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Capillary force lithography with impermeable molds
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Capillary force lithography �CFL� with impermeable mold is presented. For the CFL to be operative
over large area, either the mold or the substrate has to be flexible. With a silicon wafer mold and a
flexible substrate, a repeated line and space pattern with a spacing of 30 nm is shown to be well
patterned. With a flexible mold and a hard substrate, a similar pattern with a spacing of 60 nm is
demonstrated by CFL. The flexibility is needed for the intimate contact that is required between the
mold and the substrate for the capillarity to take hold over large area. The forte of CFL with
impermeable mold lies in the fact that the driving force for the patterning, which is capillary force,
increases with decreasing pattern size. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2206247�
While the nanolithographies based on tips as in atomic
force microscopy, on beams as in electron-beam lithography,
and on photons as in photolithography can be used for pat-
terning, unconventional lithographies1–3 based on a mold
have emerged as fast and simple methods that are applicable
to large area. In the sub-100 nm range that is of interest in
nanolithography, imprint lithography has been shown effec-
tive among the unconventional lithographies although it re-
quires a high pressure and an extremely flat substrate
surface.4 Composite poly�dimethylsiloxane� �PDMS� molds
have been used to generate a pattern with a step height of
2 nm for 250 nm space5 and a flat step structure with step
height of 0.4 nm.6 Only recently has capillary force lithog-
raphy �CFL� been ushered into the sub-100 nm range with
the introduction of a permeable Teflon mold.7

There has always been a prerequisite to the mold that is
used for CFL, which is the permeability of the mold with
respect to gas. If the mold is impermeable, the air trapped in
the voids between the mold and the substrate surface gets
compressed as the voids get filled by capillary action, which
prevents the capillary rise. A basic question raised is whether
the mold can be an impermeable hard mold and yet the CFL
or the capillary rise can be effective. When a hard mold such
as silicon mold is used for CFL, no capillary rise takes place
for relatively large feature sizes as one might expect. In fact,
it has been shown experimentally8 that no capillary rise oc-
curs for a feature size of several hundred microns when the
hard mold is used.

In this letter, we present capillary force lithography
�CFL� in which impermeable hard mold is used. The use of
hard mold such as silicon wafer implies that the feature size
can be reduced to any that can be made on the hard mold.
Furthermore, the smaller the feature size is, the more favor-
able the condition for patterning becomes for CFL.

The driving force for the capillary rise in a capillary of
radius r is the Laplace pressure PL that is given by
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PL =
2� cos �

r
, �1�

where � is the surface tension and � is the contact angle that
the material filling up the pore makes with the capillary. An
implicit understanding here is that the contact angle is acute.
The relationship also holds for line and space patterns, pro-
vided the radius is replaced with the channel width L of the
pattern. If the capillary rise takes place at atmospheric pres-
sure and the capillary rise is to a height of z in a capillary
tube of length Z �see Fig. 1�, the pressure of the trapped air in
the tube Pa is given by P0Z / �Z−z� or P0 / �1−zm�, where zm

is z /Z and P0 is the initial air pressure �1 bar�. The capillary
rise will cease when Pa equals the Laplace pressure. There-
fore, the normalized height zm to which the material of inter-
est rises at atmospheric pressure �1 bar� is given by

zm = 1 −
1

PL
, �2�

where PL is in bar unit. The geometric factor r /2 in Eq. �1�
is the ratio of the exposed surface area to the circumference
that is in contact with the wall. When a channel infinitely
long is involved, the geometric factor becomes L /2, where L
is the channel width. Therefore, Eq. �1� applies to the chan-
nel if r is replaced by L. As the relationship shows, there is
no capillary rise taking place if the Laplace pressure is less
than 1 bar. On the other hand, Eq. �1� tells us that the
Laplace pressure increases inversely with the capillary radius
or equivalently with the feature size of a pattern and that as
FIG. 1. Schematic illustration of capillarity and pertinent coordinate.
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the radius decreases, the pressure should exceed 1 bar.
Therefore, CFL should be possible with impermeable hard
mold.

