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ABSTRACT: Nucleation and growth of holes in free-standing ultrathin (<100 nm) polymer films are
examined via opticalmicroscopy in order to gain a better understanding of these phenomena.Hole nucleation
is quantified with a free energy barrier based on a simple capillary model. Additionally, holes are found to
grow exponentially in accordance with previous studies in the literature. Ultrathin films of polystyrene
(between 50 and 100 nm) cast via flow coating are suspended atop lithographically patterned arrays of pillars.
The films are then annealed above the glass transition temperature to study the nucleation and growth of
holes via optical microscopy. Image analysis is performed tomeasure the density of nucleated holes as well as
hole radius as a function of time. Holes are found to grow exponentially with time in a nonlinear viscoelastic,
shear thinning regime under high shear strain. The energy barriermodel is applied to the nucleation of holes in
free-standing thin films and is found to describe the phenomenon well. This analysis of hole nucleation and
growth extends the understanding of ongoing research into suspended fiber formation from the melting of
free-standing polymer thin films.

Introduction

The study of the dynamics of thin film stability, such as rupture
and dewetting phenomena, has been a major research area in
polymer science due to its applications in adhesives, coatings, and
lithographic techniques for device fabrication. In ultrathin films,
films less than 100 nm in thickness, the natural length scale of
a polymer chain, represented by the radius of gyration, Rg, is
comparable to or greater than the film thickness. In this confined
regime, polymer conformational changes can result in large
deviations in dynamics and phase behavior from the bulk.1-12

Because systems of very small dimensions are easily fabricated
and manufactured, these problems can now be probed with new
interesting geometries. These confined geometries allow for the
study of polymer molecules as they relate to polymer-surface
interactions and the effect of confinement on the motion of the
chains. Many studies have shown how confinement of polymer
chains within thin films effects the mobility and dynamics of
chains and thus the glass transition temperature, Tg, of the poly-
mer. High-molecular-weight (Mw>350 kDa) polystyrene (PS)
thin films exhibit a linear dependence onmolecular weight, below
a critical thickness,1,3,4,7 while low-Mw films show a nonlinear,
Mw-independentTg reduction described by the empirical Keddie,
Jones, and Cory functional form.10-12 These Tg confinement
effects have been summarized by Roth et al.7

Previous studies on polymer dynamics in thin films have
focused on the dewetting of polymers from a surface, examining
the growth rate of holes formed as well as the developing shape of
rims surrounding the holes.5,13-28 Many of these studies have
relied on assumptions of a “frictionless surface” or neglect the
effects of the surface uponwhich the polymer dewets. Comparati-
vely, much less work has been performed analyzing the growth of
holes in free-standing, polymeric thin films.2,6,9,29-31 Dependent

upon the temperature regime, holes have been found to grow
linearly close to the Tg of the polymer or exponentially with time
when well above the Tg. Debregeas et al. probed the viscous
bursting of thick, 5-50μmsuspendedpolydimethylsiloxane films
and characterized the exponential growth of nucleated holes
showing uniform thickening of the film and an absence of a
rim formed at the hole edge.32,33 Dutcher and co-workers studied
the growth of holes in free-standing polystyrene (PS) thin films as
a function of molecular weight, film thickness, and temperature,
showing exponential hole growth above the Tg.

2,6,29,30 Xavier
et al. show the growth of holes in exponential and linear growth
modes, with linear hole growth occurring as film thickness is
decreased or the temperature is decreased close to the Tg of the
bulk polymer (Tg

bulk).9 Roth et al. show that this observed linear
response, and the largest deviations from exponential growth at
early hole growth times, occur at higherMw and at temperatures
very close to Tg

bulk, resulting from an exponential decay of the
initial long-lived transient response and suggest this is due to the
decay of elastic chain entanglements during the onset of shear
thinning.6 This linear regime was observed to transition to
exponential growth at longer times where large shear strain rates
disentangle the chains rapidly, giving rise to the shear thinning
regime and a reduced viscosity.

