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cture formation and pattern
replication by capillary force lithography

H. Li,ab W. Yu,*c J. Xu,a C. Yang,a Y. Wanga and H. Bua

The soft lithographic method is gaining popularity in the manufacturing of low-cost micro and sub-

microstructures. For several applications, it is desirable to fabricate structures with different lateral size as

well as different height, i.e. hierarchical structures, on the same substrate. This is difficult for normal

microfabrication methods, particularly for the photolithography method, which is the main method used

in the IC industry. Here we demonstrate a simple yet cost-effective process to form hierarchical

structures by capillary force lithography (CFL). In our process, the simple principle that the time needed

for the fluid to fill up the cavity in the mould is different if the contact angle of the mould or the width of

the cavity in the mould is different. Based on this principle, two methods were developed to achieve

hierarchical structures by CFL. One is to selectively modify the PDMS mould by UV or oxygen plasma

treatment to change its wettability in different areas. The other is to make patterns with variable

dimensions in the mould. By using the PDMS mould with selectively modified wettability or patterns with

different lateral dimensions, hierarchical structures with a convex/concave microlens array or stripes with

convex/concave surfaces have been manufactured successfully.
Introduction

Photolithography has been successful in providing a way to
make patterns on planar substrates in specialized polymers
used as photoresists, which makes it the dominant micro-
fabrication technology for industry in the past few decades. To
overcome the limitations of photolithography and explore more
cost-effective lithographic technologies, complementary non-
photolithographic techniques, including nanoimprint lithog-
raphy1–3 and so lithography4–13 have been developed success-
fully during the last two decades in the eld of micro- and
nanofabrication.

Nanoimprint lithography employs hard moulds to impress
the patterns into polymers, which has a resolution of down to a
few tens of nanometers. So lithography is a versatile and cost-
effective patterning technique used for the routine fabrication
of structures with sizes down to a few tens of nanometers. So
lithography uses elastomeric polydimethylsiloxane (PDMS)
stamps to transfer a relief pattern onto the surface of a substrate
by conformal contact. High-resolution so lithography still
depends on the availability of advanced lithographic techniques
for stamp fabrication. CFL14–50 is another alternative
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lithographic technology combining the advantages of nano-
imprint and so lithography methods.

For CFL, PDMS is used as a mould due to a number of its
advantages. PDMS stamps give conformal contact over large
areas, even for substrates with uneven surfaces, and are
transparent, reusable and very cheap. In addition, PDMS has a
very low reactivity and interfacial energy towards the polymeric
materials and is sufficiently elastic so that it can be separated
from the polymeric structure without destruction or
distortion.

In the CFL process, as shown in Fig. 1a, a patterned (positive
or negative) PDMS mould is rstly placed onto the polymer
surface and then heated above the polymer's glass-transition
temperature (Tg). When the polymer becomes so, the capil-
larity forces of the polymer melt into the void spaces of the
channels formed between the mould and the polymer, thereby
generating a negative replica of the mould. When the polymer
lm is thick enough to completely ll the cavity of the mould, a
negative replica of the mould can be obtained as shown in
Fig. 2(a). However, if the polymer lm is thin, relief structures
with concave surfaces can be obtained as shown in Fig. 2(b).

For many applications, however, it is desirable to control the
spatial arrangement of more than one component with
different widths or heights in the same substrate. With tradi-
tional methods, this requires an iterative and multistep proce-
dure, making the replication process more complex and less
reliable. Here we propose a new process for fabricating hierar-
chical microstructures in polymeric materials by CFL. The most
important concept of CFL is to take advantage of the capillary
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematics of capillary force lithography: (a) pattern replication
in a thick film with same size of pattern; (b) hierarchical structures
fabricated using the template with patterns of different lateral
dimensions; and (c) hierarchical structures fabricated using the
template with different wettability distribution.

