
Instabilities in Thin Polymer Films:
Structure Formation and

Pattern Transfer

Erik Schäffer
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ABSTRACT iii

Abstract

Research in thin polymer films is driven by a fundamental interest in wetting and
in the interactions of liquids near surfaces. Furthermore, the immense realm of
technological applications inspires ever new developments and enthusiasm. Insta-
bilities in thin films—here, electrohydrodynamic, thermomechanical and acoustic
in nature—can provide valuable information about surface interactions. This
knowledge can then be exploited to develop new technologies.

High electric fields and temperature gradients in a sandwich–like setup (con-
ducting substrate–polymer film–air gap–counter plate) generate interfacial pres-
sures that can overcome the surface tension and destabilize a thin liquid film. The
scaling with the order parameter of the system and the magnitude of the charac-
teristic length scale of the resulting morphology are well described by instability
theories.

While the topography of the polymer film develops spontaneously, control
of the structure is achieved by laterally varying the applied fields. To this end,
the flat upper plate is replaced by a topographically patterned master. Since
the electrostatic and thermomechanical forces are strongest for smallest spac-
ings, the time for the instability to form there is also shortest. As a consequence,
the emerging structure in the film is focused towards the master structure which
protrudes downward towards the polymer film. Upon contact, the polymer repli-
cates the master pattern with sub–micron, possibly sub–100 nanometer precision.
Two new lithographic techniques evolve from this principle.

Although we understand the basic mechanisms behind the instabilities, higher
order effects are ideally suited to study non-equilibrium pattern formation in two
dimensions. Especially the novel thermomechanical instability and the closely
related intrinsic acoustic instability open up many questions associated with the
propagation of phonons in polymeric glasses and thin films in general. The vari-
ety of the different observed morphologies is fascinating, amazing, and far from
understood.
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Zusammenfassung

Die Forschung an dünnen Polymerfilmen wird durch das fundamentale Interesse
an Benetzungsphänomenen und an den Wechselwirkungen von Flüssigkeiten in
der Nähe von Oberflächen angespornt. Die immense Tragweite technologischer
Anwendungen weckt immer neues Interesse und inspiriert innovative Entwick-
lungen. Instabilitäten in dünnen Filmen—in dieser Arbeit, elektrohydrodynami-
scher, thermomechanischer und akustischer Natur—können wertvolle Informa-
tionen über Wechselwirkungen mit Oberflächen liefern. Dieses Wissen kann an-
schließend für die Entwicklung neuer Technologien genutzt werden.

Hohe elektrische Felder und Temperaturgradienten in einem geschichteten ex-
perimentellen Aufbau (leitendes Substrat–Polymerfilm–Luftspalt–Gegenplatte)
erzeugen Oberflächendrücke, die die Oberflächenspannung überwinden können,
und dünne, flüssige Filme destabilisieren. Die resultierende Morphologie weist ei-
ne charakteristische Periodizität auf, dessen Größenordnung und Skalenverhalten
sich in Einklang mit Instabiltätstheorien befinden.

Während die Struktur der Polymerfilme spontan entsteht, wird deren Kon-
trolle durch sich lateral ändernde, angelegte Felder erreicht. Dahingehend wird die
plane, obere Platte durch eine topographisch strukturierte Scheibe, die als Scha-
blone dient, ersetzt. Da die elektrostatischen und thermomechanischen Kräfte bei
den kleinsten Abständen am stärksten sind, ist die Zeit, in der sich die Instabilität
bildet, hier auch am kürzesten. Deshalb wird die im Film entstehende Struktur
auf die Schablonstruktur, welche in Richtung des Polymerfilms ragt, fokussiert.
Das Polymer reproduziert somit die Schablone mit großer Genauigkeit auf einer
Längenskala von sub–Mikrometern, möglicherweise sub–100 Nanometern. Zwei
neue lithographische Techniken sind aufgrund dieses Prinzips entstanden.

Instabilitäten in dünnen Filmen sind prädestiniert zur Untersuchung von
Nichtgleichgewichtsstrukturbildung in zwei Dimensionen. Besonders die neuar-
tige thermomechanische Instabilität und die nahe verwandte akustische werfen
viele Fragen auf, die mit der Ausbreitung von Phononen in polymeren Gläsern
und dünnen Filmen im Allgemeinen zusammenhängen. Die resultierende Vielfalt
an beobachteten Morphologien ist faszinierend und bemerkenswert.
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Chapter 1

Introduction

Thin liquid films are ubiquitous in life. Their importance and abundant use in
science and technology result in a long list of products that are used every day.
Controlling the stability and wetting properties of thin films during processing
is often crucial in order to obtain the desired result. An overhead transparency
prepared with an ink jet printer might serve as an example. A thin liquid film—
the ink—is applied in a structured pattern on the transparency. If the ink does
not wet the sheet, meaning the film is unstable, the result is an assortment of
dewetted drops rather than nice letters or images. A wrong transparency or an
unadjusted setting in the printer can easily demonstrate this effect.

Usually, unstable films are undesired in nature and technology: we like to have
smooth coatings, layers of paint, or lubricating films. For example, the cornea
of our eyes is lubricated and protected by a thin liquid film. Or, one purpose of
cleaning detergents is to prevent the break-up of films. A cleansing mixture is
supposed to run off surfaces in a continuous fashion rather than breaking up into
beads, leaving behind stains.

Structured films occur both in nature and technology. Surface properties are
largely determined by the surface energy, but also by the surface structure. In
nature for example, self–cleaning leaves are based on random patterns of micro-
scopic wax crystals. Periodic arrays might lead to colorful optical properties, for
instance of butterflies, or, upon decreasing the structure size, to anti–reflective
properties of moth eyes. In technology, structured films are often used in sensors.
Their most abundant use, though, is in the semiconductor industry. Here, thin
polymer films are the medium by which patterns are transferred from a mask into
the semiconductor. They form the most important basic step in the fabrication
of microelectronic devices.

The control of patterns on sub–micrometer lateral length scales is of consider-
able technological interest, not only in the field of semiconductor lithography, but
also to tailor the properties of novel functional materials. While self-assembly of
molecules can be employed in the build-up of supramolecular structures (bottom-
up), the structure size reduction using conventional lithographic techniques (top-
down) is the established approach. The rapid pace of advancements in the semi-
conductor industry requires a continual decrease in the smallest features on in-
tegrated circuits. However, a fundamental physical barrier—the wavelength of

1



2 CHAPTER 1. INTRODUCTION

light—raises the need for alternative technologies to reproduce patterns below
100 nm. In particular, the reduction from a structure size of 130 nm today to
45 nm in 2010 (a declared goal of the semiconductor industry association) re-
quires a complete replacement of the presently used techniques.

While instabilities in thin films are usually unwanted, they give valuable infor-
mation about surface interactions. Furthermore, if one understands the underly-
ing mechanisms, one can direct and manipulate the instability to produce desired
structures. Hence, the characterization and control of structures in thin polymer
films serves two purposes: Fundamentally, the physics in a confined medium—a
film is essentially 2–dimensional—is different from the bulk and therefore already
interesting in itself. New effects related to the geometry may arise. In addi-
tion, film instabilities provide a sensitive means to study the nature of external
interactions with liquids. From an applied perspective, the advancement of the
knowledge on surface interactions enables us to invent and develop new technolo-
gies. By suitably coupling pattern forming processes to an external field, one can
influence and control the evolving structures.

My work contributed to several aspects of this field, experimentally as well
as theoretically. It ranged from the wetting behavior of small macromolecular
liquid droplets near the wetting transition [1], via the utilization of nanophase–
separated polymer films as high–performance antireflection coatings [2,3], to the
influence of electric fields [4–8], temperature gradients [9–11], and vibrational
fields [12] on thin polymer films. The latter being the main focus of my research
and subject of this dissertation. In the following, I will give a short summary of
the topics not covered in this thesis and then outline the instabilities described
in detail in the remaining chapters.

Droplet Spreading and Imaging

Fundamentally relevant to all of the experiments on thin liquid films are the
detailed surface interactions in the absence of any external fields. Bulk thermo-
dynamics of liquids is reasonably well understood. Near surfaces and interfaces,
on the other hand, open questions remain. In particular the interplay of short
ranged enthalpic interactions and dispersive van der Waals forces is not under-
stood. To solve this puzzle, macromolecular liquids can be used as model systems.
As opposed to simple liquids, intermolecular and liquid–surface interaction can be
tuned continuously by changing the chemical composition or molecular weights of
polymeric liquids. Due to an enhanced sensitivity of thermodynamic properties
near critical points, it is desirable to perform experiments near a surface critical
point, the wetting transition.

The central issue of this project was to find and characterize a wetting tran-
sition using a macromolecular liquid. As a main principle, we fine–tuned the
substrate energy of a self–assembled monolayer by exposing it to UV light. This
way, we are able to identify an experimentally accessible temperature window, in
which a wetting transition can be observed.

The liquid studied was polydimethylsiloxane (PDMS), which has the exper-
imentally required properties of thermal stability, chemical inertness, and low
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volatility. In addition, a low viscosity is necessary in order to thermally equi-
librate the system on feasible time scales especially in the vicinity of a critical
point. Compared to other liquids which fulfill all the other requirements, only the
PDMS we used has a low viscosity. Nevertheless, for a macroscopic drop which is
observable under an optical microscope, the relaxation times upon a temperature
change were on the order of several hours to days. To circumvent this problem,
we followed two approaches. First, we reduced the system size which requires a
near field imaging technique. Second, we focused on the dynamics and not on
the equilibrium state using optical video microscopy [1].

In recent years, tapping mode atomic force microscopy (AFM) is increasingly
being used for imaging liquid surfaces with a nanometer resolution. Various
models have been proposed to describe the imaging process for liquids. However,
the exact mechanism is not completely understood. For low viscosity liquids,
the formation and breaking of a liquid neck between the tip and the surface is
thought, to be responsible for the energy dissipation of the oscillating cantilever.
This dissipation is necessary for a stable operation of the AFM’s feedback loop.
The formation and stability of a liquid neck strongly depends on the systems’s
wetting properties.

Several groups have failed to image PDMS. Due to its low surface tension,
PDMS wets almost any surface, including the imaging tip. Moreover, it is very
sticky because of its honey–like viscosity. As soon as the cantilever’s tip is in
contact with the liquid surface, a neck starts to form. The retraction of the
oscillating tip is then opposed by the attractive capillary forces. The growth rate
of the neck depends on the dynamical properties of the liquid. Because of the
large viscosity of PDMS this growth rate and also the breaking of the neck is very
slow. Using standard tapping mode AFM, the retracting force of the cantilever
is not sufficiently high to break the neck and the tip is pulled into the liquid.

We have succeeded in imaging PDMS by modifying the conventional tapping
mode [13]. To reduce the wetting of the tip by PDMS, the cantilever was coated
with a silane self–assembled monolayer. In addition, the AFM was operated
at a higher resonance mode of the cantilever rather than at its ground resonant
frequency (≈400 kHz). This resulted in a higher restoring force of the cantilever so
that it is not pulled into the liquid. The cantilever we used had higher resonance
modes at ≈2 MHz and ≈5 MHz. The electronics of our self–built AFMs is limited
to ≈400 kHz. In order to use the higher resonance modes, we mixed the excitation
frequency of the cantilever with a frequency which is ≈400 kHz lower. The mixed
signal contains the difference and the sum of the two frequency, the latter is simply
filtered out by a low–pass. Using the modified AFM electronics it is possible to
image PDMS. However, it still remains tedious.

Using interference video microscopy, we studied the spreading dynamics of
small PDMS drops on apolar substrates with varying surface energies. For ex-
perimental parameters near the wetting transition, we observed small droplets of
different volumes as a function of time. While for large drops the contact an-
gle θ decreases with the well–established power–law relation θ ∝ t−0.3 (Tanner’s
law), the effect of dispersive van der Waals interactions must be taken into ac-
count when interpreting the evolution of small drops. Two signatures of the van
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der Waals forces are observed. For a positive Hamaker constant, the disjoining
pressure acts as an additional driving force, leading to an acceleration of droplet
spreading as soon as the drop height becomes comparable to the range of the van
der Waals interactions. In addition, a precursor film forms ahead of the contact
line, leading to an apparent volume loss, particularly noticeable for very small
drops. Contact line pinning [14, 15] may be a problem and we describe its effect
on our experimental results. We developed a theory that discusses the interplay
of surface tension and van der Waals forces in the case of a spreading drop. This
model predicts a new spreading regime for very thin drops, in agreement with
our experimental results.

Antireflection Coatings

We developed a method to manufacture antireflection coatings based on nano-
porous polymer films [2, 3]. Surfaces coated with these films exhibit an out-
standing optical transmission. Refractive indices for glass and transparent plastic
substrates are typically around ns ≈ 1.5, therefore an optimal single–layer broad–
band antireflection coating (100% transmission for the reference wavelength) re-
quires nf =

√
ns ≈ 1.22. Since the lowest refractive indices for dielectrics are

on the order of 1.35 (CaF2, MgF2), conventional single layer antireflection coat-
ings cannot attain this value. Instead of a homogeneous layer, a nanoporous film
can be used. If the pore size is much smaller than the visible wavelengths, the
effective refractive index of the nanoporous medium is given by an average over
the film. We developed a general procedure to create nanoporous polymer films
for use as antireflection coatings. Our technique is based on the demixing of a
binary polymer blend during spin-coating. We are using standard polymers and
solvents, however, the method is easily extendable to other demixing substances.
Polystyrene and poly(methyl methacrylate) were dissolved in a common solvent
and spin-cast onto both sides of a microscope slide. For very short demixing times
and low molecular weights, the polymer domain sizes are smaller than the wave-
length of light. To create a porous film, one of the two polymers is removed by
exposing the film to a selective solvent that dissolves one of the two components.
This polymer antireflection coating increases the optical transmission through
the glass slide (averaged from 400 to 680 nm) from 91% to 99.3%, compared to
the industrial standard, MgF2, with an increase to only 97%. In particular, for
the reference wavelength, a transmission > 99.95% is achieved.

Instabilities in Thin Polymer Films

The stability of thin liquid films has many important applications in research
and industry. Due to the complexity of the problem, however, there remain
many unanswered questions. Our research is focussed on solving some of them.
We use polymeric liquids because of their easy processing, glassy character, and
long relaxation times. The results of our experiments, though, also apply to
normal fluids unless otherwise specified. The generic experiment is simple. A
thin polymer film—on the order of 100 nm thick—is spin-coated onto a silicon
wafer. The film is liquified by heating it above the glass transition of the polymer
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and then annealed in the presence of external forces. Upon cooling back to room
temperature, the frozen–in structures can be investigated. Usually there is one
characteristic length scale associated with the morphology. From the scaling
behavior and magnitude of this length scale one can deduce the strength of the
surface interactions that were present during the annealing step.

In the absence of any external force, the film evolves under the influence of
the long–ranged van der Waals forces causing a disjoining pressure. If the film is
unstable, this fundamental process is termed dewetting. Van der Waals forces are
mainly caused by electromagnetic vacuum fluctuations and the resulting induced
dipole–dipole interactions. An imbalance of forces is due to the confinement of
the spectrum in a thin film. In addition to the electromagnetic fluctuations, there
are always thermal vibrations (phonons) present. Their confinement leads to the
acoustic analogy of the disjoining pressure. While at low temperatures this effect
is negligible, the strength of the resulting acoustic pressure may be on the same
order of magnitude as van der Waals forces at higher temperatures and cannot
be easily distinguished as it results in the same scaling behavior.

Both of these forces, however, are comparatively weak. An externally applied
field, can generate forces orders of magnitude larger, which thus dominates film
destabilization. In such a limit, the instability can be attributed clearly to the
applied field and investigated quantitatively. In order to apply an external field, a
counter plate is necessary at a certain distance from the substrate which supports
the film. The result is a sandwich of a polymer film and an air gap between two
solid, flat plates—kept apart by spacers controlling the distance. In this geometry,
we can apply easily either an electrical potential or a temperature difference
resulting in an electric field or a temperature gradient in the film, respectively.
The change of material properties at the polymer–air interface causes a pressure
difference across it, which causes the investigated instabilities.

The electrostatic pressure in the first set of experiments is well known and
described in theory and experiment. The resulting electrohydrodynamic insta-
bility has been first investigated more than a century ago. In the limit of thin
highly viscous films, however, there is little previous work. In particular, the ex-
ploitation of this effect as a lithographic technique is novel. In our setup, a small
voltage on the order of 10s of volts is applied between the electrodes. Together
with the small plate spacing, this results in very high electric fields on the order of
108 V/m. In the capacitor–like device, the field perturbs the liquid surface. The
competition of the stabilizing surface tension and the destabilizing electrostatic
pressure select a wavelength which is amplified most. The amplitude of this mode
grows and dominates the system, until eventually its maxima touch the upper
electrode to form an array of liquid columns. Due to lateral electrostatic repul-
sion, the columns arrange locally on a triangular lattice. The symmetry, however,
does usually not extent over very large distances. The scaling of the dominant
wavelength with the dielectric properties and the applied field are in excellent
agreement with the predictions. A master equation can collapse all data onto a
single curve in the absence of any adjustable parameters.

In case of an applied temperature difference, the resulting thermomechanical
pressure also destabilizes the film. As with the electric fields, a difference of
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several 10s of degrees between the bottom and top plate, results in extremely
high temperature gradients on the order of 108 ◦C/m. In addition to the columnar
morphology, domains of line patterns in forms of either stripes or spirals develop.
The characteristic parameter for this non–equilibrium system is the heat flux
across the film. The dominant length scale in the experiments scales with this
quantity.

The thermomechanical instability has, to our knowledge, not been docu-
mented before and the physical mechanism behind the instability is intriguing.
The transport of heat in condensed matter is mediated by vibrations—phonons
(at temperatures low enough that radiation is unimportant). The flow of energy
is connected to a flow of momentum. At the polymer–air boundary, the net en-
ergy flux is continuous, however, there is a discontinuity in the momentum flux.
In essence, the heat is carried by high–frequency phonons close to the Debye
limit which are easily transmitted through the layered system. Low–frequency
phonons, on the other hand, behave acoustically and are nearly perfectly reflected
at the polymer–air interface, thereby exerting a radiation pressure. This pressure
is responsible for the instability. The exact details of the phonon statistics matter,
as experiments on gold covered substrates reveal. Here, the density of states for
low–frequency phonons is much higher compared to bare silicon, resulting in an
increased surface pressure. The basic effects of the thermomechanical instability
can be understood, by considering the film as a resonator for acoustic phonons.
The quality of the resonator depends on the reflectivities at both the polymer–air
and the polymer–substrate interfaces.

If the homogenous electric field or temperature gradient is replaced by a lat-
erally heterogenous field, the instabilities are focused towards regions of highest
fields. This can be realized by replacing the flat upper plate with a topograph-
ically structured wafer. Due to the finite conductivity and the good thermal
conductivity of the doped silicon, the structured wafer is an equipotential or
isothermal surface for an applied potential or temperature difference, respec-
tively. Underneath the protruding structures the plate spacing is smaller and
the resulting fields and associated pressures are therefore higher. The instability
is drawn towards these protrusions, forming upon contact a positive replica of
the imposed structure. These two novel lithographic techniques can reproduce
patterns of sub–micron, possibly sub–100 nm length scales and are a promising
low–cost alternative to conventional optical lithography.

After this introduction, chapter two lays out the theoretical background per-
taining to polymeric liquids and the stability of thin liquid films. In particular,
the effect of surface tension and long–ranged van der Waals forces with respect
to dewetting is discussed and how additional external forces influence the sta-
bility of thin films. The hydrodynamic equations under the constraint of mass
conservation is solved in terms of a standard linear stability analysis. The result-
ing dispersion relation gives a generic equation for the most unstable mode in a
system.

In chapter three, the experimental details of the sample preparation and char-
acterization by means of optical and atomic force microscopy (AFM) is explained.
The AFM is the tool for quantitative analysis of the data. Characteristic length
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scales and heights can be measured very accurately allowing a quantitative inter-
pretation of the experimental results.

Each of the following three chapters is devoted to one of the previously men-
tioned instabilities, two originating from an externally controlled force caused by
an applied potential or temperature difference and one rooted in an intrinsic force
caused by the confinement of a fluctuating vibrational spectrum. Chapter four
describes the background, theory and experimental results for the electrohydro-
dynamic (EHD) instability. After an introduction and the experimental details
and results, a derivation of the electrostatic pressure is given. The resulting equa-
tion for the characteristic wavelength is normalized to dimensionless quantities
and the data rescaled accordingly. A discussion about higher order effects and
variations of the experiment follows.

Chapter five, the longest chapter, explains in detail the novel thermomechani-
cal (TM) instability. We show the experimental results under various experimen-
tal conditions and demonstrate the scaling with the heat flux through the device.
Other possible causes for the instability are ruled out. The long theoretical deriva-
tion starts with a description of the physics associated with the transport of heat
through the different layers. In particular, the phonons’ frequency dependence
and statistics are highlighted. Putting all relevant parts together results in a final
equation for the thermomechanical pressure, which explains all observed effects
and can be used to formulate a master equation for the instability. A possible
explanation for the line morphologies is based on the phonon picture. Results
using various polymers are shown and variations of the experiment are discussed.

The theoretical chapter six explores possible causes for the discrepancy found
in the quantitative analysis of dewetting experiments governed purely by van
der Waals forces. In addition to electromagnetic vacuum fluctuations there are
always acoustic fluctuations (phonons) present. Their contribution to the film’s
free energy has to be included as well. A simple scaling argument shows that
the magnitude of the effect at elevated temperatures is comparable to van der
Waals forces. The derivation of the acoustic disjoining pressure is based on a
Debye model. Possible corrections relevant to polymeric films are explored and
a comparison to experiments from the literature is made.

The technological application of film instabilities in a confined double plate
geometry is demonstrated in chapter seven. Conventional optical lithography
and its limits are briefly outlined. Then, the basic idea of using instabilities for
lithography is explained, followed by a description of the two novel techniques of
electrostatic and thermomechanical lithography and their capability of reproduc-
ing sub–100 nm structures.

Finally, we conclude with chapter eight summarizing the observed experi-
mental effects and theoretical predictions. We restate the interesting aspects of
physics and technology of instabilities in thin polymeric films and outline some
of the open and unanswered questions.



Chapter 2

Basics

2.1 Polymeric Liquids

Polymers are substances consisting of long, flexible, chain-like molecules—macro-
molecules [16]. The basic repeat unit is a monomer. The total number of units
n multiplied by their monomer weight defines the molecular weight Mw of the
polymer. The molecular weight together with the attributes of the monomer de-
termines the physical properties of the polymer. While some properties have a
strong dependence on Mw (e.g. melt viscosity), others are only weakly dependent
on it (e.g. density). Ideally, one would like to have a monodisperse polymer, that
is all molecules should have the same chain length. However, due to the statis-
tical mechanics in the polymerization process, the chains have different lengths.
They are polydisperse. A polydispersity close to unity indicates a narrow size
distribution which is essential for a quantitative analysis of experiments.