Although the study of hole growth has been investigated, to
date there exists a lack of studies in the literature on the
spontaneous nucleation of holes in free-standing, polymer thin
films. Reports investigating hole growth in free-standing films
attribute two mechanisms to hole formation in the melt state:
spontaneously through a process analogous to spinodal decom-
position or by nucleation from defects such as dust (<0.2 μm) or
density inhomogeneities.2,13 Inmost examples where hole growth
is studied, holes are nucleated with a heated scanning tunneling
microscope tip, laser, or needle. Hole formation in thin films has
been addressed while on a substrate such as in the case of
dewetting.5,14,19,21,24,26,27,34 Reiter and co-workers reported*Corresponding author. E-mail: tew@mail.pse.umass.edu.
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on instabilities and the development of holes in PS thin films on
coated substrates and determined the number of holes formed,
Nh, hadapower lawdependenceon film thickness,h, stated asNh�
hp, where p ∼ -4.21,26,34 The formation of instabilities is attrib-
uted to van der Waals forces giving rise to a disjoining pressure
which attempts to adjust and minimize the free energy while the
surface tension competes to maintain the flat film. Although
assumptions are made that this hole nucleation theory can be
extended to free-standing thin films, given that the models are
based on frictionless surfaces or are independent of the substrate,
no direct study has been performed.

In this study, the nucleation and growth of holes in free-
standing, ultrathin polymer films are probed atop lithographi-
cally patterned arrays ofmicroscale pillars. This study is extended
from work on the formation of oriented, suspended fibers from
the melting of free-standing polystyrene thin films, derived from
the nucleation of holes in the same films.35 The growth of holes is
shown to be an exponential expansion of the holes in a shear thin-
ning, high shear strain regime, unencumbered by the pillar array
substrate. Hole nucleation in free-standing, ultrathin polymer
films is modeled using an energy barrier approach,36 and esti-
mates for this energy barrier are made.

Results and Discussion

Thin Film Preparation.Gradient thickness ultrathin poly-
mer films in the submicrometer to nanoscale regime were
fabricated via a technique called “flow coating”, in which a
bead of polymer solution is sandwiched between a blade and
is drawn across a substrate.28,37 A schematic of thin film
sample preparation is given in Figure 1. For this study, gradi-
ent thickness polystyrene films, from approximately 50 to
100 nm in thickness, were cast from 0.75-1.5 wt% solutions
in toluene using an acceleration of 6 mm/s2. Monodisperse
polystyrene standard samples of various molecular weights
were used (PS, Mn=123, 400, 2000, 6000 kDa; Mw/Mn=
1.08, 1.06, 1.20, 1.22, respectively, Alfa Aesar). After flow

coating, film thickness was measured across the film profile
via a UV-vis interferometer (Model F20, Filmetrics, Inc.).
Films were then floated off the silicon substrate onto clean
water (Milli-Q) and subsequently transferred atop a litho-
graphically patterned array of pillars. The pillars have di-
mensions of 15 μm in diameter and 75 μm spacing (65 nm
thickness, 400 kDaPS sampleswere also tested on 15, 25, and
35 μm pillar spacings). Films were dried and annealed just
below theTg of the polymer under vacuum for 24 h to remove
water and residual solvents.

Hole Expansion. Ultrathin PS film samples of various
thicknesses and molecular weights (Table 1) were annealed
using an enclosed Linkham LTS350 microscopy thermal
stage and a Zeiss Axio Imager M2m optical microscope at
50�magnification for imaging. A specific area of a film with
a corresponding thickness was selected for imaging in each
experiment. The variation of thickness over the resultant
images was approximately(0.16 nm for a film with a 50 nm
gradient thickness over a 45 mm width. Samples were taken
from room temperature and heated quickly (30 �C/min) to
the annealing temperature, 130 �C, for Mn = 400 kDa
samples and held at this temperature while hole formation
and expansion occurred. Samples of othermolecular weights
were annealed at temperatures (116, 161, and 196 �C for 123,

Figure 1. Experimental approach toward hole formation via flow coating and thin film melting with a representative image of the nucleation of holes
(h = 65 nm, 400 kDa PS). The very dark red uniform circles in the image are the supporting pillars, 15 μm in diameter with 75 μm spacing.

