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Fabrication of high aspect ratio nanostructures using capillary force lithography
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Abstract—A new ultraviolet (UV) curable mold consisting of functionalized polyurethane with acrylate group
(MINS101m, Minuta Tech.) has recently been introduced as an alternative to replace polydimethylsiloxane (PDMS)
mold for sub-100-nm lithography. Here, we demonstrate that this mold allows for fabrication of various high aspect
ratio nanostructures with an aspect ratio as high as 4.4 for 80 nm nanopillars. For the patterning method, we used cap-
illary force lithography (CFL) involving direct placement of a polyurethane acrylate mold onto a spin-coated polymer
film followed by raising the temperature above the glass transition temperature of the polymer (T,). For the patterning
materials, thermoplastic resins such as polystyrene (PS) and poly(methyl methacrylate) (PMMA) and a zinc oxide
(ZnO) precursor were used. For the polymer, micro/nanoscale hierarchical structures were fabricated by using sequential
application of the same method, which is potentially useful for mimicking functional surfaces such as lotus leaf.
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INTRODUCTION

The fabrication of well-defined nanostructures is of great inter-
est due to its potential applications in photonic crystals [Poborchii
et al., 1999; Wanke et al., 1997; Yang and Ozin, 2000], data storage
[Cheng et al., 2001; Hehn et al., 1996; Krauss and Chou, 1997],
and nanometer-scale biological sensors [Haes and Van Duyne, 2002;
Lee et al., 2002]. Since the 1990s, unconventional methods such as
nanoimprint lithography [Chou et al., 1996] and soft lithography
[Lee et al., 2003; Xia and Whitesides, 1998] that enable micro/nano
scale patterning on large areas with low cost have been developed
as alternatives to conventional photolithography and electron-beam
lithography. In such parallel processes, various patterns are simul-
taneously formed by the physical contact of a hard or a soft mold
with the targeted substrate.

Recently, we developed capillary force lithography (CFL) for
patterning polymers over large areas by simply combining essen-
tial features of nanoimprint and soft lithographies [Khang and Lee,
2004; Kim et al., 2001; Suh et al., 2001; Suh and Lee, 2002]. This
technique involves the direct placement of a patterned elastomeric
mold such as polydimethylsiloxane (PDMS) onto a spin-coated poly-
mer film on a substrate followed by formation of a negative replica
of the mold by raising the temperature above the polymer’s glass
transition temperature [Suh et al., 2001]. A potential concern in this
technique is that a high aspect-ratio sub-100-nm PDMS mold is
nearly impossible to obtain due to the low elastic modulus of PDMS
(~1.8 MPa) that causes deformation, buckling, and collapse of shal-
low relief features [Bietsch and Michel, 2000; Delamarche et al.,
1997]. To overcome these mechanical shortcomings of PDMS, a
number of alternative molds have been introduced such as a com-
posite PDMS [Schmid and Michel, 2000], a bilayer PDMS [Odom
et al., 2002], a photocurable PDMS [Choi and Rogers, 2003], a poly-
olefin mold [Csucs et al., 2003], a PDMS with polymer-reinforced
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sidewalls [Suh et al., 2003], a Teflon mold [Khang et al., 2004; Khang
and Lee, 2004], and a photocurable polyurethane acrylate mold [Choi
et al,, 2004; Kim et al., 2003]. Of these, the polyurethane acrylate
(PUA) mold turned out to be stiff enough for replicating dense sub-
100-nm features. In addition, the mold allows for flexibility that is
capable of large area replication and a tunable modulus, enabling
from imprinting to microcontact printing.

Here, we report that this PUA mold can be used in CFL with slight
modification of the experimental protocol for fabricating high-aspect
ratio nanostructures, drastically expanding the flexibility of the meth-
od. Due to the ability to fabricate high-aspect ratio structures, multi-
scale hierarchical structures were created with superior wetting prop-
erties, providing a simple way to mimicking many functional sur-
faces found in nature such as lotus leaf. It is believed that the micro/
nanoscale hierarchical structure is considered to be an optimized
building block for natural surfaces. Furthermore, a zinc oxide (ZnO)
precursor was used for the fabrication to test the applicability of in-
organic materials, which tured out to be successful as shown shortly.

EXPERIMENTAL

1. Fabrication of PUA Mold

The PUA mold was composed of a functionalized prepolymer
with acrylate groups for crosslinking, a monomeric modulator, a
photoinitiator and a radiation-curable releasing agent for surface ac-
tivity. The liquid mixture was drop-dispensed onto a silicon master
that had been prepared by electron beam lithography, and a trans-
parent polyethylene terephthalate (PET) film with 50 mm thick-
ness was gently placed on the liquid mixture followed by UV (1=
250-400 nm) exposure for a few tens of seconds. After the UV cur-
ing, the mold was peeled off from the master [Choi et al., 2004].