If CFL were possible as the simple theory suggests, there
would not have been nanoimprint lithography1 �NIL� in its
present form since no pressure needs to be applied. The ex-
perience with NIL amply demonstrates that the capillary
force is inoperative in that a high pressure close to 100 bars
is needed for the patterning, the mechanism of which is
squeezed flow9 of polymer melt. A natural question that
arises is why CFL is ineffective with a hard mold on a hard
substrate whereas the simple capillary theory says it could.
The answer lies in the intimate contact between the mold and
the substrate that is required of any capillary rise. Without
the intimate contact, the material of interest simply cannot
wet the capillary wall and hence no capillary rise can take
place. When a hard mold is pressed against a hard substrate
as in NIL, the intimate contact cannot be made all over the
area being pressed because of the inherent roughness present
on the mold as well as on the substrate. The pressure needed
for the intimate contact all over the pressed area, which is
also necessary for NIL, is so high that it far exceeds the
Laplace pressure and the squeezed flow ensues. Therefore,
the capillary force is inconsequential. In step and flash im-
print lithography �SFIL�,10 which is a form of NIL, a droplet
of ultraviolet curable liquid is dispersed onto a base polymer
layer on a hard substrate and then it is squeezed with a hard
mold. Since the applied pressure is low, the capillarity must
have played a role.

The intimate contact problem that is at the root can be
resolved if a flexible mold is used. An example is poly�dim-
ethylsiloxane� �PDMS�. Because of the flexibility, it makes
conformal contact with the underlying layer even if the sur-
face is uneven and rough. However, the mold is not rigid
enough that the mold pattern deforms laterally and the roof
collapses when the feature size is small.11 Recently intro-
duced is poly�urethaneacrylate� �PUA� mold12 that is rigid
enough for fine patterning and yet flexible when it is made in
a film form. In fact, this impermeable PUA mold has been
shown to be rigid enough to be used for NIL.13 If a rigid and
yet flexible mold allows intimate contact such that CFL can
be carried out, conversely a completely hard mold such as
the one made with silicon wafer can also be used for CFL,
provided the substrate is flexible.

Shown in Fig. 2�a� is the master from which PUA mold
has been made in a film form.12 The master pattern is an
array of tapered cylinders with flat top. The bottom diameter
is 200 nm, the top diameter is 50 nm, and the height is
800 nm. The patterning result by CFL is shown in Fig. 2�b�.
For the patterning, polystyrene �PS� was spin coated onto the
silicon wafer that had been coated with an adhesive layer and
then dried. The adhesive layer was used so as to prevent the
polymer layer from being detached from the substrate upon
removing the mold. The adhesion layer was novolac resin in
propylene glycol methyl ether acetate �PGMEA� that was
mixed with an adhesion promoter of silane-based material.
Onto this layer, polystyrene in toluene was spin coated. The
PUA mold was then placed on the coated substrate, followed
by a buffer PDMS block and then a steel plate. The weight of
the plate is such that the applied pressure is approximately
100 g/cm2 or about 0.1 bar, which was sufficient for inti-
mate contact. The temperature was then raised to 150 °C

using a hot stage. After cooling to room temperature, the
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PUA mold was removed to obtain the result in Fig. 2�b�. No
antiadhesion layer was used for easy detachment.

To determine the contact angle and thereby ascertain the
level of capillary pressure as a function of feature size, a
master shown in Fig. 2�c� was used, the pattern of which is
an array of slightly tapered cylinders. For the purpose, the
pattern of large feature size was used such that the bottom
diameter is 6 �m and the height is 10 �m. The patterning
result obtained with PS and the PUA mold made from the
master are shown in Fig. 2�d�. The CFL was carried out at
150 °C for 18 h. As can be seen shortly, little capillary rise
should have occurred because the diameter is not small
enough for sufficient capillary pressure. However, some of
the trapped air usually leaks out over a long period of time
�18 h� and thus some capillary rise did occur and the height
in Fig. 2�d� is 1.5 �m as opposed to the master pattern height
of 10 �m.

According to the sectional atomic force microscopy
�AFM� result, the meniscus formed in Fig. 2�d� has a diam-
eter of 5.78 �m and a depth at the center of 865 nm. The
contact angle thus determined from the relationship h= �1
−sin ��D /2 cos � is 56.6°, which is the contact angle of PS
with the PUA mold. Here h is the meniscus depth at the
center and D is the diameter. Based on this contact angle, the
capillary pressure can be calculated from Eq. �1� with
�PS-air=40 mN/m as a function of the pattern size, as shown
in Fig. 3. The result in Fig. 3 shows that the capillary pres-
sure for the system under consideration exceeds the atmo-
spheric pressure �1 bar line in Fig. 3� for the feature size
smaller than about 440 nm. Therefore, the capillary rise
should ensue at atmospheric pressure for the feature size
smaller than 440 nm. While this result for the critical size LC
was obtained for a particular set of materials, it can be de-
termined in general from the relationship LC=2� cos �.