Table 1. Molecular Weight,Mn, Polydispersity Index,Mw/Mn, Film
Thickness, h, and Annealing Temperature, T, for the Hole

Expansion Study

Mn (kDa) Mw/Mn h T (�C)

123 1.08 65b 116
400 1.06 53,a 65,c 80,a 100a 130
2000 1.20 65b 161
6000 1.22 65b 196
aTested on arrays with 75 μm pillar spacings. bTested on arrays with

25 and 75 μm pillar spacings. cTested on arrays with 15, 25, 35, and 75 μm
pillar spacings.
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2000, and 6000 kDa, respectively) to match the zero shear
rate viscosity, η0, of this experiment (1.73 � 109 Pa 3 s),
calculated using the empirical VFT equation

η0ðTÞ ¼ A exp
TA

T -T0

� �
ð1Þ

whereTA=2022K andT0=311K and determined from the
value η0=1.2�1011 Pa 3 s atT=119.4 �C for 600 kDa PS and
scaled using η0∼Mw

3.4.38,39 Optical microscopy was used to
take images of hole formation over time, typically at a rate of
2 fps for 30 min, over the annealing experiment. A novel
image analysis technique developed for the acquisition of
suspended fiber properties, such as diameter, orientation and
branching, was applied to images of growing holes to iden-
tify, track, and measure individual hole radii.35 Hole radius
was measured as a function of time as soon as holes could be
optically resolved, typically ∼0.5 μm in diameter, and then
normalized against their initial respective radii.

Figure 2 shows a representative example of hole radius as a
function of time, Rhole(t), for a hole expansion experiment
with a parent film of 400 kDaPS, having a thickness of 65 nm.
Initial exponential growth is seen, followed by a decay in
growth, corresponding to holes impinging upon each other
and the pillar array. This impingement is illustrated by the
dashed line in Figure 2, where the leading holes edges can be
visually observed to contact each other and supporting
pillars in optical microscopy images. The onset of this decay
in growth and the point at which holes begin to compete for
space to grow occurs just before this impingement point, at
the midpoint transition (Rhole/R0 = 0.5). The curve in
Figure 2 is from an average of hole data from at minimum
five representative holes and is fitted with both exponential
growth and decay curves, before and after the midpoint
transition, respectively. The fits for both exponential curves
are given. Similar exponential growth curves (see Supporting
Information) were attained for all samples in this study
(Table 1), yielding viscosity values at the hole edge, as dis-
cussed in detail next.

Hole expansion is driven by an energy balance between
a surface tension stress pulling the hole open and vis-
cous dissipation within the film resisting flow. An exponen-
tial growth law for the radius of a hole, Rhole(t), with re-
spect to time t, has been developed and confirmed

experimentally2,6,9,29,33

RholeðtÞ ¼ R0 expðt=τflowÞ ð2Þ

τflow ¼ ηh=ε ð3Þ
where R0 is the initial hole radius, τflow is the characteristic
growth time, η is the viscosity at the hole edge, h is the film
thickness, and ε is the surface tension of the polymer-air
interface, with ε for PS at different temperatures calculated
using the equation40

ε ¼ - 0:072ðT - 20Þþ 40:7 ð4Þ

with ε inmN/m forT in �C. This surface tension gives a shear
stress σ=2ε/h and produces a shear strain rate at the hole
edge of _γ=2/τ. At higher viscosities, lower temperatures,
and higher molecular weights, the importance of nonlinear
viscoelastic effects such as shear thinning becomes greater.41,42