Most polymers can be dissolved in low molecular weight solvents. In the
melt, they can be classified into different states. Depending on their intermolec-
ular interactions, they are either semicrystalline, glassy, elastic, or viscous. In
the viscous state, the state we are interested in, the polymer is purely a liquid
of macromolecules that are free to move. The presence of cross-links hinders
this motion—the polymer can only rearrange on length scales smaller than the
mean distance between cross-links—it is elastic. If the polymer is below the tem-
perature at which translation of the chains take place on the time scale of the
experiment (and it does not partially crystallize), it is glassy.

For our experiments we used amorphous polymers that are in their glassy
state at room temperature. At temperatures above the glass transition tem-
perature Tg they can be described as incompressible viscous fluids (in the zero
frequency limit they are Newtonian, i.e. the shear force per unit area is propor-
tional to the local velocity gradient; the proportionality constant is the viscosity).
In the liquid state, the chains take on their most probable configuration, a ran-
dom coil with a Gaussian density distribution. If the chain is long enough, parts
of it interpenetrate neighboring coils since the chain cannot distinguish between
a neighbor and itself (entanglement). Above this entanglement limit, the depen-
dence of many physical properties on the molecular weight levels off (e.g. density,

8
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surface tension, dielectric constant, or thermal conductivity).1

A helpful image of the polymer melt are (boiled) spaghetti. For example, it
is obvious that the density of the spaghetti does not depend on their length. The
viscosity, however, changes with length. After cutting the spaghetti into small
pieces, it is possible to take a spoon full out of the bulk. For long spaghetti, one
ends up with lifting the complete serving (especially without any lubricating oil).
The entanglements increase the viscous drag. Pulling on a few coils, drags along
all the others.

The polymer melt only behaves Newtonian on time scales large compared to
a characteristic time constant τ?. For t < τ?, the melt is elastic. This viscoelastic
(non-Newtonian) behavior is inherent to all polymers and can be understood in
terms of the reptation model. One can easily pull on the end of one coil and
it leaves behind a tunnel or tube. The polymer is only free to move (reptate)
along the direction of this tube. The time necessary for the molecule to leave
this tube under the influence of Brownian motion defines τ?. For t > τ?, the
polymer has lost its memory of the constraining tube. It is therefore free to flow
in all directions. On the other hand, for t < τ?, the chain is confined to the tube
and can only respond elastically. Thus, at the one end of the frequency spectrum
polymeric liquids behave according to Newtonian fluid mechanics, on the other
according to Hookean elasticity.

The freedom of choice of the monomer and the length of the polymer allows a
range of physical properties to be fine-tuned to the needs of the experimentalist.
We use polymeric liquids for four main reasons: First, they practically do not have
a vapor pressure above the entanglement limit. Material loss due to evaporation is
therefore not a problem. Second, the dissolution of polymers in volatile solvents
enables easy processing. Third, the experiment can be performed at elevated
temperatures above the glass transition in the liquid state, while the analysis
can take place at room temperature where any structure will be frozen in the
glassy state. Finally, due to the entanglements, the viscosities of polymers are
normally rather large.2 This reduces typical relaxation times τ of the involved
hydrodynamic processes to experimentally easily accessible and controllable time
scales. Since τ > τ?, the polymer can be treated as a viscous liquid.

2.2 Stability of Thin Films

The stability of supported thin liquid films is a widely studied topic. Instabilities
in thin films have been the focus of recent research because of the fundamental in-
terest in the interactions of liquids near surfaces, but also because of the practical
relevance of film stability for a variety of applications. Since the basic equations
pertaining to the problem are generic for many experimental conditions, a com-

1The entanglement limit for many macromolecules is around Mw ≈ 10 kg/mol. For synthetic
polymers, n typically is between 100 to 100 000. We used polymers with n ≈ 1000. With the
molecular weight of the monomer on the order of 0.1 kg/mol, Mw ≈ 100 kg/mol.

2The viscosity of water is η ≈ 0.1 Ns/m2 at room temperature; polymers typically have η in
the range of 101–105 Ns/m2. In our experiments at 170 ◦C, polystyrene with Mw = 100 kg/mol
has η = 1.5 · 104 Ns/m2.



10 CHAPTER 2. BASICS

λ
(x,t)

z

x
υ l

Figure 2.1: Geometry of a supported film. The z-position of the interface is described by
the function `(x, t) with the lateral coordinate x and time t. The amplitude of the fluctuation
with wavelength λ = 2π/q is vastly exaggerated. A parabolic flow profile with velocity υ is
indicated.

plete derivation of them is helpful in order to understand the physical mechanisms
behind the instabilities covered in the following chapters.

The schematic drawing of the experimental situation is sketched in Fig. 2.1.
The stability of the film is determined by the transient behavior of fluctuations
on its surface. Liquid surfaces are never completely flat. Due to temperature
fluctuations, there is always a spectrum of capillary waves present. Using sen-
sitive scattering techniques (e.g. light scattering [17]) these fluctuations can be
observed. Although the capillary waves are created by a spontaneous process
caused by thermal motions, their relaxation is described by macroscopic laws, if
their wavelength is larger than molecular dimensions. If additional forces cou-
ple to the capillary wave spectrum, undulations might either be suppressed or
amplified. Examples of interactions are gravity, surface-tension forces, van der
Waals forces, forces due to external fields (e.g. electric or magnetic), radiation
pressures, or temperature variations of material properties resulting in stresses
at the interface.

The z–coordinate of the film’s interface is given by ` = `(x, t) where x is the
lateral coordinate and t the time. In order to calculate the dominant wavelength
of the instabilities, it is sufficient to simplify the equations to only one lateral
coordinate. Therefore, a prediction of the phase diagram of the resulting patterns
is impossible. I further restrict the analysis to wavelengths large compared with
the depth of the liquid. Additionally, the fluctuations have a small amplitude
compared to the film thickness.

The basic strategy in calculating the evolution of a capillary wave spectrum is
to look at a sinusoidal fluctuation with wave number q and amplitude ζ, `(x, t) =
`o + ζ exp(iqx + t/τ). Calculating the time constant τ for each wave vector q
(dispersion relation) determines whether fluctuations with wavelengths λ = 2π/q
are exponentially amplified (growth rate τ−1 > 0) or damped (τ < 0). The
Navier–Stokes equation yields the velocity profile υ in the film. This determines
the liquid transport through the film. Together with an equation of continuity
for the system, the dynamics of the interface can be derived.

The approximations limit the validity of the equations to early times (small
fluctuations). However, the experimental results show that the fastest growing
mode does not coarsen during the time of our experiments. This has probably
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two reasons: First, the nonlinearities in the system accelerate the amplification
process. Second, the large viscosities of the polymer melts slow down any ad-
ditional relaxation processes. In addition, in the case of applied electric fields
lateral repulsive interactions are present once the symmetry is broken. They
hinder a lateral exchange of material between corrugations.

The described mechanism is analogous to that used by Cahn [18] to describe
the phase separation by spinodal decomposition in solutions. Vrij [19] applied
the theory to the rupture of thin, free-standing liquid films. He was the first to
analyze the stability of thin liquid films under the dominant influence of van der
Waals forces. His results explained experimental data on soap films.

2.2.1 Hydrodynamics

The equation of motion for an incompressible (i.e. constant density ρ) Newtonian
fluid with viscosity η is the Navier–Stokes equation [20]

ρ (∂tυ + (υ · ∇)υ) = −∇p + η∆υ + ρg (2.1)

where ∂i denotes the partial derivative with respect to the variable i. p is the
pressure within the film and g the gravitational acceleration. The stress tensor
for a Newtonian fluid is given by

σik = −pδik + η (∂kυi + ∂iυk) . (2.2)

The Navier–Stokes equation states that a small volume element moving with the
fluid is accelerated because of the forces acting on it (Newtons’s second law). The
forces stem from the pressure gradient and the viscous force (∇ · σ) and gravity
(ρg).

Since the fluids we are considering have very large viscosities, the resulting
velocities are very small. Therefore, the convective term (υ · ∇)υ in the Navier–
Stokes equation can be neglected. Furthermore, since the resulting dynamics is
very slow, the velocity profile can considered to be always in a quasi-steady-state
(∂tυ = 0). And finally, gravity is not important for thin films.

For simplicity, we consider the steady laminar flow in a thin film subjected
to a pressure gradient in the lateral direction. This assumption is reasonable if
λ � `o and ζ = `− `o � `o. With the above considerations, Eq. (2.1) becomes

0 = −∇p + η∆υ. (2.3)

The only non-zero component of the velocity vector is in the x-direction which is
henceforth denoted by υ = υx. Since the velocity can clearly depend only on the
z–coordinate

∂zzυ =
1
η
(∂xp) and ∂zp = 0. (2.4)

The second equation states that the pressure is constant across the depth of the
film. The right-hand side of the first equation is therefore only a function of x.
The left-hand side on the other hand is only a function of z. This can only be
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true if both sides are constant. Therefore, the integration of the left-hand side
gives

υ =
1
2η

(∂xp)z2 + c1z + c2. (2.5)

The constants ci follow from the boundary conditions. At the substrate (z = 0),
the no-slip boundary condition holds (υ = 0). At the liquid–air interface (z = `),
there are no stresses (σxz = η∂zυ = 0). The velocity profile therefore is

υ =
1
2η

(∂xp)(z − 2`)z (2.6)

and the mean velocity in the film

ῡ =
1
`

`∫
0

v dz =
`2

3η
(−∂xp). (2.7)

For the 1–dimensional case, the flux j = Aῡ through a cross-section A = ` of
the film is

j =
`3

3η
(−∂xp). (2.8)

Eq. (2.8) is the first equation necessary for the following linear stability analysis.
It describes the flux through a viscous film with a Poiseuille–type flow (quadratic
velocity profile) in the presence of a pressure gradient. The minus sign indicates
that the flow is in the direction of decreasing pressures. The second equation
needed to calculate the interface profile is an equivalence to the continuity equa-
tion.

Consider two plane cross-sections through the film a distance dx apart. Per
unit time, a volume (Aῡ)x passes through one and (Aῡ)x+dx through the other.
Thus, the volume changes by

(Aῡ)x+dx − (Aῡ)x = ∂x(Aῡ)dx. (2.9)

However, since the liquid is incompressible, the change in volume must simply be
due to a variation in the level of the fluid. The change per unit time in volume
between the planes (∂tA)dx equated to the above is

(∂tA)dx = −∂x(Aῡ)dx (2.10)

or for the 1–dimensional case (A = ` and Aῡ = j)

∂t` + ∂xj = 0. (2.11)

This is the required equation of continuity. It expresses the conservation of vol-
ume. Any change in the height of the film will result in a flow in the lateral
direction redistributing the fluid from the valleys to the peaks of the undula-
tions.

Finally, inserting Eq. (2.8) into Eq. (2.11) yields the equation of motion for
the interface `

∂t` = ∂x

[
`3

3η
(∂xp)

]
. (2.12)
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2.2.2 Surface Pressure

The surface pressure in Eq. (2.12) is the pressure difference near the surface
separating the two media. In our case, it is constant throughout the depth of
the film. It does, however, depend on the film thickness `. Since we look at
undulations of the interface, the pressure indirectly depends also on the lateral
coordinate. p may have several contributions

p(`) = po + pL + pvdW + pel + pT + pac + · · · (2.13)

po contains all `–independent contributions, for example due to the atmo-
spheric pressure. The importance of the various terms depends on the experimen-
tal conditions. They are caused by the curvature of the interface giving rise to the
Laplace pressure (L), van der Waals forces (vdW ), electrostatic forces (el) due to
either external electric fields or double layer forces, temperature gradients (T ), or
acoustic fluctuations (ac). This list is by far not complete. Further contributions
might be due to, for instance, gravity, magnetic fields, elastic interactions [21], or
short-range interactions. Among the latter are: the extremely short-ranged steric
repulsion usually described by either an exponential or a power-law3 , attractive
polar (also called: hydrophobic or “acid-base”) interactions between molecules of
conjugate polarity [22], and attractive forces due to entropic confinement effects.
For the systems we studied, however, they are of little importance. pL, pvdW and
the influence of gravity will be discussed in the following. The other terms are
derived in the respective chapters.

Instead of directly calculating the forces acting on the interface (surface pres-
sure), it is in some cases easier to first calculate the free energy (F) of the cor-
rugated film. The surface pressure is then obtained by the variation of F with
respect to ` (corresponding to taking the gradient in our case). If a fluctuation de-
creases the free energy of the system, the film will be unstable. A rearrangement
of the material is then energetically favored.

The pressure contribution due to the curvature of the interface (pL) always
stabilizes the film. Or equivalently, a corrugation always increases the surface
area and thereby also the free energy of the system. In the absence of any
other pressure, all fluctuations are damped out because of the surface tension.
Therefore, it is useful to rewrite Eq. (2.13) as

p(`) = po + pL(`) + pex(`) (2.14)

where pex can be any excess surface pressure (e.g. a pressure contribution due
to an externally applied field). This is equivalent to splitting up the free energy
of the film into the surface free energy (γ) and the free energy of interaction or
excess free energy (Φ) per unit area, also called effective interface potential. Is is
defined as the energy necessary per unit area to bring two interfaces from infinity
to a certain distance `.

3Based on a hard-sphere model, the steric repulsion introduces a cut-off for many liquids
including e.g. polystyrene at ` ≈ 0.158 nm [22]. Based on a Lennard-Jones potential (∝ c1/r12−
c2/r6), the short-range pressure integrated over the film geometry can be described by psr ∝
1/r9.
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ds
ζ
ζ + δζp2

p1

Figure 2.2: Virtual displacement of the interface ζ to calculate the Laplace pressure.

pex is sometimes called the conjoining pressure because it is the negative
disjoining pressure Π. The disjoining pressure was first introduced by Derjagin
(e.g. see [23]) and is usually only used for repulsive interactions in the context of
wetting films. It is the pressure that the film exerts on its boundaries pushing
them apart (disjoining them). In terms of the interface potential, its definition is

Π = −pex = −∂`Φ. (2.15)

Laplace Pressure

The most eminent contribution in Eq. (2.13) is the Laplace pressure pL stemming
from the curvature of the interface. Consider a small displacement δζ of the
interface ζ illustrated in Fig. 2.2. In thermal equilibrium, the work done to
change the volume has to be equal to the work necessary to change the area. The
latter is proportional to the change δA in the surface area and is γδA, where γ
is the surface tension or equivalently the surface free energy.4 Therefore,∫

(p1 − p2) δζ dA = γδA. (2.16)

By increasing the radius of curvature R, the arc length ds is incremented by
(δζ/R) ds. Since we consider only one lateral dimension, this change is equivalent
to the change in the surface element dA. Hence the total change is

δA =
∫

δζ
1
R

dA. (2.17)

Putting this result into Eq. (2.16) and realizing that it is true for all displacements
δζ yields

(p1 − p2) = pL =
γ

R
. (2.18)

Equation (2.18) is a special case of the equation of Young and Laplace [24,25].
To describe a curved surface in three dimensions, two radii of curvature R1 and

4The surface tension of an air–water interface γ = 72.5mN/m at 20 ◦C; for air–polystyrene
γ = 30mN/m at 170 ◦C.
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R2, such that the planes in which they lie are perpendicular to each other, are
necessary (1/R 7→ (1/R1 + 1/R2)). Eq. (2.18) relates the pressure difference
across the interface to the surface tension and radius of curvature. This difference
is called the Laplace or capillary pressure. For a flat surface the radii are infinite
and there is no pressure difference across a plane boundary.

For only one interface dimension, the radius of curvature is simply given by
1/R = −∂xxζ = −∂xx` and Eq. (2.18) becomes

pL = −γ∂xx`. (2.19)

Gravity

The gravitational field changes the shape of a liquid interface. The equilibrium
form of a liquid surface is calculated by minimizing the total free energy of the
interface. A change in shape affects, first, the surface energy

∫
γdA and, second,

the energy in the external field (gravity), which is gρ
∫

ζ dV. g is the gravita-
tional acceleration and ζ the interface position. Under the constraint of constant
volume, the condition can be expressed by a variation of the ζ which minimizes
the associated energy F

δF
δζ

=
δ

δζ

[
γ

∫
dA+ gρ

∫
ζ dV

]
= 0 (2.20)

The constants γ, ρ and g appear only in the ratio γ/gρ which has dimensions of
an area. The length

a =
√

2γ

gρ
(2.21)

is called the capillary constant.5 The shape of an interface is only determined
by this quantity. If the capillary constant is large compared to the dimensions
of the system, gravity does not have an influence on the shape of the interface.
This can be seen by introducing the dimensionless height z̃ = z/` in Eq. (2.20)
and dividing by γ ∫

dA+
`

a

∫
2ζ

a
dz̃ dA. (2.22)

Typical film thicknesses in our experiments are on the order of 100 nm. Using
` = O(10−7) m and a = O(10−3) m, `/a = O(10−4) � 1. Therefore, the second
term describing the effect of gravity does not have an effect on the interface.
Henceforth, we will disregard the effect of gravity.

Van der Waals Pressure

Three distinct types of forces contribute to the total long-range forces collectively
called van der Waals forces [26]. They are all connected to the polarizability of the
involved materials. The induction force arises from the interplay of a permanent
dipole with an apolar molecule, the orientation force from the interaction of two
permanent dipoles, and finally, the dispersive force from two apolar molecules.

5For water a = 3.8mm at 20 ◦C and for polystyrene a = 2.5 mm at 170 ◦C.
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The dispersion forces generally exceed the dipole-dependent ones, especially in
the case of apolar polymers.

The origin of the dispersive force is purely quantum mechanical and always
present. The electromagnetic vacuum fluctuations induce dipoles in the material
which in turn polarize neighboring atoms. This induced dipole-dipole interaction
results in an attractive force for identical atoms. If two atoms are an appreciable
distance apart, the time it takes for the electric field to travel from one to the
other and back becomes comparable to the period of the fluctuating dipole itself.
This means that the original dipole has already changed its orientation, and the
interaction between them becomes smaller. With distance, this retardation effect
changes the strength of the van der Waals interaction and its scaling behavior.

A pair-wise summation in a thin film geometry of all dipole-dipole interactions
results in an effective force. This can be either attractive or repulsive depend-
ing on the dielectric properties and geometries of the materials involved. For
nonretarded interactions

pvdW =
A123

6π`3
(2.23)

and for retarded

pvdW =
B123

`4
(2.24)

where A123 and B123 are the Hamaker constants for medium 2 sandwiched be-
tween medium 1 and 3 (see the Appendix for their calculation).6 The cross-over
from nonretarded to retarded forces occurs typically at film thicknesses on the
order of 10 nanometers [26].

2.2.3 Linear Stability Analysis

The evolution of the interface `(x, t) is determined by the equation of motion
(Eq. (2.12)). Taking the derivatives in Eq. (2.12) using Eq. (2.14) and inserting
the Laplace pressure (Eq. (2.19)) gives

∂t` =
`2

η
(∂x`) [∂xp] +

`3

3η
[∂xxp]

=
`2

η
(∂x`) [−γ(∂xxx`) + (∂`pex)(∂x`)]

+
`3

3η

[
−γ(∂xxxx`) + (∂``pex)(∂x`)2 + (∂`pex)(∂xx`)

]
. (2.25)

We make the sinusoidal ansatz

`(x, t) = `o + ζeiqx+ t
τ (2.26)

with an initial film thickness `o and a small fluctuation amplitude ζ. Since ζ � `o

we will only keep terms linear in ζ (linear stability analysis). `/`o itself is of order

6For polystyrene on glass A = 1.8 · 10−20 J [26] and B = −2.2 · 10−29 Jm [27].



2.2. STABILITY OF THIN FILMS 17

1

−4

−3

−2

−1

0

1
~ τ

−1

~q

a

 2 3 4 5

−3

−2

−1

0

1

2

3

4

5

~
λ

~ τ

b

Figure 2.3: Dispersion relation. a Relative growth rate τ̃−1 = τm/τ as a function of
the relative wave vector q̃ = q/qc. In the absence or for a positive excess pressure gradient
(∂`pex ≥ 0 or ∆Φ ≥ 0) all growth rates are negative (dashed line). For a negative curvature
of the interaction potential (∆Φ < 0), the dispersion relation shows a maximum (solid line)
at q̃ = 1/

√
2. b Relative time constant τ̃ = τ/τm as a function of the relative wavelength

λ̃ = λ/λc. The dashed line is for ∆Φ ≥ 0. For ∆Φ < 0, the dispersion relation shows a

sharp minimum for λ̃m =
√

2 (solid line). Undulations with wavelengths λ̃ < 1 have negative
time constants and are therefore damped out.

unity O(1) (` ≈ `o). All partial derivatives of ` are linear in ζ, that is O(ζ). This
greatly simplifies Eq. (2.25) to

∂t` =
`3
o

3η
[−γ(∂xxxx`) + (∂`pex)(∂xx`)] + O(ζ2). (2.27)

This equation is formally equivalent to the equation of Cahn [18], which de-
scribes concentration fluctuations in binary mixtures as a function of time. De-
pending on the curvature of the free enthalpy of mixing of the system (∆Gm

equivalent to ∂`pex = ∂``Φ = ∆Φ) the components phase-separate. If ∆Gm < 0,
the system is in the spinodal region and demixes. In analogy to the case of bi-
nary mixtures, film instabilities are often called a spinodal process (e.g. spinodal
dewetting).

2.2.4 Dispersion Relation

After taking the partial derivatives in Eq. (2.27) and dividing by ζ exp(iqx+ t/τ)
we get

1
τ

= − `3
o

3η

[
γq4 + ∆Φq2

]
. (2.28)
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This is the dispersion relation for the system relating the time constant τ with
the wave vector q of a sinusoidal perturbation of the film. ∆Φ is the curvature of
the free energy of interaction, or equivalently the gradient of the excess surface
pressure with respect to the film thickness ` , ∂`pex = ∆Φ. The initial film
thickness is denoted by `o, the viscosity by η, and the surface tension by γ.

The stability of the film depends on the exact form of ∆Φ. Two cases have to
be considered: First, if ∆Φ ≥ 0, τ < 0 for all q. This means that all perturbations
are exponentially damped (see Eq. (2.26)) and the film is stable. Second, if
∆Φ < 0, there is a range of wave vectors, 0 < q < qc, for which the growth rate
τ−1 > 0 (see Fig. 2.3a). These fluctuations are amplified and the film is unstable.
For q > qc corrugations are exponentially damped to their metastable equilibrium
given by the thermal fluctuations (amplitude of the capillary wave spectrum).

