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Hole Formation in Thin Polymer Films: A Two-Stage Process
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Thin, supported liquid films are known to rupture, creating holes throughout the film, due to defects
or to van der Waals interactions. We show that the hole formation process before rupturing occurs in
two stages, each characterized by distinct dynamical and morphological features. The time scale for the
formation process is orders of magnitude slower than the translational (reptation) relaxation time of the
individual chains. This has implications regarding the transition from the formation regime to subsequent
hole growth regime on the underlying substrate.
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Structural instabilities, due to destabilizing long-range
intermolecular forces, leading to the rupturing of ultrathin
polymer films on substrates, have been of interest to re-
searchers during the past decade [1–18]. In addition to
scientific reasons, interest in this phenomenon is due to its
relevance to the processing of thin films for applications
such as polymeric electronic devices, coatings, and pat-
terning (lithographic and nonlithographic).

Theory predicts that three stages characterize the growth
of an isolated hole on an underlying substrate [2]. The
driving force for growth is due to capillarity. During the
first stage, the instability is believed to be rapid in compari-
son to the translational (reptation) relaxation time, t, of the
chains and the radius of the hole, R ~ exp�t�t� [2]. The
second stage occurs when the time scale is sufficiently long
that the chains can undergo translational motion and accu-
mulate to form a characteristic rim at the periphery of the
hole. In this second stage, if no-slip boundary conditions
are valid, the radius increases linearly with time �R ~ t�
since constant viscous forces balance the capillary driving
forces [1,2]. During the third stage, slippage is assumed to
dominate and the growth rate decreases because the rim in-
creases in size, thereby increasing the frictional resistance
to the capillary driving forces, R ~ t2�3 [2]. A recent paper
discusses the implications of slip on hole growth dynam-
ics [19]. We believe that the relative contributions of slip
and nonslip boundary conditions should depend on chain
length and on chain-substrate interactions.

Despite appreciable experiments and theory on these
instabilities [5,6,11,13–20], the hole formation process,
prior to rupturing, is not understood. The first studies of
dewetting of thin polymer films by Reiter examined the
growth of holes on substrates [3,4]. Since then, experi-
ments have concentrated on this growth regime. More re-
cently, simulations by Sharma and co-workers reveal the
influence of long and short-range intermolecular forces on
the formation of different dewetting, spinodal, or nucle-
ation and growth morphologies as a function of film thick-
ness in homopolymer thin films [13,14]. The nucleation
and growth process is dominant in thicker films [6,17,18].
Seeman et al. established a very clear experimental con-
nection between the two in the polystyrene�SiOxSi system.
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In block copolymer thin films, a new length scale is in-
troduced due to block connectivity. Limary et al. showed
how the existence of a hierarchy of dewetting morpholo-
gies, unique to block copolymer thin films above the bulk
ODT, could be reconciled in terms of these interactions
[21]. To our best knowledge, apart from these studies,
there have been no predictions or experiments regarding
the dynamics of the hole formation process.

This Letter examines the morphology and kinetics of
hole formation. We show that an initial depression, created
by an instability (spontaneous), is initially surrounded by
a crest. Two stages, each with distinct dynamical and mor-
phological features, characterize the behavior of this for-
mation regime before the depression reaches the substrate
(ruptures) where its subsequent growth is due to capillarity.
The time scale of such an instability is long compared to
the translational (reptation) relaxation time of the chains.
This has implications regarding the transition between the
hole formation and growth regimes.

The samples were prepared by spin coating a solution
of toluene and polystyrene, PS, �Mw � 130 kg�mol� onto
silicon substrates which had 2 nm thick native SiOx lay-
ers, as measured using spectroscopic ellipsometry. Poly-
styrene films of thicknesses ranging from h � 27 nm to
h � 102 nm were investigated in this study. The samples
were examined using an autoprobe CP atomic force mi-
croscope (AFM), manufactured by Thermomicroscopes in
contact mode. Surfaces of the films were observed to be
smooth after they were spun. The samples were subse-
quently annealed for various times at 170 ±C in a vac-
uum oven (the bulk glass transition temperature of PS is
100 ±C). Successive images of the samples, quenched to
room temperature, were periodically taken of the same
regions of the sample each time in order to monitor the
change in morphology.

Local depressions, each surrounded by a crest, devel-
oped at random locations throughout the surfaces of all
films after a few minutes of annealing. Figure 1a shows a
typical crest that surrounds a depression in a film of thick-
ness h, where h is greater than the depth, d�t�, of the de-
pression. We characterize each depression by a so-called
interfacial angle, ud�t� and radius R�t�. The amplitude of a
© 2002 The American Physical Society 205504-1
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FIG. 1. Characteristics of a hole during the formation stage are
shown after 25 min where a crest is located at the perimeter of
the hole [part (a)] and after 530 min [part (b)] when the crest
has dissipated. The morphology of a typical hole during the
growth stage, after the film was ruptured, is shown in part (c).

crest subsequently diminished with time as d�t� increased
(Fig. 1b). The growth regime begins when the depression
impinges on the substrate, d � h, and the characteristic
rim of width 1�t� subsequently develops at the perimeter
of the hole due to the accumulation of chains (Fig. 1c).
Below we show that while the hole formation process is
characterized by two stages, three distinct cases, A, B, and
C, are possible, depending on film thickness.

