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ABSTRACT: This article reviews some recent experimental studies on film instabil-
ities. Since surface instabilities of planar films are driven by destabilizing interfacial
pressures, the patterns that form in thin films are a signature of these interfacial
forces. The direct correspondence of pattern selection and the underlying destabiliz-
ing pressures provides a way to quantitatively determine these interface potentials.
This principle is documented for three different film destabilization mechanisms: van
der Waals forces, forces caused by an applied electric field, and forces that arise from
the confinement of thermal molecular motion in the film. VVC 2005 Wiley Periodicals, Inc. J

Polym Sci Part B: Polym Phys 43: 3395–3405, 2005

Keywords: films; morphology; surfaces

INTRODUCTION

The study of capillary surface instabilities has a
long history. The first systematic discussion of
the interplay of liquid morphologies and surface
tension dates back to 1878 when Lord Rayleigh
provided a model for the decay of a liquid cylinder
into drops.1,2 As opposed to liquid cylinders, pla-
nar surfaces of bulk liquids are intrinsically sta-
ble with respect to small perturbations, such as
capillary waves. When perturbed by an exter-
nally applied destabilizing force, however, surface
instabilities that exhibit a characteristic lateral
length scale are observed.3,4 This is particularly
easy to observe for electrostatic interactions of
the surface with its environment.5 First observa-
tions of the deformation of a liquid surface by an
electric field date back to the 17th century, with
more detailed description from Lord Rayleigh in
1882.6

The so-called electrohydrodynamic (EHD) in-
stability has since then captured the imagination
of physicists and engineers. Based on an experi-
ment by Swan in 1897,7 in which a resin film was

destabilized by an electrical discharge, the use of
EHD instabilities in a recording techniques was
suggested by a number of authors in the 1960s.8,9

Although EHD and magnetohydrodynamic
instabilities on macroscopic bodies of liquids were
extensively studied in the 1960s,5 this field of
research is recently receiving renewed atten-
tion.10–23 Although the restoring force of surface
waves with sufficiently long wavelengths is grav-
ity, microscopic surface perturbations are stabi-
lized by the surface tension. The dewetting of poly-
mer thin films has been a recent focus of atten-
tion, because the instabilities of thin layers
reveal forces and rheological properties of amacro-
molecular liquid in confinement.24 The control of
the pattern formation caused by capillary surface
instabilities gives rise to novel lithographic tech-
niques.10–12,14,25,26

The pattern formation mechanism of planar
liquid surfaces in the presence of a destabilizing
potential is well described by a simple theoretical
framework, the so-called linear stability analy-
sis,3,4 which provides a quantitative characteriza-
tion of the pattern formation process in the limit,
where the surface wave amplitude is much
smaller than the wavelength. In this long wave-
length limit, a simple universal relation connects
the pattern selection with the gradient of the
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destabilizing surface pressure. This characteriza-
tion of surface instabilities in terms of their char-
acteristic wavelength allows therefore to deduce
the destabilizing potential. This enables quanti-
tative force measurements in which the morphol-
ogies of destabilized films are studied as a func-
tion of the parameters that modulate the applied
destabilizing potential. This article reviews sev-
eral recent examples in which this principle was
applied.

CAPILLARY SURFACE INSTABILITIES

Planar liquid surfaces are stable, because any
surface perturbation leads to an increase in sur-
face area. This argument applies, however, only
for the time-averaged surface structure. Thermal
motion of the molecules on both sides of the liquid
interface continuously excites a spectrum of capil-
lary waves, which is entirely overdamped.27 An
additional force that acts at the liquid surface
couples to the capillary wave spectrum. The con-
sequences of such an additional potential can be
predicted by a linear stability analysis. Following
Vrij3 and Brochard-Wyart and Daillant,4 the
capillary wave spectrum is modeled in a one-
dimensional representation (Fig. 1)

hðx; tÞ ¼ h0 þ ha exp iqxþ t

s

! "
ð1Þ

This assumes a thin film with an averaged thick-
ness h0, with a superposed spectrum of sinusoidal
waves with wavevector q and amplitude ha. The
time constant s determines the temporal evolu-
tion of each q-mode, with positive (negative) val-
ues of s corresponding to an amplification (damp-
ing) of the mode. The modulation of the surface

