimide (PI). Polyimide (PI) has been widely used in microelectronic industries 

as dielectric interlayer or alignment layer for liquid crystals due to advantages of its 

moderate dielectric constants.[28-30] Also, it has been utilized as an exterior 

material for aircrafts and spacecrafts due to its thermal and mechanical strength and 

chemical stability.[31, 32] Since PI is adopted as interlayer as well as top layer, 

surface properties like adhesion with other components, wettability, or 

contamination behavior should be understood to expand its applications. 

By analyzing spreading coefficient of Air/PS/ PI system, we recognized that PS 

is wettable on PI substrate. In chapter 2, PS films on non-wettable substrates were 

found to be stable by incorporating concave patterns. In this chapter, we 

investigated the effect of pattern curvature on film stability on a wettable substrate. 

Compared to Al substrates, PI does not have native oxide layer, so that it provided 

us with more simplified system.  
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3.2 Experimental 

 

Fabrication of flat, concavely patterned, and convexly patterned master molds. 

The concavely patterned Al and convexly patterned AAO substrates were 

fabricated by anodization of Al and selective etching of the self-assembled 

nanopore arrays or underlying Al, repectively. 0.5 mm thick Al foil (99.999%, 

Goodfellow) was anodized at constant voltage conditions in acidic electrolyte 

condition.[33] To minimize surface roughness, Al foils were electropolished in 

ethanolic perchloric acid at 20V and 0°C. To obtain 110 nm spacing patterns, the 

electropolished Al foils were anodized in 0.3M oxalic acid (OA) at 40V and 15°C 

for 15 h to obtain well-ordered nanopores in hexagonal packing. Selectively 

removing the nanoporous layer via wet-etching in chromic acid at 65°C, Al with 

the concave pattern in hexagonal packing was achieved. Selectively removing the 

underlying Al in cupric acid (17g of CuCl2 dissolved in 500 ml of HCl (37 wt%) 

and 500 ml of deionized water) at room temperature, AAO with the convex pattern 

in hexagonal packing was obtained.  

As a mastermold for flat substrate, Si wafer was used. Si wafers of 15mm x 

15mm in size were rinsed with organic solvents and acids under sonication to 

degrease the surface.  

 

Synthesis of precursor of PI. 

The precursor of PI, polyamic acid (PAA), was synthesized by reaction 

between diamine and anhydride in n-methylpyrrolidone (NMP). 1g of 4,4’-

oxydianiline (ODA) was dissolved in 49.4 g of N-Methylpyrrolidone (NMP) in 
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vigorous stirring under Ar atmosphere. 1.47 g of 3,3’,4,4’-Biphenyltetracarboxylic 

dianhydride (BPDA) was then added to the solution under Ar atmosphere. The 

mass of BPDA was calculated based on equimolar reaction with ODA. Little 

excessive amount of BPDA was actually added to the solution for high yield. From 

this, we obtained 5wt% PAA solution. 

 

Fabrication of flat, concavely patterned, and convexly patterned PI 

substrates. 

PAA solution was firstly thermally imidized in solution at 180°C for 2 h under 

stirring, and the yellowish color of the solution turned into brown color. Slightly 

imidized solution was then cast on the flat Si wafer, concave Al, convex AAO at 

100°C under air condition. The temperature was then increased up to 400°C at a 

rate of 2°C/min to imidize the cast films further with removal of residual solvent. 

To remove residual solvent or byproducts from polymerization, the samples were 

under vacuum at 400°C for another 30 min. After the samples cooled down to room 

temperature, the master molds were detached (for Si wafer) or chemically removed 

(for Al or Al2O3). Figure 3.1 shows the experimental procedure to fabricate the 

concavely patterned and convexly patterned PI substrates. 

 

Preparation of polymer thin films on flat and patterned PI substrates. 

On the flat and the patterned Al substrates, polystyrene (PS) thin films with 

various film thicknesses were prepared by spin-coating the solutions of various 

concentrations ranging from 0.1 wt% to 3.0 wt%. The weight average molecular 

weight (Mw) of PS was 115,000 g/mol with polydispersity index less than 1.05. The 
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spin-coated samples were stayed at 75°C under vacuum for three days to minimize 

residual stress in PS thin films, and thermally annealed at 145°C at various time 

scales to investigate thermal stability of the thin films on each substrate.  
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Figure 3.1. Schematic illustration to manufacture concavely patterned and 

convexly patterned PI substrates. 
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Scratching of PS film surfaces on patterned PI substrates. 

Mechanical stress was imposed to the surfaces of PS films via scratching. PS 

solution of 3.0 wt% concentration was spin-coated on the concave and convex Al 

substrates, followed by annealing at 75°C under vacuum for three days. The 

surfaces of the films were then scratched by a polyethylene stick with a sharpened 

tip, and thermally annealed at 145°C for 25 h under vacuum. 

 

Line-patterning of PS film surfaces on patterned PI substrates. 

Thickness variation at micron scale was given to the surfaces of PS films by 

imprinting the films with a line-patterned soft mold. PS solution of 3.0 wt% 

concentration was spin-coat on the concave and convex Al substrates, followed by 

annealing at 45°C under vacuum for three days. Line-patterned soft mold was 

obtained by replicating the line-patterned Si wafer. Line-patterned Si wafer was 

manufactured via conventional optical lithography and wet etching process. After 

patterning the PS films with the soft mold, the samples were thermally annealed at 

145°C for 25 h under vacuum. 

 

Analysis of film morphologies on flat and patterned substrates. 

The surface morphologies of the bare substrates and PS films coated on the 

substrates were observed by scanning electron microscopy (SEM (JSM-6701F, 

JEOL) after coating of a thin platinum layer, scanning probe microscopy (SPM 

(SPA-300HV, SII instrument or Dimension 3100, Veeco)), and optical microscopy 

(OM (OPTIPHOT2-POL, NIKON)).  
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Surface analysis of flat Al and PI substrates. 

The surface energies of PI and PS were obtained through contact angle 

measurement (CAM-200, KSV instrument).[34] We used five different liquids such 

as deionized water, diiodomethane, formamide, ethylene glycol, and glycerol. The 

contact angles of ca. 4 μl drops of each liquid on the flat substrates were analyzed. 

Based on acid-base method, apolar fraction (   ), acid part (  ), and base part 

(  ) of the surface energies were calculated. Based on Fowkes method, we also 

estimated the apolar (  ) and polar (  ) fractions in surface energies. Using the 

values, we estimated spreading coefficients for Air/PS/PI system. 
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3.3 Results and Discussion 

 

3.3.1 Stability of PS films on flat PI substrates 

To investigate the inherent stability of PS on PI substrates, we analyzed thermal 

stability of PS films on flat PI substrates. PS films in various thicknesses were 

prepared on flat PI substrates. The film thicknesses ranged from 3 nm to 18 nm, 

estimated by film thickness measurement (F20, Filmetrics). The films were 

thermally annealed at 145°C, which is well above the glass transition temperature.  

We found that PS films were mostly stable on PI substrates. However, isotropic 

film rupture at micron scale was occasionally observed for a few nanometer thick 

films, and looked similar to the dewetting morphology based on spinodal dewetting. 

Considering the fact that we observed it from time to time, and heterogeneous 

defects or residual stress is probable to trigger instability, PS films were anticipated 

to be originially stable on PI substrates. 

To make it sure, we analyzed the surface energies of each material and 

anticipated spreading coefficients. As mentioned in chapter 2, stability of liquid on 

a solid substrate can be estimated by the sign of spreading coefficient.[35, 36] By 

measuring contact angles of five different liquids on PS and PI, we calculated 

surface energies based on two different methods. Although three different liquids 

including a purely apolar liquid are normally used to obtain the three different 

fractions in surface energy, we used five different liquids to minimize error coming 

from the kind of liquid used. 

Table 3.1 (a) represents the apolar, acid, base fractions in the surface energies 
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of each material.[34] Unfortunately, the acid contribution for PI was calculated to 

be negative, even matching the values estimated from any of the five liquids. 

According do previous reports, the surface tensions anticipated based on acid-

based method present strong dependence on the kind of liquid.[37] For PI, we also 

found that the energies calculated showed big difference or presented negative 

values based on liquid material. So, we tried calculation based on another method, 

Fowkes method.[38] 

Table 3.1 (b) represent dispersion and polar components in the surface tensions 

of PS and PI. For PS, the dispersive term (  
 ) was calculated to be 41.7 mJ/m2, and 

the polar term (  
 ) was calculated to be 1.2 mJ/m2. For PI,   

  was 45.9 mJ/m2, 

and   
  was 5.3 mJ/m2. The values were in good agreement with the values 

reported previously.[39] 

The spreading coefficient of Air/PS/PI system was eventually calculated by 

obtaining interfacial energy at PS/PI based on Fowkes method. The following 

equation exhibits the calculation based on geometric mean: 

   =   +   − 2   
   

  
  ⁄

− 2   
   

  
 / 

  (1) 

The interfacial energy was calculated to be 1.6 mJ/m2. The spreading coefficient 

was estimated by the following equation: 

   ⁄ / =    −    −        (2) 

where     is the surface energy of PI,     is the surface energy of PS, and     

is the interfacial energy between PS and PI.    ⁄ /  was 6.7 mJ/m2. Therefore, PS 

films on PI substrates were confirmed to be wettable. 
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Table 3.1. Surface energies of PS and PI calculated based on acid-based method (a) 

and Fowkes method (b). 
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As surface energy of PI depends on the degree of imidization, we additionally 

prepared PI substrates imidized at much lower temperature (300°C) than we did in 

this study (400°C), and compared contact angles between them. Figure 3.2 shows 

the images of droplets of water and diiodomethan on flat PI substates imidized at 

different temperatures. The contact angles did not show much difference, so we 

concluded that the degrees of imidization based our synthesis method is in steady 

state close to 100% imidization. 

Figure 3.3 shows the SPM images of Si wafer (mastermold) and the replicated 

PI from wafer. rms roughness of PI substrates was ~3Å in 5μm x 4μm, showing 

that the replicated PI substrates were as flat as the surface of Si wafer Therefore, 

the analysis of surface energies and film stability on the synthesized flat PI 

substrates were found to be reliable, which were free of physical irregularities. 
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Figure 3.2. Contact angle analysis on PI substrates imidized at 300°C (a) and 

400°C (b). Upper: contact angles of water droplets, Lower: contact angles of 

diiodomethane. 
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Figure 3.3. SPM images of cleaned Si wafer (a) and replicated PI substrates (b) 

scanned in 5 μm x 4 μm.  
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3.3.2 Stability of PS films based on pattern curvature upon thermal 

annealing 

We analyzed the surface morphologies of the concavely patterned and convexly 

patterned substrate replicated from AAO-etched Al and Al-etched AAO, 

respectively, by SEM. Figure 3.4 (a) represents the surface images of 110 nm 

spacing concave patterns at a lower magnification (upper) and at a higher 

magnification (lower). Figure 3.4 (b) exhibits the images of 110 nm spacing 

convex patterns. The patterns are well-transferred in such a wide area, and 

nanoscopic curvatures of the patterns were also well-replicated. 

Based on a previous study adopting the same monomers for PI and almost the 

same imidization condition, the glass transition temperature was ca. 250°C.[31] 

Thus, PI in bulk appeared to be thermally stable as reported in many other studies. 

On the other hand, the glass transition temperature tends to decrease with decrease 

in confinement dimension. To confirm thermal stability of the nanoscopic patterns 

our patterns, we heated the substrates at 200°C for 24 h and observed the surface 

topography by SEM. The patterns did not appear to collapse at all under the 

condition. Considering that the actual experiment was performed at 150°C for 24 h, 

thermal stability of PI was anticipated to be good enough to be used as a substrate 

in this study.  

