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Ordered Micropatterns by Confined Dewetting of an Imprinted Polymer
Thin Film and Their Microlens Application
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Abstract: We fabricated ordered micro/nano patterns induced by controlled dewetting on the topographically pat-
terned PS/P4VP bilayer thin film. The method is based on utilizing microimprinting lithography to induce a topo-
graphically heterogeneous bilayer film that allows the controlled dewetting upon subsequent thermal annealing. The
dewetting that was initiated strictly at the boundary of the thicker and thinner regions was guided by the presence of
the topographic structure. The dewetting front velocity of the microdomains in the confined regions was linearly pro-
portional to the measurement time, which enabled us to control the size of the dewet domain with annealing time.
In particular, the submicron sized dot arrays between lines were generated with ease when the dewetting was con-
fined into geometry with a few microns in size. The kinetically driven, non-lithographical pattern structures accompa-
nied the pattern reduction to 400%. The pattern arrays on a transparent glass substrate were especially useful for non-
circular microlens arrays where the focal length of the lens was easily tunable by controlling the thermal annealing,
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Introduction

Generation of the controlled micro/nano patterns on a
substrate is of the enormous importance of both fundamen-
tal research and practical objects such as electronic chip
production, microfluidics, and bio-sensor.'* The problems
including high cost and time consuming confronted by the
conventional lithography for manufacturing nanostructure
may be resolved by using soft lithographic techniques in
particular combined with various self organization driving
forces of polymers including macro-phase separation in
blends, micro-phase separation in block copolymers and
dewetting. *’

The morphology of a thin polymer film on either solid or
liquid can be evolved by the instability into the film resulting
from its interaction with the substrate of long range force of
van der Waals, short range polar and molecular force. This
usual method for morphology evolution on a flat surface is
the dewetting in which an initially uniform film on a non-
wetting substrate ruptures into droplets. Meanwhile, the
mechanism for the rupture of thin polymer film is eluci-
dated by e.g., spinodal dewetting, nucleation and growth
dewetting.® Tn spinodal dewetting, the unstable growth of
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capillary waves induces spontaneous rupture of the film
with the long range molecular forces. Nucleation and growth
in contrast involves the nucleation of holes on the defect
sites of the film and subsequent growth of the holes with the
consequent formation of rims, polygons and droplets.

The pursuit of dewetting may also provide novel method
as a means of generating ordered micropatterned morphology,
although it is in general considered problematic in many
applications.”™ A number of publications have demon-
strated the potentials of controlling dewetting for ordered
micron pattern fabrication in polymer, metal thin film and
nanoparticle solution.”*'"* In our previous work, we have
demonstrated a kinetically driven and non-lithogrpahic method
for fabricating ordered microstructures of polymers by com-
bining dewetting with microimprinting lithography. The proper
thermal treatment of a microimprinted poly4vinylpyridine
(P4VP)/polystyrene (PS) bilayer on a Si substrate allowed
the confined dewetting selectively in the pressed thinner regions.
The subsequent prolong annealing additionally enabled us
to induce the layer inversion between PS and P4VP layer,
giving rise to an ordered dewet structure with both chemical
and topological heterogenity in large area.”

In this contribution, we present the details of the formation
of the ordered dewet structures upon heat treatment with in-
situ optical microscope. The kinetics of the confined dewetting
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of P4VP layer on PS surface is investigated in the imprinted
bilayer with various pattern symmetries as a function of
film thickness and annealing temperature. For a potential
application of the ordered dewet patterns, we also demonstrate
optical microlens arrays fabricated from our unconventional
lithographic technique whose focal length is beneficially
tunable by controlling the thermal annealing with ease.

Experimental

Materials and Bilayer Preparation. We employed a
polystyrene (PS) and a poly(4viny! pyridine) (P4VP) purcha-
sed from Polymer Source Inc., Doval, Canada. The molecu-
lar weights of PS and P4 VP are 45,800 g/mol and 48,000 g/
mol, respectively and the polydispersity of both polymers is
about 1.05. To prepare a bilayer thin film, a 2 wt% PS solu-
tion in toluene was first spin coated onto a silicon substrate
and a 2 wt% P4VP solution in ethyl alcohol was spin coated
on the PS film. The silicon wafers (100) were rinsed with
acetone, methanol, and deionized water in order, then dried
with N, for cleaning. The spin coating (Spin coater: SPIN
1200 Midas-system, Korea) was carried out at the 2,000 rpm
for 1 min at room temperature for each polymer. The thick-
nesses of PS and P4VP film prepared were approximately
80 and 100 nm, respectively.