requires a material transport inside the film.
In the thin film limit, where convection is
suppressed, the Navier–Stokes equation can be
considerably simplified by using the so-called
lubrication approximation.28 The vertical com-
ponent (along the z-direction) of the flow profile
u(x) is neglected and its in-plane component (x-
direction) has a Poiseuille-type parabolic depend-
ence

g
@2v

@z2
¼ @p

@x
ð2Þ

where g is the viscosity. Assuming a zero-velocity
boundary condition at the substrate interface and
the disappearance of tangential stresses at the
free surface

gv ¼ 1

2

@p

@x
ðz2 % 2hzÞ ð3Þ

The overall lateral flux is

gj ¼ %h3

3

@p

@x
ð4Þ

with j ¼ 1/h $h0 t dz. When nonvolatile, incompres-
sible liquids are used, mass-conservation must be
obeyed. In one dimension,

@h

@t
þ @j

@x
¼ 0 ð5Þ

The combination of eqs 4 and 5 lead to the equa-
tion of motion of the film
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In thin films, the main restoring forces stems
from the Laplace pressure pL ¼ %c @2h/@x2. With-
out loss of generality, p ¼ pL þ pint, where pint
contains all additional pressure terms that act at
the liquid surface.

The equation of motion (eq 6) is solved using
the ansatz from eq 1. The resulting differential
equation is solved in a linear approximation (only
terms linear in ha are considered). This leads to
the dispersion relation

1

s
¼ %

h3
0

3g
cq4 þ @pint

@h

! "
ð7Þ

Depending on the sign of @pint/@h, a part of the q-
spectrum may be amplified (positive values of s).
Because of the exponential nature of the amplifi-
cation mechanism, the fastest growing mode
(smallest positive value of s) will eventually domi-
nate. The pattern selection is therefore given by

Figure 1. Schematic representation of a capillary
instability. In the presence of a destabilizing pressure
gradient, the initially flat surface develops a surface
wave with a well-defined wavelength k. The material
transport inside the layer is modeled by a parabolic
velocity profile u.
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the maximum of eq 7

q2m ¼ % 1

2c
@pint

@h
ð8Þ

In terms of the interfacial potential / ¼ $ p dh
and the wavelength of the instability k ¼ 2p/q,
this can also be written as

k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8p2c
@2/int

@h2

! "%1
s

ð9Þ

Although equations of the type eq 9 are well
known, it is the intriguing simplicity of this rela-
tion that makes it useful to measure forces on a
nanometer scale: the selected mode of a surface
instability qm directly reflects the strength of the
destabilizing pressure gradient. An experiment
in which the parameters that govern pint are sys-
tematically varied therefore provides a way to
quantitatively measure pint. This review illus-
trates a number of recent examples, which made
use of this principle.

VAN DER WAALS FORCES

The most discussed case of spontaneous film
break-up is caused by a van der Waals conjoining
pressure. In thin film geometry, it is given by29

pvdW ¼ A

6ph3
ð10Þ

pvdW ¼ B

h4
ð11Þ

for nonretarded and retarded van der Waals
forces, respectively. The Hamaker constants A
and B can be predicted either by microscopic mod-
els (based on the polarizations of individual
atoms) or by an electromagnetic frequency aver-
age over the macroscopic dielectric properties of
the film and the two bounding media.30 For poly-
mers, a number of approximations have been
used, which typically provide a good approxima-
tion for more accurate models.30 One often used
approximation is the Lifshitz formula for A29
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with the dielectric constants ei and refractive
indices ni of the three media, and hme the energy

corresponding to the main electronic UV absorp-
tion frequency me & 3 ' 1015 Hz. The indices cor-
respond to air, film, and substrate, respectively.
Since the first term of eq 12 contributes only
(10%, the Hamaker constant can be approxi-
mated in terms of the refractive indices of the
three media. For thin enough films (<10 nm),
retardation effects are small and can be neglected.
It should be noted that all predictions of A are
subject to a significant uncertainty30 and we
therefore expect the values obtained from eq 12
to be on the correct order of magnitude only.

Since eq 10 diverges for h ? 0, a short-ranged
repulsive potential must be included for small
film thicknesses. It was derived using self-consis-
tent field calculations by Müller et al.31

/sðhÞ ¼
c

h8
ð13Þ

Although essential for an overall consistent de-
scription of thin films, /s is overpowered by the
van der Waals potential for h > 2 nm (see Fig. 2),
and must therefore be considered only for ex-
tremely thin films.