Moreover, the crystalliniity of PI synthesiszed from ODA and BPDA was 

higher than any other aromatic PI and presents low water uptake behavior.[40] PI 

thin films were reported to exhibit water uptake behavior, which can accompany 

dielectric constant and Hamaker constant, subsequently. As we obtained the 

patterned PI substrates under wet etching process, water uptake is a matter to be 



77 

 

considered. In this regard, PI synthesized from ODA and BPDA was beneficial 

among other PI materials. We utilized them as the substrates in this study. Before 

casting PS films, we dried the substrates at room temperature under vacuum for 

days.  
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Figure 3.4 SEM images of concavely patterned (a) and convexly patterned (b) PI 

substrates. Scale bars: 2 μm (upper) and 200 nm (lower). 
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By spin-coating PS solutions of various concentrations, we prepared PS films 

on the concavely and convexly patterned substrates with various film thicknesses. 

Since PI is chemically inert to toluene-based solution, the substrates were not 

damaged at all during coating process. Figure 3.5 exhibit the SEM images of PS 

films on the patterned PI substrates 25 h after thermal annealing under vacuum. 

The insets in each image represent the schematic illustration of each state. 

Analogously to the observation in PS on Al system (chap 2), film stability was 

dependent on the pattern curvature as well as film thickness.  

For the concave patterns, we observed pattern-directed dewetting and 

completely wetting behaviors depending on the film thickness. For the convex 

patterns, we additionally observed isotropic dewetting at micrometer scale as well 

as pattern-directed dewetting and completely wetting behaviors. The pattern-

directed dewetting on both concave and convex substrates was found for very thin 

films, which volumes (VP) are lower than the volumes of the cavities in each 

patterns (VCC for the concave pattern and VCV for the convex pattern). A-1 and B-1 

in Figure 3.5 exhibit pattern-directed dewetting morphologies on each substrate.  

When VP > VCC and VP > VCV, the film transformation showed big difference 

on the basis of the pattern curvature. Especially, when the film barely covered the 

patterns, the excessive polymer overfilling the cavities in the convex pattern 

presented rupturing process, exposing most area of the substrate and forming large 

droplets on the pattern. However, on the concave patterns we did not observe any 

trace of rupturing process. Although the sharp peaks worked as the initiation points 

of dewetting, it did not propagated at all as observed for those on the convex 

patterns. Considering the fact that PS is originally stable on PI substrates, 
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dewetting on the convex pattern is an unexceptional behavior, which was opposed 

to the finding in chapter 2.The second row (A-2 and B-2) and the third row (A-3 

and B-3) in Figure 3.5 represent the SEM images of the corresponding behavior. 

As dewetting of stable liquid (thermodynamically wetting condition) is induced 

by defects, the peaks in the PI patterns appeared to work as physical defects, 

similar to PS on Al. We assume that non-uniformity in film thickness during spin-

coating process – thinner at the protrusion, and higher Laplace pressure with 

greater surface curvature induced underfilling of the cavities, resulting thinning and 

deweting preferentially at the peaks in each pattern. Its propagation is anticipated 

to be determined based on the instability of the contact line as discussed in chapter 

2.[41]  

   For even thicker films (VP >> VCC and VP >> VCV), underfilling also took place 

for both concave and convex patterns, covering the patterns. The surfaces presented 

completely wetting behavior. Thus, the pattern curvature was found to be greatly 

influential when VP ≥ VCC and VP ≥ VCV, which barely cover the cavities of the 

patterns. A-4 and B-4 in Figure 3.5 show the surface morphologies of the thick 

films on the concave and convex PI substrates, respectively.  
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Figure 3.5. SEM images of PS films on concave PI (left) and convex PI (right). 

From top to bottom, film thickness increases. Scale bars: 500 nm. 
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Interestingly, we found that the dewetting morphologies in B-2 and B-3 in 

Figure 3.5 exhibited the analogous morphologies of spinodal dewetting even 

though nucleation was the origin of dewetting. For nucleation and growth, 

nucleation is a local process, so the rupturing behavior is reported not to be 

correlated in long range order.[10] For spinodal dewetting, attraction between the 

surface and the interface (positive Hamaker constant) is the governing force, so 

rupturing behavior is reported to be correlated to in long range order. Thus, the 

rupturing dimension presents a characteristic wave length by amplification of 

capillary wave, and exhibit thickness dependence.[15] 

From dewetting of PS films on convex PI substrates, we found that the ruptures 

grew with characteristic wavelength with time, and eventually formed regular-sized 

microscopic droplets. Moreover, the rupturing dimension increased with increase in 

film thickness. Figure 3.6 show the SEM images of PS films of VP ≥ VCV on 

convex PI substrates, and graphs of as functions of wave number (q) based on fast 

Fourier Transform (FFT) analysis of the SEM images. 

We found peaks where q ~ 57 um-1 and q ~ 115 um-1 irrespective of film 

thicknesses, which is anticipated to come from the regular packing of the patterns. 

For pattern-directed dewetting (Thickness 1), we observed peaks from the substrate 

patterns only. For isotropically dewetting films (Thickness 2, 3, and 4), we 

observed additional peaks at lower q: q ~ 10 um-1 for Thickness 2 and q ~ 5 um-1 

for Thickness 3 and Thickness 4. 

This reflects a typical dewetting behavior of spinodal-dewetting based on 

amplification of capillary wave. In this case, the regularly spaced patterns appeared 

to be the initial wave for its amplification, so its amplification and propagation in 
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lateral direction as well presented correlated characteristics. Since the dimension of 

the patterns is smaller than the rupture dimension in its late stage, the initial film 

rupture due to patterns appeared to exhibit interference behavior. In the system that 

the substrate patterns are greater than the dewet droplet size, the ordering of dewet 

droplets were reported to follow the structure of the substrate patterns vice versa, 

namely pattern-directed dewetting.[18] 
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Figure 3.6. Plot of relative intensity versus wavenumber based FFT analysis of 

SEM images in right. Film thickness increase: Thickness 1 < Thickness 2 < 

Thickness 3 < Thickness 4. Scale bars: 2 μm. 
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As polymeric materials present viscous behavior, morphological transformation 

is observed at longer time scale than other liquids of small molecules. Moreover, 

surface roughness has been verified to influence flow dynamics.[42, 43] In that 

aspect, it was required to prove that the morphologies we observed are actually 

close to their steady states. To confirm it, we prepared PS films with much lower 

molecular weight (Mw ~ 2k), which is much below the entanglement molecular 

weight and observed the surface morphologies of PS films after the same thermal 

annealing process (145°C for 25 h).  

Figure 3.7 present top-view images of PS films of Mw ~ 2k on the concave and 

convex PI substrates after heat treatment. Irrespective of film thickness, PS films 

on the concave pattern exhibited dewetting only at the peaks or stable behavior, but 

PS films on the convex patterns exhibited extensive dewetting, forming larger 

droplets. Therefore, we proved that the observation in Figure 3.5 was in steady 

state. 
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Figure 3.7. SEM images of PS films of lower molecular weight (Mw~2k) on 

concave (left) and convex (right) PI substrates after 25 h annealing at 145°C. (a): 

thinner films (spin-coating 0.5wt% solution) (b) thicker films (spin-coating 1.0 wt% 

solution). 
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Comparing the results in chapter 2 and the results in this chapter, the pattern 

curvature appeared to affect film stability irrespective wettability. By nucleation at 

the peaks in the patterns, thinning and/or dewetting were initiated (initial stage of 

dewetting). Depending on the amount of the films, further transformations took 

place to minimize surface area (late stage of dewetting). In chapter 2, tangential 

gradient of the patterns were discussed to be an important factor in the late stage of 

dewetting, which brings differences in the instabilities of the contact lines of the 

dewet polymer films and controls their surface morphologies consequently.  

As we analyzed in chapter 2, the time-dependent film transformation was 

observed for the films with different thicknesses. Figure 3.8 represent SPM images 

at different time intervals for thin PS films on the concave and convex PI substrates 

where VP << VCC and VP << VCV; Figure 3.9, for PS films for intermediate 

thickness where VP ≥ VCC and VP ≥ VCV; Figure 3.10, for thick PS films where VP 

>> VCC and VP >> VCV. 

As anticipated, we found similar morphologies to those in chapter 2 using non-

wettable substrates. Although PS is supposed to be wettable on PI substrates, the 

films were forced to dewet by the physical defects. As three-phase contact lines are 

generated due to dewetting, the surfaces of polymer films will be transformed to 

minimize the instabilities. 

Especially for the films barely covering the patterns, the excessive amount 

overfilling the patterns will produce positively curved surface curvature. Laplace 

pressure-driven transformation, depending on the curvature, will eventually 

determine the late-stage morphologies. As discussed in chapter 2, the curvature 

right after initial stage is anticipated to be greater for the convex patterns than 
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concave patterns. Consequently, films on the convex patterns encountered ruptures 

in an extensive area and at a greater scale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 

 

 

 

Figure 3.8. SPM images of PS thin films of VP << VCC and VP << VCV on concave 

(left) and convex (right) PI substrates with variation in annealing time. (a) as-cast 

films, (b) 30min, (c) 24hr. 
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Figure 3.9. SPM images of PS films of VP ≥ VCC and VP ≥ VCV on concave (left) 

and convex (right) PI substrates with variation in annealing time. (a) as-cast films, 

(b) 30min, (c) 24hr. 
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Figure 3.10. SPM images of PS films of VP >> VCC and VP >> VCV on concave (left) 

and convex (right) PI substrates with variation in annealing time. (a) as-cast films, 

(b) 30min, (c) 24hr. 
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In previous studies adopting films coated on wettable substrates, roughened 

films due to the roughness of the substrates present wetting behaviors. Depending 

on the thickness, healing behavior can be observed, recovering the surface 

roughness based on surface planarization. The following equation presents the 

relationship between the film thickness and the healing length.[44] 

  =  
   

| |
 
 / 

     (3) 

   represents the healing length as the film thickness of e;  , the surface tension 

of liquid; A, Hamaker constant estimated for the system. When the roughness scale 

is greater than   , the surface of the liquid replicated the roughness of the substrate. 

When the roughness scale is smaller than   , the surface of the liquid is 

smoothened out. We calculated the healing length of our system based on the above 

equation. Hamaker constants of PS and PI were anticipated by the following 

equations where the cut-off distance (D0) was set to a constant value (0.165 

nm).[45] 

   = 24π  
       (4) 

The Hamaker constants of Air(1)/PS(2)/PI(3) were then calculated by the equation 

as follows. [45] 

    =      −          −        (5) 

Figure 10 shows the graph of healing length as a function of film thickness. As 

our adopted substrates incorporate 110 nm spacing,    was greater than the pattern 

spacing for film thickness ranging from a few nanometers to a few tens of 

nanometer. Thus, smooth-out behavior is anticipated to occur for the film 

thicknesses prepared in this study. Actually for thicker films without dewetting, the 
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surfaces went flat, not replicating the roughness of the substrate patterns. Moreover, 

it also explains the underfilling behavior in the initial stage of film transformation.  
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Figure 3.11. Plot of healing length versus film thickness for PS coated on PI.  
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In a previous work,[46] films thinner than the molecular size was reported to 

present abnormal dewetting behavior in early stage of film transformation, but 

similar in the late stage. As polymer films of lower Mw transforms more quickly 

due to higher mobility of the chains, the rupture behavior such as increase in hole 

diameter and number of holes anticipated to be greater, compared to those of higher 

Mw. But, the finding in the previous study was opposite to the general behavior. 

The number of holes and the width of the crest around the holes in the early stage 

grew faster for higher Mw. It was explained by chain frustration confined to the 

thickness thinner than the molecular size.  

