Viscoelastic Dewetting of Constrained Polymer Thin Films
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ABSTRACT: Thin films of fluids are playing a leading role in countless natural and
industrial processes. Here we study the stability and dewetting dynamics of viscoelastic
polymer thin films. The dewetting of polystyrene close to the glass transition reveals
unexpected features: asymmetric rims collecting the dewetted liquid and logarithmic
growth laws that we explain by considering the nonlinear velocity dependence of fric-
tion at the fluid/solid interface and by evoking residual stresses within the film. Sys-
tematically varying the time so that films were stored below the glass-transition tem-
perature, we studied simultaneously the probability for film rupture and the dewetting
dynamics at early stages. Both approaches proved independently the significance of re-
sidual stresses arising from the fast solvent evaporation associated with the spin-coat-
ing process. ©2006 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 44: 3022-3030, 2006
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INTRODUCTION

Thin liquid films are ubiquitous in everyday life, in
which they play leading roles in lubrication, protec-
tive coatings, countless natural and industrial pro-
cesses, and so forth.! In addition, with the develop-
ment of modern technologies, functional devices of
progressively smaller and smaller sizes are required.
It is thus not surprising that under such conditions
the thickness of polymer films has reached values
even smaller than the diameter of the unperturbed
molecule.
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Understanding polymer thin-film stability rep-
resents several challenges: On the one hand, the
causes for the rupture of thin films are not yet
fully identified even for simple fluids, not to speak
of highly viscoelastic polymers that could exhibit
additional elastic instability.? On the other hand,
the influence of the confinement of chainlike mole-
cules on film stability and polymer dynamics has
not been clearly elucidated.>* Numerous studies
have demonstrated clear deviations from bulk be-
havior. Unfortunately, despite enormous efforts
over the last decade,®” our understanding of the
origin of several puzzling properties of such thin
films is still not satisfactory. As a possible origin of
these unexpected properties, the conditions of film
preparation have been identified®>®® because they
can lead to polymer chains that are not in their
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equilibrium state. Physical properties of such thin
films, such as the density, may thus change over
the course of time. It is still unclear if film prepa-
ration has direct consequences with respect to the
stability and dynamics of such films. It may be
anticipated that nonequilibrium chain conforma-
tions cause residual stresses in spin-coated poly-
mer thin films.

The aim of this article is to provide some insight
into the origin of the puzzling properties of polysty-
rene (PS) thin films. We show that the atypical
dewetting dynamics and the probability for film
rupture can be attributed to nonlinear friction at
the fluid/substrate interface and residual stresses
caused by the way the films have been prepared.

DEWETTING BASICS

A thin film of a liquid deposited on a nonwetta-
ble, solid surface is not stable when it is thinner
than the critical thickness, h. = x 1 sin(0/2),
where 0 and « ! are the contact angle and the
capillary length, respectively [k ! is defined by
the surface tension of the liquid (y), its density
(p), and the acceleration due to gravity g through
the relation ! = (y/pg)Y?1.} If the fluid has
enough mobility, dewetting may occur, and holes
(dry patches) and edge retraction can thus be
observed. The system gradually evolves toward
its equilibrium state, which corresponds to a col-
lection of droplets on the solid substrate, these
droplets being characterized by the equilibrium
contact angle (0). To achieve this equilibrium
state, different successive processes are involved:
the initial rupture of the film, the opening (re-
traction) dynamics of holes (edges), and a Ray-
leigh—Plateau instability of the rims collecting
the dewetted fluid.*'°