A convincing experimental analysis of polymer
film instabilities in the framework of eq 9 was per-
formed by Seemann, Jacobs, and Herminghaus
(SJH).24 By carefully measuring the instability
wavelength k versus the thickness h of a polystyr-
ene (PS) film, they were able to construct the func-
tional form of the vdW disjoining potential as a
function of h. From the variation of k with h, the
second derivative of the potential is obtained from
eq 9 [Fig. 2(a,b)]. After fitting the data to eq 9 using
eq 10 (also including /s from eq 13), the fitted
curves were integrated to give /(h) [Fig. 2(c)].

Their experimental system is interesting be-
cause of the substrate boundary condition. In one
of their experiments, they used a silicon wafer
that was covered by a 2.4-nm thick oxide layer.
The effective disjoining pressure of a polymer film
on such a composite substrate is strongly depend-
ent on the film thickness. Thin films are domi-
nated by the destabilizing effect of the low refrac-
tive index oxide layer, while thicker PS films are
stable due to the stabilizing vdW disjoining pres-
sure exerted by the Si substrate. At the crossover
film thickness, the two effects cancel each other
and the effective vdW disjoining pressure is zero.
This is clearly visible by the divergence of the k
versus h curve in Figure 2(a).

The SJH experiments are a convincing exam-
ple that a relatively simple dewetting experiment
can be used to quantitatively measure interfacial
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forces. In the absence of additional forces, the
experimental results can, in fact, be used to de-
termine the Hamaker constant. The values of A
extracted from the experiments are comparable
to the predictions of eq 12, but a quantitative
analysis relies on the assumption of the exclusive
contribution of pvdW to the film destabilization,
an assumption that must be carefully verified.
As described later, thermal fluctuation can give
rise to interfacial pressures that are comparable
to pvdW. Recent work by Zhao et al.32 predicts
that retardation effects may be significant for the
SiO layer thicknesses used in some of the experi-
ments.

Similar experiments and model calculations can
also be found in ref. 33 and in a recent review.34

EHD INSTABILITIES

van der Waals forces are relatively weak and
short ranged (relevant only for h<

&
15 nm), mak-

ing the quantitative analysis of these forces diffi-
cult. The quantitative connections between the
pattern formation process and the forces that
cause it are better established using a stronger
and longer-ranged force. The induced dipole
forces of dielectric boundaries in electric fields

are a good model system. The film destabilization
of dielectric thin layers by electrostatic forces has
been reported more than 100 years ago7 and is
well understood for 70 years.5

An electric field across an interface between
two dielectric media with dielectric constants e1
and e2 gives rise to interfacial displacement charges,
which stem from the uncompensated dipole mo-
ments at the interface. The displacement charge
field gives rises rise to an interfacial pressure. It
can be derived in terms of the electrostatic energy
stored in the capacitor.35 For a constant applied
voltage U

F ¼ 1

2
CU2 ð14Þ

where the capacity C is obtained by summation
over the layers of material between the two elec-
trodes. The variation of F with respect to the local
film height h per unit area yields the interfacial
pressure induced by the electric field.

pes ¼ %e0ðe2 % e1ÞE1E2 ð15Þ

with e0 the dielectric permittivity of the vacuum,
e1 and e2 the dielectric constants of the two mate-
rials, and E1 and E2 the electric field in the two
layers (e.g., air and polymer), respectively.

Figure 2. Experimental measurement of an interfacial potential that led to the
dewetting of thin PS films by Seemann et al.24 Silicon substrates with oxide layers of
three different thicknesses d (SiO) were used. PS films of all thicknesses were found
to be unstable on the thickest oxide layer. For thinner oxide layers, the instability
wavelength has a divergence at a finite PS layer thickness that depends on d (SiO).
Using eq 9, the k versus h data in (a) can be plotted in terms of the second derivative
of the interface potential with respect to the film thickness /@ in (b). The lines in (a)
and (b) are fits to eq 9, with /(h) ¼ c/h8 þ /vdW(h), where the first term is a short-
ranged contact potential. The integration of the fitted lines gives rise to the recon-
structed interfacial potentials shown in (c). The crosshatched box indicates the error
of the procedure. Adapted from ref. 24.
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Equations 9 and 15 determine the pattern
selection caused by the electric field

k ¼ 2pce

ffiffiffiffiffiffiffi
cU
e0

s

ðE1E2Þ%
3
4 ð16Þ

with ce ¼ |(e1e2)
1/4/(e2 % e1)|.

