
POLYMER MICROSTRUCTURE WITH TILTED MICROPILLAR ARRAY 

AND METHOD OF FABRICATING THE SAME 

 

Field of the Invention 

5 
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The present invention relates to a polymer 

microstructure.  In particular, the present invention 

relates to a polymer microstructure with a tilted 

micropillar array formed by adjusting an incident angle for 

ion beam treatment, and a method of fabricating the same. 

 

Background of the Invention 

 

As well known in the art, there have been studies on 

the life in the natural world and natural phenomenon.  In 

recent years, there are observations of hydrophobicity on 

pure water where a lotus blossom, a lizard, a water strider, 

or the like appears, and there are active studies on the 

structures concerned. 
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That is, a lizard or insect goes up and down the wall 

or slope, or a water strider walks on the water, so the sole 

structure of the lizard, insect, or water strider is 

attracting intention.  The existing studies have found that 

a lizard, an insect, or a water strider has a multilayer 

ciliated sole structure, and this structure has a 

hydrophobic property and sufficient adhesion to the wall. 
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In this structure, it is important to structurally 

control the adhesion strength such that a lizard or insect 

can walk the wall or ceiling without falling.  That is, the 

ciliated sole structure of the insect or lizard arbitrarily 

is configured such that adhesion is maintained or weakened 

as occasion demands.  In particular, there are many studies 

on the ciliated sole structure of the lizard.  The existing 

studies have evaluated adhesion between linear micropillar 

structures and the surface, on which the micropillar 

structures are supported. 
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In the ciliated sole structure of the lizard, the 

cilla are tilted in a predetermined direction, not linear, 

so it is necessary to form a nanostructure with an 

asymmetric tilted structure.  In recent years, as described 

in S. Reddy et al, Advanced Materials 19(2007) 3833-3837, 

linear pillars are tilted by using a shape memory polymer 

material.  In this case, however, a polymer is a hard shape 

memory polymer, so the polymer is only bent by a relatively 

small amount.  As a result, it is difficult to form a 

nanostructure with an asymmetric tilted structure. 

 

Summary of the Invention 

 

In view of the above, the invention provides a polymer 

microstructure with a tilted micropillar array is formed, 

and a method of fabricating the same. 

25 
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An aspect of the invention provides a polymer 

microstructure with a tilted micropillar array.  The polymer 

microstructure is made of a soft polymer material with a 

micropillar array.  The tilted micropillar array is formed 

by either thin film coating or sputtering of a metal/non-

metal material while adjusting an incident angle for ion 

beam treatment over the entire top surface of the 

micropillar array. 
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Another aspect of the invention provides a method of 

fabricating a polymer microstructure with a tilted 

micropillar array.  The method includes the steps of forming 

a soft polymer sample with a linear micropillar array, 

fixing the soft polymer sample onto a jig having a 

predetermined tilt angle within a chamber, and performing 

ion beam treatment on the top surface of the linear 

micropillar array so as to form the tilted micropillar array. 

According to the aspects of the invention, the tilted 

micropillar array is formed by adjusting the incident angle 

for ion beam treatment, so the present invention can be 

applied in fabricating an adhesive material with dry self-

cleaning, a micro robot which can goes up the wall, a wafer 

aligner for a semiconductor manufacturing line, and the like. 

According to the aspects of the present invention, the 

tilted micropillar array can be formed on the surface of the 

polymer by the ion beam treatment where a plasma ionization 

rate is increased by the PECVD (Plasma-Enhanced Chemical 
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Vapor Deposition) method with low energy consumption.  

Further, the micropillars can be tilted at a desired angle 

by adjusting at least one of the incident angle, the 

irradiation time, and the magnitude of acceleration voltage 

of the ion beam for the ion beam treatment. 5 

10 

According to the aspects of the present invention, 

with the lithography method, the low vacuum condition, and 

the low bias voltage condition, the substrate can be 

prevented from being damaged. 

