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ABSTRACT Honeycomb-patterned polymer films prepared by the simple casting of a polymer solution under humid conditions were
used as templates for metal microdot arrays formed on shrinkable polymer substrates by metal sputtering. After thermal shrinkage
of the substrate, the periodicity of the metal microdots was reduced. In addition, microwrinkles were formed on the metal microdots.
The wavelength and arrangement of the microwrinkles were changed with the metal sputtering time and the diameter of the metal
microdots. A clear confinement effect was observed in the formation of the microwrinkles.
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1. INTRODUCTION

Honeycomb-patterned polymer films (1) prepared by
the simple casting of polymer solutions under hu-
mid conditions are attractive materials based on

their potential applications as separation membranes (2),
photonic crystals (3), cell culturing substrates (4), and so on
(5). Water droplets condense on the cooled surface of the
polymer solution because of evaporation cooling, and they
are then packed by capillary force (6). After evaporation of
the solvent, the traces of water droplets remain in the
polymer film as regularly arrayed micro pores. This breath
figure (7) method can be used for the patterning of a wide
variety of materials, including engineering plastics (8), con-
ductive polymers (9), biodegradable polymers (10), and
metallic compounds (11).

The honeycomb-patterned polymer film has a double-
layered structure. Two porous layers are connected by many
thin pillars located at the corners of small hexagons, reflect-
ing the structure of the close-packed template water droplets.
Secondary physical and chemical processing of honeycomb-
patterned polymer films provides a wide variety of novel
micro- and nanostructured polymer films. For example, a

single-layered honeycomb-patterned film can be formed by
thermal melting of the pillars when the original double-
layered structure is annealed at temperatures above the glass
transition temperature, Tg. (12) A pincushion structure is
prepared by simply peeling off the top-layer with adhesive
tape (13), such pincushion-structured films exhibit superhy-
drophobic properties (14). In addition, micro lens arrays and
physical copies of honeycomb-patterned films can be pre-
pared by molding and replication of the honeycomb-pat-
terned films (15).

Recently, metal-polymer hybrid nanostructures, based
on the honeycomb-patterned polymer films, and their unique
properties have been reported. Silver-plated honeycomb-
and pincushion-structured films were fabricated by electro-
less plating of Ag onto Pt/Pd layers sputtered on the films
(16). Metal dome and polymer pincushion hybrid structures
can also be prepared by electroless plating and peeling off
the top layer of the honeycomb-patterned polymer film (17).
These surfaces exhibit superhydrophobic properties with
strong adhesion of water droplets. The pores of a honeycomb-
patterned film can be used as templates for other metal-
polymer hybrid surface patterns. Hadziioannou et al. re-
ported that hexagonally arranged Al dots were formed on a
glass substrate by vapor-deposition of Althrough the pores
of a template honeycomb-patterned polymer film, followed
by washing of the template (18a). We also have reported that
dots of Au and Pt/Pd alloy can be formed on silicon, glass,
or polymer film substrates after discharge sputtering of the
metals and subsequent washing of the template honeycomb-
patterned polymer films (18b). Electroless deposition of Ag
on Pt/Pd dots provides Ag dots (18c). These metal-polymer
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hybrid structures can be applied as porous electrodes,
photonic crystals, and metamaterials.

Thermal shrinkable polymer film, which is a stretched
polymer substrate, shrinks when it is heated at over Tg. (19)
Surface patterns formed on a shrinkable polymer film can
also be shrunk after heat treatment (20). Recently, we
reported the shrinkage of a poly(butadiene) honeycomb-
patterned film on a stretched polymer film by heat treat-
ment, which resulted in miniaturization of the periodicity
of the pores (21).

In this paper, we report the formation of metal dot arrays
on a shrinkable polymer substrate by the sputtering of
metals though the honeycomb pores and subsequent ther-
mal shrinking. The surface topologies of metal dot arrays
before and after shrinking are discussed.

4. EXPERIMENTAL SECTION
Preparation of Honeycomb-Patterned Films. Polystyrene

(PS, Mw ) 280 000, Aldrich, USA) and amphiphilic copolymer
1 (Chart 1) (22) were dissolved in chloroform to prepare a 5 mg/
mL solution. The solution (1-7.5 mL)was cast onto a 9 cm
diameter Petri dish, and then humidified air (20 °C, relative
humidity 60-80%) was applied vertically to the solution surface
at a rate of 4 L/min. After complete evaporation of solvent and
condensed water, the surface structure of the film was observed
using an optical microscope (BH-2, Olympus, Japan), and
detailed structure was observed using scanning electron mi-
croscopy (SEM; S-3500N, Hitachi, Japan).

