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Abstract The dynamic contact line behavior of water on
nanotextured rough hydrophobic and superhydrophobic
surfaces is studied and contrasted to smooth hydrophobic
surfaces for application in immersion lithography. Liquid
loss occurs at the receding meniscus when the smooth
substrate is accelerated beyond a critical velocity of
approximately 1 m/s. Nanotexturing the surface with
average roughness values even below 10 nm results in
critical velocity larger than 2.5 m/s, the upper limit of the
apparatus. This unexpected increase in critical velocity is
observed for both sticky hydrophobic and slippery super-
hydrophobic surfaces. The authors attribute this large
increase in critical velocity both in increased receding
contact angle and in increased slip length for such nano-
textured surfaces.

Keywords Hydrophobic - Receding contact angle -
Dynamic contact angle - Wetting - Water loss - Shedding

1 Introduction

Contact line of a liquid sliding on a substrate and
description of the variation of receding contact angle with
velocity has been studied by many groups for three quarters
of a century for several applications such as industrial
coating, lubrication, printer heads, film development
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process, etc., (Cox 1986; Voinov 1976; Podgorski et al.
2001; Eggers 2004; Snoeijer et al. 2006). In modern
nanoelectronics, contact line dynamics plays a major role
in improving the efficiency of immersion lithography.
Immersion lithography aims to enhance resolution of
optical lithography by replacing the conventional air gap
between the lens and the wafer surface with a liquid that
has a refractive index greater than one. Current water-based
193-nm immersion lithography can achieve feature size
below 37 nm (Sanders 2010). However, the current
industrial needs high throughput demands relatively large
wafer scanning velocities. At higher scanning velocities,
liquid loss occurs at the receding contact line of the drop
confined between the substrate and the lens; this is called
the critical velocity. The lost water on the wafer surface
becomes the potential cause for the defects on the printed
pattern (Sanders 2010; Brandl et al. 2006; Niwa et al.
2005). Researchers are working to improve the liquid loss
by varying the geometry of the needle (Riepen et al. 2008),
by introducing an air curtain to stabilize the meniscus
(Mulkens et al. 2007), varying the height between the lens
and wafer etc.

Both in theory and experiment, smooth homogeneous
surfaces have been used up to now. The traditional models
are based on the conditions of low Reynolds number and
acceleration. Although many researchers showed that the
immersion flow conditions can be directly compared with
the normal water drop sliding on a slanting surface, Burnett
et al. (2006) showed that the traditional sliding model can
be directly implemented only for the inertia-free condition
at lower velocities. Several issues of over prediction of
Voinov’s equation on the critical velocity have been
answered by many researchers (Petrov and Petrov 1992;
Podgorski et al. 2001; Burnett et al. 2005). Burnett et al.
(2005 and 2006) showed that liquid loss occurs by two
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conditions: film pulling and inertial instability. Film pull-
ing occurs when the dynamic receding contact angle
approaches zero and a thin layer of fluid is pulled out
behind the receding meniscus. This type of failure is
commonly seen in hydrophilic surfaces. Liquid loss by
inertial instability occurs when the water in the meniscus
cannot be contained by surface tension. This type of failure
is frequently seen in hydrophobic surfaces at higher
velocities (Shedd et al. 2006). The very recent model,
Schuetter et al. (2007) developed a semi empirical model
based on his study with liquids of various viscosity and
surface tension for predicting the liquid loss in the inertial
regime for the smooth homogeneous surface. According to
Schuetter et al. (2007), critical velocity V., is given as;

Voo = (V" + V™) (1)
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V.i is the critical velocity in the viscous regime
approximated by Eq. 2 known the Voinov’s equation.
Here ‘h’ is the height between the lens and the substrate, L
is the slip length, Vi, is the critical velocity in the inertial
regime, m = 5 and C, = 1.05 are empirical constants, y
is the surface tension, pu is the dynamic viscosity, 0 is
the static receding angle, and x ' is the capillary length
given as

k= L (4)

Equations 2 and 3 both show that the critical velocity is
a strong increasing function of 0 as well as an increasing
function of slip length (Ly).

While the above results have been obtained for smooth
surfaces, a less studied aspect of contact line behavior is
the critical velocity on rough hydrophobic and superhy-
drophobic surfaces, for which obviously these models have
not yet been validated. Such surfaces show increased
contact angle both in the Wenzel and the Cassie—Baxter
regime, and in addition, show greatly enhanced slip length
especially in the Cassie—Baxter regime. They are thus good
candidates for increasing the critical velocity. Here the
contact line dynamics of rough hydrophobic/super-
hydrophobic surfaces will be studied. Although the actual
photoresist surface in immersion lithography cannot easily
be modified to become superhydrophobic, the chuck area
surrounding the wafer could benefit of a water repellent
coating. The scanning process starts from outside the wafer
on the actual chuck surface and accelerates toward the
wafer. Superhydrophobic chuck area could largely improve
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Fig. 1 Critical velocity versus slip length for various static receding
contact angle

the critical velocity and hence increase in the processing
speed.

