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ABSTRACT: We show that while polystyrene (PS) thin films are structurally unstable on oxidized silicon wafers,
the addition of as little as a few weight percent tetramethylbisphenol A polycarbonate (TMPC) has a stabilizing
effect on the topographical structure of the films. The stabilization is evident from the existence of a threshold
TMPC concentration,φt, and a threshold thickness,ht, beyond which films do not dewet. The concentration
threshold occurs forφTMPC e 0.10. An examination of the effective interface potential, which accounts for short-
and long-range intermolecular interactions, indicates that this dewetting inhibition is metastable.

Introduction

A diverse range of applications, from coatings and adhesives
to active components in organic electronic devices, rely on the
properties and performance of polymer thin films. Both confine-
ment and interactions between the polymer segments and the
external interfaces can have a profound influence on the
properties exhibited by thin polymer films. Film thickness
dependencies of glass transition temperatures (Tg),1-9 viscosi-
ties,10,11 and phase transitions exhibited by polymer-polymer
mixtures and block copolymers12-15 are all consequences of
confinement and interfacial interactions.

In addition to the finite size dependence of physical properties,
morphological instabilities also arise in thin polymer films.16-19

For thin, supported, apolar homopolymer films of thicknesses
larger than a few nanometers, morphological destabilization is
due to long-range van der Waals forces (though defects and
impurities can also be problematic20,21).22-26 The destabilization
process begins with the formation of topographical patterns (e.g.,
spinodal patterns or holes) at the free interface that grow over
time. Eventually, the morphological structure evolves to form
droplets on the substrate (dewetting). The stability of the system
and the mechanism of film breakup can be understood in terms
of an effective interface potential or, equivalently, the excess
free energy (per unit area) of the film due to the presence of
the two interfaces.

Since the performance of most applications relies on uniform
films, a number of strategies have been utilized in attempts to
stabilize polymer films against breakup. Polymer brush layers,
to enable the film to interact with like molecules and reduce
unfavorable substrate-film interactions, have been fabricated
through the introduction of end-functionalized polymers that
can adsorb to the substrate27-32 or block copolymers with an
adsorbing anchor.33-35 Other strategies include sulfonation and
metal complexation of polymer films,36 surface roughening,37

and the addition of nanoparticles.38-41 The retardation of
dewetting in these systems is attributed to phenomena that
include an increase in film viscosity and/or changes in polymer-
substrate interactions. Many of these mechanisms are kinetic
in nature, though often the films are stabilized over long time

scales that are indicative of an equilibrium phenomenon. We
note, however, that none of the above-mentioned studies
evaluated the effective interface potential of the system to
determine the nature of stabilization.

In this paper, we examine the factors that control the
morphological structure of thin film, compatible, mixtures of
polystyrene (PS) and tetramethylbisphenol A polycarbonate
(TMPC). The majority of studies on polymer-polymer blend
thin films have focused on mixtures in the two-phase regime
and characterized the interplay between phase separation and
dewetting.42-48 The topographical patterns that develop during
both processes are similar, and a careful analysis is necessary
to understand their origin. No effects of phase separation are
present in our miscible system. Therefore, the topological
instabilities that develop are due to long-range van der Waals
interactions. We show that while PS thin films are readily
destabilized on oxidized silicon wafers, the addition of as little
as a few wt % TMPC has a stabilizing effect on the topographi-
cal structure of the film. The nature of the stabilization is
evaluated in terms of the compositional dependence of both the
macroscopic wetting parameters and the effective interface
potential, which includes an assessment of both short- and long-
range intermolecular interactions.

Experimental Section

Thin films of PS (Pressure Chemical;Mw ) 4 kg/mol, Mw/Mn

< 1.06)-TMPC (Bayer; Mw ) 37.9 kg/mol, Mw/Mn ) 2.75)
mixtures were spin-cast from toluene solution onto clean oxidized
silicon wafers. The initial thickness of the polymer film was
controlled between 5 and 100 nm by varying solution concentration
and spin speed. Silicon (100) wafers (Wafer World, Inc.) with a
2200 nm thermally grown oxide layer were used as substrates. Prior
to coating, the wafers were cleaned in an acid solution to remove
residual organic contaminants. The acid cleaning consisted of two
steps: (1) a 30 min soak in an equal weight mixture of methanol
and hydrochloric acid and (2) a 30 min soak in concentrated sulfuric
acid. Both acid soaks were followed by rinsing in deionized water
and drying by spinning. Immediately before coating, the substrates
were rinsed with fresh toluene.

