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Abstract 

 

In this thesis, we describe multiscale and multilevel structures with 

hierarchical patterns or multidimensional pores using simple and reliable partial 

curing and dewetting phenomena of Ultraviolet-curable polymer. The partial 

curing and dewetting process is a very attractive strategy to fabricate multiscale 

architecture with polymeric materials by simple soft-lithography process due to its 

ability to remove residual layer on/under microscale patterns after unusual short 

UV exposure. Soft-lithography process with various UV-curable polymers has 

recently become a very popular tool for fabricating micro or nano patterns as well 

as hierarchical structures. 

First, we present a simple dewetting method induced by partial curing of UV-

curable resin to eliminate residual layer from a permeable polydimethyl siloxane 

(PDMS) mold. Partially cured membrane with microscale pores was fabricated by 

partial curing of polyurethane acrylate (PUA) resin with short UV exposure and 

sequent demolding of flat PDMS blanket. A dewetting of the uncured resin due to 

the insufficient UV exposure introduced spontaneous movement of resin to the 

flat PDMS blanket and a similar dewetting of partially cured resin was 

subsequently generated on the PDMS pillar array. As the meniscus of resin 

progressed, a residual-layer-free surface was spontaneously generated onto the 

micropillar array by surface tension driven dewetting at each surface of PDMS. 
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Using this sandwich-like platform with two PDMS molds, we generated partially 

cured membrane having microscale pores in various size (5-500 µm in diameter) 

within 2 min. It was observed that the membrane present here had partially cured 

region on the surface, so multistacking of the membrane is possible to fabricate 

polymeric multiscale, multilevel hierarchical structure. 

Next, we have developed a simple yet robust multistacking approach for 

multiscale, multilevel hierarchical structures from various polymeric materials. 

Stacking a partially cured membrane with micropores on a polymeric substrate 

with smaller scale pattern is an essential step for the multistacking and replication 

process. Our method provides a simple stacking, bonding and replicating process 

over 2 inch substrate, with quantitatively analyzed degree of partial curing of PUA 

resin under the controlled oxygen-inhibition effect. The degrees of curing of PUA 

resin were individually measured by Fourier-transform infrared (FT-IR) 

spectroscopy, in which conversion ratio was calculated by the relative peak height 

of the FT-IR spectra depend to the curing time. To understand the bonding state of 

each membrane, the focused ion beam (FIB) studies were performed to reveal the 

interface clearly. Optimal degree of partial curing of the membrane was selected 

within 45-55 % to bond the bottom surface of the membrane and the top surface 

of the substrate firmly in each stacking step. It was found that for a conversion 

ratio of 55 % (dTop = 20 μm), two bricks were firmly integrated without filling the 

nanoholes (dBottom=0.8 μm) of the bottom substrate with the uncured resin. 
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However, for a conversion ratio of 45 % (dTop = 100 μm), the microholes (dBottom = 

4 μm) were completely filled with the resin, suggesting that the fluidity of the 

uncured resin was sufficiently high at the bonding interface. The hierarchical 

structures with various kinds of polymer were fabricated from the stacked mold 

by simple replica molding process. Furthermore, four-level structure with a 

series of increasing pillar sizes (150 nm/8 μm/165 μm/500 μm) was formed based 

on these design rules, providing that the potential of our method to overcome the 

dimension of the polymeric hierarchical architecture. 

Finally, we have shown a flexible and free-standing polymeric membrane with 

nanoscale pores from a simple single molding step with a hierarchical mold. We 

used the polymeric hierarchical structure as a mold for the fabrication of bio-

inspired membrane with multidimensional pores by replicate from the 

multistacking process. The nanoscale pores with thin nanomembranes is difficult 

to be obtained through the soft-lithography only without conventional etching 

process in semiconductor process and to maintain the structure firmly without 

fracture or tear against external forces that arise during the handling process. The 

multiscale structure used in the study has two distinct functions that allow it to be 

used as a mold for the fabrication of multiscale pore arrays: i) the mold is capable 

of forming uniform contact with the blanket, which is analogous to the geometric 

effect of a hierarchically organized gecko foot hairy structure; and ii) the 

hierarchical mold allows for the direct integration of a seemingly fragile 
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nanopores on a microscale backbone without a residual layer in a single molding 

step. Using this simple molding method, we can obtain the membrane with small 

pore arrays (5 um ~ 150 nm) from the PUA/PFPE resins. Especially, the micro 

mesh-like backbone plays a role in both increasing the total thickness of the 

polymeric stencil and decreasing the overall area of the nanostencil, which leads 

to the increase in effective modulus. To further probe the dewetting interface of 

the two polymers (PUA and PFPE) in various scales, detailed chemical and 

mechanical mappings were performed using time-of-flight secondary ion mass 

spectrometry (TOF-SIMS) and the force modulation microscopy (FMM) mode in 

atomic force microscopy (AFM). The former provides a spatial distribution of 

each material at the microscale, while the latter shows the rigidity distribution at 

the nanoscale. In our result, the spontaneous dewetting was occurred within a 

sandwich-like molding setup regardless of the dimension of used pattern, resulting 

in the fabrication of a flexible and free-standing multidimensional pore arrays. 

These polymeric membranes with various pores would provide a valuable tool for 

fast fabrication of nanomaterials including liposome or plasmonic metal patterns  

Key Words : Multiscale structures, Partial curing and dewetting of UV-curable 

resin, Multidimensional pores, Multistacking process, Flexible and 

free-standing polymeric membrane. 

Student Number: 2008-30864 
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Figure 2-3. Schematic illustration (a) and microscopic images (b-d) of the 
spontaneous dewetting on the flat PDMS blanket after partial 
curing and dewetting process. The uncured resin changes into 
microscale lens arrays over time. This is mainly due to the 
surface tension of the uncured resin. Scale bar: 150 µm. 
 

Figure 2-4. Schematic illustration (a) and microscopic images (b) of the 
spontaneous dewetting onto the PDMS micropillar arrays after 
partial curing and dewetting process. The partially cured 
regions on the top surface of the membrane made them 
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vertically stackable, while those around the PDMS 
micropatterns (red arrows) were useful for facilitating the easy 
demolding of the membrane. A trace amount of the partially 
cured layer was observed on the top surfaces of individual 
PDMS pillars in the form of small droplets (yellow arrows), 
which did not affect the separation of the membrane from the 
PDMS mold. 
 

Figure 2-5. The fabrication results of radial-shaped membrane by partial 
curing and dewetting process. The microscopic images show 
the dewetted PUA droplet over time on the flat PDMS blanket 
(a-b) and also present the free-standing radial-shaped 
membrane (c). The microscopic image shows the uncured resin 
as the white-colored regions along the radial membrane, while 
the same uncured area was not detectable via SEM image (d). 
Scale bar: 500 µm. 
 

Figure 2-6. Digital camera and SEM images of the partially cured 
membranes with ordered pore arrays in microscale. The large-
area (~ 2 inch) of membrane was obtained after peel-off 
process from the dewetted surface (a) and its SEM image with 
clear through-holes (b). From this method, we can fabricate 
various sizes of pores within the membrane. 500-μm pores (c), 
150-μm pores (d), 50-μm pores (e), 20-μm pores (f) and 8-μm 
pores (g). 
 

Figure 3-1. Fabrication results for the hierarchical structure by simple 
attaching and stacking process. (a) Schematic illustration of the 
fabrication process for a two-level hierarchical structure. (b) 
SEM images of the vertically stacked membranes at various 
magnifications. (c) SEM images of replicated multiscale, 
multilevel PFPE structures. In this result, two types of 
membranes are used: a membrane with clear through-holes 
(150 mm in diameter) as an upper part and a polymeric 
substrate with nano holes (800 nm in diameter) as a bottom 
part. 
 

Figure 3-2. Fabrication results for the hierarchical structure by 
multistacking process. (a) Tilted SEM images of the mold 
structures after stacking and bonding at various magnifications 
(´200, ´500, ´1500, ´3000.). (b) SEM images of the obtained 
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hierarchical structures after replication process. Two types of 
membranes are used: a membrane with clear through-holes (20 
mm in diameter) as an upper part and a polymeric substrate 
with nano holes (800 nm in diameter) as a bottom part. 
 

Figure 3-3. Quantitative analysis of the degree of partial curing by FT-IR 
spectroscopy and FIB study to find optimal condition of stable 
stacking. (a) FT-IR spectra with various UV-exposure time (0, 
15, 30, 45, 60, 150 sec) to analyze the oxygen-inhibition effect 
under the permeable PDMS blanket. (b) Calculated conversion 
ratio of the partially cured PUA by the relative peak height of 
the FT-IR spectra with respect to the uncured prepolymer. (c-f) 
SEM images of the stacked samples (c) and revealed interface 
(d-f). To analyze the cross-sectional profile, two FIB studies 
were performed to reveal the bonded interfaces under the 
stacked molds at a fixed ratio with a diameter of 25 (= 
dTop/dBottom, dTop = 20, 100 μm, dBottom = 0.8, 4 μm). 
 

Figure 3-4. Multiscale structures from the stacking and replication method 
with a variety of materials. To find the optimal diameter ratio, 
various stacking and replicating processes were performed 
(500, 300, 50-μm pores in upper membranes and 20, 5-μm 
holes on bottom substrates). A diameter ratio (dtop/dBottom) was 
suggested for each structure to determine the conditions that 
ensure good pattern fidelity without aligning the membrane 
and bottom substrate. When the diameter ratio was smaller 
than 15, mechanical fracture or defects were generated in the 
replicated hierarchical structure shown in the images above. 
The stacked mold fabricated after the multistacking process is 
useful for processing UV-curable or thermally curable 
materials such as hydrophilic resins (NOA 73 and PUA) and 
hydrophobic materials (PDMS). 
 

Figure 3-5. Comparison of pattern fidelity of the hierarchical structures 
from the 2-step imprint process (a) and from the multistacking 
process (b). The 2-step imprint process provokes unclear-edge 
profiles to the hierarchical pattern due to the high pressure 
required to generate nanoscale pattern during 2nd imprint 
process, while the multistacking and replication process 
ensures good pattern fidelity.  
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Figure 3-6. A three-level multiscale structure replicated from the stacked 
mold by monolithically stacking with a diameter ratio of 25. 
(a) Schematic diagram of the fabrication of a three-level 
architecture, where the diameter ratio of 25 was selected for 
each membrane (500 mm/20 mm/800 nm). (b) SEM images of 
the three-level stacked architectures; 20-mm-hole arrays are 
shown in the 500-mm-hole arrays, and 800-nm-hole arrays are 
also shown in 20-mm-hole array. (c) SEM images of the three-
level architectures replicated from (b). The SEM image shows 
good replication fidelity of the 20-mm pillar arrays across the 
boundary of the pillar arrays with a 500-mm diameter.  
 

Figure 3-7. A schematic illustration and result of the fabrication of four-
level polymeric architecture by multistacking and replication 
process. (a) Alignment of the membrane is important to 
generate the multiscale, multilevel structure from the same 
order of magnitude (dTop/dBottom < 15) of the pore size. Well-
designed pore arrays with the same pitch as the pattern arrays 
and careful alignment process were needed to avoid 
mechanical fractures or defects in the hierarchical replica after 
replication from the stacked mold. (b) SEM image of four-
level structures with a series of increasing pillar sizes (150 
nm/8 μm/165 μm/500 μm). 
 