Before proceeding, the authors present some examples of
application of Eq.2. A small increase in static receding
contact angle (SRCA) will result in increased V.. In addi-
tion, an increase of slip length L, by a factor of 10 will result
in doubling of V.. It is well known that a rough hydrophobic
surface whether in the Wenzel or the Cassie state will show
an increased SRCA. Thus, one way to increase V., would be
to roughen the surface while keeping it hydrophobic. In
addition, when a surface becomes superhydrophobic, a
dramatic increase of slip length is observed (Gogte et al.
2005; Choi et al. 2006). Petrov 1992 showed that the typical
range of slip length is in the range of 0.33—10 nm for pre-
dicting the critical velocity on a homogeneous smooth sur-
face, while slip lengths in the range of few hundreds of nm
have been observed on superhydrophobic surfaces with
similar random roughness (Joseph et al. 2005).

Figure 1 shows the critical velocity for various slip
length and static receding angle derived from Eq. 2. This
plot also shows the significance of both slip length and
static receding angle increases. Notice that the effect of
slip length is stronger for higher contact angles, i.e., on
hydrophobic and superhydrophobic surfaces. Since there is
no literature on using superhydrophobic surface for
immersion lithography, the authors will attempt here the
first to their knowledge such study.

2 Experimental apparatus and processes

The dynamic contact line study has been performed at
ASML research laboratories by means of a turn table set-up
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Fig. 2 a Turn table setup with
the wafer carrier, needle, and
side camera, and the illustration
showing the wafer carrier with
the insert for PMMA sample.

b schematic of the needle

(Fig. 2a). The ASML system is specifically built to mimic
the immersion system used in lithographic scanning tools
(Riepen et al. 2008).

The turn table setup is equipped with a direct-drive turn
table fixed to a rotary motor which can rotate the 300 mm
carrier plate at the maximum velocity of 2.5 m/s
(~ 160 rpm). The turn table is specifically built to mount the
300-mm wafer. The apparatus is equipped with a needle with
two concentric cylinders, the inner one providing fluid and
the outer one extracting fluid, thus ensuring a continuous
refreshment of water drop (see Fig. 2b). Both supply and
extraction are tunable and two flow-controllers allow a real-
time monitoring during the experiment. The flow and
extraction used for this experiment are 11 and 2200 ml/min,
respectively. The liquid remains attached to the needle due
to surface tension and the test substrate is rotated by the turn
table to impose a relative velocity between the water and the
substrate, as illustrated by Fig. 3. The height (%) between the
needle and substrate is chosen according to the standards of
the immersion system (<500 pm). The meniscus shape of
the droplet is captured with a high-speed camera while an
imaging tool enables a continuous and simultaneous mea-
surement of both the receding and advancing contact angle
as a function of the wafer velocity. The camera image
acquisition is triggered by program and a movie file is stored
at 10,000 fps during the entire test.

For all the experiments to be described PMMA
(poly(methyl)methacrylate) samples were used. Owing to
the processing constraints PMMA plates were cut into
small samples (7.5 x 2.5 cm? size) and mounted on the
wafer carrier plate (diameter 300 mm) with the insert (see
Fig. 2a). All the experiments were carried out with the
needle placed on the PMMA sample and accelerated to
specific velocity well within the sample area.

Side camera l

wafer carrier
hydrophobic

f

A

extraction

PMMA Sample

Sticky and slippery L
super)hydrophobic surfacs

— - velocity

The needle is first placed on the PMMA sample and the
flow and extraction valves were opened. The desired
acceleration, scan velocity, and distance of travel are pro-
gramed into the computer-controlled turn table that holds
the test substrate. Between each trial, a transverse posi-
tioning stage is used to manually locate the needle above a
new portion of the sample. The sample is dried using a
nitrogen gun to remove any liquid that may have accu-
mulated on the surface. The data acquisition procedure is
repeated at increasing scan velocities until steady-state
liquid loss is observed, i.e., liquid loss occurring during the
constant scan velocity portion of the traverse that is not
associated with the acceleration or deceleration portions of
the process, as illustrated by Fig. 3. For superhydrophobic
samples, high acceleration of up to 80 m/s*> was used in
order to reach the maximum velocity in a short time. Post
processing of the images for dynamic contact angles is
performed using a LABVIEW program. A separate
MATLAB code has been used to verify the velocity of the
wafer from the movie file using the motion detection
algorithm.

