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ABSTRACT: This paper presents the fabrication of morphology-controlled sub-20-nm polymer nanotip
and nanopore arrays using an identical nanograss mold. Cyclic olefin copolymer (COC) plastic surfaces with
controllable nanostructural morphologies have been successfully nanoimprinted with different molding
temperatures using the identical silicon master mold structure. Low-aspect-ratio sub-20-nm polymer
nanopore and nanotip arrays can be fabricated at molding temperatures below the glass temperature of
COC plastic. And high-aspect-ratio sub-20-nm polymer nanotip and nanopore arrays can be fabricated at
molding temperatures above the glass temperature ofCOCplastic. It shows that aCOCplasticmodified from
the native contact angel of 90� into a hydrophobic and superhydrophobic surface with a maximum contact
angel of 155� by only changing the surface morphologies. Depending on surface nanostructures, the optical
transmittance of COC with nanoimprinted surfaces was changed ranging from 86% to 94%. The optical
transmittance of the COC chip with double-sided nanostructured surfaces increased from 90% to 95%. The
developed technique is simple, ease of fabrication and low cost to realize morphology-controlled sub-20-nm
nanotip and nanopore arrays using the identical silicon mold structure. Sub-20-nm polymer nanostructures
with different morphologies can be fabricated by varying molding temperatures.

Introduction

High aspect-ratio (HAR) structures, defined as heights towidths
of structures larger than10, have recently attractedgreat interest for
scientists and engineers. These HAR structures in microscale have
been developed and realized in most materials in recent years.1,2

Biommetic nanoengineering has recently focused on and discov-
ered several existingHARnanostructures in nature.One example is
the gecko’s fingers, which use HAR nanostructures to exhibit
strong adhesive force.3 Nanostructures also change surface energy
and optical properties, such as hydrophilicity, hydrophobicity and
optical reflection, due to the features of HAR nanostructures.
Because of progress on nanotechnology, it has recently become
possible tomakeHAR structures in nano scale, such as nanotubes,
nanowires, nanorods, nanotips, and nanopores. Most nanostruc-
tures are made of inorganic materials, such as silicon, glass, zinc
oxide, and metals. Besides fabricating inorganic nanostructures in
high aspect ratio, recent researches are focusing on HAR nanos-
tructures of polymer materials. Researchers have successfully
developed fabrication technologies for polymer HAR nanostruc-
tures with hundreds of nanometer features.4-6 Recently, researches
have focused on the feature size below 100 nm for polymers and the
physical and chemical properties of developed novel polymerHAR
nanostructures are still under investigation.

Past research literatures have found that HAR nanostructures
improve performance on electric effects7,8 and have studied HAR
nanostructures todiscover their electromagnetic effect formolecular
sensing.9 Recently, nanopores have been studied to discover their
novel optical properties.10Nanostructures changeoptical properties
and surface energy, such as optical reflection and hydrophobicity,
due to the features of nanostructures. Superhydrophobocity,

defined as the water contact angle in excess of 150�, plays an impor-
tant role in the field of science and engineering, dominating several
applications, such as microfluidics, protein absorption, cell cultur-
ing, and self-cleaning surface.11-13

Several previous techniques have been developed to realize
superhydrophobicity on engineeringmaterials by chemically modi-
fied silicon nanograss,14 chemical coating on polymer surfaces,15 or
by plasma treatment of polymer surfaces.16 The lotus leaf and rose
petal are two examples in nature that exhibit superhydropho-
bicity.17 Several biommetic designs following these features devel-
oped artificial lotus-like structures18 or multiscale hybride micro/
nanostructures.19 Researchers have also applied several techniques
to modify polymer substrates to superhydrophobic surfaces, such
as elecrospun nanofiber coating20 and chemically modified carbon
nanotube forest.21 However, these only retain superhydrophobi-
city, but lose optical transparencyafter surfacemodification. Super-
hydrphobicity and high transparency are very important for some
applications in optics, biology, and energy. Only a few surface
treatment techniques have created transparent and superhydrpho-
bic surfaces together with silica-based thin film,22 silica nanoparti-
cles treatment,23 and plasma etched HAR nanostructures with
Teflon-like coating.24 These surface coatings on polymer materials
face problems of long-term stability. Past literatures demonstrate
that 20 nm HAR silicon nanostructures on silicon wafers reduce
optical reflection and enhance hydrophobicity greatly with CHF3

