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Evolution of Rim Instabilities in the Dewetting
of Slipping Thin Polymer Films

Giinter Reiter
Institut de Chimie des Surfaces et Interfaces, CNRS-UHA,
Mulhouse Cedex, France

Using optical microscopy, we investigated the amplification of instabilities of the
moving rim which formed during dewetting of slipping polymer films. At the onset,
the wavelength of the rim instability grew in time and proportional to the width of
the rim. At later stages, these instabilities led to finger and subsequent droplet for-
mation. Droplet size was found to be proportional to the width of the rim at break-
off of droplets, which, in turn, was proportional to the initial film thickness. Our
experiments suggest that the decrease of the dewetting velocity with increasing
width of the rim is the key mechanism responsible for this instability. Droplet for-
mation provided a possibility for self adjustment of the dewetting front resulting in
a constant mean self-regulated dewetting velocity. This mean velocity was signifi-
cantly higher than the velocity for the corresponding stable rim.

Keywords: Dewetting; Instabilities; Thin polymer films; Slippage; Fingering; Droplet
formation

INTRODUCTION

Dewetting—the drying of a substrate covered with a liquid film—is a
phenomenon found frequently in everyday life. Recently, it has attracted
much scientific interest and a multitude of fundamental studies has
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been performed [1-7, 10-12]. Consequently, our understanding of the
processes involved in this phenomenon is already well advanced. None-
theless, there exist still several observations which are not yet
fully explained. One such aspect concerns the instabilities of the retract-
ing rim collecting the liquid from the already dewetted area. These
instabilities lead to the formation of fingers and, eventually, of many
small droplets.

When dewetting is initiated at a straight line, the resulting rim is a
long but thin liquid ridge which has a form similar to a semi-cylinder.
Based on analogies to the Rayleigh instability of an immobile liquid ridge,
supported by experimentally observable undulations in height and width
of the rim, theory [3, 13] expects that the rim formed in any dewetting
experiment becomes unstable. However, in many, if not most, dewetting
experiments using polymer films no such instabilities were observed [2,
4-6, 10-12]. Nonetheless, in a few of the early dewetting experiments
[2, 3, 7-9], instabilities of the rim, similar to the formation of fingers,
were found. We note that in contrast to the extensively studied fingering
instabilities observed under the influence of centrifugal forces [14], ther-
mal gradients [15-18], concentration gradients [19, 20], rim instablities
in dewetting of highly volatile liquids [21] and fingering in elastic films
[22, 23] no obvious gradients in acting forces or surface properties are
involved in dewetting of polymers.

In a typical dewetting experiment of non-volatile liquids driven by
capillary forces the velocity of the dewetting process results from bal-
ancing the driving forces by viscous forces with dissipation either con-
centrated in the wedge close to the contact line or proportional to the
whole rim-substrate interface [1, 24, 25]. Capillary forces depend
mostly on static properties and are typically time-independent. In con-
trast, dissipation may vary with time, e.g. if the frictional forces are
proportional to the size of the moving liquid rim. Such is happening
if the liquid “slips” on top of the substrate [24, 25] like in autophobic
polymer dewetting, where a thin film of polymer melt dewets a densely
end-grafted layer of identical polymers. This was shown in previous
experiments [26]. There, the dewetting velocity decreased as the size
of the rim increased.

In a previous short publication [27], it was demonstrated that the
rim instability can be switched on and off by changing the film-
substrate interfacial properties. The main conclusion of this study
was that in the case of slippage the rim will become unstable and dro-
plets will be formed. On the contrary, if there is no slippage, the rim
will stay unbroken, possibly with some variation (sometimes even
periodic) of its width and height along the contact line. In this study,
the focus is on charcteristic features of the rim instabilities like the
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thickness dependence of the characteristic wavelength. We give a
detailed analysis of the local properties along the contact line like velo-
city or width of the rim. We also discuss the temporal evolution of the
instability.

EXPERIMENTS

The present study is based on experiments using the previously well
investigated poly-dimethylsiloxane (PDMS) system [26-30]. Thin
films of long PDMS molecules (molecular weight M, = 308 kg/mol,
viscosity #7(25°C) = 1000Pa.s or, alternatively, M, = 156kg/mol,
1(25°C) = 100 Pa.s) of different thicknesses between 10 and 100 nm
(as measured by ellipsometry) were spincoated on top of silicon sub-
strates coated with densely grafted layers (polymer brushes) of short
end-functionalized PDMS molecules.

