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Abstract

In this study, a micro patterning process is proposed and developed in order to obtain
various functional properties on the surface of an object. Nano imprint lithography (NIL) has
recently been the focus of much attention, because of advantages such as high accuracy, low cost,
and ease of operation. However, problems can occur during demolding when using this method,
such as the destruction of high-aspect patterns during the process. It is also, almost impossible to
form an over-hanging pattern. In order to overcome these problems, we propose a multi-step
imprinting process with an in-plane compression method. A hierarchical multi-scale pattern can be
produced using multi-step imprinting, and the aspect ratio of the imprinted pattern can be increased
by using the in-plane compression method. A hierarchical multi-scale pattern with a high aspect ratio
was produced by combining the two methods. The effectiveness of the proposed method is

demonstrated by the results of the experimentation.

1. Introduction

The production of functional surfaces that mimic those produced by biology has been the
focus of considerable amounts of investigation by several research groups in recent years!"'9), The
micro-patterns that are found on functional natural surfaces are the focus of this study. The most
well-known example of such micro-patterning is seen on the surface of lotus leaves, where the
structure renders the leaves hydrophobic because of the hierarchical multi-scale pattern on the
surface. The wing of the Morpho butterfly is another famous example, which is a vivid blue
structural color. However, it is difficult to produce surface structures that mimic those observed in
nature. The aim of this study is therefore to develop a method that can be used to form bio-
mimicking hierarchical multi-scale patterns.

Nanoimprint lithography (NIL) was the method chosen for the generation of
microstructures on the surface of an object in this study. NIL is a microfabrication technology that
was first proposed by S. Chou with the objective of transferring a fine pattern onto a resin using a
mold =19, NIL is classified into 2 categories; thermal imprinting and UV imprinting, for which
thermo-plastic resin and UV-curable resin are used, respectively. NIL is suitable for mass production

because of its low cost and simple manufacturing process. Thermal imprinting was selected to form



various kinds of materials in this study, the schematics of which are shown in Fig. 1. Other
imprinting methods were also developed for use in this study; “micro powder imprinting”, “multi-
layer imprinting”, and the “in-plane compression method”, were combined to fabricate the
complicated bio-mimicking micro-patterns.

Micro powder imprinting (uPl) 1629 was initially used in this study. Thermo-plastic
polymer materials are generally used for thermal imprinting; however, an imprinting process using
inorganic materials that can be utilized to fabricate ceramic products with fine patterns was
developed for this study. Compound materials, that comprised a mixture of an inorganic nano-
powder material and a binder polymer, were used to produce a sheet that could be imprinted using a
mold. The sheet was subsequently heated, both to remove the binder polymer and for sintering. This
uPl is an extension of NIL technology to include powder metallurgy, and could be used for
transferring patterns onto ceramics and glass materials. We have applied the process to improve the
solid oxide fuel cell, which is constructed using ceramic materials.

A different imprinting process using multi-layered materials was also investigated in this
study, as shown in Fig. 2. In this process, two or more sheets are used as a starting material. A
pattern can be transferred onto both the surface layer and the interface between the layers by
imprinting both sheets simultaneously. In this method, the mold pattern is transcribed directly onto
the surface layer, and the interface between the layers is deformed during the process. Pure polymer
is used as the upper layer and ceramic compound as the lower layer. The upper layer can therefore be
used as a sacrificial layer; it is removed during heating and before sintering so that the interfacial
pattern becomes the surface pattern of the sintered sample.

The final method investigated in this study is the “in-plane compression method.” Various
interfacial patterns with a high aspect ratio can be fabricated using this method. Details of this
process used for construction will be given in the section concerning fabrication.

Several studies have reported the formation of hierarchical patterns during imprinting ¢7
28, In these cases, finer patterns were transcribed onto the top of rough patterns, as shown in Fig.
3(a). We propose that a fine pattern can be constructed whole on top of a rough pattern. However, it
is extremely difficult to imprint a pattern onto the vertical wall of a rough pattern, so a method that
could be used to form a fine pattern and subsequently imprint a rougher pattern was required. In
order to avoid the occurrence of distortion that can occur in the fine pattern during a second
imprinting as seen in Fig. 3(b), an in-plane compression method is proposed. The method proposed
is demonstrated in Fig. 3(c), in which the fine pattern is deformed in the manner required using the

in-plane compression method.

2. Materials

An alumina composite was prepared as a starting material for this study. The method used



to prepare the sheets is demonstrated in Fig. 4. First, alumina powder, poly-vinyl alcohol (PVA)
(with a polymerization degree of 500 and a saponification degree from 86.0 to 90.0 mol %,
FUJFILM Wako Pure Chemical Corporation), and glycerin were mixed with pure water. Alumina
powder (TM-DAR, TAIMEI CHEMICALS) with an average particle size of 0.1 um and a purity of
99.99 % was used. PVA was utilized as a binder, and glycerin was added as a plasticizer. The doctor
blade method was then used to apply the prepared slurry onto a PET substrate, forming a sheet of
uniform thickness ?%. The applied slurry was then placed in an oven and heated at 70 °C for 900 s so
that any water in the slurry could evaporate, and a composite sheet with a thickness of between 120
and 130 um was obtained. The sheet was then divided into 20 mm squares in order to fit into the
container used for imprinting.