 

Brief Description of the Drawings 

 

The above and other features of the present invention 

will become apparent from the following description of an 

embodiment given in conjunction with the accompanying 

drawings, in which: 
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Fig. 1A is a schematic view of ion beam treatment on 

an upright micropillar array of a polymer microstructure 

according to an embodiment of the invention; 

Fig. 1B shows an SEM image of the surface of a tilted 

micropillar array according to the embodiment of the 

invention; 

Fig. 2A is a schematic view of a hybrid ion beam 

deposition apparatus for ion beam treatment on a micropillar 

array according to the embodiment of the invention; 

Fig. 2B is a diagram showing the shape of a jig 
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disposed within a hybrid ion beam deposition apparatus and 

the surface of PDMS, which is a polymer material with a 

micropillar array, placed at a predetermined tilt angle (α) 

on the jig according to the embodiment of the invention; 
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Figs. 3A and 3C show SEM images of an upright linear 

micropillar array; 

Figs. 3B and 3D show SEM images of a micropillar array 

tilted in one direction; 

Fig. 4A shows an SEM image of a linear micropillar 

array before ion beam treatment is performed; 

Fig. 4B shows an SEM image of a tilted micropillar 

array, which is formed with an incident angle for ion beam 

treatment tilted at α=20°, according to the embodiment of 

the invention; 

Fig. 4C shows an SEM image of a tilted micropillar 

array, which is formed with an incident angle for ion beam 

treatment tilted at α=40°, according to the embodiment of 

the invention; 

Figs. 5A and 5B show SEM images where wrinkles are 

observed in a portion, in which no micropillar array is 

formed, due to a change in voltage according to the 

embodiment of the invention; 

Fig. 5C is a graph showing a wrinkle wavelength 

according to the embodiment of the invention; 

Fig. 6A is a graph showing a change in wavelength to 

an irradiation time when a bias voltage is constant at -400 
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V, according to the embodiment of the invention; 

Fig. 6B is a graph showing a change in amplitude to an 

irradiation time according to the embodiment of the 

invention; 
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Fig. 7A is a graph showing a tilt angle of a 

micropillar to an angle between a micropillar array and an 

ion beam for ion beam treatment according to the embodiment 

of the invention; 

Fig. 7B shows an SEM image of a micropillar tilted at 

α=40° according to the embodiment of the invention; and 

Fig. 7C shows an SEM image of a micropillar tilted at 

α=80° according to the embodiment of the invention. 

 

Detailed Description of the Embodiments 
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The operation principle of the invention will now be 

described in detail with reference to the accompanying 

drawings.  In the following description, detailed 

description of known functions and structures incorporated 

herein will be omitted when it may make the subject matter 

of the present invention unclear.   

Fig. 1A is a schematic view of ion beam treatment on 

an upright micropillar array of a polymer microstructure 

according to an embodiment of the present invention.  Fig. 

1B shows an SEM (Scanning Electron Microscopy) image of the 

surface of a tilted micropillar array according to the 
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embodiment of the present invention. 

Referring to Figs. 1A and 1B, an array of linear 

micropillars 105 (for example, one of pillar, dots, holes, 

and walls having a convex shape) is formed on the surface of 

PDMS 101, which is a soft polymer material, under the high 

vacuum condition, and ion beams 103 are obliquely irradiated 

from an ion beam deposition apparatus onto the entire top 

surface of the micropillar array 105 by any one of PECVD, 

PSII (plasma source ion implantation), filtered vacuum arc, 

atmospheric plasma treatment method and ion beam method.  

Thus, the micropillar array on the surface of the PDMS 101 

is changed into a tilted micropillar array.  
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The incident angle is an angle between the 

acceleration direction of the ion beams and the polymer 

material.  The dedicated ion beam, one of argon gas, oxygen, 

N2 (nitrogen), Xe (xenon), He (helium) and CF4 

(tetrafluoromethane) is plasmatized or ionized.  The 

micropillar array 105 can be tilted by using one of a method 

using an ion beam, a thin film coating method, and a 

sputtering method of a metal/non-metal material, other than 

a method using a plasma ion.  That is, the ion beams 103 are 

obliquely irradiated from the ion beam deposition apparatus 

in a predetermined direction so as to tilt the micropillar 

array in the predetermined direction. 

The micropillar array 105 is tilted by adjusting at 

least one of the incident angle, the irradiation time, and 
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the magnitude of the acceleration voltage when the ion beams 

are irradiated from the ion beam deposition apparatus.  

Further, the sectional asymmetry of the tilted micropillar 

array 105 may be adjusted by adjusting the irradiation time 

of the ion beams 103 from the ion beam deposition apparatus. 5 
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The tilted micropillar array 105 is formed on the 

surface of the PDMS 101, which is widely used in the bio 

application field as a polymer material, on the conditions 

that the pressure in the chamber for ion beam treatment is 

in the range of 1.0×10-7 Pa to 2.75×10-3 Pa, and the 

magnitude of the acceleration voltage of the ion beam for 

the ion beam treatment is in the range of 100 V to 100.0 kV, 

and the incident angle of the ion beam for ion beam 

treatment is equal to or more than 0° and equal to or less 

than 90°. 