Dense monomodal brushes were made from SiH monofunctiona-
lized PDMS chains of uniform length (molecular weight M,, = 8.8 kg/
mol, index of polydispersity I, = 1.07). Prior to grafting, the silicon
wafer (cleaned by UV ozone in a humid atmosphere) was treated with
chlorodimethylvinylsilane to suppress adsorption of a PDMS and to
functionalize the surface with vinyl groups. SiH-PDMS, diluted in
heptane containing a platinum catalyst, was spin-coated onto the
wafer. The resulting films were annealed at 120°C, allowing a chemi-
cal reaction (hydrosilation) between the SiH-end groups and the vinyl
groups at the substrate. The samples were put into a bath of heptane
to wash off all non grafted molecules. From the dry thickness (about
6.5+ 0.5nm), determined by ellipsometry, the grafting density of the
brush chains (0.44 + 0.04 chains/nm?) could be deduced.

PDMS films on such densely grafted brushes showed autophobic
behavior [26, 28, 31]. All films were metastable and started to dewet
at a straight three-phase contact line which was created by breaking
the silicon substrate along a crystallographic axis in two parts [26].
In contrast to the opening of cylindrical holes like the ones investi-
gated in [2], in the present case the length of the contact line was
constant, at least on the average.

Dewetting was followed in real time by optical microscopy at 130°C.
The samples were placed onto an enclosed hot stage (LINKAM
THMS600), purged with nitrogen, under a Leitz-Metallux 3 optical
microscope. No polarization or phase contrast was used. Contrast is
due to the interference of the reflected white light at the substrate/film
and film/air interface, resulting in well-defined interference colors
which can be calibrated with a resolution of about 10 nm. We have fol-
lowed the retraction of the three-phase contact line and the growth of
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the rim in real time. Images were captured with a CCD camera. All
data were stored with a VCR for later analysis. The thinnest films
were also investigated at temperatures as low as room temperature
to compensate for the increasing dewetting velocity with decreasing
film thickness [26]. Taking into account the temperature dependence
of the viscosity allowed to compare results from different temperatures
in a quantitative way.

RESULTS AND DISCUSSION

In Figures 1 through 4 we present typical results of rim instabilities as
a function of increasing film thickness. In addition, a comparison
between Fig. 1 and Fig. 2 also shows that the viscosity (or molecular
weight) of the dewetting polymer does not change the behavior quali-
tatively. As anticipated, the viscosity has a controlling influence
(together with several other parameters [26]) on the velocity of the
dewetting process but does not represent the cause for the instability
of the rim. Several additional features have to be noted:

e Almost from the beginning of dewetting, the rim becomes wavy and
shows rather periodic undulations in height and width.

o

FIGURE 1 Optical micrographs for the retraction of a 22nm thick PDMS
(100 Pa.s) film at 130°C on a silicon wafer coated with a 6 nm grafted PDMS
layer. Frames (a)-(h) were recorded after 24, 29, 34, 41, 53, 70, 86, and
107 sec, respectively. The dewetted area appears lighter than the film. Retrac-
tion started at the edge of the sample shown on the left side of the frames. The
size of the images is 200 x 200 pm?. Frame (h) is shifted by 30 pm to the right
with respect to the other frames.
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FIGURE 2 Optical micrographs for a 25 nm thick film and the same
conditions as in Fig. 1. However, the polymer has a higher viscosity
(1000 Pa.s) and the size of the images is now 80 x 80 um?. Frames (a)—(h) were
recorded after 45, 118, 165, 217, 249, 289, 375, and 502 sec, respectively.
Frames (e)—(h) are shifted by 60 um to the right with respect to frames (a)—(d).

e The undulations occurred at the front side of the rim, i.e. at the
three phase contact line, while the rear side was still comparatively
straight.

