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A simple kinetic model is presented to describe the capillary rise of a thin polymer film into a less
permeable polyurethane acrylate mold. In this model, capillarity is explained by the competition
between capillary and hydrodynamic forces in the course of pattern formation. For a less permeable
mold, it was found that the capillary rise increases linearly with time. In addition, the contribution
of viscosity and film thickness disappears such that the kinetics is solely governed by the permeation
kinetics and capillary force. The present model would be useful to describe the evolution of molded
nanostructures when a less permeable mold material other than polydimethylsiloxane is used for the
patterning. Moreover, nanostructures with different tip shapes �rounded or dimpled� were observed
depending on the fabrication temperature. The structures were tested for potential nanotribological
applications such as reduction in adhesive and friction forces. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2222071�

I. INTRODUCTION

Recently, capillarity has been frequently used to fabri-
cate polymeric micro/nanostructures. When a liquid wets a
cavity with lowering of the free energy, the wetting leads to
the capillary movement of the liquid.1 Typically, the curva-
ture induced Laplace pressure is counterbalanced by gravita-
tional force �vertical capillary rise� or trapped air or defects
in the void spaces �lateral capillary flow�. The use of capil-
larity for microfabrication was first introduced in a method
called micromolding in capillaries.2

Recently, by combining essential features of nanoimprint
and capillarity, we developed capillary lithography for fabri-
cating polymeric micro/nanostructures over large areas.3–6 In
this method, we directly placed a patterned elastomeric mold
onto a spin-coated thermoplastic resin on a substrate and
then formed a negative replica of the mold by raising the
temperature above the resin’s glass transition temperature af-
ter solvent evaporation �temperature-induced capillarity�,3 or
direct molding prior to solvent evaporation �solvent-induced
capillarity�.4 A potential concern in this technique is that a
high aspect-ratio sub-100 nm PDMS mold is nearly impos-
sible to obtain due to the low elastic modulus of polydimeth-
ylsiloxane �PDMS� ��1.8 MPa�. Several researchers re-
ported that PDMS gives rise to deformation, buckling, or
collapse of shallow relief features7,8 or high surface tension
causes rounding of sharp corners when released from the
master.9

To overcome these mechanical shortcomings of PDMS,
a number of alternative molds have been presented such as a
composite PDMS,10 a bilayer PDMS,11 a photocurable
PDMS,12 a polyolefin mold,13 a PDMS with polymer-
reinforced sidewalls,14 a Teflon mold,15,16 and a photocurable
polyurethane acrylate mold.17,18 Of these, the polyurethane
acrylate �PUA� mold turned out to be stiff enough for repli-
cating dense sub-100 nm features. In addition, the mold al-
lows for flexibility that is capable of large area replication
and a tunable modulus, enabling from imprinting to micro-
contact printing �tensile modulus ranges from 19.8 to
320 MPa�.19

For PDMS molds, air can easily permeate through the
mold since PDMS is presumably the most permeable rub-
bery polymer to air.20 For less permeable materials such as
PUA and polyolefin, however, the permeability kinetics
should be taken into account to describe the capillary rise of
polymer melt over time. In general, capillary rise is hindered
by air permeation because the hydrodynamic pressure builds
up as the capillary rise progresses. To gain an understanding
on the interplay between capillarity and air permeation, we
recently derived a capillary kinetics based on the Poiseuille
formulation when a liquid rises into an end-capped cavity of
the mold.21 It was predicted that the rate of capillary rise
would increase linearly with time when the gas permeation is
extremely small as opposed to a parabolic increase for high
air permeation �e.g., for PDMS�. This parabolic increase was
in good agreement with the capillary rise of a polymer melt
into PDMS cavity.6,21 Here, we endeavor to test for the va-
lidity of the model by fabricating nanostructures with various
aspect ratios �up to �5� using a less permeable PUA mold.
In addition, the molded nanostructures can be fabricated with

a�Author to whom correspondence should be addressed; electronic mail:
sky4u@snu.ac.kr

b�Present address: Department of Biomedical Engineering, Johns Hopkins
University, Baltimore, Maryland.