Fig. 2 Optical micrographs and 3D/2D surface profiles of the fabri-
cated microlens (with convex surface as shown in (a), and with
concave surface as shown in (b)) measured by laser scanning confocal
microscope as influenced by the initial film thickness. (a) The initial
S1813 film thickness is about 2.7 mm. (b) The initial S1813 film thickness
is about 0.5 mm.
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forces to force the polymer melt to wet the walls of the micro-
structures in the PDMS mould to lower the total free energy. If
the interaction at the polymer/substrate interface is negligible
and the polymer melt is liquid-like, the maximum height the
polymer melt can rise to ll the cavity with width L by capillary
action, which can be obtained by equating the capillary force to
the resistant gravitational force, which gives:51

hmax ¼
2gpolymer=air cos q

rGL
(1)
This journal is © The Royal Society of Chemistry 2014
where hmax is the maximum height, gpolymer/air is the surface
tension at the polymer/air interface, q is the contact angle at the
polymer/mould interface, r is the density of the polymer, and G
is the gravitational constant. The time it takes for the polymer
melt to ll up the void spaces between the mould and the
polymer lm can be estimated by:51

t ¼ 2hz2

Rgpolymer=air cos q
(2)

where z is the length of the capillary to be lled, t is the time, h is
the viscosity of the polymer melt, and R is the hydraulic radius
(the ratio of the volume of liquid in the capillary section to the
area of the solid and liquid interface), which is approximately
half of the width, L. It can be seen that the amount of time
needed to ll up the cavity is inversely proportional to the radius
R and the cosine of the contact angle. Consequently, for the
same length of the capillary z, microholes with a larger diameter
and smaller contact angle will need a shorter time to ll up the
cavity as shown in Fig. 1(b) and (c), respectively.

In this paper, we demonstrate a novel so-lithographic
technology using CFL for the fabrication of hierarchical struc-
tures in one step. It is found that if microholes with different
diameter and the same sag height are patterned on the PDMS
mould, hierarchical lateral structures that exhibit two inde-
pendent characteristic dimensions can be obtained. Moreover,
the surface of the PDMS mould was selected to be modied by
ultraviolet radiation52–55 or oxygen plasma treatment56–60 so that
the local wettability of the mould can be modulated to produce
the hierarchical lateral structures as well. The technology
demonstrated in this work might provide a simple strategy for
the fabrication of hierarchical lateral structures in large-areas.

Results and discussion

Polydimethylsiloxane (PDMS, Dow Corning) was used as an
elastomeric mould. A Shipley photoresist S1813 was used as the
polymer to replicate the patterns in the PDMS mould. Typically,
quartz glass was used as the substrate. The glass wafer was
cleaned by ultrasonic treatment in acetone, alcohol and
deionized water for 5 min each and dried by a stream of
nitrogen. The polymer lm was spin-coated onto the glass
substrate and the PDMS mould was placed onto the polymers
surface. In spite of the spontaneous wetting properties of the
PDMS mould, care should be taken to avoid bubbles being
trapped in between the mould and the polymers surface. The
lm was then annealed at a lower temperature. In this case, no
weight or pressure was needed to keep the mould in contact
with the surface.

Typically, a polymer lm of S1813 was annealed at 75 �C to
make the polymer chain sufficiently mobile. Since the PDMS
mould has a very low reactivity with the polymer, it is quite easy
to be separated from the polymeric structure. Aer annealing
for several minutes and cooling to ambient temperature, the
mould was removed from the surface and the remaining poly-
mer structure measured a by laser scanning confocal micro-
scope (BX61, Olympus) and optical microscope (MX61,
Olympus).
RSC Adv., 2014, 4, 39684–39690 | 39685
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Fig. 3 3D (A) and 2D (B) surface profiles of the PDMS template
fabricated with a microhole array with each microhole having a
diameter of 5.75 mm and a depth of 0.7 mm. The period of the
microhole array is 10 mm.