Figure 3-8. Fabrication of hierarchical structure by stacking of the radial-
shaped micromembrane. (a) Digital and SEM images of the 
hierarchical radial line pattern with 800-nm-pillar arrays 
replicated from its complementary mold. The Magnified SEM 
image shows around the center of the hierarchical radial 
pattern. (b) SEM image of the engraved line pattern stacked on 
a holey substrate with 5-mm diameter. (c) SEM image of the 
embossed hierarchical structure fabricated by the replication of 
(b). The line shape of the hierarchical structure was also 
obtained using our method. 
 

Figure 4-1. Chemical mapping images of two dewetting surfaces on 
hierarchical molds by Time-Of-Flight Secondary Ion Mass 
Spectroscopy (TOF-SIMS) at the microscale. (a), Schematic 
diagram of spontaneous dewetting process to fabricate a 
residual-layer-free, multidimensional pores on a hierarchical 
mold. (b-e) Chemically mapped images (b-c) and linescan 
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profiles (d-e) obtained by TOF-SIMS. Red indicates H- ions 
from the PUA surface and green indicates F- ions from the 
PFPE surface. Two chemical maps are complementary, the line 
scan profiles along with the white lines (AA’ and BB’) show 
the measured sinusoidal curves, providing the spatial 
distributions of the two materials (pillar diameter: ~ 5 μm). 
 

Figure 4-2. Mechanical mapping images of dewetting surfaces on 
hierarchical molds by Force Modulation Microscopy (FMM) 
mode in AFM.  The images of mechanically mapped 
topography (a, b, e) and bending amplitude (c, d, f) obtained 
by FMM analysis showing clearly dewetted and exposed 
nanopillar arrays by measuring the difference in rigidity of 
each polymer at nanoscale (pillar diameter:~ 150 nm).  
 

Figure 4-3. Fabrication of multidimensional pore arrays in flexible and 
free-standing polymeric membrane and the results. (a) 
Schematic illustration of the multidimensional pores with top 
and bottom view with 5-μm pores and 150-μm backbones. (b-
c) SEM images of PUA membranes with micropores (~5 μm). 
an array of 5-μm pores was directly observed from the top 
view, while the same array was also observed through the 
supportive backbone, which featured 150-μm pores from the 
bottom view. 
 

Figure 4-4. Nanoscale pore arrays with microscale backbone. (a-f) The 
SEM (a, c), digital (b), and TEM (d, e, f) images show various 
size of nanopores (150-800 nm): (a) 450 nm with square 
backbone. (b) 800 nm with circular backbone. (c-f) 150 nm 
with rectangular backbone. (e) EDX mapping with PFPE 
membrane to show the clear through-hole. In addition to the 
circular arrays, other supporting membranes with different 
shapes such as square and rectangular patterns were also 
possible to fabricate. 
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Nomenclature 

                          

PolymerOD /2
 Oxygen diffusivity in the polymer 

2O
C  Oxygen concentration 

2O
N&  Volumetric consumption rate of the chemical reaction 

surfaceOC _2
 Surface concentration of oxygen 

L  Depth of the cured polymer resin 

t  Exposure time 

BottomTop DD /  Ratio with a diameter 

TopD  Diameter of pore in upper membrane 

BottomD  Diameter of hole in bottom substrate 

g  Surface energy 

E  Young’s modulus 

CR  Conversion ratio 
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Chapter 1. Introduction 

 

 

Free-standing nanomembranes have been fabricated from various materials, 

such as Si-based inorganics [1-6], thin metal foils [7, 8], and other types of 

nanomaterials [9-13] for use in a wide range of applications, such as the shadow 

masking technique [3, 4], molecular separation [5, 6, 14], plasmonics [4, 7], 

energy devices [15-17], and bio-inspired microfluidic devices [18, 19]. To 

fabricate free-standing nanostencils (nanomembranes with ordered nanopores), a 

series of standard semiconductor processes and/or specific materials [7, 20] 

having relatively stiff mechanical rigidity are required to maintain the 

nanostencils’ shape firmly without mechanical fracture or tear against external 

forces that arise during the handling process. A typical nanostencil-forming 

method is mediated by the use of a highly robust SiNx nanostencil on top of a 

rigid geometrical support with a holey Si structure [3, 4, 6]. In addition, various 

nanomaterials [9-12, 21] including graphene, gold nanoparticles, and inorganic 

sheets as well as nanostencils can be firmly supported by the geometrical 

backbones. 

In contrast, elastomeric polydimethylsiloxane (PDMS) membranes with 

micropores (> 5 μm) have been made by spin-coating and replica molding PDMS 

onto the micropillar arrays [18, 22-25]. Due to facile conformal contact with the 

substrate and an easy peel-off process that does not produce any significant 

damage and distortion, these PDMS-based microstencils have been used as 

shadow masks for the patterning of a variety of materials: from 
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electroluminescent materials [22] to carbon-based nanomaterials such as graphene, 

carbon nanotubes, and fullerenes [25]. With the increasing demand for 

miniaturized devices, approaches have been developed to reduce the aperture size 

in polymeric membranes. However, polymeric nanostencils have rarely been 

reported because they are required to be “free standing” and “residual-layer-free” 

which are difficult to achieve with existing polymers. Specifically, the low elastic 

modulus of the polymers causes tears and defects in the nanopore arrays during 

the manufacturing or handling process. It is also not easy to remove the residual 

layer to produce clear through-holes; thus, additional etching or specific skills are 

required [26]. 

To address some of these challenges, we present here a new type of free-

standing polymeric membrane with multidimensional pores. The key idea is to use 

a partially cured polymeric membrane as a basic brick to be implemented in a 

vertical stacking and bonding procedure. By replicating with various UV-curable 

materials from the stacked membranes, we obtained a multiscale architecture that 

can be used as a hierarchical mold for the fabrication of multidimensional pores in 

flexible and free-standing polymeric membranes, which meets the aforementioned 

two conditions. Especially, the micro mesh-like backbone plays a role in both 

increasing the total thickness of the polymeric stencil and decreasing the overall 

area of the nanostencil, which leads to the increase in effective modulus. In 

particular, detailed chemical and mechanical analyses were performed to verify 

the spontaneous dewetting behavior of the UV-curable resin that occurred during 

the fabrication of the pores. 
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Figure 1-1. Considerable basic soft-lithography process in micro/nanoscale (mold, 

resin, pattern, residual layer, substrate) and residual-layer-free membrane  
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In Chapter 2, we present a simple dewetting method induced by partial curing 

of UV-curable resin to eliminate the residual layer from a permeable PDMS mold. 

Partially cured membrane with microscale pores was fabricated by partial curing 

of polyurethane acrylate (PUA) resin with short UV exposure and sequent 

demolding of a flat PDMS blanket. A dewetting of the uncured resin due to the 

insufficient UV exposure introduced spontaneous movement of resin to the flat 

PDMS blanket and a similar dewetting of partially cured resin was subsequently 

generated on the PDMS pillar array also. As the meniscus of resin progressed, 

residual-layer-free surface was spontaneously generated onto micropillar array by 

surface tension driven dewetting at each surface of PDMS. Using this sandwich-

like platform with two PDMS molds, we can generate partially cured membrane 

having microscale pores in various sizes (5-500 µm in diameter) within 2 min. It 

was observed that the membrane present here had partially cured region on the 

surface, so multi stacking of the membrane is possible to fabricate polymeric 

multiscale, multilevel hierarchical structure. 

In Chapter 3, we have developed a simple yet robust multistacking approach 

for multiscale, multilevel hierarchical structures using various polymeric materials. 

Stacking of a partially cured membrane with micropores on a polymeric substrate 

with smaller scale pattern is an essential step for the stacking process. Our method 

provides a simple stacking, bonding and replicating process over 2 inch substrate, 

with quantitatively analyzed degree of partial curing of PUA resin under the 
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controlled oxygen-inhibition effect. The degrees of curing of PUA resin were 

individually measured by Fourier-transform infrared (FT-IR) spectroscopy, in 

which conversion ratio was calculated by the relative peak height of the FT-IR 

spectra depend to the curing time. To understand the bonding state of each 

membrane, the focused ion beam (FIB) studies were performed to reveal the 

bonding interface clearly. Optimal degree of partial curing of the membrane was 

selected within 45-55 % to monolithically connect the bottom surface of the 

membrane to the top surface of the substrate in each stacking step. It was found 

that for a conversion ratio of 55 % (dTop = 20 μm), two bricks were firmly 

integrated without filling the nanoholes (dBottom=0.8 μm) of the bottom substrate 

with the uncured resin. However, for a conversion ratio of 45 % (dTop = 100 μm), 

the microholes (dBottom = 4 μm) were completely filled with the resin, suggesting 

that the fluidity of the uncured resin was sufficiently high at the bonding interface. 

The hierarchical structures with various kinds of polymer were obtained from the 

stacked mold by simple replica molding process. Furthermore, four-level structure 

with a series of increasing pillar sizes (150 nm/8 μm/165 μm/500 μm) was formed 

based on these design rules, providing a breakthrough to overcome the limitation 

of dimension of the polymeric hierarchical architecture. 

In Chapter 4, we further studied a flexible and free-standing polymeric 

membrane with nanoscale pores through a simple single molding step with a 

hierarchical mold. We used the polymeric hierarchical structure that was 
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replicated from the stacking and bonding process as a mold for the fabrication of 

bio-inspired membrane with multidimensional pores. The fabrication of nanoscale 

pores with a thin nanomembrane is difficult via the soft-lithography only without 

conventional etching process or semiconductor process and also it is difficult to 

maintain the structure firmly without fracture or tear against external forces that 

arise during the handling process. The multiscale structure used in this study has 

two distinct functions that allow it to be used as a mold for the fabrication of 

multiscale pore arrays: i) the mold is capable of forming uniform contact with the 

blanket, which is analogous to the geometric effect of a hierarchically organized 

gecko foot hairy structure; and ii) the hierarchical mold allows for the direct 

integration of a seemingly fragile nanopores on a microscale backbone without a 

residual layer in a single molding step. Using this simple molding method, we can 

obtain the membrane with small pore arrays (5 um ~ 150 nm) from the 

PUA/PFPE resins. Especially, the micro mesh-like backbone plays a role in both 

increasing the total thickness of the polymeric stencil and decreasing the overall 

area of the nanostencil, which leads to the increase in effective modulus. To 

further probe the dewetting interface of the two polymers (PUA and PFPE) in 

various scales, detailed chemical and mechanical mappings were performed using 

time-of-flight secondary ion mass spectrometry (TOF-SIMS) and the force 

modulation microscopy (FMM) mode in atomic force microscopy (AFM). The 

former provides a spatial distribution of each material at the microscale, while the 
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latter shows the rigidity distribution at the nanoscale. In our result, the 

spontaneous dewetting of UV-curable resin was occurred within a sandwich-like 

molding setup regardless of the dimension of the used pattern, which leads to the 

fabrication of a flexible and free-standing multidimensional pore arrays. These 

polymeric membranes with various scales of pores would provide a valuable tool 

for fast and high throughput fabrication of nanomaterials including liposome or 

plasmonic metal arrays.  
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Chapter 2. Fabrication of microscale pore arrays in a 

polymeric membrane by partial curing and dewetting of 

UV-curable resin 

 