The fastest growing mode qm = 2π/λm is given by the maximum of Eq. (2.28)

q2
m =

1
2

= q2
c = −∆Φ

2γ
= −∂`pex

2γ
. (2.29)

It is determined by the opposing surface forces alone. The dynamic quantity
viscosity only enters in the associated maximal growth rate

1
τm

=
γ`3

o

3η
q4
m. (2.30)

This growth rate scales with the forth power of the fastest growing wave vector.
The initial film thickness has a qubic dependence. Furthermore, τm is propor-
tional to the surface tension, and depends inversely on the viscosity for a given
wavelength.

qc and τm define characteristic quantities in the system. Therefore, we can
introduce a dimensionless relative wave vector and time constant by

q̃ =
q

qc
and τ̃ =

τ

τm
. (2.31)

The dispersion relation (Eq. (2.28)) then takes on a very simple form

τ̃−1 = 4
(
q̃2 − q̃4

)
. (2.32)

Figure 2.3a shows this equation. For ∆Φ ≥ 0, all growth rates are negative
(dashed line) and the film is stable. For a negative curvature of the interaction
potential (∆Φ < 0), the dispersion relation shows a maximum at q̃m = 1/

√
2

(solid line). This mode has the largest growth rate and is therefore amplified the
fastest. Modes with q̃ > 1 have a negative time constant and are exponentially
damped.

Instead of expressing Eq. (2.28) by the growth rate and wave number, we can
also write it in terms of the time constant and reduced wave length λ̃ = λ/λm

(Fig. 2.3b)

τ̃ =
λ̃4

4(λ̃2 − 1)
. (2.33)
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a b

Figure 2.4: Visualization of thickness fluctuations in a thin liquid film showing the charac-
teristic wavelength λm. a Simulation. Polymer film in the early stages of dewetting [28].
b Experiment. Polymer film exposed to an electric field.

This equation diverges for λ̃ = 1 (dotted line in Fig. 2.3b). An infinite time
constant means that the film is stable. Undulations with wavelengths λ̃ < 1 have
negative time constants and are therefore damped out. All modes with λ̃ > 1,
that is λ > λc, have a positive time constant and are amplified (solid line). As
long as the lateral dimensions of the system are larger than λc, and ∆Φ < 0, there
is a mode with λ > λc such that the film becomes unstable. In the absence of an
excess surface pressure (pex = 0) or for a positive interface potential curvature
(∆Φ ≥ 0) the film is stable (dashed line).

The dispersion relation shows a sharp minimum for λ̃m =
√

2. This can be
understood in the following way. Modes with small wavelength λ̃ < 1 (λ < λc)
create a large amount of surface and cost the system more surface free energy than
can be gained by the corrugations (the ∆Φ–term in Eq. (2.28)). For wavelengths
slightly larger than λc, the system can gain free energy by surface undulations.
However, the driving forces are only small. The time constant is therefore large.
In the opposite limit of very large wavelengths, the liquid has to be transported
over large distances which takes a long time. Thus, there will be an optimal
wavelength λm with the smallest time constant or largest growth rate.

To visualize the thickness fluctuations, we need a model that includes both
lateral dimensions. This has been done for example by Vrij, Cahn, or more
recently by Sharma et al. [28]. A Fourier spectrum of unstable modes with random
directions, phases, and initial amplitudes shows an interconnected landscape of
“hills” and “valleys” with dimensions on the order of λm. Figure 2.4a shows the
actual integration of the 3-dimensional equation of motion in the early stages of
the instability [28]. Figure 2.4b on the other hand, shows initial fluctuations in a
polymer film exposed to an electric field. The resemblance of the images supports
the theoretical model.

For relevant experimental conditions7 Fig. 2.5 shows the characteristic wave-

7Polystyrene films at 170 ◦C with surface tension γ = 30mN/m, viscosity η = 1.5·104 Ns/m2,
dielectric constant ε = 2.5, and a Hamaker constant on glass ASiOx = 1.8 · 10−20 J. The electric
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Figure 2.5: Characteristic wavelength λm (left) and characteristic time constant τm (right)
versus film thickness for a polymer film in an attractive van der Waals potential (dashed line)
or exposed to an electric field (solid line).

length λm and characteristic time constant τm for film thicknesses from 1–100 nm.
The dashed line originates from destabilizing van der Waals forces and the solid
line from electrostatic forces. The wavelength varies for feasible parameters be-
tween 100 nanometers and several 10s of microns. Since the time constant scales
with a high power of the characteristic wavelength (Eq. (2.30)), it ranges from
milliseconds to 1000 years (1.3 · 109 s).

The effect of the electric field is clearly stronger, producing wavelengths which
are approximately one decade smaller than for van der Waals interactions. Since
λm ∝ 1/

√
∆Φ (Eq. (2.29)), the electrostatic interactions are on the order of 100

times stronger than the van der Waals interactions. This means that for the
electric field experiments the dispersive interactions are only a small correction
on the order of a percent.

2.3 Dewetting

In the absence of any externally applied fields, the excess surface pressure is
identical to the disjoining pressure caused by the dispersive van der Waals forces.
Thus,

p(`) = po + pL + pvdW . (2.34)

Assuming only nonretarded van der Waals forces in a thin film geometry (Fig. 2.1
on page 10), the interface potential is Φ = −A/(12π`2). Therefore, there are
only two possible scenarios for the film. Either, the Hamaker constant is negative
(A < 0), which means that van der Waals forces are repulsive, pushing the film
apart. The film can minimize the free energy by increasing its thickness. In other
words disregarding short–range interactions, the film is wetting the surface and
is stable (see Fig. 2.6, right column). If the Hamaker constant is positive (A > 0)

field experiment is in a plate capacitor geometry with an electrode spacing that is 5 times the
film thickness and an applied voltage of 30 V.
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which means attractive forces, the film reduces its free energy by thinning; it is
unstable and dewets (see Fig. 2.6, left column). The global minimum in Φ is at
a finite (small) thickness due to short–range forces.

Since the film is subject to mass conservation, the material is redistributed
into “valleys” and “hills”. This cancels the respective free energy contributions.
What the valley gains in free energy, the hills loose and vice versa. However,
since the interface potential has a nonlinear dependence on the film thickness `,
there is a net contribution to the total free energy.

Our experiments are usually performed on silicon (Si) wafers which are cov-
ered by a native oxide (SiOx) layer with a typical thickness `SiOx ≈ 2 nm. Often
we use polystyrene. The Hamaker constant on silicon is negative (ASi < 0), while
on silicon oxide it is positive (ASiOx > 0). Since the van der Waals potentials are
long-ranged, a film with ` � `SiOx only “feels” (see the Appendix) the repulsive
potential of the silicon wafer and is metastable (see Fig. 2.6, middle column). For
` = O(`SiOx), the excess surface pressure gradient is negative and the film dewets.
There is a global minimum at a finite film thickness. However, if ` � `SiOx there
is an energy barrier for the system to reach that minimum.

Much effort has been put into understanding dewetting phenomena, exper-
imentally [22, 29–32] as well as theoretically [19, 28, 33]. Recently, Seemann et
al. [29, 32] analyzed the system of polystyrene films on silicon wafers quantita-
tively, varying the thickness of the oxide layer. For a very large oxide thickness
`SiOx � ` (practically an experiment on glass) films dewet spinodally. They
found the correct scaling behavior for the characteristic wavelength (λm) and
were able to reconstruct the effective interface potential. Additionally, Seemann
et al. verified the exponential growth of the fluctuations (τm) for short times until
coalescence effects set in. For a native oxide layer, films only dewet spinodally
up to a certain film thickness above which the stabilizing influence of the silicon
becomes dominant. Thicker films still dewet, however, by a different mecha-
nism. Nucleation enables the system to overcome the energy barrier. The lack
of correlations between the evolving structures identifies nucleation [31]. Most
prominently, holes are nucleated at imperfections in the film such as dust particles
(heterogeneous nucleation). Thermal nucleation is also possible.

While λm and τm can be extracted from the above experiments, the actual
evolution of the film’s morphology usually does not follow the simple linear, 1–
dimensional (interface dimension) amplification of capillary waves [28,32]. Espe-
cially, the final film morphology (for dewetting a polygonal structure of droplets)
does not give any information on the dewetting mechanism. Both spinodal dewet-
ting and heterogeneous nucleation yield the same result. Therefore, it is necessary
to study experimentally the evolution of the instability, and theoretically solve
the full nonlinear 3–dimensional equations. The dewetting dynamics is only for
rare cases described by a 1–dimensional model [28]. Normally, the bicontinuous
spinodal wave pattern depicted in Fig. 2.4 is only seen in the very early stages.
Afterwards, hills and valleys rearrange to form circular holes with rims. The
growing holes eventually coalesce and decay into droplets. The signature of the
spinodal mechanism in contrast to nucleation lies in the correlations between the
holes (if the very early stage cannot be captured).
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Figure 2.6: Effective interface potential Φ (upper row), excess surface pressure pex (middle
row), and curvature of the interface potential ∆Φ or excess surface pressure gradient (bottom
row) vs. thickness of a polystyrene film on (1) a glass substrate (SiOx)(left column, unstable),
(2) a silicon wafer covered with a native oxide layer (middle column, metastable), and (3)
a bare silicon wafer (right column, stable). Parameters for the potentials are taken from
Seemann et al. [29] including a short-range potential for small thicknesses.



Chapter 3

Tools

3.1 Sample Preparation

3.1.1 Polymers

Polymeric materials have convenient liquid properties (see Chapter 2.1). We
chose standard polymers with a narrow molecular weight distribution (polydis-
persity PD ≈ 1) and a glass transition temperatures around 100 ◦C. In order
to have similar flow properties (viscosity), the molecular weights or rather the
chain lengths are roughly the same for all polymers (Mw ≈ 100 kg/mol and
n ≈ 1000). They differ mainly in their dielectric responses to electric fields. We
used polystyrene(PS)1, poly(methyl methacrylate) (PMMA)1, and fully bromi-

1P.S.S. Mainz.

Table 3.1: Molecular characteristics of the polymers.

Polymer M
(a)
w PD(b) T

(c)
g γ(d) ε(e) κ(f)

(kg/mol) (◦C) (mN/m) (J/(msK))

PS 108 1.03 100 30.0 2.5 0.16
PMMA 98.5 1.08 105 29.7 3.6 0.20
PBrS 127 1.29 118 ≈30 5.5 —

(a) Weight-averaged molecular weight.
(b) Polydispersity PD = Mw/Mn (Mn number-averaged molecular weight).
(c) Glass transition temperature.
(d) Surface tension at 170 ◦C. For PBrS we assume 30 mN/m.
(e) Dielectric constant.
(f) Thermal conductivity at ≈170 ◦C.

23
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nated polystyrene (PBrS)2. Their characteristics are summarized in Table 3.1.
They all dissolve well in toluene, and we prepared solutions containing typically
3 weight percent of polymer which we filtered using a Teflon membrane with a
pore diameter of 0.1 µm.

3.1.2 Substrate Preparation

As substrates we used highly polished silicon wafers3. They are cut parallel to
the (100) lattice plane and doped with boron (p–type) resulting in a conductivity
of 6–12 Ω cm. A thin (≈2 nm) native oxide layer (SiOx) covers the wafers. Since
the external driving forces in our experiments are much stronger than any surface
related forces, a very thorough (wet) cleaning procedure was not necessary. To
remove dust and organic contaminants, we used a jet of carbon dioxide crystals
(“snow-jet”) [34].

In order to avoid electrical charging effects or to apply an external field, it is
necessary to contact the silicon wafers. The protective oxide layer, however, often
causes an unwanted large contact resistance. To ensure good electrical contact
we evaporated a thin gold layer onto to back side of the wafers.4 Afterwards a
lead can either be soldered or clamped on.

All of our experiments were preformed in a plate capacitor geometry. Polymer
formations spanning the gap between the plates adhere to both surfaces. After the
mechanical removal of one of the plates, there are three possibilities: the polymer
structure will either adhere to one of the surfaces or be ripped apart. To keep
the formations intact and prevent adhesion to the upper plate, we reduced the
surface energy of the top plate by depositing a self-assembled monolayer (SAM)
of alkanes. A simple method to prepare a SAM is the immersion of a sample in
a solution containing alkane chains with actively binding end-groups. We used
silanes as they bind to hydroxyl-terminated surfaces such as SiOx and are very
temperature stable.5

3.1.3 Spin-Coating

A common process in the semiconductor industry to uniformly coat a substrate
with a thin polymer layer is the spin-coating technique (see Fig. 3.1). An ade-
quate amount of a polymer solution is placed onto a flat substrate held in place
by a vacuum chuck. Subsequently, it is rotated at a set frequency ν (typically
1 000–10 000 rounds per minute). Due to the centrifugal forces the liquid spreads

2Made by C. Hawker.
3We thank W. Zulehner and Wacker-Chemie GmbH for the supply.
4First, we evaporated a 2 nm thick chromium layer onto the silicon substrate (at a base

pressure of 2 ·10−6 bar with a typical rate of ≈0.2 nm/s), followed by the deposition of a ≈70 nm
thick gold layer (with a rate of ≈2 nm/s). The pre-deposition of chromium is necessary to
provide sufficient adhesion of the metal on the SiOx-surface.

5It is necessary to pretreat the oxide surfaces by an aggressive cleaning step in order to
remove all organic contaminations and hydroxylate the surface. Thus, the sample is exposed to
a strongly oxidizing liquid (mixture of concentrated sulfuric acid and hydrogen peroxide with a
ratio 1:2 at 60 ◦C) and rinsed in deionized water prior to the immersion (> 1 h) in the freshly
prepared silane solution (0.25% octadecylsilane (OTS) in hexane) [35].
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Figure 3.1: Representation of the spin-coating technique for the deposition of a flat polymer
film.

evenly across the surface. The volatile solvent evaporates leaving behind a film.
The thickness ` of the resulting film depends on the viscosity, the polymer con-
centration, and the spin-frequency (` ∝

√
1/ν). In this fashion, film thicknesses

from sub-nanometers up to a few micrometers can be realized. For a “good” sol-
vent (e.g. PS in toluene), the resulting polymer films are of a surprising quality
with a root-mean-square roughness of only fractions of a nanometer. Otherwise,
for “decent” solvents, undulations with typical wavelengths of several 10s of mi-
crons form a radial pattern with fluctuation amplitudes on the order of 10% of
the film thickness.

3.2 Microscopy

3.2.1 Optical Microscopy

Thin polymeric films on silicon wafers show beautiful rainbow colors analogous to
gasoline spilled on water. The incident white light from the microscope is reflected
at the polymer–air and at the polymer–substrate interface. The two reflected
beams interfere with each other. If the differences in the refractive indices at the
two interfaces are comparable, the reflected amplitudes will be on the same order
of magnitude.6 Therefore, it is possible that destructive interference can reduce
the intensities of respective wavelengths considerably compared to wavelengths
which interfere constructively. Thus, a selection of a single color is possible and
is representative for a certain film thickness.

The colors follow a periodic scheme with increasing film thickness, start-
ing with a light brown (≈20 nm) up to an alternating light pink and green
(≈1.5µm)(see Fig. 3.2). This interference phenomenon is limited by the coher-
ence length of the light (several microns for conventional light sources). Due to
the decoherence, the intensities of the various wavelengths become similar. More

6The refractive index of air n ≈ 1, of e.g. PS is n ≈ 1.6, and for silicon n ≈ 4.1 (at 550 nm).
This results in about 5% reflected from the PS–air interface and 18% from the silicon surface.
A gold substrate on the other hand reflects nearly 90% of light (at 550nm). Here, only slight
variations in color can be seen.
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Figure 3.2: Interference colors from a polystyrene film on a silicon wafer. The film thickness
changes from left to right (not on a linear scale): 20 nm (light brown), 70 nm (dark brown),
100 nm (dark blue), 140 nm (light blue) 200 nm (yellow), 250–280 nm (purple), 290 nm (blue),
310 nm (turquoise), 330 nm (green), 350 nm (yellow), 400 nm (light purple), 420 nm (green),
460 nm (yellow), 520 nm (pink) . . . alternating light green and pink up to approximately
1.5µm until it changes to a transparent gray.

colors are mixed in and appear faded, eventually having the same intensity dis-
tribution as the incoming white light. For typical thicknesses on the order of one
hundred nanometers (blue), thickness variations of the films in the nanometer
range can be recognized by slight color changes. Therefore, optical microscopy is
a very powerful instrument to characterize lateral topographic features ranging
from 5 mm down to 200 nm.

3.2.2 Atomic Force Microscopy

Atomic force microscopy (AFM) has evolved rapidly as an imaging tool for soft
materials with high spacial resolution (Fig. 3.3). The basic principle of the tech-
nique can be understood in the following way: A cone or pyramid shaped tip
usually made from silicon or silicon nitride (also cylindrical using carbon nan-
otubes) is used as a probe (Fig. 3.3b). Upon approaching a surface the various
interactions that cause pressures in a thin film (Eq. 2.13) act now on the probe.
Most important are the van der Waals interactions (usually attractive), the steric
repulsion, electrostatic Coulomb interactions, and capillary forces (attractive, due
to e.g. an absorbed layer of water or capillary condensation). As a result of the
various interactions, the prove is exposed to an effective, distance dependent
force. The probe itself is attached to a cantilever with a certain spring constant
(typically 1–100 N/m). By detecting the displacement of the cantilever the force
acting on the tip can be measured.

A common technique to measure the cantilever displacement is the deflection
of a laser beam (Fig. 3.3a). A laser diode is focussed on the back of the cantilever
and the reflection is centered on a 4–quadrant photo diode. The voltage differ-
ence of the upper and lower quadrants is proportional to the deflection. After
calibration, absolute forces with a resolution on the order of 10−11 N can be mea-
sured this way. To image a sample, the tip is scanned relative to the surface. The
feedback electronics keep the deflection of the beam constant by compensating
changes in topography by a piezo controlling the tip–sample distance. The volt-
age applied to the piezo is then used to calculate the displacement of the piezo.
The latter is the mirror image of the sample’s topography.

The method described above is usually referred to as contact mode. It has sev-
eral disadvantages: The probe exerts locally high pressures which can deform or
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Figure 3.3: a Typical setup of an atomic force microscope (AFM). A laser beam is focused
onto the back side of a cantilever and reflected into the photo diode. The sample can be
moved in the x, y and z–direction with respect to the tip by a piezo ceramic translation
stage. b Scanning electron microscopy images of an AFM probe. The left image shows the
end of the cantilever with the tip (scale bar 10 µm). A close up of the tip shows that the
radius of curvature is less than 20 nm (total scale bar 100 nm).

even destroy the surface especially when imaging soft samples. Additionally, due
to the scanning motion, the specimen is also subjected to lateral forces. Dynam-
ical scanning force methods avoid these effects by minimizing the actual contact
time with the sample and by reducing the impact strength. Here, the cantilever
is forced to oscillate. The driving amplitude and frequency, close to the reso-
nance of the cantilever, are fixed. Near the surface the probe enters the interface
potential. Depending on the parameters chosen, the driven oscillator operates in
three different regimes as illustrated in Fig. 3.4a. The solid curve corresponds
to Lennard–Jones interactions integrated pairwise over a sphere (tip) and a solid
half space. Dashed horizontal line segments denote intervals of tip–sample dis-
tance explored by the sinusoidally driven tip in each regime, at different mean
distances (vertical dashed lines). The point of closest approach determines the
interaction regime: free oscillation (no interaction), “non-contact” mode (attrac-
tion dominant), and intermittent contact or tapping7 mode (repulsion dominant).

The response of the driven cantilever close to the surface is described by the
following. A harmonic oscillator subjected to an external force gradient changes
its resonance frequency. As an example, we choose the driving frequency to be
exactly at resonance. Upon approach, the probe first enters the attractive van
der Waals part of the potential. This decreases the resonance frequency. Since

7 r© Digital Instruments, USA.
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Figure 3.4: a Schematic representation of the three distance-dependent regimes of interac-
tion between an oscillating tip and a sample surface. Vertical dashed lines indicate the mean
tip–sample distance and the horizontal lines represent the amplitude of the oscillation. b At
resonance νo driven cantilever approaching a surface. The free oscillation is illustrated by
curve 1. Upon decreasing the mean tip–sample distance, the probe operates in non-contact
(2) until it jumps to intermittent contact (3). A further reduction in the distance will lead
to 4.

the driving frequency is fixed, the amplitude of the oscillator decreases as the
operating point “rides” down the resonance curve of the oscillator towards higher
frequencies (Fig. 3.4b). Decreasing the mean tip–sample distance further, the tip
reaches the repulsive portion of the interaction potential at some critical value.
The steep repulsive force gradient starts to increase the resonance frequency
again. This means that the amplitude also increase. A gain in the amplitude,
however, also causes the repulsive potential to dominate further and so on. The
resonance frequency of the system increases rapidly above the free resonance
until ultimately a new dynamical equilibrium is reached with an amplitude which
corresponds to the imposed mean tip–sample distance. Accompanied with this
sudden change in the operating point is a jump in the phase signal of the cantilever
with respect to the driving source. In a steady state operation, the phase signal
(ϕ) gives information about the energy dissipation (P̄ ∝ sinϕ) in the system,
which often reveals material contrast [36]. One exception is the above mentioned
jump in the phase. Since the sine function is a symmetric function about 90◦ (the
phase of a driven harmonic oscillator at resonance) there are no losses associated
with a jump from an attractive to a repulsive dominated operating point.

The reduction in amplitude can be used as a feedback parameter for the AFM
electronics. Depending on the driving amplitude and frequency relative to the
resonance of the cantilever the operating mode is chosen. The non-contact mode
has least impact on the sample and is therefore desirable for delicate samples.
Disadvantageous is the necessary small driving amplitude. It results in an unsta-
ble operation of the feedback if the sample has a large topography or adhesion.
A disturbance in the tip–sample interaction can easily cause the system to jump
between intermittent contact and non-contact. The unstable operation results
in a distorted topography at edges or material boundaries and an almost binary
phase contrast image. Using higher driving amplitudes stabilizes the system, but
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might also cause more damage to it. When the system is operated in the tap-
ping mode, the driving frequency is then usually chosen slightly below resonance,
thereby eliminating jumps between the different modes [37]. For our fairly robust
samples, the tapping mode was the best choice, and we used stiff cantilevers with
a resonance frequency around 300–400 kHz.

Strictly speaking, keeping the applied force or the amplitude constant and
assuming thereby indirectly that the tip–sample distance is constant, is only
true if there are no material changes. Since the interface potential is different
for every material, a constant applied force corresponds to a different position
in the interface potential and thus a change in height. However, since mostly
the steric repulsive part of the potential is probed which is not too material
sensitive, this is usually a small error. Elastic responses, on the other hand, of
soft rubbery materials might lead to large deformations and thereby different
heights depending on the impact of the tip.

A larger error results form the hysteresis of the piezo ceramics (displacement
versus applied voltage). Usually this is corrected by the imaging software, how-
ever only globally. The magnitude of the hysteresis depends on the absolute
extension of the piezo and the height variation around this set point. This can
result in a substantial relative error of easily more than 10% for high (& 100 nm)
changes in topography. Therefore, we replaced in our home-built AFM the com-
monly used piezo tube where the cantilever is attached to a piezo stack. A built-in
strain gauge provides the linear displacement with practically no hysteresis. The
disadvantage of the strain gauge signal is a higher noise level (≈0.3 nm). However,
since we were mostly interested in imaging polymer formations with heights on
the scale of 100 nm this was not a problem. The piezo hysteresis is also a problem
for the absolute x–y scan position. Zooming in on a detailed feature of the sample
by more than a factor of 10 will often result in a magnification of a region which
is close to the desired one. To circumvent a tedious step-by-step zooming process
with small increments, we use a piezo stack driven x–y–translation stage with a
capacitive linearization.8 It has a scanning range of 125× 125 µm2 and buckling
in the z–direction on the order of 10 nm. For high resolution experiments (< 1 µm
scan range) the piezo tube, which is mounted in the AFM head is used for the
x–y scanning motion, as well as for the z–distance control.

