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This article presents an investigation of antiadhesive coatings for nanoimprinting lithography. To get the optimum parameters of the coating

process, a surface-contact angle goniometer and an atomic force microscope were used for detailed comparison of the coated surfaces produced with

different process parameters. With the antiadhesive coating, the contact angle of deionized water on the mold surfaces changed from 30�–90�. The
relationships between the coated surface characteristics and the coating parameters were experimentally studied. Under certain conditions, before

it reached ∼90� the contact angle increased significantly with increased coating time, baking time and solution concentration. The nanoimprinting

process was then performed using the mold coated with selected parameters, and the imprinting results showed that the coating was effective

to reduce the interfacial forces between the mold and the polymer for nanoimprinting. The contact angle measurements and the atomic force

microscope investigation showed that the antiadhesive layer had no obvious degradation after the imprinting process.
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Introduction

Advanced technologies have been developed for
various applications on micro- and nanoscales such
as microlenses [1], microactuators [2], microsensors
[3, 4], micromachining [5], microassemblies [6, 7], and
microsystems [8]. The continuous development of lower
cost, higher throughput, and higher resolution lithography
brings new challenges to the microelectronics industry
[9–12]. Great industrial efforts have been made for the next-
generation lithography techniques such as electron beam
lithography [13, 14], X-ray lithography [15], etc.
The commercialization of microelectromechanical

systems (MEMS) demands the extension of existing
processes and new process developments [16–18]. Current
microfabrication processes of MEMS include the LIGA
process [19], bulk micromachining [20], free-form
microfabrication [21], surface micromachining [22]. Despite
the important role of Si in MEMS fabrication, there is
increasing interest in metallic and polymeric microstructures
[23] with high aspect ratios for applications such as
magnetic microsystems and microfluidic devices [24]. Thick
photoresists, such as polymethylmethacrylate and SU-8,
are widely used in the fabrication of such microstructures
in MEMS [25, 26].
Nanoimprinting [27, 28] is a powerful tool for large-

area replication of nanometer-scale features [29]. It
has also been explored in recent years to fabricate
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carbon nanotube arrays [30]. There are also electric
imprint lithography [31] and direct metal nanoimprinting
(embossing) [32]. Ultraviolet (UV) nanoimprinting, as a
derivative of nanoimprinting, uses a UV-curable resin [33]
and UV illumination to cure the resin during processing
[34–38]. During a nanoimprinting process, the stamp
undergoes significant deformation in patterned zones, and
the deformation strongly depends on the stamp material,
array size, and stamp thickness [39]. A fast nanoimprinting
lithography process is proposed based on the use of stamps
with an integrated heater [40]. A silicon/SU8 hybrid-
material stamp has been developed to combine nanometer
and micrometer structures [41].
A key issue of nanoimprinting lithography is the sticking

between the resist and the stamp mold. The high-density
nanoscale features of the mold increase the surface area
contacting the polymer [42]. This leads to adhesion
between the mold and polymer, which can be so strong
that the imprinted layer may be torn away from the
substrate during demolding [43]. Therefore, a nonsticking
interface between the polymer and the stamp is needed
for clean demolding [42]. Teflon-like antiadhesion layers
can be used to lower the surface energy of the stamp to
help demolding [43]. Self-assembled monolayers such as
octadecyltrichlorosilane (OTS) [44], polybenzoxazine [45],
and fluorodecyl-trichlorosilane (FDTS) [46] can also be
adopted as an antiadhesive layer to increase the lifetime of
the stamp mold [44].
This paper presents an investigation of antiadhesive

coatings for nanoimprinting lithography. Experiments were
conducted to demonstrate the capability of the imprinting
process for reproducing micro- and nano-scale patterns.
To get the optimum parameters of the coating process,
a surface-contact angle goniometer, and an atomic force
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microscope were used for detailed comparison of the coated
surfaces produced with different process parameters. The
relationships between the coated surface characteristics (the
contact angle of deionized water, etc.) and the coating
parameters (the coating time, baking time and solution
concentration, etc.) were experimentally investigated. Then,
the nanoimprinting process was performed using the mold
coated with the selected parameters.