 

2-1. Introduction 

 

Soft-lithography with various polymeric materials is now recognized as a 

simple and a fast fabrication method for a wide range of MEMS/NEMS 

applications. Some properties that make the process particularly suitable for 

biological approaches such as guided cell migration [27], in-vivo culture [28], 

differentiation [29], single-cell-analysis [30, 31] are low cost, easy process and 

bio-compatibility of the polymeric materials compare to the materials used in the 

conventional semiconductor processes. Over the last decades, there has been an 

explosion of interests and researches in the area of soft-lithography with PDMS, a 

type of silicon elastomer, in microscale. Subsequently, various kind of UV-curable 

polymeric materials, such as Norland Optical Adhesive (NOA), PUA, 

perfluoropolyether (PFPE), polyethylene glycol (PEG) have been utilized in the 

nanoscale applications including optics, sensors, energy devices, which is difficult 

to achieve with the PDMS due to the size limitation of the material. However, the 

soft- lithography process with above polymeric materials likely generates various 
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thickness of a residual layer, a polymeric layer between the substrates and the 

micro-/nanopatterns as shown in Figure 1-1. In fact, in most applications 

including a movement of single cell or water droplet on the micro/nanopatterns, 

the residual layer is negligible if the patterns have sufficiently high aspect ratio 

because the layer underneath the pattern does not affect the movement of cell or 

droplet. If the residual layer provokes specific problems in an application, careful 

removal of the layer is essential. 

There have been some studies that introduce the methods of a residual layer 

removal. One example is residual layer ashing/etching technique; in previous 

study, the thermal imprint or solvent-assisted molding process generated a 

micropattern with a thin residual layer on a silicon wafer, then polymeric 

ashing/etching process was applied to remove the residual32. Despite of the 

conventional ashing/etching methods’ successes in residual layer removal, they 

reveal fatal demerits. First, the technique unfortunately and inevitably generates 

damages on both polymeric pattern and substrate, resulting unclear pattern fidelity 

after the ashing process. Second, there are some limitation of the selection of 

materials for both patterned polymer and used substrate to utilize the 

ashing/etching process. Lastly, even after the micro or nanopatterns with clear-

through holes are obtained through etching or ashing process, lift-off process 

which requires many difficult semiconductor processes are demanded to maintain 

the polymeric patterned membrane freely without the support of substrate. Due to 
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those flaws, utilizing the polymeric micro/nanopatterns in various kinds of 

applications including energy devices or sensors has been considered 

impracticable. 

Another conventional approach to fabricating residual-layer-free polymeric 

micro/nanopatterns via soft-lithography is spin-coating of PDMS on the Si-master 

having micropillar array [18, 22-25]. Spin-coating of PDMS successfully 

produces PDMS-based membranes with clear-through holes within two hours. 

Moreover, it provides potentials of stencil by depositing various kinds of material 

to fabricate independent dot arrays without etching process on any substrate due 

to the conformal contact of polymeric membrane with the substrate; in other 

words this technique leads simple patterning of the materials by attaching and 

detaching the PDMS membranes as a type of stencil. For example, the PDMS 

membrane with ordered pore arrays are widely used in patterning with the various 

kinds of nanomaterials such as graphene, carbon nanotubes (CNT) and 

successfully integrated in a microfluidic channel devices to perform bio-mimetic 

researches. 

 Utilizing a dewetting phenomenon of liquid-like resins is also an alternative 

method of fabricating the residual-layer-free surface [33]. This method, however, 

expose some geometric limitations such as requirement of the supporting 

substrates to maintain a polymeric layered structure without fracture. Recently, a 

simple soft-lithographic method enhancing the material property of thin polymeric 
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membranes without assistant of substrate has been massively studied inspired by 

structural geometries of oyster shell to generate extremely thin free-standing 

membranes [34-36]. Thus, fabrication of free-standing polymeric membrane with 

ordered clear-through holes is an attractive strategy due to its potential for simple 

fabrication of whole polymeric devices by utilizing or integrating the membrane 

to the microfluidic devices to control the flow of liquid or molecules through the 

pores, which leads a new type of applications in the micro/nano fields. 

Here, we report a highly ordered micro pore arrays by the soft lithography 

process using partial curing and sequential dewetting phenomenon with UV-

curable materials. Through those methods, polymeric membranes with ordered 

micropores (5-500 μm in diameter) were obtained from a permeable PDMS mold 

that contains various sizes of arrayed dots. Furthermore, because our method 

employs the material with high elastic modulus (~ 320 MPa), it is possible to 

handle the membrane freely even if it is very thin polymeric layer (~ 5 μm in 

thickness); thus this membrane is expected to be utilized to wide range of 

applications significantly. Although micro size of holes are introduced here, our 

method is extended to the nanoscale pore arrays by using similar dewetting 

phenomenon with hierarchical mold that was obtained from the micropore arrays 

through Chapter 3~4. 
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2-2. Experimental 

 

2-2-1. Fabrication of permeable PDMS molds 

 

PDMS molds were fabricated by curing PDMS pre-polymer (Sylgard 184 

Silicon elastomer, Dow Corning) on silicon masters prepared by photolithography 

and etching process in Inter-university Semiconductor Research Center (ISRC). 

The masters used for surface patterning had various size of micro hole patterns 

(500, 300, 150, 100, 50, 20, 5 μm in diameter and 5, 30, 50 μm in depth), resulting 

in PDMS replicas with the opposite sense. To cure the PDMS pre-polymer, a 

mixture of 10:1 silicon elastomer and the curing agent was poured on the master 

and placed at 70 ℃ for 1 h. The PDMS replicas were then peeled from the 

silicon masters and cut prior to use. 

 

2-2-2. Fabrication of residual-layer-free surface with uncured region by partial 

curing and dewetting process 

 

To generate the residual-layer-free surface by controlling the partial curing 

phenomenon, two kinds of PDMS molds were used: a flat PDMS blanket and a 

PDMS pillar mold having micropillar arrays (diameter: 8 ~ 500 μm). After 

pouring a small amount of droplet PUA prepolymer onto the PDMS mold, it was 
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covered with the flat PDMS blanket followed by UV-light exposure in an oxygen 

environment at ambient conditions (λ= 250-400 nm, curing time: ~ 1 min) through 

the permeable PDMS blanket. The PUA was composed of a functionalized 

prepolymer with acrylate groups for cross-linking, a monomeric, a photoinitiator, 

and a radiation-curable releasing agent for surface activity37. This material was 

purchased from Minuta Tech (MINS, 311RM). 

 

2-2-3. Fabrication of partially cured membranes with micro pore arrays 

 

To fabricate the polymeric membrane with ordered micro pore arrays with 

uncured resin on the surface, we used the sandwich-like molding system under the 

partial curing condition. After short UV-exposure process, the partially cured 

surface with residual-layer-free micro holey pattern was obtained by peeling the 

flat PDMS blanket off from the molding setup. During this demolding process, 

spontaneous dewetting of uncured resin accelerate the formation of clear through-

holes on the PDMS pillar array. Then a free-standing and flexible polymeric 

membrane with ordered micropore arrays was easily obtained from the PDMS 

mold with various size of pillar diameters (8~500 μm) and heights (> 8 μm), over 

a large area up to a 2 inch size 
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2-2-4. Scanning electron microscopy 

 

Scanning electron microscopy (SEM) images of the PUA membranes and 

structures were obtained using a HITACHI S-4800 microscope (Hitachi, Japan) 

operating at an accelerating voltage of 5-15 kV. To avoid charging effects, the 

polymeric samples were sputter-coated with platinum to the thickness of 7 nm 

before the measurements. 
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2-3. Results and Discussion 

 

2-3-1. Theoretical analysis of partial curing phenomenon of UV-curable PUA 

resin 

 

As shown in a schematic representation for the fabrication of the residual-

layer-free surface (Figure 2-1), a droplet of UV-curable PUA prepolymer was 

poured onto a PDMS mold having micropillar patterns (8 ~ 500 μm) and covered 

with a flat PDMS blanket. By curing the PUA prepolymer insufficiently in the 

presence of oxygen environment, a liquid-like partially cured PUA layer is formed 

on the surfaced after short UV-curing process. This is due to the well-known 

scavenging effect of oxygen, in which the oxygen near the permeable PDMS mold 

tends to inhibit the radical-induced polymerization [38]. To estimate the oxygen 

inhibition thickness in PUA prepolymer, we consider an one-dimensional mass 

conservation equation for oxygen concentration [28] and derive a first-order 

differential equation for the diffusion that gives a spatial change of oxygen into 

the PUA resin from the PDMS interface under steady-state conditions (d/dt =0). 

                     /       
     
   

+	 ̇  = 0	         (1) 

Here,    /        is the oxygen diffusivity in the polymer,     is the oxygen 

concentration and  ̇   is the volumetric consumption rate of the chemical 

reaction. The differential equation can be solved with the assumption of a first-
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order reaction kinetics ( ̇  = −   ) and rearranged in the dimensionless form 

with respect to the surface concentration of oxygen,    _       	( = 0):  

            
   ( )

									   _       
= cosh  − tanh  ∙ sinh         (2) 

 = (1/   _       )
 /  

, where L is the depth of the cured polymer resin. Based on this relation, there 

exists an oxygen inhibition layer with the thickness of about 5 μm for the 

diffusivity of D = 10-12 (m2s-1) [29]. The partially cured oxygen inhibition layer is 

important to monolithically bond several partially cured polymeric layers because 

unsaturated carbon-carbon double bonds in the acrylate groups of UV-curable 

resin can further be crosslinked by additional UV irradiation [28, 30]. 
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Figure 2-1. A schematic diagram of the partial curing and dewetting process to 

fabricate residual-layer-free surface after soft-lithography process. There exists 

oxygen-inhibition layer near the permeable PDMS mold with a thickness of 

approximately 5 μm for a diffusivity of 10-12 m2s-1. Amount of uncured resin near 

the mold was flowed and moved to the flat PDMS blanket by surface tension-

driven movement of liquid-like resin during the demolding process and 

subsequently a residual-layer-free surface was generated on the PDMS pillar array. 