3.3 Data Acquisition

Our data analysis is based on the evaluation of optical micrographs and AFM im-
ages. Typically, we are interested in the mean height and mean distance between
formations.

The topography of our films varies between 100 nm and 1 µm. Using optical
microscopy, the interference color indicates roughly the height, however, an exact
value can be determined only by the AFM. Thus, it is the ideal tool to directly
measure the height. Figure 3.5a shows a cross-section through a columnar array.
The columns have a mean height of 650± 15 nm. The average column height of

8PI Instruments.
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Figure 3.5: a Cross-section through typical columnar structures with an average height
650± 15 nm and inter-column spacing of λ ≈ 11 µm (this corresponds to a data point of �:
PS with `o = 93 nm, U = 30 V in Fig. 4.4a). b AFM image of vertical columns (white) on
a depleted silicon wafer (black). The inset shows the probability distribution of inter-column
spacings.

several (3–5) cross-sections provide the mean height for a data point.
The mean spacing between structures are in the range of 0.5–25 µm. There-

fore, both optical and scanning force images can be used for the analysis. Figure
3.5b shows an AFM image of a film exposed to an electric field. There are ver-
tical columns (white) on a depleted silicon wafer (black). The inset shows the
probability distribution of the nearest-neighbor spacing λ obtained by threshold-
ing the image, determining the centers of the columns, and measure all distances
between them. This is automated using standard imaging analysis software.9

The distribution is Gaussian with an average of 3.0 µm and a standard devia-
tion of 0.38 µm. The increase in probability towards higher values of λ is due to
next-nearest neighbors. Often it was not feasible to use the automated process.
Nucleation effects at edges or dirt particles clearly affect the distribution. Coa-
lescence and only small areas of a certain morphology further limit this analysis.
In such cases, we manually measured the distance between columns excluding
nucleation and coalescence effects. Typically, the averaging included ≈20 values.
A cross-check on images where both methods are possible showed good agreement
of the obtained mean spacings within the error bars.

9Image Pro Plus 3.0, Media Cybernetics.



Chapter 4

Electrohydrodynamic
Instability

We have studied the influence of electric fields on highly viscous polymer films
[4–6]. An electrohydrodynamic (EHD) instability causes a wave pattern with a
characteristic wavelength λ, leading to an array of polymer columns which span
the gap of a capacitor device. When represented as a master curve, the data is
quantitatively described by an EHD model, without any adjustable parameters.
Our results suggest that EHD experiments using polymer films are well suited to
study non-equilibrium pattern formation in quasi-two-dimensional systems.

4.1 Introduction

The physical basis for the deformation of a liquid surface by an electric field
has been known for more than a century [38]. EHD surface instabilities have
been studied using a variety of liquids. In transformer oils, instabilities lower the
critical voltage for dielectric break-down [39,40], in thermoplastics, they cause a
surface roughening (“frosting”) [38] and in liquid helium they give rise to surface
waves (“ripplons”) [41].

The first theories on the rupture of liquid films by an electric field [40] led to an
extensive investigation of EHD instabilities [42–46]. Two qualitatively different
cases can be distinguished [38,40,41,45–49]: First, free charges at a liquid–air or
liquid–liquid interface. This effect is achieved, for example, by exposing a thermo-
plastic surface to a discharge, or by the accumulation of charges at the interface
due to a finite conductivity of one of the liquids, and/or convective processes.
Second, polarization charges in an external electric field. Apart from different
electrostatic boundary conditions, several hydrodynamic models have been con-
sidered, reflecting the typical experimental configurations. In addition to the
surface tension, the EHD instability is either opposed by the viscous dissipation
in the liquid [38,48,50], or by gravity [40,41,43,46,50].

The careful control of instabilities in thin films has two interesting aspects:
Fundamentally, it can give valuable information about the surface interactions.
Technologically, the exploitation of it can generate novel structures [4,8,9,11,51–

31
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53].
The concepts applied do describe EHD instabilities and thin film instabilities

are similar [17, 43]. In the thin film geometry, gravity is usually negligible and a
no-slip boundary condition is assumed at the liquid–solid interfaces, giving rise
to a Poiseuille–type velocity profile in the liquid layers (Chapter 2.2).

The combination of both principles—the use of electrical fields to control
the destabilization of thin polymer films—is appealing. As opposed to other
interactions, the strength of electrostatic forces can easily be varied and, due
to their long–ranged nature, a coupling of electrostatic interactions to dielectric
interfaces far from the external surface of the specimen is possible. In this context,
we used EHD driven instabilities to replicate a patterned electrode [4, 8]. In
related experiments, the orientation of micro-phase separated diblock copolymers
was investigated [54,55].

We have systematically characterized an electrostatically driven instability of
thin, highly viscous polymer films. In contrast to earlier EHD experiments fo-
cusing on the threshold of the interfacial destabilization in the gravity controlled
case [44–46], we measured the characteristic wavelength of the instability. In
particular, our system allowed us to precisely control all experimental parame-
ters, overcoming the difficulties in previous experiments of instabilities of surface
charged polymer films [47,48].

4.2 Experimental Setup

The experimental setup is schematically shown in Fig. 4.1. A thin polymer film
of thickness `o was spin-coated from solution onto a highly polished silicon wafer
serving as one of the electrodes. The polymers used are listed in Table 3.1 on
page 23. Facing the polymer film, a second silicon wafer was mounted at a
distance d from the first electrode, leaving a thin air gap (d − `). To realize
a series of experiments on a single sample, a wedge geometry was used: the
top electrode had spacers1, leading to a variation of d from 100–1000 nm over
a lateral distance of several millimeters, thereby locally maintaining a nearly
parallel electrode configuration (Fig. 4.1b). To facilitate a good electrical contact
with the capacitor plates, the backside of the electrodes was coated with a thin
gold layer. To liquify the polymer, the assembly was heated to 170 ◦C, above the
glass transition temperature of the polymers, and a small, constant voltage U
(30–50 V) was applied.

The electric field in the polymer Ep and in the air gap is determined by four
parameters: the voltage U , the electrode spacing d, the film thickness `o, and the
dielectric constant εp of the polymer. For the parameters used in this study, Ep

was typically in the range of 107–108 V/m.
During annealing with an applied voltage, a small current was flowing through

the capacitor (1–50 mA/cm2) possibly mediated by impurities in the device. We

1As spacers we either employed the structures of a topographically patterned upper electrode
(Si), silicon oxide (SiOx) sputtered pads, or oxidized silicon wafers subjected to an etching
solution (HF) leaving SiOx–columns behind obtained by optical lithography.
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Figure 4.1: Schematic representation of the experimental setup. a A liquid polymer film
is destabilized by an electrostatic pressure which is a consequence of the applied electric
field. Depending on the voltage U , the electrode spacing d, the initial film thickness `o, the
dielectric constant εp, and the surface tension γ, a narrow distribution of wavelengths λ is
amplified. b Spacers of different height cause a gradual variation of the plate spacing over a
lateral distance of ≈1 cm horizontally by ≈1 µm vertically (largely exaggerated here). Locally
the configuration is therefore nearly parallel.

monitored the current during the experiments. It is very sensitive to changes in
the applied voltage or the plate spacing and can therefore be used as a control
parameter. After a transient region during initial heating, the current stayed
constant indicating that the sample geometry did not change during the length
of the experiment. If drastic changes occurred the sample was discarded.

After a time ranging from several minutes to a day, the polymer was immo-
bilized by quenching the sample to room temperature (T < Tg), and the top
electrode was mechanically removed. To facilitate the disassembly of the device,
the top electrode was covered by a self-assembled alkane monolayer (Chapter
3.1.2) prior to the experiment. We investigated the morphology of the polymer
film using optical and atomic force microscopy (Chapter 3.2).

4.3 Experimental Results

Evolution in Time

Typical experimental results are shown in Fig. 4.2. Depending on the value of Ep

and the annealing time, different stages of the instability were obtained. Initially,
the film showed undulations (Fig. 4.2a). These undulations grew and eventually
made contact with the upper electrode to form liquid columns (Fig. 4.2b). Due to
the wedge geometry of the sample, all stages could be obtained on the same sam-
ple for a given annealing time. In the absence of an electric field—for example,
the parts not covered by the upper electrode (Fig. 4.1a)—the film remained sta-
ble, while the interior region featured a dynamic instability. If the areal density
of the columns was increased, for instance by choosing a larger initial film thick-
ness, the interactions between neighboring columns increased resulting in a more
ordered packing (Fig. 4.1c). Several qualitative features emerge from Fig. 4.2: (i)
the instability of the polymer was caused by the electric field, (ii) a narrow dis-
tribution of wavelengths was observed, and (iii), as is typical for two dimensional
systems [56] a mostly local lateral hexagonal symmetry was obtained.
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a

b

c

Figure 4.2: Optical micrographs of polystyrene (PS) films exposed to an electric field. In
a and b, a 93 nm thick PS film was annealed for 18 h at 170 ◦C with an applied voltage
U = 50V. Since the electrode spacing in a was larger than in b, corresponding to a lower
electric field, two different stages of the instability were observed as schematically illustrated
by the cross-sections. In b, undulations are higher (yellow and red) and some have already
touched the upper plate to form columns (brown circles). In c, the PS film thickness was
doubled (`o = 193 nm). This lead to a denser packing of the polymer columns and to an
enhanced ordering. All images are ≈65 µm wide.
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Figure 4.3: With decreasing plate spacing from left to right (color change from green to
purple), the density and ordering of the columns increases. Image width 145µm.

Figure 4.3 shows an example, in which the different stages of the instability
are all present at once. Here, the local gradient in plate spacing was too high for
quantitative analysis, but this image illustrates the effect of ordering. While on
the left side in the image undulations coexist with columns, the decreasing plate
spacing towards the right increases the density of the columns, and thereby the
inter–column interactions and ordering.

Characteristic Wavelength

To analyze the data from the AFM images and optical micrographs, we deter-
mined the characteristic wavelength λ by measuring the distances between un-
dulation maxima or the columns and taking the average (Chapter 3.3). AFM
measurements provide `o directly after spin coating, and d is obtained from the
height of the polymer columns after the experiment. The results in Fig. 4.4
show how the characteristic wavelength varies with the plate spacing. To ex-
plore the effect of different values of εp, we used three polymers: polystyrene
(PS), poly(methyl methacrylate) (PMMA), and brominated polystyrene (PBrS).
Apart from their differing dielectric constants, all three polymers have similar
properties (see Table 3.1 on page 23). Figure 4.4(top) shows the effect of an
increased applied voltage using the same polymer. λ is plotted versus d for PS
films with an applied voltage of 30 V and 50 V. Due to a higher electric field the
electrostatic pressure is augmented and increasingly dominates over the Laplace
pressure resulting in a smaller wavelength (triangles, 50 V). While the structures
appear qualitatively similar for the three polymers (Fig. 4.2 correspond to PS
and Fig. 3.5 on page 30 to a PBrS film), it is important to point out that the
characteristic wavelength decreases with increasing εp, for otherwise similar ex-
perimental parameters. This is illustrated by Fig. 4.4(bottom) showing PMMA
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Figure 4.4: Characteristic wavelength λ versus plate spacing d. The different data sets are
denoted by the following symbols: (top) �: PS with `o = 93 nm, U = 30 V; 5: PS with `o
= 120 nm, U = 50 V (bottom) ©: PMMA with `o = 100 nm, U = 30 V; ♦: PBrS with `o
= 125 nm, U = 30V. The crosses correspond to an AC experiment (rectangular wave with
a frequency of 1 kHz and an amplitude U = 37 V) using a PMMA film with `o = 100 nm.
The lines corresponds to Eq. (4.12).
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and PBrS samples. Compared to Fig. 4.4(top) the wavelength for an applied
voltage of 30 V for PBrS (diamonds) is comparable to 50 V for PS (triangles).

4.4 Theoretical Aspects

While there is an extensive body of literature on the theoretical description of
EHD instabilities, [40, 43, 46, 49], an adaption of the theoretical models to the
boundary condition in our experiments is necessary. For an instability caused
purely by polarization charges, we follow the description in [57] in the limit of
λ � d.

The overall pressure distribution at constant temperature in the film for dom-
inant electrostatic interactions is given by (Eq. (2.13))

p(`) = po + pL + pel (4.1)

with po denoting the atmospheric and pL the Laplace pressure. For high enough
values of Ep, the van der Waals pressure can be neglected.

4.4.1 Electrostatic Pressure

A very qualitative view of the origin of the electrostatic forces at the liquid–
air interface is obtained by looking at Fig. 4.5. Two charged capacitor plates
are attracted towards each other due to the opposing charges on the plates. The
electric field polarizes the polymer resulting in an effective surface charge density.
The opposite charges of the interface and the upper electrode will result in an
effective attraction.

A rigorous derivation of the electrostatic pressure at the liquid–air interface for
a given electric field in the polymer results according to Landau and Lifshitz [58]
in

p′el = −1
2
εoεp(εp − 1)E2

p (4.2)

in the absence of tangential fields and variations of the dielectric constant within
the layer. This result can most easily be calculated from the free energy stored
in the capacitor device with a constant applied voltage2 U

F = Fo −
1
2
CU2 (4.3)

where Fo pertains to the dielectric in the absence of a field and C is the capac-
itance. The variation of the free energy with respect to the film thickness ` per
unit area A gives the interfacial pressure

p′el =
1
A

δF
δ`

= −U2

2A
∂`C (4.4)

Another way of rationalizing this is that the gradient of the potential energy gives
a force, or per unit area a pressure. The only free variable in the system, with
respect to which the gradient can be taken, is the film thickness.

2This is in contrast to the boundary condition of a constant charge Q on the plates where
F = Fo−Q2/(2C). Most notably, an increase in C also raises the free energy which means that
the film configuration is favorable and stable.
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Figure 4.5: The dielectric is polarized in the electric field. Opposing charges result in an
effective force on the interface. The layered system is equivalent to a series of capacitors.

The total capacitance is calculated from a series of two capacitors (Fig. 4.5):
one filled with the polymer having a dielectric constant εp and thickness ` and
the other with air (εair ≈ 1) and plate spacing d− `. Thus,

1
C

=
1
Cp

+
1

Cair

=
`

εoεpA
+

d− `

εoεairA

=
εpd− (εp − 1)`

εoεpA
. (4.5)

For ` = d the capacitance is maximized and therefore the free energy minimized.
A capacitor filled with a dielectric is energetically more favorable than an empty
one. Using Eq. (4.4),

p′el = − εoεp(εp − 1)U2

2 [εpd− (εp − 1)`]2
(4.6)

The fact that the dielectric displacement D in a system of dielectric layers exposed
to an electric field is constant can be used to calculate the electric field in the
polymer

D = εoεpEp = εoεairEair (4.7)

where Eair is the electric field in the air. The applied voltage across the plates is
the sum of the voltage drop within each layer

U = Ep` + Eair(d− `)

=
D

ε0

(
`

εp
+

d− `

εair

)
=

εoεpEp

ε0

(
`

εp
+

d− `

εair

)
. (4.8)

The last line is obtain by re-inserting the expression for the dielectric displacement
in the polymer film. Finally, solving for Ep with εair = 1 we get

Ep =
U

εpd− (εp − 1)`
. (4.9)
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Using Eq. (4.9) to express Eq. (4.6) in terms of the electric field in the polymer
yields the equation of Landau and Lifshitz (Eq. (4.2)).

When deriving pel for our experimental setup (Fig. 4.1), two contributions
to the free energy change have to be considered: First, the redistribution of
dielectric liquid inside the capacitor due to undulations, and second, additional
dielectric liquid which is drawn into the capacitor from an outside reservoir. Any
additional liquid between the plates decreases the free energy. Because of the
thin film geometry, the flow of additional material results in a lateral pressure
from all sides and increases the total pressure in the film. The influx causes the
interface level to rise. Thus, its contribution to the free energy is the same as the
redistribution in an undulation with λ � d. The total electrostatic pressure in
the film (pel = 2p′el) is then given by

pel = −εoεp(εp − 1)E2
p (4.10)

4.4.2 Characteristic Wavelength

By identifying the excess surface pressure pex = pel (Eq. (2.14)), the dispersion
relation for a system dominated by electrostatic forces is given by

1
τ

= − `3
o

3η

(
γq4 + ∂`pelq

2
)

(4.11)

As opposed to the inviscid, gravity limited case (τ−1 ∝ q) [43], the viscous stresses
lead to a q2 dependence of τ−1 in the long wavelength limit, typical for dissipa-
tive systems [56]. Fluctuations are amplified if τ > 0. Since ∂`pel < 0, all modes
with q < qc =

√
−∂`pel/γ are unstable. With time, the fastest growing fluctu-

ation (Eq. (2.29)) will eventually dominate, corresponding to the maximum in
Eq. (4.11)

λ = 2π

√
γ[εpd− (εp − 1)`]3

εoεp(εp − 1)2U2

= 2π

√
γU

εoεp(εp − 1)2
E
− 3

2
p (4.12)

4.4.3 Rescaling

To compare the results of different data sets, it is useful to introduce dimensionless
variables. The characteristic electric field should be on the order of U/d. However,
since the instability depends only on the field strength, d is not a good quantity
for other experimental setups. Besides, rescaling with U/d would largely remove
all variations in the electric field for our experimental conditions and thereby
reduce the data sets more or less to a single point. The only other length scale
in the system is a characteristic wavelength λo. The electric field is inversely
proportional to it. Because of the inverse dependence, we use the characteristic
wave vector qo = 2π/λo. Thus, the characteristic field strength is

Eo = Uqo =
2πU

λo
. (4.13)
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If we require for Ep = Eo that λ = λo, we can use Eq. (4.12) and Eq. (4.13) to
find the characteristic wavelength

λo = 2π
εoεp(εp − 1)2U2

γ
. (4.14)

Equation (4.12) leads then to the simple form

λ

λo
=
(

Ep

Eo

)− 3
2

. (4.15)

The relative strength of the electrostatic and Laplace pressures defines λo. To
this end, we can rewrite Eq. (4.14) to

λo =
εoεpU2

2d2

γ
4π(εp−1)2d

d. (4.16)

The numerator of Eq. (4.16) is the electrostatic pressure between the plates of a
capacitor completely filled by a dielectric with εp and spacing d. The denominator
is the Laplace pressure associated with a radius of curvature 4π(εp − 1)2d. This
would be the radius of curvature, λ2

o/(4π2ζo), of a sinusoidal perturbation with a
wavelength λo and an amplitude ζo = λ2

o/(16π3(εp − 1)2d). The ratio of the two
pressures relates λo with the plate spacing d. For our system—using typical values
(e.g. εp = 2.5 for PS, U = 30V, and d = 500 nm)—λo ≈ 10 µm, Eo ≈ 2 ·107 V/m,
and ζo ≈ 160 nm. The values are comparable to the experimental results in Figs.
4.4. In addition, Eq. (4.11) defines a characteristic time constant of the instability

1
τo

=
`3
o

3η
q4
o. (4.17)

Equation (2.30) together with Eq. (4.15) gives the dependence of the time con-
stant on the electric field

τ

τo
=
(

Ep

Eo

)−6

. (4.18)

The time constant has a very strong dependence on the electric field and therefore
also on the plate spacing in our setup.

4.5 Discussion

Equation (4.15) shows that we may rescale our data in reduced coordinates. Data
sets which correspond to a range of experimental parameters (Fig. 4.4) superpose
to a single master curve shown in Fig. 4.6. Within the experimental scatter, the
data is quantitatively described by Eq. (4.15) in the absence of any adjustable
parameters. About two orders of magnitude are covered in both dimensionless
quantities demonstrating the scaling behavior in addition to the quantitative
agreement.
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Figure 4.6: Variation of the characteristic wavelength λ versus the electric field in the
polymer Ep in reduced coordinates. All data collapse onto a single curve (Eq. (4.15)) without
any fit parameters. (Compare with Fig. 4.4 on page 36, �: PS with `o = 93 nm, U = 30 V;
5: PS with `o = 120 nm, U = 50 V; ©: PMMA with `o = 100 nm, U = 30 V; ♦: PBrS
with `o = 125 nm, U = 30 V); +: PMMA with `o = 100 nm, U = 37 V AC (rectangular
wave with a frequency of 1 kHz)

Surface Charging

In the present analysis, we make the assumption that interfacial charging caused
by the finite conductivity of the polymer film is negligible. To experimentally
verify that only polarization effects are responsible for the EHD instability, a
rectangular alternating voltage (AC) with a frequency of 1 kHz was applied at
the capacitor (crosses in Fig. 4.4 and Fig. 4.6), yielding results which are in good
agreement with the DC voltage experiments. The absence of interfacial charg-
ing is, however, in disagreement with the discussion in [45]. The characteristic
time constant for charge transport τσ for a given conductivity σ is τσ = εoεp/σ.
Assuming a conductivity for PS of 10−12 (Ωm)−1, τσ ≈ 20 s. Since τσ . τ—the
time constant of the instability, it is possible for charges to relax to the inter-
face and accumulate there. This would mean that the polymer should behave
like a conductor on the time scale of the experiment. The interface would be an
equipotential surface which changes the boundary conditions, the strength, and
scaling of the instability. Since the time constant of the applied AC frequency was
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much smaller than τσ, interfacial charging should not occur for this experiment.
Furthermore, since the AC data falls directly onto the master curve (Fig. 4.6),
there is no accumulation of charges at the interface in case of the DC voltage
experiments either. We therefore assume that the observed current through the
device discharges the polymer surface.

Polymer Bilayer

The choice of air as the upper liquid simplifies the hydrodynamic and electric
equations. The more general situation is a liquid–liquid bilayer [6]. Qualitatively,
there are three main differences if the gaseous layer is replaced by a dielectric
liquid: First, the electrostatic pressure at the interface is lower due to a lower
difference in dielectric constants. Second, the viscous coupling and dissipation in
the second liquid layer slows down the dynamics. Third, the interfacial tension
is lower. While the first two points should weaken the instability, the third
enhances it. Using surfactants, the surface tension can by reduced considerably.
This should enable an instability with a smaller characteristic wavelength.