The soft polymer material with a micropillar array 

includes any one of polycarbonate (PC), polyimide (PI), 

polyethylene (PE), poly methyl methacrylate (PMMA), 

polystyrene (PS), poly lactic-co-glycolic acid (PLGA), 

hydrogel, polyethylene terephthalate (PET) and silicone 

rubber, other than the PDMS 101. 

Fig. 2A is a schematic view of a hybrid ion beam 

deposition apparatus for ion beam treatment on a micropillar 

array according to the embodiment of the present invention.  

Fig. 2B is a diagram showing the shape of a jig  disposed 

within the hybrid ion beam deposition apparatus and the 
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surface of a PDMS sample, which is a polymer material with a 

micropillar array, placed at a predetermined tilt angle (α) 

on the jig according to the embodiment of the present 

invention. 
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A process for fabricating the PDMS sample, which is a 

polymer material with a tilted micropillar array, will be 

described with reference to Figs. 2A and 2B. 

A PDMS solution in which PDMS and a PDMS curing agent 

are mixed with a mass ratio of 10:1 is poured on a pre-

patterned silicon wafer, which is pre-patterned by 

photoresist (hereinafter, referred to PR).  Here, the PR 

pre-patterned silicon wafer is fabricated as follows.  First, 

SU-8, which is a negative PR material, is deposited on a 

silicon wafer and spin-coated at a predetermined thickness 

(for example, 30 μm).  The PR-deposited silicon wafer is 

placed on a hot plate and heated in two steps at a 

predetermined temperature (for example, in the range of 60°C 

to 90°C).  A chromium (Cr) mask is placed on the silicon 

wafer, and the silicon wafer with the mask are aligned by 

EVG 6200 Mask Aligner.  The silicon wafer is then exposed to 

ultraviolet rays, and the silicon wafer is heated again in 

two steps at a predetermined temperature (for example, in 

the range of 60°C to 90°C).  Thereafter, the silicon wafer is 

developed, cleaned by isopropyl alcohol (IPA) and dried.  

Thus, the pre-patterned silicon wafer is fabricated.  
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Thereafter, the pre-patterned silicon wafer, on which 
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the PDMS solution is poured, is placed in a vacuum chamber 

205 shown in Fig. 2A, and the vacuum state is maintained for 

a predetermined time (for example, 15 minutes) so as to 

remove bubbles in the PDMS solution. 
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After removing the bubbles in the PDMS solution, the 

pre-patterned silicon wafer with the PDMS solution thereon 

is placed on an optical table for a predetermined time (for 

example, 15 minutes) and the pre-patterned silicon wafer is 

then put in the horizontal state so as to make the surface 

of the PDMS solution smooth. 

Next, the pre-patterned silicon wafer in the 

horizontal state is heated on the hot plate at a 

predetermined temperature (for example, 75°C) for a 

predetermined time (for example, 75 minutes) so as to 

solidify the PDMS solution on the pre-patterned silicon 

wafer. 

Next, the solidified PDMS solution on the pre-

patterned silicon wafer 210 is cooled at the room 

temperature for a predetermined time (for example, 5 

minutes) and then removed from the pre-patterned silicon 

wafer.  Thus, a PDMS sample 201, which is a polymer material 

with a linear micropillar array as shown in Fig. 1A, is 

fabricated.  The micropillar array includes 64 square 

pattern spaces having the horizontal and vertical lengths of 

4 mm, in which four groups of 16 patterns are respectively 

formed.  The micropillar array has a width in the range of 1 
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nm to 10 mm and a length in the range of 1 nm to 10 mm.  For 

example, the first group has arranged pillars having a 

diameter of 10 μm at intervals of 10 μm, the second group 

has arranged pillars having a diameter of 10 μm at intervals 

of 20 μm, the third group has arranged walls having a 

thickness of 10 μm and a length 4 mm at intervals of 20 μm, 

and the fourth group has arranged pillars having a diameter 

of 20 μm at intervals of 20 μm.  The patterns may be 

fabricated so as to have the same height of 30 μm. 
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In this case, as shown in Fig. 2B, the PDMS sample 201, 