2. Capillary Force Lithography (CFL)

For fabricating polymer nanostructures, silicon wafer was cleaned
by ultrasonic treatment in trichloroethylene and methanol for 5 min
each and dried in nitrogen. For the polymer, we used commercial
polystyrene (PS) (M,=2.3x10°, T, =100 °C, Aldrich) and poly(methyl-
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methacrylate) (PMMA) (M, =1.2x10°, T, =105 °C, Aldrich) dissolved
in toluene (10 wt%). The PS or PMMA polymer was spin-coated
onto the silicon substrate and the PUA mold was placed on the poly-
mer surface under a slight pressure (~10 g/cm?) for conformal con-
tact with the polymer. For a uniform pressure distribution, a thin
PDMS block was placed as a buffer on top of the PUA mold prior to
the application of pressure. Then the sample was annealed at 150 °C,
well above the glass transition temperature for 30 min on a hot stage.

For fabricating polymer multiscale hierarchical structures, a pat-
terned PDMS mold was placed onto the spin-coated polymer sur-
face on the silicon substrate. Then the sample was annealed at 150 °C
for 1 hr on a hot stage After a microstructure was fabricated, the
PUA mold was placed on the as-prepared microstructure under a
slight pressure (~10 g/em?) for conformal contact with the polymer.
Then the polymer was annealed again at 120 °C for 5 min on a hot
stage to fabricate nanostructures.

A ZnO precursor was used as an inorganic patterning material.
ZnQ precursor solution was prepared according to the well-known
methods [Choy et al., 2003]. Then the silicon substrate was spin-
coated by the prepared precursor solution. Patterned PUA molds
were then placed under a slight pressure (~10 g/cm?) and the sam-
ple was annealed at 250 °C for 5 hours.

3. Contact Angle Measurements

The static contact angle (CA) of water was measured by a con-
tact angle analyzer (Phoenix 150, Surface Electro Optics Co., Korea)
and the presented values were averaged over at least six points.

4. Scanning Electron Microscopy (SEM)

Images were taken with high-resolution SEM (XL30FEG, Phil-

ips Electron Co., Netherlands) at an acceleration voltage of 3 eV
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Fig. 1. A schematic of the molding procedure. The PUA mold used
in the experiment is a negative thin sheet type mold (fea-
tures sticking in).
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and a working distance of 7 mm. Samples were coated with a 30 nm
Au layer prior to analysis to prevent charging.

RESULTS AND DISCUSSION

Fig. 1 shows a schematic diagram of the patterning procedure.

Fig. 2. (a-b) SEM images of high aspect ratio (AR) nanostructures: (a) Nanolines (AR=4.4) with the width of ~80 nm and the spacing of
~270 nm. (b) Nanopillars (AR=3.4) with 150-200 nm width at base, 70-100 nm width at top and ~420 nm height. (c-d) Optical
images of the sheet type mold (c) and the same mold supported on silicon substrate (d).
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A negative PUA mold was precisely replicated by exposing the un-
cured PUA on the complementary, nanopatterned Si master to UV
[Choi et al., 2004]. The PUA mold obtained was not only flexible
(~50 um thickness) but also sufficiently hard (tensile modulus of
~40 MPa). The film type PUA mold aids to make a conformal con-
tact with low pressure (~10 g/cm*) compared to nanoimprint lithog-
raphy [Chou et al., 1996] and to expel the trapped air more easily
at the time of contact, enabling a large-area fabrication [Khang et
al.,, 2004].

Fig. 2 shows typical SEM images of the patterned PS nanolines
(a) and PMMA nanopillars (b). The inset images show an enlarged
view, indicating the presence of the well defined, densely packed
nanolines or nanopillars. The aspect ratio of the nanolines is 4.4
with a width of ~80 nm and spacing of ~270 nm. The nanopillar is
truncated cone shape, with 150-200 nm width at base, 70-100 nm
width at top and ~420 nm height. An example of the sheet type mold
and the same mold supported on silicon substrate are shown in Figs.
1(c) and (d), respectively.

To gain an understanding of the capillary rise, we calculated a
Laplace pressure for the polymer within the void space of 150 nm
in diameter, which gives

2x43 mJ/m’

AP, = ﬁ/cos O~
r 75 nm

cos 33°=9.62 atm 1)
where AP, is the Laplace pressure, yis the surface tension of PMMA
[Brandup and Immergut 1989], r is the radius of the void, and &is
the contact angle at the ait/PUA/PMMA interface, which was in-
dependently calculated as described in the literature [Seo et al., 2005;
Wu, 1982]. This is a rough estimation of the pressure since the ef-
fects of a slanted wall and non-uniformly curved meniscus were
not taken into consideration. The actual Laplace pressure would be

somewhat smaller. Using the calculated Laplace pressure, the max-
imum possible height of the capillary rise can be estimated. The
initial air pressure within the void space is 1.4 atm at 150 °C assum-
ing ideal gas behavior, which would proportionally increase with
increasing capillary rise. For example, the hydrodynamic pressure
increases to 2.8 atm if the polymer rises up to the half height of the
mold, assuming no air permeation. Thus, the maximum height h,,..,
which is a function of the original height of the mold, results by
equating the Laplace and the increased hydrodynamic pressures.
For the conditions used in the experiment, we obtained h,,,~(6/7)-h
(initial height)~430 nm, in excellent agreement with our observa-
tions.