In order to develop a more general theory, we replace εair with ε in the
derivation of the electrostatic pressure (Chapter 4.4.1) to obtain

pel = −εo
εp

ε
(εp − ε)E2

p . (4.19)

Since ε > 1, it is obvious that the electrostatic pressure is lower than in the case of
a single layer.3 Going through a similar linear stability analysis, the characteristic
wavelength in the bilayer case is [6]

λb = 2π

√
γ12ε2U

εoεp(εp − ε)2
E
− 3

2
p (4.20)

where γ12 is the interfacial tension between the two media. To compare the result
to a single polymer layer it is instructive to calculate the ratio of the characteristic
wavelengths

λb

λ
=

√
γ12

γ

ε2(εp − 1)2

(εp − ε)2
. (4.21)

If we take for example PS (εp = 2.5) and PMMA (ε = 3.6), the interfacial tension
between PS and PMMA has to be lower by a factor of 24 compared to the surface
tension of PS in air in order for the bilayer case to yield a smaller wavelength. γ12

is lower by a factor of ≈20. Hence, since these are also representative values for
other experimental systems, a surfactant is necessary to considerably reduce the

3This is only true for the same electric field in the (bottom) polymer layer. Since experi-
ments usually involve applying a constant voltage, the electric field in the polymer increases by
replacing the upper layer with a dielectric, thereby also augmenting the electrostatic pressure.
The ratio of the electric field in the film topped by a dielectric compared to air is (U = const)

Ep/Eair
p = 1 +

εp(ε − 1)(d− `)

ε` + εp(d− `)
.
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wavelength. Intensifying the electric field, is the experimentally easier solution
to obtain smaller wavelengths. Keeping the applied voltage constant already
increases the electric field in the polymer film for a double layer.3 This increase
can, however, also be achieved for a single layer by increasing the applied voltage.
The decisive limit is the dielectric break-down in the polymer which depends only
on the field strength. Accordingly, the comparison between a single and a bilayer
has to be made on grounds of the electric field and not the experimental boundary
condition of an applied voltage.

The viscous dissipation in the upper film, changes the time constant of the
instability. An effective viscosity ηeff ≥ η results from the modified hydrodynamic
boundary conditions. It depends on the viscosities and thicknesses of the two
layers. The viscous effect and the smaller surface tension both increase the time
constant. However, a reduced characteristic wavelength for a constant applied
voltage compensates for this. While the theory predicts roughly the same growth
rate for the experimentally studied single and double layers [6], the observed time
necessary to form columns is ≈50 times smaller in the case of the bilayer. This
counterintuitive result could be caused by the nonlinearities in the system or
possibly slip at the interface which would change the boundary conditions.

Threshold

As opposed to the gravity controlled case, there is no lower threshold field for the
EHD instability in our case, due to the dissipative character of the viscous drag
that opposes the destabilizing electrostatic force. For a weaker field it is always
possible to develop an undulation with a larger wavelength. Theoretically, the
only limit is therefore given by the system size. In order to have a threshold, the
presence of a stabilizing force with a strength on the same order of magnitude as
the destabilizing electric fields is required. The only possible stabilizing effects for
the thin films are due to van der Waals forces. This would mean that the electric
fields would have to be extremely small (corresponding to applied voltages of
a few hundert millivolts) to see any threshold. In practice, other destabilizing
contributions to the pressure balance in Eq. (2.13) have to be considered as well
for low values of pel. Most likely, heterogeneous nucleation [32] would dominate
over a threshold.

Nucleation and Depletion

So far we have assumed that the electric field is laterally homogeneous between
the plates. Equation (4.18) shows that if there are small changes in the electric
field, the time constant changes drastically because of the 6th power dependence
on the electric field. This means that even small heterogeneities can amplify
perturbations on a much faster time scale.

We see these nucleation effects in the experiments either at edges, for example
of the upper electrode or at dirt particles. Once the value of ` is locally increased
or d−` is locally decreased, the area experiences a greater driving force compared
to its vicinity due to a higher electric field. This leads to a flow of the dielectric
liquid towards the nucleated maximum. Due to mass conservation, this depletes
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a b

Figure 4.7: Nucleation effects. a Columns are nucleated along the edge of the upper
electrode forming an alternating pattern. In the absence of an electric field (left part) the
film is stable. Image width 125 µm. b A ring of 12 columns (green) is formed around a
central column. The nearest neighbor undulation has not been amplified yet (yellow–blue
ring). Beyond the next–nearest neighbor ring, the waves decay (red maxima). Image width
55 µm.

its surroundings and triggers either a plane or radial wave propagating outward
from the nucleation site.

Figure 4.7a shows an example of a “linear” nucleation. Only the film in the
right part of the image was covered by an electrode and therefore exposed to
the electric field (compare with the schematic drawing in Fig. 4.1a). The waves
are nucleated and ordered along the edge where the upper electrode ended. The
order is lost a few wavelengths away from the edge. Here, the waves resemble the
typical 2–dimensional spinodal wave pattern (Fig. 2.4 on page 19). In the absence
of an electric field, the left part of the film remained stable for several hours until
it eventually dewets due to heterogeneous nucleation, however, on a much longer
time scale compared to the EHD instability. In places where the waves have
grown to touch the other electrode, liquid columns have formed. They appear
as small round circles filled with a homogeneous interference color indicating a
uniform height.

An interesting effect arises due to the competition between nucleation, deple-
tion, and the nonlinearities in the system. Initially, along the edge in Fig. 4.7a,
a continuous rim parallel to the border was amplified which in turn broke-up
laterally into waves eventually forming the columns. Since there was a small
gradient in the plate spacing in the direction of the edge, the amplification of
the individual peaks started from one side. A closer look, at Fig. 4.7a reveals
an alternating pattern: only every other wave has touched the counter electrode
to form a column. The other peaks are still “mountain–like” as can be seen
from the interference fringes. The growth of the first column depletes its nearest
neighbors. The next–nearest maximum thus is higher than the directly adjoining
one and is amplified first. This chain reaction propagates along the rim. Given
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a b

Figure 4.8: Surface waves. a Optical micrograph of a PMMA film showing a morphology
reminiscent of interference patterns of radial waves. Image width 80 µm. b 3–dimensional
rendition of an AFM image revealing a honeycomb–like structure. Image width 12µm.

enough time, all waves eventually develop into columns.
In Fig. 4.7b, a wave was nucleated at a point in the center of the image and

propagated outward. Due to the depletion of the nearest–neighbor undulations,
the next–nearest neighbors were amplified first. They formed a rosette on a circle
with a radius r = 2λ and a circumference of 2πr ≈ 12λ, where λ is the charac-
teristic wavelength. Beyond the circle of next–nearest neighbors, the instability
decayed with increasing distance.

While nucleation effects usually increase the film thickness locally, it is also
possible that a hole forms—an amplified version of dewetting via heterogeneous
nucleation. The hole and its associated rim grows until the rim breaks-up into
columns. The resulting morphology resemble Fig. 4.7b, however, without the
central column and a changed radius of the first ring of columns. Depending
on the size of the nucleated hole, the number of columns on the ring typically
varies between 5 and 12. The latter variation in the number of columns is also
true for the type of instability seen in Fig. 4.7b. If the nucleation cite causes
locally a drastic change in the electric field the central column is associated with
a smaller wavelength λloc (Eq. (4.15)) than the surrounding columns which are
only exposed to the undisturbed field. This changes the diameter of the central
column and the radius of the next–nearest neighbor ring to r = λ + λloc. Thus,
the number of columns on the ring is the integer closest to 2π(1+λloc/λ)—in the
experiments numbers anywhere between 7 and 12 were observed.

Surface Waves

The evolution of nucleated instabilities critically depends on all experimental
parameters. Although in the absence of nucleation effects the film is stable (on
the time scale of the EHD instability), a perturbed surface must not necessarily
follow the simple picture of amplified capillary waves. The nonlinearities in the
system can lead to other metastable states. While we do not have a theoretical
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a b

Figure 4.9: Schematic illustration of a trilayer experiment: polymer A—air—polymer B.
a Side view of correlated undulations on the top and bottom. b Top view of composite
core–shell columns on a triangular lattice.

understanding of such situations, the experiments exhibit a wide variety of effects.
Figure 4.8a shows an intriguing morphology. The resulting pattern resembles a
superposition of nucleated radial surface waves interfering with each other. The
3–dimensional AFM image (Fig. 4.8b) magnifies a very symmetric region. If
these structures are further amplified, they should form an array of columns on
a honeycomb lattice (only columns on the corners of a hexagon and not in its
center) instead of a simple triangular lattice.

Trilayer

Sofar we have only considered bilayer experiments. The extension to multi–layer
configurations opens up many more variations of the experiment. Using two
different polymers (A and B) and air as the third medium, there are two possibil-
ities: A–B–air [7] or A–air–B. The latter is schematically illustrated in Fig. 4.9.
Due to the different dielectric constants and film thicknesses, the intrinsic most
unstable wavelength of the two polymer layers is also different. However, due to
nucleation effects, the second layer should be correlated with the first. Match-
ing the time constants of the two layers by choosing different molecular weights
could help. Once the polymers touch, their wetting properties are important. If
one polymer wets the other, the polymer with the smaller surface tension should
form the outer layer of a composite column (Fig. 4.9b). By choosing the ap-
propriate initial film thicknesses, the dimensions of the core–shell column can be
tuned. Due to the lateral repulsion, the columns order on a triangular lattice.
Subsequent selective removal of one component, could, for example, produce an
ordered array of rings.

Discharge

The dielectric break-down strength of the polymers we are using is on the order
of 108 V/m comparable to the maximally applied fields in our experiments. As
the applied voltage is increased the associated current through the device also
rises. For high electric fields, the current is partially mediated by local discharges.
Samples with currents in access of 50 mA show circular areas devoid of any ma-
terial. The only possible explanation of this loss of material is that it was burned
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a b

Figure 4.10: Discharge effects. a Optical micrograph of a ≈50 nm thick PBrS film dis-
playing two zones where discharges occurred (white areas). Image width 160µm. b Optical
micrograph of a PMMA film with polygonal arrays of columns with inter–column distances
smaller than the surroundings. Image width 80 µm.

or ionized in a discharge. Figure 4.10a illustrates this. A ≈50 nm thick PBrS
film (brown) shows initial undulations. There are two large areas (white) where
the polymer has vanished. In case of the smaller white areas it is difficult to
distinguish whether a small local discharge took place or the film dewetted. The
right hole seems to be accompanied by the formation of undulations around the
center, whereas the left hole features a small dirt particle in the center. The cor-
rugations could have formed prior to the discharge due to a locally higher field
which eventually caused the break-down.

A more complicated situation is displayed in Fig. 4.10b. Polygonal arrays of
columns are imbedded in a matrix of “intrinsic” columns. The polygons have
smaller inter–column spacings with a central column. Close to the center there
seems to be a lack of material. We do not know what caused these formations.

One very interesting effect seemingly related to high currents is the following.
On several samples, self–organized grooves with sub–micron periodicities have
formed. One prominent sample showing large areas of these lines also was the
sample with the highest measured current.4 The film is in a late stage of the
instability where columns have rearranged into large patches. Figure 4.11a shows
the edge of such a plateau with a height of ≈250 nm (purple). Cut into the mesa
are channels (yellow indicating a film thickness of ≈200 nm). In central areas of
the plateaus they are nearly parallel with varying spacings. The distance between
the lines is dependent on the height of the plateaus and therefore also the field
strength. The direction of the lines on different plateaus appear to be correlated.
Towards the edges, the channels sometimes join or are bent. This suggests that
they were shaped by something flowing through them. In the upper left hand
corner of the plateau (Fig. 4.11a), where the channels are terminated, material is
missing (a thin black line indicates the original boundary). In the lower part, on

4We measured a fast increase (< 1 h) in the current up to 380 mA which heated the sample
above 200 ◦C, melting the solder of the contacting wires, and finally exploding the small copper
leads.
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Figure 4.11: Self–organized grooves. a Optical micrograph of a PBrS film with `o ≈
115 nm showing an ≈250 nm high plateau (purple) with cut-in channels (yellow). Image
width 80µm. b AFM image of lines in the center of a plateau. Image width 50 µm.
c Cross–section through the lines in b showing a periodicity of ≈600 nm and a depth of
≈35 nm.

the other hand, in the absence of channels the plateau is still undamaged. Thus,
ionized (vaporized) polymer driven by the current through the device seems to
be the origin of the carved in channels. Figure 4.11b is an AFM image of the
central part of a plateau. Over an area of 50 × 50 µm2 the channels seem to be
flawless with a periodicity of ≈600 nm and a depth of ≈35 nm (Fig. 4.11c). The
depth might be obscured by the convolution with the AFM tip’s geometry.

4.6 Conclusions

In conclusion, we have presented an experimental study on the EHD instability in
thin, highly viscous polymer films. A comparison of the data with (slightly mod-
ified) EHD theories allows us to collapse all our data onto a master curve which
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is well described by the model without adjustable parameters. Our experiment
provides precise control over all experimental parameters. It allows a detailed
observation of all stages of the instability resulting in an analysis of the EHD
morphology of unprecedented clarity. EHD experiments with thin polymer films
are a model system to study instabilities caused purely by polarization charges.
They are also ideally suited to study non-equilibrium pattern formation in two
dimensions [56]. The interplay between nucleation, dewetting, and discharges
produce intriguing morphologies and leave many open questions.



Chapter 5

Thermomechanical Instability

Thin liquid films may be destabilized by van der Waals or electrostatic forces,
leading to a spontaneous formation of characteristic rupture patterns (spinodal
dewetting). Typically, these types of instability involve transitions from unstable
to stable equilibrium states. In macroscopic liquids away from equilibrium, pat-
tern formation can also be caused, for example by convective instabilities due to
a temperature gradient [56]. Here, we show that a non-equilibrium energy flow
due to a temperature gradient across a liquid film confined between two plates
causes a thermomechanical (TM) break-up of the film into complex patterns that
characterize non-equilibrium steady states [9–11].

5.1 Introduction

Temperature gradients across a liquid cause variations in the liquid density and
the surface tension, which results in “convectional” instabilities. The onset of
the buoyancy driven Rayleigh-Bénard convection or the surface tension driven
Bénard-Marangoni effect, however, depends on the thickness of the liquid film
and its viscosity. Consequently, in the absence of additional destabilizing effects
(i.e. external forces), thin viscous films are expected to be stable.

In addition to the convective instabilities, it is long known that mechanical
power can be generated from the heat flow in a temperature gradient, for ex-
ample by thermomechanical effects in liquid helium [20] or by thermoacoustic
engines [59]. A thermomechanical effect can also arise from the thermal diffu-
sion in a liquid caused by a temperature gradient [60]. While thermomechanical
forces caused by heat diffusion are usually obscured by convection effects, a small
temperature difference across a thin liquid layer is sufficient to break-up the film,
as shown by our experiments.

5.2 Experimental Setup

A thin polymer film of thickness ` was spin-cast onto a highly polished silicon
wafer. A second silicon wafer was positioned on the opposite side of the polymer
film. The distance between the plates d was kept constant by silicon oxide spacers

50
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Figure 5.1: Schematic representation of the experimental setup. A liquid polymer film is
destabilized by a heat flux across the film which is the consequence of the applied temperature
difference between the top and bottom plate. A narrow distribution of wavelengths λ is
amplified. Spacers maintain a constant plate spacing d.

which were sputtered onto the top wafer (dotted areas). This assembly was placed
onto a hotplate set to the temperature T1 = 170 ◦C. As a heat sink, a water
cooled copper block maintained at a temperature T2 was put onto the top plate,
establishing the temperature difference ∆T = T1− T2 across the film and the air
gap. To ensure good thermal contact we used thermal conducting paste between
the silicon wafers and the heat source and sink. Additionally, in order to avoid
electrohydrodynamic effects, the plates were short–circuited and grounded.

Both temperatures were above the glass transition temperature of the poly-
mer. They were maintained constant with a precision of ±1 ◦C. Typically, the
polymer films were `o ≈ 100 nm thick and the plate spacings d ranged from 120 nm
to 600 nm. For values of ∆T of 10–55 ◦C, this resulted in high temperature gra-
dients of ≈108 ◦C /m. After annealing over night, the sample was quenched to
room temperature and the top plate was removed. To prevent the adhesion of
polymer to the top plate, the silicon wafer was rendered apolar by deposition of
a self–assembled alkane monolayer. A range of d values could be obtained in a
single experiment by using a wedge geometry of the assembly (i.e. by varying d by
a ≈1 micron over a lateral distance of ≈1 cm; see Fig 4.1b). We then investigated
the morphology and topography of the vitrified polymer films using optical and
atomic force microscopy (AFM).

5.3 Experimental Results

Using the sample setup in Fig. 5.1, we observed two different film morphologies
as shown in Fig. 5.2. The film instability resulted either in polymer columns
spanning the two plates (early stage: Fig. 5.2a, late stage: Fig. 5.2b) or in a stripe
pattern (Fig. 5.2c). We discuss Fig. 5.2a,b first. For a given set of parameters (`,
d, ∆T ), the column diameter (1.9±0.2 µm) in Fig. 5.2a was well defined, while the
columns themselves were stochastically distributed with an inter-column spacing
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Figure 5.2: Optical micrographs of polystyrene films which were heated in the setup shown
in Fig. 5.1. Columnar and striped patterns are observed, often on the same sample. The
formation of columnar patterns are shown in a (early stage) and b (late stage), corresponding
to different locations on the same sample with `o = 100 nm and ∆T = 46 ◦C(in a: d =
345 nm, in b: d = 285 nm). The striped pattern in c typically shows a linear or spiral
morphology (`o = 110 nm, d = 170 nm, ∆T = 54 ◦C). The schematic drawing is a cross–
section either through the columnar or stripe morphology. All images are ≈67 µm wide.
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Figure 5.3: Experimentally determined instability wavelength λ plotted versus the plate
spacing. The diamonds, triangles and circles correspond to polystyrene films with `o = 96 nm,
∆T = 11 ◦C, `o = 80 nm, ∆T = 43 ◦C and `o = 100 nm, ∆T = 46 ◦C, respectively. The
squares represent a 92 nm thick polystyrene film which was spin-coated onto a gold (100 nm)
covered silicon substrate (∆T = 37 ◦C). The solid lines are fits to the theoretical predictions
(see below).

λ = 2.9 ± 0.6 µm (Fig. 5.2b). The morphology of the columns gives qualitative
information about the break-up of the film. The well defined column diameter in
Fig. 5.2a shows that the instability which led to the column formation occurred at
a well defined time. The stochastic column distribution indicates the absence of
inter-column interactions. With time, columns coalesced to from larger patches
of polymer, minimizing the bounding surface area. Since the columns were still
connected via a very thin film on the substrate, communication between them
was possible. The beginning of this process can be seen in Fig. 5.2b in form
of the larger oval columns. In the case of the electric field experiments, a thin
connecting film is energetically very unfavorable and coalescence is suppressed.

Analyzing pictures of polystyrene films similar to those in Fig. 5.2 systemat-
ically for applied temperature differences between 11–46 ◦C, shows a clear varia-
tion of the characteristic length scale λ versus the plate spacing d (Fig. 5.3). Sur-
prisingly, λ is lowered by a factor of ≈3.5 on a gold covered substrate (squares),
compared to the data that was taken using unmodified wafers.
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Figure 5.4: Schematic representation of the theoretical model.

5.4 Heat Flow

The morphology in Fig. 5.2a,b is reminiscent of a spontaneous (spinodal) film
instability, comparable to for example the dewetting of thin films or the electro-
hydrodynamic structure formation we discussed in the previous chapter. While
seemingly similar, the cause of the instability is fundamentally different. Usually,
dewetting is described as the transition from an unstable (or metastable) towards
a stable state. Since such instabilities develop slowly, the system is quasi-static
and the free energy of the system can be defined at any time. In our case, the
film–air double layer has to be described by non–equilibrium thermodynamics.
In particular, there is no equivalent of a Gibb’s free energy. Instead, the energy
flow through the system controls its morphology [61].

It is therefore necessary to consider the flux of the thermal energy Jq through
the polymer–air double layer. Since the thermal conductivity in the polymer
layers is higher than in the air gap, the temperature profile has a kink at the
polymer air interface (Fig. 5.4, center). We calculate this temperature profile in
the following manner.

The applied temperature difference ∆T causes a flow of thermal energy from
the higher temperature T1 to the lower one T2. The thermal conductivity of the
silicon wafer is much higher than that of either the polymer or the air. We can
therefore assume the two solid substrates to be isothermal. The heat flux in the
direction opposite to the temperature gradient is given by Fourier’s equation

Jq = −κ
∂T

∂z
(5.1)

defining the thermal conductivity κ. In the steady state, the overall heat flux
from T1 to T2 is identical to the heat flux in the two layers

Jq = Jqp = Jqo . (5.2)

Integrating in each layer Eq. (5.1) assuming a constant thermal conductivity1

1κ changes only slightly with temperature. If a linear dependence on the temperature is taken
into account, κ has to be replaced by κeff , which is the median of the thermal conductivity at
the bounding temperatures. For our experimental conditions this is only a correction of a few
percent.
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yields

Jqp = κp
T1 − Ti

`
and Jqo = κo

Ti − T2

d− `
, (5.3)

where the subscripts p and o represent the polymer and air layer, respectively,
and Ti is the interfacial temperature. By eliminating Ti from the above equations
we obtain the heat flux across the double–layer

Jq =
κoκp∆T

κo` + κp(d− `)
, (5.4)

which is proportional to applied temperature difference ∆T . Solving for the
interfacial temperature renders

Ti =
1
2
(T1 + T2) +

1
2
∆T

κp(d− `)− κo`

κp(d− `) + κo`
. (5.5)

The above derivation results in a linear temperature profile in each layer (solid
line) depicted in the center of Fig. 5.4 for a bilayer configuration (Fig. 5.4, left).
Due to the higher thermal conductivity in the polymer (roughly a factor 5), most
of the temperature drop occurs across the air layer acting as a thermal insulator.

Note that Jq is a monotonically increasing function of `. Thus, the system can
increase its heat current by moving ` closer to d. This is certainly true locally.
It is, however, also true globally. Qualitatively, the system strives to equilibrate
the two bounding temperatures in the fastest possible way. In order to achieve
this, it enlarges the heat flow through the device. In other words, the system
maximizes the rate of entropy increase by maximizing the heat flux [20]. Due
to mass conservation, the only way to change the heat flux is by developing an
undulation on the surface. The heat flux in the peaks is increased compared to a
flat film, and in the depressions is decreased accordingly. The net flux, however,
is enhanced which can be seen in the following way.

It is useful to calculate the heat flux of the final morphology (Fig. 5.4, right).
In the 2–dimensional model, the cross–section can either represent the columnar
or the stripe morphology. Invoking mass conservation for a unit cell of width λ,
defines the area A which is covered by either morphology. The volume of the
polymer defines the relation

λ2` = Ad (5.6)

where the area can either be for a line pattern wλ (w stripe width) or for the
case of pillars 2πr2/

√
3 (assuming a hexagonal packing with a column radius r).

The exact shape, however, does not matter since only the area ratio of structures
per unit cell

A
λ2

=
`

d
(5.7)

is meaningful. In both the polymer and the air there is a linear temperature
gradient (dotted line in Fig. 5.4, center). Thus, the total heat flux through the
final morphology is the sum of the heat flow through the polymer and through
the air

J f
q =

`

d

κp∆T

d
+
(

1− `

d

)
κo∆T

d
. (5.8)
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The ratio of the final to the initial (Eq. (5.4)) heat flux is after rearranging given
by

J f
q

Jq
= 1 +

(κp − κo)2

κoκp

`

d

(
1− `

d

)
≥ 1. (5.9)

The heat flow through a morphology in which the polymer spans the gap
between the two plates is always larger than through a bilayer conformation. For
instance, in a polystyrene–air double layer with d = 2`, the heat flux is increased
by a factor of ≈1.7.2 This is schematically indicated by a thicker arrow of the heat
flux in the right image of Fig. 5.4. In addition, most of the heat is transported
through the polymer columns. Only a small fraction is conducted through the
air spaces. Comparing the final with the initial temperature gradients in the two
materials, one has waxed and the other has waned. The heat flow through the
air is diminished, however, an overall gain is achieved due to the increase of the
gradient in the polymer layer.