Initiated by the stimulating work of Brochard-
Wyart and coworkers,*™® experimental and theo-
retical studies of thin-film dewetting have allowed
us to extract principal scaling laws based on a sim-
ple energetic approach. It relies on the assumption
that the viscous dissipation inside a film can be
smaller than the dissipation due to the friction at
the interface between the film and the substrate.
The observation of several dewetting dynamics has
been explained by the slippage of the polymer at
the solid surface.'® This wall slip is usually charac-
terized by the hydrodynamic extrapolation length
[or slippage length (b)], which is defined as the dis-
tance from the wall at which the interfacial velocity
(Vip) extrapolates to zero:'* b = y/¢ [where 7 is the
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Figure 1. Film geometry observed by AFM. h(x,t) is
the profile of the film, A is the initial height of the
film, H(t) is the height of the front, L(¢) is the dewet-
ted distance, W(¢) is the width of the rim, and v(x,?) is
the velocity of the film. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com. ]

viscosity of the liquid and ( is the friction coefficient
related to a linear interfacial force (per unit of
the surface) of the liquid onto the substrate, Fy
= CVslip].M_16 It has been predicted that the b value
of a polymer liquid on a flat and passive substrate
can be given by the relation b = a(N*/P?) (where a
is the monomer size, NN is the polymerization index,
and P is the entanglement index).'*

For viscoelastic polymers such as PS, stress
propagation in films of initial thickness A is lim-
ited to a characteristic length, A = (hob)"?, be-
cause of the interfacial friction and elasticity.!®
For a hole radius (d) smaller than A, the dissipa-
tion of the capillary energy, | S| (where S = y,, —
vs1 — 7 1s the spreading parameter, which is nega-
tive for nonwettable substrates; y5, and y4 are the
surface free energy of the solid vapor and solid
liquid interfaces, respectively), essentially occurs
within the fluid. Then, the opening dynamics are
exponential (d ~ ", where t is the relaxation
time), and no rim can be detected. For larger hole
diameters such as A < d, dissipation at the solid/
fluid interface dominates. The birth of a rim is
observed with a characteristic rim width (W) pro-
portional to A and a constant dewetting velocity
of V= (S/OAL. At later stages, in the mature rim
regime [dewetted distance (L) > b and W much
larger than A], W and the height of the rim (H)
can be obtained with volume conservation: W ~
Lho/(H — hg), which gives the relation W ~ H ~
LY2 (see Fig. 1). In this regime, V decreases with
time ¢ according to V ~ ¢ 3, giving the classical
law d ~ t¥2, which usually is used to infer dewet-
ting with strong slippage.'®1¢
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In the absence of a solid or liquid substrate
(e.g., hole opening in a freestanding film) the ve-
locity profile within the film corresponds to true
plug flow, b thus becomes infinite, and only the
first regime (exponential growth) is observed (d is
always smaller than A).11?

EXPERIMENTAL

For the corresponding experimental studies, we
used thin PS films with weight-average molecular
weights (M,,’s) ranging from 35 to 4840 kD and a
polydispersity index lower than 1.15. hq varied
between 20 and 100 nm, as measured by ellipso-
metry. The films were obtained by the direct
spin coating of toluene solutions onto silicon sub-
strates coated with a thin layer of adsorbed poly-
dimethylsiloxane (PDMS) chains (M, = 26 or
90 kg/mol, layer thickness ~ 4—6 nm). These ir-
reversibly adsorbed PDMS layers resulted from
spin-coated films on hydroxylated silicon wafers
(cleaned with UV ozone, plasma, or so-called
Piranha solutions), which then were annealed at
150 °C for 5 h in vacuo. The isothermal dewetting
of thin PS films, that is, the retraction of a straight
contact line or the opening of holes, was followed
in real time (¢) by optical microscopy. Images were
captured with a charged coupled device (CCD)
camera. To determine the shape of the rim some-
what more precisely, additional measurements
were performed with atomic force microscopy
(AFM) in the tapping mode.

RESULTS AND DISCUSSION

Rupture of the Liquid Film

Although it is easy to experimentally observe the
formation of dry areas in a fluid film, the physical
mechanisms associated with the rupture process
have been passionately debated in the literature for
many years.?>?® The nucleation and spinodal rup-
ture of thin films can be deduced from a simple
analysis of the evolution of free energy with the
thickness.! Already in 1966, Vrij** proposed a spi-
nodal rupture mechanism with a preferred inter-
hole distance. We do not, however, discuss the spi-
nodal rupture in this article and refer to previous
articles on that topic.2>?*%° Instead, we focus on a
heterogeneous nucleation mechanism. AFM obser-
vations indicate that dust/surface heterogeneities,
sometimes observed at the center of the holes, could
play a role in initiating the rupture. However, such

dust/heterogeneities can be strongly reduced in
number by a careful film preparation method.