Similarly, we observed that dewetting on the convex patterns was much quicker 

for higher Mw PS. We prepared PS films with Mw~980k and Mw~2050k on the 

convex PI substrates. Figure 3.12 represents SPM images of PS films of the higher 

molecular weights on the convex PI substrates at various annealing times. As soon 

as the samples were heated (5min), instant hole nucleation occurred on the peaks of 

the convex patterns. The number densities of the nucleated holes were 3 μm-2 for 

Mw ~ 980k and 50 μm-2 for Mw ~ 2050k. Therefore, more holes were found to 

nucleate for higher molecular weight in spite of higher viscosity. With annealing 

further in time (b and c in Figure 3.12), the isolated holes merged, increasing the 

size of holes and thickening in the other regions. In that stage, we did not observe 

much difference in dewetting behavior based on molecular weight.  

Therefore we claim that preferential dewetting at the peaks accompanied with 

chain frustration appeared to accelerate the restructuring in the thin films on the 

convex patterns. As a results, the nucleation of holes, the initial stage of dewetting, 

appeared to take place faster for more frustrated polymer films (higher Mw PS). 
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Figure 3.12. SPM images of PS films of Mw ~ 980 k (left) and Mw ~ 2050k (right) 

on convex PI substrates at various annealing times. (a) 5 min, (b) 10 min, (c) 30min, 

(d) 60min. 

 

 

 



97 

 

3.3.3 Stability of PS films based on pattern curvature upon mechanical 

stress 

By scratching the surfaces of PS films on the concave and convex PI substrates, 

we analyzed the stabilities of the films under the mechanical stress. We prepared 

thick enough films, so that films were supposed to be stable without heterogeneous 

defects. After ageing the films at a temperature lower than the glass transition 

temperature, we scratched the surface. By thermally annealing the scratched films 

at the temperature above the glass transition temperature (145°C for 25 h), the 

scratched regions were observed by SEM.  

Figure 3.13 show the SEM images of the scratched films after the thermal 

annealing process. As shown in Figure 2.13 for PS on Al substrates, films were less 

susceptible to the mechanical stress on the concave patterns, and those on the 

convex patterns extensively ruptured around the scratches. Considering inherent 

stability of PS on PI, the mechanical stress appeared to trigger instability of the 

films around the scratches on the convex patterns. On the contrary, films on the 

concave patterns were resistant to the mechanical stress. Even the nucleated holes 

in the scratches did not propagate with such long thermal annealing. 

In addition, we imposed thickness variation on the PS film surfaces on each 

pattern. Using line-patterned molds (2 μm width and 2 μm spacing), we patterned 

the thick PS films. Hot pressing was carried out for long enough time to fill the 

empty space completely. A-1 and B-1 in Figure 3.14 exhibits the surface 

morphologies right after line-patterning, and A-2 and B-2 shows the surface 

morphologies after thermal annealing the line-patterned specimen. The small 

bumps in A-1 and B-1 represent that the surface of the soft mold was imperfect. On 
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the other hand, it proves that PS filled up the line-patterns of the soft mold. The 

surface morhpologies in the dented line-patterns shows that polymer overfilled 

both the concave and convex patterns. 

As the line-patterned specimens are thermally annealed, we found 

morphological difference in the dented line-patterns. Similar to the scratched 

samples, the pressed area was extensively exposed on the convex patterns, but only 

the sharp peaks were exposed on the concave patterns as shown in B-1 and B-2 in 

Figure 3.13, respectively. From this, we found that convex pattern induces better 

pattern-directed dewetting. Compared to chemical patterns controlling chemical 

contrast, it shows possibility that pattern curvature as a physical origin can be 

utilized in surface patterning requiring no residual layer even on a wettable 

substrate. 
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Figure 3.13. SEM images of the scratched films on concave PI (a) and convex (PI) 

after thermal annealing. Insets: magnified view of the boxes with white dot lines. 
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Figure 3.14. SEM images of line-patterned films concave and convex patterns. A-1 

and A-2: line-patterned surfaces before thermal annealing, B-1 and B-2: line-

patterned surfaces after thermal annealing. Scales bars in insets: 2 μm. 
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3.4 Conclusion 

In this study, we fabricated PI substrates with mesoscopic concave and convex 

patterns by replicating the structure in a self-assembled AAO. Polymerizing the 

precursor molecules on the mastermolds, the nanoscopic structures in the patterns 

were well-replicated.  

By analyzing the spreading coefficient for Air/PS/PI system based on contact 

angle measurement, we found that the spreading coefficient is positive, meaning 

that PS should be wettable on PI substrates. Experimentally, spin-coated PS thin 

films were observed stable generally irrespective of film thickness. 

PS films on the concavely and the convexly patterned substrates exhibited the 

dependence of the pattern curvature similar to the observation in chapter 2. On the 

concave patterns, either pattern-directed dewetting or complete wetting was 

observed with variation in film thickness. On the convex patterns, isotropic rupture 

was additionally observed. Considering the inherent stability of PS on PI, 

nucleation and growth was anticipated to induce dewetting on the concave and 

convex patterns.  

Dewetting appeared to be initiated at the peaks of the concave and convex 

patterns, underfilling the cavities in each pattern, which lowers Laplace pressure 

for both concave and convex patterns. The difference in the late stage 

transformation was then attributed to the opposite characteristic in topographic 

gradient of the concave and convex patterns, which brings difference in contact 

instabilities of dewet polymer. 

The isotropic rupture on the convex pattern with characteristic wavelength is 

attributed to the regular spacing the patterns. As dewetting was initiated by the 
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patterns, the rupture dimension was determined in the initial stage by the pattern 

spacing like amplification of capillary wave for spinodal dewetting. Therefore, 

dewetting on the convex patter, initiated by nucleation, also presented spinodal-

dewetting like morphologies. 

By imposing mechanical stress or microscopic undulation in thickness, we 

found that the films on the concave patterns are less susceptible to the external 

stimuli. Moreover, our mesoscopic convex patterns were realized to be a good tool 

to provide more enhanced contrast to pattern-directed dewetting at micrometer 

scale. 
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Chapter 4. Curvature of Pre-patterns on Pore 

Growth in Anodization of Aluminum 

 

4.1 Introduction 

One dimensional (1D) nanostructures such as nanorods, nanotubes, or 

nanowires have been of importance in potential applications in various industrial 

fields: functional surfaces with controlled wettability[1, 2] or adhesiveness,[3] 

energy devices like battery[4] or capacitors,[5] optoelectrical devices,[6] and 

sensors.[7] As an effort to fabricate 1D nanostructures, template-assisted methods 

among various fabrication methods have attracted great attention, since structure 

parameters like aspect ratio and ordering are not better controlled, but they can also 

be applied to various materials.[8] Anodization of valve metals is one method to 

fabricate inorganic cylindrical nanopore array with high density packing.[9-12] 

Besides organic templates like microphase-separated block copolymer,[13] track-

etched polycarbonate[14] and porous coordination polymer[15] have been also 

employed in many practical and model studies. 

Among the template materials, a lot of researchers have benefited from anodic 

aluminum oxide (AAO) due to uniform pore structure and ordering, thermal 

stability, and hardness of alumina; various materials including metal,[16] metal 

oxide,[17] and polymers[18] have been fabricated into nanorod array, nanotubes or 

nanowires via electroplating, atomic layer deposition, solution-based process, hot 

pressing, etc. There have been quite a few studies to understand self-ordering 

mechanism of pores. Some parameters have been discovered to influence during 
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oxide formation: ion transport in oxide layer,[19] tensile stress at metal/oxide 

interface,[20] electric field strength,[21] and mechanical confinement.[22] In 

addition, pre-patterning of aluminum was proven to affect ordering of pores as well 

as pore shape.[23-26] Some studies have shown that repulsion between 

neighboring pores and asymmetric pre-pattern ordering against self-ordered 

structure result in non-circular pores with an ordering beyond hexagonal 

packing.[27] 

In 1997, Masuda and coworkers demonstrated that imprinting aluminum 

surface with a hard mold of hexagonal patterns accomplished pore ordering at 

millimeter scale, overcoming problems in conventional two-step anodization 

method.[24] Ever since then, pre-patterning of Al has been exploited as a method 

to improve pore ordering or/and to regulate pore shape. Monolayered microsphere 

assembly,[28, 29] hard stamping,[24, 30] soft lithography,[31, 32] implantation of 

patterns in the Al/substrate interface,[33] focused ion beam etching[26] have been 

introduced to make pits on Al surface, so that pore growth occurs at the designated 

positions. Especially to manufacture non-circular pores in non-hexagonally 

packing structure, lithographic patterning techniques based on top-down 

approaches have been mostly carried out. Since nature prefers hexagonal packing, 

it generally requires artificial efforts to obtain structures beyond hexagonally 

packed structures. Although the above methods are advantageous to obtain well-

defined pre-patterns, it present challenges in terms of processing time and cost, 

making it difficult to use them as templates. 

Herein, we introduce a facile method to obtain trigonal nanopore arrays via 

replication of hexagonally packed concave pattern. Anodization of Al with 
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hexagonally packed concave pattern has been reported to form circular pores in 

hexagonal packing; that with the inversed pattern in this study was found to form 

triangular pores in inverse-hexagonal packing. Therefore, we discovered that both 

circular and triangular pore shapes are achievable from the self-assembled structure 

of AAO itself without any assistance of expensive lithographic techniques. 

Moreover, we found that the replicated pattern we adopted in this study was 

beneficial to obtain better-defined triangular pore shape than the same patterns 

fabricated based on other lithographic techniques. As we replicated the self-

assembled structure in AAO, the curvature of the pattern was transferred in 

addition to the packing structure. Analyzing the pore growth as a function of time 

and comparing our results with the previous studies, the curvature of the pattern 

was discussed to enhance the anisotropy in pore shape. Therefore, we highlight the 

importance of the curvature of pre-patterns as well as their packing structures. 
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4.2 Experimental 

The concavely patterned and convexly patterned structures were obtained from 

the structure existing in self-assembled hexagonal packing AAO. The interface in 

between nanoporous AAO and Al exhibits well-ordered scalloped morphology.[19] 

Through a selective removal of AAO, we obtained concavely patterned Al 

substrate . Replicating the concave patterns, we obtained convexly patterned Al 

substrates. Figure 4.1 represents the experimental procedure to obtain concavely 

patterned Al and convexly patterned Al substrates, and AAO pore arrays anodized 

from the patterns. 
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Figure 4.1. Experimental procedure to fabricate concavely patterned and convexly 

patterned Al and AAO pore arrays thereof. 
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Fabrication of circular pores in hexagonal packing.  

Concavely patterned mastermold was fabricated by a conventional anodization 

technique under constant voltage mode.[10] To minimize surface roughness, 0.5 

mm thick Al foils with 99.999% purity (Goodfellow) were electropolished in 

ethanolic perchloric acid (70 ml of perchloric acid diluted in 280 ml ethanol) at 

20V and 0°C. The electropolished Al foils were then anodized in 0.1 M phosphoric 

acid (PA) at 195V for obtaining 500 nm spacing pattern or anodized in 0.3 M 

oxalic acid (OA) at 40V for 110 nm spacing pattern for 15 h.  Anodized 

aluminum oxide (AAO) being selectively etched away in chromic acid solution 

(18g of chromium oxide dissolved in the mixture of 40.4ml of phosphoric acid and 

1 L of deionized water), Al with concave pattern in hexagonal packing was 

exposed. Circular pore AAO in hexagonal packing was synthesized with the 

concavely patterned Al under the same anodization condition as 1st anodization.  

 

Fabrication of convexly patterned Al.  

To obtain the inversely patterned Al, thermal evaporation of Al was carried out 

directly on the concavely patterned Al foil. For ease of detachment between them, 

hydrophobic buffer layer was prepared on Al foil ahead of Al evaporation.[34] The 

surface of Al was chemically modified to amino silane by dipping Al in 1wt% 

methanolic solution of 3-(aminopropyl triethoxysilane) (Aldrich) for 10 min. 