Equation 16 provides the basis for a measure-
ment of the interfacial pressure caused by an
electric field across a liquid–air or a liquid–liquid
interface. Figure 3 shows the destabilization mor-
phologies of a polymer/air double layer sand-
wiched between two silicon wafers acting as elec-
trodes, and Figure 4 shows the variation of the
destabilization wavelength versus the applied
electric field in reduced coordinates, showing a
good agreement between the experimental data
and the prediction of eq 16.

It is noteworthy that in the treatment de-
scribed earlier, both layers were assumed to be
ideally insulating dielectrics. In this case, the
interfacial pressure arises exclusively from polar-
ization effects. Although this assumption is rea-
sonable for model polymers, it may not hold
for other experimental systems. An extension to
leaky dielectrics was discussed by Russel and co-
workers.20–22

While this discussion repeats earlier publica-
tions on this topic, it is instructive to reemphasize
the good quantitative agreement of experimental
data and theoretical model in the context of the
‘‘force measurement’’ aspect of this article. The
extremely well-known nature of the interaction of
matter with electric fields gives the experiments
from Figures 3 and 4 a model and calibration

character. They validate the usefulness of eq 9
for the quantitative measurement of interfacial
forces. The observation of amplified surface
waves on micrometer length scales is therefore a
powerful way of elucidating the nature of the
forces that cause them.

Figure 3. EHD instability of a &100-nm thick brominated PS film. The sample was
annealed inside a capacitor gap at 164 8C for &20 h at an applied voltage of 40 V.
The capacitor plate spacing varied from (500 nm in (a) to 387 nm in (c). Because of
the corresponding variation in electric field strength, different stages of the instabil-
ity can be seen on the same sample: (a) early stage surface undulations; (b) undula-
tions with wave maxima that nearly bridge the capacitor gap; and (c) late stage
morphology showing columns that span the two electrodes. The data is courtesy of
Harkema.36 [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 4. Variation of the instability wavelength k
with the applied electric field in a dimensionless rep-
resentation. E1 and E2 refer to the electric fields in
the upper and layer, respectively. k0 ¼ e0U

2(e1 % e2)
2/

(c
ffiffiffiffiffiffiffiffi
e1e2

p
) is a reference wavelength and E0 ¼ U/k0 is a

reference electric field. The symbols correspond to the
instabilities measured for four polymer–polymer and
five polymer–air bilayers (the details of the samples
are given in ref. 13,16). In this representation, all
data collapses to a master curve, which is quantita-
tively described by eq 16 in the absence of any adjust-
able parameters. The inset shows a schematic draw-
ing of the experimental set-up. Adapted from ref. 16.
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FORCES CAUSED BY THERMAL NOISE

The previous section discussed example of an
experiment in which the destabilizing interfacial
force was known. More importantly, eq 9 can also
be used to detect less well-known (or only postu-
lated) interfacial forces.

To motivate our discussion, the physical origin
of van der Waals forces and their relationship to
the Casimir effect are first reviewed. In 1948,
Casimir predicted a force between two metallic
plates separated by a small gap.37 The plate
attraction is caused by the exclusion of zero-point
electromagnetic modes with wavelengths larger
than two times the gap spacing. Qualitatively,
the Casimir effect can be described from two dif-
ferent viewpoints. First, invoking a photon pic-
ture, the excluded long wavelength modes inside
the gap give rise to an uncompensated radiation
pressure of the electromagnetic noise that is
reflected from the plate surfaces (i.e., more modes
are reflected form the outside surfaces of the
plates, compared with the surfaces facing the
gap).38 A second explanation arises form the
entropy of the fluctuation field. The enlargement
of the external, unconfined space by reducing the
gap size maximizes the number of allowed elec-
tromagnetic modes. The attractive force is there-
fore a consequence of the associated entropy
increase. In 1961, Dzyaloshinskii et al. extended
the Casimir theory to any choice of confining
and confined materials, providing the base for a
quantitative description of van der Waals forces,
which they describe in terms of the modification
of the electromagnetic zero-point noise by con-
finement.39

In their seminal 1961 publication, they also
speculated about an analogous force that may be
caused by thermal noise in a confined liquid,
that is, by the confinement of phonons, rather
than the confinement of photons, which gives
rise to van der Waals forces. This was the start-
ing point of a highly controversial discussion
about the question, whether forces in liquids can
arise from thermal noise.40 One publication
asserts that forces induced by the confinement of
the phonon spectrum in thermal equilibrium do
not exist.41

