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Dewetting of Highly Elastic Thin Polymer Films
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Investigations of the opening of holes in thin, almost glassy polystyrene films deposited onto silicon
wafers coated with a polydimethylsiloxane monolayer revealed strong deviations from the behavior of
pure liquids. At early stages, these holes grew independent of the molecular weight of the polymer
and without the formation of a rim. At later stages, a highly asymmetric rim was built up with the
maximum height increasing linearly with the diameter of the hole. As the polymer cannot flow under
the conditions of the experiments, our experiments demonstrate that capillary forces are able to provoke
plastic deformation on a micron scale in thin quasisolid films.
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It is well known that capillary forces resulting from in-
termolecular interactions are capable to retract a purely
liquid film from a solid surface [1]. It is, however, less
frequent that one encounters a similar dewetting phenome-
non for highly viscoelastic films where, on the time scale
of the experiment, the material cannot flow like a liquid.
Experiments on thin polystyrene (PS) films at temperatures
not too far above the glass transition temperature represent
such an example [2-5]. Although under such conditions
the polymer can by no means be treated as a Newtonian lig-
uid, interpretation of the results so far has not accounted for
the highly elastic properties of the polymer film. A quanti-
tative comparison between experiments and existing theory
on liquid dewetting has never been presented. Moreover,
theoretically it was expected [6] that elastic effects could
even stabilize thin films and prevent them from dewetting.
The possibility of film rupture and dewetting via surface
diffusion [7] or evaporation/condensation [8—10] can be
ruled out due to the large number of chemically linked
monomers and the practically zero vapor pressure of long
chain polymers. One may conclude that dewetting of long
chain polymers at temperatures close to their glass transi-
tion is not yet fully understood.

Several questions arise: Are capillary forces of the or-
der of 10 mN/m, resulting from the combined action of
surface and interfacial tensions, strong enough to provoke
detectable morphological changes in highly elastic films?
How does the elasticity of the film affect the observed char-
acteristic features of dewetting like the shape of the rim or
the temporal evolution of the hole diameter? What are
alternative mechanisms as compared to liquid flow to pro-
gressively remove elastic material from a growing hole? In
order to shed some light onto the phenomenon of dewet-
ting of highly elastic films we followed the process of hole
growth in PS films in detail from the very early stages.
To accentuate the possible influence of capillary forces we
have chosen highly nonwettable substrates.

For our experiments we used, as in many related
previous studies [2—5], thin polystyrene films (PS125k:
molecular weight M,, = 125 kg/mol, index of polydis-
persity 1, = 1.02, and PS3900k: M,, = 3900 kg/mol,
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I, = 1.05, purchased from PSS, Mainz, Germany) of
different thicknesses between 10 and 60 nm (as measured
by ellipsometry) on top of silicon substrates. Considerable
capillary forces were obtained by coating these substrates
with polydimethylsiloxane (PDMS) of low wettabil-
ity, i.e., large negative spreading coefficients (S). The
coatings were grafted layers (polymer brushes) of end-
functionalized PDMS molecules (PDMS78k: M, =
78 kg/mol, I, = 1.07, layer thickness about 20 nm)
or layers of adsorbed PDMS (PDMS38k: M, =
38.3 kg/mol, I, = 2.56, layer thickness about 7 nm,
and PDMS80k: M, = 80.5 kg/mol, I, = 2.14, layer
thickness about 10 nm). The irreversibly adsorbed layers
resulted from annealing spin-coated films on hydroxylated
(UV-ozone treated) silicon wafers at 150°C for 5 h
under vacuum [11]. PS films were prepared from toluene
solution spin coated directly onto the PDMS coated Si
wafers.

Dewetting of PS films thinner than 20 nm was followed
using only atomic force microscopy (AFM) at room tem-
perature after annealing the samples ex situ in a closed hot
stage purged with nitrogen. For thicker films, where holes
became visible under an optical microscope, real time in-
vestigations were performed in addition.

The PDMS layer on top of the Si wafer “screened” all
heterogeneities of the solid substrates and thus represented
an ideally homogeneous surface of low surface tension
which cannot be wetted by PS. In addition, there is no
adsorption between PS and PDMS. Thus, faster dewet-
ting velocities than observed on most other nonwettable
substrates were possible. There is also a technical advan-
tage. As PDMS is liquid at room temperature while PS is
glassy, AFM in the tapping mode can clearly distinguish
the two polymers, allowing for an unambiguous detection
of full thickness holes in PS films. This is important at the
early stages of hole formation when shallow depressions
become deeper and eventually rupture the film.