Casting monoglycidyl ether-terminated poly(dimethylsiloxane) (PDMS) on the 

chemically modified Al at 80°C for 4 h, PDMS was anchored on the surface by 

epoxy-amine reaction. 700 nm ~ 1 μm thick Al was deposited on the hydrophobic 

Al foils via thermal evaporation of Al with 99.999% purity (Goodfellow); 
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evaporated Al thin foil was detached as supported by a substrate with a thin 

adhesion layer. 

 

Fabrication of triangular pores in inverse hexagonal packing.  

Triangular pore array in inverse-hexagonal packing was fabricated by anodizing 

the replicated, convexly patterned Al in 0.1 M PA at 0°C. Al foil with 500 nm-

spacing pattern was anodized at 140V; 110nm-spacing pattern, at 27V. In order to 

understand the mechanism of initiation and growth of triangular pores, Al was 

anodized at various time scales: 3 min, 7 min, 18 min, and 60 min. Except for that, 

anodization was carried out until the whole amount of evaporated Al was 

consumed to form alumina. 

 

Fabrication of triangular pores with various pore sizes.  

To widen the size of AAO pores, as-anodized pore arrays were immersed in 50 ml 

of 0.1 M PA at 30°C at different time scales. Triangular pores anodized at 27V 

were dipped in the solution for 10 min, and those at 140V were dipped for 30 min 

and 60 min. After the etching process, the pore arrays were thoroughly rinsed with 

deionized water and then ethanol. 

 

Fabrication of triangular polymer pillar array.  

To confirm the structure of pore from its top to bottom, amorphous polystyrene (PS, 

average molecular weight ~ 280,000, Aldrich) was inserted into the pores, and the 

morphologies of the replicated polymer pillars were observed after removing 

alumina. 1 mm thick polystyrene film was placed on AAO surface, and 
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polymer/AAO assembly was clipped in between slide glasses and heated at 190℃ 

for 30 min under vacuum. After the sample was cooled down to room temperature, 

it was dipped in 5wt% NaOH (aq) mixed with ethanol for hours to etch away 

alumina and washed with deionized water and ethanol. 

 

Fabrication of microsphere assembly in hexagonal packing. 

PS latex microsphere (Alf Aesar, diameter ~ 500nm) was utilized to obtain another 

hexagonal packing structure in a wide range. As-purchased 2.5wt % dispersion (aq) 

was diluted into 0.02wt% by adding deionized water without addition of any 

surfactant. Si wafer in size of 1 cm x 3 cm were washed by organic solvents under 

sonication. The cleaned Si wafer was dipped in 0.02wt% PS sphere dispersion at 

50°C for two or three days until water in the dispersion dried out. The self-

assembled PS spheres were further processed to obtain concave and convex 

patterns as pre-patterns of circular and triangular pores. The details are explained in 

section 4.3.3. 

 

Structure analysis of AAO pores and replicated polymer pillar.  

The anodized alumina pore array, replicated polymer pillar array, self-assembled 

PS microsphere were observed by SEM (JSM-6701F, JEOL) at 10 kV after thin 

coating of platinum. 
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4.3 Results and Discussion 

 

4.3.1 Curvature sign of pre-patterns on pore shape and its ordering 

Table 4.1 shows the schematic illustration of Al with concave pattern or the 

inversed pattern, and the anodized pore arrays thereof. As the sharp peaks in the 

original concave patterns become the lowest depressions in the replicated convex 

pattern, the packing structure of the pits were opposite to each other: hexagonal 

packing in the concave patterns and inverse-hexagonal packing in the convex 

patterns as shown in the third row in Table 4.1. 

As electric field is distributed vertically to the surface, field distribution on 

rough or patterned surface should change locally. In that aspect, electric field 

distribution for pore growth during anodization is anticipated to be more 

concentrated in the lower depression in each pattern and pores are anticipated to 

grow at the regions as shown in the second row in Table 4.1. Therefore, pores 

grown from each pattern should also exhibit the opposite packing structures as 

shown in the fourth row in Table 4.1. Furthermore, pore shape will be determined 

to minimize the mechanical stress in pore growth based on the basis of the imposed 

patterns. 
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Table 4.1. Schematic illustration of concavely and convexly patterned Al and AAO 

pore arrays thereof. 
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We prepared the patterns with the opposite curvatures at different size scales to 

confirm reproduction at different dimensions. Figure 4.2 shows the concavely 

patterned and convexly patterned Al with 110 nm-spacing and 500 nm-spacing 

patterns. Replication of the patterns was successfully carried out in the area of 1 cm 

x 4 cm. The curvatures of the patterns as well as the pit ordering structures 

appeared to be well-transferred. Here in this study, we took samples of 0.5 cm x 1 

cm in size and anodized the specimen. 

The heights of the patterns were measured by scanning probe microscopy 

(SPM, SPA-300HV, SII instrument): 25 nm for 110 nm spacing pattern and 180 nm 

for 500 nm spacing pattern. Although the height of the pattern for the smaller 

pattern (25 nm) is much smaller than that for the larger pattern (180 nm), it is still 

twice larger than the depth of the pits of the patterns in previous studies.[26, 27] 

Therefore, the smaller pattern is anticipated deep enough to be utilized as pre-

patterned substrates in this study. 
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Figure. 4.2. SEM images of bare concave (left) and convex (right) Al at different 

pattern sizes. (a): 110 nm spacing patterns, (b): 500 nm spacing patterns. Scale bars: 

500 nm (a) and 2 μm (b). 
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As reported in other studies, interpore spacing (dIP) are determined by 

anodization condition, especially by applied voltage (Uanod) for constant voltage 

condition or current for constant current condition.[19] The following equation 

represents the linear relationships between dIP and Uanod. 

   = −1.7 + 2.81        (1) 

This means that Uanod should be optimized for the convex patterns. The pit 

spacings (dP) for the concave patterns are 110 nm and 500 nm for the smaller and 

the larger patterns, respectively. There are three different pit spacings in the unit 

structure of the convex patterns: 1/2 dP, √3/2dP, and dP. Hence, anodization for 

the concave Al was carried out under the same anodization conditions as the 1st 

anodization whereas that for the convex Al was performed under some modified 

conditions. We tried anodization for the convex Al at various voltages, and the 

optimal condition was found in the middle of the voltages corresponding to 1/2dIP 

and dIP as demonstrated in other studies. [24, 27] 

By anodizing the concavely patterned and convex patterned Al, we found 

interesting results in pore shape and its ordering. Figure 4.3 exhibits the SEM 

images of AAO pores from the concave patterns and convex patterns. Circular 

pores were grown from the concave Al ((a) and (c)); triangular pores with high 

degree of anisotropy were grown from the convex Al ((b) and (d)). In previous 

studies making non-circular pores, the anisotropic pore shape were mostly 

achieved by fully etching the pores until the frame of the pores barely remains.[24] 

However in this study, we fabricated well-defined triangular pores with sharp 

corners as they are synthesized. 
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Figure 4.3. SEM images of circular pore and triangular pore arrays. (a) and (b): 

AAO form 110 nm spacing patterns, (c) and (d): AAO form 500 nm spacing 

patterns. Figures with red lines in (a) and (b): packing structure of pores. 
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According to previous studies, porous AAO comprises of two layers with 

chemical difference: outermost layer close to the surface (AAO/electrolyte) and 

innermost layer close to the interface (Al/AAO).[35] The innermost layer is the 

layer composed of purely dense alumina. The outermost layer is the layer 

containing some ions dissolved in the anodization solution. The purity makes 

difference in dissolution rate in etching solution, influencing the shape during 

etching process. In this respect, trigonal, tetragonal, and hexagonal pores were 

fabricated after long pore widening process.  

Analogously, we found that the shape for the triangular pores maintained even 

after long pore-widening process. Therefore, we were able to obtain triangular 

pores which sizes are tunable in a wide range. Figure 4.4 exhibits that the triangular 

pores are tunable in their size ranging from a few tens of nanometer to a few 

hundreds of nanometer. The red triangles in Figure 4.4 are the imaginary pores with 

the sizes estimated from the images. 
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Figure 4.4 SEM images of triangular pores with various pore diameters. (a): pores 

anodized at 27V without pore-widening, length of a side of triangle (ltri) ~ 45 nm, 

(b): pores anodized at 27V with 10 min pore-widening, ltri ~ 60 nm, (c): pores 

anodized at 140V without pore-widening, ltri ~ 120 nm, (d): pores anodized at 140V 

with 30 min pore-widening, ltri ~ 185 nm, (e): pores anodized at 140V with 60 min 

pore-widening, ltri ~ 230 nm. Red triangles: imaginary pores in each condition. 
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In spite of the generality in formation of triangular pores irrespective of pattern 

size as shown in Figure 4.3 (b) and (d), we found large difference in porosity: 15 % 

for triangular pores in Figure 4.3 (b) and 8% for those in Figure 4.3 (d). The 

difference in porosity can be anticipated to come from difference in volume 

expansion from Al to AAO based on applied voltage. Even with the same 

electrolyte condition, volume expansion ratio is known to decrease with declination 

in applied voltage.[22] As pores were meant to grow at the pits, porosity should 

increase when smaller pattern of the same structure was anodized at much lower 

voltage.  

By anodizing flat Al without pre-patterns, we estimated porosities at the different 

voltages under the same electrolyte condition (0.1M PA). The porosity at 140V was 

~12%, and the porosity at 27V was ~27% as shown in Figure 4.5. In this respect, 

larger porosity would work for the smaller pattern in this system. 
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Figure 4.5. SEM images of AAO anodized from Al without pre-patterning in 0.1M 

PA at 27V (a) and at 140V (b). 
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In addition, we inserted amorphous polystyrene (PS) by hot pressing PS melt 

on the AAO pore array and removed the AAO in mild basic solution, so as to make 

sure the triangular pore shape maintain to the pore bottom. Figure 4.5 shows the 

released triangular PS nanorod array in a lower magnification and a higher 

magnification. Figure 4.6 (a) exhibits PS pillars with the aspect ratio ~2.5, and (b) 

shows PS pillars with the aspect ratio of ~6.5. The triangular shape appeared to 

maintain up to the length. 
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Figure 4.6. SEM images of PS pillar arrays with different lengths. (a): aspect ratio 

~ 2.5, (b): aspect ratio ~ 6.5 Insets: side-view of triangular pores before inserting 

PS scale bars in insets: 500nm. 
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Interestingly, we found that the pore shape was influenced by the kind of 

electrolyte. We carried out anodization using 110 nm spacing convex patterns 

either in 0.3M OA or in 0.1M OA. From this we found that AAO pores in 0.3M OA 

were circular, but those in 0.1M PA were triangular at the same anodization voltage. 

As explained previously, the outermost layer of oxide incorporated electrolyte, and 

its physical structure can vary based on the kind of electrolyte.  

To make sure of the difference, we anodized 110 nm spacing convex Al at various 

times and analyze the formation of the porous structure. Figure 4.7 shows the oxide 

or porous oxide anodized at 27V at different anodization times in 0.3M OA and 

0.1M PA, and PS pillar arrays from each AAO. In the early stage of anodization, 

we found dissimilarity in the oxide structures based on electrolyte. A series in 

Figure 4.6 present that pores grow at the pits with very small openings. On the 

contrary, B series in Figure 4.7 present that the hexagonal frame of the convex 

domes became wider, and the pores grown at the pits were larger than those in A 

series. We speculate that the difference is based on expansion ratio of alumina to 

aluminum, depending on electrolyte. 

In previous studies, the field strength was reported to change depending on the 

electrolyte even at the same voltage. For AAO, the field strength is determined by 

the equation as follows: [9, 36] 

  =      /     (2) 

EB represents the field strength across the barrier layer at the applied voltage; Uanod, 

the applied voltage;dB, the thickness of barrier layer of AAO. Therefore, the 

difference in electric field strength at the same Uanod implies that it accompanies 

change in   . Therefore, anodization of Al with the same pattern at the same 
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voltage in different electrolyte can present different pore structures such as porosity 

or pore shape as we observed in Figure 4.7.  