Shear thinning is described as a power law of the viscosity
normalized by the zero shear rate viscosity versus the re-
duced shear strain rate, β

logðη=η0Þ ¼ - d log β ð5Þ
where the power law exponent, d, in the bulk is typically ∼0.8
in the shear thinning regime,42 experimentally found to be
between ∼0.65 and 0.78 by Dutcher and co-workers.2,6,29,30

The reduced shear strain rate is defined as

β ¼ η0Mw

_γ

rRmolT
ð6Þ

where Rmol is the molar gas constant and F is the density of
the polymer, with F for PS at different temperatures calcu-
lated using the equation43,44

r ¼ 1:0865- 6:19� 10- 4T þ 0:136� 10- 6T2 ð7Þ
with F in g/cm3 for T in �C. Figure 3 shows the reduced
viscosity at the hole edge, as calculated from the hole growth
experiments, for all samples in Table 1, as a function of the
reduced shear strain rate. The horizontal dashed line indi-
cates the linear viscoelastic regime of hole growth where
η=η0. The solid line with slope of -0.78 ( 0.01 indicates
the power law fitting of the nonlinear viscoelastic regime
where shear thinning effects dominate the flow. Exponential

Figure 2. Normalized hole radius as a function of time showing both
exponential growth of holes, followedby exponential decay in growth at
the midpoint transition (Rhole/R0 = 0.5), after impingement with other
holes as well as pillars (h = 65 nm, 400 kDa PS, T = 130 �C). The
dashed line is given to indicate where holes visually impinge upon the
pillars as seen by optical microscopy.

Figure 3. Reduced viscosity, η/η0, versus reduced shear strain rate, β,
for samples with varyingmolecular weight (b), thickness (2), and pillar
spacing ([). Figure adapted from ref 29 with a best fit line of slope
-0.78 ( 0.01. The inset shows data from the present study fitted by
least-squares regression to give a slope of -0.73 ( 0.05.



Article Macromolecules, Vol. 44, No. 1, 2011 137

growth time scale data from the current study is overlaid on
data from ref 29. Figure 3 clearly indicates that the hole
growth regime of this study lies within the shear thinning,
nonlinear viscoelastic regime, with all samples of varying
Mw, thickness, and pillar spacing reducing to fit well upon
the trend line, η(β)/η0∼ |β|-0.78. Furthermore, no noticeable
effect of the pillars upon the film can be detected as the
viscosity data clearly falls in line with literature reported
trends for hole expansion. The inset in Figure 3 is data from
the present study, fitted with a power law determined by
least-squares regression to give a slope of -0.73 ( 0.05,
which is slightly smaller than the bulk value of -0.8 but fits
well within the previous given range of literature values (d=
0.65-0.78). The deviation of data from the trend at largeMw

(2 and 6 MDa) is thought to be contributions of additional
driving forces, such as from weak residual strain in the film
due to suspension or from residual stresses remnant from the
flow coating process. Although films were annealed just
below Tg, this would likely not allow gross chain reorienta-
tion due to lack of mobility. Annealing films for long times
over Tg could be applied in future studies to better ensure
equilibration of residual stresses and molecular conforma-
tions within the films. However, strain due to suspension is
unavoidable for the purpose of thin film melting for the
eventual fabrication of suspended fibers in this architecture.
These additional stresses could add to the effective surface
tension (η ∼ τflowε/h) and would be expected to play a more
significant role at higher values of Mw.