coating.25,26 In the past years, similar morphologies and length
scales have been reported by several groups through the use of
block copolymer self-assembly.27-29 In addition, large-area sub-20-
nm nanopillar arrays and nanohole arrays have been realized on
SiO2 by nanolithography.30 The polymer nanotips or nanopores
have been realized using negative master molds or positive master
molds, respectively. However, studies to date have not realized or
investigated HAR polymer nanotip and nanopore arrays at 20 nm
scale using the identical positive master mold only.
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Nanoimprint lithography (NIL) is one of the most promising
nanofabrication technologies for mass production in the nano-
scale. NIL is often used to replica the inverse patterns of the
original master structures. Up to date, although several re-
searches has successfully achieved nanostructures under 20 nm
using nanoimprinting lithography (NIL),31,32 there is no research
realizing and studying HAR nanostructures under 20 nm. In this
paper, HAR nanotips and nanopores less than 20 nm using the
identical mold structure by thermal NIL have been first studies.
The study in this paper applied thermal NIL to realize not only
the inverse patterns of the original master structures, but also the
positive patterns using the identical master mold structures.
Different morphologies of sub-20-nm polymer nanostructures
can be made by the developed techniques with the identical sub-
20-nm silicon master mold structure. Low-aspect-ratio (LAR)
nanopore arrays can be fabricated at the temperature below the
glass temperature of the polymer materials. As the molding
temperature is increased, LAR nanotip arrays can be fabricated.
As the molding temperature is set higher, HAR polymer nanotip
arrays with different aspect ratios can be fabricated using the
silicon nanograss mold structures by adjusting one of nanoim-
printing process parameters. While the molding temperature is

set higher than the glass temperature of the polymer materials,
HAR nanopore arrays are formed instead of nanotip arrays.

In BioMEMS applications, cyclic olefin copolymer (COC) is
one of the most popular choices for substrate material because
of its excellent molding, biomedical, and optical properties.
Researches often apply plasmaprocessing for surfacemodification
of COC plastic surfaces. Plasma-treated surface modification
probably has a problem with long-term stability. This work first
develops a novel and simple technique to make a COC plastic
surface with sub-20-nm HAR nanostructures. In addition, mor-
phology-controlled techniques of sub-20-nm polymer nanotip
and nanopore arrays are developed using the identical silicon
mold structure. Studies have investigated further development
of nanotip and nanopore arrays with different morphologies on
COC plastic by varying the nanoimprinting process. This paper
also characterizes surface and optical properties of the nanoim-
printed structures.

The current work creates morphology-controlled sub-20-nm
polymer nanotips and nanopores by changing the temperature of
the nanoimprinting process. First, during thermal nanoimprinting,
theseminute nanoscale cavities can only be filled to a certain degree
due to limitations in thepolymer’s surface energy,molecularweight

Figure 1. Schematic illustration of the morphology-controlled sub-20-nm polymer nanotip and nanopore arrays by thermal nanoimprinting with
different molding temperatures; (a) The relationship between nanostructural morphologies andmolding temperature and (b) filling of molding plastic
flow among the nanogaps to form nanotip and nanopore arrays under different molding conditions.
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and other physical properties such as plastic flow rate. Second,
antisticking treatment is generally bywayof coating a release agent,
but as the sizes become smaller, the contact area becomes larger,
which means these large numbers of molecules produce adhesion
similar to the gecko effect which determines the degree of difficulty
in demolding. This work investigates the replicated morphologies
and surface characteristics by changing the temperature of the
nanoimprinting process, making the nanostructure of nanotip and
nanopore arrays using COC polymer materials. Because the
viscosity coefficient of polymer material is extremely volatile to
temperature changes near its glass temperature, different process
temperatures lead to different velocities of plastic flow in the mold
cavities, thereby affecting the degree towhich nanoscale cavities are