Fabrication of nanotextured hydrophobic and superhy-
drophobic PMMA surfaces has been described in detail by
Tserepi et al. 2005, Vourdas et al. (2007, 2009) and
Tsougeni et al. 2009. In brief, optically transparent 2 mm
thick PMMA plates were processed in a 13.56 MHz RF
plasma etcher with helicon source. The PMMA plates were
etched in oxygen plasma to create nanoroughness, followed
by fluorocarbon plasma deposition, thus altering the sur-
face chemistry to create a superhydrophobic surface. A thin
layer of about 40 nm fluorocarbon was deposited with a
deposition time of 45 s (Bayiati et al. 2004).

This study evaluates three different surfaces to compare
its dynamic contact line behavior on the turn table system:

Receding side €

Liquid loss or sheddi

Fig. 3 Water drop with the needle on the top and substrate on the bottom under a equilibrium condition, b under normal movement with tail

formation, and ¢ under liquid loss condition
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Fig. 4 a 3D AFM topology of smooth hydrophobic surface (Z-range 7.8 nm, RMS = 0.5 nm). b 3D AFM topology of sticky hydrophobic
surface (Z-range 57.9 nm, RMS ~ 7 nm). ¢ SEM micrograph of nanotextured Superhydrophobic PMMA surface (RMS = 70 nm)

(1) Smooth hydrophobic surfaces (see Fig. 4a); (2) sticky
(rough) hydrophobic surfaces (see Fig. 4b); and (3) water
repellent slippery superhydrophobic surfaces (see Fig. 4c).
The smooth hydrophobic surfaces are deposited by just
treating a clean PMMA plate in the C4Fg plasma. The sticky
hydrophobic surfaces are fabricated by etching the PMMA
plate for 20 s in oxygen plasma and then depositing a fluo-
rocarbon layer by a C4Fg deposition for 45 s. The slippery
superhydrophobic surfaces are fabricated by etching the
PMMA plate for 2 min and then depositing the fluorocarbon
layer. All the samples are optically transparent.

3 Results

Figure 5 shows the drop shape under equilibrium condition
when both the flow and extraction are set to the experimental
conditions and a refreshing drop is idling on different sur-
faces. The surface roughness (RMS), static contact angle
(SCA), static advancing contact angle (SACA), and static
receding contact angle (SRCA) of water drop on various
surfaces is shown in Table 1. Figure 5 also shows the
dynamic receding contact angle (DRCA) which is the con-
tact angle of the receding meniscus when the drop is con-
tinuously refreshed between the needle and substrate. The
measured SCA and DRCA values are within the marginal
error of £3. The smooth hydrophobic surface with the SCA
of about 110° shows a completely wetting surface beneath
the needle. Sticky and slippery surfaces on the other hand
show similar DRCA and similar contact line, despite dif-
ferent SCA, SACA, SRCA, and roughness.

Table 1 Surface roughness, static, and receding contact angle (in °)
of water on various surfaces

Sample RMS SCA SACA SRCA DRCA
(nm)

Smooth hydrophobic 0.5 108 110 78+6 83

Sticky hydrophobic 7 145 146 121 £4 135

Slippery superhydrophobic 70 152 154 148 £ 5 135

The smooth or nano-textured PMMA sample was placed
on the insert in the wafer carrier and the needle was
positioned well within the PMMA sample. Figure 6a shows
the DRCA-velocity plot for a smooth surface; here the turn
table is accelerated to reach the set velocity, while the
shape of the drop at the specific velocity is shown in the
inset. On the smooth hydrophobic surface, the instability of
the receding contact line occurs at the critical velocity
~1 m/s. This is well in agreement with the previous
models (Cox-Voinov). The receding contact angle starts to
decrease from 80° to 40° just before the start of water loss.
Figure 6b shows the stable receding contact angle as a
function of velocity up to 2.5 m/s on a superhydrophobic
surface. To better understand the meniscus behavior as a
function of acceleration, a totally different picture is seen
on rough hydrophobic and superhydrophobic surfaces as
shown in Fig. 7 and 8, respectively, which present the
velocity versus time behavior and the drop shapes on such
surfaces. On a rough hydrophobic sticky surface, there
were no instabilities on the receding contact line even at
the system’s high velocity 2.5 m/s. Although it is expected
to be in the wetting state (Wenzel) still the critical velocity

SRCA~121° DRCA=135° SRCA~148° DRCA=135°

Smooth Hydrophobic

Sticky Hydrophobic

Slippery

Superhydrophobic

Fig. 5 Drop shape and contact line under equilibrium state with flow/extraction set and the water drop sitting on various surfaces
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Fig. 7 Velocity versus time plot with the inser picture showing the
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Dynamic receding contact angle as a function of wafer velocity for a smooth hydrophobic surface and b superhydrophobic surface

is well above the setups maximum velocity. This is prob-
ably because the SRCA is higher compared to a smooth
surface (121 versus 78, respectively). In addition, DRCA is
higher compared to a smooth surface (135 versus 83,
respectively). According to Voinov’s equation an increase
of the critical velocity by a factor of at least 1.5 is expected
(121/78)* while a factor of at least >4 (135/83)* is expected
based on the DRCA.