FIGURE 3 Optical micrographs for a 50 nm thick film and the same conditions
as in Fig. 1. Frames (a)—(h) were recorded after 16, 94, 123, 181, 217, 258, 299, and
428 sec, respectively. The size of the images is 200 x 200 pm?. Frame (h) is shifted
by 50 um to the right with respect to the other frames.
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FIGURE 4 Optical micrographs for a 69 nm thick film and the same conditions
as in Fig. 1. Frames (a)—(h) were recorded after 30, 50, 70, 90, 120, 480, 960, and
1200 sec, respectively. The size of the images is 200 x 200 um? for frames (a)—(d)
and 800 x 800 um? for frames (e)—(h), respectively.

e Faster moving sections of the rim are always thinner than more
slowly moving neighboring parts of the rim.

e The dewetted distance before the onset of droplet formation was lar-
ger for thicker films, i.e., the time for building up the first fingers
increased with film thickness. Consequently, in experiments using
much thicker films than investigated here no rim instabilities may
be observed because the formation of fingers needs extremely long
times.

e Dewetting could also proceed in the direction parallel to the rim, in
particular at locations where the rim was rather thin. As a conse-
quence, the periodicity of the initial undulations was destroyed. This
caused also some polydispersity in the size of the final droplets.

e As dewetting proceeded, rim instabilities led to continuously
repeated droplet formation, however in a somewhat irregular
fashion.

o At late stages, a straight line, representing a mean dewetting front
could easily be determined. Compared to the total dewetted dis-
tance, the local positions of the contact line fluctuated only by a
rather small distance around this line. Thus, a mean dewetted
distance, and accordingly a mean dewetting velocity, independent
of the actual position along the contact line could be defined.

e Film thickness has a visible effect on the wavelength of the fingering
instability and the size of the final droplets.
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In Fig. 5 we give a typical example for the temporal evolution of
the position d of the contact line. At the beginning the dewetted
distance increased rather fast but its temporal increase slowed down
as the width of the rim got larger. At later stages, when droplets were
formed, we have determined the displacement of the mean position
(dpean) of the contact line. As can be clearly seen by comparison
with the dotted lines representing the extrapolation of the initial
behavior, droplet formation allowed to dewet larger distances (i.e.,
dewetting proceeded faster) as would have been possible without such
an instability.

In Fig. 6, we show the velocity V (¢;) of the dewetting process at time
ti, as determined by point-wise taking differences, V(¢;) = (d(¢;)—
d(ti-1))/(t;i — ti—1), for three different samples. At times larger than
about 200 sec we plotted Vygay, determined the same way by using
dyran instead of d. The large scatter of the data points arises mainly
from the point-wise calculation of the velocities, amplifying the error
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FIGURE 5 Time (t) dependence of the displacement of the rim for the sample
shown in Fig. 3. At early times, the position of the front (F) and rear (R) side of
the rim were recorded. At later times, the mean position of R-averaged over
some 100 um of length - was measured. It moved proportionally to ¢!08+0-05
(dotted line), i.e., at an almost constant velocity. In contrast, powerlaw fits
to the measured data at early times, indicated by the dotted lines, yielded
F ~ 0645007 g1 q R ~ £0-58+0.06
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FIGURE 6 Double-logarithmic representation of the temporal (t) evolution of
the dewetting velocity of the front (open symbols) and the rear (full symbols)
side of the rim. The mean velocity at later times, averaged over a length of
about 100 um, is represented by the half-filled symbols. The thicknesses of
the three samples are: 50 nm (circles), 69 nm (squares), and 71 nm (triangles).
The dotted lines are guides to the eye and represent at early times a decreas-
ing velocity v according to v[ums~!] = 1.7[um s 2/3)¢"/3 and a constant velocity
at later times v = 0.6pm/s.

bars of the individual measurements of d(¢;). Initially the dewetting
velocity was decreasing in time as expected for a system where the
rim slips on the substrate [24]. Such a decay of V for slipping films
has been investigated in detail in [26] for the system of the present
study. Independent of film thickness, all three samples show qualitat-
ively the same behavior. Quantitatively, however, the velocities are
not the same for all samples. As studied in detail in [26], the prefactor
contained in the relation describing the time-dependence of the dewet-
ting velocity for an unperturbed rim is controlled by several para-
meters. Besides contact angle and viscosity these parameters are
mainly film thickness and slippage length. In the here presented
experiments, the slippage length was of the order of 10pum. Thus,
one may obtain the same dewetting velocity for samples of different
thickness if the slippage length or the contact angle vary accordingly.
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For the samples shown in Fig. 6 the viscosity and the contact angle
(7 £+ 1°) were the same but the slippage length differed slightly. Thus,
the thickness dependence of the dewetting velocity is not clearly
visible. A detailed study of the dependence of dewetting velocity on
slippage length can be found in [26].