Moreover, it was reported that the mechanical stress during pore growth 

depends on the kind of electrolyte.[35] In terms of electrolyte, mechanical stress is 

much lower for phosphoric acid than other acids such as sulfuric acid and oxalic 

acid. As the inverse-hexagonal packing pattern is not a naturally adopted packing 

structure, the pore growing on the patterns might be under additional mechanical 

stress. So, we speculate that pore growing in phosphoric acid with lower 

mechanical stress adapt better to the imposed structural frustration and allow pore 

structures to follow the ordering of the pre-patterns. In fact, we found more 

irregularity in pore shape and its growing direction for pores grown in OA.  

On the other hand, we found difference in porosity based on the kind of 

electrolyte. By anodizing flat Al without pre-patterns at 27V, the porosity for 0.1M 

PA (~27%) was observed to be much greater than that for 0.3M OA (~10%). This 

means that the volume expansion from Al to Al2O3 is greater for AAO in OA than 

that in PA and reflects that large mechanical stress is given in the interface between 

AAO and Al formed in OA. 

 

 

 

 

 

 

 



129 

 

 

 

Figure 4.7. SEM images of AAO from 110 nm-spacing convex Al at different 

anodization times in different electrolyte condition. A series: anodization in 0.3M 

OA, B series: anodization in 0.1M PA. A-1 and B-1: 30s, A-2 and B-2: 2min, A-3: 

5min, B-3: 30min. A-4 and B-4: PS replica from A-3 and B-3, respectively. 
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4.3.2 Growth mechanism for triangular pores 

In this section, we investigated how the pattern curvatures as well as pit 

packing structures influence the initiation and growth of pores on the pre-patterns 

we adopted. Figure 4.8 represent the schematic illustrations of circular pores in 

hexagonal packing, circular pores in inverse-hexagonal packing, and triangular 

pores in inverse-hexagonal packing, and a table comparing the discrepancy in wall 

thickness of pores in each structure. The pore sizes of the circular and triangular 

pores were determined based on porosity (12%) for AAO at 140V. dW1 and dW2 

represent the wall thicknesses between the neighboring pores.  

For circular pores in hexagonal packing (A in Figure 4.8), the thickness ratio 

should be 1 and can be regarded as the ideal case in the equilibrium state. We then 

supposed circular or triangular pores resided in the inverse-hexagonal structure. 

Applying the porosity (12%) and the spacing of patterns (500nm), the diameter of 

circular pores was calculated to be 110 nm in B in Figure 4.8. The length of 

triangular pores was estimated to be 150 nm in C in Figure 4.8.  

Due to alteration in pit spacing of inverse-hexagonal packing structure (250nm 

between the nearest pits and 500 nm between the furthest pits), dW1 and dW2 for the 

supposed pore shapes also varied. Consequently, the ratio for circular pores (B) 

was anticipated to be smaller than that for triangular pores (C). This implies that 

the wall thickness distribution would become highly anisotropic supposing circular 

pores. As isotropic nature is favored in formation and flow of alumina, the circular 

shape might impose more frustration on pore formation, so it is more possible that 

triangular shape with increased isotropy in wall thickness will be favored. 
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Figure 4.8. Schematic drawing explaining the effect of pore shape on pore wall 

thickness ratio. A: circular pores in hexagonal packing, B: circular pores in inverse-

hexagonal packing, C: triangular pores in inverse-hexagonal packing.  
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Using 500 nm-spacing convexly patterned Al, we fabricated AAO at different 

anodization time scales and observed the morphologies of the pores in both top 

view and side view by SEM, so as to understand pore initiation and growth from 

the adopted pattern. Figure 4.9 exhibits SEM images of AAO pores anodized for 3 

min, 18 min and 60 min. Figure 4.9 (a) exhibits top view of AAO at 18 min 

anodization. The white arrow inside indicates the direction according with the 

sectioned profiles shown in Figure 4.9 (b). Square boxes with solid line (A) and 

those with dot line (B) indicate the sectioned profiles of the nearest pores and of the 

furthest pores in the unit structure, respectively.  

At 3 min anodization, the lower frame of convex dome, not just the pits became 

deeper as electric field was concentrated in the lower region.[21, 37] The thickness 

of oxide at this time appeared to be ubiquitously constant, ca. 160 nm. Correlating 

the applied voltage with the measured thickness, the field strength is calculated to 

be 8.8 MV/cm. This value coincides with the field strength suggested by other 

studies regarding porous oxide.[21] In fact, the thickness of barrier layer (dB) in 

this anodization condition was estimated to be ca. 160 nm by SEM observation at 

different anodization times. This implies that pores can grow at any position at this 

time, but only the pits were chosen for pore growth with anodization further in time.  

At 18 min anodization, pores were observed to grow at the pits with triangular 

shape as shown in Figure 4.9 (a). From its sectioned profile, we found a 

dissimilarity in pore wall structures between A and B. Two separate oxide layers 

were found in B whereas one merged straight oxide wall was found in A. Since Al 

existing in between the pores in B can be anodized, the pore structure is expected to 

alter with time. Based on equifield strength model,[9, 36] generation as well as 
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dissolution of oxide should take place in B to maintain its field strength. In fact, the 

SEM image at 60 min anodization exhibits that the wall thickness (dW) in B 

decreased down to approximately 2dB whereas dW in B in the middle image is 

thicker than 2dB due to the portion of remaining Al. The schematic illustration 

shows the alteration of pore structure with anodization time. 
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Figure 4.9. SEM images of triangular pores at different anodization times. (a): Top 

view of pores at 18 min anodization. (b): Side- and top- views of pores at 3 min 

(first row), 18 min (second row), and 60 min (third row). White arrow in (a): guide 

line corresponding to the sectioned profiles in (b). White boxes with solid lines (A): 

pore wall between the nearest pores in the unit structure, White boxes with dot 

lines (B): pore wall between the furthest pores in the unit structure. 
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Figure 4.10 depicts the anodization behaviors in As and Bs in Figure 4.9. As the 

applied voltage for anodization was set to a value corresponding to a interpore 

distance (dinter) between 250 nm (1/2dIP) and 500 nm (dIP), the pores in A can be too 

close to be compared to dinter in steady state; those in B, too far. In this respect, 

thickening of dW in A should be favored, leading to deviation in pore size as well as 

its shape. Su et al. suggested that wall thickening could occur between too close 

pores.[36] A in Figure 4.10 (a) illustrates too close pores with dW thinner than the 

steady-state wall thickness (left), and the deformed pores with thicker dW (right).  

On the contrary, two pores separated by Al will get closer to each other with 

generation of oxide in Al/oxide interface and dissolution of oxide in 

oxide/electrolyte interface,[36] contributing to increase in pore size. B in Figure 

4.10 (a) depicts two distant pores separated by Al (left), and the deformed pores 

with widened pore size with decreased dW (right).  

Figure 4.10(b) illustrates triangular pore smaller or larger than the steady-state 

circular pore at the local positions. The red dot circle in Figure 4.10(b) represents 

the hypothetical circular pore with the pore diameter in steady state (dP1) at the 

applied voltage; the grey area, the portion of thickened pore walls. Due to the 

complex works between wall thickening and thinning, the distance from the center 

of pore to the pore wall can vary from dP2 to dP3 leading to triangular pore structure. 

This corresponds to the anticipation made in Figure 4.8. Therefore, triangular pore 

shape is expected to come from the work to minimize the anisotropy in wall 

thickness. 

 

 



136 

 

 

 

 

Figure 4.10. Schematic drawings of triangular pores in side and top views. (a) A: 

wall-thickened pore structure in region A, B: wall-thinned pore structure in region 

B, Grey: oxide, Black: Al, dark grey: thickened portion in oxide, light grey: 

dissolved portion in oxide (b) Pore shape determined from wall- thickening and 

thinning. Red dot circles: hypothetical circular pores, Grey: oxide, White: pore. 
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We also confirmed the wall- thickening and thinning by correlating thickness 

of the barrier layer and the thicknesses of walls based on an empirical equation. 

According to previous studies,[36] dW (wall thickness) has relationship with dB 

(barrier layer thickness). The following equation shows the relationship. 

  ~2  sinθ  (3) 

θ in the equation represents the curvature angle of the scalloped interface in one 

repeating hexagonal cell. We experimentally determined θ at the anodization 

condition for hexagonal packed structure in the same electrolyte (0.1M PA at 

195V). Figure 4.11 shows the section profile of regularly structured AAO. θ was 

estimated between red solid lines, 47°. Therefore, the wall thickness at equilibrium 

state should be in the range of dB<dW<2dB.  

   Considering dB in AAO grown on the 500 nm spacing convex pattern (160 nm), 

dW is estimated to be ~235nm. By observation, dW in A and dW in B region at 60 

min in Figure 4.9 were ~160nm and ~ 320nm, respectively. On the basis of the 

observation, we confirmed that wall thickness in A in Figure 4.9 was thinner than 

the wall thickness in equilibrium, and that in B in Figure 4.9 was thicker. 
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Figure 4.11. SEM image of sectioned profiled of AAO at 195V in 0.1M PA. The 

circle with dot line was drawn to estimate the curvature angle, θ. 
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As another crucial parameter for the triangular pore shape, we investigated the 

effect of the pattern curvature. The convex curvature of Al pattern appeared to 

contribute in the pore initiation process and reinforce anisotropy of pore shape. 

SEM images in Figure 4.12 represent the bare Al with convex pattern, oxide 

anodized for 3 min, and porous oxide anodized for 7 min, from top to bottom. In 

the beginning of anodization, the lower frame, not just the pits became deeper than 

the convex domes, compared to the original pattern. This means that field-assisted 

dissolution occurred in the lower frame more than in the convex dome as electric 

filed was concentrated in the lower region,  

As the pattern depth gradually changes for our adopted pattern, distribution of 

electric field can vary depending on the local position in the pattern. Thus, electric 

field concentration is expected to be highest in the pits and lower in the hexagonal 

frame, and further lower in the convex dome. The simplified drawing in Figure 

4.12 depicts anisotropic electric fields working around the pits. The arrows with 

solid line indicate the region with higher field concentration; arrows with dot line, 

the region with relatively lower field concentration. 

In an earlier work by Chen et al., they employed the same pattern with the 

same pit spacing without pattern curvature, which was obtained via focused ion 

beam patterning; they reported round triangular pores in inverse-hexagonal packing 

with quite good regularity.[27] Using the same pattern with curvature in this study, 

we could obtain triangular pores with more anisotropic shape. Therefore, we 

speculate that topography-dependent field concentration determined the better-

defined triangular shape in pore initiation, and pores grew with the determined 

feature as shown in Figure 4.9 (a). 
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Figure 4.12. SEM images and schematic illustration of pores in early stage of 

anodization. SEM images in left: un-anodized Al with convex pattern (top), oxide 

anodized for 3 min (middle), and porous oxide anodized for 7 min (bottom). 

Illustration in right: region near pit with altered field concentration in radial 

direction. Arrows with solid line: higher field concentration, Arrow with dot line: 

lower field concentration. Scale bars: 200 nm 
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4.3.3 Triangular pores assisted by microsphere assembly 

Many researchers studying have benefited from microsphere assembly in order 

to achieve large mono-domain ordering with hexagonal packing structure and to 

regulate the interepore distance.[28, 29] 

Due to crystallographic defects of Al or heterogeneous defects, monodomain 

size of AAO pores is reported to limited to a few micrometers.[28] We also found 

that the ordering sizes for both circular and triangular pores are limited to a few 

micrometers, and the pore shapes at the grain boundaries are not regular. Therefore, 

we employed microsphere assembly techniques to fabricate triangular pores with a 

higher degree of ordering.  

As the surfaces of miscropheres are curved, the replicated surface from the 

assembly is anticipated to exhibit concave structure in hexagonal packing. 