 

2-3-2. Fabrication of partially cured polymeric membranes with ordered 

micropores from controlled oxygen-inhibition effects 

 

In most soft-lithography process, UV light is exposed sufficiently to 

completely cure the resin on the patterned mold; therefore, after peel-off process 
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of the mold, a various thickness of polymeric residual layer is generated between 

the mold and cured resins (patterns). In this thesis, we suggests a soft and fast 

method that eliminates the residual layer spontaneously and simply by controlling 

oxygen-inhibition effect under insufficient UV exposure within the permeable 

sandwich-like molding system; as a final product, an ordered micropore arrays in 

a free-standing polymeric membrane is produced. The continuous diffusion of 

oxygen through the permeable PDMS mold inhibits the radical reaction of the 

PUA resins. Therefore, in this experiment, when a short and an insufficient UV-

exposure is applied, the PUA resin sandwiched between a patterned PDMS mold 

and a flat PDMS mold is partially cured; PUA resin remained uncured as it gets 

closer to the molds and generated thin PUA liquid film (5 μm in thickness) near 

permeable PDMS molds. To control the partial curing process, the dimension of 

the pattern on PDMS mold is significant; a larger pattern requires less time to cure 

resin placed between molds because the core region cures faster than the surface 

region which placed near the PDMS mold due to the oxygen-inhibition effect. 

Then a demolding process of the flat PDMS introduces not only dewetting on the 

partially cured regions but also a volume of PUA resin to the flat PDMS mold due 

to the surface tension of liquid-like partially cured PUA resin, which originally 

would be a residual-layer under the conventional soft-lithography process with 

sufficient UV exposure. In this case, dewetting of PUA resin occurs on both 

peeled flat PDMS mold, and remained PDMS pillar mold which is still attached 
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with partially cured PUA resin 

 

 

Figure 2-2. A schematic diagram to fabricate a partially cured membrane with 

ordered micropores by partial curing and dewetting process. A droplet of UV-

curable PUA prepolymer was dropped onto the PDMS mold with micropillar 

arrays. Then, a flat PDMS blanket was placed on the resin. Step (1): after 
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insufficient UV-exposure to sample, the flat PDMS blanket was eliminated from 

the molding setup. During the demolding process, uncured liquid-like resin was 

spontaneously moved to the flat blanket, which would be a residual layer after 

sufficient UV-exposure in conventional soft-lithography process. Step (2): The 

partially cured polymeric membrane with clear through-holes was obtained by 

peeling it off from the PDMS pillar mold. 

 

2-3-3. Spontaneous dewetting of uncured resin and subsequent wetting transition 

on a flat PDMS mold 

 

Due to the peel-off process of a flat PDMS mold, two dewetting phenomena 

of liquid-like resin occurs on the both surfaces (flat PDMS mold and remained 

PDMS pillar mold). As shown in Figure 2-3, a partially cured resin on the flat 

PDMS mold dewets over time, resulting the ordered microlens-like droplets. 

Through this dewetting process, each partially cured resin separates selectively 

and results in different size of liquid drops on the surface of the mold. Figure 2-3 

represents brightfield images of the dewetting surfaces. As shown in the figure, 

the region marked with black arrow slowly disconnects over time and forms 

enormous sized liquid lenses due to the surface tension of PUA. The resin from 

the pillar mold with 150 μm dot patterns dewets into 50 μm size of lens, here the 

resin near the narrow linked region makes small 5 μm lens over time. The fact that 
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the resin dewets completely within 10 minutes indicates that the uncured PUA 

resin is not complete liquid but viscoelastic and partially cured resin which is 

more difficult to move compare to the liquid-like prepolymer does. Then, well-

ordered polymeric droplet arrays were spontaneously generated over time during 

the room-temperature dewetting of the uncured resin on the surface of the PDMS 

blanket, which is different from the normal dewetting phenomenon that occurs in 

thermoplastic polymers by heating above the glass transition temperature [39-41]. 
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Figure 2-3. Schematic illustration (a) and microscopic images (b-d) of the 

spontaneous dewetting on the flat PDMS blanket after partial curing and 

dewetting process. The uncured resin changes into microscale lens arrays over 

time. This is mainly due to the surface tension of the uncured resin. Scale bar: 150 

µm. 
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2-3-4. Residual-layer-free surface of PUA resin on a PDMS micropillar array 

 

The lens-like wetting transition of the uncured resin strongly supports the fact 

that the liquid-like uncured PUA resin has low affinity for the hydrophobic PDMS 

surface, thereby accelerating the dewetting and formation of clear through-holes 

in the polymeric membrane when peeled from a PDMS mold. The dewetting 

occurred regardless of the PDMS pattern that was used, e.g., from arrays of dots 

to lines. In the case of a radial pattern, similar to what was observed for a pillar 

pattern, the PUA resin on the PDMS surface dewetted over time, resulting in 

radially discrete and well-spaced polymer drop arrays (Figure 2-5). A trace 

amount of the partially cured layer was observed on the top surfaces of individual 

PDMS pillars in the form of small droplets (yellow arrows in Figure 2-4), which 

did not affect the separation of the polymeric membrane from the PDMS mold. A 

notable feature is found in Figure 2-4 that the partially cured regions on the top 

surface of the membrane made them vertically stackable with additional UV 

crosslinking, while those around the PDMS micropatterns (red arrows in Figure 2-

4) were useful for facilitating the easy demolding of the dewetted membrane 

because the uncured resin induced a slip at the interface between the membrane 

and PDMS [42].  
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Figure 2-4. Schematic illustration (a) and microscopic images (b) of the 

spontaneous dewetting onto the PDMS micropillar arrays after partial curing and 

dewetting process. The partially cured regions on the top surface of the membrane 

made them vertically stackable, while those around the PDMS micropatterns (red 

arrows) were useful for facilitating the easy demolding of the membrane. A trace 

amount of the partially cured layer was observed on the top surfaces of individual 

PDMS pillars in the form of small droplets (yellow arrows), which did not affect 

the separation of the membrane from the PDMS mold. 
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Figure 2-5. The fabrication results of radial-shaped membrane by partial curing 

and dewetting process. The microscopic images show the dewetted PUA droplet 

over time on the flat PDMS blanket (a-b) and also present the free-standing radial-

shaped membrane (c). The microscopic image shows the uncured resin as the 

white-colored regions along the radial membrane, while the same uncured area 

was not detectable via SEM image (d). Scale bar: 500 µm. 

 

2-3-5. Partially cured polymeric membranes with ordered micropore arrays. 

 

As a result of the partial curing and dewetting processes presented here, a free-

standing membrane with ordered micropore arrays was easily obtained from the 

PDMS mold with various pillar diameters (8–500 μm) and heights (> 8 μm) over 

a large area of up to 2 inches (Figure 2-6). To obtain the thin membrane with 
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ordered micro holes from polymeric materials, especially from the UV-curable 

prepolymer by soft-lithography process, the dewetted surface is peeled off 

carefully with tweezers. Notably, the free-standing PUA membranes with a high 

elastic modulus [37] were sufficiently robust (~ 320 MPa)  to be handled with 

tweezers without tearing or cracking, even though the minimum thickness was 

very thin (~ 8 μm) and featured tiny holes (~ 8 μm). Figure 2-6 shows the digital 

and SEM images of the polymeric membrane with various sizes of pores. Once 

the dewetting occurs and allows the elimination of the residual layer, any closed 

mesh-like shape of the membrane can be obtained simply. Radial shape of the 

membrane is also fabricated (Figure 2-5). To address the residual-layer-free 

problem via the soft-lithography process, dewetting gives a simple mechanism to 

eliminate the layer under the controlled oxygen-inhibition effect of UV-curable 

resin or partial curing process. As seen in the brightfield image, there’s a partially 

cured region (white region in the microscopic image) on the surface of the 

membrane. And this makes stacking and bonding of various fabricated 

membranes into monolithic polymeric hierarchical structure possible with 

additional UV-exposure process. In this experiment, the residual-layer-free, clear 

through-holes are easily and simply fabricated within 2 min from a UV-curable 

material. Moreover, handling the thin membrane with tweezers can be easily 

managed due to the high mechanical property of the membrane. It is envisioned 

that this method would be suitable for a various kinds of applications. 
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Figure 2-6. Digital camera and SEM images of the partially cured membranes 

with ordered pore arrays in microscale. The large-area (~ 2 inch) of membrane 

was obtained after peel-off process from the dewetted surface (a) and its SEM 

image with clear through-holes (b). From this method, we can fabricate various 

sizes of pores within the membrane. 500-μm pores (c), 150-μm pores (d), 50-μm 

pores (e), 20-μm pores (f) and 8-μm pores (g). 
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2-4. Summary 

 

We have presented a simple yet robust method to fabricate polymeric thin 

membrane with ordered clear through-holes from UV-curable prepolymer (PUA) 

by soft-lithography process. Well-defined pores are fabricated with various size 

(500-5 um) and shape (hole, line, radial) in micro dimension. It was observed that 

uncured or partially cured resin dewets over time on the flat or patterned PDMS 

mold, resulting a residual-layer-free surface with exposed PDMS pillar arrays. 

The partial curing induced dewetting approach is highly reproducible with 

controlled diffusion of oxygen through the permeable PDMS mold by the change 

of the thickness of the mold and exposure time of UV light. We controlled the 

thickness of the PDMS molds uniformly to constant oxygen diffusion through the 

mold. In addition we effectively tested the shape and dimension of pore by using 

various shape of patterns.  

Fabricating nanoscale pores with current approaches has revealed some 

challenges and weaknesses. First, fabrication of nanopores is difficult through the 

dewetting process with existing nano-patterned mold due to the contact problem 

between mold and substrate. Second, the partial curing presented here is limited in 

nanoscale dimension; it is difficult to control the thickness of partially cured 

region in the nanoscale. Third, due to the low elastic modulus of polymeric 

materials, it is impossible to handle the nanomembranes without fracture or tear. 
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Those problems can be solved, through the hierarchical structure that would be 

obtained from the partially cured membrane aforementioned. Hopefully, this 

simple approach provides a valuable tool for high-throughput fabrication of 

multiscale structure and nanomaterials with slight modification of the protocol. 
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Chapter 3. Multistacking approaches with partially cured 

polymeric membranes for simple fabrication of multiscale, 

multilevel architectures  

 

 

3-1. Introduction 

 

Micro structures that exist in nature are mostly fractal or hierarchical 

structures [43-47]. For an instance, the hierarchical structures on a lotus leaf is in 

forms of nano-dots placed on the top of the micro dots; due to this structural 

consequences, a lotus leaf maintains its unique property of superhydrophobic or 

self-cleaning surface. Another good example of nature’s hierarchical structure is 

gecko’s foot [48, 49]. A structure of nano sized tilted pillars placed on the top of 

micro sized pillars contributes strong adhesive property of the gecko’s foot. 

Nature’s hierarchical structure does not limited to only one function. Morpho-

butterfly has nanoscale ridges on its scale of wing; and this not only gives 

beautiful structural colour but also offers superhydrophobic surface [50, 51]. Due 

to the attractive properties of the natural structures, many scientists and engineers 

have been eager to duplicate the hierarchical structure; however, a few successful 

mimics has been attained and reported. In most cases, the complexity of three 

dimensional structures like butterfly wings and the limitation of MEMS/NEMS 
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technology hinder the scientists and the engineers to materialize the hierarchical 

structure in nature. This failure comes from the reality that the natural hierarchical 

structures requires either quiet a series of semiconductor processes or complete 

multidimensional structure to conduct given natural functions. 