In contrast to the initially decreasing velocity, Vyzan of the mean
front at later stages is constant. Initially faster moving sections of
the rim slowed down due to an increase of the width of the rim and
initially slow parts accelerated by detaching droplets. As a conse-
quence, the mean dewetting velocity, averaged over the time elapsing
between the formation of successive droplets, is the same everywhere
along the contact line. We note further that this constant velocity at
late stages was back at the high value of the early stages when the
rim was first built up.

In contrast to the mean velocity, we demonstrate in Fig. 7 that locally
V was by no means constant. As the rim became wider, and eventually a
droplet was formed, the velocity of this spot approached zero. As soon as a
droplet got detached, this spot catched up with the rest of the contact line
and the velocity jumped back to a high value. The displacement of the rim
for the four adjacent spots shown in Fig. 7 clearly shows that their posi-
tions fluctuated around a linearly increasing value (corresponding to a
constant velocity), indicated by the dotted line.

From our experiments, we may conclude that the initial small
amplitude characteristic wavelength 1 of the instability is likely set
by the Rayleigh-mechanism (minimmisation of the surface energy).
Such a mechanism predicts that 4 is proportional to the width of the
rim [3]. Our experiments showed that the wavelength of the undu-
lation pattern of the rim, well before droplet formation, increased in
time as the width of the rim grew. We give a characteristic example
in Fig. 8. In an indirect way, 4 also depended on film thickness.
Thicker films have thicker rims right from the beginning. However,
in contrast to thinner films the amplification of undulations in thicker
films needed more time. Consequently, the dewetted distance was lar-
ger before the first droplets were detached. As shown in Fig. 9, a linear
relation between / and the width of the rim can be drawn at any time
of the early stages of dewetting. It is even possible to superpose results
from various film thicknesses. This is consistent with theortical expec-
tations [3] based on analogies to the Rayleigh instability.

Finally, in Fig. 10 we show the influence of film thickness (2) on the
average number (IN) per 10*um?, and the related average distance
between final droplets (D[in pm] = 1/4/(N/10% um?2)), and the “aver-
age” width of the rim at the onset of break-off of droplets (wpreqr-of)-
Using mass conservation by comparing the volume of the dewetted
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FIGURE 7 Spatial dependence of the temporal evolution of (a) the position of
the three-phase contact line (=dewetted distance) and (b) the width of the rim
for 4 locations (A-D, as indicated on the optical micropgraph in the inset of (a)
for the sample shown in Fig. 2. Note that during the formation of the droplet at
location C the width of the rim increases greatly while the contact line almost
comes to a standstill until at around 300 sec the droplet detaches and the con-
tact line catches up with the other locations. Note also the almost periodic
detachment of droplets on location A. On the average, all locations move with
a constant velocity as can be deduced from the approximately linear increase
of the dewetted distance as seen in (a), indicated by the dotted line.

region with the volume of the resulting rim [24, 26], we can determine

Whreak-off +
9 D-h
W ouheoff = A (1)
break-off C-0
Here, the constant C = 0.1 accounts for the asymmetric shape of the
rim [24].
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a;

FIGURE 8 Representative optical micropgraphs (size: 100 x 200 um?) showing
the increase of the wavelength of the instability with time. The PDMS film
(1000 Pa.s) is 49nm thick and is dewetting on a 6 nm thick layer of endgrafted
PDMS at 130°C. The times are 200, 506, 960, and 1170 sec for frames (a)—(d),
respectively.
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FIGURE 9 Average wavelength (/1) of the fingering instability as a function of
the width (w) of the rim (which increased as dewetting progressed) for PDMS
films of different thicknesses as indicated in the figure. The viscosity was
1000 Pa.s and the experiments were performed at 130°C. The full line acts
as a guide to the eye indicating A = 2.1w.
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FIGURE 10 Dependence of (a) the mean distance (D) between final drop-
lets, (b) the average number (V) of droplets per 10* um?, and (c¢) the mean
width of the rim at break-off of droplets (wprear-off) as a function of film
thickness (). The results for the present PDMS system (circles) are com-
pared with previously obtained results on polystyrene (PS) films (stars)
[2]. The full lines represent best fits with the data and yield (all lengths
are in pm) D=-12+ T710£50h, N ~h 1995019 4y horr = 0.27 + 270+
104 and D = —0.2+ 240 +10h, N ~ h=20650.09 for the PDMS and the PS
system, respectively.
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D increased about linearly with A and is also proportional to A at
break-off, once again indicating the analogy to the Rayleigh instability
[3]. Accordingly, N was proportional to the inverse square of 2. Most
interestingly, wyreqk-of Was found to depend also linearly on A.