Micro-Imprinting Lithography. The spin coated P4VP/PS
bilayer was topographically patterned with the micro-imprint-
ing apparatus developed in our laboratory. The heater is
located beneath a metallic sample stage with the tempera-
ture range from room temperature to 300 °C. The bilayer on
a substrate fixed on the sample holder moves upward by the
moving stage connected to a micro-motor. When the confor-
mal contact is formed with a poly(dimethylsiloxane) (PDMS)
master pattern, the temperature is raised above the glass
transition temperatures of both polymers (150 °C). The load
cell (maximum load: 2 kg) located above the master pattern
holder controls the pressure applied during micro-imprint-
ing. The pressure applied depends on both the load and the
contact area of the micropattern on the bilayer. The pressure
used is approximately 156,800 Pa. The micro-imprinting
under the pressure at 150 °C was performed for 15 min,
resulting in the micropatterns with topographic thickness
variation in large areas (1x1 cm?®). The elastomeric PDMS
mold was fabricated by curing a PDMS precursor (Sylgard
184, Dow Corning Corp) on a prepatterned silicon master.
Two kinds of PDMS molds were used. One is 1 dimensional
periodic line with the width and periodicity of 2 and 4 um,
respectively. The other is a 2 dimensional PDMS mold that
has hexagonal holes with 15 ym in size arrayed into a hex-
agonal structure. The center-to-center distance between two
holes is 25 um.

Confined Dewetting and Characterization. Topographically
micropatterned bilayer by micro imprinting was annealed
at 200 and 230 °C for dewetting the top P4VP layer in the

182

Hot plate Hot plate

1. Bilayer formation 2. Micro imprinting

Hot plate

Hot plate

3. Thickness variation

4, Controlled dewetting

Figure 1. Procedure of the controlled dewetting. Micro-imprint-
ing on a P4VP/PS bilayer induces thickness variation. The subse-
quent temperature annealing confines the dewetting of the P4VP
layer only in the thinner regions.

selective areas. After annealing for less than 5 min the dew-
etting of the P4VP layer occurred only in the thinner regions
and unique micropatterns were observed. The procedure of
our patterning method is schematically depicted in Figure 1.
The temperature of the dewetting was controlled by a ther-
mal stage from Linkem (THMSE 600). The dynamics of the
dewetting was monitored by optical microscope (Olympus
BX 51M) in reflection mode with CCD camera (PL-A662
provided by Pixelink). The surface structure of the micro-
patterns was characterized with SEM (Hitachi: S-2700)
operated at 10 kV. AFM (Nanoscope I1I from Digital Instru-
ment) was used in tapping mode to obtain the information
of the pattern surface and film thickness.

Results and Discussion

We have applied the PDMS mold where hexagonal holes
are arrayed with 6 mm hexagonal symmetry. The imprinting
on a P4VP/PS bilayer with the PDMS mold produced well
defined hexagonal posts with 6 mm symmetry shown in
Figure 2(a). A SEM micrograph in inset of Figure 2(a) exhibits
that the top surface of each hexagonal post is concave due to
the insufficient material filling."* Punched bilayer film was
examined by AFM in height contrast. Height difference bet-
ween the elevated regions and the punched ones is approxi-
mately 250 nm and the surface of the punched regions looks
flat. When P4VP layer was selectively removed by ethanol
the punched regions clearly exhibit the parabolic surface
profile where punched pattern boundary is thinner than cen-
ter. It confirms the local capillary flow at the vicinity of pat-
tern boundary during micro-imprinting.”