HoleNucleation.As discussed earlier, Reiter and co-work-
ers have developed a scaling for the hole nucleation and
rupture of unstable, thin polymer films.21,26,34 For a liquid
film on a substrate, a competition between van der Waals
forces, giving rise to a disjoining pressure, and viscous loss,
due to a Poiseuille flow of the fluid, results in fluctuations of
the surface with a specific wavelength. These undulating
surface modulations have a characteristic dimensionality of
h2, and thus a hole density per area, Nh, which scales with
thickness to the-4 power (Nh� hp, where p∼-4), yielding a
scaling for the nucleation of holes. In order to probe hole
nucleation in free-standing, ultrathin films, numerous an-
nealing experiments on 400 kDa PS films were carried out at
various thicknesses between 50 and 100 nm. The density of
nucleated holes was calculated by counting the number of
holes initiated in the annealed samples in a given area. All
holes in a given sample typically initiated instantaneously,
within the limitations of this experiment. Figure 4 shows the
hole nucleation data plotted as a log-log graph and fitted

with a power law (Nh � h-4) using least-squares regression.
As clearly shown, a-4 power law does not represent the data
very accurately and provides evidence that the observed hole
nucleation mechanism is obeying a stronger scaling, which
would correspond to a fit with a higher power and thus a
steeper “slope” (see Supporting Information). This stronger
scaling is attributed to the two surfaces of the free-standing
film influencing hole nucleation. In contrast to Poiseuille
flow, a free-standing film would be expected to undergo plug
flow, and therefore the power law scaling of Reiter is not in
fact a clear expectation. Thus, this data suggests that the
nucleation of holes in thin free-standing polymer films in the
melt state should not be considered in the same manner as
unstable, rupturing films on a solid surface. These models
only consider surface modulations of the supported films,
i.e., independent of substrate surface energy or morphology,
and they do not adequately describe hole nucleation in free-
standing films.

The nucleation of holes in a free-standing polymer film can
be considered as a balance of free energy. A suspended
polymer film in the melt/fluid state is metastable; however,
there is an energy barrier resisting breakup of the film. A
schematic representation of the free energy balance of hole
nucleation is depicted in Figure 5. The free energy, F, of a
hole formed in a free-standing film can be written as

F ¼ - 2επRhole
2 þΓ2πRhole ð8Þ

where -2επRhole
2 represents the loss of surface energy from

the two circular areas of the film where the hole is generated
and Γ is an edge tension of the hole.36 A hole created through
the thickness of a film should have an energy cost of the
newly formed hole edge; thus Γ = cεh, with c being a
geometric factor of 1, and the newly formed hole edge has
an energy of Γ2πRhole. From this free energy expression,
Croll et al. have developed a scaling for the nucleation of
holes that considers hole nucleation as a classic energy
barrier problem, in which the number of nucleated holes,
Nh, thus the density of holes, Fh, can be expressed as a
Boltzmann distribution

rh ¼ a exp -
F�
kT

� �
ð9Þ

where a is the attempt frequency, F* is the energy barrier for
creating a hole, and k is the Boltzmann constant.36 Given the
geometry of a hole, the energy barrier can be written as

F� ¼ πΓ2=2ε ¼ πεc2h2=2 ð10Þ
utilizing the simple assumption of the edge tension (Γ=cεh).
Therefore, with a film thickness of 50 nm and surface tension
of 32.8 mN/m at 130 �C,40 the energy barrier, F*, is expected
to be about 10-16 J.

In order to examine the free energy model for hole
nucleation, the hole nucleation density data from Figure 4
is plotted in Figure 6 as log(Fh) as a function of the square of
thickness, h2. The capillary model and energy barrier scaling

Figure 4. Hole density, Fh, as a function of film thickness, h, for 400
kDa PS samples, T = 130 �C, with a -4 power law (Fh ∼ h-4) deter-
mined by least-squares regression applied.