The nanoimprinting lithography studied

A semiautomated hot embossing system was used in this
study. Eight-inch Si wafers were used as the substrate,
which were cleaned with 40% nitric acid, deionized water,
isopropanol, and O2-plasma etching before resist-coating.
NEB-22, a high resolution negative resist, was spin-coated
as the resist polymer. The layer thickness was ∼250nm.
After resist-coating, the wafer was baked for 30 sec at

100�C. A spectroscopic ellipsometer was used to measure
the thickness of the spin-coated polymer film at different
points. The thickness uniformity was±0�28%, which is well
acceptable for nanoimprinting.
An 8-inch Si mold was used with patterns of dots

and lines. The polymer layer was brought into contact
with the mold in a vacuum chamber. The mold and the
wafer were heated in the vacuum chamber to the desired
process temperature (130�C) that was above the resist’s
glass transition temperature (80�C). Then the system applied
a press force (30kN) between the mold and the resist
layer. This force was held constantly for 10min to force
the polymer into the mold completely. After the mold
and the polymer were cooled down to ∼50�C, the process
force was released. The wafer was then separated from the
mold with the reversed microstructures replicated onto the
resist. This process generated nanoscale lines and pillars
before reactive ion etching (RIE). It is demonstrated that the
imprinting lithography has the potential to replicate micro
and nanolevel patterns in a large area up to an 8-inch wafer.
Optical microscopy was used to characterize the patterns

in different fields of the wafer, and this revealed that the
printing process was uniform. The imprinting uniformity in
smaller patterns was also studied by measuring the same
patterns at the four edges and the center of the wafer. The
measurement results are summarized in Table 1. They reveal
that the uniformity of line depth is ±1�7%, and that of
line width is 0.25% for the grating patterns. Imprinting
lithography can be very uniform over a significantly large
area. The width and the depth of the grating patterns in the
selected areas are almost identical.
As process repeatability and mold durability are two key

issues in making imprinting lithography a manufacturing
technology, the same mold was used to imprint NEB-22
over 5 times, and the mold and the NEB-22 profile were
examined every time. No noticeable changes were found in
the NEB-22 profile or the mold.
However, after imprinting, the mold surface could be

contaminated by residual polymer. When this happened, it
was impossible to make a subsequent imprint without time-
consuming cleaning. The contamination resulted from the
adhesion between the mold and the polymer. To obtain good
repeatability and mold durability, it is necessary to provide

Table 1.—The line width and depth of imprinted

patterns.

Location Depth (nm) Line width (nm)

A 437.5 210.0

B 436.9 212.5

C 438.0 208.8

D 436.9 209.4

E 437.3 212.3

a nonsticking interface between the mold and the polymer.
Therefore, a simple method of antiadhesive coating for
nanoimprinting lithography was investigated, and this is
presented in Sections 3 and 4.

Contact angles of antiadhesive coatings

Surfactant molecules such as FDTS can be deposited on
the mold surface, either as a liquid phase or as a vapor phase
[46]. In this study, FDTS antiadhesive coatings deposited
as a liquid phase were investigated. The anti-adhesive layer
can reduce the surface energy. This ability can be quantified
by the value of the contact angle of the coating. A higher
contact angle means lower surface energy. Based on the
contact angles, good surface coating parameters can be
found.
A surface-contact-angle goniometer was used to measure

the surface contact angles of deionized water on the
coatings. To explore the relationships between the surface
contact angle and the antiadhesive coating parameters,
different concentration FDTS solutions, 2.5mM (milli-
mole/L), 5mM, 10mM, 15mM, and 20mM, were prepared,
and Si wafers were coated with the FDTS solutions.
First, two pieces of clean silicon wafers were prepared,

and the bare wafers’ contact angles were measured. Then,
the two wafers were coated with 10mM FDTS solution
using different methods. Spin-coating was performed on
the first wafer with a recipe of 3000 rpm and 20 seconds.
Immersion coating was conducted on the other wafer, which
was immersed into the solution for 10min followed by
rinsing with fresh heptan solvent for 2min. After coating,
the wafers were dried using nitrogen gas, and their contact
angles were then measured at four different locations on
each wafer for 5 times at each location. Figure 1 shows the
average measurement results.
The results in Fig. 1 show that the FDTS spin and

immersion coatings can obviously lead to increased surface
contact angles of the wafers, but the immersion coating
is better compared with spin-coating. The reason is that it
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Figure 1.—Average contact angle of the wafers without and with the coating.

needs sufficient time to form the anti-adhesive FDTS layer
in the coating processes. During the 20 seconds of spin-
coating, the reaction for condensation of FDTS on the Si
surface cannot finish. However, in the immersion coating
process, the reaction time is sufficient, which means the
coating time is an important parameter for this antiadhesive
coating process.