Another patterning result by CFL with the PUA mold is
shown in Figs. 4�a�–4�c�. The CFL was carried out at 150 °C
with PS. The master shown in Fig. 4�a� is an 80 nm line/
60 nm space pattern made of aluminum. The patterning re-

FIG. 2. SEM images of the masters and patterning results. �a� The master
pattern is an array of tapered cylinders �the bottom diameter is 200 nm and
the top diameter is 50 nm�. �b� The patterning result by CFL with imperme-
able PUA mold from the master in �a�. �c� The master pattern is an array of
slightly tapered cylinders �the bottom diameter is 6 �m and the height is
10 �m�. �d� The patterning result by CFL with impermeable PUA mold
from the master in �c�. It has a diameter of 5.78 �m and a depth at the center
of 865 nm. The inset shows the sectional AFM image.
sult imaged by scanning electron microscopy �SEM� is
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shown in Fig. 4�b� and the cross sectional SEM micrograph
of Fig. 4�b� in Fig. 4�c�. It can be seen from Fig. 4�c� that the
PS pattern formed has a height of approximately 150 nm.
For the 80 nm wide channel in the PUA mold, the corre-
sponding capillary pressure is about 5.5 bars. According to
Eq. �2�, capillary rise should be 139 nm since the channel
depth is 170 nm. This calculated capillary rise compares with

FIG. 3. Capillary pressure as a function of pattern size. For the feature size
smaller than about 440 nm, the capillary pressure exceeds the atmospheric
pressure �1 bar� and the capillary rise should ensue.

FIG. 4. SEM images of masters and patterning results. �a� The cross sec-
tional image of master pattern with an 80 nm line/60 nm space pattern made
of aluminum. ��b� and �c�� The plan and cross sectional SEM images, re-
spectively, of PS patterning results by CFL with impermeable PUA mold
�height is approximately 150 nm�. �d� The cross sectional image of master
pattern made in the nitride layer on a silicon wafer shows a 30 nm line and
80 nm space pattern with a pattern depth of 120 nm. ��e� and �f�� The plan
and tilted SEM images, respectively, of the patterning result by CFL with PS
and the silicon master in �d� as the mold.
Downloaded 26 Jun 2006 to 147.46.130.202. Redistribution subject to
the experimental result of about 150 nm in Fig. 4�c�.
As indicated at the outset, an impermeable and inflexible

hard mold such as silicon mold can also be used for CFL
provided the substrate is flexible. The mold used for the pur-
pose is silicon wafer with a silicon nitride layer. The master
pattern made in the nitride layer is a 30 nm line and 80 nm
space pattern with a pattern depth of 120 nm, as shown in
Fig. 4�d�. The substrate was flexible polyethylene terephtha-
late �PET� that was coated with PS. Onto this substrate, the
silicon wafer mold was placed and a pressure of 0.1 bar was
applied to ensure intimate contact between the mold and the
substrate. The CFL was carried out at 150 °C for 10 min.
Note that the pattern formed in the PS layer is the negative of
the mold pattern since the mold is the master itself such that
the line is 80 nm wide and the space between lines is 30 nm.
The SEM image of the patterning result is shown in Fig. 4�e�
and its tilted image in Fig. 4�f�. The CFL carried out for
5 min led to essentially the same result, indicating that the
actual time for the capillary rise would be shorter than the
typical 10 min duration that was used in all the experiments.

In summary, capillary force lithography with imperme-
able mold has been presented. It has been found that nano-
size patterning over a large area is possible with imperme-
able mold, contrasting the known fact that the micron-size
patterning is impossible with impermeable mold when cap-
illary force is mainly responsible for the patterning. The criti-
cal size below which such patterning is possible can be de-
termined a priori. This nanosize patterning is possible only
when either the impermeable mold or the substrate is flex-
ible. When the substrate is flexible, which is relevant to the
patterning for flexible devices and displays, rigid molds such
as silicon wafer can be used. Therefore, the smallest feature
size that can be patterned in this case could reach sub-10 nm
range although the result demonstrated here is only for a
dense pattern with a space of 30 nm between lines. The
strength of CFL with impermeable mold lies in the fact that
the natural driving force for the patterning, which is capillary
pressure, increases with decreasing feature size.
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