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ABSTRACT: We report for the first time transient behavior of the meniscus of thin polymer films (<100
nm) in microchannels. Because of film—substrate interactions, the minimum meniscus height can keep
decreasing as the meniscus develops, and this meniscus-induced reduction in the film thickness can cause
an instability across the channel. A simple model can explain the instability satisfactorily.

Introduction

The meniscus is a well-defined, classical phenomenon
that is well described by Young's law.12 However, there
are only a few studies that deal with the transients
associated with meniscus.®~6 Ghatak et al.® reported a
meniscus instability that leads to the formation of
stationary fingers when an elastic film on a glass
substrate is brought into the proximity of a curved glass
plate. Sharma and Reiter*® presented computations on
the rupture of a thin liquid film due to the meniscus-
induced film thinning. de Ryck® investigated theoreti-
cally the instability of a meniscus caused by surface
tension gradient-driven flow.

Meniscus formation in thin films, unlike the bulk
behavior, has a unique feature in that intermolecular
interactions of long range’~° can play a significant role.
The nonretarded interactions across the substrate—
film—air system is given by°

A
AG = — — (1)
127h,

where AG is the excess free energy of the layer, A is
the effective Hamaker constant for the van der Waals
interactions of the film with the surrounding media, and
ho is the initial film thickness. The thermodynamic
stability of the film is directly related to the sign of the
second derivative of AG with respect to h.%11-13 For
example, when 32AG/oh? is negative, the film is un-
stable. In this case, the local film thickness decreases
with the corresponding thickness increase in some other
place. Small undulations of the surface should grow
spontaneously, leading to spinodal dewetting.'?

Our interest in this paper is whether the behavior of
the meniscus of a thin polymer film in a microchannel
is affected by the film—substrate interactions. The
subject is quite intriguing as it provides useful informa-
tion on the meniscus formation on a micrometer scale,
which has not been explored so far. Two major factors
differentiate our experiment from previous studies. One
is the confinement by the small channel width, typically
on the order of micrometers, and the other is the
interactions at the film—substrate interface.
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Experimental Section

To investigate the subject, we used a technique called
“capillary force lithography (CFL)”.** When an elastomeric
mold such as poly(dimethylsiloxane) (PDMS) with a desired
pattern is placed on a polymer surface and heated above the
glass transition temperature, capillary force allows the poly-
mer melt to fill up the void space of the channels formed
between the mold and the polymer, thereby generating a
meniscus within the channel. A schematic diagram of the
experimental procedure is shown in Figure la.

We fabricated a PDMS (Sylgard 184, Dow Corning) mold
that has a planar surface with recessed patterns by casting
PDMS against a complementary relief structure prepared by
the photolithographic method.*® Line-and-space patterns (1
and 2 um) with a step height of 550 nm were used in our
experiment. The mold with the pattern was placed on the
surface of a polymer layer spin-coated onto a silicon substrate
and then heated well above the glass transition temperature
of the polymer (typically 150 °C). For the polymer, we used
commercial polystyrene (PS) (molecular weight = 2.3 x 105,
Ty = 101 °C). A silicon wafer that was used as the substrate
was cleaned by ultrasonic treatment in trichloroethylene and
methanol for 5 min each and dried in nitrogen. Native oxide
was not removed of the surface and thus would exist on the
surface. The film thickness was measured by elipsometry.
Atomic force microscopy (AFM) measurements were made with
a Nanoscope Illa (Digital Instrument), operated in a contact
mode.

Results and Discussion

Figure 2 shows the AFM images of 51 nm PS film for
1 um (Figure 2a—c) and 2 um (Figure 2d—f) line-and-
space patterns for various annealing times. The inset
in each figure is the cross-sectional thickness profile of
the image. In the initial stage, the polymer starts
wetting the wall, and the radius of curvature (r) is not
uniform along the meniscus (Figure 2a,d). As the
annealing time increases, a meniscus slowly develops
within the channel with the contact angle monotonically
decreasing from 90° to the equilibrium value (Figure
2b,e). If we use 20, 6, and 40 mJ/m? for the interfacial
tensions at PDMS—air, PDMS—PS, and PS—air inter-
faces, respectively,'® we obtain a contact angle of 70°.
From the cross-sectional image, we obtain an equilib-
rium contact angle of 73° for the film (Figure 2c), which
is slightly larger than the value predicted from Young's
law. For the 2 um pattern, however, the meniscus
breaks down (Figure 2f), and eventually the mass in the
channel splits into two parts.
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Figure 1. (a) A schematic diagram of the experimental
procedure. (b) Transient behavior of thickness profile in and
near the channel in (a) (circled part).