JOURNAL OF APPLIED PHYSICS 100, 034303 �2006�

0021-8979/2006/100�3�/034303/5/$23.00 © 2006 American Institute of Physics100, 034303-1

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

114.70.7.203 On: Thu, 23 Jul 2015 00:05:18

http://dx.doi.org/10.1063/1.2222071
http://dx.doi.org/10.1063/1.2222071
http://dx.doi.org/10.1063/1.2222071


different tip shapes �rounded or dimpled�, providing potential
nanotribological applications such as reduction in adhesive
and friction forces. The current capillary system allows for
excellent flexibility towards nanotribology without tailoring
the shape of mold and specific polymer materials as de-
scribed below.

II. EXPERIMENTAL METHOD

A. Fabrication of PUA mold

We fabricated PUA molds that were comprised of poly-
urethane prepolymers, a monomeric modulator, photoinitia-
tor and a radiation curable releasing agent as reported
previously.18 The original silicon master was prepared by
photolithography with the target geometry of protruding
250 nm pillars with 500 nm pillar-to-pillar spacing. How-
ever, the master was over etched during reactive ion etching,
rendering nanopillars of �150 nm at base and �50 nm at
top and a height of �500 nm. To fabricate a sheet-type mold,
the liquid mixture was drop dispensed onto the silicon master
pattern and then a flexible, transparent polyethylene tereph-
thalate �PET� film was brought into contact with the liquid
mixture. Subsequently, it was exposed to UV ��
=200–400 nm� for a few tens of seconds through the trans-
parent backplane �dose =100 mJ/cm2�. After the UV curing,
the mold was peeled off from the master pattern. The result-
ing PUA mold was a thin sheet with the thickness of
�50 �m and had a height of �480 nm, slightly lower than
that of the original master. The tensile modulus of the mold
was measured to be �320 MPa. The number of mold that
can be made from a single master was limitless as long as the
silicon master stayed clean.

B. Fabrication of nanostructures of PMMA

For patterning, cleaned silicon substrates were spin
coated with a 10% poly�methylmethacrylate� �PMMA� solu-
tion �Mw=120 000 g/mol, Tg=105 °C, Aldrich� in toluene.
The samples were, in turn, baked in a vacuum oven at
100 °C for 2 h to remove any residual solvent in the film. A
PUA mold was then placed on the polymer under a slight
pressure ��10 g/cm2� to make conformal contact. To inves-
tigate the effects of temperature on aspect ratio and shape of
nanopillars, the samples were annealed at different tempera-
tures from 110 to 160 °C at atmospheric pressure. While
maintaining the temperature above Tg, the sample was left
undisturbed for various annealing times from 10 min to 24 h.
The resulting patterns were examined by scanning electron
microscopy �SEM, XL30FEG, Philips Electron Co.,
Netherlands�.

C. Measurements of adhesion and friction properties

After pattern formation, the static contact angles of wa-
ter were measured with a contact anglemeter �ELMA, Goni-
ometer Type� to evaluate the hydrophobicity of the surface.
Using the sessile-drop method, the measurements were re-
peated at least five times for each sample. The patterns were
also tested for adhesion and friction properties �load
0–80 nN, speed 2 �m/s, scan size 5 �m�5 �m�, at nano-

scale using atomic force microscopy �AFM, Nanoscope IIIa,
Digital Instruments�. Borosilicate ball �radius 1.25 �m�
mounted on cantilever �contact mode type NPS, Digital In-
struments� was used as a tip. At microscale, friction was
measured using a soda lime ball �radius 0.5 mm, Duke Sci-
entific Corp.� under reciprocating motion �load 3000 �N,
speed 1 mm/s� using a microtribo tester. All experiments
were conducted at controlled temperature �24±1 °C� and
humidity �45±5% �.