To continue this argument: since only the area ratio enters the calculation,
there is no preference for either morphology. The lack of lateral interactions
and experimental data support this: on all samples we find coexisting areas of
both morphologies. Thus, the detailed dynamics of the system determines which
morphology evolves. It is noteworthy that the characteristic lateral length scale
for the stripe pattern in Fig. 5.2c (the inter-stripe spacing) is comparable to the
inter-column spacing in Fig. 5.2a,b.

For the two limits, `/d → 1 or `/d → 0 corresponding to the situations
of plates completely filled or infinitely far apart—the latter being equivalent to
the absence of the second plate—the initial and final fluxes are equal. In these
situations the film is stable. Hence, there is a delicate dependence on the geometry
of the experimental setup. For example, a film heated on a hot plate, always has
a temperature gradient across it because it is exposed to ambient conditions at
an infinite distance from the film’s surface. Without the second plate, however,
the film is in fact stabilized due to the temperature dependence of the surface
tension (see below).

Perturbations

Convection

Before developing a more detailed model which can account for the instability,
it is important to discuss other possible causes. Since very thin films are used,
convective instabilities, such as the buoyancy–driven Rayleigh-Bénard or surface–
tension–driven Marangoni-Bénard effect are ruled out. The onset of convection is
determined by critical values of the dimensionless Rayleigh (Ra) and Marangoni
(Ma) numbers [56] given by

Ra =
ρgβ∆T`3

ηDT
and Ma =

(
− dγ

dT

)
∆T`

ηDT
(5.10)

2The thermal conductivity of polystyrene at 170 ◦C is κp ≈ 0.16 J/(msK) and of air κo ≈
0.034 J/(msK).
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where β is the thermal volume expansion coefficient, DT = κ
ρcp

is the thermal

diffusivity with the specific heat cp, and dγ
dT is the change of the surface tension

with temperature. For a free upper surface convection sets in for Rac & 670
or Mac & 80. Since Ra ∝ `3 and Ma ∝ `, convection in films with a thickness
smaller than the capillary length (≈1 mm) is usually dominated by surface tension
gradients.

For our experimental parameters3, Ra and Ma of the polymer film were lower
by 16 and 8 orders of magnitude, respectively, compared to their critical values
for convection. There are two major contribution which account for the small
numbers: first, the small film thickness, and, second, the large viscosity of the
polymer. Even in the air gap, Ra is 13 orders of magnitude below the critical
value. It does not make sense to define a Marangoni number for the air layer,
because any changes in the surface tension will drive a flow in the polymer layer
and not in the air gap. We can safely assume that convection is absent in our
experiments.

Surface Tension

An undulating surface in the sandwich geometry of Fig. 5.1 on page 51 is not
isothermal. In the long wavelength limit (λ � d), Eq. (5.5) gives the interface
temperature. This means that the undulation maxima are colder than the minima
since they are closer to the colder upper plate. Since the surface tension is
temperature dependent, the total surface free energy changes resulting in an
additional surface stress pγ

pγ =
∂γ

∂z

∣∣∣∣
z=`

=
dγ

dT

∂Ti

∂`
. (5.11)

Taking the derivative of Eq. (5.5) yields

∂Ti

∂`
= − κoκp∆Td

(κp(d− `) + κo`)2
. (5.12)

The derivative is less than zero and monotonically decreasing in a nonlinear
manner. Hence, the temperature of an undulation maximum decreases more than
the increase in the minimum. This means that an undulating surface is effectively
colder than a flat interface. Since the surface tension increases with decreasing
temperature ( dγ

dT < 0), the surface free energy of an undulated interface increases.
The temperature gradient therefore stabilizes the surface if only surface tension
effects are considered. Qualitatively, the pγ term increases the wavelength of the
instability (by ≈10%) and could introduce a cut–off at small values of the air
gap.

3For an (upper) estimate we chose typical values for a polystyrene film (Mw = 100 kg/mol)
at 170 ◦C: d = 500 nm, ∆T = 100 ◦C, dγ

dT
= −0.072 · 10−3 N/(mK), ρp = 0.987 · 103 kg/m3,

ηp = 1.5 · 104 Ns/m2, κp = 0.16 J/(msK), cpp = 1.8 · 103 J/(kgK), βp = 1.1 · 10−3 K−1. And
for air: ρo = 0.69 kg/m3, ηo = 27 · 10−6 Ns/m2, κo = 0.034 J/(msK), cpo = 1.0 J/(kgK),
βo = 3.7 · 10−3 K−1.
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The temperature variation of the interface also affects the Laplace pressure
and induces a Marangoni flow. Although we already excluded this effect because
Ma � Mac, we give a more quantitative estimate. The contribution of the
Laplace pressure to the total surface pressure gradient allowing for a temperature
dependence of γ is given by (see Chapter 2.2.2 and 2.2.3)

∂xpL = −
[

dγ

dT

∂Ti

∂`
(∂x`)

]
(∂xx`)− γ(∂xxx`). (5.13)

Since all partial derivatives of ` are of order O(ζ) (ζ is the fluctuation amplitude),
the term correcting for the lateral temperature variation (first term on the right-
hand side) is of second order O(ζ2) and can therefore be neglected.

Other Effects

There are at least two further possible mechanisms for the instability [62]. If the
polymer film is dominated by its elastic behavior, the film could suffer from a
thermal expansion and the resulting stresses. If the film is considered to be a
Newtonian fluid, there is a contribution to the z–component of the stress tensor
arising from the heat flux not related to the thermal expansion. In other words,
the velocity component in the z–direction causes an instability, closely related to
the convective instabilities. The elastic instability wavelength has approximately
the right order of magnitude compared to the experimental observation. However,
the scaling with the film thickness and plate spacing is not borne out. The
instability based on the velocity field neither compares with the scaling nor the
magnitude of the effect found in our experiments.

Heat in liquids is transported by a combination of conduction, convection, and
radiation. We have already excluded convection. The total black body radiation
Jrad from a surface with a given temperature T per unit time and area is given
by the Stefan–Boltzmann law

Jrad = σradT
4 (5.14)

where σrad is the Stefan–Boltzmann constant.4 Inserting typical values from the
experiment, Jrad/Jq = O(10−4) which rules out radiation effects.

Van der Waals forces, if important, are only a weak perturbation because
their strength is only sufficient to break up the film on a much larger length
scale. Film instabilities caused by an applied voltage are excluded by short-
circuiting the top and bottom plates. Control experiments performed in an oven
with identically prepared samples do not show any instability on the same time
scale as the temperature gradient experiments. Hence, we can assume that the
instability is purely caused by the temperature gradient.

4σrad = 5.67 · 10−8W/(m2K4)
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5.5 Thermomechanical Pressure

5.5.1 Scaling

To elucidate the mechanism of the instability, a microscopic model of heat conduc-
tion is required. In the absence of convection and radiation, molecular vibrations
in the liquid transport the heat. As postulated by Debye [63], thermal exci-
tations are high frequency wave packets, comparable to phonons in crystalline
solids. The study of phonons in liquids—especially glass–forming liquids—is a
topic receiving increased attention recently due to the enhanced power of syn-
crotron radiation [64].

The flux of thermal energy Jq mediated by longitudinal elastic waves is associ-
ated with a momentum flux in the direction of lower temperatures [60]. The reflec-
tion of the phonons at the film’s surface due to the different acoustic impedances
of the polymer and air exerts a pressure which destabilizes the interface [65].
While a detailed calculation is difficult to do, we can account for the flow of ther-
mal energy in each layer to obtain the correct scaling relation for the interfacial
pressure with Jq.

The momentum flux Jp is related to the energy flux by [60]

Jp =
Jq

u
(5.15)

with the propagation velocity of the phonons u (velocity of sound). Due to the
different acoustic impedances of the two layers, the acoustic phonons propagat-
ing in the polymer film are nearly perfectly reflected at the liquid–air interface,
exerting a radiation pressure

pT = −2Jp = −2Jq

u
. (5.16)

The minus sign reflects the fact that the radiation pressure increases the pres-
sure within the film and opposes the ambient pressure. Since phonons are par-
tially reflected from all three interfaces (substrate–polymer, polymer–air, air–
substrate) [66], four components of the overall energy flow in the system have to
be considered (j+

p , j−p , j+
o , and j−o in Fig. 5.5). If we assume a uni–directional

net flow of energy in the direction to lower temperatures, there is a contradic-
tion between the microscopic and macroscopic model. On a microscopic level, all
acoustic phonons are nearly perfectly reflected at the liquid–gas interface mainly
due to the vastly different densities of the liquid and the gas. If we therefore set
j+
p ≡ Jq, we obtain the simple result of Eq. (5.16). While this seems at first sight

convenient and results in a pressure which has the right order of magnitude, the
energy conservation in the system is no longer satisfied: If nearly all phonons are
reflected back, they also carry all their energy in the opposite direction which
would mean that the overall heat flux through the system Jq ≡ 0. This obviously
contradicts Fourier’s equation (Eq. (5.1)) and all experimental observations. We
therefore have to include all fluxes in the calculation.

In the absence of any losses, the net—macroscopic—heat flux is simply given
by

Jq = j+
p − j−p = j+

o − j−o (5.17)
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Figure 5.5: Schematic drawing of the eight flux components in the substrates (1 and 2),
the polymer (p), and air (o) layer. The indices of the reflectivities indicate the direction of
the relevant energy flow. For example, R1p is the reflectivity for the flux j+

1 coming from the
substrate 1 towards the polymer p.

and the pressure acting at the polymer surface is

pT =
1
uo

(
j+
o + j−o

)
− 1

up

(
j+
p + j−p

)
. (5.18)

In the following we calculate the individual energy flows. In addition to the
four fluxes within the layers, there are four more necessary, namely the “plus”–
and “minus”–directed currents in the bounding substrates (see Fig. 5.5). Each
interface is associated with a reflectivity Rik and transmission Tik fulfilling the
condition

Rik + Tik = 1. (5.19)

The subscripts ik indicate the direction—the flux is coming from medium i to-
wards medium k. This allows for an asymmetry in the problem due to different
mechanism for the transport of heat. In the air layer, heat is transferred via the
kinetic and internal energy of the gas molecules rather than by phonons in the
case of liquids or solids. This causes different energy transfer coefficients at the
gas interfaces when a component of the energy flux is incident on a condensed
interface coming from the gas phase. Even between the condensed phases they
differ [67]. The transmission of phonons across interfaces is much more compli-
cated compared to the optical case because the transmission probability depends
on the angle of incidence and the three phonon modes (not even considering the
anisotropic character of the solids and different densities of states). We will, how-
ever, restrict ourselves to the simplest case of normal incidence and longitudinal
modes.

The coherence length of the phonons is fairly small in a liquid or glass so
that we do not have to consider interference effects. We can therefore make
the comparison to photons transmitted through a layered, transparent system
in the case where the individual layer thicknesses are large compared to the
coherence length of the light source. Employing energy conservation—in the
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absence of absorption—the eight fluxes are related by the following six equations
(see Fig. 5.5)

j−1 = Tp1j
−
p + R1pj

+
1 (5.20a)

j+
p = T1pj

+
1 + Rp1j

−
p (5.20b)

j−p = Topj
−
o + Rpoj

+
p (5.20c)

j+
o = Tpoj

+
p + Ropj

−
o (5.20d)

j−o = T2oj
−
2 + Ro2j

+
o (5.20e)

j+
2 = To2j

+
o + R2oj

−
2 (5.20f)

The net heat flux carried to the substrate 2 is equivalent to the macroscopic
heat flow

Jq = j+
2 − j−2 (5.21)

The flux j−2 is only a minor contribution (see below) and can therefore be set
equal to zero. It then follows using Eq. (5.21)

j−2 ≈ 0 (5.22a)
j+
2 = Jq + j−2 ≈ Jq. (5.22b)

Starting with Eqs. (5.22) and continuing with Eqs. (5.20), we can sequentially
express the individual fluxes j±i in terms of Jq. For example, solving Eq. (5.20f)
for j+

o and using Eq. (5.22) gives all the necessary flux components in terms of
Jq for Eq. (5.20e) and so on.

Using this model, it is obvious that the pressure is proportional to the overall
heat flux Jq since all flux components are proportional to it. We can therefore
write the following scaling relation:

pT = −2Jq

ueff
(5.23)

where ueff is an effective velocity. If we normalize ueff by the sound velocity in
the polymer layer5, we introduce an amplification factor Q

Q−1 =
ueff

up
(5.24)

and rewrite the interface pressure to

pT = −2QJq

up
. (5.25)

The factor Q expresses the relative magnitude of the thermomechanical pressure
with respect to the simple picture of a completely reflected heat flow (Eq. (5.16)).

5For polystyrene we used up ≈ 1850 m/s at 170 ◦C. The temperature is above the glass
transition temperature of PS where the sound velocity decreases to ≈1200m/s in the zero
frequency limit. However, for the mean frequencies of the thermal phonons, the polymer behaves
glassy and the sound velocity is then obtained by extrapolating its temperature dependence
below the glass transition to the temperature of interest [68]
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Figure 5.6: Characteristic wavelength λ plotted versus the heat flux Jq on a reciprocal
scale. The diamonds, triangles and circles correspond to polystyrene films with `o = 96 nm,
∆T = 11 ◦C, `o = 80 nm, ∆T = 43 ◦C and `o = 100 nm, ∆T = 46 ◦C, respectively. The
solid lines are fits to the theoretical prediction (Eq. (5.28)) with Q ≈ 7. The squares represent
a 92 nm thick polystyrene film which was spin-coated onto a gold (100 nm) covered silicon
substrate (∆T = 37 ◦C). The corresponding line is a fit to the data with Q ≈ 84.

It is a function of the sound velocities and the reflectivities. The destabilizing
effect of pT can be calculated by a linear stability analysis (Chapter 2.2.3) as-
suming that Q is a constant. If pT is the only dominant driving force present,
the most unstable wavelength is

λ = 2π

(
− 1

2γ

∂pT

∂`

)− 1
2

. (5.26)

Since the derivative of the heat flux with respect to the film thickness is positive

∂Jq

∂`
=

κoκp(κp − κo)∆T

[κpd− (κp − κo)`]2
> 0, (5.27)

the factor Q has to be positive in order for the film to be unstable. If this is the
case, Eq. (5.26) leads to an effective wavelength

λ = 2π

√
γup∆T

Q

κoκp

(κp − κo)
1
Jq

. (5.28)

The characteristic wavelength scales inversely with the heat flux and is pro-
portional to the square root of the applied temperature difference. In Fig. 5.6,
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we re–plot the mean inter-column spacing λ of the polystyrene films depicted in
Fig. 5.3 as a function of the heat flux Jq. All data exhibit a linear dependence
of λ on the inverse of Jq. The lines correspond to Eq. (5.28). Also, the scaling
with respect to the temperature difference is in accordance with the predictions.
The diamond data set has a ∆T four times smaller compared to the circles with
otherwise identical parameters. The wavelength is a factor of two smaller. For ex-
ample, the diamond data point near Jq ≈ 5 W/mm2 has a wavelength of ≈2.5µm
whereas the corresponding circle data point has λ ≈ 5 µm. All data sets on the
silicon wafer show the same effective velocity which is ≈7 times smaller than
the sound velocity in polystyrene. A decreased effective velocity or amplification
factor Q > 1 means an increased pressure acting at the polymer–air interface
compared to the simple radiation theory (Eq. (5.16)). From the experiments
using polystyrene films on silicon wafers and on gold covered substrates we get

QSi ≈ 7 and QAu ≈ 84. (5.29)

Remarkably, the thermomechanical pressure in case of the gold covered wafer is
≈12 times higher than for experiments on bare silicon.

5.5.2 Physics in the Different Layers

Before proceeding with the calculation, we sketch the following steps. The factor
Q depends on the materials of the experimental setup and on the reflectivities be-
tween the layers. The system involves three different phases: the solid substrates,
the polymeric liquid, and the gas layer. The transport of heat is mediated by
phonons in the first two and by the kinetic energy of the gas molecules in the
latter. The transfer coefficients therefore depend on the details of the trans-
port process. Additionally, in the case of phonons, all material properties are
frequency dependent. The complexity of the problem is evident.

Up to several hundred gigahertz, reflectivities of phonons at solid interfaces are
constant. The propagation velocity is constant as well and equal to the velocity
of sound. The acoustic mismatch model serves best to describe the transfer prop-
erties across interfaces. The reflectivities are based on differences in the acoustic
impedance—the product of the density and the velocity of sound—resulting in
a nearly perfect mirror for phonons at a condensed matter–gas interface. Low–
frequency phonons, therefore, exert a maximum radiation pressure destabilizing
the interface. They do not contribute much to the total heat transport.

For frequencies higher than several hundred gigahertz, the mean free path of
phonons becomes comparable to the inter–molecular length scales in the poly-
mer. Phonons are constantly scattered—elastically and inelastically and follow
a diffusive path through the system. Furthermore, interfaces become rough on
length scales of the phonon wavelength, preventing specular reflection. A phonon
arriving at an interface has lost its “knowledge” of where it came from and will
scatter most likely into the material which has the higher density of states. The
reflectivities are then described by the diffuse mismatch model resulting in a
nearly perfect transmission of energy across a condensed–gas interface. Hence,
high–frequency phonons hardly exert a radiation pressure. In fact, the pressure
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acts in the opposite direction as for low–frequency phonons and therefore sta-
bilizes the interface. Since high–frequency phonons are easily transmitted, they
transport most of the heat through the system.

In calculating the amplification factor Q, the contribution to the total heat
flux and the total thermomechanical pressure of all phonons have to be summed
up—weighted by the number of phonons present per frequency interval (the den-
sity of states). The density of states is given by a simple Debye model. It describes
the solids well, however, approximates only the phonon distribution in the glassy
polymer. Additionally, we restrict ourselves to normal incidence of longitudinal
phonons and disregard all angular dependence or mode conversions.

We first outline in the next section some general considerations relevant to the
transport of heat by phonons. Then, we will calculate the reflectivities according
to the acoustic mismatch model and contemplate on the transport of heat in
the air layer using the kinetic theory of gases. The diffuse mismatch model is
described next, followed finally by putting all pieces together to integrate the
amplification factor.

General Considerations

Several comments about Eqs. (5.20) and Eq. (5.18) are necessary. There are two
ways of looking at the equations: microscopic and macroscopic or mean–field.
From a microscopic point of view, each of the flux components represents the
energy carried by an individual phonon with a given frequency ν. In this case, it
would be necessary to multiply the individual fluxes by exponential absorption
terms taking the mean free path length of the phonons into account. Starting with
the phonon energy j+

1 = kT for each frequency ν (for our experimental conditions
kT � hν), we could then calculate its contribution to the total pressure and heat
flux. Integrating over the density of states of all phonons taking into account the
temperature gradient will yield Jq and pT .

The equations then, however, would make only sense when the mean free
path length is much larger than the film thickness. While data on high frequency
acoustic relaxation processes in polymer melts are scarce, we can extrapolate
the order of magnitude of the mean free path from the literature [69, 70]. At
an acoustic frequency of ≈9 GHz (i.e. a phonon wavelength of 200 nm), we find a
phonon mean free path of ≈2 µm. The mean free path is frequency dependent (in
the polymer the absorption coefficient αp ∝ ν2 for ν > GHz). This means that
for high frequencies αp` � 1. The exponential terms would completely damp
out the contribution of the high frequency phonons to the heat flow. This is in
contradiction to the essence of heat conduction which is mediated especially by
the high frequency (THz) phonons. Therefore, we have to take a closer look at
the mechanism for the transport of heat. In optics, a photon which is absorbed
is usually converted into heat. An absorbed phonon in a liquid, on the other
hand, is converted into kinetic energy—for example, motion of a molecule—and
in turn re-emitted as a new phonon, however possibly with a different frequency
and direction [71]. The latter process is not included in the equations. In this
limit, heat transport is purely diffusive. To describe the system on a completely
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microscopic basis would require the full knowledge of the mean free path length as
a function of frequency, the re-emission kinetics, and the density of states which
for glasses deviates from the Debye theory, showing in the lower THz region a
positive anomaly (“boson” peak) [72]. In addition, the simple 2–dimensional
model is not sufficient anymore due to the inelastic scattering of the phonons.
A further complication is our use of polymeric liquids. While slightly above
the glass transition temperature, the polymer is liquid–like in the zero–frequency
limit. However, it behaves like a glass at the high frequencies under consideration.
In a solid we also have to allow for transverse modes. Due to the lack of adequate
data and the still not completely understood phonon properties of glass forming
liquids, we did not attempt to further develop this approach.

From a macroscopic, mean–field point of view, the equations are still reason-
able. A scattered phonon is not lost to the system. It contributes to the total film
pressure—possibly after many scattering events, which at some point redirects
it towards the polymer–air interface. In other words, the density of states—as
a consequence of the principle of detailed balance—everywhere in the system is
provided for the respective temperature irrespective of the redistribution of the
phonon modes. The phonons truly lost are scarce. Leaks in the system occur at
the edges of the finite geometry. The high aspect ratio of our setup (≈1 cm/1µm
= 104), minimizes this effect. The coupling to the substrate is another cause of
losses in the system, for example, due to the excitation of surface waves. Further-
more, radiation or relaxations in the polymer are possible contributions. Overall,
the losses should be small enough to justify the calculation in the absence of
absorption.

Reflectivities in the Acoustic Mismatch Model

The reflectivities at the individual interfaces for low–frequency phonons can be
calculated according to the acoustic mismatch model [67, 73]. Due to the finite
difference in the acoustic impedances of two bounding media, Zi = ρiui (with
the density ρi and sound velocity ui of medium i), a finite reflectivity for normal
incidence

Rik =
(

Zi − Zk

Zi + Zk

)2

(5.30)

between medium i and k is introduced analogous to the optical case. Using our
experimental parameters6 we obtain the following reflectivities

R1p = Rp1 = 0.688 (5.31a)
Rpo = 0.99935 (5.31b)
R2o = 0.999939. (5.31c)

6Silicon: ρSi = 2.33 · 103 kg/m3 and uSi = 8400m/s
PS (at 170 ◦C): ρPS = 0.987 · 103 kg/m3 and uPS = 1850m/s
Air (at 170 ◦C): ρo = 0.69 kg/m3 and uo = 430 m/s
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Accommodation Coefficient—Heat Transport in the Gas Layer

The reflectivities at the gas interfaces are nearly unity. Coming from the gas
side, however, the reflectivities are different. In the literature of the kinetic
theory of gases [74], the concept of an accommodation coefficient b [75] is used to
account for the energy transfer to a solid wall by an unequally heated gas. The
constant is defined as the fractional extent to which molecules that fall onto a
surface and are reflected or re-emitted from it, have their mean energy adjusted
or “accommodated” to the thermal energy of the wall

b =
Ji − Jr

Ji − Jw
. (5.32)

Ji is the incident energy flux, Jr is the energy that reflected molecules carry
away, and Jw is the heat flux of an outgoing beam if thermal equilibrium be-
tween the beam and the wall were attained. In the case that Jr = Jw, b = 1
and all surplus energy is transferred to the wall, corresponding to a transmission
of unity. For example, if a molecule hitting the surface is adsorbed and later
re–emitted, it is fully accommodated. If b < 1, the reflected flux is larger than
Jw, and not all energy has been transferred. This implies that there is disconti-
nuity of temperature directly next to the wall since the reflected gas molecules
are not completely accommodated to the wall temperature. There is a certain
distance associated with this discontinuity, over which the macroscopic temper-
ature gradient is established. This temperature jump distance is related to the
accommodation coefficient and proportional to the mean free path length of the
gas molecules.