The most simple, man-made hierarchical structure reported in research 

papers is micropatterns with nanoscale roughness [52-54]. Through this approach, 

a lotus leaf like hydrophobic surface is fabricated simply. For example, 

biomimetic superhydrophobic surface was fabricated on high-density 

polyethylene surfaces by heat- and pressure-driven imprinting method using 

patterned AAOs [52] and was obtained by using replica molding of PDMS 

micropillars, followed by deposition of a thin, hard coating layer of a SiOx-

incorporated diamond-like carbon [53]. Also, dual-scale hierarchical roughness by 

direct UV-replica molding for selective wetting surface was reported [54]. Even 

though this simple fabricated structure successfully mimics the nature’s function 

(such as hydrophobicity), it is unsuccessful in displaying the instinctive appeal of 

nature’s hierarchical structure. In other words, the artificial structure 

aforementioned provides only the properties or the functions of nature products 

without a consideration of the hierarchical architecture. Moreover, because 

conventional MEMS/NEMS techniques obtain more advanced technology and 

higher degree of properties than soft lithography method does, it is not true to 

believe that soft lithography is the only process to fabricate 3 dimensional 
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multiscale structures [55-57].  

However, unlike conventional soft lithography technique or conventional 

MEMS/NEMS techniques in fabrication of multiscale structure, partial curing 

method is time efficient and reduces defect formation remarkably via 2nd imprint 

process. It is worth to note that through the partial curing of UV-curable polymer, 

the region near a permeable PDMS mold with a hundreds of thickness remains 

uncured; on the other hand, the core region of micropattern is more cured 

relatively so that the uncured region of the pattern can change into nanopatterns 

during the 2nd imprint process. Because the thickness of the partially cured PUA 

layer via the partial curing process is extremely thin (< 5 um), it is difficult to 

fabricate the ‘microscale structure’ on a partially cured micropattern array 

vertically. Also, another weakness of this process is that it cannot be applied for 

more than two level structures. 

To fabricate more than two levels structure, a technique called multilayer 

stacking is well known and widely used [58, 59]. This method produces three 

dimensional hierarchical structures by stacking the unit structures having identical 

shapes or dimensions. More specifically, the multilayer structuring processes have 

been consistently developed with inorganics or metals through conventional 

semiconductor process including the repeatable bonding/deposition and etching 

process. For an effective surface treatment for bonding of each layer, two basic 

processes were used: (1) a surface treatment for bonding is applied after the 
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production of each unit layer through soft-lithography processor (2) a heat is 

applied to a pile of assembled layers for second bonding. Through this process, it 

is possible to produce the hierarchical structures in forms of woodpile structure. 

However, still, those methods are very inefficient in time and dimension wise. 

Therefore, to extend hierarchical structure beyond 3 layers, development of partial 

curing based soft lithography method utilizing a stacking procedure for effective 

bonding of each layer is highly demanded. 

Recently, we developed polymeric membrane with clear through hole by 

using of partial curing and dewetting method. In this case, it is easy to bond layers 

one another, because the resin on the surface is not fully cured. A multistacking 

approach was proposed by the method of bonding each membrane which has 

uncured resin on the surface. It turned out that the problem related to the number 

of layers for multilevel structures was simply solved via the membrane with next 

three properties.   

i) The holes of the membrane which range from 500 um to 5um can be 

quickly fabricated 

ii) The bottom layer is not obligated having clear-through hole pattern 

iii) We can get an artificial hierarchical structure simple manner with 

more than 3 layers by replicating the orderly stacked membrane layers  

 

Here, we introduce an improved version of such multilayer stacking process 
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by employing the partially cured membranes with clear-through holes to obtain 

polymeric multiscale, multilevel structures up to four layers. And through the 

simple replica molding process with various kinds of materials from NOA, PUA, 

PFPE, PEG to PDMS, we can obtain multilevel structure within one hour. 

Furthermore, we performed detailed chemical analysis with FT-IR and FIB studies 

for a successful bonding of each membrane by quantitatively analyzing the degree 

of the partial curing of PUA. The former provides a relatively quantified degree of 

curing of the PUA resin under the slight UV-exposure, while the latter gives 

understanding of the bonding state at the interface of the membranes, leads to the 

large area of multiscale, multilevel structures with various polymeric materials. 
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3-2. Experimental 

 

3-2-1. Quantitative analysis of degree of partial curing by FT-IR and FIB 

 

The degree of partial curing of PUA resin within two permeable PDMS molds 

was measured by FT-IR spectroscopy after short UV-exposure processes (0, 15, 30, 

45, 60, 150 sec). The conversion ratio was calculated by the relative peak height 

of the FT-IR spectra with respect to the uncured prepolymer near 810 cm-1. To 

reveal and analyze the bonding interface after stacking and attaching process, the 

FIB study was performed by cutting the interface vertically with high-energy ion 

beam. 

 

3-2-2. Multistacking attaching procedure for multiscale, multilevel polymeric 

structures 

 

The polymeric hierarchical structures were obtained from the stacked PUA 

membranes by replica molding. One to three partially cured polymeric 

membranes (PUA) with uncured resin on the surface were carefully placed and 

stacked on a patterned PUA substrate with nanoscale holey patterns. Then, UV 

light was sufficiently exposed (> 10 min) to the stacked assembly with hydraulic 

pressure (6~8 kg/cm2) in a vacuum chamber (5´10-2 Torr), to monolithic bond 
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each interface of the membranes by complete crosslinking the unsaturated carbon-

carbon double bonds in acrylate groups of the uncured resin. For the reapplication 

process, a little amount of the prepolymer solution was dropped onto the stacked 

and bonded mold. Then, a thin PET film was covered as a substrate to maintain 

the obtained polymeric structures flexibly. The assembly was subsequently 

exposed to UV light for a few tens of seconds to cure. Hierarchical structures from 

various kind of polymer such as PUA, PFPE, NOA were generated by the 

subsequent UV-molding process from the stacked molds. Finally the cured 

polymeric pattern was peeled off from the mold with tweezers. 
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3-3. Results and Discussion 

 

3-3-1. Multistacking procedure for multiscale, multilevel polymeric structures 

 

To fabricate the multilevel structure over three-layers in multiscale, we 

inspired from the LEGO bricks, a kind of kid’s toy, in which the stacking and 

attaching procedure creates various kind of structure simply without geometrical 

limitation. An overview of the multistacking process is shown in Figure 3-1 along 

with representative graphic images with the partially cured membranes as basic 

bricks for the process. The membranes were prepared from the PDMS molds 

having various sizes of pillar arrays in micro and nanoscale. The substrate 

presented here contains nanoscale hole patterns (not clear-through hole), while the 

membranes have clear through holes. Using the substrate (~800 nm) and partially 

cured membranes (~150 um), a two-story hierarchical structure was introduced so 

that the PFPE prepolymer was filled the stacked hole arrays to generate a 

hierarchical structure by replica molding process. The partially cured membranes 

was slowly and carefully stacked onto the polymeric substrate, because the 

membrane has liquid-like uncured resins on its surface; if the membrane was 

moved on the substrate after contact, the resin would be filled with the nanoscale 

hole patterns 

In our result, we tested various combination of pore diameter in the upper 
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membrane and bottom holey substrate. Although we performed just simple 

attaching and bonding without alignment process, it guarantees good pattern 

fidelity when a membrane with sufficiently larger pore diameter was selected as 

an upper part compare to the diameter of bottom holes. The present stacking and 

bonding mechanism is simple, efficient, ease to be applied, and more importantly 

reduces the process time by just stacking partially cured membranes without 

special surface treatment for bonding of each layer and by replicating with various 

kind of polymers to generate multiscale, multilevel structure 

In order to determine optimal diameter ratio (DTop : DBottom) for the stacking 

procedure, various size of pores (500, 300, 50 um) and holes (20, 5 um) were 

selected and tested. Figure 3-4 shows SEM images including stacked and boned 

structure as molds and replicated hierarchical structures with various kind of 

polymers. When the ratio of the pore diameter of the membranes was sufficiently 

larger than 15, a hierarchical structure was clearly obtained from the stacked mold 

without the alignment of the membranes. While the opposite condition (DR<15), 

there are some problems including not uniform failure of the smaller patterns on 

the hierarchical structure during the replica molding process. Moreover, not 

uniform density of smaller patterns are placed on the larger micropattern for the 

same order of magnitude (<10) of the pore size. This suggests that well-designed 

pores with the same pitch as the pattern arrays were need to avoid mechanical 

fracture or defects in the replica for stable stacking process. 
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To elaborate on the material effect in replica molding process, we performed 

curing of various kinds of materials such as UV-curable NOA, PFPE, PUA and 

even thermal-curable PDMS. The obtained multiscale, multidimensional 

structures are shown in the Figure 3-4. Here, this successful replica molding 

process is possible because each membrane can be firmly bonded with conformal 

wetting and bonding under additional UV crosslinking. Also the stacked PUA 

membranes with low surface energy are highly robust yet flexible to be used as 

molds for the replica molding processes. In the case of replication with PFPE 

prepolymer, if some defects occurred on the mold substrate during the replication, 

then the defects would be eliminated from the mold by next molding process 

automatically; thus the stacked mold can maintain clear surface without defects, 

resulting in very many replicas could be obtained as many as 10 from a stacked 

mold. It is noted that the low surface and higher elastic modulus of the PUA as a 

mold material guarantees the good replica molding properties, especially related 

to the PFPE as a material for the resin with extremely low surface energy and soft 

mechanical property. Based on these results, the polymeric multiscale hierarchical 

structures were fabricated simply and rapidly at room temperature over a large 

area from various materials. 
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Figure 3-1. Fabrication results for the hierarchical structure by simple attaching 

and stacking process. (a) Schematic illustration of the fabrication process for a 

two-level hierarchical structure. (b) SEM images of the vertically stacked 

membranes at various magnifications. (c) SEM images of replicated multiscale, 

multilevel PFPE structures. In this result, two types of membranes are used: a 

membrane with clear through-holes (150 mm in diameter) as an upper part and a 

polymeric substrate with nano holes (800 nm in diameter) as a bottom part. 
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Figure 3-2. Fabrication results for the hierarchical structure by multistacking 

process. (a) Tilted SEM images of the mold structures after stacking and bonding 

at various magnifications (´200, ´500, ´1500, ´3000). (b) SEM images of the 

obtained hierarchical structures after replication process. Two types of membranes 

are used: a membrane with clear through-holes (20 mm in diameter) as an upper 

part and a polymeric substrate with nano holes (800 nm in diameter) as a bottom 

part. 
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3-3-2. Characterization of controlled oxygen-inhibition effect of PUA by FT-IR 

and FIB studies 

 

To stack the partially cured membranes stably, the optimal condition for 

partial curing should be selected at each step under the controlled oxygen-

inhibition effects. The time-dependent UV-curing reactions were monitored by 

Fourier-transform infrared (FT-IR) spectroscopy, to attain the optimal bonding 

condition by quantitatively analyzing the spectra of uncured reins on the 

membrane. A focused ion beam study was performed to revel the bonded interface 

under the stacked membranes and to analyze the cross-section profile, because it 

is difficult to observe the bonded interface by simply cracking the sample with 

diamond cutter.  