We argue, however, that in some special cases
thermal acoustic noise may indeed give rise to
measurable interfacial forces. The important dif-
ference between phonons and photons in a con-
fined liquid is their coherence length, which is
much larger for electromagnetic radiation than

for molecular motion. Confinement-induced (Casimir-
like) forces require a coherence length that is sig-
nificantly larger than the confinement length.
This requirement is not fulfilled for most liquids
at finite (e.g., ambient) temperatures. Exceptions
are, however, liquids at temperatures sufficiently
close to their glass transition temperature (glass
forming liquids). In these liquids, the molecular
motion is strongly damped. While highly viscous
at low frequencies, these liquids show a glassy
behavior at high enough mechanical excitation
frequencies. Polymers melts are typical examples
of glass forming liquids.42 The frequency depend-
ent rheology of polymers arises from the en-
tangled nature of the chains in the melt. If a
steady state force is applied for long enough
times, individual chains have sufficient time to
disentangle from their immediate neighbors. This
gives rise to the viscous flow of the melt. At high
enough excitation frequencies, the entanglements
prevent the response of the chains on the time-
scale of the excitations, and the melt shows a
glassy dynamics. This is a well documented uni-
versal behavior of polymer melts. The acoustic
modes of the thermal noise lie predominantly in
the high frequency glass-like regime. At the fre-
quencies that correspond to acoustic wavelengths
of several nanometers (which is the confinement
length scale that is of interest here), phonons in
glassy polymers have correlation length of sev-
eral micrometers.43,44 It is therefore interesting
to explore whether the forces induced by the con-
finement of thermally excited phonons are mea-
surable and significant.

Although a quantitative theory of this effect is
complex (and to date unavailable), the order of
magnitude of the effect can be estimated in two
ways. Dzyaloshinskii et al.39 gave the magnitude
of the phonon-induced pressure in a liquid con-
fined by two plates in terms of a scaling argu-
ment. Neglecting retardation, the effect of the
confinement of electromagnetic noise is given by
eq 10, which is characterized by a characteristic
energy that is given by the Hamaker constant A.
Since the phonon energy scale is kT per mode (k,
the Boltzmann constant), a dimensional analysis
suggest that the confinement of a liquid between
two plates at a distance h should give rise to an
attractive pressure of pph ! kT/h3 that arises
from the change in the thermal mode spectrum in
the liquid compared to the unconfined case.

The same relationship can also be obtained in
a more direct fashion.45,46 Similar to the ap-
proach by Casimir, pph can also be obtained by
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summing up and comparing confined and uncon-
fined modes. Assuming a symmetrical confine-
ment of a liquid medium (2) between two plates of
medium (1)

pph ¼ 1

3

Z mð1Þ
D

0
kT dn1 %

Z mð2Þ
D

mc
kT dn2

" #

ð17Þ

mD
(1) and mD

(2) are the Debye frequencies of medium
(1) and (2) respectively, and mc is the lower cut-off
frequency that arises from the confinement mc
¼ u2/2h. The prefactor of 1/3 reflects that phonons
are confined only in one spatial dimension. The
argument of the two integrals reflects the energy
per mode of kT, and dn1 and dn2 are the density
of states in the two media. Equation 17 can be
analyzed assuming a Debye density of states for
both media: dni ¼ 4pm2/ui

3dm, where i enumerates
the two media, (1) and (2) and ui is the velocity of
sound in both media. This yields

pph ¼ p
18

kT

h3
þ p0 ð18Þ

where p0 is an integration constant that does not
depend on h.

Although derived in a more elaborate way than
the scaling result, eq 18 is by no means more pre-
cise. Since the derivation is based on a number of
simplifying assumptions (given in ref. 45), not too
much importance should be attached to the pre-
factor of p/18.

A preliminary analysis of eq 18 shows the pre-
diction of a very weak force that decays rapidly
with increasing h. It is instructive, however, to
compare eqs 10 and 18. Their same mathematical
form is not surprising, since they arise from simi-
lar concepts––the confinement of photon and pho-
non noise spectra, respectively. Interestingly,
despite the differing physical origin, both equa-
tions have similar energy scales: for commonly
studied polymer films on substrates A is in the
range 10%21–10%20 J, comparable to kT for the
usual temperature range of polymer experiments.
This gives rise to the surprising conclusion that
eqs 10 and 18 not only have the same functional
form but are also of similar magnitude.