The dewetting dynamics was monitored by consecutive
optical microscope images obtained with time 7. The repre-
sentative images captured during the dewetting are shown
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Figure 2. The controlled dewetting of a micro-imprinted P4VP/
PS bilayer film on a Si substrate with a PDMS mold that has hex-~
agonal holes with 6 mm hexagonal symmetry. OM (a) and SEM
(inset of (a)) images of the imprinted P4VP/PS bilayer pattern.
(b) OM image of the imprinted P4VP/PS bilayer after controlled
dewetting. The dewetting in the thinner inside and outside regions
produced a new micropattern with hemi-spherical and triangular
features.

in Figure 3. The film thickness of the center regions of the
hexagonal posts was found almost the same as one of outer
parts as confirmed by a height mode AFM image analysis
(~ 80 nm). Therefore, the subsequent dewetting of the P4AVP
layer occurred simultaneously in both inside and outside of
the posts. In the inside of the posts, the dewetting began at
the boundary as depicted with dotted line in Figure 3(b) and
propagated toward the center, resulting in hemi-spherical
dots. In outer regions the dewetting initiated at the boundary
of the posts, as illustrated by a solid line in Figure 3(b), was
guided by the presence of the arrays of the hexagonal posts.
We obtained a honeycomb shape polygon structure of the
dewetting P4VP layer as shown in Figures 3(c) and (d), con-
trary to a randomized polygon one typically observed in
dewetting of polymer thin films.*'* Further heat treatment
broke the polygon scaffold into ellipsoids and triangular
droplets with 6 mm symmetry (Figures 3(e) and (f)). The arrays
of the P4VP microdomains are shown after the controlled
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Figure 3. OM images representing morphological evolution with
time in the micro-imprinted 15 m hexagonal patterns of the
P4VP/PS bilayer shown as at 200 °C (a) Imprinted pattern before
annealing. (b) Initiation of dewetting. Dotted and solid lines dis-
play the dewetting initiation boundary foilowing arrows. (c), (d)
Hexagonal type polygon formation. (e) Triangular shape struc-
ture formation around the hemi-spherical feature. (f) The final
morphology after annealing. The scale bar is 10 zm.

dewetting in Figure 2(b).

We found that the velocity of dewetting front described as
dL/dt was constant at the annealing temperature of 200
and 230 °C as shown in Figure 4, where L is the length from
the center of a hexagonal pattern to the outer point of a
propagating hole. Our observation is consistent with others
where the hole radius increased with time linearly. The de-
wetting front velocity of P4VP layer becomes much faster
at 230 °C, which implies that the hole growth rate is a func-
tion of temperature as addressed in the dewetting of homo-
geneous thin films."*'® The velocity of dewetting estimated
with the slope of each linear fitting (dL/df) is approximately
3.3 and 0.55 um/sec at 230 and 200 °C, respectively. It should
be noted that the facile control of the size and shape of the
dewetting domains with both time and temperature is
beneficial for fabricating sphere cap and triangular shaped
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Figure 4. Plot of the center to dewet front distance as a function
of time at the different annealing temperature. The velocity of
dewetting described as d/dt is obtained by the slope of linear fitting.

microlens arrays with different focal length as shown later.

Figure 5(a) shows the OM image of P4VP/PS bilayers
micro-imprinted by PDMS molds with periodic lines. The
micro-imprinting again induced thickness variation of a
bilayer. The maximum height of the elevated region is
approximately 250 nm, and that of punched, thinner region
is approximately 80 nm; cach layer has approximately 40
nm in thickness measured by AFM. The selective dewetting
produced an interesting sub-micron pattern selectively in
the thinner regions where a broken line pattern was observed
with approximately 500 nm in width as shown in Figures
5(b) and 5(c). Approximtely 400% pattern reduction arising
from the controlled dewetting renders our method very
effective to fabricate sub-micro polymer patterns with ease.