Replication of the replicated concave pattern eventually results in the convex 

pattern, similar to the structure mentioned in section 4.3.2. In most previous studies 

using microsphere assembly to obtain hexagonal packing or inverse-hexagonal 

packing structures,[28, 38] the assembled microspheres were used as patterning 

masks, so the curvature of microsphere has not been studied as an experimental 

parameter. In this study, we exploited two interesting characteristics from 

microsphere assembly: surface curvature and wide-area ordering.  

Figure 4.13 show the schematic illustrations of experimental procedure to 

obtain convex Al substrates using microsphere assembly. The images in right 

represent the packing structures of microsphere assembly and the replicas from the 

assembly. We utilized self-assembly of polystyrene (PS) microsphere. Closely 

packed PS microspheres were deposited on a Si wafer through slow evaporation of 
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the dispersed media (water). The average spacing between the spheres was 500 nm. 

The ordering domain was greater than 200 μm2 in area. We replicated the 

assembled structure of PS microspheres onto silicone elastomer mold (thermally 

curable polydimethylesiloxane (PDMS)). As the surface tension of PDMS is lower 

than PS, it spread into the assembled structure quite well. The replicated PDMS 

surface presents inversed packing structure with the inversed pattern curvature. 

Onto the PDMS mold, ca. 700 nm thick Al was thermally evaporated and the 

evaporated Al was detached supported by a substrate with a thin adhesion layer. As 

the surface of silicone mold was hydrophobic, additional surface treatment was not 

necessary.  
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Figure 4.13. Experimental procedure to obtain convexly patterned Al from self-

assembled PS microspheres. 
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Figure 4.14 displays the SEM images of PS microsphere assembly, replicated 

Al, and triangular pores anodized from the replicated, convex Al at 140V. The 

images show that the patterns even with double replication process were well-

transferred onto Al. Analogously to the observations in section 4.3.2, triangular 

pores were also achievable by this method even with larger mono-domain size.  

However, the shape of the pores presented some irregularity. The irregularity 

was speculated to come from the imperfect ordering in PS sphere assembly. As we 

evaporated the dispersed media under ambient condition, the assembled structure 

was not controlled precisely. Although we controlled the concentration of 

microsphere dispersion for monolayer ordering, some regions were observed to be 

multilayered.  Nevertheless, we confirmed that triangular pores can be achievable 

from another hexagonal packing structure besides self-assembled AAO. 

We claim that triangular pores whose sizes are tunable in a wide range will be 

possible by adopting microspheres with various sizes. Larger monodomain 

ordering and regularity in pore shape can be accomplished based on deposition 

techniques precisely tailored for microsphere assembly. 
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Figure 4.14. SEM images of assembled PS microspheres (a), convex Al replicated 

using microsphere assembly (b), and triangular pores arrays anodized from the 

replicated convex Al (c). Left images: images observed at a lower magnification. 

Right images: images observed at a higher magnification. 
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4.4 Conclusion 

We found inverse-hexagonal packing structure from self-assembled 

nanoporous AAO via simple replication process. Exploitation of the finding 

enabled us to fabricate both triangular and circular pores from the identical patterns 

with the opposite curvatures. Differently from other studies adopting the same pit 

ordering, the pores we manufactured in this study presented better-defined 

triangular feature. We explain that the greater anisotropy in pore shape comes from 

the topography of the pattern as well as the pit ordering structure.  

The alternating pit spacing in the replicated convex pattern was discussed to 

lead local thickening and thinning in pore wall thickness, and the complex work 

between them resulted in triangular pores preferentially formed at the pits. Also, 

the embossed structure of the pattern was discussed to affect electric field 

concentration around the pits, enhancing anisotropy in pore shape.  

The inherent triangular feature of as-anodized pores enabled us to obtain 

triangular pores which sizes are tunable from a few tens of nanometer to a few 

hundreds of nanometer with an assistance of wet etching process. By replicating 

the pore structure, we found that the corners of the triangles kept sharp up to the 

aspect ratio of 6.5. Therefore, the triangular pores by our method were shown to be 

a good candidate as a template for making non-circular nanorod arrays. 

   Besides the pattern structure, the kind of electrolyte was confirmed to be an 

important parameter to determine pore shape – circular in oxalic acid and triangular 

in phosphoric acid. The anodization voltage was found to be associated with 

porosity of AAO – increase in porosity with decreased in applied voltage.  
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   By adopting microsphere assembly, we showed that triangular pores can be 

produced from any hexagonal packing structures with the cells positively curved. 

Moreover, we increased the size of monodomain ordering which was limited to a 

few micrometer for the structure obtained from AAO. 
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Chapter 5. Topography Control of Pre-patterns on 

Pore Growth in Anodization of Aluminum 

 

5.1 Introduction 

One-dimensional nanostructures like tubes, wires, belts, and rods have shown 

great possibilities to be applied in optical devices with enhanced 

photoluminescence, functional surfaces with tunable wettability, and sensors with 

improved sensitivity. [1-6] In fabricating one-dimensional nanostructures, 

template-based methods have been received great attention, since the structure 

parameters like diameter and length can be easily controlled at nanoscopic and 

mesoscopic scales. [7-9] Moreover, the methods have shown better applicability to 

various materials like metals, [10, 11] polymers, [12, 13] liquid crystals, [14] etc 

whereas methods based on direct growth present material specificity.[8] Therefore, 

utilization of template-based fabrication has expanded research arenas for one-

dimensional structures. 

Recently, non-circular shape or tapered structure besides circular columnar 

structure is being received considerable attention in terms of improved optical 

properties. [15-18] Especially, triangular columnar structures have been 

advantageous in chemical and biological sensors based on localized surface 

plasmon resonance (LSPR). Hence, shape control of nanostructures as well as size 

has been of importance. 

Anodic aluminium oxide (AAO) with an assistance of pre-patterning has shown 

possibility to obtain templates with non-circular pore structures. [19-21] However, 



152 

 

pre-patterns beyond non-hexagonal packing mostly require expensive direct 

writing process and restricts the utilization of the non-circular pores in application 

studies. In this regard, the fabrication of the anisotropic nanostructures has been 

limited to the methods involving lithographic techniques, which takes inevitable 

consumption of material and high processing cost. [15, 22] 

In chapter 4, we suggested an interesting method to fabricate triangular pores 

via a facile and economic pre-patterning technique. We obtained the pre-patterns 

from a self-assembled structure via a replication process without any assistance of 

lithographic techniques. Replicating the pore structure, we have shown that the 

corners of the triangular columnar structures keep the anisotropic feature up to the 

aspect ratio of ~6.5. Moreover, the size of the triangle was tunable from a few tens 

of nanometer to a few hundreds of nanometer.  

Discussing the formation of triangular pores, we highlighted the importance of 

the pit ordering structure as reported in other studies, [19, 20] and the topography 

of the pattern as well. Differently from other studies, our pattern incorporates 

convexly domed structures around the pits. The unique topography was found to 

enhance the anisotropy of pore shape 

In this study, we controlled the topographies of the patterns and investigated 

how the topography of the patterns affects the formation of anisotropic pores. To 

achieve control over pattern topography, we took advantage of pattern-directed 

dewetting. By inducing pattern-directed dewetting of polymer films on the 

concavely and convexly patterned substrates, we fabricated the patterns with 

underfilled polymer. Replication of the patterns allowed us to have the convex and 

concave patterns with alteration in degrees of the curvature and depths. 



153 

 

With decrease in the pattern curvature, the triangular pores became more 

isotropic. Reduction in pattern shape resulted in the formation of small subsidiary 

pores in another regular ordering structure. Therefore, we found that the pore shape 

and the formation of subsidiary pores are controlled by the topographies of the 

patterns.  
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5.2 Experimental 

The concavely patterned and convexly patterned structures were obtained from 

the structure existing in self-assembled hexagonal packing AAO. The interface in 

between nanoporous AAO and Al exhibits well-ordered scalloped morphology. [23] 

By selectively removing AAO, we obtained concavely patterned Al substrates. By 

removing the underlying Al, we obtained convexly patterned AAO substrates. The 

topographies of the patterns were controlled via pattern-directed dewetting 

discussed in chapter 2 and chapter 3. Replicating the concave patterns or the 

convex patterns with dewet polymer, we obtained convexly patterned or concavely 

patterned Al substrates, respectively, with alterations in degrees of curvature and 

depths of the patterns. Figure 5.1 represents the experimental procedure to obtain 

concavely patterned Al and convexly patterned Al substrates with their 

topographies controlled. 
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Figure 5.1. Experimental procedure to obtain concavely and convexly patterned Al 

substrates with the topographies controlled via pattern directed dewetting. 
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Fabrication of concavely and convexly patterned master mold.  

A self-assembled nanoporous AAO was fabricated by a conventional 

anodization technique under constant voltage mode. [24, 25] To minimize surface 

roughness, 0.5 mm thick Al foils with 99.999% purity (Goodfellow) were 

electropolished in ethanolic perchloric acid (70 ml of perchloric acid diluted in 280 

ml ethanol) at 20V and 0°C. The electropolished Al foils were then anodized in 0.1 

M phosphoric acid (PA) at 195V for obtaining 500 nm spacing pattern for 15 h or 

anodized in 0.3 M oxalic acid (OA) at 40V for 110 nm spacing pattern for 15 h.  

Selectively removing the nanoporous layer via wet-etching in chromic acid at 

65°C, Al with the concave pattern in hexagonal packing was achieved. Selectively 

removing the underlying Al in cupric acid (17g of CuCl2 dissolved in 500 ml of 

HCl (37 wt%) and 500 ml of deionized water) at room temperature, AAO with the 

convex pattern in hexagonal packing was manufactured.  

 

Pattern-directed dewetting on concave and convex patterns.  

Poylstryene (PS, average molecular weight (Mw) ~ 280k, Aldrich) films with 

various film thicknesses were prepared on the concavely patterned Al and the 

convexly patterned AAO by spin-coating 0.5wt%, 1.0wt%, and 1.5wt% PS 

solutions on the substrates. The spin-coated substrates were thermally annealed at 

190°C for 10 min under vacuum to induce pattern-directed dewetting..  

 

Replication of concave and convex patterns. 

The concave and convex substrates with the dewet PS layers were replicated 

via physical deposition of high purity Al (99.999%, Goodfellow) on the substrates. 
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For ease of detachment between evaporated Al and the master moldst, the surfaces 

of the master molds were hydrophobically modified ahead of Al evaporation. [26] 

The method of surface modification is explained in chapter 4. 700 nm ~ 1 μm thick 

Al was then deposited on the hydrophobic Al foils via thermal evaporation of Al; 

evaporated Al thin foils were detached as supported by a substrate with a thin 

adhesion layer. 

 

Anodization of replicated Al.  

The replicated Al was anodized under constant voltage (CV) condition. Al 

replicas with 500nm spacing patterns were anodized in 0.1 M PA at 140V and 0°C 

as the optimized condition. To analyze the effect of applied voltage, Al replicas 

with the 500nm-spcaing convex patterns were anodized at different voltages 

ranging from 78V to 195V, and the 110nm-spcaing convex patterns were anodized 

at different voltages ranging from 19V to 29V. Especially for 110 nm-spacing 

convex pattern, anodization under constant current (CC) condition was also carried 

out as a comparison with CV mode anodization. For this experiment, the Al 

substrates were anodized in 0.3M OA at 15°C for both CC mode and CV mode.  

  

Fabrication of triangular polymer pillar arrays.  

To confirm the pore structures from their top to bottom, amorphous PS (Mw ~ 

280,000, Aldrich) was inserted into the pores, and the morphologies of the 

replicated polymer pillars were observed after removing alumina. 1 mm thick PS 

film was placed on AAO surface, and polymer/AAO assembly was clipped in 

between slide glasses and heated at 190℃ for 30 min under vacuum. After the 
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sample was cooled down to room temperature, it was dipped in 5wt% NaOH (aq) 

mixed with ethanol for hours to etch away alumina and washed with deionized 

water and ethanol. 