The thickness of the substrate oxide layer and cast films was
measured by spectroscopic ellipsometry at room temperature. Films
were annealed in a vacuum furnace atT ) 180 °C, which is
sufficiently above the glass transition temperature (Tg)7 but below
the lower critical temperature for mixture phase separation.49 The
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samples were annealed until the film broke up to form droplets (if
indeed droplets were formed),e10 min, and then further annealed
and examined until no further structure changes occurred (annealing
was continued for up to 2 h for films that dewet and longer than
16 h for films that did not dewet). After annealing, the samples
were quenched to room temperature. Surface structure of the
substrates, films, and droplets was characterized by optical micros-
copy and atomic force microscopy (AFM). Optical micrographs
were recorded using an Axioskop 2 MAT (Zeiss) with an attached
Axiocam MRc5 CCD (Zeiss). All AFM images presented in the
results were collected with an Autoprobe CP (Park Scientific) in
contact mode with a gold-coated sharpened microlever. The
microlevers had a nominal tip radius of 30 nm and a spring constant
of 0.05 N/m. Aware of the possibility that contact mode AFM may
damage soft polymer structures, we also analyzed selected samples
with a Dimension 3100 (Veeco) in intermittent contact. The
cantilevers for the Dimension 3100 had a tip radius<10 nm, a
nominal spring constant of 42 N/m, and a nominal resonance
frequency of 330 kHz. Both AFMs measured equivalent structures
over all regions of the substrates, and no regions of damage were
noted when reinvestigating samples using intermittent contact.
Hence, we only present the originally measured contact mode
micrographs. All samples were imaged at room temperature. Images
were captured over several locations across the sample to evaluate
uniformity across the entire substrate, and scan size was controlled
to focus on the pertinent morphological structures.

Results and Discussion

Optical micrographs of PS-TMPC thin film mixtures, after
annealing, are shown in Figure 1 and exhibit topographies which
range from droplets (due to dewet films) to smooth films,
depending on the composition,φTMPC, and initial film thickness,
h0. Stabilization of the films with the addition of TMPC is
evident from the following observations. As the TMPC fraction
in the film is increased, a composition is reached at which a
threshold thickness,ht, is observed. Beyondht, films remain
smooth despite annealing at elevated temperatures for longer
than 16 h. The threshold film thickness decreases with increasing
TMPC concentration until a threshold composition,φt, is
reached, beyond which films do not dewet regardless of
thickness. Beyond the thresholds, film uniformity is observed
over spatial scales probed by both optical and atomic force
microscopy and over time scales 2 orders of magnitude longer
than the time it takes for the unstable films to dewet. Determin-

ing the underlying factors controlling the observed inhibition
of dewetting and whether the stabilization is a kinetic or
equilibrium effect is the focus of the following discussion.

Macroscopic Wetting Parameters. When the spreading
coefficient for the film is negative, an independent measure of
wettability can be obtained from the contact angle,θe, that the
polymer droplets make with the substrate.50 The data in Figure
2a, obtained from AFM line profiles of the droplets after the
samples had been quenched to room temperature, indicate that
the average contact angle decreases with increasing TMPC
concentration. To analyze whether the reported contact angles
were of equilibrium structures, we compared measurements at
the contact line to calculations based on a spherical cap structure
and found good agreement, as depicted in Figure 2a. We also
found no changes in droplet structure upon further annealing.
Further, linear fits of cosθe vs contact line curvature (not shown)
yielded estimates of the line tension on the order of 10-10 J/m,
which results in contact angle changes of less than 1° with
droplet size over the measured range of droplet radii,∼1.5-3
µm, to produce the data in Figure 2. The decrease in contact
angle with increasing TMPC concentration signifies a decrease
in the driving force for dewetting, which is not sufficiently
strong to break up films at concentrations ofφTMPC g 0.10. In
fact, if the concentration dependence of (cosθe - 1) is linearly
extrapolated to higher concentrations (see Figure 2b), it would
reach zero atφTMPC < 0.10. This suggests an equilibrium nature
of the observed dewetting inhibition atφTMPC g 0.10.