Effect of Coating Time
To investigate the effect of coating time, 9 wafers were

immersed into the 10mM FDTS solution for 1, 4, 7, 10, 13,
16, 20, 30, and 50min, respectively, followed by rinsing
with fresh heptan solvent for 2min. After rinsing, the wafers
were dried using nitrogen gas. Then their contact angles
at four different locations on each wafer were measured
for 5 times at each location. Figure 2 shows the average
measurement results. The coating time has an obvious
effect on the immersion coating process. When the coating
time prolonged from 1–20min, the contact angle increased
significantly from 35�4�–91�5�. After that, the contact angle
kept constant when the coating time changed from 20min
to 30min or 50min.
The results show that after the wafer is dipped into the

FDTS solution, a period of time is needed to form the
antiadhesive layer on the wafer surface. For the 10mM

Figure 2.—Average contact angle versus coating time (10mM FDTS

solution).

Figure 3.—Average contact angle versus baking time (wafers were coated

for 13min in 10mM FDTS solution).

solution, the reaction time is about 20min. The surface
contact angle changes from about 30� to over 90�, which
is well accepted for imprinting. After 20min, the coating
process keeps equilibrium, and the surface contact angle of
the coating cannot increase anymore.

Effect of Baking
Baking time is another interesting parameter in the

coating process. Six wafers were immersion-coated for
13min in 10mM FDTS solution, followed by rinsing with
fresh heptan solvent for 2 min. The wafers were then dried
using nitrogen gas. After that, the 6 wafers were baked at
100�C for 1, 3, 5, 7, 9, and 12min, respectively. Then their
contact angles at four different locations on each wafer were
measured for 5 times at each location to investigate the
effect of baking time.
Figure 3 shows the average measurement results. The

surface contact angle increases from 60�8� to 93�5�, when
the baking time increases from 0–9min. There is no
significant change of the contact angles when the baking
time is longer than 7min. After coating, baking at a high
temperature can remove the moisture in the coating layer
and increase the contact angle of the coating layer. On the
other hand, baking can also improve the adhesion of the
coating layer, so that the coating layer can be more reliable
in the imprinting process. The results show that 7–9min

Figure 4.—Average contact angle versus FDTS solution concentration (wafers

were coated for 13min and baked at 100�C for 9min).
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Figure 5.—Surface topography of the 10mM FDTS coating (coating time = 4min) without baking (contact angle = 38�2�).

baking at 100�C is needed for obtaining the antiadhesive
coating.

Effect of Solution Concentration
FDTS solutions with concentration of 2.5mM, 5mM,

10mM, 15mM, and 20mM were prepared. Clean wafers
were immersed into these solutions for 13min followed by
rinsing with fresh heptan solvent for 2min. The wafers were
dried using nitrogen gas and baked for 9min at 100�C. Then
their contact angles at four different locations on each wafer
were measured for 5 times at each location to investigate the
effect of solution concentration. Figure 4 shows the average
measurement results.
The results in Fig. 4 show that under the same processing

conditions (13min coating and 9min baking), the contact
angle would increase when solution concentration changed
from 2.5–15mM. But the contact angle had no significant
changes with 15mM and 20mM solutions. The reaction rate
varies with changing in solution concentration. The reaction

is slower in a diluted solution compared with that in a
thick one. That is the reason for the small surface contact
angle of the wafer coated with the 2.5mM concentration. To
obtain the same surface contact angle, coatings in different
concentration solutions require different coating times. A
diluted solution requires a longer coating time.

Surface topography of fdts coatings

Atomic force microscopes (AFMs) have many
applications in microelectronics and MEMS [47, 48]. In
this work, an AFM was used to measure the surface
topography of the wafers with FDTS coatings to investigate
the relationships between the surface roughness and the
coating parameters, as well as the relationship between the
surface contact angle and the surface roughness.