 

Structure analysis of AAO templates and replicated polymer pillar arrays.  

The synthesized AAO pore arrays and replicated PS pillar arrays were observed 

by scanning electron microscopy (SEM, JSM-6701F, JEOL) at 10 kV after thin 

coating of platinum or by scanning prone microscopy (SPM (SPA-300HV, SII 

instrument)). 
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5.3 Results and discussion 

 

5.3.1 Applied voltage or current on pore growth on convexly patterned 

Al 

We analyzed pore formation based on anodization conditions: CC mode and 

CV mode. In the steady state of pore growth, current under CV mode or voltage 

under CC mode does not change much. [27] In other words, there exist specific 

current and voltage for a certain ordering dimension. Although most studies relied 

on CV mode, CC mode has been proven to be advantageous as an rapid fabrication 

method, maintaining higher current density, and for obtaining AAO with more 

improved mechanical stability. [27] We also studied anodization behaviors for the 

convexly patterned Al substrates based on the anodization mode.  

Figure 5.2 show the SEM images of porous membrane anodized under CV 

modes and the graphs presenting current change with time; Figure 5.3, the results 

from anodization under CC modes. 
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Figure 5.2. SEM images of AAO under CV mode and graphs showing current 

change with time. (a): 25V, (b): 33V, (c): 40V. Scale bars: 250 nm. 

 

 

 

 

 

 

 

 

 



161 

 

 

 

Figure 5.3. SEM images of AAO under CC mode and graphs showing voltage 

change with time. (a): 0.5mA, (b): 1mA, (c): 5mA. Scale bars: 250 nm (upper) and 

125 nm (lower). 
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Due to more rapid reaction in OA electrolyte condition than in PA condition, 

we anodized the samples in OA electrolyte solution. It enabled us to observe the 

changes in current or voltage within an hour. In Figure 5.2, the steady state 

(constant current) was reached as soon as anodization started. With complete 

consumption of Al, abrupt drop in current to 0 mA was observed with the complete 

consumption of Al. The SEM images in Figure 5.2 show that pores were initiated 

only at the pits in spite of failure obtaining triangular shape. Judging from current 

in steady states and SEM images, ~1mA appeared to be the optimal condition for 

self-ordering of pores in the electrolyte condition (0.3M OA) and the surface area 

of the Al substrate (5mm x 10 mm).  

For CC mode, the steady state (constant voltage) came long after anodization 

started, and it did not last as long as that for CV mode. Considering the optical 

condition found in Figure 5.2, we tried anodization at 1mA. For comparison, we 

also tried at different currents: 0.5mA and 5mA. As the voltage for pore ordering is 

anticipated to be found in 20V and 40V based on discussion in chapter 4, Figure 

5.3 (b) is anticipated to exhibit the perfect ordering. Nevertheless, we found small, 

multiple pores on the convex dome of the pattern. The formation of smaller pores 

with shorter interpore distances was speculated to be induced in the beginning of 

anodization at the lower voltages before reaching the steady state.  

The electronic current monitored by power supply results from electronic 

conduction as well as ionic conduction in electrochemical reaction. Lower current 

is often ascribed to slower ionic conduction. [28] Therefore, increase in 

temperature or electrolyte concentration in our case could shorten the time taking 

to reach the steady state voltage and allow us to obtain pores formed at the 
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designated pits. 

After the steady state, we found the abrupt increase in voltage up to the limits 

programmed in the supplying system. This can be explained by the complete 

consumption of Al, which means that electrochemical reaction cannot occur any 

longer. Consequently, the current cannot reach the setting value, resulting in 

automatic increase in voltage up to the programmed limit.  

Interestingly in Figure 5.2, we found that pores were initiated at the designated 

positions in an extensive voltage range, differently from other previous studies. 

According to previous studies adopting flat structure, deviation from the optimal 

anodization condition (one pore per depression) can result in multiple pores in one 

depression or pore initiation in other regions besides depressions. [20, 29] In 

chapter 4, the curvature of the patterns was discussed to enhance the anisotropy of 

the pore shape. Likewise, the preferential growth of pores at the pits was also 

speculated to come from the incorporation of convex domes in our adopted patterns, 

which was the discernible difference from the previous studies. [19, 20] To confirm 

it, we anodized the convexly patterned substrates at various voltages and observed 

the initiation of pores in the patterns.  
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Figure 5.4. SEM images of triangular pores grown on 500 nm-spacing convex 

patterns (a) and on 110 nm spacing convex patterns (b) at various voltages. 
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The Al substrates with 500 nm-spacing patterns were anodized at 78V, 99V, 

120V, 140V, 168V, and 195V. The substrates with 110 nm-spacing patterns were 

anodized at 17V, 19V, 21V, 27V, and 29V. Applied voltage is related to interpore 

spacing as reported. [24] As mentioned earlier in chapter 4, there are three different 

pit spacings in the convex patterns we adopted: 250 nm (1/2dIP), 435 nm (√3/2dIP), 

and 500 nm (dIP) for 500 nm spacing pattern, and 55 nm (1/2dIP), 95 nm (√3/2dIP), 

and 110 nm (dIP) for 110 nm spacing pattern. The optimal voltage was found to be 

in the middle of the voltages corresponding to 1/2dIP and dIP. 

Figure 5.4 represent the SEM images of AAO pores anodized at the various 

voltages. In the wide spectrum of voltage, pores were observed to be formed only 

at the pits, not any on the convex domes. Even at a voltage corresponding to 

interpore spacing (dinter) below 1/2dIP (78V for (a) and 17V for (b)), pores were 

initiated only at the six pits in the unit structure although the pore shape was not 

well-defined. Even though the pores initiation was observed only at the pits for all 

of the voltages we tried, we cannot make sure that the pore structures would 

maintain as deep as the pore structures obtained at 140V or 27V, the optimal 

voltage conditions. Since the extreme anodization conditions deviate a lot from the 

condition for steady state, pores could branch or disappear in the middle of 

anodization. Still, the preference of pore initiation at the pits shows the possibility 

for optimal voltages tuned in a wider range. Consequently, the convex dome with 

positive curvature appears to influence pore initiation such as pore shape as well as 

initiating location. 
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5.3.2 Pattern topography on pore initiation on convexly patterned Al 

To confirm the effect of pattern curvature, we controlled the topography of the 

patterns we adopted via pattern-directed dewetting. In chapter 2, we have shown 

that the dewetting structure depends on the amount of polymer film, which helps us 

to control the pitches for the contact lines of pattern-directed polymer films. 

Simply varying the concentrations of polymer solution, we prepared films with 

different thicknesses. Thermally annealing the samples, we eventually obtained the 

substrates of the patterns whose depth were controlled. 

To see its effect on the formation of triangular pores, we performed the above 

experiment for concavely patterned Al substrates. Figure 5.5 represent the top-view 

images of bare concave Al substrate and the substrates with pattern-directed dewet 

polymer analyzed by SPM. 
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Figure 5.5. SPM images in 45° tilted views of concave Al substrates with or 

without pattern-directed PS layers. (a): bare substrate, (b): substrate coated with 

0.5wt% solution, (c): substrate coated with 1.0wt% solution, (d): substrate coated 

with 1.5 wt% solution. 
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With increase in the concentration, the amount of PS coated on the substrates 

increases, and the meniscus of the dewet polymer were higher accordingly. By 

replicating the structure, we could simply manipulate the topographies of the 

convex domes. However, we found that it was not easy to control only their 

curvatures. The curvature of the patterns did not decrease only, but the depth of the 

pattern also decreased.  

The depth (distance from the peak to the lowest valley) of the original pattern 

(a) was ~180 nm, and it further decreased down to ~160 nm (b), ~120 nm (c), and 

~90 nm. The radii of the curvatures were estimated to be ~ 264 nm for (a), ~490 

nm for (b), ~510 nm for (c) and ~500 nm for (d). Hence, the radius of curvature 

dramatically increased with the incorporation of dewet polymer in the cavity, 

accompanied with decrease in the depth of the pattern. 

By taking the concave as a part of circle, we calculated the radii of the 

curvatures for the original pattern and patterns with the dewet polymer. Figure 5.6 

exhibits the schematic illustration of the calculation of the radius of curvature. R 

represents the radius of curvature; l, the depth of the original pattern, lct, the depth 

of the meniscus of dewet polymer; dct, the radius of the contact line. As dewetting 

occurred preferentially at the sharp peaks, the curvature of the peaks did not alter 

before and after manipulation of topography, but the curvature of the convex dome 

did change from the manipulation. Therefore, the curvature of the surface did not 

gradually change across the pattern, gently changing in the middle of the concave 

and abruptly changing near the sharp peaks.  
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Figure 5.6. Radius of curvature (R) of bare concave pattern (a), and concave 

pattern with dewet polymer (b). 
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Utilizing the concave patterns with their topographies controlled, we fabricated 

convexly patterned Al via a replication technique. Figure 5.7 show the SEM images 

of the concave patterns with and without dewet polymer, and the convex patterns 

replicated from the concave patterns. As observed by SPM images in Figure 5.5, 

the curvature of the convex domes in the replica decreased a lot, compared to the 

original pattern, the curvature of the pits was preserved.  

Comparing (a) and (b) in Figure 5.7, the difference in curvature was observed 

to be large, and the difference in the depth was relatively small. Hence, we can 

discuss the effect of the pattern curvature on pore formation with subsequent 

anodization. Comparing (b), and (c) or (d), there was not much difference in the 

curvature, but in the depth. So, it allowed the investigation on pattern depth.  

 

 

 

 

 

 

 

 

 

 

 

 

 



171 

 

 

 

Figure 5.7. SEM (top view) and SPM (45° tilted view) images of concave Al with 

or without dewet polymer, and the replicated convex Al. (a): pattern without dewet 

polymer (b): pattern with dewet polymer (PS 0.5wt% coating), (c): pattern with 

dewet polymer (PS 1.0 wt% coating), (d): pattern with dewet polymer (PS 1.5wt% 

coating). Scale bars: 200 nm.  
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Eventually, we anodized the convexly patterned Al substrates with the 

topographies controlled. To confirm the pore structures, the AAO after 30 min 

anodization was filled with amorphous PS, and the replicated pore structure were 

observed by SEM. Figure 5.8 present the SEM images of AAO and the PS replica. 

As anticipated, triangular pores grew at the pits. Nevertheless, we found difference 

in their structures based on topography control. 

Comparing (a) and (b), the anisotropy in the triangular pore shape showed 

difference. The pores in (a) were sharper at the corners than those in (b). Therefore, 

the curvature of the dome is anticipated to influence the pore shape. In fact, we 

could not observe much difference in the anisotropy among (b), (c), and (d), which 

the curvatures did not change much. Therefore, the curvature of the dome was 

influential in defining pore shape.  

In a previous study, Chen et al. manufactured pre-patterns in inverse-hexagonal 

packing via focused-ion beam etching. [20] The pit spacing as well as the applied 

voltage for anodization was almost the same with ours. However, they reported 

round triangular pores. We find the difference in the pore shape from the presence 

of the convex dome in our adopted pattern. Therefore, we speculate that the 

presence of convex dome with higher curvature took an important role to achieve 

more anisotropic feature in pores as discussed in chapter 4.  

Comparing (b) and (c) or (d) in Figure 5.8, we found the formation of subsidiary 

small pores in the middle of the convex domes in (c) and (d). As the curvature of 

the patterns did not change much, the depth of the patterns is anticipated to be 

associated with the formation. In section 5.3.1, the pores appeared to be initiated 

only at the pits even under the harsh condition (lower applied voltage). However, 
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the alteration in pattern depth weakened the preference definitely. The absence of 

subsidiary pores in (a) and (b) also supports the effect of pattern depth.  