The contact angle data enable calculation of the spreading
coefficient,S

whereγf is the surface free energy of the film.S is plotted as

Figure 1. Optical micrographs of PS-TMPC thin film mixtures after
annealing. Magnification of all samples is equivalent and shows∼1
mm in the lateral direction. The 7 nm dewet samples include insets
that provide a higher magnification to detail droplet structure. The
closely spaced droplets of the 7 nm PS film are the result of spinodal
dewetting, whereas the polygonal patterned droplets are the result of
hole nucleation and growth. As TMPC concentration increases, droplet
shape and patterns become more irregular. In some cases, hole growth
was arrested, as in the 30 nmφTMPC ) 0.02 sample. Anneal time varied
among individual samples. Films dewet ine10 min and were further
annealed for up to 2 h toverify no further structure changes. Uniform
films were further annealed forg16 h with no changes in topography.

Figure 2. (a) Average contact angle polymer droplets make with the
substrate as a function of film composition. Filled points refer to contact
line measurements and open points to the spherical cap calculations
from droplet diameter and height. The size of the points bound the
maximum and minimum contact angle measurements. (b) Linear fit of
(cosθe - 1) vs concentration data and extrapolation to (cosθe - 1) )
0.

S) γf(cosθe - 1) (1)
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a function of film composition in Figure 3a. In all calculations
of S, the bulk PS surface energy (29.2 mJ/m2) is used forγf.51

This approximation is substantiated by the fact that mixture
compositions are ofφTMPC e 0.10, and PS enriches the free
interface of the system.52 We note that the surface tension of
PS has been measured to change when film thickness is
decreased below 100 nm,53 but such changes are sufficiently
small as to not alter the conclusions of the following analysis.

To evaluate the origin of TMPC’s stabilizing effect, it is
instructive to consider both the apolar dispersion contribution,
SLW, and the polar contribution,Sp, of the spreading coefficient

derived from the apolar and polar components of the interfacial
tensions, respectively.SLW and the effective Hamaker constant,
A, of the thin film system are related such that54

whered0 is the separation distance between materials in van
der Waals contact,∼0.15 nm.55 Equation 3 indicates that
knowledge of the Hamaker constant, which can be calculated
from refractive indices and dielectric constants of the materials
in the layered system,22 enables the determination of the
dispersion component of the spreading coefficient. Using eq 3
and assuming additivity of the refractive indices of the film
constituents,56 SLW is evaluated as a function of film composition
as shown in Figure 3b. The polar component of the spreading
coefficient may subsequently be deduced as the difference
between the total spreading coefficient and the dispersion
component via eq 2.

From the data in Figure 3, it is evident that the decrease in
contact angle with increasing TMPC content in the film yields
an increase in the total spreading coefficient, as (cosθe - 1)
approaches zero. On the other hand, the dispersion component
of the spreading coefficient decreases with increasing TMPC
concentration. Clearly, changes in the dispersion interactions
act to destabilize the film as TMPC content is increased and
cannot explain the stabilization observed. Therefore, the polar
contribution is responsible for the stabilizing effect of TMPC.

We can resolve the increase inSp by evaluating its contribut-
ing components

whereγs
p andγf

p are the polar components of the surface free
energies of the substrate and film, respectively, andγsf

p is the
polar component of the substrate-film interfacial energy. TMPC
enriches the substrate (oxide layer) interface in this system,52

reflecting favorable TMPC-substrate interactions relative to
PS-substrate interactions. Hence, an increase in TMPC cover-
age of the substrate results in a decrease inγsf

p . There is no
change inγs

p with changes in film composition, and negligible
change is expected inγf

p since we investigated only low
TMPC film fractions and PS enriches the free surface of the
film.52 Therefore, it is reasonable to conclude that changes in
γsf

p determine changes inSp, and the decrease inγsf
p with

increasing TMPC concentration results in the increase inSp.
Effective Interface Potential.We have shown that a decrease

in γsf
p with increasing TMPC concentration leads to a decrease

in the driving force for topographical destabilization of PS-
TMPC thin film mixtures and that extrapolation of contact angle
measurements suggests an equilibrium nature of the dewetting
inhibition atφTMPC g 0.10. However, the onset of the threshold
thickness,ht, beyond which films do not dewet is yet to be
explained. To evaluate the stability of the films as a function
of film thickness,h, it is convenient to calculate the excess free
energy (per unit area) of the film due to the presence of the
two interfaces. The excess free energy is the sum of the apolar
and polar energies of interaction22,54,55,57-60 and is often referred
to as the effective interface potential of the film,Φ(h)