which is a polymer material with a linear micropillar array, 

is fixed onto a jig 207 at a predetermined tilt angle (α), 

such that the ion beams 103 are irradiated at a 

predetermined angle onto the surface of the PDMS sample 201 

from the ion beam deposition apparatus.  That is, the PDMS 

sample 201, which is a polymer material with a linear 

micropillar array, is disposed such that a predetermined 

angle is made between the PDMS sample 201 and the incident 

angle of the ion beams 103.  A reference numeral 203 denotes 

a cathode to provide a bias voltage in the ion beam 

deposition apparatus. That is, Argon (Ar+) ion beam 

treatment using any one of the PECVD, PSII, filtered vacuum 

arc, atmospheric plasma treatment method and ion beam method 

is performed on the PDMS sample 201, which is a polymer 

material with a linear micropillar array.  The ion beam 

treatment is performed for 10 minutes on the conditions that 
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the voltage is at 400 V, and the degree of vacuum of the 

vacuum chamber 105 is 0.49 Pa.  

As described above, if the ion beam treatment using 

the PECVD method or the like is performed on the surface of 

the PDMS sample 201, which is a polymer material with a 

linear micropillar array, the SEM image of the upright 

linear micropillar array shown in Fig. 3A is deformed to the 

SEM image of a tilted micropillar array in one direction 

shown in Fig. 3B due to compressive residual stress by the 

tilt angle (α), and wrinkles are formed. 
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Specifically, if an ion beam or plasma is irradiated 

onto the surface of the PDMS sample 201, which is a polymer 

material with a micropillar array, the surface of the PDMS 

sample 201 is hardened about 100 times, and wrinkles are 

generated due to compressive residual stress.  In other 

words, as shown in Figs. 3C and 3D, the surface of a 

micropillar 305 which is directly influenced by the ion 

beams undergoes stress more than the opposing surface of the 

micropillar, causing compressive stress.  Then, wrinkles 301 

are generated, and the surface of the micropillar 305 tends 

to be contracted and shortened.  Therefore, as shown in Fig. 

3D, while wrinkles 301 are generated on the surface of the 

micropillar 305 where residual stress is produced, no 

wrinkles are generated on the opposing surface of the 

micropillar 305 where ion beam or plasma does not reach 

owing to shadowing effect.  As a result, the surface of the 
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micropillar 305 is contracted, and thus the micropillar 305 

is tilted in a direction in which the ion beams is 

irradiated. 

Fig. 4A shows an SEM image of a linear micro-pillar 

array before ion beam treatment is performed.  Fig. 4B shows 

an SEM image of a tilted micropillar array, which is formed 

with an incident angle for ion beam treatment tilted at 

α=20°, according to the embodiment of the present invention.  

Fig. 4C shows an SEM image of a tilted micropillar array, 

which is formed with an incident angle for ion beam 

treatment tilted at α=40°, according to the embodiment of 

the present invention. 
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Figs. 5A and 5B show an SEM image where wrinkles are 

observed in a portion, in which no micropillar array is 

formed, due to a change in voltage according to the 

embodiment of the present invention.  Fig. 5C is a graph 

showing a wrinkle wavelength. 

The width and height of wrinkles 501, as can be seen 

in Figs. 5A and 5B, are closely associated with the ion beam 

energy for ion beam treatment.  In particular, an increase 

in a bias voltage, which is the intensity of energy, causes 

an increase in the width of wrinkles in the polymer material.  

The wrinkles on the surface enable the micropillar array to 

be tilted. 

Specifically, the reason why wrinkles are formed on 

the surface of the micropillar and the surface, on which no 
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pillar array is formed, by ion beams for plasma treatment is 

that the surface of a soft polymer, such as PDMS, is 

hardened by the ion beams so as to form a skin layer, and 

the resultant skin layer and the existing polymer material 

are different in the elastic coefficient around 100 times.  

In this case, elastic energy caused by compressive stress is 

added, so nano-sized wrinkles are formed. 
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Assuming that the elastic coefficient of an existing 

soft polymer is Es, and the elastic coefficient of the 

resultant skin layer having a thickness of h is Ef, a 

critical deformation for forming wrinkles is expressed by 

the following equation. 

[Equation 1] 

( ) 3/2
fsc E/E52.0=ε  

For Equation 1, εc is a critical deformation, Es is the 

elastic coefficient of the existing soft polymer, and Ef is 

the elastic coefficient of the resultant skin layer. 