Fig. 4 The microstructures fabricated with different annealing times
and at different temperatures. The pictures in the left column were
taken by an optical microscope and on the right by a laser scanning
confocal microscope.
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By using above process, an array of microlenses can be
formed using a PDMSmould with circular holes fabricated in it.
Fig. 2 shows two modes of polymer deformation as inuenced
by the initial polymer lm thickness: a single-peak mode and a
dual-peak mode. When the polymer lm is thick enough, the
cavity in the mould can be lled up so that a microlens with a
smooth convex surface can be formed as shown in Fig. 2(a).
However, if the polymer lm is relatively thin (with respect to
the intrusion depth of the stamp), a microlens with a smooth
concave surface can be formed as shown in Fig. 2(b). In the
latter case, the amount of polymer cannot ll up the cavities
between the stamp and the substrate completely, as a result a
meniscus shape was observed as shown in Fig. 2(b). The
meniscus shape is the signature mark of the capillary rise. A
microlens array with an area as large as 2 cm � 4 cm can be
fabricated when the mould is in conformal contact with the
polymer lm. Fig. 2(a) shows the microlens array with a smooth
convex surface, and each microlens has a diameter of 5.75 mm
and a sag height of 0.686 mm. In this case, the initial polymer
lm thickness was 2.7 mm. Fig. 2(b) shows the microlens array
with a smooth concave surface and each microlens has a
diameter of 5.75 mm and a sag height of 76 nm. In this case, the
initial polymer lm thickness was only 0.5 mm. Fig. 3 shows the
3D/2D images of the PDMS template fabricated with the
microhole array, which is used for the fabrication of the
microlens arrays. The surface prole of the microhole was
measured by a laser scanning confocal microscope and has a
diameter of 5.75 mm, a sag height of 0.7 mm and a period of
10 mm.

Fig. 4 shows a serial of concave microlens arrays fabricated
using the same template under different annealing tempera-
tures. The template was patterned with square arrayed cylin-
drical microholes with a diameter of 45 mm and a sag height of
5 mm for each sample. As is well known, the difference in the
39686 | RSC Adv., 2014, 4, 39684–39690
thermal expansion coefficient between the PDMS mould and
the substrate is quite large (aPDMS [ asub). High-temperature
processing is known to limit the performance of PDMS
stamps.15 As a result, the mould tends to separate from the
polymer surface when the annealing temperature is high. To
prevent separation, the temperature was increased gradually
from room temperature to the setting temperature. The thick-
ness of the PDMS stamp was xed at about 1.5 mm. Fig. 4
indicates how the prole of the microlens was inuenced by the
temperature T, ranging from 35 �C to 85 �C for the same poly-
mer thickness (about 2.2 mm). If the polymer was annealed at
35 �C for 5 minutes, the sag height of the microlens is rather
shallow. The sag height in this case was determined by the
wettability of the liquid to the solid PDMS, which was charac-
terized to have a contact angle of 6�. The sag height in this case
was only 56 nm, as measured by the scanning confocal micro-
scope. As the temperature increases, the sag height also
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Large-area images of the replicated patterns. To illustrate the
fidelity of the replication process, the optical micrograph of the
patterns in an area of 680 mm � 880 mm is shown in (a). The area
consists of the hierarchical structure arranged on a square lattice, with
convex microlens in the middle area and concave microlens in the
surrounding area. Fig. 5(b) is the zoomed-in image of (a), which is used
to show the hierarchical structures with different diameters. The 3D
surface profiles of the fabricatedmicrolensesweremeasured by a laser
scanning confocal microscope and are shown in Fig. 5(c) and (d).
Fig. 5(e) and (f) show the cross-sectional profiles of the microlenses
with different heights at different areas.

Fig. 6 Large-area images of the replicated patterns. The optical
micrograph of the patterns in an area of 340� 260 mm2 is shown in (a).
The area consists of the convex microlens arranged in a circular area
and surrounded with the concave microlens. The magnified image in
(b) was obtained using blue-field illumination to enhance the optical
contrast. The 3D and 2D surface profiles of the fabricated microlens
were measured by a laser scanning confocal microscope ((c) and (d)).
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increases and was 0.3 mm for a temperature of 55 �C (Fig. 4(B));
0.553 mm for a temperature of 75 �C (Fig. 4(C)); and 0.755 mm for
a temperature of 85 �C (Fig. 4(D)).