The accommodation coefficient can be related to the asymmetric reflectivi-
ties introduced earlier. After solving Eq. (5.32) for Jr using b2 to indicate the
substrate 2 and comparing with Eq. (5.20e)

Jr = b2Jw + (1− b2)Ji (5.33a)
j−o = T2oj

−
2 + Ro2j

+
o (5.33b)

we can identify
Ro2 = 1− b2 (5.34)

and
Jw =

T2o

b2
j−2 . (5.35)

Thus, the accommodation coefficient is equivalent to the transmission, and the
equilibrium flux Jw is related to j−2 . From the kinetic theory of gases we can
calculate Jw. The translational energy carried by a stream issuing from a gas at
the temperature of the wall—in this case T2—is 2RT2 per mole where R is the
universal gas constant.7 This is 4

3 times as great as the mean translatory energy
of a gas at the same temperature because the faster molecules issue both in larger
numbers and carry more energy. The total energy of S mol of such a stream is

Jw = S(2RT2 + UI2) = S

(
1
2
R + cV

)
T2. (5.36)

7R = Nk = 8.31 J/(molK)
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The internal energy UI2 is expressed in terms of the specific heat at constant
volume cV = 3

2R+ dUI
dT . The number of moles is given by S = 1

4ρv̄ = p/
√

2πRTM
where v̄ is the mean velocity of the molecules and M is their molar mass. For a
diatomic gas cV = 7

2R. Putting everything together yields

Jw = p

√
8
π

RT2

M
. (5.37)

For typical values8 of the experiment, Jw/Jq = O(10−3) justifying the approxi-
mation j−2 ≈ 0.

Experimentally measured values of the accommodation coefficient for various
gases and substrates are in the range 0 < b ≤ 1 [74,76–79]. The classical approach
in calculating the constant, is to assume that all involved particles behave like
hard spheres in the absence of any interactions among them [80]. This results in

b =
2m1m2

(m1 + m2)2
(5.38)

where m1 and m2 correspond to the masses of the gas molecules and the surface
atoms, respectively. This expression has the maximum value of b = 1

2 for equal
masses and becomes very small whenever the masses are very unequal. The
incorrect simplifying assumptions, however, invalidate this plain result. A correct
theory has to be wave–mechanical in nature [74,76,78,81]. The approaching gas
molecules interact with the surface having an attractive van der Waals region
and a repulsive short-range part of the potential. Upon impact a gas molecule
excites to various degrees the lattice vibrations in the solid depending on its own
eigenstate. With increasing temperature, more than one phonon can be excited.
This results in a probability formula for the reflected energy of a gas molecule
as a function of the incident velocity and angle. The accommodation coefficient
is then calculated from a Maxwellian stream of gas interacting with the surface.
There are many details which can enter the calculations such as an absorbed gas
layer on the surface, rotational degrees of freedom of the gas, surface roughness,
or deviations from a Maxwellian velocity distribution. Experiments on liquids
indicate higher accommodation coefficients compared to solid substrates [77].

Published experimental values for the accommodation coefficient are usually
obtained under high vacuum conditions on clean metal surfaces. Not so clean
measurements indicate large variations in the measured values with a tendency
to increase the coefficient. The closest parameters pertaining to our system are
measurements for N2 on platinum and water which are ≈0.8 and ≈1 [74,77]. The
final expression for the thermomechanical pressure—as it turns out—is not very
sensitive on the exact magnitude of b in this range. Thus, we can use as a rough
estimate bp ≈ b2 ≈ 1 corresponding to Rop ≈ Ro2 ≈ 0. This is the limiting case
of complete transmission or accommodation.

8M ≈ 29 g/mol for air, T2 ≈ 400K, atmospheric pressure p = 100 Pa.
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Reflectivities in the Diffuse Mismatch Model

We can use the frequency dependence of the absorption coefficient in glasses (αp ∝
ν2) to extrapolate the mean free path αp

−1 until it is equal to intermolecular
distances. For polystyrene, the proportionality constant is ≈6.3·10−15 s2/m [69],
and the molar volume of a styrene molecule is ≈1·10−4 m3/mol resulting in a
molecular distance of ≈5 Å. At ≈0.6THz (still well below the Debye frequency
of ≈3 THz) the mean free path length is comparable to this length.

Up to these frequencies the acoustic–like behavior of phonons in glass forming
liquids has been demonstrated [64] and the reflectivities are described well by the
acoustic mismatch model [66]. However, if the frequencies are approaching the
Debye frequency the situation changes. In this limit, the notion of a diffuse
mismatch model was introduced [67]. Due to the small mean free path length
of the phonons, all acoustic correlations are destroyed. This means essentially
that a phonon arriving at the interface does not have any “knowledge” of where
it came from. This has the consequence that the transmission from one side
will be equal to the reflectivity coming from the other side. The mismatch in the
density of states and the principle of detailed balance determines the transmission
probability. The transmission is then given by [67]

Tik =
u2

i

u2
i + u2

k

. (5.39)

Especially the transmission probabilities for the condensed matter–gas interfaces
changes significantly since the low gas density does not enter the equation any
longer. In the acoustic mismatch model, the transmission is close to zero. If we
treat the gas as an elastic solid according to the Debye theory—only supporting
longitudinal modes, we obtain a transmission close to unity for the diffuse mis-
match model9. This has a drastic effect on the amplification factor Q. Changes
at the other interfaces do not affect the Q–factor as much.

In addition to the small mean free path length of phonons in glasses—for
phonon frequencies larger than several hundred GHz (coinciding with the above
estimate)—scattering at solid interfaces becomes dominant for all but the clean-
est prepared systems [82]. All surfaces are rough on an atomic length scale. In the
case of liquids, capillary waves are responsible for such perturbations. When the
phonon wavelength becomes comparable to this roughness, the assumption in the
acoustic mismatch model of only specularly reflected phonons also breaks down.
The assumption of complete specularity is therefore replaced by the opposite in
the diffuse mismatch model: all phonons are diffusely scattered. Measurements
of reflectivities of high–frequency phonons at silicon–solid interfaces [83] have
shown that the reflectivities vary with the cleaning protocol of the surface before
depositing a solid film. There is even a significant variation for repeated depo-
sition experiments of the same metal comparable in magnitude to the variation
for different materials. In preparing the polymer films, we do take great care in
following the same cleaning protocol. However, we also see significant variations

9Using up = 1850m/s and uo = 430 m/s, Tpo ≈ 0.95.



5.5. THERMOMECHANICAL PRESSURE 69

in the amplification factor. The value of Q ≈ 7 for bare silicon wafers was the
value most often obtained in the experiments.

5.5.3 The Amplification Factor Q in a Debye Model

Solving Eq. (5.18) using Eqs. (5.20) for the amplification factor for a phonon
mode of frequency ν results in

Q(ν) =
(1 + Rpo −Ro2(Rpo + 2Rop − 1))uo − (1 + Ro2)(1−Rpo)up

2(1−Rpo)(1−Ro2)uo
(5.40)

where each of the reflectivities is a function of ν. The equation does not depend on
the reflectivities of the polymer–substrate interface (R1p and Rp1). The reason
for this lies in the boundary conditions of the equations we solved. Since we
require a net amount of heat Jq to flow through the system, but do not restrict
the magnitude of the initial influx j+

1 , the latter adjusts in a mean field treatment
to a change in R1p or Rp1 so that always Jq passes on to the second substrate.
Thus, it is clear that Eq. (5.40) cannot describe the effect of different substrates
if we set the amplification factor equal to a value at a mean field frequency ν̄
(Q̄ = Q(ν̄)).

For low frequencies, Eq. (5.40) using Rop = Ro2 = 0 (corresponding to an
accommodation coefficient of unity) in the limit Rpo → 1 gives

Ql ≈
1

1−Rl
po

. (5.41)

The index l indicates that this is the low–frequency limit of the amplification
factor. Using Eq. (5.41) and the reflectivity according to the acoustic mismatch
model results in Ql ≈ 1500 for both gold and silicon substrates. This number is
very large. If the reflectivity for all phonons would be close to unity, the interfacial
pressure would be much larger than experimentally observed.

For high frequencies, the reflectivity Rpo is altered from the acoustic value
(≈1) to the diffusive one (≈0). In the limit Rpo = 0, we can calculate the high–
frequency factor Qh (Rop = Ro2 = 0)

Qh ≈ −
1
2

(
up

uo
− 1
)

. (5.42)

which for our system is Qh ≈ −1.7. The negative value means that in such a
limit the film should be stable. Equation (5.42) coincides with the results derived
by Gaeta and coworkers [60] for thermal radiation forces.

Between these two limits, there must be a cross–over region at THz frequencies
where the reflectivity changes from the acoustic to the diffusive value. If we sum
up all pressure contributions from the phonons having a positive Q in the low–
frequency limit and the ones having a negative effect in the high–frequency limit,
weighted by the density of states, the experimentally observed value for Q should
result.

We can still use all of the previous equations, except that we have to take
all parameters as differentials instead of mean field quantities, for example, the
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amount of heat transmitted per phonon and so on. The thermomechanical pres-
sure acting at the interface is then calculated

pT =

νD∫
0

dpT = −C

νD∫
0

2Q(ν)
up

∆Jq(ν) ν2dν = −2Q

up
Jq (5.43)

where C is a constant. Here, we have assumed that the density of states is
proportional to the square of the frequency according to the Debye theory. The
absolute value of C is not important as the constant cancels out later on in
the derivation. An average mean free path in the derivation of the thermal
conductivity is assumed thereby. A more detailed calculation does not change
the essence of the calculation [10].

To calculate the pressure, we need to know the individual pressure contribu-
tions ∆pT (ν) per frequency interval dν. We can use Eq. (5.20), however, we have
to express the individual flux components in terms of the incoming flux j+

1 per
mode instead of the transmitted energy ∆Jq(ν) per mode. This is easily done by
introducing an overall transmission coefficient T̂ in the form

∆Jq = T̂ j+
1 . (5.44)

which is given by

T̂ (ν) =
(1−R1p)(1−Rpo)(1−Ro2)

1−Rp1Rpo −Rp1Ro2 −RopRo2 + Rp1Ro2(Rpo + Rop)
. (5.45)

Note that the overall transmission depends on the reflectivities of the polymer–
substrate interface (R1p and Rp1). This makes the individual contributions ∆Jq

to the heat flux (and in turn the interfacial pressure Eq. (5.43)) dependent on
the substrate.

Analogous to the amplification factor, we can look at the transmission in the
low– and high–frequency limit. Using Rop = Ro2 = 0, we obtain

T̂l ≈
1−Rl

1p

1−Rl
p1

(1−Rl
po) (5.46)

and
T̂h ≈ 1−Rh

1p. (5.47)

Since Rl
po ≈ 1, the overall transmission probability for low–frequency phonons is

very small compared to the high–frequency ones (T̂l � T̂h).
We can use Eq. (5.44) to calculate the total heat current through the setup

Jq =

νD∫
0

dJq = C

νD∫
0

∆Jq(ν) ν2dν. (5.48)

In order to solve the integrals in Eq. (5.43) and Eq. (5.48), we have to know
the frequency dependence of the involved reflectivities which determines the over-
all transmission and amplification factor. Since there is no experimental data
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Figure 5.7: a Amplification factor Q versus frequency. For ν < νc, Q = Ql which is
positive and much larger than unity. For νc < ν < νD, Q = Qh which has a negative value
on the order of unity. b Density of states versus frequency for polystyrene, gold, and silicon.
In a Debye model, it is proportional to the frequency squared.

available on the reflectivity at THz–frequencies, the simplest model is a step–like
dependence on the frequency. For ν < νc, we use the low–frequency values and
for ν > νc the high–frequency constants. This is schematically illustrated for the
amplification factor in Fig. 5.7a. The integration over all frequencies then defines
an equation for νc. As a self–consistent check, this value should be close to the
Debye frequency of the polymer which is only a few THz and approximately the
same for the silicon and gold substrate.

Using the equations for the low– and high–frequency limits of the transmission
we can perform the integration in Eq. (5.48)

Jq = C

νc∫
0

T̂l j
+
1 ν2dν + C

νD∫
νc

T̂h j+
1 ν2dν (5.49)

and solve for the incoming energy flux component

j+
1 =

3Jq

Cν3
D

[
T̂lf3 + T̂h(1− f3)

] (5.50)

where we have introduced the ratio f = νc/νD.
The total thermomechanical pressure is obtained by integrating Eq. (5.43)

C

νc∫
0

2Ql

up
T̂l j

+
1 ν2dν + C

νD∫
νc

2Qh

up
T̂h j+

1 ν2dν =
2Q

up
Jq. (5.51)

Using Eq. (5.50), the constant C cancels and we finally have derived an equation
for the overall amplification factor

Q ≈ f3

1− f3

T̂l

T̂h

Ql + Qh (5.52)



72 CHAPTER 5. TM

where we have used that T̂l � T̂h. We can use this equation to estimate the
cross–over frequency from the experimental data of Q. Solving for f gives

f =

(
(Q−Qh)T̂h

(Q−Qh)T̂h + QlT̂l

) 1
3

. (5.53)

If we employ all of the above approximations and assumptions, we can write the
amplification factor in a very simple form

Q ≈ f3

1− f3

1−Rl
1p

1−Rl
p1

1
1−Rh

1p

− 1
2

(
up

uo
− 1
)

. (5.54)

Our simplification of normal incidence in the acoustic mismatch model leads to
Rl

1p = Rl
p1. Hence, we can further reduce the above equation to

Q ≈ f3

1− f3

1
1−Rh

1p

− 1
2

(
up

uo
− 1
)

. (5.55)

5.5.4 Discussion

Cross–over frequency

The cross-over frequency for the reflectivity at the polymer–air interface must not
necessarily coincide with νc for the polymer–substrate interface. Since the capil-
lary wave spectrum extends over all wavelengths, the effect of diffuse scattering
at the free surface might set in before it does at a solid boundary, especially at
the elevated temperatures of the experiment. Furthermore, the phonon spectrum
in the silicon and gold substrate extend to much higher frequencies (see Fig. 5.7b)
and have much larger mean free path lengths. In determining f it is therefore
not clear whether to use the acoustic or diffusive model for Rh

1p.
If we use Eq. (5.53) with the experimental values of Q (Eq. (5.29)) to deter-

mine the cross–over frequency, we obtain for the acoustic mismatch model for R1p,
fSi ≈ 0.90 and for the diffuse mismatch model ≈0.9610. For the gold substrate
the values are ≈0.97 and ≈0.9911, respectively. The values are close to unity
which corresponds to the Debye frequency. This is as expected from experimen-
tal data on reflectivities at high frequencies. In spite of νc ≈ νD, high—frequency
phonons conduct more than 90% of the total heat. The values for silicon and
gold are similar, though not equal. Since the prefactor f3/(1 − f3) diverges at
unity, small differences in f can change Q significantly. If we use the values fSi

to calculate the amplification factor for gold, we obtain Q ≈ 23 and ≈9 for the
acoustic and diffuse model, respectively. The acoustic mismatch model for the
substrate–polymer reflectivity describes the trend in the data better (QAu ≈ 84).

10For the diffuse model, RSi
1p = 0.954

11Gold: ρAu = 19.3 · 103 kg/m3 and uAu = 3240m/s
The reflectivity between gold and polystyrene in the acoustic mismatch model is RAu

1p = 0.890
and in the diffuse limit RAu

1p = 0.754.
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Density of States of the Substrates

We can use the values for f to calculate the incoming energy flux per phonon
(Eq. (5.50)). The energy per phonon is kT (kT � hν). The energy flux is the
energy density times the propagating velocity u. The density is given by the
density of states which is proportional to 1/u3. Due to the temperature gradient,
the net energy carried by a phonon is proportional to k∆T instead of kT . Thus,
j+
1 should be proportional to k∆T/u2. The ratio between the incoming flux from

the silicon and gold should reflect the different densities of states. From Eq. (5.50)
we calculate j+

1Au/j+
1Si ≈ 7.6 using the substrate–polymer reflectivity according

to the acoustic mismatch model and ≈8.5 for the diffuse mismatch model. The
prediction by the Debye theory j+

1Au/j+
1Si = u2

Si/u2
Au ≈ 6.7. Again the acoustic

mismatch for R1p results in a better description of the data. That the value agrees
well with the Debye theory might be fortuitous considering all the simplifications
we made. Nevertheless, the values have the correct order of magnitude.

Thus, the increase in the thermomechanical pressure for the gold substrate is
due to the increased density of states for the low–frequency phonons assuming
that f is a constant and a property of the polymer film itself. In Fig. 5.7b,
the density of states is schematically illustrated for the involved materials. The
prefactors for the square dependence on the frequency, are ≈5.4 and ≈94 times
smaller for gold and silicon, respectively, compared to polystyrene. Since the
Debye frequency of PS (νPS

D ) is the smallest, phonons with ν > νPS
D coming

from the substrate are perfectly reflected since they cannot propagate in the
polymer. However, the existence of an effective down–conversion process due to
inelastic scattering of substrate phonons with ν larger than the Debye frequency
of the bounding material has been shown in the literature [67]. Since gold has a
much larger density of states close to the Debye cut–off for PS than silicon, the
down–conversion process could significantly enhance the number of low–frequency
phonons injected in the system. This could also explain the differences in f for
silicon and gold. A gradual change of the reflectivities rather than a step function
might also be responsible for different values of the cross–over. The nature of the
glass itself has also been neglected. It is not clear what influence the deviation
from the Debye theory (“Boson” peak) and the role of collective phonon modes
have in the glass. These are all possible error sources.

Comparison to the Simple Theory

The result of Eq. (5.55) is very close to what one would expect in the simple
picture of a uni–directional, completely reflected phonon flux (irrespective of
the obvious violation of the conservation of energy). Our model includes the
possibility of multiple reflections. For a single phonon, this is approximately
fulfilled for the lowest modes that fit in the film for which the phonon mean free
path is ≈2 µm. Multiple reflections of a mode increase the pressure 1/(1− Rp1)
times compared to a single reflection. This value is obtained by summing up
the individual reflections in form of a geometric series assuming that only on
the substrate side energy is coupled out. If all phonons would behave alike, the
amplification factor would be equal to this value. Thus, one can think of the
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system as a phonon resonator for the lowest mode fitting in the film driven by
the heat flux. The increased reflectivity of the gold substrate accounts for the
enhanced pressure.

Concluding Remarks

The cross–over frequency determines where the reflectivity of the polymer–air
interface changes from the acoustic to the diffusive behavior. There are two
main factors determining this frequency. First, the length of the mean free path
with respect to the film thickness and second, the roughness of the interface
itself mainly determined by the capillary wave spectrum. Both factors should
make the cross–over temperature dependent. The latter point is very specific to
polymeric liquids. It is only the glassy behavior at high frequencies that permits
relatively large mean free paths. For simple liquids the cross–over should be at
much smaller values of f . In this case, the amplification factor should approach
the high–frequency limit (Q → Qh) which for a liquid–gas interface is usually
negative. Thus, for Newtonian fluids, a temperature gradient stabilizes a liquid
film in our experimental setup. This limit is discussed in detail by Gaeta and
coworkers (e.g. [60] and references therein). By decreasing the molecular weight
to weaken the polymeric character, the effect of stabilization should eventually
dominate. Dewetting problems due to a lower viscosity might by prevented by
depositing a thin solid film on top of the oligomer or use a substrate that is wetted
by it.

It is remarkable, how the interplay between the low– and high–frequency
properties of the polymer causes the observed instability. On the one hand, the
hydrodynamic treatment requires the polymer to be liquid in the zero–frequency
limit. On the other hand, the thermomechanical pressure caused by the phonons
is based on the glassy behavior at high frequencies. Without this the film should
be stabilized. In essence, the heat is mediated by the phonons with frequencies
close to the Debye frequency and the thermomechanical pressure is caused by
the lowest phonon modes that fit into the film. Thus, the simple picture of a
phonon resonator suffices to describe the system with its essential features that
the film becomes unstable and the effect is increased by increasing the reflectivity
to the substrate. The experiments are direct evidence of the particle character
of phonons.

5.6 Knudsen Limit

The thermal conductivity in the gas layer does not depend on the pressure, as
long as the mean free path length L of the gas molecules is small compared to the
distance between the plates. The opposite limit, L� d, can be either reached by
decreasing d or by decreasing the ambient pressure. The thermal conductivity is
then determined by the collisions with the bounding interfaces rather than the
ones between the individual gas molecules. The gas is then called a Knudsen
gas. As already mentioned in the last section, the exchange of energy with the
walls is described by the accommodation coefficient which leads to an associated
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temperature discontinuity at the bounding interface and a temperature jump
distance.

Qualitatively, the transport of heat through the gas layer decreases once the
Knudsen limit is reached until it becomes independent of the geometry. In order
to include this effect we have to modify the equation for the heat flux through
the gas layer to

Jqo = κo
Ti − T2

d− ` + GL
(5.56)

where G is a constant dependent on the accommodation coefficients and the gas
properties [74]. The product GL is called the temperature jump distance. It is
defined as the ratio of the temperature discontinuity and the gradient leading up
to the interface. Defined this way G is of order unity. Since L is comparable to
d, the decrease in Jqo should be observable in our experiments. This is, however,
not borne out by our data. A possible explanation is that since the temperature
gradients are very large in our system so that higher order terms have to be
included in the definition for the temperature jump distance. The inclusion of
a quadratic term in the temperature gradient, for example could decrease this
distance. Nevertheless, if we treat G as a constant and increase L by decreasing
the ambient pressure, we should be able to reach the limit GL � d. The total
heat flux through the system is then given by (compare to Eq. (5.4))

Jq =
κoκp∆T

κp(d + GL)− (κp − κo)`
≈ κo

GL
∆T (5.57)

and the derivative with respect to the film thickness

∂Jq

∂`
=

κoκp(κp − κo)∆T

[κp(d + GL)− (κp − κo)`]2
. ≈ κo(κp − κo)

κp(GL)2
∆T. (5.58)

Both the heat flux and its derivative become independent of the geometry of
the system and there magnitude decreases. The heat flux in the final stripe or
columnar morphology, on the other hand, does not change very much since most
of the heat is conducted through the polymer. The amount that the system can
gain in terms of the rate of entropy increase by changing its morphology is higher
in vacuum which would correspond to an overall higher driving force. However,
since the unstable wavelength is determined by the initial pressure acting at the
interface and this pressure is decreased, we expect an increased wavelength in a
vacuum compared to ambient conditions. If we use Eq. (5.26) to calculate the
most unstable wavelength, we obtain

λ = 2π

(
Q

γup

∂Jq

∂`

)− 1
2

≈ 2π

√
γupκp

Qκo(κp − κo)∆T
GL. (5.59)

Thus, we expect the wavelength to become independent of the geometry of the
system and proportional to the mean free path of the gas molecules. Also, for
very small air gaps under ambient conditions, the wavelength should level off to
a constant value. First experiments in vacuum indicate this trend.
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Figure 5.8: Characteristic wavelength λ plotted versus the heat flux Jq in reduced coor-
dinates. The data show very good agreement with the theoretical predictions (solid line).
The top axis gives the ratio of the plate spacing to the film thickness. The surface tension
introduces a cut–off for small air gaps. The data sets are the same as in Fig. 5.3.