To gain a better understanding of the meniscus
formation, we utilize a simple mass balance. Referring
to Figure 1b, the mass balance, when solved for hy,
yields

h,, = he + h* — f(O)L o)

where h* is M/L, which is the mass transported into
the channel from the regions adjacent to the channel,
M, divided by the half channel width, L. Here hy, is the
height of the lowest point of the meniscus, which is to
be referred to as “minimum meniscus height”, hg is the
original film thickness, and f(6) is a function solely of
the contact angle 0 given by f(8) = (2 — sin 6)/(2 cos 6)
— (/2 — 0)/(2 cos? 0) that can be obtained from the
simple geometric consideration given in Figure 1b. The
transient can be obtained by differentiating eq 2, which
gives

d, _d,_ ,depn d, ., Ld
gt =g L O~g" tea? ©

The gradient, df/d6, is almost constant at (—1/6) in the
6 range of interest (70—90°) such that the factor L/6
appears in eq 3.
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The change of the minimum meniscus height with
time is due to two factors. One is the rate of mass flow
from the regions adjacent to the channel (dh*/dt in eq
3), and the other is the change due to the meniscus
formation (L/6 d6/dt). The origin of the first contribution
is clear in that the thin film would wet the mold wall,
and the mass in need should be supplied from some-
where else. The origin of the second contribution, on the
other hand, is more involved than the first. In the initial
transient, its driving force is the approach to the
equilibrium contact angle, eventually reaching the
meniscus height corresponding to the equilibrium.
When the meniscus thickness is relatively small, how-
ever, the film—substrate interactions in the form of
London force come into play. In our experiment, 3?AG/
oh? is negative®® such that the meniscus can recede
downward below the height corresponding to the equi-
librium. In particular, this lowering of the minimum
meniscus height has been observed in our experiment
for thin films of thickness less than 100 nm, the
thickness below which the long-range interactions take
hold.17"18

The transients of the minimum meniscus height hp,,
the height equivalent to mass flux h*, and the contact
angle 6 are shown in Figure 3. The value of hy, was
determined from cross-sectional AFM thickness profiles
as indicated in Figure 1b and the contact angle from
the relationship cos 6 = 2(A/L)/[1 + (A/L)?], for which A
was obtained from the AFM profiles. The value of h*
was calculated from eq 2.

Several notable findings emerge from the transients
in Figure 3. When a stable meniscus forms as in Figure
3a for the 1 um wide channel, the contact angle
gradually decreases with time, eventually reaching the
equilibrium contact angle. On the other hand, the
minimum meniscus height decreases until the equilib-
rium contact angle is reached but then increases with
time due to the mass transport from the regions
adjacent to the channel. During this time, h* that
represents the mass transported keeps increasing. The
finding here is that the minimum meniscus height
decreases despite continuous mass supply, and only
when the equilibrium contact angle is reached would
the meniscus start rising. When a stable meniscus does
not form as in Figure 3b for the 2 um wide channel, on
the other hand, the contact angle keeps decreasing with
time even after the equilibrium contact angle is reached.
The minimum meniscus height also keeps decreasing
with time despite continuous mass supply as indicated
by the steady increase in h*. Further annealing (more
time) leads to a new type of instability across the
channel. In fact, we found that the meniscus breaks
down at the time the contact angle becomes less than
70° (Figure 2f), and eventually the mass in the channel
splits into two parts, one each along the two walls. The
origin of this instability has to do with the film—
substrate interactions or London force. If the conditions
are such that the minimum meniscus height becomes
sufficiently small in the process of reaching the equi-
librium contact angle, the London force becomes strong
enough to cause dewetting, which leads to meniscus-
induced instability.