filled. As described in Figure 1, this work develops a novel and
simple technique tomakemorphology-controlled sub-20-nmCOC
polymer nanotip and nanopore arrays by thermal nanoimprinting
with differentmolding temperatures. The polymer surface is heated
to be softened while it is heated up to the specific temperature, so
the silicon nanotips slightly penetrate into the polymer surface to
form low-aspect-ratio nanopore arrays at low molding tempera-
tures. As the molding temperature is increased, the plastic flow
starts to fill the nanogap among four nanotips to form low-aspect-
ratio polymer nanotip arrays. The plastic flow tends to enter the
larger nanogaps and not to fill the small nanogaps due to the very
high flow resistance in the small nanogap arrays. So, high-aspect-
ratio nanotips are formed at this stage. Finally, when the plastic

Figure 2. Schematic drawing of the fabrication process to realize sub-20-nm nanotip and nanopore arrays on polymer surfaces.

Figure 3. SEMpictures of the Si nanograssmastermold: (a) the side view and (b) the top view. The inset image is the top viewwith highmagnification.
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flow reaches near the bottomof nanogap,which is less than 5nm, it
requires higher temperature to further reduce viscosity of plastic
flow and fill all the small nanogaps to form high-aspect-ratio
nanopore arrays.

Fabrication Process

Figure 2 shows a schematic drawing of the fabrication process to
realize sub-20-nm nanotips/nanopores on polymer surfaces. A
silicon mold was used to nanoimprint nanostructures on a COC
wafer. This research uses a well-aligned silicon nanograss of sub-
20-nm with high-aspect-ratio, fabricated on a 6-in. silicon wafer
through hydrogen plasma etching alone, as a thermal nanoimprint-
ing mold. The silicon nanograss master mold was fabricated in
single step through hydrogen plasma etching without any mask or
catalyst. The 6 in. silicon Æ100æ wafer was placed in the plasma
chamber and then was heated to 400 �C before introducing
hydrogen gas at a rate of 200 sccm. The 500 W RF and 300 kHz
bias powers were turned on to start the plasma etching. The
morphologies and aspect ratio of nanograss structures can be
changed by adjusting the duration of the plasma process. The
procedure of creating silicon master molds has been published in a
previous paper by our coauthor, J. Shieh.33 In this work, the silicon
wafer was etched for 90 min to get 20 nm nanotip arrays with an
aspect ratio of 13 on the surface of the 6 in. silicon wafer. Figure 3
shows the scanning electron microscopy (SEM) pictures of the
silicon nanograss mold by 90-min plasma etching. From the SEM
pictures, it can be seen that the nanocavities are about 40 nm and
the small gaps between the silicon nanotips are less than 5 nm. In
order to reduce surface energy of the siliconmastermold for ease of
demolding, trichloro(1H,1H,2H,2H-perfluorooctyl)silane(FOTS)
was deposited on the silicon surface at 250 �C for 2 h by chemical
vapor deposition techniques. After the process, the silicon master
mold was washed using hexane. The self-assembled monolayer,
having a very low surface energy due to its CF groups, was applied
on the silicon surface. The contact angel of theFOTS-coated silicon
nanograss surface is 158�. This study uses TopasCOC6015 plastic,
with a glass temperature (Tg) of 150 �C. Four inch COC blank
wafers were prepared by injection molding. The silicon nanograss
mold was used for nanoimprinting COC surfaces with molding
temperatures ranging from120 �C (belowTg) to 220 �C(aboveTg).
Nanoimprinting was performed at a fixed pressure and fixed
process duration by a hot-embossing machine. The hot embossing
equipment used was a hydraulic hot-press machine consisting of a
heating and pressing component. The heating component pro-
duced heat through a heating coil which was evenly distributed to
the pressing component through a heat spreader with the PID
controller to regulate the set temperature. The pressing component
used hydraulic jacks to exert forces andwas connected to a pressure
gauge thatmeasured the forces.Before eachhotpress, all specimens
and materials were prewashed twice with methanol and DI water,
and then a high-pressure nitrogen gun was used to blow away the
residual liquid to complete the cleaning treatment. First, a stack of
siliconmold and blankCOCwafer were heated to specific molding
temperature. While the specimen was evenly heated, an initial
pressure of 0.1 MPa was applied to the wafers surface to evenly
transmit the heat to the wafers. This initial process lasted for 5 min
until reaching a steady temperature. Once the wafer temperature
reached the specified level, it was molded using the polymer
microstructure hot-press by applying hot-press pressure of
1 MPa onto the COC wafer and the silicon mold through the
hydraulic rod, extruding the molten polymer material to fill the
nanocavities in the mold. Both the temperature and pressure were
maintained at a fixed level, and after 15 min the thermal nanoim-
printing was complete. After molding, the temperature switch was
turned off to allow the temperature to cool slowly to below the
polymer material glass transition temperature of 40 �C (below the