A sacrificial layer was used during the multi-step imprinting process in this study, as
described in the following section (15 16-30. 30 PVA and Polymethyl Methacrylate (PMMA) (with an
average molecular weight of 350 k, Sigma-Aldrich) solutions were prepared in order to compare the
effects of the material used to construct the protective layer on the pattern produced at the interface
during imprinting. The PVA was prepared in a 20 mass% aqueous solution. Food coloring (Kyoritsu-
foods) was added for easy observation with an optical microscope. The PMMA was dissolved in
acetone at 9 mass%. 1 mass% of Polyethylene Oxide (ALKOX EP-10, Meisei Chemical Works) was
also added to increase the viscosity of the solution.

Dynamic mechanical analysis (DMA) was then performed in order to obtain the
viscoelastic properties of these materials. The obtained data is shown in Fig. 5. The storage modulus
of the alumina compound was found to be 122.0 MPa with a loss modulus of 50.9 MPa, the storage
modulus of the PVA was 29.6 MPa with a loss modulus of 4.8 MPa, and the storage modulus of a
combination of 90 % volume ratio PMMA with 10 % volume ratio polyethylene oxide was 887.0
MPa, with a loss modulus of 597.0 MPa, at an imprint temperature of 100 °C using DMA data from

previous research.

3. Fabrication methods

The fabrication carried out in this study consisted of two processes: the “multi-step
imprinting process” and the subsequent “in-plain compression method.” Diagrams of both processes
are shown in Figs. 6 and 7, respectively.

The 2-step imprinting was carried out first. The sample was set in a thermo-hygrostat at a
temperature of 30.0 °C and a humidity of 80.0 % before imprinting. The humidity is important
because the formation of the compound sheet depends on the water content; the formability was
found to differ in preliminary experiments where the humidity was not constant, confirming that
control of the water content in compound sheets is important. Imprinting was performed in a metallic

container that was heated to 100 °C using a line-and-space-patterned mold with a pitch of 10 um and



a groove depth of 10 um [Fig. 6 (i)]. A servo-pressing machine was used to control the imprint
stroke, and the applied load was measured using a load cell. The sample was then removed from the
container and placed in a thermo-hygrostat at a temperature of 25.0 °C and a humidity of 50.0 % for
3600 s after which the sheet was removed from the mold. A spin coater was then utilized to apply a
protective or sacrificial layer onto the surface of the compound sheet [Fig. 6 (ii)], and the sample
was set in an oven to remove the solvent from the protective layer. Finally, the second imprint was
made using the rougher mold [Fig. 6 (iii)]. The mold pattern used was a sinusoidal-like wavy shape
with a pitch width of 130 um and a groove depth of 65 um. The imprint temperature was set to

100 °C. A hierarchical multi-scale pattern, in which there was a notable difference in size between
the fine pattern and the rough pattern, was obtained via this process.

Next, the in-plane compression method was carried out in order to obtain higher aspect
ratios of the imprinted product. The key factor in this process is compression, which is achieved via
the elastic recovery of a silicone substrate. In this experiment, the elastic recovery force of a pre-
tensioned silicone rubber substrate was used to create the compression, using the following method.
First, the silicone rubber substrate (a silicone sheet of 0.3 mm thickness, AS ONE) was pre-tensioned
according to the compression ratio. Next, the imprinted sheet was bonded to the silicon substrate
using adhesive (Super-X2, Cemedine) that became rubbery after solidification. A primer (PPX-3,
Cemedine) was also applied to improve the adhesion. After curing for 300 s, the sample was heated
to 100 °C using an incandescent lamp, in order to soften the imprinted sample. The load applied to
the silicone rubber was then released by changing the length of the substrate to the specified value.
The sample was then compressed via the elastic recovery force. The experimental setup for this

method is shown in Fig. 8. A linear actuator was used for precise control of the elongation.

4. Results and Discussion

The differences in the pattern at the interface due to the difference in the type of material
used for the protective layer was first compared. In Fig. 9, cross sectional SEM images of the
samples after the 2-step imprinting process are shown. The upper layers were constructed using PVA
and PMMA. The mold pattern was transcribed onto the top surface of both samples, while the
interfacial patterns were different. The interface of the sample in which PVA was used was almost
planar, and only the fine pattern formed by the first imprint was deformed via the flow of the upper
layer [Fig. 9 (a)]. In the sample in which PMMA was used, the interface followed the deformation of
the surface layer, and the pattern formed by the first imprint was retained, as seen in Fig. 9 (b). As
shown in Fig. 5, the PVA was easier to deform at 100 “C, meaning that the lower layer was not
deformed in the same way when PVA was used.