Here,Φ0
p is the polar component of the energy of adhesion for

interactions at contact (h ) d0), l is the decay length of the
polar interactions, andA is the effective Hamaker constant.
Equation 5 is valid forh g d0. Forh < d0, the interface potential
will increase sharply to infinity due to Born repulsion. Equation
5 may also be written in terms of the macroscopic wetting
parameters54,61

Therefore, determination ofSp andSLW enables the depiction
of the short-range interactions, which decay exponentially with
film thickness, and long-range van der Waals interactions,
respectively. We use the values of the spreading coefficients as
calculated above, and takel ) 0.2 nm, to plot the effective
interface potential for three film compositions in Figure 4.

We first note that our PS potentials are in agreement with
those obtained by Seemann et al.25 for film thicknessesh >
∼1 nm. This is to be expected, as the contribution of the

Figure 3. (a) Total spreading coefficient,S, and (b) dispersion
component of spreading coefficient,SLW, plotted as a function of film
composition.SLW was calculated using the indices of refraction and
dielectric constants of materials;nPS ) 1.557,nTMPC ) 1.586,nSiOx )
1.448,εPS ) 2.55,εTMPC ) 3.17,εSiOx ) 3.8.

S) SLW + Sp (2)

SLW ) -A

12πd0
2

(3)

Sp ) γs
p - γsf

p - γf
p (4)

Φ(h) ) Φ0
p exp[d0 - h

l ] - A

12πh2
(5)

Φ(h) ) Sp exp[d0 - h

l ] + SLW(d0
2

h2 ) (6)
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dispersion interactions in both analyses is equivalent. However,
Seemann25 calculated the short-range contributions to the
potential by fitting the position of a global minimum toh ∼ 1
nm, Φmin ∼ -0.25 mJ/m2 (defined by a measured thin wetting
layer thickness and spreading coefficient, respectively). As
mentioned by Muller et al.,24 such an analysis fails to capture
the existence of an additional minimum at short distances that
they find through self-consistent-field calculations. Our analysis
shows that plots of eq 6 exhibit both minima, which are
separated by a barrier in the potential, as in the calculations by
Muller.24 So our analysis provides a method to experi-
mentally describe the contributions of the short-range interac-
tions to the interface potential. Further, the addition of TMPC
acts to increase the barrier height and change the contact angle
of the macroscopic droplets but has only minor effects on the
position of the potential minimum ath ∼ 1 nm. These effects
are similar to those observed by Muller24 for changes in the
contact potential in their calculations. We, reasonably, conclude
that TMPC primarily affects the short-range interactions in our
system.

The effective interface potential is now examined in light of
the nature of the observed dewetting inhibition. We have
established that the addition of TMPC primarily affects short-
range interactions in the system. This results in the global
minimum of the potential residing at a finite thickness even
when the value of the potential at contact,h ) d0, exceeds the
value ath ) ∞ (i.e., S> 0) due to the negative contribution of
the long-range van der Waals interactions. This means an
autophobic dewetting process, resulting in polymer droplets on
a smooth polymer film of thicknesshmin, corresponding to the
location of the minimum in the potential, is thermodynamically
predicted whenhmin is less than the initial film thickness. For
our system,hmin (∼1 nm) is less than the thinnest films tested
(∼7 nm), and therefore autophobic dewetting is anticipated,
thermodynamically, for our samples. This signifies that the
dewetting inhibition observed with the addition of TMPC is
metastable, a conclusion that could not be drawn from analysis
of the macroscopic wetting parameters alone.