Transfer of the Periodic Structures onto the Stretched
Polymer Films. Before transfer of the film, UV-ozone treatment
was performed to reduce the mechanical strength of the
honeycomb-patterned PS film (Figure 1). The honeycomb-
patterned PS film was then peeled from the substrate in water
and the floating film was placed upside down on a shrinkable
polymer substrate (1.5 times 2 biaxial-stretched APEL8008T,
Mitsui Chemical Company, Inc., Japan). After being dried in
vacuo, the film was pressed with a polydimethylsiloxane (PDMS)
elastomer (Sylgard 184, Dow Corning, USA) to break the pillars

supporting the double layer structure of the honeycomb-pat-
terned film. The single layer of honeycomb-patterned PS film
adhered to the PDMS elastomer was peeled away with removal
of the PDMS. The other layer of honeycomb-patterned PS film
remained on the shrinkable polymer substrate. Pt and Pd were
sputtered for 20-80 s using a discharge ion sputtering ap-
paratus (discharge current ca. 20 mV, E-1030 Hitachi, Japan).
After sputtering, the template film was removed using a sheet
of adhesive tape (Scotch Tape, 3M, USA).

Shrinkage of the Films. The pattern-transferred film was
annealed on a hot stage (Rinkam600, Japan Hi-tech, Japan) at
100 °C for 1 min. After annealing, the surface structure was
observed using SEM. The SEM images were analyzed using
image processing software (Image SXM, NIH, USA).

3. RESULTS AND DISCUSSION
A typical SEM image of the microporous template film is

shown in Figure 2a. The pores of the film are of uniform size
and are arranged hexagonally. After sputtering Pt/Pd, the

Chart 1

FIGURE 1. Schematic illustration of metal dot preparation onto the stretched polymer film and its thermal contraction.

FIGURE 2. Photograph and SEM images of (a) honeycomb-patterned
PS film, (b) metal dots formed on the thermal shrinkable substrate
before, and (c) after heating.
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template top layer was removed by a sheet of adhesive tape.
A photograph of the microdots prepared on the thermal
shrinkable substrate is shown in the inset of Figure 2b. The
interference color of the film indicates that a highly periodic
metal structure was formed on the surface of the film. The
transferred dot structure shows a clear hexagonally arranged
microdot structure (Figure 2b). The average center-to-center
distance and diameter of the microdots in this case is ca.
8.0 and 5.0 µm, respectively.

After heating, the size of the film was reduced by shrink-
age. An SEM image of the surface structure of the shrunk
film is shown in Figure 2c, and a photograph of the shrunk
film is shown in the inset of Figure 2c. The center-to-center
distance between the dots was shrunk to 6.5 µm; however,
the microdot size was reduced by only 0.2 µm after film
shrinkage. The film shrinkage was mainly caused by shrink-
age of the space between the dots. In addition, wrinkles were
formed on the surface of the dots. The substrate was shrunk
by heat treatment; however, the metal microdots did not
follow the shrinkage of the substrate. As a result, buckling
(23) occurred and microwrinkles were formed on the surface
of the metal microdots.

Figure 3a shows a typical atomic force microscopy (AFM)
image of the metal microdot arrays that clearly shows the
microwrinkles formed on metal microdots after shrinkage.
The height of the microwrinkles was estimated to be ca. 400
nm from the cross-section of the AFM image (Figure 3b).

To reveal the effect of sputtering time, which is propor-
tional to the thickness of the metal layer, on microwrinkle
formation, we changed the sputtering time from 20 to 80 s.
Figure 4 shows SEM images of the hexagonally arranged
metal microdots that were sputtered for different times and
formed on the stretched polymer film after shrinkage. In
each case, the center-to-center distances of the metal mi-
crodots were shrunk by thermal contraction of the film. On
the other hand, the width of the microwrinkles and the
spacing between microwrinkles increased when the sput-
tering time increased. Irregular and narrow (ca. 200 nm)
microwrinkles were formed after shrinkage on the metal
dots formed by sputtering for 20 s. The wrinkles formed on
metal microdots produced by sputtering for 40 s were
arranged unidirectionally and the width of the microwrinkles
increased. This tendency is same in the case of metal dots
formed by sputtering for 60 and 80 s.

Metal microdots were formed on shrinkable polymer
films that were stretched 1.5 times on each two-dimensional

(2D) axis. It is known that microwrinkles are formed on
various hard materials that are surface coated on elastic
polymer films; the critical wavelength of such microwrinkles
(λ) is expressed by (24)

where h is the thickness of the top layer, vs and vf are the
Poisson ratios of the substrate and top layers, respectively.
Es and Et are the Young’s moduli of the substrate and top
layers, respectively. The substrate and top layers in this case
are APEL8008T and platinum; therefore, vs (25), vt, Es, Et are
-0.34, -0.377, 2.4 GPa, 16.8 GPa, respectively. The thick-
ness of the platinum layer is calculated as 10, 21, 43, and
85 nm for sputtering times of 20, 40, 60, and 80 s, respec-
tively. When these values are substituted as h, the resulting
critical wavelengths λ are 150, 315, 645, and 1 275 nm,
respectively. Figure 5 shows the theoretically calculated

FIGURE 3. (a) Topographic AFM image and (b) a cross-section of
microwrinkles on metal microdot structure. The cross-sectional
image in b was obtained on the white line on a.