III. RESULTS AND DISCUSSION

A. Fabrication of PMMA nanostructures

A schematic diagram of the capillarity-assisted molding
procedure is shown in Fig. 1. The original Si master has
cone-shaped protruding cylinders on the surface from exces-
sive reactive ion etching. The protruding cylinders were ex-
actly replicated in the PUA mold with height reduction less
than 5%. A PET film was applied on the uncured PUA layer
as a supporting substrate to ease the release of the cured film.
The resulting PUA mold is a high-resolution, flexible thin
sheet that can make a conformal contact with a smooth solid
surface under a slight physical pressure. To yield a uniform
pressure distribution, a thin slab of PDMS buffer layer
��0.5 cm� was placed on top of the PUA mold prior to the
application of pressure.

Figure 2 shows SEM images for the evolution of 150 nm
nanopillars with time obtained at 120 °C. Since heat was
conducted directed from a hot stage to the sample, the incu-
bation time needed to arrive at the target temperature would
be minimal. It can be seen from the figure that the height or
aspect ratio was proportional to annealing time and the
PMMA film reached the ceiling of the mold at ��60 min.
At initial stage, the rate of capillary rise at the mold wall was
faster than that at the center due to the presence of a menis-
cus as seen from Figs. 2�a�–2�c�. After reaching the ceiling of
the mold, the PMMA melt reflowed to fill the entire space of

FIG. 1. �Color online� A schematic illustration of the fabrication procedure.
The PUA mold used in the experiment is a negative thin sheet �features
sticking in�. See the experimental procedure for the detailed process.

034303-2 Suh et al. J. Appl. Phys. 100, 034303 �2006�
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the void �Fig. 2�d��. The maximum height was measured to
be �460 nm, in good agreement with the height of the origi-
nal PUA mold ��480 nm�.

B. Capillary kinetics with less permeable PUA mold
„PET support…

According to a previous report, the capillary kinetics for
less permeable mold is given by21

z =
2Pe� cos �

dR
t = �Pe/d��PLt , �1�

where z is the distance of polymer movement in time, Pe is
the permeability of the mold to air, � is the surface tension of
the polymer, � is the equilibrium contact angle at the three-
phase contact line, d is the permeation length of the mold, R
is the radius of the pillar, and �PL is the Laplace pressure
�=2� cos � /R�. The Laplace pressure was estimated from
Young’s equation such that the effects of a slanted wall and
nonuniformly curved meniscus were not taken into consider-
ation. The actual Laplace pressure would be somewhat
smaller. Equation �1� indicates that the capillary rise in-
creases linearly with time for a given permeability and
Laplace pressure. The physical interpretation is that air per-
meates out of the cavity through the mold with Laplace pres-
sure being a driving potential. In addition, the relation sug-
gests that the contribution of viscosity and film thickness
disappears such that the kinetics is solely governed by the
permeation kinetics and capillary force.

A number of physical properties are needed to evaluate
the capillary kinetics. First, the permeability of the mold is
mostly governed by the PET film since a PET film of
�500 �m thickness was used as a supporting layer,
yielding22

Pe

d
� 0.465

cc

m2 · atm · day
= 5.4 � 10−17 m

Pa s
�2�

It is noted that the permeability of PUA film is higher than
that of PET film by two orders of magnitude so that it can be
neglected without loss of accuracy.23 In order to determine

the contact angle of PMMA on PUA mold ���, we used the
geometric mean method, �l�1+cos ��=2��s

d�l
d�1/2

+2��s
p�l

p�1/2 where the superscripts d and p are for the dis-
persion and polar components of the surface tension �.24

Calculated dispersion and polar components surface tensions
of PUA and PMMA were as follows: �PUA

d =21.6, �PUA
p

=33.3 �PUA�solid�, �PMMA
d =39.89, �PMMA

p =3.17 mJ/m2

�PMMA�liquid�. From these values, �=33.3° was obtained.
Using the same approach, we calculated the contact angle for
polystyrene/PDMS system to be 67°, which is in excellent
agreement with our previous report.3