Coating Time Effect
Figures 5 and 6 show examples of AFM images of the

wafers coated with different coating times. The images show

Figure 6.—Surface topography of the 10mM FDTS coating (coating time = 13min) without baking (contact angle = 60�8�).
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Figure 7.—AFM image of the coating obtained using a 10mM FDTS solution with a coating time of 4min and baking at 100�C for 9min (contact angle = 68�).

that the surface roughness of the coatings increases with
coating time. This may be due to the bulk polymerization
of the precursor molecules. There may also be particles
deposited on the surfaces, and the particle number and size
increase when the coating time prolongs from 4–13min.
As discussed in the “Effect of Coating Time” section, the
surface contact angle of the coatings also increases, when
the coating time is increased.
Other AFM images also indicate the same trend. For

example, when wafers were coated with a 2.5mM FDTS
solution, both the coating surface roughness and the surface
contact angle increased with the coating time prolonged
from 13–40min.
As the antiadhesive coating is concerned, a bigger surface

contact angle and lower surface roughness are preferred.
However, these two aspects are conflicting with each other
in the coating process. There has to be a trade-off between
the surface contact angle and the surface roughness.

Solution Concentration
The AFM images of wafers with surface contact angles

of about 90� coated using different concentration solutions
were also obtained. When the contact angle was about
90�, there was no regular relationship between the surface
roughness and the solution concentration. The particle
number and size of the coatings were also similar to
each other. However, to obtain surface contact angles of
about 90�, different solution concentrations require different
coating times: a lower concentration requires a longer
coating time.

Obtaining Smooth Coating Surfaces
As discussed in the “Coating Time Effect” section, after

the FDTS coating process, the surface roughness and the
surface contact angle will increase. For nanoimprinting
processes, an antiadhesion coating with a large contact angle

Figure 8.—AFM image of the mold surface after the imprinting process.
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value and a small roughness value is desired. However,
these two aspects conflict in the coating process. A trade-off
between the surface contact angle and the surface roughness
of the coating is inevitable.
On the other hand, it can be assumed that there might be

undissolved particles in the solution, which also contributed
to rough coating surfaces. Therefore, filters were used
to remove the undissolved particles from the solution
in the following coating process: Immersion coating was
performed using a 10mM FDTS solution with a coating time
of 4min and baking at 100�C for 9min. To reduce the size of
particles, 0�2�m filters were used to remove the undissolved
particles before coating. Figure 7 shows the AFM image
of the coating obtained. It can be seen that after filtering
the FDTS solution and using a shorter coating time (4min),
the coating surface is relatively smooth and uniform. On the
other hand, the surface contact angle is 68�, which is
acceptable considering that there has to be a trade-off
between the surface roughness and the surface contact angle.

Effect of the Antiadhesion Coating
To evaluate the effect of the FDTS coating, test imprints

were conducted. The mold with various microstructures
was coated with the 10mM filtered FDTS solution. The
recipe was 4min coating followed by baking at 100�C for
9min. Optical micrographs of the imprinted substrate with
different patterns revealed that no resist lift-off could be
observed in these areas, meaning a clean demolding process
was performed in imprinting.
To examine the durability of the anti-adhesive ability of

the FDTS coating, the contact angles of the mold surface
were measured before and after the imprinting process, and
they were 97�8� and 97�5�, respectively. This confirmed that
there was no noticeable change in surface contact angles
before and after imprinting.
The AFM was used to investigate the mold surface after

the imprinting process. It can be seen from Fig. 8 that after
one cycle of the imprinting process, the FDTS layer became
more uniform. This means that the coating layer did not
degrade after the imprinting process. A uniform and smooth
coating layer is essential for the nanoimprinting process.

Conclusions

Antiadhesive coatings were investigated for the
nanoimprinting lithography. With the coating, the contact
angle of the mold surface increased from 30� to 90�. On
the other hand, its surface roughness also increased after
coating. Under certain conditions, before it reached ∼90�,
the contact angle increased significantly with increased
coating time, baking time, and solution concentration.
The nanoimprinting process was performed using the
mold coated with selected parameters, and the imprinting
results showed that the FDTS coating was effective to
reduce the interfacial forces between the mold and the
polymer for nanoimprinting. In addition, the contact angle
measurement and the AFM investigation showed that the
FDTS antiadhesive layer had no significant degradation
after the imprinting process.
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