The fine pattern was deeper in the sample with the PVA layer than in the sample where the
PMMA layer was used. The interface of the sample with the PMMA layer was more deformed and



the length of the interfacial pattern was stretched. It is suggested that this stretched interface might
cause the greater depth seen in the fine pattern using this material.

Next, the thickness of the protective layer was varied. In this experiment, differences in the
thickness of the PMMA protective layer were generated by changing the maximum spin coating
speed. Layers of 20 and 35 pum thickness were thus prepared. In Figs. 10(a) and (b), cross sectional
SEM images of the samples with the 20 and 35 um layers, respectively, are shown. The shape of the
surface pattern of the protective layer matches that of the rough mold in both cases. Different shapes
were observed at the interface of the thicker and thinner samples. The thicker upper layer prevented
deformation in the lower layer. The effect of in-plane compression on the shape at the interface of
the hierarchical multi-scale pattern was also confirmed. An SEM image of the sample with a
thickness of 35 pum after in-plane compression is shown in Fig. 11. In this experiment, in-plane
compression was carried out with a compression ratio of 1.5. The aspect ratio of the interfacial
pattern is defined as height by pitch. The height and pitch are shown as the yellow and red arrows in
Fig. 10. The aspect ratio of the above data is summarized in Fig. 12. The aspect ratio of the interface
pattern was found to increase when in-plane compression was used, without destroying the fine
pattern. To obtain a higher aspect ratio, it might be possible to prepare a mold with a higher aspect
ratio for the second imprint. However, the fine pattern on the interface could easily be destroyed
during a second imprinting ?%, which is schematically shown in Fig. 3(b). From the above results, it
is apparent that both controlling the thickness of the upper layer and using in-plain compression are
essential to achieve higher aspect ratios.

For future studies, we plan to employ the proposed process using nanoscale patterns, in order
to realize structural colors. A computational system could be a powerful tool in designing the
parameters used in the process. From the DMA data of the materials (Fig. 5), the storage and loss
moduli were influenced by both temperature and humidity when using PVA, as it is water-soluble.

These data would be useful in developing a computational system such as FEM ¢2),

5. Summary

In this study, we proposed a new method for the fabrication of hierarchical multi-scale
patterns with a high aspect ratio by combining multi-step imprinting with the in-plane compression
method. The material used and thickness of the protective layer was changed, and the cross-sectional
views of the samples were compared in order to investigate the effects of multi-step imprinting on
the interface pattern. In-plane compression was carried out on the imprinted sample. The aspect ratio
of the hierarchical multi-scale interfacial pattern was found to increase by both, thinning the

protective layer and using the in-plane compression method.
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Heat with pressure

(i) (ii) (iii)

Fig. 1 Diagram of a typical thermal imprinting process. (1) A mold and a
sheet are prepared. (i1) The sheet is simultaneously pressed and heated
while using the mold. (ii1) The mold is removed.



Heat with pressure

(i) (ii) (iii)

Fig. 2 Diagram of the thermal multi-layer imprinting process. A layered
sheet is pressurized, forming not only a surface pattern but also an
interfacial pattern.
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Fig. 3 Schematic illustration of the imprinting processes for hierarchical
patterns. (a) A rough pattern is imprinted, but a finer pattern forms on the
top 728, (b) A fine pattern is initially imprinted. However, the pattern is
stretched and deformed after the second imprinting. (c) The strategy used in
this study. A rough pattern with a low aspect ratio is formed, after which in-
plane compression is performed.
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Fig. 4 Sequential preparation of the compound sheets for imprinting.
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Fig. 5 Temperature dependence of the storage and loss moduli of the
PMMA, PVA, and Al,O3; compound materials.
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Fig. 6 Diagram of the proposed multi-step imprinting process; (1)
Imprinting is carried out using a fine mold; (i1) A protective layer is applied
by spin coating; and (ii1) Imprinting is carried out with a rougher mold.



Heating

(i) 5.0

3 a¥
_—
-
\‘ll,.

K

ompression
crecoverY

In-plane ¢
by elastl

Fig. 7 Diagram of the in-plane compression method; (i) Elastic substrate is
pre-tensioned; (i1) Imprinted sample is adhered onto the substrate; and (iii)
The sample is deformed in-plane with the elastic recovery of the substrate.
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Fig. 8 Setup for the in-plane compression method; (i) Schematic diagram,;
(11) Top view; and (iii) Side view of the device.



Fig. 9 Cross-sectional images of the multi-step imprinted samples using (a)
PVA and (b) PMMA.



Fig. 10 Cross-sectional images of the molded product with (a) a thicker
upper layer, and ( b) a thinner upper layer.



Fig. 11 Cross-sectional SEM image of the imprinted sample after in-plane
compression.
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Fig. 12 Aspect ratio of the interfacial patterns of the three samples. The
aspect ratio was larger where imprinting was carried out with a thinner
upper layer. The aspect ratio also increased after in-plain compression.