Using Eqs. �1� and �2�, the distance z is calculated to be
��3.75�10−9 /R�t �R in m, t in s� or �225/R�t �R in nm, t in
min�. In Fig. 3, we compared the theoretical model with the
experimental data with two different temperatures �120,
150 °C� and cavity diameters �150, 500 nm pillars�. A linear
increase was observed for all the conditions tested, in good
agreement with the theory. The best-fitting slope was �8 for
150 nm pillars and �3 for 500 nm pillars, respectively,
which are slightly higher than the theoretically estimated val-
ues ��3 for 150 nm pillars and �0.9 for 500 nm pillars�. It
is worthwhile noting that the filling rate was highly sensitive
to the sealing conditions �or air trap� during the molding
process. For example, the capillary rise for a portion of nano-
pillars on the same sample was several times faster than the
theoretically estimated value, resulting in a complete filling
into the cavity less than 10 min at 150 °C. In this case, a
significant variation in height was observed from edge to
center due to nonuniform contact. To address this problem,
we only considered the samples with good contact.

Interestingly, the slope was nearly the same for different
temperatures above Tg as shown in Fig. 3, which is another
supporting evidence that the process is dominated by air per-
meation rather than viscosity �permeability decreases with
increasing temperature by 273/T where T is in Kelvin�.
However, the capillary rise was retarded at late stage �i.e.,
slight parabolic profile�, suggesting that the effects of viscos-
ity and film thickness cannot be completely ruled out.

C. Nanotribological tests using nanostructures
with different tip shapes

In the experiments, two types of nanostructures were
observed depending on the fabrication temperature as shown
in Fig. 4. When annealed at 120 °C or less, most of the

FIG. 2. Tilted SEM images for the evolution of 150 nm PMMA pillars with
time at 120 °C. A meniscus was seen from �a� to �c� while the polymer
completely filled the cavity after 60 min.

FIG. 3. Comparison between experimental data and theory for two different
temperatures �120, 150 °C� and cavity diameters �150, 500 nm pillars�. A
linear increase was observed for all the conditions tested.

034303-3 Suh et al. J. Appl. Phys. 100, 034303 �2006�
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nanostructures �	�80% � showed dimples at the tip �Figs.
2�a� and 2�c��, whereas the rest of the surface contained
spheres or cones ���20% �. The height of dimples �defined
as the height difference between the wall and the center� was
found to decrease as the capillary rise progressed as deter-
mined from SEM images shown in Fig. 4. Apparently, the
dimpled structured was formed by a meniscus and then
maintained by a pressure concentration at the center of nano-
structure. Further annealing led to the complete filling into
the cavity as shown in Fig. 2.

When annealed at 150 °C or higher, on the other hand,
most of the nanostructures �	�90% � were hemispherical in
the initial stage �Fig. 2�b�, t=15 min� and then evolved into a
cone with a height of 330–390 nm �Fig. 2�d�, t=30 min�. A
small portion of dimpled or flat tips was found sporadically
���10% �. Also, further annealing yielded the complete
filling into the cavity �not shown�. Interestingly, the meniscus
was not found in this case, rendering spheres or cones with
an inverted curvature at all times presumably due to reflows
of polymer melt. In a separate experiment in which the
samples were annealed at 135 °C, the surface contained a
mixture of cones and dimples with nearly equal populations
�see Fig. 5�, suggesting that temperature is a crucial factor in
determining the shape of nanostructure. In addition to the

temperature, modification of mold geometry or wetting con-
ditions would result in a different shape of nanostructure, for
which a further study would be required.

From a tribological point of view, the fabrication of
nanostructures with different tip shape would provide an in-
sight into potential nanotribological applications.25,26 Re-
cently, we reported that nanopatterns with three different as-
pect ratios made of PMMA showed superior tribological
properties at both micro- and nanoscale.27 As a separate ex-
periment to elucidate the effects of tip shape of nanostruc-
ture, we measured adhesion force and coefficient of friction
using AFM and a microtribo tester, respectively.28 In order to
minimize errors in measurements, the nanopillar patterns
were generated over a large area up to �5�5 cm2 and then
the patterned substrate was cut into small pieces of 1
�1 cm2 prior to tribological tests.