With the aid of the PUA mold, we were also able to fabricate
micro/nanoscale hierarchical structures using CFL. It is worthwhile
noting that micro/nanoscale hierarchical structure is not easily ac-
cessible or not economically viable with other methods. For exam-
ple, photolithography requires a two-step process with application
of a microscale mask followed by a nanoscale mask, which is not
cost-effective and would suffer from swelling or deformation of
the pre-formed microstructure. Moreover, nanoimprint lithography
[Chou et al., 1996] is a simple and yet robust technique for fabricat-
ing nanostructures with moderate aspect ratio but is not directly ap-
plied to the fabrication of high aspect ratio microstructures. To enable
the fabrication, we adopted a two-step capillary force lithography
involving a sequential application of molding process where a uni-
form polymer film is molded by a pre-defined pattern of the mold
by means of capillary force above the T, of the polymer [Suh et
al,, 2001]. The two steps consist of (i) microfabrication of polymer
structures using a low-resolution, micropatterned polydimethylsilox-
ane (PDMS) mold and (ii) subsequent nanofabrication using a high-
resolution nanopatterned polyurethane acrylate (PUA) mold on top of
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Fig. 3. SEM images of multiscale hierarchical structures: (a-b) Nanolines with ~70 nm in width and ~150 nm in height on top of 100 um
cylinder posts. (c-d) Nanopillars with ~100 nm in diameter and ~400 nm in height on the pre-formed microstructures.
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Fig. 4. (a) An optical image of large-area fabrication (1.5x1.5 em’). (b)-(d) SEM image of (b-c) ZnO nanolines [~700 nm in width and
~1.1 pm in height for (b), ~300 nm in width and ~1.1 pm in height for (c)] and (d) nanospheres (~150 nm in diameter and ~270 nm

in height).

the pre-formed polymer microstructures. Fig. 3 shows SEM images
of two kinds of combined structures. The patterned nanolines on
the micro circles shown in Fig. 3(a) and (b) have ~70 nm in width
and ~150 nm in height. Figs. 3(c) and (d) show patterned nanopil-
lars with ~100 nm in diameter and ~400 nm in height on the pre-
formed microstructures. It is noted that temperature and heating time
were two crucial factors for the successful two-step capillary mold-
ing process. In order to minimize the deformation of the pre-defined
microstructure, temperature was typically maintained at 120 °C (just
above T, of ~100°C for PS and ~105 °C for PMMA) for a short
period of time (~5 min). Otherwise, a substantial collapse or defor-
mation of the pre-formed microstructure was observed (not shown).

The multiscale hierarchical structures presented here are poten-
tially useful for studying nature’s functional surfaces. A typical exam-
ple is the surface of a lotus leaf where the surface roughness caused
by the micrometer-scale papillae and the epicuticular wax exhibits
unusual super-hydrophobic wetting properties with self-cleaning ef-
fect [Ball, 1999; Neinhuis and Barthlott, 1997]. A recent finding
revealed that micro/nanoscale hierarchical structures are found on
the surface of a lotus leaf, which further increases wetting angle
and reduces sliding angle or the difference between advancing and
receding contact angles [Feng et al., 2002]. Motivated by this fact,
we measured contact angles on different surfaces to examine the
effects of multiscale structures. The initial PS surface rendered a
contact angle of 86°. On top of PS microstructures in the absence
of nanostructures, the apparent contact angle was increased to 104-
115°. Finally, on top of micro/nanoscale combined structures, the
measured values were 117-126°, suggesting that the multiscale struc-
tures are useful for fabricating more hydrophobic surfaces. Future

work needs to address this issue in detail.

We further investigated the possibility of pattering inorganic nano-
structures by using the same process. Examples of patterned ZnO
nanostructures on silicon substrate are shown in Fig. 4. As shown
in Fig. 4(a), we were able to fabricate well-defined ZnO nanostruc-
tures on a large area (1.5x1.5 cm?). Figs. 4(b)-(d) show the SEM
images of (b-c) ZnO nanolines [~700 nm in width and ~1.1 um in
height for (b), ~300 nm in width and ~1.1 um in height for (c)] and
(d) nanospheres (~150 nm in diameter and ~270 nm in height). Al-
though further work is necessary to establish the pattering of inor-
ganic materials, these results indicate the applicability of robust inor-
ganic structures for future etching resists or device materials.

SUMMARY

We have presented the fabrication of high-aspect nanostructures
with the aid of high-resolution UV curable PUA mold. It was shown
that CFL enables large-area nanopatterning of organic (PS and
PMMA) and inorganic (ZnO) materials under a slight pressure for
making conformal contact. The PUA mold was hard yet flexible,
allowing for sub-100-nm patterning on a large area. It is hoped that
this simple method would provide a versatile, economically viable
route for fabricating various micro or nanostructures for potential
applications to micro/nanoscale devices.
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