Still, we see importance of the pattern curvature in the formation of subsidiary 

pores. In Figure 5.4 (b), the depth of the patterns (without control of topography) is 

~25nm, much smaller than the depth of (d) in Figure 5.8, but pores were found to 

grow only at the pits. Therefore, we speculate that both curvature and depth of 

patterns are important parameters to control the pore shape as well as the formation 

of subsidiary pores. 
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Figure 5.8. SEM images of AAO pore arrays (second column) anodizing convex Al 

whose topographies were controlled and the PS pillar arrays (third column) 

replicated from the AAO pore arrays. (a), (b), (c), and (d) in Figure 5.8 correspond 

to (a), (b), (c), and (d) in Figure 5.7, respectively. Scale bars: 200 nm. 
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5.3.3 Pattern curvature on pore shape and its ordering 

By adopting 500 nm-spacing concave and convex patterns, we analyzed the 

effect of curvature sign of the patterns on pore formation where their topographies 

were controlled. In section 5.3.2, we found that the anisotropy of pore shape did 

not only change, but the formation of subsidiary pores was also determined with 

manipulation in the topographies of the convex domes. Thus, pores grown the on 

the concave patterns are anticipated to exhibit interesting behavior as well.  

Figure 5.9 shows the SEM images of bare concave and convex Al substrates 

and AAO grown from the substrates at 140V. Figure 5.9 (a) exhibits that multiple 

pores are grown in the wide concave pits, since the applied voltage was lower than 

the optimized voltage (195V) for hexagonal ordering of 500 nm spacing pores. 

Figure 5.9 (b) exhibits the formation of the inverse-hexagonal ordering of 

triangular pores as explained in chapter 4.   

In section 5.3.1, we found that one pore per depression were observed even in 

the extensive range of the applied voltage for the pores grown on the convex 

patterns. However, the pore initiation in the concave pattern appeared to be 

susceptible to the change in applied voltage. Moreover, we found that the initiated 

pores are even densely packed in the middle of the concave cell, exhibiting none 

near the sharp corners or edges of the concave cell. 
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Figure 5.9. SEM images of Al substrates with 500 nm spacing patterns and AAO 

pore arrays from the substrates at 140V. (a): Al with the concave pattern (left) and 

its AAO (right), (b): Al with the convex pattern (left) and its AAO (right). Scale 

bars: 200 nm. 
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Considering the formation of the subsidiary pores on the convex patterns with 

the control in their topographies, the pore initiation on the concave patterns can be 

anticipated to alter with variation in their topographies. Thus, we also controlled 

the topographies the concave patterns exploiting pattern-directed dewetting 

phenomena and replication process as shown in section 5.3.2. 

1.5wt% PS solutions were spin-coated on the concave Al and the convex AAO 

(barrier-layer side). The samples were thermally annealed at 190°C under vacuum 

to induce dewetting at the peaks of the patterns. As shown in A-1and B-1 in Figure 

2.6 for 110 nm-spacing patterns, droplets in the concave cells and mesh-like 

structure around the convex cells emerged for the 500 nm-spacing patterns. The 

structure was then replicated onto Al via thermal evaporation. The replicated Al 

was then anodized at 140V. 

Figure 5.10 represent the SEM images of the master mold (Al or AAO) with 

dewet polymer, the replicated Al substrates, and AAO from the Al replica. As 

expected, we found that the pore shape and its orderings changed even for the 

concave Al substrates. The one circular pore per depression was observed in 

contrast five to six pores as shown in Figure 5.9 (a). The subsidiary pores were 

preferentially initiated at the center of the three adjacent circular pores. Moreover, 

the shape of the subsidiary pores presented triangular feature. Therefore, arrays of 

circular and triangular pores in combination were formed in the concave patterns, 

analogous to the convex patterns. 
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Figure 5.10. SEM images of the master molds with dewet polymer (a), Al 

substrates replicated from the master molds (b), and AAO arrays grown on the Al 

replica (c). Scales bars: 200 nm. 
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Depending on the curvature sign of the patterns, we find difference in the shape 

and ordering of the pores. As the pores are supposed to grow in the lower regions 

in patterns, the center of the concave cell and the hexagonal corners of the convex 

cell are anticipated to be the primary locations in pore initiation. In fact, we found 

that large pores appeared to grow at the anticipated locations, and the small pores 

were formed in the middle of the large pores, which were supposed to be the peaks 

of the original patterns.  

Figure 5.11 shows the SEM images of the pore structures and schematic 

illustration of the pores and the unit structures from the concave and convex 

patterns. In chapter 4, we emphasized that the ordering of the pores became 

opposite with the incorporation of a parameter – pit ordering structure. Herein, we 

produced the same ordering structures from the patterns with the opposite pit 

ordering structures. We attributed the behavior to the decrease in the curvature as 

well as the depth of the patterns.  

In previous works adopting pre-patterns obtained from focused-ion beam 

etching, [20] the size of the dimples was discussed to affect pore formation, 

resulting in alteration in pore shape and size. Moreover, the formation of the 

subsidiary pores was controlled by changing basically the pit spacing or 

anodization voltage. In our work, we controlled the formation of the subsidiary 

even with the same spacing patterns at the same applied voltage simply by 

manipulating the pattern depth and its local curvature. 
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Figure 5.11. AAO pores grown on concave pattern (a) and convex pattern (b). First 

column: schematic illustration showing the primary locations of pore growth (red 

dot circles), Second column: SEM images of AAO grown on each substrate. Scale 

bars: 200nm, third column: unit structures of the pores grown on each substrate. 
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Figure 5.12 represent the pore growth behavior on each substrate. As the 

applied voltage (140V) is set to be in the middle of the voltages corresponding to 

1/2dIP (~98V) and dIP (195V), pore formation can take place in undesired locations. 

From the patterns without controlling the pattern topography, pore formation on the 

top of the high convex cell and near the sharp peaks in the concave cell were 

unlikely. However, reducing the curvature and height of the peaks of each pattern, 

the barrier for pore formation at the higher location appeared to decrease and 

allowed growth of small pores in the improbable regions. Even so, the primary 

locations for the pore growth are the deeper regions in the patterns, and it 

dominates with higher growth rate. On the contrary, higher field concentration 

around the smaller pores (red arrows in Figure 5.12) will finally stop the growth of 

the smaller pores.  

Besides the pore size, the arrangement of the triangular pores is different based 

on the curvature sign of the patterns. This also can be attributed to the preferential 

pore growth of the larger primary pores. With the dominant growth of circular 

pores on the concave pattern, the subsidiary triangular pores should grow reflecting 

the minimization of mechanical stress packed in the middle of the large pores. 

Provided that sharp corners head to the circular pores as presented in triangular 

pores in the convex patterns, the wall thickness distribution would become larger, 

so that the arrangement would not be favored. In this regard, 60° tilting to the 

direction can work better. For convex patterns, the subsidiary pores packed in the 

middle of six triangular pores. Therefore, more isotropic shape, circular as shown 

in Figure 5.11 (b) can work better. 
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Figure 5.12. Schematic illustration of pore growth on concavely and convexly 

patterned Al substrate with their topographies controlled. Red arrows in the box: 

direction of oxide growth by concentrated electric field around the smaller pores.  
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5.4 Conclusion 

With an assistance of pattern-directed dewetting phenomena, we controlled the 

topographies of the patterns: degree of curvature and depth of pattern. PS thin films 

with various thicknesses were prepared on 500nm-spacinag concave Al and convex 

AAO, followed by thermal annealing. Replicating the patterns with the dewet PS, 

we obtained concavely and convexly patterned Al substrates with their 

topographies manipulated.  

As anticipated in chapter 4, the topographies of the patterns were found to 

influence the initiation of pores. Especially for the convex patterns, the triangular 

pores became more isotropic with decrease in the degree of curvature of convex 

dome. The reduction in the pattern depth induced the formation of small subsidiary 

pores in the middle of the convex dome. Analogous behavior was observed for the 

concave patterns. Circular large pores as the primary pores were formed in the 

lower regions, and triangular small pores as subsidiary pores were observed in the 

middle of the circular pore packing.  

With the control in the topographies of the patterns, we obtained the pore arrays 

of the same packing structures even from the opposite pit ordering structures- 

circular pores in the middle of the hexagon and triangular pores at the corners of 

the hexagon. The primary pores appeared to form in the lower regions. The 

subsidiary pores formed in the middle of the primary pore packing. The shape and 

size of the subsidiary pores were determined by minimizing the wall thickness 

distribution.  

Up to date, most studies have showed the importance of the packing structure 

of the pits for making non-circular pores. In this study, we emphasize the 
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topography of the pattern as well as the packing structure, which controls the 

anisotropy of the non-circular pores and the formation of subsidiary pores.  
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   나   수 에  질  크 상태에  질과는 다  

독특한 특  보 에 라 재료 야  생 , 학, 화학, 리 등  

다양한 야에  각  아 다. 특히, 현재 지  많  연 들에  나

믈  크 , 가  강도, /계  곡 ,  비등   

비 칭  같   변수들  나  현 질  변화시킬 수 

 어 고 다. 러한 흥미 운 결과는 특  에 

 신 재  개  어  에 라 다양한 야에 걸쳐 용  검

어 고 도 하다.  

   본 에 는  연 에  개 지 않  새 운  특  

도 하여, 그것  재료  특 에 미치는 향  보고하 , 에 한 

용 도 악하고  한다.  립 양극산화 알루미늄  활용하여, 각 

집 형태  나  곡  획득하 ,  복  술  탕

   역  하 다. 라 , 본 시스 에 는 

 곡과 집 가  특  보 는  가지   하

,   활용하여  재료   재료  리  에 

미치는 향에 하여 연 하 다. 

   알루미늄  재료 하여  역  에 도 하 고,  

  에  고  막  안 에 하여 연 하 다. 비  고

가 알루미늄 에  근본  안 함에도 하고, 본 연 에  

활용   에 는  곡 에 라 안  달라질 수 
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 확 하 다. 특히, 목한 에 는 안  도포 어 는 

상태  확 하 ,  같  차 는   울  차  

었다. 라 ,  곡 상태가 고  막  안  진시

키  한 한 변수  용  수  확 하 다. 

   폴리 미드 에    도 함 , 그 에  고

 막  안 에 하여 연  하 다. 도포  고  질  폴리

미드 에  천  안   확 하 는 , 흥미 게도 본 연

에  역시  곡 에 라 고  막  안  달라지는 

것  확 하 다. 특히, 볼 한  에 는 천  안 과는  

 열 형태  보 ,  볼 한  리  결

 용함에 라 열  진행  확 하 다. 막  열 형태는 본 

열  근원  아닌 스피 달 열  형  과  랐는 , 는 

  규칙  열에 한 것  하 고,  동  

폭 현상과 비  해 었다. 

   도 한  역 집 특  활용하여, 양극 산화 알루미늄  공 

형  과  연 하 다. 각 집  목한  에 는 원형  

공 , 역- 각 집  볼 한  에 는 삼각 공  형 는 것  

찰하 다.  고비용  식각 과  통한 닝  아닌,  

립  양극 산화 알루미늄  원형  삼각 공   형 시킬 

수 었  확 하 다.  같  공 형태  어는  집 

   형상  특  해  었다.  
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   에 해 도 는 필  열 현상  활용하여,  곡도 

  어하 고, 러한  형상  특  공  형 에 미

치는 향  연 하 다.  곡도  가 낮아짐에 라 삼각 

공  비등  감 하 , 또한 수   공  삼각 공 

사 에 형  찰하 다. 또한,  형상    집

 도 같  집  공 열  얻  수  

견하 다. 라 ,  집  어  형상  공  형

태  열에 한 변수  용함  확 하 다.  

   결 , 우리는 곡과 집   가지  변수  포함하는 

 재료  리  에 미치는 향  확 하  에 한 

용  확 하 다. 새 운  특  견  나 재료  리화학

 특  어에 한 역할  해  신 재  활용  수 는 

 어 다.  라 , 새 운  탕  한 본 연 는 나 재

료  특  어  활용  시  연  미가 는 것  사료

다.  
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