As shown in Fig. 6�a�, the adhesion force was in general
significantly reduced on a nanostructured surface compared
to a flat PMMA film regardless of the shape of nanostructure
�sphere or dimple�, which agrees well with our previous
report.28 Of the nanostructures tested, the hemispheres de-
noted as “sphere �low�” �also see Fig. 4�b�� provided the
maximum reduction in adhesion force, whereas the cones
denoted as “sphere �high�” �Fig. 4�d�� showed the minimum
reduction. The other two dimpled nanopatterns showed al-
most the same adhesion forces, suggesting that the dimpled
shape is more important than the height.

The origin of the reduced adhesion is ascribed to two
contributions: one is the reduced contact area and the other is
the increased hydrophobicity. Measurements of contact angle

FIG. 4. Tilted SEM images for the two types of nanostructures at different
temperatures: �a�, �b� dimpled nanostructures at 120 °C with time and �c�,
�d� spherical nanostructures at 150 °C with time. The scale bar indicates
750 nm. Also shown in the inset are schematic illustrations for the formation
of different curvature in the cavity.

FIG. 5. A SEM image for the combination of cones and dimples when
annealed at 135 °C for 30 min. The scale bar indicates 500 nm.

FIG. 6. �a� Comparison of adhesion force at nano-scale and coefficient of
friction at microscale for different tip shapes and heights. �b� Measurements
of contact angle of water on various nanostructured surfaces. Errors are
within 5%.
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of water shown in Fig. 6�b� indicated that the nanostructured
surface was more hydrophobic than the flat surface because
of air pocket in the spaces between nanostructures and
roughness effects as can be seen in the so-called “Lotus
effect.”29 Apparently, the contact angles are independent of
the tip shape, since the solid fraction in contact with a water
droplet is nearly the same for a given mold geometry. Based
on these observations, it is unlikely that the capillary force
dominates the adhesion force. Also, the adhesion force in-
creased with increasing height of nanostructure �aspect ratio�
for a given mold geometry, which is due to the increase in
the projected area.

The friction resistance of the nanopatterns at microscale
also exhibited a large reduction for all the structures tested
when compared to a flat surface as shown in Fig. 6�a�. This is
attributed to the reduced contact area and lower inherent ad-
hesion. Furthermore, in the case of high aspect ratio struc-
tures, partial bending �elastic deformation� of the pillars may
take place, which would in turn increase the contact area and
then the friction resistance.27 A notable finding here is that
the spherical shape is superior to the dimpled one in reducing
the coefficient of friction. This is readily understood in that
the partial sliding of the measuring tip occurs on top of the
spherical surface, leading to enhanced lubrication properties.
This would be particularly important in tailoring the tip of
nanostructures for a specific application without resorting to
other multi-step, complex methods.

IV. SUMMARY

We have presented a simple capillary kinetic model to
describe the capillary rise of polymer melt into a less perme-
able mold. The kinetic model predicts that the capillary rise
is linearly proportional to time for less permeable molds,
which has been verified using PUA molds with PET film as a
supporting layer. A similar situation can be found in high
temperature nanoimprint lithography when a negative mold
is used.30 It has been shown that, for a given mold geometry,
the height of nanostructure is tunable by changing the an-
nealing time. Also the tip shape can be rounded or dimpled
depending on the temperature as a result of reflows of poly-
mer melt. For nanotribological applications, the effects of tip
shape of nanostructure have been tested. It was found that
both adhesion and friction forces were significantly reduced
on the nanostructured surface due to the reduced contact area
and lubrication effects at the tip. It is envisioned that this

simple approach provides a convenient route to shape-
engineering surface nanotopography for better nanotribologi-
cal properties.
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