The reliability of this structure-replication technique must
be emphasized. Fig. 5(a) shows the optical micrograph of the
sample with an area of 680 mm � 880 mm, which has hierar-
chical structures with different diameters, where the dark
colour area hosts the convex microlens array with a larger
diameter and the light colour area hosts the concave microlens
array with a smaller diameter. Viewed at a higher magnication
(Fig. 5(b)), the hierarchical structure with different diameters
can be clearly seen. Fig. 5 (c)–(f) show the 3D and 2D surface
proles of the convex and concave microlens measured by a
laser scanning confocal microscope (BX61, Olympus). As can be
seen from Fig. 5(e), the diameter of the convex microlens is
7.625 mm, and the sag height is 0.75 mm. Fig. 5(f) shows that the
concavemicrolens has a diameter of 6.25 mmand a sag height of
0.147 mm. The formation of the hierarchical structure of
microlens at different areas was attributed to the fact that the
time the polymer melt takes to ll up the void space with
different size is different. Since the effect of gravity on a
This journal is © The Royal Society of Chemistry 2014
microscale can be ignored, the surface tension, the viscosity of
the polymer melt and the size of the capillary determines the
rate of ow. The ow time is given by eqn (2). It can be seen that
the amount of time needed to ll the cavity is inversely
proportional to the rigidity of the materials hydraulic radius R
(i.e. the width L). Consequently, for the same length of the
capillary z, a microhole with the larger diameter needs less time
to ll the cavity and as a result the structure formed is higher.
For the same reason, the structure formed for the microholes
with a smaller diameter in the template will be lower. Therefore,
the hierarchical structures with different surface proles can be
obtained.

The other way to form the hierarchical structure is to selec-
tively modulate the wettability of the PDMS template by UV
treatment. In this experiment, the microholes patterned in the
PDMS template have the same diameter. Only a round area with
a diameter of 120 mm in the template was illuminated by UV
light for 10 min to change its wettability. The power density of
UV light was about 20 mW cm�2. Aer UV treatment, the PDMS
template was placed on the polymer lm with intimate contact
and annealed for 6 min at 75 �C. Fig. 6(a) shows the optical
micrograph of the hierarchical structures formed on the sample
with an area of 680 mm� 880 mm. Fig. 6(b) shows the magnied
image of the partial area in Fig. 6(a), from which one can see the
distinct separation line between the different areas with
different heights of microlens. Fig. 6 (c) and (d) show the 3D and
2D surface proles of convex and concave microlens measured
by a laser scanning confocal microscope (BX61, Olympus). As
can be seen, the convex microlens formed in the area with UV
treatment has a diameter of 6 mm and a sag height of 1.2 mm.
While the area without UV treatment, the microlens has the
same diameter but the sag height was only about 200 nm.
Fig. 6(d) shows the convex microlens array distributed on the
RSC Adv., 2014, 4, 39684–39690 | 39687
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Fig. 7 The patterns formed by a partially modified PDMS mould in a
2.2 mm thick film of S1813 annealed at 75 �C for 5 min. (a) An optical
micrograph of the patterns in an area of 340 � 260 mm2. The area
consists of a stripe structure with different surface profiles; (b) the
magnified image of the left half of (a); (c) the magnified image of the
right half of (a). (d) The 2D surface profile of the fabricated stripe in (b)
measured by a laser scanning confocal microscope; (e) the 2D surface
profile of the fabricated stripe in (c) measured by a laser scanning
confocal microscope.

Fig. 8 The measured point spread function of the fabricated micro-
lens shown in Fig. 2(a): (a) the measured point spread function of the
fabricated microlens array, (b) comparison between the measured
point spread function and the ideal diffraction-limited one.
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curved surface, this means that there is a difference in the
hydrostatic pressure across the border between the areas with
different wettability. Laplace derived an expression for the
pressure difference across a curved interface in terms of the
surface tension and curvature. The equation, referred to as the
Laplace equation, is:51