Figure 5. Schematic of the free energy of a free-standing filmbefore and
after hole nucleation.
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shown in eq 9 was applied to the data in Figure 6. The data in
this report encompasses a range up to a greater thickness
(53-100 nm) than that investigated by the study of Croll
et al. (∼20-70 nm). While the energy barrier model agrees
remarkably well with the hole nucleation data in this lower
range, hole nucleation data above ∼80 nm begins to deviate
from the pure exponential scaling, approaching an asymp-
totic limit of hole density. With the addition of an offset hole
density value (5.5�10-8 holes/m2), the exponential function
maintains the same “slope” and agreement in thinner films
and captures this limit seen in films above ∼80 nm. This
minimum hole density suggests that other mechanisms for
hole nucleation must be considered above a certain film
thickness. In this thicker regime, the energy barrier becomes
large; thus, nucleation from additional effects may domi-
nate, such as nucleation from inhomogeneities in the film,
like those of residual density fluctuations from the casting of
films. Both the pure exponential scaling characterizing the
thinner regime as well as the offset exponential fit are given
for reference in Figure 6, both calculated using least-squares
regression. As shown, the fits vary only slightly and do not
significantly affect the energy barrier calculation discussed
below.

The data are well fit by the energy barrier model of eq 9
giving a value of F*/kT=4.4, corresponding to a nucleation
event that occurs readily and frequently.CalculatingF* from
the exponential curve fit of this data gives a value for F* of
2.50�10-20 J for a 50 nm thick film. Though the data qualita-
tively agree with the fit curve from eq 9, the calculated value
for F* is lower than the predicted energy barrier of 10-16 J,
indicating that another driving force is influencing hole
nucleation. Croll et al. discuss this hole nucleation model
and make a comparison between PS films and PS/poly-
(methylmethacrylate) block copolymer (PS-b-PMMA) films
with disordered, cylindrical, and lamellar morphologies.36

Their hole nucleation data gives a free energy barrier of∼1.5�
10-20 J for a 40 nm thick film, which is remarkably close to
the calculated value from the data in the present study (F*=
1.57�10-20 J for h=40 nm) and deviates from the simple
prediction of 10-16 J in the same manner. This difference
from the theoretical value of the energy barrier shows that
the free energy of the capillary model (eq 8) captures just the
general scaling. These markedly reproducible deviations can
be attributed to the attempt frequency, a, having some
dependence upon thickness. This difference in calculated
energy barriers may also result from an effective surface

energy which is dependent on thickness due to this change in
thickness modifying the disjoining pressure. Additionally,
nucleation from defects could work to lower the energy
barrier of nucleation. In the thinner film thickness regime,
where the data are well described by the energy barrier
scaling, nucleation from defects are unlikely to be an influ-
ence of the lowered energy barrier due to the replication of
the same free energy barrier over numerous experiments
conducted between this present study and Croll et al., where
samples were created with different polymers and with
different experimental conditions. However, as stated ear-
lier, the asymptotic limit of hole density observed in thicker
films is likely to be influenced by nucleation from inhomo-
geneities as the energy barrier becomes large. Although the
attempt frequency prefactor is not quantitative, hole nuclea-
tion in this study scales well with the simple capillary model.
A more detailed molecular model that captures the attempt
frequency variations is needed to quantitatively understand
the nucleation mechanism in free-standing thin films.

Conclusions

The growth of holes in free-standing polymer thin films was
determined to be exponential in a shear thinning dominated,
nonlinear viscoelastic, high shear strain regime. Additionally,
hole growth was unencumbered by the supporting pillar array
substrate. A simple capillary model was applied to the analysis
of hole nucleation. The scaling predicts the relationship between
hole nucleation and thickness well; however, quantitative mea-
surements of the energy barrier for hole nucleation did not
match the theoretical values. Hole nucleation data yield an
energy barrier of 2.45 � 10-20 J, which deviates from the
predicted value of 10-16 J for a 50 nm film. This deviation is
lower than expected, indicating the influence of an additional
driving force and could be attributed to the variation of surface
tension and attempt frequency with thickness. The collected hole
nucleationdensity datadidnot fitwith the standardhole nucleation
theory (Nh � h-4) in the literature from the study of thin film
rupture and dewetting where surface modulations from van der
Waals forces are considered, indicating nucleation in free-standing
thin films must be approached with different considerations.
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