The existence ofht and/orφt could result from the develop-
ment of an energy barrier to reach the minimum in the effective
interface potential or a change in the curvature of the potential
with the addition of TMPC, kinetically trapping the film in the
uniform state. However, as displayed in Figure 4, changes in
the interface potential with TMPC addition are essentially
limited to h < ∼1 nm and fail to provide insight into the

stabilization of thicker films. We therefore question whether
the existence of the observed thresholds can be rationalized
through analyses of the effective interface potential alone or
whether there are additional long-range interactions that are not
accounted for in eq 6. Hence, we discuss the possibility of
additional stabilization mechanisms below.

Additional Film Stabilization Mechanisms. The addition
of TMPC to the film decreases the dynamics of the system;
both the average molecular weight andTg of the film increase.
Changes in dynamics due to an enhancement of film viscosity,62

however, are less than a factor of 2 and cannot predict an
increase in hole nucleation time of 2 orders of magnitude that
would be required to explain our stabilization observations.

In other analyses of dewetting retardation, the development
of surface heterogeneities has been suggested to play a role in
stabilization.34,37,39,41In our system, nanodroplets24,63 are de-
tected by AFM measurements in regions of the substrate
between the macroscopic droplets, as shown in Figure 5. From
the micrographs in Figure 5, it is clear that the nanodroplets
vary in size and spatial distribution with film composition and
effectively roughen the substrate surface. As TMPC fraction in
the film increases, the nanoscale morphology (nanodroplets)
more densely covers the substrate. If the more dense coverage
is due to “sticking” of the TMPC chain segments to the substrate
and the TMPC chains remain “entangled” with PS neighbors,
an increased resistance to dewetting would ensue. Such an effect
may, along with the decreasing spreading coefficient, lead to
the overall stabilization of the film. Further, with increased initial
film thickness, there is more TMPC in the film available to
enrich the substrate interface, and the resistance force may
increase relative to thinner films. Such a height dependence of
the resistance force may play a role in the onset ofht.

The change in nanodroplet coverage of the substrate is
analogous to a change in grafting density of polymer brush
layers32 or nanoparticle substrate coverage with increasing
particle concentrations.39,41All of these strategies can result in
inhibition of dewetting over long time scales that are indicative
of a thermodynamic stabilization. However, the exact force that
resists the destabilizing van der Waals interactions in these
systems remains elusive.

Conclusions

We have demonstrated how morphological analyses of thin
film mixtures can be used to deduce changes in the stability of
the system with changes in film composition and initial film
thickness. The addition of TMPC has a stabilizing effect on
the topographical structure of PS films on oxidized silicon

Figure 4. Effective interface potentials for selected film compositions.
The plot is of eq 6 and is therefore valid only forh g d0. For h < d0,
the interface potential will increase sharply to infinity due to Born
repulsion. All plotted potentials have a global minimum atd0, shown
as the point at minimumh in the figure. The inset displays the local
minima ath ∼ 1 nm.

Figure 5. AFM micrographs of PS-TMPC thin film nanostructure
after annealing. The optical micrograph in the upper left denotes the
region of the samples the AFM micrographs are recorded from. Brighter
regions in the AFM micrographs represent larger heights above the
substrate. The height range (nm) depicted in the micrographs was set
to focus on the pertinent morphological structures and is, from left to
right, 40, 25, 15, and 15.
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substrates, even at concentrations as low as a few wt %. An
analysis of the macroscopic wetting parameters alone suggests
a thermodynamic nature of the dewetting inhibition observed
in the optical micrographs of Figure 1. However, the change in
these parameters is due to changes in the short-range polar
interactions between the substrate and polymer film. Although
the changes in short-range polar interactions dominate changes
in energy at contact,h ) d0, these interactions become
insignificant at distancesh > ∼1 nm from the substrate-film
interface and long-range van der Waals interactions determine
the film behavior. In our system, changes in these long-range
interactions with TMPC addition act to destabilize the film.
Therefore, even when interactions at contact are favorable (i.e.,
S > 0), there still exists a minimum in the effective interface
potential ath ∼ 1 nm that defines the thermodynamically stable
state of the system: dewet droplets on a thin polymer wetting
layer. Additional mechanisms that may stabilize the film against
the van der Waals interactions are proposed, but the exact
underlying forces remain elusive.
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