We arbitrarily select 6-time points (0, 15, 30, 45, 60, 150 sec) which are 

capable of covering the cured state of PUA with time-variable, slight UV exposure 

under a thickness-controlled, permeable PDMS mold. Figure 3-3 shows 

representative graphs for various time points in the case of partial curing process. 

As shown in the figure, the intensity of peak near 810 cm-1 decreases by time 

significantly. We can quantitatively analyze the degree of curing of PUA resin at 

each case in partial curing process with respect to the uncured prepolymer (0 sec). 

According to the measurements, the conversion ratio of the partilly cured 

membrane was 45-60 % as calculated by the relative peak height of the FT-IR 
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spectra depend to the curing time. It is well-known fact that the conversion ratio 

of completely cured polyurethane-based PUA resins is near 70 %. In parallel, the 

peak intensity near 60 % was relatively strong degree of curing and was not 

recommendable as a partial curing condition for the stable stacking. From the 

calculated conversion ratio, we selected diverse degree of the partial curing from 

45 to 55 %. To this aim, we prepared two set of partially cured bricks with hole at 

a fixed ratio with a diameter of 25 (= dTop/dBottom, dTop = 20, 100 μm, dBottom = 0.8, 

4 μm, respectively), which guaranteed the proper shape of the hierarchical 

structure after the stacking of each brick. The partially cured holey bottom 

substrate from PUA prepolymer (0.8 or 4 um in diameter) has a relatively high 

conversion ratio (~ 60 %) to ensure good pattern fidelity at the submicron scale as 

well as high-resolution replication of the hierarchical polymeric structure. 

For a conversion ratio of 55 % (dTop = 20 μm), two bricks were firmly 

integrated without filling the nanoholes (dBottom=0.8 μm) of the bottom substrate 

with the uncured resin. However, for a conversion ratio of 45 % (dTop = 100 μm), 

the microholes (dBottom = 4 μm) were completely filled with the resin, suggesting 

that the fluidity of the uncured resin was sufficiently high at the bonding interface. 

As shown in Figure 3-7, by controlling the degree of partial curing 

quantitatively according to the exposure time, we can modulate the fluidity of 

uncured resin on the PUA membrane, resulting in the stable multistacking of the 

membranes up to four layers. It is worthwhile noting that the multistacking 
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process present here is very simple and fast compare to the conventional or 

nonconventional process for MEMS/NEMS and is capable to apply polymeric 

devices easily, since the polymeric membrane is significantly robust to enable 

high-throughput surface patterning process.  
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Figure 3-3. Quantitative analysis of the degree of partial curing by FT-IR 

spectroscopy and FIB study to find optimal condition of stable stacking. (a) FT-IR 

spectra with various UV-exposure time (0, 15, 30, 45, 60, 150 sec) to analyze the 

oxygen-inhibition effect under the permeable PDMS blanket. (b) Calculated 
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conversion ratio of the partially cured PUA by the relative peak height of the FT-

IR spectra with respect to the uncured prepolymer. (c-f) SEM images of the 

stacked samples (c) and revealed interface (d-f). To analyze the cross-sectional 

profile, two FIB studies were performed to reveal the bonded interfaces under the 

stacked molds at a fixed ratio with a diameter of 25 (= dTop/dBottom, dTop = 20, 100 

μm, dBottom = 0.8, 4 μm). 

 

3-3-3. Multiscale, multilevel polymeric architecture with various materials 

 

To attain the optimal condition of partial curing for stable multistacking, we 

performed FT-IR spectroscopy and FIB studies. Because the wrong selection of 

degree of partial curing results reasonable fails to the both stacked membranes and 

replicated hierarchical structures. If the excessive fluidity of the uncured resin 

from insufficient, short UV exposure is occurred on the partially cured membrane, 

then smaller scale of holes in a substrate would be filled with the liquid-like resins; 

while the opposite condition, there is too weak bonding forces at the interface of 

the two bricks.  

Detail processes are described in Figure 3-6 along with a step-by-step 

procedure with three kinds of polymeric bricks. At each process, proper degree of 

partial curing was selected to realize the stable stacking of polymeric membrane 

rapidly (<3 min/each layer) at room temperature. The three-layer multiscale 
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structure was obtained by using three polymeric membrane with clear-through 

holes (500, 20 um) and holes (800 nm) through the stacking and replicating 

process. The membranes used here have the conversion ratio within 45-55 %, 

respectively. In this case, the ratios of diameter are fixed as 25, guarantees the 

good pattern fidelity on the replicated hierarchical structure. However, the case of 

bonding with similar scale of pores (DR < 15) shows some defects including 

fracture of the hierarchical structure or varying density of smaller scale pattern on 

the larger size of pattern; thus well-designed membranes with the same pitch as 

the pattern arrays were needed. For example, if we want to fabricate the 150-um 

dot pattern as 2 by 2 arrays on a 500-um pillar, it is simply obtained by an 

alignment process with well-designed pore arrays. The four-level multiscale 

structure shown in Figure 3-7 was formed based on these design rules. 
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Figure 3-4. Multiscale structures from the stacking and replication method with a 

variety of materials. To find the optimal diameter ratio, various stacking and 

replicating processes were performed (500, 300, 50-μm pores in upper membranes 

and 20, 5-μm holes on bottom substrates). A diameter ratio (dtop/dBottom) was 

suggested for each structure to determine the conditions that ensure good pattern 

fidelity without aligning the membrane and bottom substrate. When the diameter 

ratio was smaller than 15, mechanical fracture or defects were generated in the 

replicated hierarchical structure shown in the images above. The stacked mold 

fabricated after the multistacking process is useful for processing UV-curable or 

thermally curable materials such as hydrophilic resins (NOA 73 and PUA) and 

hydrophobic materials (PDMS). 
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Figure 3-5. Comparison of pattern fidelity of the hierarchical structures from the 

2-step imprint process (a) and from the multistacking and replication process (b). 

The 2-step imprint process provokes unclear-edge profiles to the hierarchical 

pattern due to the high pressure required to generate nanoscale pattern during 2nd 

imprint process, while the multistacking and replication process ensures good 

pattern fidelity. 
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Figure 3-6. A three-level multiscale structure replicated from the stacked mold by 

monolithically stacking with a diameter ratio of 25. (a) Schematic diagram of the 

fabrication of a three-level architecture, where the diameter ratio of 25 was 

selected for each membrane (500 mm/20 mm/800 nm). (b) SEM images of the 

three-level stacked architectures; 20-mm-hole arrays are shown in the 500-mm-

hole arrays, and 800-nm-hole arrays are also shown in 20-mm-hole array. (c) SEM 

images of the three-level architectures replicated from (b). The SEM image shows 

good replication fidelity of the 20-mm pillar arrays across the boundary of the 

pillar arrays with a 500-mm diameter.  
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Figure 3-7. A schematic illustration and result of the fabrication of four-level 

polymeric architecture by multistacking and replication process. (a) Alignment of 

the membrane is important to generate the multiscale, multilevel structure from 

the same order of magnitude (dTop/dBottom < 15) of the pore size. Well-designed 

pore arrays with the same pitch as the pattern arrays and careful alignment process 

were needed to avoid mechanical fractures or defects in the hierarchical replica 

after replication from the stacked mold. (b) SEM image of four-level structures 

with a series of increasing pillar sizes (150 nm/8 μm/165 μm/500 μm). 
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Figure 3-8. Fabrication of hierarchical structure by stacking of the radial-shaped 

micromembrane. (a) Digital and SEM images of the hierarchical radial line 

pattern with 800-nm-pillar arrays replicated from its complementary mold. The 

Magnified SEM image shows around the center of the hierarchical radial pattern. 

(b) SEM image of the engraved line pattern stacked on a holey substrate with 5-

mm diameter. (c) SEM image of the embossed hierarchical structure fabricated by 

the replication of (b). The line shape of the hierarchical structure was also 

obtained using our method. 
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3-4. Summary 

 

We have developed a simple yet robust multistacking and replication process 

for fabricating a multiscale, multilevel structure from the various kinds of 

polymeric materials with high-resolution micro/nanostructures. The method, 

stacking membrane having partially cured resin with clear-through holes, provides 

successful concept to achieve a multilevel structure over 3 layers. To attain the 

optimal degree of partial curing for stable stacking process, time-dependent UV-

curing reactions were monitored by FT-IR and FIB. The former provides a 

relatively quantified degree of curing of the PUA resin under the slight UV 

exposure, while the latter gives understanding of the bonding state at the interface 

of the membranes, resulting in the large area of multiscale, multilevel structures 

from polymeric materials. We confirmed that the 45~55 % of degree of partial 

cuing is the optimal condition for the vertical stacking and bonding method. Also, 

the defectless multiscale hierarchical structure could be obtained without 

alignment process within an hour when the bonding is occurred with membranes 

having sufficiently large-diameter ratio of pores (D > 15) 

And the significant advantage of our process using partially cured polymeric 

membrane with ordered pores over previous hierarchical structures [52, 60, 61] is 

that the multiscale, multilevel architecture can be fabricated rapidly by replicating 

from the stacked mold using various polymers, such as NOA, PUA, PFPE even 
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PDMS. This is possible because each membrane can be firmly bonded with 

conformal wetting and bonding under additional UV crosslinking. By utilizing the 

multistacking and replication approach, we can build a multiscale structure of 

only polymers, which provides a new protocol for fabricating all types of 

polymeric devices and systems [62]; in the Chapter 4, the polymeric structures are 

used as molds for the fabrication of flexible and free-standing bio-inspired pore 

arrays 
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Chapter 4. Bio-inspired, multidimensional pore arrays in 

a flexible and free-standing polymeric membrane 

 

 

4-1. Introduction 

 

Soft lithography process using SiNx-based inorganic stencil has been widely 

known as a useful method to produce micro/nano structure [1-6]. Applying 

nanostencil with aperture in MEMS/NEMS applications successfully generates 

metal or inorganic nanoscale pattern without etching/ashing process; it requires 

simple 3-step procedures such as aligning nanostencil with aperture on a substrate 

of interest, depositing of metal or inorganic material via the stencil and removing 

the stencil from the substrate. If we do not employ the stencil method, production 

of metal or inorganic nanopattern requires six steps procedures; metal deposition, 

resist coating, alignment and exposure, resist development, metal etching, and 

final resist removal. Even if one applying a Lift-off process to avoid 

etching/ashing procedure, at least 5 steps procedure is demanded; resist coating, 

alignment and exposure, resist development, metal deposition, and resist lift-off.  

Production of stencil with soft polymer instead of Si-based inorganic stencil is 

possible through soft-lithography process in microscale. In general, PDMS 
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elastomer is poured and spin coated on a pillar patterned silcon master with high 

aspect ratio [18, 22-25]. After a thin layer of PDMS coated on a pillar patterned 

silicon master is cured at 70 °c, the layer is skinned with tweezers. However, 

most PDMS based stencil is intrinsically limited to microscale dimension due to 

the low stiffness of the polymer (PDMS). 