Superhydrophobic surface also showed a stable contact
line up to 2.5 m/s. A water droplet on the rough hydro-
phobic and superhydrophobic surface exhibited no differ-
ence between an advancing and receding angle (Figs. 7, 8).
Since the DRCA were similar between rough hydrophobic
and superhydrophobic surfaces the authors saw no differ-
ences in their behavior. However, owing to the high value
of slip length for superhydrophobic surface, the authors
expect to have a higher critical velocity which cannot be
reached with the present setup.

Fig. 8 Velocity versus time

plot with the inset picture 4
showing the drop shape at B
different time scale captured 3.5
from the side camera on the E
slippery superhydrophobic 3

sample

Velocity (m/s)

. End of*sample-Enters hydrophobic wafer carrier
M

Slippery ’
Superhydrophobic region < :

0 0.005 0.01

0.02 0.025 0.04

Time (s)

0.015 0.03 0.035
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MATLAB code is used to verify the actual velocity of
the turntable. The blue dots in the plot indicate the velocity
analyzed by image processing with MATLAB. The authors
have also observed that instabilities on the receding contact
line are unaffected by height between the needle and the
sample.

A high rate of acceleration can lead to liquid loss even
when the steady state behavior would correspond to a
stable receding meniscus. In order to study whether the
acceleration has any effect on the liquid loss property,
acceleration was increased to see if this has any influence.
No acceleration-induced liquid loss was observed on both
the sticky and slippery superhydrophobic surface for up to
the acceleration of 80 m/s>. This suggests that acceleration
effects may have no significant role for these coatings.
Also, since it is suspected that the rough superhydrophobic
surface is prone to bubble formation (Checco et al. 2010)
the bottom camera directly underneath the needle was
focused through the transparent sample on the surface, but
no bubble formation was observed.

In conclusion, the data presented show that, for these
nanotextured and hydrophobized surfaces, the authors never
reach the critical velocity (i.e., no water loss) up to the
maximum range of the setup. From Fig. 1, comparing the
experimental critical velocity (V.. = 1 m/s) for smooth
hydrophobic surface (SRCA = 80°, assumed slip length =
10 nm) to the theoretical value, it was found that the theo-
retical prediction (V.. ~ 2 m/s) is two times the experi-
mental value. Provided this factor of 2 (theory/experiment) is
also valid for rough surfaces, the critical velocity for the
sticky hydrophobic surface (SRCA ~ 121°, assumed slip
length ~ 100 nm) is expected to be in the range of 4.5 m/s,
which is far larger than the experimental capability. How-
ever, work is in progress to produce even less textured sur-
faces (less receding angle) for which the critical velocity is
probably below the maximum velocity allowed by the setup.
In addition, the authors are conducting flow measurements in
nanotextured microchannels in order to have a better esti-
mate of the slip length and thus more direct comparisons to
the theoretical value (see Fig. 1). As far as answering the
question why a sticky surface does not show any water loss,
the authors can think as follows: The authors hypothesize
that the force of extraction overcomes the sticky surface from
pinning the water drop (see Fig. 9), and this causes an over
performance of the sticky hydrophobic surface. Currently,
the authors are forcibly decreasing the air extraction rate to
see if water loss will occur.

4 Conclusion

The authors have studied the water contact line behavior on
nanotextured hydrophobic and superhydrophobic surfaces,
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“Sticky” but in a Cassie state
due to extraction

“Sticky” Wenzel state

Fig. 9 A hypothesis: water drop on a a sticky rough hydrophobic
sample in “Wenzel state” under static condition with no extraction
and b under dynamic substrate with extraction, when the sticky
surface looks like a slippery surface (Cassie state)

and have shown a dramatic increase in critical velocity
over such surfaces. The sticky and slippery superhydro-
phobic surfaces can be potential candidates that can serve
to approximately guide the development of fluid control for
immersion systems while maximizing throughput. From
these experiments, the authors have shown that sticky and
slippery superhydrophobic surfaces show no water loss up
to 2.5 m/s. It is also significant to notice that even a small
roughness (RMS ~ 7 nm) greatly improves the maximum
stable scanning velocity compared to a smooth hydropho-
bic film, providing a new method to increase and control
critical velocity. The authors believe that the increase of
contact angle and slip length are the main reasons for such
enhanced performance of rough hydrophobic surfaces.
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