Recently, a new concept based on the presence
of residual stresses in polymer thin films was pro-
posed as an alternative explanation of the rupture
mechanism via heterogeneous nucleation.®?° For
instance, a 40% reduction of the initial hole nuclea-
tion density during annealing at temperatures
largely above the glass-transition temperature (T)
was reported by Podzimek et al.2° More surpris-
ingly, we have found that the probability for film
rupture, defined as the maximum number of circu-
lar holes (N hax) per unit of area formed in a film of
given thickness, also depends on the aging time
(¢aging), the time that the film is stored at tempera-
tures below the glass transition.® taging Starts from
the solvent quench during spin coating. As shown
in Figure 2(a), a drastic reduction in the hole den-
sity was observed after the films were stored at
50 °C for long times. Plotting N, as a function of
laging [Fig. 2(b)] indicates an exponential decay,
Nmax(taging) = Nmax(oo) + Nmax(o) exp[_taging/
K(NVmax)], with a limiting value of N (0) =3 + 1
and a characteristic decay time of KNy, =47 = 6 h,
implying that almost no holes will be formed after
the films are aged for extended periods (¢,ging > K).
Some holes, however, may be nucleated by defects
such as dust particles.

Rupture can be related to the spin-coating pro-
cess used to prepare thin polymer films. Because
of the rapid solvent evaporation, we can consider
that polymer chains are not in their equilibrium
conformation (e.g., lack of entanglements).® The
departure from equilibrium generates residual
stresses within the film that could initiate the rup-
ture. A detailed description of the physical mecha-
nism by which residual stress can generate holes
in thin films is in preparation.

Dewetting Dynamics: Friction, Viscoelasticity,
and Residual Stress

First observations of dewetting for highly elastic
polymer thin films, such as high-M,, PS, reveal the
formation of strongly asymmetric rims®*® and un-
usual dewetting dynamics.?” Several theoretical
models have been proposed to explain the asymmet-
ric rims: viscoelasticity,®® shear thinning,® and
strain rate hardening.?® However, even if these mod-
els describe quite well the asymmetric rim shape,
they cannot explain all of the observed features,
such as the logarithmic dewetting dynamics.?’

In fact, two of us have recently shown that poly-
mer slippage at the solid surface could explain the
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Figure 2. (A) Optical micrographs showing the formation of holes in a 40-nm-thick
PS film (M,, = 4840 kD) on a PDMS (6 nm) coated Si wafer. The X and Y axes repre-
sent the time of dewetting at 125 °C and the time of aging, respectively (the films were
stored at 50 °C). The size of the images is 310 x 210 um?. (B) Evolution of Ny, for PS
films (hy = 40 nm, M,, = 4840 kD) stored at 50 °C for various times. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]

formation of asymmetric rims.?! During the early plied by the capillary forces is mainly dissipated in
stages of viscoelastic dewetting, the rim shape the vicinity of the hole edge by viscous losses (due
changes fundamentally. Initially, the energy sup- to radial and orthoradial deformations). Under
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such conditions, no rim is formed next to the circu-
lar dewetted zone. However, as the radius of the
hole becomes larger than A or if the dewetting
starts from a straight edge of the sample, the dissi-
pation due to the radial and orthoradial deforma-
tions becomes weaker, and the friction at the sub-
strate/film interface gains importance. As a result
of this friction, the velocity is damped over distance
A within the film. This results in the appearance of
a highly asymmetric rim (Fig. 1), with a steep side
reaching a height H next to the three-phase con-
tact line and an approximately exponential decay
on the other side, with a decay length A.26:27:31