As found previously [2,4,5], all PS films on such sub-
strates turned out to be metastable and ruptured upon an-
nealing at elevated temperatures. The number density of
holes increased rapidly with decreasing film thickness.
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Here we concentrate on the shape of these holes and its
evolution with time at temperatures above 103 °C. Prelimi-
nary experiments indicated, however, that hole formation
was also possible at lower temperatures. As described in
Ref. [12], hole formation may be due to the relaxation of
internal tensions induced during sample preparation and
caused by confining the polymers to films thinner than the
size of the unperturbed coil.

In Fig. 1 we present typical AFM results from the
thinnest films investigated which show the early stages
of hole formation. Such thin films were used to ensure
that several holes could be detected within one AFM
image. These films allow one to observe that almost
all holes were formed within a narrow time interval at
the very beginning. However, a high number density of
holes causes the coalescence of holes at early stages and
thus prevents the hole opening to follow at late stages.
We note that the material displaced from the dewetted
areas did not form visible rims around these areas but
was distributed almost evenly within the whole film in
between the holes. Thus, imposing mass conservation,
the film thickness between the holes had to increase. A
comparison between the thicknesses before annealing
as measured by ellipsometry and the depth of the holes
measured by AFM is shown in Figs. 1g and 1h. Taking
into account that, e.g., x-ray reflectometry averages over
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FIG. 1. Typical atomic force micrographs showing the forma-
tion of holes in thin PS films on PDMS coated Si wafers. Two
different molecular weights are compared as indicated in the
figure. First row: 16 nm PS125k on PDMS38k; second row:
13 nm PS3900k on PDMS38k. (a),(d) show the as-prepared
samples. (b),(e) and (c),(f) were measured after annealing for 1
and 10 min at 105 °C, respectively. (g),(h) show cross sections
of the as-prepared samples (dotted line) and after annealing for
10 min at 105 °C (full line). The size of the images in (a)—(f)
is 3 X 3 um?.
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areas of many um?, such measurements will observe an
apparent thickening of the film at the onset of dewetting
without detecting significant roughness [13].

Although we used two very different molecular weights
of PS, both samples showed about the same dewetting be-
havior. This demonstrates that the viscosity of the polymer,
which varied by several orders of magnitude, does NOT
play a significant role in determining the rate at which the
holes open. Furthermore, this indicates that the plateau
shear modulus of PS, which does not depend significantly
on chain length, may be the essential control parameter for
the growth rate.

In Fig. 2 we present a quantitative comparison of our
results of the early stages for hole growth. Almost all tiny
holes (with a diameter D of about 70 nm) were already
formed after annealing for 1 min. (The number density
did not change significantly upon further annealing.) This
implies an average opening velocity D of these holes of
about 70 nm/min and an average shear rate y = D /D of
about 0.7 min~!. Comparing 1/ with the reptation time
(trep) of PS close to the glass transition temperature (for
the conditions of the experiments shown in Fig. 1, e, is
larger than one year [14]) demonstrates that on the time
scale of the experiments we cannot expect viscous flow of
the polymer. Thus, the gain in interfacial energy has to
be balanced mostly by other dissipation mechanisms like
plastic deformation of the quasisolid PS film. Probably
some energy can also be dissipated at the PS/PDMS inter-
face by deformation of the PDMS layer.

Upon further annealing for up to about 5 min no signifi-
cant growth was observed. Only later on, the holes became
significantly larger. Our limited data allow us to fit the
growth of the holes at their earliest stages to an exponential
function, similar to what was expected theoretically [15]
for the first stage of hole growth in viscoelastic films when
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FIG. 2. Hole diameter (D) as a function of annealing time ()
for PS films of Fig. 1 annealed at 103 °C and 105 °C. Note that
the molecular weight does not seem to have an influence on the

growth rate. The solid line represents an exponential fit to the
early stages yielding D[nm] = 67[nm]exp(¢/12.6[min]).
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no rim is formed. However, as we used rather thin films,
the many holes per unit area started to coalesce already
as their diameter became larger than about 200 nm, which
has an influence on the growth rates. Complementary mea-
surements, also on thicker films, indicated that after an ini-
tial (most likely) exponential regime, growth seems to pass
over to a power-law behavior, already at hole diameters be-
low 1 pwm. This regime coincides with the appearance of
a rim. At even later stages, when the hole diameters were
about 10 um, the dewetting velocity slowed down dras-
tically. Although all experiments show qualitatively this
behavior, quantitative differences between samples exist,
probably due to slight differences in the properties of the
PDMS coating [16]. The exact functional dependence of
D(time) will be the subject of a future publication.