It should be noted that the pattern structure we obtained is
thermodynamically unstable, but kinetically driven. According
to Brochard-Wyart et al,'* a critical thickness (e,), below
which an upper layer (A-layer) is unstable against dewetting
on a liquid substrate (B-layer) is given as e, = 2[y/(pg)]'~ sin
(65/2) where g is the gravitational constant, & is the angle
of a liquid wedge, and the effective parameters for surface
tension y and density p are given by y'= "+ v, and
= pPap5" (Ps - pa). A rough estimation based on the parame-
ters reported previously for PS/P4VP system gives e, as an
order of 100 nm.” Nevertheless, for the experimental condi-
tions in this study, the dewetting did not occur at the ele-
vated (thicker) region and the structure became stable when
it was vitrified below the glass transition temperatures of
both polymers. Hence, it is certain that the elevated areas
with approximately 250 nm in thickness shown in Figure 5(a)
will be eventually broken up at certain time and temperature
scale.

We also performed the dewetting on the pre-patterned
P4VP/PS bilayer prepared on a glass substrate. As shown in
Figure 6(a), the controlled micropattern successfully obtained
on the glass substrate is useful for unconventional micro-
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Figure 5. The controlled dewetting of a micro-imprinted P4VP/
PS bilayer film on a Si substrate with a PDMS mold having 2 and
4 um in width and periodicity, respectively. (2) OM image of the
imprinted P4VP/PS bilayer pattern. OM (b) and SEM (c) images
of the P4VP/PS bilayer pattern after the thermal annealing. The
dewetting occurred only in thinner regions in between the ele-
vated line patterns.

lenses. We used an optical microscope to characterize the
lensing of the microlenses under white-light illumination.
The optical system for characterizing the microlensing is
illustrated in Figure 6(b). Figures 6(c) and (d) show the focu-
sed images by the microlenses produced by the micropattern
corresponding to Figure 6(a). Since the height and profile of
the spherical shape microlenses is different from that of the
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Figure 6. The controlled dewetting of a micro-imprinted P4VP/
PS bilayer film on a glass substrate with the PDMS mold used in
Figure 2(a) OM image of the P4AVP/PS bilayer pattern after ther-
mal annealing. (b) Schematic of micro-lensing of the microlenses
obtained by the controlled dewetting under white-light illumina-
tion. Focused OM images produced by the spherical (c) and the
triangular (d) microlenses, respectively.

ellipsoids and the triangular ones, the location of the focal
planes is varied along the direction perpendicular to the
micropattern array surface. The focused images with the
focal planes of spherical and triangular lenses are shown in
Figures 6(c) and (d), respectively.”’

The focal length of the circular microlens shown for
example in Figure 6(a) can be in particular easily tuned by
controlling thermal annealing time. For an interface with
surface tension y, the Young—Laplace equation shows the
pressure difference maintained by the surface: Ap =2, /R,
where Ap is the pressure difference between internal and
external spherical surface, » and R are the surface tension
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Figure 7. The calculated focal length of a microlens produced by
the controlled dewetting of a PS/P4VP bilayer with annealing
time at 200 °C.
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of the liquid and the radius of curvature of sphere, respec-
tively. Focal length, fof lens as function of pressure is given
by /= (2716)/(4nAp) where An is the difference of refractive
indices between liquid and air. Combining the focal length
equation with the previous relation of Ap, a simple formula
about focal length related to radius of curvature can be writ-
ten as /= R/An."* After all, the focal length is controllable by
the radius of curvature. Figure 7 shows the modulation of
the focal length of the circular microlenses by controlling
the dewetting time of a PS/P4VP bilayer at 200 °C. In our
system, the focal length of a P4VP microlens is varied from
332 to 67 um with 1, of 1.6" by the simple controlled
dewetting within 720 sec.

Conclusions

We demonstrated a new method to fabricating the ordered
patterns of micro-imprinted P4VP/PS bilayer using the
confined dewetting. The microimpriniing produced a topo-
graphic pattern with the thickness variation which guided
the subsequent dewetting of PAVP layer of the PAVP and
PS bilayer on a Si substrate. The initiation of the dewetting
occurred strictly at the boundary of the thicker regions and
the thinner ones and was guided by the presence of the topo-
graphic structure. In particular the submicron sized dot
arrays between lines were fabricated with ease when the
dewetting is confined into geometry with a few microns in
size. As a simple application of our method, the controlled
pattern on the transparent glass substrate was utilized for
both circular and non-circular microlens arrays with the
capability of modulating the focal length of a microlens by
annealing time and temperature.
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