With the increasing demand for miniaturized devices, production of stencil 

with nanometer sized aperture requires series of steps such as selection of specific 

polymeric material enough to against the external forces, spin-coating on the high 

aspect ratio nanowire with the polymeric material and application of lift off 

method. To fabricate the nanoporous poly(caprolactone) membrane in nanoscale, 

for example, nanorod growth and a subsequent templating process is required: i) 

zinc oxide growth, ii) casting of poly(caprolactone), and iii) etching of the zinc 

oxide [63]. Despite of those successful membrane fabrication techniques 

introduced above, the risks of making tear or fracture in polymer membrane while 

handling free standing membrane are barely possible to avoid. Furthermore, it is 

very difficult to obtain nicely aligned clean pores due to the sway of high aspect 

ratio nano-wire affected by the coating of liquid resin. Also, even if the membrane 

is fabricated with a polymer with intrinsically low young’s modulus, handling is 

quite difficult and can cause defects. 

    One approach for free-standing nanomembranes is to utilize metals or metal 

oxides that have sufficient mechanical strength, such as thin gold films perforated 
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with 100 nm holes [7] and anodic aluminum oxide (AAO) membranes [20]. These 

materials are sufficiently stiff with high fracture energy to maintain the 

nanostencils’ shape firmly without mechanical fracture or tear against external 

forces that arise during the handling process. A typical method for nanostenciling 

in NEMS field is to form a highly robust SiNx nanostencil on top of a rigid 

geometrical support with a Si holey structure and etching processes [3, 4, 6]. In 

addition, various nanomaterials [9-12, 21] including graphene, gold nanoparticles, 

or inorganic sheets as well as nanostencils are firmly supported by the geometrical 

backbones. As a backbone material, the hole containing materials such as SiN, 

TEM grid, and photoresist are widely used. Recently, these membranes assisted 

by micro-backbones have been exercised not only in deposition process but also 

in various MEMS/NEMS applications including optics4, biological studies [18, 

19], molecular sensing or separation [5, 6, 14]; also they have been used in study 

of bio-inspired pore array, solid-state pores [64-66]. However, SiN is the only 

material that combines nanostencil and backbone into a single unit. To fabricate 

the monolithically integrated stencils, complex and high-cost processes are 

required including low-pressure chemical vapor deposition for SiN films, and 

sequent photolithography, reactive ion etching, wet etching processes for the 

fabrication of microscale backbone. For nanoaperture patterning on the thin 

nanomembrane, the next processes must be further processed; E-beam exposure, 

development of the resist and final RIE process using SF6 and Ar gases [4]; thus it 
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is not easy. 

Fabrication of an ordered nanopores containing polymeric membrane with 

proper stiffness by simple soft-lithography process is very tempting strategy 

because it can be usefully employed in various micro/nanoscale applications. In a 

conformal contact requiring process or in a controlling liquid flow into pore, this 

membrane is expected to be useful sufficiently. Here, we report a highly ordered 

multidimensional pore array on a flexible and free-standing polymeric membrane 

by using spontaneous dewetting of UV-curable resin on a hierarchically patterned 

mold. Using this simple dewetting method, we can obtain the bio-inspired 

membrane with small pore arrays (5 um ~ 150 nm) from the PUA/PFPE resins. 

Glomerular basement membrane in human body is an interesting structure having 

nanoscale pores (60~70 nm) and thick backbone membrane (250 ~ 450 nm) to 

perform the next three function successfully: i) small molecules pass rapidly 

through the filtration membrane; ii) large proteins and blood cells are kept out of 

the capsular space; iii) glomerular filtration is a process of bulk flow driven by the 

hydrostatic pressure of the blood. We inspired from the glomerular basement 

membrane and finally developed the monolithically integrated multiscale pore 

arrays having nanoscale pores with microscale backbone structures monolithically. 

Moreover, the micro mesh-like backbone plays a role in both increasing the total 

thickness of the polymeric stencil and decreasing the overall area of the 

nanostencil, which leads to the increase in effective modulus. The membrane 
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present here has a great potential for various MEMS/NEMS devices by simply 

integrating the membrane to the devices such as microfluidic channel, plasmonics.  

 

4-2. Experimental 

 

4-2-1. Dewetting of UV-curable resin on a hierarchical structure 

 

To fabricate nanoscale residual-layer-free surface through the soft-lithography 

process with UV-curable polymeric materials, a small amount of PFPE resin was 

drop-dispensed onto a hierarchical PUA mold having nanoscale dot patterns (5 

μm-150 nm) on the micropillar arrays (~150 μm). And a flat PUA blanket was 

uniformly covered the hierarchical mold. This sandwich-like molding setup is 

modifiable to obtain the similar dewetted PUA surface from PFPE mold without 

noticeable structural differences. Then, the assembly was exposed to UV light (< 1 

min) in a vacuum chamber under hydraulic pressure (< 8 kg/cm2) to cure the 

dewetted surface. After the removal of the flat PUA mold, a flexible, free-standing 

membrane with multidimensional pores was obtained by carefully peeling from 

the PUA hierarchical mold with tweezers. 

 

4-2-2. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) 
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Time-of-flight secondary ion mass spectrometry (TOF-SIMS) analysis was 

performed with the apparatus IONTOF, TOF-SIMS5 equipped with a pulsed Bi+ 

ion gun operated at 25 kV at the Korea Institute of Science and Technology 

(KIST). The dc ion beam current (~ 14 nA) was pulsed at 10 kHz and the area 

analyzed was approximately 200 ´ 200 µm2. 

 

4-2-3. Force modulation microscopy 

 

Force modulation microscopy (FMM) was performed with an AFM equipment 

(XE-100, Park Systems, Korea) at the National Nanofab Center (NNFC). The 

FMM mode with a constant set point of 1 nN was used with a scan rate of 1 Hz. 

The measured area was approximately 1.5 ´ 1.5 µm2. 
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4-3. Results and Discussion 

 

4-3-1. The dewetting of UV-curable resins (PUA/PFPE) on a hierarchical 

structure 

 

In most soft-lithography process, a sufficient UV light is exposed to the UV-

curable resin to obtain the clear micro/nanopatterns where residual layer on/under 

the pattern is remained after peel-off process of the mold. In the method presented 

here, the residual layer is spontaneously eliminated from the mold surfaces by 

simply using sandwich-like molding set up with both a flat polymeric mold and a 

hierarchically patterned mold. As a result, the overall process is very simple and 

fast, enabling an easy fabrication of a multidimensional pore arrays with 

monolithically integrated micro mesh-like backbones. 

The multiscale structure has two distinct functions that allow it to be used as a 

mold for the fabrication of bio-inspired multidimensional pores: i) the mold is 

capable of forming uniform contact with the blanket, which is analogous to the 

geometric effect of a hierarchically organized gecko foot hairy structure [67]; and 

ii) the hierarchical mold allows for the direct integration of a seemingly fragile 

nanopores on a microscale backbone without a residual layer in a single molding 

step. 
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As described in Figure 4-1, a relatively hydrophilic PUA resin was drop-

dispensed and back-filled into the hydrophobic PFPE hierarchical mold, and the 

spontaneous dewetting of the PUA resin occurred within the sandwich-like 

assembly between a flat PFPE blanket and the PFPE mold. Here, a fully dewetted 

surface of the PUA with through-holes and exposed PFPE pillar arrays was 

generated after photo-polymerization under a slight pressure (~ 8 kg/cm2). The 

two materials could be swapped to obtain a similar dewetted PFPE surface within 

a PUA sandwich assembly without noticeable structural differences. 

 

 

4-3-2. Microscale dewetting characterization by SIMS 

 

To further probe the dewetting interface of the two polymers (PUA and PFPE), 

detailed chemical and mechanical mappings were performed using time-of-flight 

secondary ion mass spectrometry (TOF-SIMS) and the force modulation 

microscopy (FMM) mode in atomic force microscopy (AFM). The former 

provides a spatial distribution of each material at the microscale, while the latter 

shows the rigidity distribution at the nanoscale. When the Bi+ ion beam was 

irradiated on the dewetting surface, singly charged secondary ions were easily 

detected and counted in the TOF-SIMS analysis. The two polymers released 

specific singly charged ions as material indicators for the chemical mapping of the 
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dewetting surfaces, such as H- ions from the PUA surface and F- ions from the 

PFPE surface. After scanning 50 times and counting the number of ions, two 

kinds of dewetting surfaces (PUA/PFPE, PFPE/PUA) were imaged successfully in 

red (H-) and green (F-) (Figure 4-1). Because the two chemical maps are 

complementary, the line scan profiles along with the white lines (AA’ and BB’) 

show the measured sinusoidal curves, providing the spatial distributions of the 

two materials at the microscale (pillar diameter: ~ 5 μm) 
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Figure 4-1. Chemical mapping images of two dewetting surfaces on hierarchical 

molds by Time-Of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) at the 

microscale. (a), Schematic diagram of spontaneous dewetting process to fabricate 

a residual-layer-free, multidimensional pores on a hierarchical mold. (b-e) 

Chemically mapped images (b-c) and linescan profiles (d-e) obtained by TOF-

SIMS. Red indicates H- ions from the PUA surface and green indicates F- ions 
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from the PFPE surface. Two chemical maps are complementary, the line scan 

profiles along with the white lines (AA’ and BB’) show the measured sinusoidal 

curves, providing the spatial distributions of the two materials (pillar diameter: ~ 5 

μm). 

 

 

4-3-3. Nanoscale dewetting characterization by FMM 

 

In parallel, the nanoscale distribution obtained from a hierarchical mold 

(diameter: 150 nm, height: 200 nm) can be measured by AFM topography and the 

FMM amplitude modes (Figure 4-2). The heights of the PFPE and PUA nanopillar 

array exposed on the dewetting surface were ~ 8 nm on the PUA and ~ 30 nm on 

the PFPE, respectively. Mechanical mapping using FMM is reliable because the 

exposed PUA or PFPE pillars affect the bending amplitude of the AFM tips in the 

FMM mode, depending on the difference in the Young’s modulus of each polymer 

(PUA: 320 MPa, PFPE: 10.5 MPa [68]). As shown in Figure 4-2, the differences 

in the FMM amplitude on the dewetting surface were ~ -80 nm and ~ +50 nm 

from top to valley, respectively. The most significant finding obtained from the 

FMM analysis was the relatively high exposed height of the PUA nanopillar in the 

topography (30 nm, Figure 4-2), which was caused by the difference in the 

dewetting and shrinkage of the UV-curable resin. Consequently, the final 
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thickness of the nanomembranes in the PFPE MPFFPM after peel-off was 

approximately 170 nm, despite the 200-nm height of the nanopattern on the PUA 

hierarchical mold.    

 

 

 

Figure 4-2. Mechanical mapping images of dewetting surfaces on hierarchical 

molds by Force Modulation Microscopy (FMM) mode in AFM.  The images of 

mechanically mapped topography (a, b, e) and bending amplitude (c, d, f) 

obtained by FMM analysis showing clearly dewetted and exposed nanopillar 

arrays by measuring the difference in rigidity of each polymer at nanoscale (pillar 

diameter:~ 150 nm).  
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4-3-4. Bio-inspired polymeric membranes with multidimensional pore arrays 

 

By peeling the dewetted polymer layer from the hierarchical mold, we 

obtained multidimensional pores in flexible and free-standing polymeric (PUA or 

PFPE) membranes (Figure 4-3). To visualize the formation of the clear through-

holes, the sample was seen from the top and bottom views: an array of 5-μm pores 

was directly observed from the top, while the same array was also observed 

through the supportive backbone, which featured 150-μm pores from the bottom. 