To explain the meniscus breakdown in the 2 um
channel, we use the continuity equation for a lateral
flow in a thin film.2® A unique feature in our system is
that the thickness is not uniform in the channel due to
the meniscus. Therefore, we write the profile for thick-
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Figure 2. AFM images of transient morphologies for 51 nm PS films for various annealing times: (a) 30, (b) 80, and (c) 170 min
are for 1 um; (d) 30, (e) 80, and (f) 170 min are for 2 um line-and-space patterns. The inset in each figure is the corresponding
cross-sectional, thickness profile of the image. The scan sizes are 15 x 15 and 30 x 30 um? for the 1 and 2 um pattern, respectively.
Negative thickness in the figure indicates that the point or the line in question is below the average film thickness.

ness fluctuation as follows:
h(x,t) = hyg(x) + € cos(q,x) exp(t/z) (4)

where h(x,t) is the local film thickness, g(x) is a function
that represents the meniscus curvature in the channel,
x being the axis across the channel, ¢ is the perturbation
amplitude, q, is the wave vector across the channel, and
7 is the characteristic relaxation time. Although g(x) is
dependent on x, its effect can be neglected in comparison
with the exponential growth of unstable wave once the
instability sets in. The equation of motion for the lateral
flow in a thin film can be written from the continuity

equation as follows:1°

2

N
4 N0 = C - pInG)] (5)

where C is the constant that is responsible for the shape
of the flow profile and the viscosity of the film and p(x,t)
is the film pressure, which can be written as

Actr ¥h
=—— -y (6)
6:rh °X

where Agf is the effective Hamaker constant for the van
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Figure 3. Transient behavior of hy,, h*, and 6 in Figure 2 as
a function of annealing time.

der Waals interactions of the film with the surrounding
media and y is the surface tension of the film. Inserting
eq 4 into the continuity equation and keeping only terms
linear in the amplitude of the fluctuation gives

Aeff
27h

Co ' =—"7a,"—ya,’ (7)
m
Therefore, the time scale of instability, 7, is a function
of the intermolecular interactions (Aefr), the minimum
meniscus height (hy,), and the lateral wave vector (gn).
These parameters collectively determine whether the
meniscus would be stable. For the instability, (Cr)™!
should be positive.

In eq 7, we assume that the intermolecular force
across the film is governed by the minimum meniscus
height hy, since that is the place where the force comes
into play first. It is known that the wavelength and
dynamics are largely determined by the minimum local
thickness.202

Because of the physical constraint by PDMS mold
walls, the wave across the channel should have quan-
tized wavenumbers. Considering the mass conservation
and symmetry at the center, the wave should have the
form of cos(nz + nzx/L) or (—1)" cos(nzx/L), which gives
gn of nzz/L. In order for the PDMS walls to act as a solid
boundary, the polymer should not dewet from the wall,
which is true for high molecular weight (MW = 2.3 x
10%) polymer as in our experiment.2?
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Figure 4. Plot of (Ct)~* vs hy for n = 1. The critical thickness
for the instability is indicated by the arrow in the figure, which
is the point at which the curve crosses the line, (Ct)™* = 0. In
each figure, open symbols indicate the stable meniscus and
closed symbols indicate the unstable meniscus. Note that the
vertical dotted line signifies the theoretical stability crossover
point. For the instability, the sign of (Cr)™! and not its
magnitude is of interest.

Theoretical values of (Cz)~! calculated from eq 7 are
shown in Figure 4 (n = 1) as a function of the minimum
height hn, for two channel sizes. Typical parameter
values for PS were used: Ags = 2.37 x 10720 (J)2 and
y = 40 (mJ/m?).28 Also given in the figure are the
experimental results. Dark symbols are used for the
cases in which the instability took place; open symbols
are used for the cases where a stable meniscus formed.
Experimental determination of hy, is straightforward in
the case of stable meniscus, the value being the mini-
mum of the transient of h,, that can be found from the
transient as in Figure 3a. In the case of unstable
meniscus, the value of hy, is that corresponding to the
time at which a wave starts forming, as indicated by a
rise in the meniscus height at the wall. These results
indicate satisfactory agreement with the stability theory.

Summary

We have shown that the experimental method pre-
sented here is an effective means by which the transient
behavior of meniscus formation in a cavity can be
investigated on a micrometer scale. The transients
reveal that only after the equilibrium contact angle is
established would the meniscus start rising. They also
show that as the minimum meniscus height decreases
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in the process of approaching the equilibrium contact
angle and as this height becomes sufficiently small for
the London force to be significant, an instability sets in
across the channel that causes the meniscus to break
down.
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