Different dewetting dynamics can be directly
related to the different rim shapes. In the follow-
ing, we focus on the asymmetric rim regime.?’
This intermediate regime is rather pronounced for
highly viscous thin films close to the glass transi-
tion. Our time-resolved experiments (Fig. 3) for
dewetting from a straight edge have shown that
during these early stages of rim buildup, both L
and W increase in a logarithmic fashion in time,
up to time 7; (the relaxation time of residual
stresses), when W reaches a maximum. Corre-
spondingly, during this stage V decreases continu-
ously according to a power law, V ~ ¢ . Interest-
ingly, around 74, the exponent (—n) changes from
—1 to —1/2 [Fig. 3(C)1.5%" We want to emphasize
that a logarithmic time dependence of L (and W)
and the corresponding ¢ ' decrease of V are not
expected for a Newtonian liquid and that our
results cover times shorter than the longest relax-
ation time in equilibrated bulk samples [i.e., the
reptation time (7.p)]. Thus, the viscoelastic prop-
erties of PS certainly affect our dewetting experi-
ments. We have therefore developed a theoretical
model that takes into account interfacial friction
(i.e., slippage) and viscoelasticity.

A hydrodynamic model within the lubrication
approximation including viscoelasticity was re-
cently proposed,®® but unfortunately this model,
limited to small b values (b < hg), cannot be ap-
plied to our experiments, which deal with very
large b values (b > hg). The energetic approach,
first proposed by Brochard-Wyart et al.,'® is most
useful when one studies non-Newtonian liquids.
However, the viscoelasticity of polymer liquids of-
ten brings along great difficulties in solving the
flow equations. In the case of the dewetting of
thin films, these difficulties can be circumvented
as follows. Viscoelastic liquids can be character-
ized at short times by an elastic modulus (G). At
times longer than 7, it has a Newtonian-like
behavior, with y = © G.** Concerning dewetting,
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Figure 3. (A) Dewetted distance L (from the
straight edge of the sample), (B) rim width W, and (C)
dewetting velocity V versus time, respectively. The
data were obtained for a 65-nm-thick PS (M,, = 390
kg/mol) film dewetted at 140 °C. Characteristic time
71 is indicated. Under the conditions of the experi-
ment, the longest relaxation time of the polymer (its
Trep Value) was about 2500 s.
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Figure 4. Determination of o from a plot of the maxi-
mum rim width versus the initial dewetting velocity for
different PS thin films on PDMS-coated silicon wafers.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

the result of elasticity is to prevent H from in-
creasing more than the maximum height of the
rim (i.e., Hy.x = ho + |S1/G). This imposes an
augmentation of W during the dewetting process:
W = LhoG/|S 1. This is associated with a decrease
in the velocity such as ¢t V2 until © = 3/G is re-
ached.! Interestingly, even in the elastic regime,
the dynamics are directly related to the friction
process via the increase in W. The exponent —1/2
for the reduction of the dewetting velocity of an
elastic film is thus fully determined by the friction
law Ff = CVs]ip~