The first case is encountered in films thicker than 74 nm.
We begin by discussing the radial evolution of a depres-
sion in a film of thickness h � 102 nm, Fig. 2. The data in
Fig. 2 indicate that formation occurs in two stages. In the
first stage, which we identify as FI, the radius grew rapidly
with time and after t � 35 min, a transition occurred, de-
noting the onset of a second stage, FII, where the growth
rate of the radius decreased with time. The increase in
the depth of the hole, d�t�, also exhibited two stages; d�t�
initially increased rapidly then subsequently slowed down,
abruptly, when it was approximately 3 nm away from the
substrate. Even after 3 days at 170 ±C, holes in this film
did not reach the substrate. R�t� and d�t� should have simi-
lar time dependencies during the early stage. This is based
on the fact that the initial shape of the hole can be approxi-
mated by a cone, so R tan�ud� � d. Since d�t� is propor-
tional to exp�t�td� [1,5,16], then R � R0 exp�t�td �. The
lines drawn through the data are consistent with an ex-
ponential form. It is noteworthy that the transition from
the first formation stage (FI) to the second formation stage
(FII) is associated to the dissipation of the crest inside the
film. Clearly, each stage is characterized by distinct dy-
namical and morphological features.

The driving force for the dissipation of the crest into the
film is the Laplace pressure. The relaxation time associ-
ated with the increase in radius, which reflects the time
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FIG. 2. The two stages of formation are shown here for a
hole in a h � 102 nm thick film (case A). R�t�, d�t�, and ud
are plotted versus time. In the ud vs t graph, the broken line
corresponds to the average value of the angle. The error bars in
this figure are smaller than the symbols.

associated with dissipation of the crest, is td � 30 min.
This relaxation time might be compared with the longest
relaxation time, trep, associated with the translational dif-
fusion (reptation) of chains through the polymer melt.
For polystyrene chains of this molecular weight, M �
130 kg�mol, trep � 10 s at the temperature of our experi-
ments [22]. Clearly, the chains move at a rate that is orders
of magnitude faster than the time scale that characterizes
the dynamics of the instability.

The failure of the hole to reach the substrate is sur-
prising because the disjoining pressure should increase
(the distance of the minimum of the hole to the sub-
strate decreases) while the Laplace pressure should remain
relatively constant (ud almost constant). It is plausible
that an increasing energetic penalty associated to the cre-
ation of a larger surface area of the hole, proportional to
pR�t�d�t�glv (where glv is the interfacial energy of the
polymer/vacuum interface), may be the reason. Inciden-
tally, this process is expected to be due to heterogeneous
nucleation [18].

We now describe a second situation B, which would be
encountered in films of intermediate thickness 29 , h ,

74 nm. Here the film is sufficiently thin that the two-stage
formation regime and the growth regime are evident. The
crest initially forms at the periphery of the hole and subse-
quently dissipates into the film. The data in Fig. 3 show the
transition from the first formation regime (FI) to the slower
formation regime (FII) at time t � 30 min. We note that
the dissipation of the crest accompanies the transition from
the first, FI, to the second formation stage, FII. ud�t� also
undergoes a transition. At time t � 60 min the transition
from the FII stage to the growth regime occurs when the
hole arrives at the substrate. The characteristic rim subse-
quently develops at the perimeter of the hole and its width
l�t� ~ t1�2, as predicted [1,2]. We note further that during
the growth regime, dR�t��dt increases whereas d�t� and
ud�t� become constant, as shown in the inset of Fig. 3.

The second formation stage in case B is narrow in com-
parison to that observed in case A. In fact, it should de-
crease with film thickness. This follows from the fact
205504-2
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FIG. 3. This figure illustrates the transition from the formation
to the growth regime for a film of h � 40 nm at t � 60 min
when the depression arrives at the substrate. The time depen-
dence of R�t� increases while d�t� and ud�t� become constant
in this regime. Further, during this regime l�t� ~ t1�2. The
transition between the formation regimes FI and FII and the
accompanying morphological changes are discussed in the text.
(The error bars are smaller than the points.)

that the depression reaches the substrate before the crest
has time to dissipate. It follows that in the thinnest films
�h , 29 nm�, only the first formation stage (FI) and the
linear growth stage are observed; the second formation
stage (FII) is bypassed. The dynamics of this third case,
C, are illustrated in Fig. 4. The onset of the linear growth
regime on the substrate that follows the first formation
regime (FI) is evident from the fact that both ud�t� and
d�t� �d�t� � h� become constant and that the width of the
rim increases with t1�2.