Dp ¼ pcap ¼ 2g cos q

r
(3)

where Dp is the Laplace pressure, pcap is the capillary driving
force, g is the surface tension, q is the contact angle, r is the
radius of the capillary. We assume that the areas with and
without plasma treatment have different contact angles q1 and
q2 (q1 < q2) and therefore different wettability. Because of the
Laplace pressure, the pressure in the area with plasma treat-
ment, p1, is dened as Pair � Dp1. The pressure in the area
without plasma treatment, p2, is dened as Pair� Dp2. Therefore
p2 � p1 ¼ Dp1 � Dp2 > 0 (cos q1 > cos q2). This means the uid
will ow from the area with plasma treatment to that without
plasma treatment. As a result, a curved surface was formed in
the plasma treated area and at the same time themicrolens with
a convex surface was also fabricated on its surface as shown in
Fig. 6(d).
39688 | RSC Adv., 2014, 4, 39684–39690
Fig. 7 depicts the various stages of lm deformation under
capillary action. The partially modied PDMS mould on the
wettability provides a good way to observe the evolution of lm
destabilization at different stages across the same PDMS mould
for a xed annealing time. The reason is that the capillary time,
t, for this patterning process is inversely proportional to the
cosine of the contact angle. Therefore, for a given length of
cavity, the time differs if the contact angle varies, being shorter
if cos q is larger. Oxygen plasma treatment is another method
that can be used to modify the surface wettability of PDMS.
Processing parameters of oxygen plasma treatment including
the treatment time, radio frequency (RF) power, and oxygen ow
rate inuence the surface wettability of PDMS. This modica-
tion has a very short lifetime and the modied PDMS surface
will recover to its hydrophobic state typically aer a few hours
due to the migration of short non-crosslinked PDMS chains to
the surface. The typical process parameters used in oxygen
plasma treatment are: a RF power of 600 W, an oxygen ow rate
of 200 mL min�1, and a plasma treatment time of 10 min.60

Fig. 7(a) shows the capillary force lithography result in a 2.2 mm
thick S1813 lm annealed for 5 min at 75 �C. The le half of
Fig. 7(a) shows the pattern obtained with the PDMS mould
without plasma treatment and the right half with plasma
treatment. Based on the time scale, Fig. 7(b) shows the early
stage of lm destabilization, forming stripes with a concave
surface prole. In this case, the feature size of the strip has a
width of 6.25 mm and a sag height of 0.17 mm as shown in
Fig. 7(d). Fig. 7(c) shows the later stage of the lm destabiliza-
tion and the stripe formed has a convex surface prole. In this
case, the feature size of the stripe has a width of 6.25 mm and a
sag height of 0.876 mm as shown in Fig. 7(e). Apparently, the
This journal is © The Royal Society of Chemistry 2014
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different patterns shown in Fig. 7(b) and (c) were formed due to
the different wettability of the PDMS mould. In the former case,
the contact angle was larger and therefore the structure formed
has a lower sag height and a concave surface prole. While for
the latter case, the contact angle was much smaller and there-
fore the structure formed was much higher and has a convex
surface prole. This proves that modication of the wettability
of the PDMS mould by oxygen plasma treatment is an effective
way to fabricate the customized patterns in different areas in
the same sample.

The optical properties of the fabricated microlens array
shown in Fig. 2(a) were further measured using a point spread
function testing optical system. The optical system consists of a
He–Ne laser, pinhole, collimating lens, 45 degree mirror and a
high magnication microscope objective. Fig. 8(a) shows the
image of the measured point spread function of the fabricated
microlens array. The image reveals that the pitch and the
intensity of the focused light spots are quite uniform. The
diameter of the airy disc of the point spread function for the
single microlens was found to be about 2.38 mm. Comparing
with that of the diffraction limited one calculated from an ideal
microlens with a diameter of 5.75 mm and a sag height of
0.686 mm, the value is very close as shown in Fig. 8(b).

Conclusions

In conclusion, we have demonstrated experimentally that
capillary force lithography is a convenient and inexpensive
technique for the fabrication of hierarchical structures with
high delity and excellent uniformity without the need of
advanced lithographic techniques. By applying an heteroge-
neous PDMS mould with different size of micro-hole arrays or
selective UV or oxygen plasma treatment, hierarchical struc-
tures with different heights can be fabricated in different areas
in the same sample successfully. This approach might provide a
simple strategy for the fabrication of hierarchical structures
with large-areas at low cost and high exibility.
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