heat distortion temperature). So, the pressure wasmaintained until
the COC was cooled down to 110 �C. According to the experi-
ments, the polymer nanostructures nanoimprinted below 150 �C
are self-detached from the siliconmaster mold. The nanostructures
nanoimprinted between 150 and 180 �C are easy to be demolded
with assist of small force on edge of the chips. The nanostructures
nanoimprinted above 180 �C are difficult to be demolded. The
nanostructures nanoimprinted above 180 �C were obtained by
etching away the silicon mold with 10% Tetramethylammonium
Hydroxide (TMAH) solution. According to our testing, blank
COC polymer can survive in 10% TMAH solution without
damage on the polymer surface. COC chips with different HAR
nanostructural morphologies were fabricated using thermal na-
noimprint techniques. In addition, silicon master molds have been
investigated by SEM images after the demolding process to show
no damage on the silicon nanograss structures.

Results and Discussion

The transmission electron microscopy (TEM) pictures (cross
section) of the nanoimprinted sub-20-nm COC polymer nanotips
with 180 �C molding temperature before demolding process are
shown in Figure 4. Sub-20 nm nanotip arrays were formed on the
plastic surface before scanning electron microscopy imaging. The
pictures also show that COC plastic has been successfully im-
printedwith siliconmoldwith no damage of silicon nanograss struc-
tures. COC plastic surfaces after nanoimprinting are pictured by

Figure 4. TEM pictures of the nanoimprinted sub-20-nm COC
polymer nanotips with 180 �Cmolding temperature before the demold-
ing process.
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SEM, shown in Figure 5. Platinum layers with a thickness of 9 nm
were deposited onto the surface of the samples before SEM imaging.
The SEM pictures of top view of the nanoimprinted sub-20-nm
polymer nanotips with a molding temperature of 120 �C are shown
in Figure 5a. The polymer surface is heated to be softened while it is
heated up to the specific temperature, so the silicon nanotips slightly
penetrate into the polymer surface. Low-aspect-ratio (LAR) nano-
pore arrays are formed on the COC plastic surfaces at this stage.
When the molding temperature was increased to 160 �C, the COC
nanotips were slightly deformed during the demolding process due
to themismatch of the thermal expansion betweenCOCand silicon,
shown in Figure 5b. The SEM pictures of top view of the nanoim-
printed sub-20-nm polymer nanopores with a molding temperature
of 180 �Care shown inFigure 5c. From this result, it canbe seen that
high-aspect-ratio (HAR) nanoimprinted plastic nanotips are sur-
rounded by air. The SEMpictures of top view of the nanoimprinted
sub-20-nm polymer nanopores with a molding temperature of
220 �C are shown in Figure 5d. Found from the result, it can be
seen clearly that plastic flow completely filled the nanocavities of the
silicon mold to form high-aspect-ratio nanopore arrays. It is found
that different morphologies of polymer nanostructures from nano-
pores to nanotips can be easily fabricated using the identical mold
structure just by adjusting the molding temperatures.