Referring to Equation 1, the critical deformation does 

not have to do with the thickness of the skin layer.  An 

increase in the calculated critical deformation causes an 

increase in the amplitude of the wrinkle pattern having a 

sine wave shape.  This is expressed by the following 

equation. 

[Equation 2] 

( ) 1/h/A 2
c −εε=  25 
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For Equation 2, ε is a deformation rate externally 

exerted. 

In this case, it can be seen that the deformation rate 

applied to the surface of the PDMS sample and the surface of 

the micropillar array linearly increases with the increase 

in the amplitude of the wrinkle pattern.  That is, as shown 

in the graph of Fig. 6A showing a change in wavelength 

depending on the irradiation time and the graph of Fig. 6B 

showing a change in amplitude with the irradiation time when 

the bias voltage is constant at -400 V, an increase in the 

irradiation time of the ion beam for the ion beam treatment 

onto the surface of the polymer causes an increase in the 

amplitude of the wrinkle pattern, thus causing an increase 

in the applied deformation rate.  For this reason, the 

applied deformation rate can be quantitatively measured by 

measuring the amplitude of wrinkles to be formed.  Therefore, 

an increase in the deformation rate of the micropillar array 

causes an increase in the amplitude of the wrinkle pattern, 

so the micropillar array is gradually tilted toward the 

progress direction of plasma. 
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The wrinkle wavelength λ is in proportion to the 

thickness and has to do with the difference of elastic 

moduli between the ion beam induced skin (f) and PDMS (s).  

This is expressed by the following equation. 

 [Equation 3] 

( ) 3/1
sf E/Eh/ α≈λ  
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For Equation 3, the relationship α=4.36 is established 

under planar deformation condition. 

As described above, Equations 1 to 3 are appropriately 

used so as to analyze the skin and the wrinkles due to ion 

beams and plasma. 5 
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Fig. 7A is a graph showing a tilt angle of a 

micropillar to an angle between a micropillar array and an 

ion beam for ion beam treatment according to the embodiment 

of the present invention.  Fig. 7B shows an SEM image of a 

micropillar tilted at an angle α=40° according to the 

embodiment of the present invention.  Fig. 7C shows an SEM 

image of a micropillar tilted at an angle α=80° according to 

the embodiment of the present invention. 

In this case, the width, height, and interval of each 

pillar in the micropillar array are 10 μm, 30 μm, and 20 μm, 

respectively, and the total ion beam treatment time is 60 

minutes under the energy condition that the anode voltage is 

1500 V and the bias voltage is -600 V. 

In this case, it can be seen that, as shown in Fig. 6A, 

if the angle of the micropillar array is α=0° or α=90°, the 

micropillar array is not easily tilted, and at the angle 

α=40°, the micropillar array is most tilted.  This may be 

changed with the changes in the position of the micropillar 

array, the ion beam treatment time, and the energy condition. 

According to the embodiment of the present invention, 

the tilted micropillar array can be formed by adjusting the 

-16- 



incident angle of the ion beam for the ion beam treatment.  

Therefore, the present invention can be applied in 

manufacturing an adhesive material with dry self-cleaning, a 

micro robot which can go up the wall, a wafer aligner for a 

semiconductor manufacturing line, and the like. 5 

10 

While the present invention has been shown and 

described with respect to the embodiment, it will be 

understood by those skilled in the art that various changes 

and modifications may be made without departing from the 

scope of the present invention as defined in the following 

claims. 
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What is claimed is: 

 

1. A polymer microstructure comprising: 

a polymer material with a linear micropillar array 

formed thereon,  5 
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wherein the linear micropillar array is subjected to 

either thin film coating or sputtering of a gas and 

metal/non-metal material while adjusting an incident angle 

of an ion beam for ion beam treatment over the entire top 

surface of the linear micropillar array, to make the 

micropillar array be tilted. 

 

2. The polymer microstructure of claim 1, wherein the 

linear micropillar array is formed in the shape of one of a 

pillar, a dot, a hole, and a wall having a convex shape. 

 

3. The polymer microstructure of claim 1, wherein the ion 

beam treatment is performed by one of PECVD (plasma-enhanced 

chemical vapor deposition) method, PSII (plasma source ion 

implantation), filtered vacuum arc, atmospheric plasma 

treatment method and ion beam method.  