While this means, on the one hand, that pph is
not negligible and has to be taken into account
whenever van der Waals forces are relevant, the
similarity of the two equations also poses an
experimental challenge: how to distinguish be-
tween pvdW and pph?

There are two strategies by which the two type
of Casimir forces can be distinguished.47 The first

strategy concerns the role of the temperature.
While pvdW is only very weakly temperature
dependent (arising mainly from the first term in
eq 12, which contributes only (10% to the value
of A), pph varies linearly with temperature. The
overall temperature range over which this can be
probed is small, however, delimited by the glass
transition and the temperature of thermal degra-
dation of the polymer. A second approach con-
cerns the role of the boundary conditions. Electro-
magnetic confinement requires a large enough
difference in dielectric properties of the confined
and confining media. In terms of eq 12, this
implies that the refractive index of the confined
liquid must be sufficiently different from those of
the confining walls. For the confinement of pho-
nons, the confined medium must have mechanical
properties (i.e. a Young’s modulus) that are suffi-
ciently different from that of the confining walls.

In analogy to the studies of film destabilization
by electric fields, a convenient experimental ap-
proach to detect pph is the study of stability of
supported thin polymer films.47 The first experi-
mental approach addresses the temperature var-
iation of the spontaneous amplification of capil-
lary waves. To this end, the sample configuration
described in the ‘‘van der Waals Forces’’ section
was used: a low molecular weight PS film sup-
ported on silicon wafer that had a 1.6-nm thick
native oxide layer. As described earlier, the effec-
tive Hamaker constant that takes the oxide layer
into account changes sign as the film thickness is
increased. In particular, there is a crossover in
film thickness hc, where pvdW & 0. The phonon-
induced pressure pph is, on the other hand, not
influenced by the presence of the oxide layer
(both, the oxide and the silicon substrate have
Young’s moduli that are significantly higher com-
pared to the polymer). It has a destabilizing effect
on the film for all thicknesses.

Since test experiments require the manufac-
ture of 1–10 nm thick films, polymers (oligomers)
with low molecular weights were used ((2 kg/
mol). In the melt, these polymers have a radius of
gyration of &1 nm, which is smaller than the rele-
vant film thickness of these experiments (2–10
nm). As opposed to longer polymers, where the
confinement of the chains below their radius of
gyration may come into play, we expect forces
that arise from an entropy loss of the chains due
to the confinement of the polymer in the film or at
one of the surfaces to be negligible.

Figure 5(a,b) shows atomic force microscopy
(AFM) images of thin PS films (molecular weight
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Mw ¼ 1.92 kg/mol). The 2.4-nm thick film, which
was annealed for 15 min at 50 8C, shows the sig-
nature of a spontaneously amplified wave with a
well-defined mode k [Fig. 5(a)]. Increasing the
film thickness by 1.3 nm resulted in a film that
was stable for many hours at a temperature of
50 8C. When raising the temperature to 170 8C,
isolated holes were formed [Fig. 5(b)]. This sam-
ple morphology is due to the film break-up by het-
erogeneous nucleation, which is an indication
that the film is stable with respect to capillary
surface waves. The crossover film thickness hc

must therefore lie between 2.4 and 3.7 nm.

A systematic study of this effect is shown in
Figure 5(c) for two annealing temperatures, 50
and 170 8C. Both data sets show increasing insta-
bility wavelengths k with increasing film thick-
ness that diverge at a critical film thickness hc.
Despite the scatter in the data, the value of hc at
170 8C is clearly higher compared with the lower
temperature data set.

The data from Figure 5(c) can be analyzed in
terms of eq 9, taking pint ¼ pvdW þ pph. The inclu-
sion of both terms results in a good qualitative
description of the data. A model using pint ¼ pvdW
is also shown (dashed and dotted lines), using cal-
culated values of A based on eq 12. A model that
is exclusively based on van der Waals forces clearly
does not reflect the experimental data.

In a second experimental approach, the elec-
tromagnetic boundary condition was varied. By
matching the refractive indices of film and sub-
strate, A can be made very small. This is shown
for two experimental systems in Figure 6. In these
experiments, substrates with slightly higher re-
fractive indices than the films were chosen. Accord-
ing to eq 12, this results in small, negative values
of A, and therefore in contributions of pvdW, which
weakly stabilize the film. For these sample para-
meters pph has a destabilizing effect on the film,
with a larger magnitude than pvdW.