The micro mesh-like backbone plays a role in both increasing the total thickness 

of the polymeric stencil and decreasing the overall area of the nanostencil, which 

leads to the increase in effective modulus. The polymeric membranes presented 

here are highly flexible yet sufficiently robust such that they can be firmly free-

standing and bend well without structural collapse. As shown in Figure 4-3, a 

PFPE membrane with a pore diameter of 800 nm was formed on a microstencil 

support of 150 μm pores. The number of defects formed in the nanostencils (< 1 

μm) during the peeling-off process was minimal because the hydrophobic, flexible 

PFPE resin allowed for the successful demolding of the dewetted membranes after 

photo-polymerization from the PUA hierarchical mold without mechanical 

fractures, even with the extremely thin nanostencils (450 and 150 nm of pore size, 

Figure 4-4). In addition to the circular arrays, other supporting stencils with 
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different shapes such as square and rectangular patterns were also possible to 

fabricate. The through-holes (150 nm diameter) on a rectangular pattern of PFPE 

membrane (60 ´ 250 mm2) were clearly detected via transmission electron 

microscopy (TEM) and energy dispersive x-ray (EDX) analysis. The periodic 

perforated holes were observed as transparent regions in the TEM image. 

Additionally, the chemically mapped image generated from the EDX pattern 

clearly shows evidence of the perforations, with carbon in red and fluorine in 

yellow. To demonstrate its potential as an attachable/detachable nanoscale 

polymeric mask, the PFPE membrane was used as a mask for patterning a 

platinum dot array (~ 450 nm) shown in Figure 4-5. Due to the conformal contact 

achieved with smooth surfaces, the deposition through the multidimensional pores 

yields a highly uniform metal pattern with good fidelity, which is difficult to 

achieve with an inorganic nanostencil because small gaps between the stencil and 

substrate induce metal diffusion during the deposition process; thus, the size of the 

deposited metal is larger than the size of the aperture in the nanostencil [69]. 
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Figure 4-3. Fabrication of multidimensional pore arrays in flexible and free-

standing polymeric membrane and the results. (a) Schematic illustration of the 

multidimensional pores with top and bottom view with 5-μm pores and 150-μm 

backbones. (b-c) SEM images of PUA membranes with micropores (~5 μm). an 

array of 5-μm pores was directly observed from the top view, while the same array 

was also observed through the supportive backbone, which featured 150-μm pores 

from the bottom view. 
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Figure 4-4. Nanoscale pore arrays with microscale backbone. (a-f) The SEM (a, 

c), digital (b), and TEM (d, e, f) images show various size of nanopores (150-800 

nm): (a) 450 nm with square backbone. (b) 800 nm with circular backbone. (c-f) 

150 nm with rectangular backbone. (e) EDX mapping with PFPE membrane to 

show the clear through-hole. In addition to the circular arrays, other supporting 

membranes with different shapes such as square and rectangular patterns were 

also possible to fabricate. 
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Figure 4-5. Platinum dot arrays (450 nm) deposited through the attachable 

polymeric membrane with nano apertures. The polymeric membrane can create 

conformal contact to a substrate without special surface treatment due to the 

flexibility of the polymer, yielding a highly uniform metal pattern with good 

fidelity. 
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4-4. Summary 

 

We have presented a simple, yet robust method to fabricating the 

multidimensional pore arrays with UV-curable polymeric materials. Well-defined 

nanopores (~ 150 nm) were fabricated from the hierarchical mold by dewetting of 

the resin. It was observed that residual-layer-free molding was occurred within the 

sandwich-like systems. The hierarchical mold allows for the direct integration of 

seemingly fragile nanopores on a microscale backbone without a residual layer in 

a single molding step. To enable reproducible generation of the membrane, 

various hierarchical structures were used and tested as the molds. In additions, we 

have tested for both hydrophobic and hydrophilic membrane with the pores by 

simply using various kinds of materials as resins (PUA/PFPE). 

There are some potential of our method for multiscale polymeric membrane 

with nanopores. First, we can get a highly uniform metal or inorganic pattern with 

good fidelity by using the pore arrays as a stencil, due to the conformal contact 

ability of the polymeric membranes on a smooth surface. Second, the 

multidimensional pores, especially when the diameter of the pore is sub-

micrometer, is good for the micro/nano fluidic devices likely the glomerular 

basement membrane. The new method for nanoscale aperture from the 

hierarchical mold is very simple, it don’t require to specific semiconductor 

process at all. Therefore, this simple approach and product would provide a 
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valuable tool for high-throughput synthesis of nanoparticles such as lipid vesicles 

for drug delivery. 
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본 학  에 는  경화 고  하여 다 , 다차원 

 하  한 새 운 공  시하고 다.  경화 

고  재료는 프트 리 그래피 야에  마 크   나   

단시간에 가  형 할 수 다는  해 많  주  고 

다. 근 들어 다양한 재료  하여 100 나 미  하   

미  에 한 연 도 많  진행  고 는 , 러한 고  

 프트 리 그래피는 에 지   생체  같  다양한 

야  연 하는  아주 한  고 다. 

, 본 에 는  경화재료  경화 현상과 비  

현상  하여 프트 리 그래피 공  하여 간단하게 

 없는 통홀  마 크  미  수 에  얻 한 간편한 

 시하 다.  경화  폴리우 탄아크릴 트 (PUA) 

폴리  사 하여 산 에 해 과  는 폴리 틸실 산 (PDMS) 

몰드  한  사 공  하에 경화  고   

하 고, 몰드  몰  공 에 연  생하는  경화  

진  비  하 다. 경화 공 후에 몰드  

 겨내게 ,  경화  진  에 해 

어  나가는 몰드  들 진  연스럽게 겨진다.  

과 에  상  한  사 공  하에  과 몰드사 에 
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껍게 재하는  아주 간단하게 거 어 진 사  사  

몰드   연스럽게 드러나는 비   얻었다.  

에는 하게 경화  진  많  재하는 , 막  에 

재하는  경화 진 , 각각  막   착시키는  사  

 수 ,  주변에 재하는 진 , 비   막  

 겨낼 , 몰드 과 막사  미끄러짐  

시켜  결과  프리스탠 하게 형상  지 할 수 는 

마 크   통홀  갖는 고  막  쉽게 얻게 다. 러한 

경화  비   공  하여 얻어진 막에는 500 

마 크  미 에  5 마 크  미 지 다양한 크  통홀  얻  

수  뿐만 아니라, 사형  뻗어진 미  들  격  형상 도 

2  내에  가능함  확 하 다 

다 , 본 에 는  단시간에 다차원, 다  

고   하  한 고 사 합 공  개 하 다. 

2  상  다   마 크 ~나  미  크  다차원에  

하는 것  어 운 다. 본 에  개 한 공  통홀  

갖는 경화  고  막들  수직  시키고 간단하게 

합시킨 후에, 다양한 고  재료  하여 합   

복 하는 식  사 하 다. 경화  비  공  통해  

고  막에는 연스럽게 통홀과 함께 에는 미처 지 못한 

진들  재하게 는 , 라  특별한 처리 술 없 도 각각  
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막들  수직   후에 약간  압  가하   

사하게  견고한 합  막들 사 에 루어진다. 러한 

과 에  각 막에 재하는  경화  진  량화  합 

도  하고 고 사공 에 화 하  해   

(Fourier Transform Infrared Spectroscopy)과 집  빔(Focused 

ion beam)공  사 었다. 그 결과, 45~55 %  경화 도  가지는 

고  막 사  합  가  견고한 형태  미 들  상 

없  루어 짐  확 하 다. 또한 다양한 지  비  갖는 막간  

합공  진행하 는 , 그 결과  지  비가 큰 경우 (> 

15)에는 막간  공  없  단순   하 다 하 라도 

얻어진 계  형상  량 없  끗하다. 그러나 비슷한 

크   갖는 막간  합  해 는, 각각  들  

주 가 맞춰   계  형태  막들  공  통해 

합시켜야 한다. 다양한 재료  사 하여 계   쉽게 

2 에  4 지 하 는 , 단순  합  막들  다양한 

고  진  뿌린 후에  사  통하여 복  얻는 식  

사 하 는  여 에  우리는 다  다차원  1 시간 내에 

 할 수  확 하 다. 

마지막 , 나  미  통홀 가지는 얇  고  막  짐 

없  지하  한 효과  형상  안하고, 러한 막  비  

현상  통해 하 다. 앞  본 에 는 경화  비  
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 공  통해 마 크  통 홀  가지는 막  하는 

공  시하 , 들 막 사  합  복  통해 

계  하 다. 에는 앞   계  몰드  

하여,  경화재료  비  현상  도하여 나 스케 에  

 없는 통홀  가지는 막  쉽게 하 다. 본 연  

통해  나  막에는 마 크  크   께  격 가 

지지체  동  착 어 는 ,  지지체  해 나 미  

께  막  형상   지 다. 본  결과에  5 마 크  

미 , 800, 450, 150 나 미  크  통홀  가지는 고  막  

원형, 사각형, 직사각형  마 크  격  통해 지지할 수  

확 할 수 었다. 특 , 계  사 는 진사  합  통해, 

수  혹  수   갖는 미  막  게 다양한 

고  통해 할 수 었다. 여  수  재료  

플루 폴리에  (Perfluoropolyether)는 낮  에 지  해 

집게  하여 계  몰드에  겨내는 식  통해 한다 

하 라도, 150 나 미  수  통홀  약 170 나 미  께에  

어 움 없  획득할 수 었다. 가 , 계  에  

비  현상  하  해 화   맵핑  진행하 다. Time 

of flight secondary ion mass spectroscopy  통해 , 비   에  

재료에  화학   마 크  미  스케 에  미징하 , 

Force modulation  통해 는 나 미  스케 에   강 차  
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미징  통해 계 에  비  마 크 ~나 미  스케 에  

 어남  하 다. 러한 , 계  에  비  

현상  고  재료  미 는 한가지 고 한 특징 라고 할 수 다.  

처럼,  경화재료  한 빠  다 , 다차원  

 다양한 미   내에 어 효  향상  새 운 

능  여 할 수 는 가능  시한다. , 연계에 재하는 

계   사하여 그 능  여하는 것 에도,  

2  연계  3   4  확 시켜  사하는 식  

통해 연  월하는 능  보 는 미    가능 

하다는 미 다. 또한, 본 에 는 경화  비  공  

하  해 다양한 량 ,  들  활 하 다. 

그리고 그것  통해 시  공  타당   합  하 다.  

결 , 러한 고   다 , 다차원   술  

미  현상  연 하는  매우 한 플랫폼   수  것 다. 

 

주 어: 다차원 ,  경화재료  경화  비  공 , 다

차원 통홀, 고 사  공 , 연하고도 프리스탠 한 

고  막  
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