It is striking to notice that the experiments show
a much faster decrease in the velocity, as fast as V
~ ¢t 1 during the early stage of dewetting (¢ < 17).
To explain a more rapid decrease in the dewetting
velocity, we have included a nonlinear friction law
at the solid/fluid interface. Indeed, several experi-
ments with grafted or adsorbed PDMS surfaces
have shown a very weak dependence of the friction
force on the sliding velocity (e.g., Ff ~ VV?).3435 Of
ten, substrates that are treated to be flat and pas-
sive (for that reason, they are coated with a poly-
mer monolayer) lead to a friction force (Fy) that does
not depend linearly on the dewetting velocity (V) as
expected for solid friction.®* There, we find the fol-
lowing relation: Fr ~ V1, where o is the friction
exponent (0 < o < 1). For the PS films on PDMS-
coated silicon wafers, o, as determined from a plot
of the maximum rim width (W,,,,) versus the initial
velocity (Fig. 4), is found to be very close to unity («
= 0.84). In contrast, if o is equal to zero as for solid/
solid friction, W,,.x does not vary with the initial
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dewetting velocity. In Figure 4, a variation of more
than 1 order of magnitude can be observed for
Wnax- A weakly varying friction force (« is close to
1) leads to a more rapid decrease in the dewetting
velocity:®® V ~ ¢ VY2 ~ ¢~ This is consistent
with the experimentally observed behavior.
Another mystery about dewetting dynamics,
however, remains. As for the initial rupture proba-
bility of the films (discussed previously), physical
aging at temperatures below 7, also drastically
influences the dewetting dynamics.® Figure 5(a)
shows that W,,., and the dewetting velocity de-
crease significantly when the films are aged. Aging
can be achieved at very low temperatures, Figure
5(a) shows the drastic influence of the storage time
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Figure 5. (A) W (for dewetting from the straight
edge of the sample) as a function of the dewetting
time for films (hg = 57 nm, M, = 233 kD) aged at
room temperature for different times. Wi.x was
reached at about the same time for all the samples.
(B) Evolution of W, for PS films (hy = 40 nm, M,
= 4840 kD) stored at 50 °C for various times. [Color
figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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at room temperature, that is, 75 °C below Ty, on
the formation of the rim (after 42 days, Wi«
decreases by a factor of 2). Systematic studies on
the temporal evolution of W, for films stored
at 50 °C, shown in Figure 5(b), indicate an expo-
nential decay of Wpyax With faging, Wmax(faging)
= Whax(90) + Winax(0) expl—taging/k Winax)], exhibit-
ing a characteristic decay time of kW, ,.x = 41 = 7 h,
very close to the decay time observed for hole nuclea-
tion probability.

The large decrease in the dewetting velocity ob-
served during aging at temperatures well below
Ty of PS can be interpreted by the consideration
of either a decrease in the residual stress or a
modification (in the course of aging) of the PS/
PDMS interface and thus of the friction proper-
ties. Theoretically, the contribution of residual
stresses to the dewetting dynamics is equivalent
to an additional driving force, in parallel to the
capillary forces. However, this additional force will
decrease during dewetting. Physical aging causes
a relaxation of residual stresses and thus a reduc-
tion of the driving force, as observed. By combin-
ing nonlinear friction and residual stresses (o), we
can obtain an increase in the initial dewetting ve-
locity by a factor of (1 + hoo/1S1) %% 36 Again,
we assume that the fast evaporation of the solvent
during spin coating inevitably leads to frozen-in
nonequilibrated chain conformations of the poly-
mers. Such nonequilibrated polymer chains gener-
ate residual stresses within the film. In the course
of aging, or with heating above T, these stresses
tend to disappear as the chainlike molecules will
adopt conformations closer to their equilibrium.

In that picture, the time characterizing the
transition between both dewetting regimes, corre-
sponding to W,,.x and a change in the dewetting
velocity, can be related to 7;. In a way similar to
that proposed in the article of Roth et al.,'® the
transition at t; can be viewed as a transient time
required to reach steady-state flow in the system.
The proposed rheological model is wused to
describe this transient behavior of the polymer.
The relaxation of the stress is represented by 11,
which, in turn, is determined by the internal
structure (chain conformations) of the film. Later,
we show the evolution of this relaxation time
with parameters characterizing the polymer (see
the Dewetting and Rheology section).

We cannot exclude a modification of the inter-
face during aging. The PDMS coating is made
from adsorbed chains on a silicon wafer, the loops
and tails being still mobile, that can relax easily
and might modify the PDMS/PS interface, even

well below T, of PS. This may strongly reduce the
slippage and thus the dewetting velocity. Such a
modification of the interface remains, however,
speculative. Systematic experiments to study the
dynamics of PDMS chains at the PDMS/PS inter-
face are in progress.