FIGURE 4. SEM images of metal dots of different sputtering time
formed on the stretched polymer film after thermal contraction ((a)
20, (b) 40, (c) 60, and (d) 80 s, respectively). Each inset image is the
FFT of 25 µm × 25 µm of the SEM image.

λ ) 2λh[(1 - vs
2)Et/(3(1 - vt

2)Es)]
1/3 (1)
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values of the critical wavelengths and the experimentally
observed wavelengths of the microwrinkles, as measured
from SEM images of the films. The theoretical and real values
are in good agreement, which indicates that the wavelength
of the microwrinkles on the metal dots are dominated
primarily by the mechanical properties of the top and
substrate layers of the structures.

2D fast Fourier transformation (FFT) of the SEM images
(inset images in Figure 5) indicate that the orientation of the
microwrinkles becomes aligned with increasing thickness of
the metal layer. The FFT image of the 20 s sputtered sample
shows indistinct spots, whereas clearer spots are observed
in the FFT images of the 40-80 s-sputtered samples. The
distance between peaks decreased with increasing sputter-
ing time. These results indicate that the wrinkle wavelengths
increase and become well-aligned with increasing sputtering
time.

There are two reasons for the alignment of microw-
rinkles; one is the anisotropy of the shrinkable polymer
substrate and the other is the confinement effect of the
microdot. The shrinkable substrate used in this study is a
biaxial-stretched polymer film, which is basically prepared
by stretching the polymer film in one direction after the
other. The polymer molecules in the film are perpendicularly
reoriented at the second stretching, thus, the film has
hysteretic shrinkage that depends on the stretching order,
and the hysteresis may affect the orientation of wrinkles.
The lateral confinement of the metal microdot structure also
affects the orientation of microwrinkles. Crosby et al. re-
ported that well-organized microwrinkles were formed on
a surface oxidized polydimethylsiloxane microlens, depend-
ing on the oxidation time and size of microlens (26). The
microwrinkles were well-aligned with increasing oxidation
time (equivalent to an increase in the thickness of the “hard”
layer) and decreasing size of the microlens. Finally, the
wrinkles disappeared when the lens size became smaller

than the wavelength of the microwrinkles. The same con-
finement effect was also observed in this study.

Figure 6 shows the effect of metal dot size on the
microwrinkles in metal microdot array films with microdot
diameters of (a) 7.0, (b) 5.7, (c) 4.1, and (d) 2.6 µm that were
prepared by sputtering for 60 s. The metal dots maintain
their circular structure after shrinkage, as shown in Figure
5. It is noteworthy that the number of wrinkles decreased
when the size of the microdots decreased. In Figure 6a, the
average number of microwrinkles is 5, but this is decreased
to 3 and 2 in images b and c, respectively, in Figure 6, and
finally, the microwrinkles disappear when the size of the
metal microdot becomes smaller than 2 µm (Figure 6d).

Therefore, the effect of size on the microwrinkle forma-
tion of metal microdots is confirmed. Whitesides et al.
reported that lower stress is applied to the region near the
edge of a microdot (24). Thus, the edge of the metal
microdots did not form wrinkles. Furthermore, in the case

FIGURE 5. Plot of experimental and theoretical wavelengths of
wrinkles as a function of sputtering time.

FIGURE 6. SEM images of metal dots of different diameters formed
on the stretched polymer film after thermal contraction: (a) 7.0, (b)
5.7, (c)4.1, and (d) 2.6 µm, respectively.
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of 2 µm diameter metal microdots, the edge effect domi-
nates over the entire individual microdot, and as a result,
lower stress is applied to the metal microdots.

These results indicate that the controlling factor of mi-
crowrinkle formation is the ratio between the wavelength
of the microwrinkles and the diameter of the microdot.
Figure 7 shows the relation between λ0/d and the surface
structure of a shrunken metal microdot array (λ0 is the
wavelength of the microwrinkle calculated from the thick-
ness of the metal layer, and d is a diameter of the metal
microdot). When the value of λ0/d was smaller than 3.0 ×
10-2, the microwrinkles had a disordered structure. How-
ever, well-aligned microwrinkles were formed on the metal
microdots when the value of λ0/d was in the range from 3 ×
10-2 to 3 × 10-1. When the value of λ0/d was larger than 3
× 10-1, no wrinkles were formed. These results also support
a lateral confinement effect of the size of metal microdot
on microwrinkle structure.

4. CONCLUSION
The preparation of metal microdot structures on stretched

polymer films was demonstrated. After thermal contraction
of the film, the center-to-center distances of the metal
microdots were reduced. The metal microdots formed had
periodic sub-micrometer-sized wrinkles. The formation of
microwrinkles was affected by the thickness and diameter
of the metal microdots and lateral confinement affects the
formation of the microwrinkle structures.
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