In Figs. 3 and 4 we give examples for the behavior of
extended annealing using slightly thicker films where, on
average, holes were separated by several microns. Again,
at the very beginning of hole formation (for hole diame-
ters less than about 1 wm), no rim could be detected (see
the smallest holes in Fig. 4a). However, at later stages
one could clearly observe the formation of a rim. The
optical micrographs resemble very much previously pub-
lished examples on similar systems [2,4,5]. The shape
of the rim, however, is highly asymmetric with an ex-
tremely steep side towards the interior of the hole and a
much slower decay on the rear side (see Figs. 3c and 4a).
This has to be contrasted to the more symmetric shapes
expected theoretically [18] and observed experimentally
[4,17,19,20] for dewetting of viscous liquids. The de-
cay on the rear side can be fitted to an exponential func-
tion (y = Aexpl(x — xp)/k] + yo with amplitude A and
offsets xp and yp). Interestingly, the characteristic decay
length k did not vary with annealing time. Fits to the pro-
files shown in Fig. 4a resulted all in k = 0.5 um. We
note, however, that « could vary between 0.3 and several
pm for samples with slightly varying thicknesses of the
PDMS coating. The hole opening velocity was faster for
larger k.

The dewetted volume D?re is proportional to 277 DH k
(e is the film thickness). As a consequence of « being time
invariant, the maximum height H of the rim had to grow
at the same speed as the diameter of the hole (H ~ D).
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FIG. 3. Typical examples for holes and the corresponding rim
formed in a 24 nm thick PS film. This film is thick enough
so that the holes are on average separated by several pm.
(a) Optical micrograph after annealing for 80 min at 120 °C.
AFM images (b) and (c) focus on the asymmetric shape of the
rim. The length of the bar represents 5 wm in each case.
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This has been checked in Fig. 4b. Such a linear relation
between H and D strongly hints (as does the highly asym-
metric shape of the rim) that the polymer is not flowing
like a liquid. Otherwise, we would expect that equilibra-
tion of the Laplace pressure within the rim leads to a more
symmetric shape, the rim should grow both in height and
width simultaneously, and consequently H ~ D'/2. Be-
sides several preliminary ideas [21], there exists no theory
which can explain this particular shape of the rim and why
k should be constant.

In our experiments at temperatures close to the glass
transition the polymer was highly elastic and thus viscous
flow could not be responsible for the observed phenome-
non. Consequently, the driving capillary forces must have
been sufficiently strong to plastically deform the thin and
almost glassy polymer films. A simple comparison of the
acting stress o due to capillary forces [c = S/e [15] (with
S ~ —20 mN/m and ¢ = 20 nm: o = 10° N/m?)] with
the plateau modulus (G) of PS (G = 10° N/m?) supports
our hypothesis. This dewetting behavior may be analogous
to removing snow in winter. There, similar to the capillary
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FIG. 4. (a) Cross sections through holes in a 20 nm thick PS

film after annealing for 1, 5, 40, and 80 min at 120 °C, respec-
tively. Note the highly asymmetric shape of the rim. (b) The
maximum height of the rim can be represented by a linear func-
tion (full line) of the diameter of the hole.
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forces pushing the thin film away from the dewetted area, a
layer of snow of certain thickness is pushed with a shovel,
resulting in the buildup of a rim in front of the shovel.
Also the slowing down of dewetting with growing size of
the rim finds an analogy. As more and more snow is re-
moved, the rim in front of the shovel gets larger, making
pushing harder. Eventually the human force may be too
weak to push the snow any farther. One may expect that
the same physical laws describe the two phenomena.

In summary, our experiments demonstrate that a thin
film does not need to be purely liquid in order to allow
for dewetting. Intermolecular interactions responsible for
capillary forces may be sufficiently strong to deform even
quasisolid films. Moreover, one may anticipate a similar
phenomenon for any other thin solid films of low elastic
modulus and large deformability. Furthermore, our results
imply that phenomena like changes in film morphology
or apparent thickening may also occur below the glass
transition temperature (7,) and can therefore not be taken
as a criterion for determining 7,. Further experiments
and new theoretical concepts are needed to advance our
understanding of this intriguing phenomenon of dewetting
of quasisolid films.
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