 

4. The polymer microstructure of claim 1, wherein the 

incident angle is an angle between an ion beam acceleration 

direction in the ion beam treatment and the polymer material. 
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5. The polymer microstructure of claim 1, wherein the ion 

beam is one of argon gas, oxygen, N2 (nitrogen), Xe (xenon), 

He (helium) and CF4 (tetrafluoromethane).  
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6. The polymer microstructure of claim 1, wherein the ion 

beam for the ion beam treatment is irradiated obliquely in a 

predetermined direction so as to tilt the micropillar array 

in a predetermined direction.  

 

7. The polymer microstructure of claim 1, wherein the 

angle of the tilted micropillar array is adjusted by 

controlled at least one of the incident angle, the 

irradiation time, and the magnitude of acceleration voltage 

of the ion beam for the ion beam treatment. 

 

8. The polymer microstructure of claim 7, wherein the 

irradiation time of the ion beam for the ion beam treatment 

is controlled so as to adjust the asymmetric sectional shape 

of the tilted micropillar array. 

 

9. The polymer microstructure of claim 7, wherein the 

acceleration voltage of the ion beam is in the range of 100 

V to 100.0 kV. 

 

10. The polymer microstructure of claim 1, wherein the 

incident angle of the ion beam for the ion beam treatment is 
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equal to or more than 0° and equal to or less than 90°.  
 

11. The polymer microstructure of claim 1, wherein the 

tilted micropillar array has a width in the range of 1 nm to 

10 mm and a length in the range of 1 nm to 10 mm. 5 

10 
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12. A method of fabricating a polymer microstructure with 

a tilted micropillar array, the method comprising: 

forming a polymer sample with a linear micropillar 

array; 

fixing the polymer sample onto a jig having a 

predetermined tilt angle within a chamber; and 

performing ion beam treatment on the top surface of 

the linear micropillar array to form the tilted micropillar 

array. 

 

13. The method of claim 12, wherein the ion beam treatment 

is performed by one of a PECVD (plasma-enhanced chemical 

vapor deposition) method, PSII (plasma source ion 

implantation), filtered vacuum arc, atmospheric plasma 

treatment method and ion beam method. 

 

14. The method of claim 12, wherein the ion beam is one of 

argon gas, oxygen, N2 (nitrogen), Xe (xenon), He (helium) 

and CF4 (tetrafluoromethane). 
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15. The method of claim 12, wherein the tilt angle of the 

tilted micropillar array is adjusted by controlling at least 

one of the incident angle, the irradiation time, the 

magnitude of acceleration voltage of the ion beam for the 

ion beam treatment. 5 
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16. The method of claim 12, wherein the pressure in the 

chamber for the ion beam treatment is in a range of 1.0×10-7 

Pa to 2.75×10-3 Pa. 

 

17. The method of claim 15, wherein the acceleration 

voltage of the ion beam for the ion beam treatment is in a 

range of 100 V to 100.0 kV. 

 

18. The method of claim 15, wherein the incident angle of 

the ion beam for the ion beam treatment is equal to or more 

than 0° and equal to or less than 90°. 
 

19. The method of claim 12, wherein the tilted micropillar 

array has a width in the range of 1 nm to 10 mm and a length 

in the range of 1 nm to 10 mm. 

 

20. The method of claim 12, wherein a material for the 

polymer sample includes one of PDMS (PolydiMethyl Siloxane), 

polycarbonate (PC), polyimide (PI), polyethylene (PE), poly 

methyl methacrylate (PMMA), polystyrene (PS), poly lactic-
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co-glycolic acid (PLGA), hydrogel, polyethylene 

terephthalate (PET) and silicone rubber. 

-22- 



ABSTRACT 

 

A polymer microstructure with a tilted micropillar 

array and a method of fabricating the same.  The tilted 

micropillar array is formed by adjusting the incident angle 

of the ion beam for the ion beam treatment using a PECVD 

method with low energy consumption.  The tilt angle of the 

micropillars is adjusted to a desired angle by adjusting at 

least one of the incident angle, the irradiation time, and 

the magnitude of acceleration voltage of the ion beam for 

the ion beam treatment. 
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FIG. 1B 
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FIG. 3A 

 

 

FIG. 3B 
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FIG. 4A 

 
 

FIG. 4B 
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FIG. 4C 
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FIG. 5B 
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FIG. 7B 

 

FIG. 7C 
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