The results for polymethylmetacrylate (PMMA,
Mw ¼ 2.5 kg/mol, n ¼ 1.49) on glass (n ¼ 1.52)
and polyacrylamide (PAAM, Mw ¼ 1.52 kg/mol,
n ¼ 1.45) on thermally grown silicon oxide (n
¼ 1.46) are shown in Figure 6(a,b). Even though
a negative value of A (corresponding to a negative
value of pvdW) is predicted for both the systems,
the films show clear signs of spontaneous film
instabilities. Since a negative sign of pvdW implies
a stabilizing effect of the van der Waals forces,
the instability observed in Figure 6(a,b) are a
clear signature of pph, which overpowers the sta-
bilizing effect of the van der Waals forces. This is
confirmed by the systematic study in Figure 6(c,d).
The solid lines are the predictions of eq 9 with
pint ¼ pvdW þ pph (using pint ¼ pvdW does not give
a real solution of eq 9).

Using glass as a substrate for PMMA films has
the advantage that the refractive index (and
therefore the value of A) can be varied by doping
the glass with metals. Glasses with a range of re-
fractive indices are commercially available. PMMA
films were found to be unstable on glass sub-
strates with values of n in the range 1.5–1.6.
Films on glass with n ¼ 1.71, on the other hand,
were stable. Obviously, for n ¼ 1.71, the stabiliz-

Figure 5. Temperature dependence of the instability
of PS films on Si substrates, which were covered by a
1.6-nm thick oxide layer. The 2.4-nm thick film in
(a) showed a capillary instability after annealing for
15 min at 50 8C, while a 3.7-nm thick film stayed sta-
ble for many hours at this temperature. The film
broke up only via a different mechanism, the nuclea-
tion of holes, after raising the temperature to 170 8C
(b). (c) Variation of k versus h for two different
annealing temperatures. Raising the annealing tem-
perature from 50 to 170 8C causes a shift of the k
divergence from hc & 2.4 nm to hc & 3 nm. This corre-
sponds to an increase in the overall destabilizing
pressure gradient, which cannot be explained by van
der Waals forces alone. The star corresponds to the
data extracted from (a). Adapted from ref. 47. [Color
figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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ing effect of pvdW was stronger than the destabili-
zation by pph.

A third experimental strategy involves the
modification of the mechanical boundary condi-
tion of the film. The approach of eq 17 is valid

only if the mode spectra of the film and the sur-
rounding media are fully decoupled. This implies
that the elastic moduli of the film and the sur-
rounding materials have to be sufficiently differ-
ent. This is the case for polymers on hard sub-
strates, such as silicon, with elastic moduli that
differ by two orders of magnitude. Choosing sub-
strates that have mechanical properties similar
to those of the film removes the phonon confine-
ment, since the elastic modes of film and sub-
strate are coupled.

To test the response of the film instability on a
change in the mechanical boundary condition,
substrates with similar optical properties (and