We now direct our attention to the transition between
the formation and growth stages. When the substrate is
exposed, the hole grows because the spreading coefficient
of polystyrene on Si�SiOx is negative. The capillary force,
the magnitude of which is proportional to jSj, is respon-
sible for the increase in the radius of the holes. Since the
frictional forces of the substrate/polymer interface, repre-
sented by a viscosity at low frequency limit, h, balance
the capillary forces [2],

R �
jSj
h

µ
b
h

∂1�2

t . (1)

In this equation, the parameter b is the hydrodynamic ex-
trapolation length that characterizes the slippage of the
polymer chains on the substrate. b � aN3�N2

e , where a
is the monomer size, N is the degree of polymerization of
the polymer, and Ne is the degree of polymerization be-
tween entanglements. We reiterate that Eq. (1) is the only
growth law that describes our data in the growth regime.

During this linear regime of growth, the rim forms a con-
stant dynamic contact angle, ud , with the substrate, which,
theoretically, differs from ue, the equilibrium contact an-
gle, by

p
2. We measured the dynamic contact angle, ud ,

to be 6± 6 0.7± (Fig. 3), while ue � 35± 6 4±. The dif-
ference between ue�

p
2 and ud can be attributed to con-

tact angle hysteresis of the receding angle [23]. The rim
width is predicted to evolve as t1�2 during the linear growth
regime, which is observed (Figs. 3 and 4).
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FIG. 4. The (linear) growth regime follows the first (FI) for-
mation regime when the film is sufficiently thin, h , 29 nm;
the second formation regime is bypassed. In the growth regime
l�t� ~ t1�2 while d�t� and ud �t� become constant, as expected
(insets). (The points are larger than the error bars.)

Equation (1) is theoretically applicable if the extent of
the growth of the radius after the substrate is first exposed,
DR, is Rc1 , DR , Rc2, where Rc1 � �bh�1�2 and
Rc2 � b. If DR , Rc1, the film is expected to behave
like a rubber (instability rate is rapid in comparison to the
translational chain dynamics in this entangled system),
with the viscous dissipation occurring inside the film.
Therefore, in this case, the increase in R�t� is predicted
to be exponential with time and the rim is expected to
be absent [2]. In our experiments, Rc1 ranges from 0.71
to 1.34 mm for films of 29 , h , 102 nm. The value
of the hydrodynamic extrapolation length for polysty-
rene of molecular weight 130 kg�mol is b � 17.5 mm
(a � 3 3 1024 mm, N � 1250, and Ne � 183) [24].
The range of values of Rc1 suggests that this exponential
growth should be observed when the substrate is exposed.
However, we see no evidence of this. Consider the
following explanation. As mentioned earlier, the reptation
relaxation time associated with the translational dynamics
of the Mw � 130 kg�mol chains is trep � 10 s at 170 ±C
[22]. The relaxation time associated with the instability
is td � 30 min, which is orders of magnitude slower.
Since trep ø td , the first exponential growth regime is
not expected. Moreover, assuming that td is independent
of molecular weight, the molecular weight of the polymer
would have to be a factor of 6 higher before the first
exponential growth stage might be realized in this system,
PS�SiOx�Si. Therefore, the critical condition defined by
Rc1 is a necessary, but not sufficient, condition for the
existence of the exponential growth regime. Of course,
our estimate would be altered if confinement effects influ-
ence the transport of the chains. These issues will have
to await further experiments and theory. In the siloxane
system [25], where the exponential growth regime was
observed, the instability was created mechanically and the
capillary driving force was comparatively larger. Finally,
we note that the power law growth regime is expected
when DR . b, but this is not of interest in this paper.

We presented, for the first time, a complete picture of the
formation and growth regimes of an isolated hole created
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in a thin polymeric film by a structural instability. Distinct
dynamical and morphological features characterize each
stage of the formation regime, as in the case for the growth
regime. Specifically, a circular crest of radius R first forms
at the periphery of a depression in the film. During this
stage (FI), the radius increases exponentially with time,
R�t� ~ exp�t�td�, where the relaxation time td is large in
comparison to the longest relaxation time, trep, associated
with the translational dynamics of the polymer chains. The
crest subsequently dissipates within the film as the depth,
d, of the depression increases and as R�t� continues to in-
crease. As the crest disappears, a second formation stage
(FII) ensues and the growth rate decreases, R�t� � at.
When the depression impinges on the substrate, the capil-
lary driving forces are responsible for growth, S , 0. In
the first stage of the growth regime, R�t� also increases
linearly with time, but the rate is different from the lin-
ear stage of the formation regime. R�t� � bt �a fi b�
because the viscous forces are balanced by the capillary
forces. All the regimes described above would not nec-
essarily be observed in the same film because the process
is thickness and molecular weight dependent. If the film
is too thick, only the first two formation regimes are ob-
served. If the film is too thin, then the first formation stage
occurs. The second formation stage is bypassed in favor
of the growth regime.
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