Dewetting and Rheology

As shown by several studies, dewetting or hole open-
ing can be considered a rheological investigation of
polymer chains in nanometer thin films,'®-20:3738
Recently, Dutcher et al.'® observed a shear-thinning
effect (i.e., a decrease in the viscosity with the shear
rate) during hole opening in freestanding PS thin
films, showing that reptation is dominated by con-
vective constraint release. More recently, some of us
used the onset of the Plateau—Rayleigh instability of
the rim observed during the dewetting of PS thin
films to determine the transition between elastic
and viscous regimes.® Interestingly, these transition
times scale with 7., of bulk PS, suggesting that bulk
chain dynamics are maintained in thin films (even
when 2y < Re. (the unperturbed end-to-end dis-
tance)).>®

Such nanorheology experiments can be used to
gain further insight into the structure and proper-
ties of out-of-equilibrium PS thin films. We may
thus consider dewetting as a rheological probe to
study the viscoelastic properties of nanoscopic poly-
mer films, allowing us, for instance, to determine
71 of stressed materials (as discussed previously).
In the following, we focus on the main parameters
affecting the relaxation times of polymers and thus
71: the chain length (represented by M,,) and the
temperature (7). As shown in standard textbooks,
the existence of entanglements implies that the
longest relaxation times (i.e., 7yep) strongly depend
on M., according to a power law, Tyep, ~ M, 34404
is also well known that, in polymeric materials, the
temperature dependence of the relaxation time fol-
lows a non-Arrhenius behavior when T, is
approached. The thermal evolution of relaxation
times is usually described by the Vogel-Tamman—
Fulcher (VTF) relation: © = 1y exp[BAT — Ty)l,
where 14 is the segmental vibration frequency, B is
1170 K, and T is 343 K for bulk PS.***!

As shown in Figure 6, the relaxation dynamics
observed for spin-coated PS thin films drastically
deviate from such bulk behavior. For instance, the
dynamics slow down when the temperature de-
creases (i.e., 71 increases). However, the ratio of re-
laxation times obtained from dewetting at 120 and
150 °C [Fig. 6(a)], given by 7,(120)/7,(150) = 2.7, is
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Figure 6. (A) Influence of the dewetting tempera-
tures on t; from plots of W versus time for PS thin
films (hg = 40 nm, M, = 2500 kD). The dewetting
temperatures are indicated. (B) Influence of M, on
71 from plots of W versus time for PS thin films (A,
= 40 nm, the dewetting temperature T4 = 125 °C).
The M,, values are indicated. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

by more than 2 orders of magnitude lower than
the ratio of the bulk viscosities, 17(120)/7(150) = 500
(computed from the VTF relation). The evolution
of 7; with the molecular weight also shows strik-
ing deviations from bulk behavior. For high
molecular weights, we observe that 7, as deter-
mined from W, .~time plots, becomes independ-
ent of the chain length [Fig. 6(b)].

The observed t; values are much shorter than
the bulk 7., values. In contrast with previous
studies on hole opening in freestanding PS films,*®
we cannot invoke a convective constraint release
effect (shear thinning) to account for the observed
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decrease in the relaxation time. Indeed, because of
the very high b values (b > hy), the velocity profile
corresponds to a plug flow. Thus, the shear rates in
our experiments are rather small (i.e., much
smaller than ‘crepfl). We emphasize, however, that
we have no definite explanation for these unex-
pected results of extremely low temperature and
molecular weight dependence for 7;. However,
these observations lead us to ask the following fun-
damental questions: What is the nature of the out-
of-equilibrium conformations of the spin-coated
polymer films? What is the influence of confine-
ment of chains on relaxation dynamics? Investiga-
tions of these aspects, highly relevant for a compre-
hensive understanding of dewetting and chain dy-
namics in thin films, are actively in progress and
will be the subject of a forthcoming article.

CONCLUSIONS

With both experimental and theoretical ap-
proaches, we have shown that the early stages
of dewetting for spin-coated viscoelastic thin
polymer films are dominated by the residual
stresses and nonlinear friction at the solid/fluid
interface. The residual stresses clearly result
from the way in which these films are prepared,
that is, by fast evaporation of the solvent during
spin coating. As a result, depending on the prep-
aration conditions, thermal history, and {¢,ging
values, polymer thin films are formed by chains
having more or less out-of-equilibrium conforma-
tions. Therefore, such films exhibit significant
changes in their rupture probability, the dewet-
ting dynamics, and various relaxation processes.
The influence of the aging temperature, molecu-
lar weight, and dewetting temperature on these
relaxation processes will be the subject of fur-
ther studies.
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