Figure 6. Destabilization of polymer films in the
presence of weakly stabilizing van der Waals forces.
(a) PMMA (n ¼ 1.49) on glass (n ¼ 1.52), annealed
at 130 8C, and (b) PAAM (n ¼ 1.45) on silicon oxide (n
¼ 1.46), annealed at 170 8C. Both films are predicted
to be stable based on a van der Waals argument
alone. (c) and (d) show the variation of k versus h for
the two systems. The stars correspond to (a) and (b)
and the lines are predictions from eq 9 with pint
¼ pvdW þ pph. Adapted from ref. 47. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 7. Stability of &4.7-nm thick PS (n ¼ 1.59)
films on (a) PMMA (n ¼ 1.49) and (b) silicon oxide
(n ¼ 1.48) surfaces. Despite the similar film thick-
nesses and optical substrate parameters, there is a
clear difference in the film morphology, which is an
indication for differing destabilizing pressures. In (c),
eq 9 for PS on PMMA (squares) gives a better predic-
tion when assuming pint ¼ pvdW (solid line) as opposed
to pint ¼ pvdW þ pph (dashed line). The opposite
applies for PS films on silicon oxide (circles). Taking
pint ¼ pvdW þ pph (solid line) gives a better prediction
for this data set compared to the effect of van der
Waals forces alone (pint ¼ pvdW, dotted line). The stars
correspond to (a) and (b). Adapted from ref. 47. [Color
figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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therefore similar values of A, see eq 12), but dif-
ferent elastic properties, were chosen. Figure 7
shows the comparison of PS (n ¼ 1.59) film insta-
bilities on a silicon oxide [Fig. 7(a)] and a PMMA
[Mw ¼ 1080 kg/mol, Fig. 7(b)] substrate. Both
substrates have similar refractive indices (1.48
and 1.49, respectively). The layers are therefore
exposed to very similar values of pvdW. The visual
inspection of two (4.7-nm thick PS films that
were annealed for several minutes at 90 8C shows
a much smaller destabilization wavelength k for
PS on SiOx compared to PS on PMMA. Clearly,
the overall destabilizing pressure of the PMMA
film on SiOx was significantly higher compared
with PS on PMMA. Since PS and PMMA have
very similar elastic moduli, the phonon density of
states of film and substrate are coupled. Film
destabilization is driven only by the van der
Waals forces (pint ¼ pvdW), whereas PS on a
higher elastic modulus substrate is driven by the
combined effect of both confinement induced
pressures (pint ¼ pvdW þ pph). This is borne out by
the more systematic study shown in Figure 7(c).
The values of k for PS on SiOx lie systematically
below those for PS on PMMA. Both data sets are
well described by eq 9, with pint ¼ pvdW for the PS
on PMMA data set and pint ¼ pvdW þ pph for the
PS on SiOx data sets, respectively.

The complementary experiment is the investi-
gation of films with a refractive index that is
lower compared to the substrate. Also here, two
substrates with similar optical but different
mechanical properties were used. PMMA (n
¼ 1.49) was deposited onto PS (Mw ¼ 2057 kg/
mol, n ¼ 1.59) and glass (n ¼ 1.61) substrates. As
before, we expect that the matched mechanical
properties of PS and PMMA result in a significant
reduction of the phonon confinement. Since the
refractive index of the film is lower than those of
the substrates, films are stabilized by the van der
Waals pressure (pvdW < 0). Comparing (5.7-nm
thick PMMA films on the two different substrates
after annealing for several minutes at 110 8C,
a striking difference is revealed. PS on glass in
Figure 8(a) remained stable, while PS on PMMA
in Figure 8(b) showed a characteristic undulatory
instability. This is readily explained in terms of
the balance of pvdW and pph. The exclusive contri-
bution of pvdW in Figure 8(a) stabilizes the film,
while the overall pressure pint ¼ pvdW þ pph in
Figure 8(b) is dominated by the destabilizing
effect of pph. In this case, the variation of k versus
film thickness is qualitatively described by eq 9,
shown in Figure 8(c).

CONCLUSIONS

The purpose of this review is to demonstrate that
the observation of spontaneously destabilizing thin
films can be used to quantitatively deduce the
interfacial forces that cause the instability. This
provides a simple but powerful way to map out
forces on the length scale of a few nanometers. The
SJH approach24 shows that parameters that are
observable in a straight forward fashion (the char-
acteristic wavelength vs. the film thickness) can be
used to reconstruct the spatial variation of the
effective interface potential. By using dielectric
materials in electric fields, which are characterized
by interactions that are well understood, it is possi-
ble to show that the instability is quantitatively
described by a simple model, which is based on a
linear stability analysis. The third example shows
that by the systematic variation of sample param-

Figure 8. Stability of (5.7-nm thick PMMA (n
¼ 1.49) films on (a) high refractive index glass (n
¼ 1.61) and (b) PS (n ¼ 1.59) surfaces. Only PMMA
on PS is stable, which is an indication for a stabiliz-
ing disjoining pressure. The data in (c) corresponds to
samples similar to the one shown in (a) (star). The
solid line is the prediction of eq 9 with pint ¼ pvdW
þ pph. Adapted from ref. 47. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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eters it is possible to detect and characterize an
interfacial force that is caused by the confinement
of the phonon density of states in thin polymer
films. This provides a rare experimental con-
tribution to the hotly debated question, whether a
modification of the phonon spectrum in liquids can
give rise to measurable forces. A further example,
how spontaneously amplified film instabilities can
be used to characterize a hitherto unknown inter-
facial force (also caused by phonons) can be found
in two recent reviews.48,49
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45. Schäffer, E.; Steiner, U. Eur Phys J E Soft Matter

2002, 8, 347–351.
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