As indicated by the stars in Fig. 10, our observations are in accord-
ance with earlier results on polystyrene (PS) films [2]. However, for PS
D was increasing more slowly with A and accordingly, there were also
more droplets per unit area. We attribute this difference to the signifi-
cantly larger contact angle of about 40° for the PS system compared to
about 10° for the PDMS system [26].

It can be seen that D = 2.6 + 0.3Wpeqk-ofr- This is roughly consistent
with D ~ 1 at break-off (see Fig. 9: A =2.1w). Thus, the size of the
final droplets is determined by the period of the undulations at
break-off, which, in turn, is governed by the film thickness. Moreover,
Vugan is controlled by wpreqr-of¢ @and is a decreasing function of 4 (to be
published).

We want to emphasize that it cannot be expected that the process of
droplet formation results in a constant dewetting velocity. Alterna-
tively, one could imagine that the dewetting front becomes very
uneven, maybe even fractal-like and ramified. Such a diffuse front
would not allow to define a mean velocity as no clear mean position
of the front could be identified. However, the system chose to avoid
uneven fronts with highly diverging velocities by detaching the most
slowly moving parts of the rim in the form of droplets. Consequently,
in the context of rim instabilities, the detachement of droplets repre-
sents a key process. It allows that wide and thus slowly moving sec-
tions of the rim to become thin enough to be able to catch up with
the rest of the contact line.

This droplet detachment process has some reminiscence of ava-
lanches sliding down a pile of sand (see e.g., [32]). Vygan would cor-
respond to the angle of repose (0) in the case of the sand pile. Both
phenomena show signs of self adjustment of a certain parameter,
either static (0) or dynamic (Vygan), which optimizes the system.
In our case, the system avoids slowing down of dewetting by mak-
ing the rim unstable. In a first step the velocity becomes modulated
corresponding to the thickness modulations of the rim. Thinner sec-
tions of the rim can move faster than the thicker parts, which eve-
nyually will become fingers. Breaking-off droplets from fingers
represents the second step in optimizing the dewetting velocity.

While the onset of the instability is most likely related to the
Rayleigh instability (see Fig. 9, 1 = 2.1w) this process alone cannot
explain the observed behavior of a constant Vygay. Otherwise we
would have to expect that in any dewetting experiment one would
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observe finger formation at the rim. This is obviously not the case.
The Rayleigh process alone is too slow to lead to fragmentation
of the rim during its build up [33]. Thus, an additional mechanism
is needed for a rapid amplification of the instability leading to a
visible, continuous formation and subsequent fragmentation of fin-
gers. We emphasize that we do not have a Marongoni type behavior
as all interfacial tensions are constant. Most probably the amplify-
ing mechanism is provided by the dependence of the dissipative
term on the width of the rim, i.e., by a local increase (decrease)
of the dewetting velocity with a local decrease (increase) in
rim-width.

CONCLUSIONS

Our experiments clearly suggest that the dependence of the dewetting
velocity on the width of the rim in the case of interfacial slippage is the
basic underlying mechanism responsible for the spontaneous amplifi-
cation of small fluctuations in the width of the rim which eventually
lead to finger and subsequent droplet formation. The characteristic
wavelength (1) of the instability seems to be set by a Rayleigh-type
mechanism implying that 1 is proportional to the width (w) of the
rim. Consequently, 4 increased in the course of dewetting as the rim
became larger. This amplification process for 1 was stopped by the
detachement of droplets when the rim reached wp,eqr-ofr. Interestingly,
Wyreak-of¢ Was found to be proportional to the initial film thickness.
Consequently, the time for droplet formation increased significantly
with film thickness.

At present, it is not yet completely clear why this droplet forma-
tion process resulted in a constant average dewetting velocity
although locally the dewetting velocity was by no means constant.
It is, however, obvious that droplet formation provides a possibility
for self adjustment of the the dewetting front, assuring a higher
velocity than what one would have without such instability. One
may call Vygan the self-regulated critical velocity of dewetting with
slippage. Rim instabilities provide a mechanism for constant and, at
the same time, much faster and thus highly effcient dewetting of the
underlying substrate. As a general theme, in kinetic processes like
the one here or in growth phenomena like diffusion limited aggre-
gation [34], the velocity is optimized by an appropriate self-modu-
lation of the resulting structure. It appears to be a general rule of
Nature to choose the fastest and most efficient possibility at the
expense of instabilities.
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