After nanoimprinting, nano microstructures with diameters of
20 nm form on the surface of polymer materials, changing their
optical and surface properties such as transmittance, contact angel
characteristics. Water contact angle measurements are used to
represent surface hydrophobicity. A droplet of 2.5 μL D.I. water

was deposited on theCOCpolymer surface by amicro pipet for the
contact angle measurement. No additional chemical coating is
needed to modify COC from a native contact angel of 90� into a
hydrophobic (100-155�). Surface properties were changed with
different molding temperature (nanostructural morphologies), as
shown in Figure 6. While the morphologies of the nanostructures
are changed from nanopores to nanotips, the air ratios on the
polymer surfaces are increased. Obviously, the polymer nanostruc-
tured surfaces becomemore hydrophobic when the contact area of
droplets with COC nanostructures is reduced. The Cassie model is
often used to explain the relationship between the surface state and
structural morphologies. According to the Cassie model, air could
trap in the nanocavities around the nanotip structures.Only the top
surface area of the nanotips contacts with the droplet. So, air
pockets are created underneath the droplet. On the basis of the
equation of the Cassie model, the structural fraction of the top
surface area of the nanotip structures is related to the contact angle
of the droplets. When the structural fraction is reduced, the air
amount between the droplets and the chip surfaces is increased.
Then it will increase the hydrophhobicity of the chip surfaces due
the increment air amount between the droplets and the chip
surfaces. Experimental results show that the contact angles of the
polymer surfaces change with molding temperatures, which are the
key factor for controlling nanostructural morphology using ther-
mal nanoimprinting. The optical transmittance of COC chips has
been characterized using a conventional UV-vis spectrophot-
ometer (maker, JASCO; model, V-630, double-beam spectrophot-
ometer with single monochromator). The optical transmittance of

Figure 5. SEMpictures of top view of the nanoimprinted sub-20-nmCOCpolymer nanotip and nanopore arrayswith differentmolding temperatures:
(a) 120 �C; (b)160 �C; (c)180 �C; (d) 220 �C. The inset images are high-magnification top view of the structure, respectively.
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COC with nanoimprinted surfaces was changed with surface
morphologies. The optical transmittance was increased by one
layer of HAR nanostructures without any addition chemical coat-
ing. The results show that the optical transmittance of COC with
different aspect-ratio sub-20-nm nanostructured surface, shown in
Figure 7. Found from the results, polymers with microstructured

surfaces show a big decrease in optical transmittance. The arrays of
the tested microstructures are 15 μm � 15 μm � 2 μm and 8 μm
spacing between the microstructures. However, polymer surfaces
with aligned HAR nanotip arrays improve optical property due to
their structural features, which reduce light reflection. In addition,
the optical transmittance of the COC chip with double-sided
nanostructured surfaces increased from 90% to 95% in the visible
wavelength range. Reflection can be reduced due to the small
gradient of the refractive index in the nanostructures region.
Because of the reduction of the reflection from the polymer surface,
the transmittance of the polymer chips was increased.

Conclusion

Morphology-controlled sub-20-nm polymer nanotip and nano-
pore arrays have been realized on COC plastic using the identical
silicon mold structure by varying molding temperatures of the
thermal nanoimprinting process. Sub-20 nm polymer nanostruc-
tures with different morphologies can be realized by varying
molding temperatures. In addition, they have been investigated
the optical and surface properties. Polymers with aligned HAR
nanostructured surfaces reduce surface energy. Nanotip or nano-
pore arrays also increase the ratio of surrounding air between the
droplet and polymer substrate, changing the surface properties.
COC plastic can be modified to superhydrophobic surface by
thermal nanoimprinting process without any chemical treatment.
We have been successfully developed a novel and simple technique
to modify a COC plastic into a hydrophobic and surperhydropho-
bic surface by changing the surface morphologies. No additional
chemical coating is needed tomodify COC from the native contact
angle of 90� into a hydrophobic (100-155�). Polymer surfaceswith
aligned HAR nanotip arrays improve optical property due to their
structural features, which reduce light reflection. In addition, the
optical transmittance of the COC chip with double-sided nanos-
tructured surfaces increased from 90% to 95% in the visible
wavelength range. The study advantageously makes nanotip and
nanopore arrays with aspect ratios up to 13 and provides stable
superhydrophobicity and high transparency on plastic surfaces.
The developed technique is simple, ease of fabrication and low cost
to realizemorphology-controlled sub-20-nmnanotip andnanopore
arrays using the identical siliconmold structure by varyingmolding
temperatures of the thermal nanoimprinting process.
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