5.7 Rescaling

In analogy to the electric fields, it is useful to introduce dimensionless coordinates
to compare different data sets. For rescaling we also include the correction due
to the surface tension. The excess surface pressure is given by

pex = pT + pγ (5.60)

and the characteristic wavelength is

λ = 2π

(
− 1

2γ

(
∂pT

∂`
+

∂pγ

∂`

))− 1
2

. (5.61)

The partial derivatives are given by

∂pT

∂`
= −2Q(κp − κo)

upκoκp∆T
J2

q (5.62)

∂pγ

∂`
= −2

dγ

dT

(κp − κo)d
(κoκp∆T )2

J3
q . (5.63)
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In order to rescale these equations, we have to express d in terms of the heat flux.
Using Eq. (5.4) for the heat flux, we find

d = (κp − κo)
`

κp
+

κo∆T

Jq
. (5.64)

Inserting Eq. (5.64) into Eq. (5.63) yields

∂pγ

∂`
= − 2

κp

dγ

dT

κp − κo

κoκp∆T

(
1 +

(κp − κo)`
κoκp∆T

Jq

)
J2

q . (5.65)

It is convenient to define the characteristic quantities

J0 =
κoκp∆T

(κp − κo)`
(5.66)

λ′0 = 2π`

√
γup

Q

(κp − κo)
κoκp∆T

. (5.67)

Introducing the dimensionless variables λ̃′ = λ/λ′0 and J̃ = Jq/J0 finally results
in

λ̃′ =
(
1−K(1 + J̃)

)− 1
2 1

J̃
(5.68)

where the correction factor K for the surface tension is given by

K =
up

κpQ

∣∣∣∣ dγ

dT

∣∣∣∣ . (5.69)

Note that the change of the surface tension with temperature is negative. For
polystyrene on silicon K ≈ 0.12 and on gold K ≈ 0.01. The effect of the surface
tension is twofold: First, there is a constant increase of the characteristic wave-
length of 1/

√
1−K (≈7% for the silicon wafer) independent of the heat flux.

Second, there is a correction due to the heat flux. For J̃ → 1/K − 1, the wave-
length diverges and the film is stabilized by the surface tension. This cut–off,
however, cannot be reached with the polystyrene system, because J̃ ≈ 7 would
mean that the film thickness would have to be larger than the plate spacing. In
principle, it should be observable using different polymers and substrates. For
poly(methyl methacrylate), there are some indications that the wavelength in-
creases again for small plate spacings. For our samples, 0.1 . J̃ . 1 and the total
correction is approximately 10%. This correction has been taken into account in
Fig. 5.6 on page 62 when determining the amplification factor.

Without the correction for the surface tension, the master equation would
simply follow the inverse rescaled heat flux (λ̃′ = 1/J̃). However, since the
correction is inherent to the system, we can incorporate at least the constant
offset into the scaling of the characteristic wavelength

λ0 = 2π`

√
γup

Q(1−K)
(κp − κo)
κoκp∆T

. (5.70)
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Figure 5.9: Schematic illustration of multiple phonon reflections at a curved interface.
Effectively, the phonos are focussed towards the undulation maximum and increase the ther-
momechanical pressure locally. Bicontinuous undulations could act as wave guides.

The master equation then reads (λ̃ = λ/λ0)

λ̃ =
(

1− K

1−K
J̃

)− 1
2 1

J̃
. (5.71)

In Fig. 5.8, the data is re-plotted in reduced coordinates. All data sets collapse
onto the master curve (solid line, Eq. (5.71)) and show excellent agreement with
the predicted scaling. The different correction factor for the gold substrate hardly
affects the wavelength for the small relative heat flux. For both substrates, the
wavelength follows the dashed line corresponding to λ̃ = 1/J̃ . The last diamond
data point has a larger wavelength than the linear inverse scaling with the heat
flux. Either this is the signature of the surface tension, or it could also be due a
smaller conductivity in the air layer since this is the data point with the smallest
d/` ratio (top scale). When rescaling the data we did not correct for the temper-
ature jump distance. The final master equation remains the same if this effect is
included. In all equations, d has to be replaced by d + GL. The only change lies
in the calculation of Jq (Eq. (5.57)).

5.8 Other Effects

5.8.1 Lines and Spirals

While any lateral pattern that spans the two plates maximizes the heat flux
(Eq. (5.9)), the stripe pattern in Fig. 5.2c cannot be explained by the simple
2–dimensional model even though the inter-stripe spacing is equivalent to the
inter-column spacing. Some of the data points in Fig. 5.3 on page 53 were in fact
obtained by measuring the line spacing in well-defined areas.

Invoking again the propagation of phonons, a qualitative explanation can be
attempted. The model outlined above only holds for the very early stage of the
instability. As soon as a surface undulation has developed, phonons are focussed
towards the maxima as schematically illustrated in Fig. 5.9. Locally, the surface
pressure should thereby be increased. This is supported by the experimental
observation that in contrast to the electric field experiments, samples hardly ever
show an intermediate stage of undulations. Either the film is flat or it is in the
columnar state. This means that the time it takes to develop the final morphology
from an initial protrusion is very fast.
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a b

Figure 5.10: a Optical micrograph displaying the proximity of the columnar and stripe
morphologies. Image width 160 µm. b Optical micrograph of two nucleated spirals. Image
width 80 µm.

In bicontinuous structures, phonons may propagate laterally in the wave–
guide like structures. This may lead to an effective transverse pressure which
could be the origin of the broken lateral symmetry. One can envisage two mecha-
nism for the formation of lines. First, a complete rim is amplified simultaneously,
or, second, the line can develop from a nucleus which could be in the simplest
case a column or a short segment of a line. The line then propagates from the
nucleus either parallel to the phase boundary between structures and the undis-
turbed film or outwards into the film. Both mechanisms—in their pure form but
also combinations there of—are observed in the experiments. We do not have
a detailed model for such mechanisms, however. Why the thermomechanical in-
stability reproducibly leads to coexisting areas of the two morphologies on the
same sample is also unknown. While both morphologies are seen next to each
other, this does not mean that they are coexisting states. The non-equilibrium
character of the system opens op many possibilities for different morphologies.
Whether they are degenerate or how they are selected is unclear. Figure 5.10a
shows a mixture of the columnar and stripe morphology. In the upper right hand
corner there is an area of well defined stripes, which seem to have propagated into
columnar areas thereby increasing their mean spacing. In Fig. 5.10b, two spirals
have been nucleated and the ends seem to be propagating along the elevated rim
of the spirals (light blue). Directly next to the propagating end this elevation is
missing. The very end is also tapered. It is narrower than the fully developed
spiral arms. Note that the orientation of the one spiral is clockwise and the other
counterclockwise.

Figure 5.11 shows two further examples of advancing lines. In Fig. 5.11a a sin-
gle line has propagated far out into the otherwise undisturbed film. Figure 5.11b
shows a propagating front of lines. A closer look at the two images reveals that
the lines are not straight but undulating—in the first symmetrically (both edges
of the line are in phase) and in the second asymmetrically. The asymmetric case
is reminiscent of a Rayleigh Taylor instability of a cylindrical jet of liquid braking
up into droplets due to the Laplace pressure in the radial direction. Here, how-
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a b

Figure 5.11: a Optical micrograph showing a line that has propagated into the otherwise
undisturbed film. Image width 160µm. b A front of propagating lines. Image width 40µm.

a b

Figure 5.12: Optical micrographs showing the domain boundary between two striped
phases. a A “T–junction”. b An “Ω–junction”.

ever, the line can be thought of as a cross–section through a free–standing film.
The surface tension stabilizes the line because the relevant radius of curvature for
the Laplace pressure is in the direction of the line rather than perpendicular to
it as it is in case of a cylinder. Besides, the expected wavelength for a Rayleigh
Taylor instability is λ = 2πw

√
2 ≈ 9 (w is the stripe width) where as in the

image λ/w is ≈4. The symmetric undulations can be thought of much like the
formation of meanders in rivers. Once a bend has formed the “phonon current”
increases on the outward side eroding the curve even further. This corresponds
to a focussing effect of the phonons and a larger radiation pressure. The asym-
metric case is indicative of an additional pressure acting perpendicular to the line
direction. A possible explanation could be an acoustic disjoining pressure (see
following chapter). Here, the exclusion of low–frequency modes due to the finite
geometry (width) of the stripe results in an effective pressure favoring a thinning
of a line.

Defects in the morphology occur if striped domains of different orientation
meet. The resulting grain boundaries are reminiscent of other two–phase sys-
tems such as micro-phase–separated dibloc copolymers or magnetic materials.
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Figure 5.12 shows two examples. In Fig. 5.12a the mismatch in orientation is
largest resulting in a “T–junction”. The ends do not seem to coalesce easily
with the stripe by which they are blocked as can be deduced by a thickening of
the terminating points. In Fig. 5.12b, the gradually changing angle of mismatch
results in a line of defects which are reminiscent of an “Ω” [84]. The grain bound-
aries should be least energy solutions of the system. However, we did not further
analyze the different defect types.

5.8.2 Different Polymers

While we only used polystyrene as our film material for a systematic and quan-
titative analysis because it is the best characterized in terms of its thermal and
mechanical properties at temperatures below and especially above the glass tran-
sition, we also performed experiments using poly(methyl methacrylate). The
characteristic wavelength shows a similar variation with the plate spacing com-
pared to polystyrene (Fig. 5.13, top). However, we did not further analyze the
data. For small plate spacings (d/h . 2), PMMA films reveal much more com-
plex morphologies compared to PS which could be due to the cut–off introduced
by the surface tension. The bottom image in Fig. 5.13 shows an example of the
variety of structures obtained. From right to left the plate spacing decreases
slightly. Coming from the right (beyond the field of view) the film shows the
columnar morphology. Moving left, the columns start to be surrounded by a
ring– or line–like structure. Towards the center, the columns themselves form a
ring. As one moves further left, the rings widen until there is room for a column
inside. Towards the left edge, the structures form a meandering pattern of lines
and spaces.

5.8.3 Combination with Electric Fields

The experimental setup for the temperature gradient and electric field experi-
ments are very similar. To combine both effects is a logical consequence. Sofar,
however, we did not pursue this idea in much detail. In principle, the two pres-
sures should be additive, resulting in smaller characteristic length scales of the
morphologies. The nonlinear couplings in the equations should also result in
additional morphologies or superpositions of different phases which are charac-
teristic for either the temperature gradient or the electric field experiments. For
large plate spacings, the dominant morphology seems to be the columnar phase.
Figure 5.14 shows an example of the rich variety of structures obtained in a com-
bined experiment with an applied voltage of 30 V and a temperature difference of
≈10 ◦C for smaller plate spacings. In Fig. 5.14a line and ring patterns are domi-
nant. The centro–symmetric rings seem to be a superposition of the rosette–like
structures in case of the electric fields and the spiral morphology in case of the
temperature gradient. Figure 5.14b is taken from the same sample at a position
with a slightly larger plate spacing. More columns are starting to form. The
structure in the center is an intriguing morphology resembling the Chinese “yin
and yang” symbol.
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Figure 5.13: PMMA film exposed to a temperature gradient. Characteristic wavelength λ
as a function of plate spacing d (top). Complex morphologies for small values of d (bottom).

5.8.4 Combination with Dewetting

Using polymers of a lower molecular weight decreases the viscosity significantly.
As a consequence, dewetting due to heterogeneous nucleation becomes the dom-
inant mechanism for the break–up of the film. The presence of the upper plate
and possibly an additional driving force in form of an applied temperature gradi-
ent or electric field changes the usual dewetting path. Here, we will look at one
example of a dewetting experiment in the presence of a temperature gradient.
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a b

Figure 5.14: Optical micrographs of a combined experiment with an applied electric field
of 30V and an applied temperature difference of ≈10 ◦C. a Rings and Lines. b Chinese
“yin and yang” structure.

At a nucleation site, either a hole or a column can form—the latter because of
the thermomechanical pressure. A growing hole is accompanied by the formation
of a thickening rim. Once the rim touches the upper plate, the viscous drag on
the rim doubles and pins the flow. Instead of dragging along this material, the
system cuts off this portion. This results in the formation of a ring. The ac-
cumulation in the rim then starts from the beginning until it touches the upper
plate again. Depending on the strength of the thermomechanical pressure, the
rim itself can become unstable resulting in the formation of columns. Figure 5.15
shows two examples of dewetted films in the presence of a temperature gradient.
In Fig. 5.15a,b the typical final dewetting structure of a polygonal formation of
drops is changed to polygonal domains or rather arrays of columns. Figure 5.15c

a b c

Figure 5.15: Optical micrographs of a dewetting experiment in the presence of a tempera-
ture gradient. a and b Polygonal super–structure of columns. Rings form around nucleation
cites. c Dewetting rings at the edge of the upper plate.
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Figure 5.16: Optical micrographs of a viscous fingering instability of trapped air.

shows structures below the edge of the upper plate. On the top the film has
dewetted completely and the bare silicon wafer is exposed. The bottom shows
a series of rings formed in the above described manner. Eventually the rings
break–up into line segments and then individual columns.

5.8.5 Viscous Fingering

Trapped air underneath spacers or in areas of complete contact of the upper
plate with the film while assembling a device, often results in a viscous fingering
instability (e.g. [85]). While these structure are not directly related to either the
temperature gradient or electric field experiments, it is worthwhile mentioning
their presence for their aesthetic appearance and the scarcity of work done per-
taining to thin films [86]. Figure 5.16 shows two examples of the fractal branches
of trapped air which was compressed and subsequently expanded into fingers.

5.9 Conclusions

Thin liquid polymeric films subjected to a high temperature gradient normal
to the film’s surface are unstable. Two morphologies are observed: columns or
lines. The most unstable wavelength scales inversely with the heat flux and pro-
portional to the square root of the applied temperature difference. A master
equation shows very good agreement with the predicted scaling. The radiation
pressure exerted by the phonons which mediate the transport of thermal energy,
is responsible for the destabilization. It is important to distinguish between low–
and high–frequency phonons. Low–frequency phonons behave more or less bal-
listically and are reflected nearly perfectly at the polymer–air interface exerting
a high pressure. High–frequency vibrations, on the other hand, are transmit-
ted nearly perfectly. They carry most of the heat and contribute little to the
overall interfacial pressure. As experiments on gold substrates show, the phonon
statistics are important. Due to a higher density of states, more low–frequency
phonons are coupled into the polymer film resulting in an increased surface pres-
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sure. The crude microscopic model describes these effects well and can account for
the simple columnar morphology. While the line morphology is reasonable from
a macroscopic argument of a maximized global heat flux, the detailed mechanism
is unclear. The combination of temperature gradients with other destabilizing
forces reveals an abundance of unexplained beautiful structures.



Chapter 6

Acoustic Instability

The spatial confinement of a fluctuation spectrum leads to forces at the confining
boundaries. While electromagnetic fluctuations lead to the well–known disper-
sion forces, the acoustic analogy has widely been neglected. In this chapter, I
show that the strength of the forces resulting from confined acoustic modes may
be of the same order of magnitude as van der Waals forces. Additionally, the
predicted scaling behavior is identical to the nonretarded case of the electromag-
netic fluctuations. The results suggest that dewetting experiments using polymer
films may strongly be influenced by the acoustic dispersion forces [12].

6.1 Introduction

The attraction of two conducting plates due to the electromagnetic vacuum fluc-
tuations was predicted by Casimir in 1948 [87]. This effect can be understood
by considering the radiation pressure exerted by the plane waves of the random
electromagnetic field [88]. Inside the cavity, modes with wavelengths larger than
twice the plate spacing are suppressed, leading to a reduced density of states
by the confinement. The difference in densities of states outside and inside the
cavity leads to an imbalance in radiation pressures exerted onto the boundaries.
This results in an attractive force between the two plates. In addition, the mode
spectrum inside is discrete due to the large coherence length of the photons. The
small resulting net force has been measured recently by Lamoreaux [89]. Analo-
gous to the electromagnetic effect, Larraza et al. [90] introduced the notion of an
acoustic Casimir effect by measuring the force between two plates in an external
sound field. In the absence of an external source, Bschorr [91] calculated a similar
force based on the thermal-pressure fluctuations in air.

A more general approach of electromagnetic phenomena in a confined me-
dium—a thin film bounded by two arbitrary media (Fig. 6.1)—leads to the van
der Waals forces [26,27,92]. As we have seen in Chapter 2.3 these may destabilize
liquid films. Even though the mechanisms of film break-up by dispersive forces is
well understood, quantitative agreement between models and experiments is often
lacking [22,30,93]. Since the theory of van der Waals forces is well established [27,
92], such disagreements are indicative of additional driving forces. The previous

86
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Figure 6.1: Thin film (2) of thickness ` sandwiched between media 1 and 3.

two chapters have demonstrated that electrostatic effects and radiation pressures
due to temperature gradients may contribute to the destabilization of thin films.
Here, we describe a new destabilizing mechanism, the acoustic analog to the
Casimir pressure, or in more general terms, the acoustic disjoining pressure. The
resulting dynamical instability is yet another variation of spinodal dewetting with
driving forces comparable to dispersive interactions.

6.2 A Scaling Argument

Dzyaloshinskii et al. [27] have estimated the interfacial pressure of acoustic fluc-
tuations (phonons). At low temperatures (T = 0 K), analogous to the elec-
tromagnetic case, an interfacial pressure pac ∝ hu/`4 is predicted, where ` is
the thickness of the confined medium and h is Plank’s constant. This has to
be compared to the electromagnetic case, where pem ∝ hc/`4 for retarded or
pem ∝ hc/λa`

3 ∝ A/`3 for nonretarded van der Waals forces. u and c are the
velocities of sound and light, A is the Hamaker constant, and λa/2π is a cross-
over length. The formulas for the retarded and nonretarded forces are valid in
the limits ` � λa/2π and ` � λa/2π. λa is related to the absorption spectra of
the materials involved. For a typical absorption wavelength in the UV of 100 nm,
the cross–over is at λa/2π ≈ 16 nm.

Since typical sound velocities are approximately five orders of magnitude
smaller than the speed of light, it is clear that pac is negligible for T = 0 and
values of ` which are large compared to atomic distances. However, for non–zero
temperatures the influence of temperature is predominant. The criterion for clas-
sical behavior, hν � kT (k Boltzmann’s constant) with ν ∝ u/` is for common
liquids very well satisfied, whereas in the electromagnetic case the opposite is
true (ν ∝ c/`). From dimensional considerations pac ∝ kT/`3 in the classical
regime. Since kT is of the same order of magnitude as typical Hamaker constants
A [26], it is obvious that acoustic fluctuations may contribute to the destabilizing
pressure at the film surfaces. Furthermore, since pac has the same scaling behav-
ior as the non–retarded van der Waals force, it is experimentally very difficult to
distinguish the two effects.
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6.3 Acoustic Disjoining Pressure

To calculate the pressure contribution from the acoustic fluctuations in liquids,
we follow the calculations of Debye [63] for the energy density of phonons in solids
in close analogy to the work of Bschorr [91]. We assume an elastic liquid medium
with propagating longitudinal waves of sound velocity ui up to the maximal Debye
frequency ν

(i)
D = ui[9N/4πVi]1/3, where N is Avogadro’s number and Vi the molar

volume. In contrast to solids, there are no transverse degrees of freedom. This
assumption is valid for ideal liquids (η = 0) and makes the calculation more
simple. As I will show below, the inclusion of both longitudinal and transverse
modes does not change the results.

The radiation pressure exerted by plane waves incident vertically on a per-
fectly reflecting surface is 2je/ui with the energy flux je = uie and the phonon
energy density e. Since the coherence length of phonons in liquids is fairly short,
we can neglect interference effects and model the mode spectrum as a superposi-
tion of orthogonal waves. Therefore, the energy flux in one of the six orthogonal
directions is je/6, resulting in a phonon pressure

pac =
1
3
e (6.1)

The energy per phonon is kT (assuming kT � hν). To obtain the total energy
density, the phonon energy has to be weighted by the density of states in medium
i, dni = 4πν2/u3

i dν, and integrated over the relevant phonon frequencies. Outside
the film, phonons of all frequencies up to νD exist. Inside the film, the cut–off
wavelength λc = 2` introduces a lower cutoff–frequency

νc =
ui

λc
=

ui

2`
(6.2)

The net radiation pressure (termed “acoustic Casimir effect” by Larraza et al.
[90]) is readily calculated

pac =
1
3


ν
(1)
D∫

0

kTdn1 −

ν
(2)
D∫

νc

kTdn2


=

πkT

18`3
+

4πkT

9

(ν
(1)
D

u1

)3

−

(
ν

(2)
D

u2

)3


=
πkT

18`3
+ po (6.3)

where po is a pressure term that does not depend on film thickness. If medium
1 is for example a gas its contribution to po corresponds to the macroscopic
(atmospheric) gas pressure patm

patm =
4πkT

9

(
ν

(1)
D

u1

)3

=
4πkT

9

(
9N

4πV1

)
= nkT (6.4)
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where n = N/V1 is the number density of the gas. Multiplying the above equation
by the volume gives the equation of state for an ideal gas.

In the absence of any further effects, the total pressure acting inside a film
with thickness ` is then given by

p(`) = po + pL + pvdW + pac

= po − γ∂xx` +
A123

6π`3
+

πkT

18`3
. (6.5)

po includes the `–independent contributions (e.g. atmospheric pressure). The
second term describes the Laplace pressure with the surface tension γ between
medium 1 and 2. The van der Waals pressure pvdW given by the third term is
characterized by the Hamaker constant A123 of medium 2 sandwiched between
medium 1 and 3 for nonretarded dispersion forces.

By identifying the excess surface pressure pex = pvdW + pac (Eq. (2.14)), the
fastest growing mode qm is then given by Eq. (2.29)

q2
m = − 1

2γ
∂` (pvdW + pac)

or λm = 4π`2

√
3πγ

3A123 + π2kT
(6.6)

Since both pvdW and pac have the same dependence on `, the scaling of qm

with ` is identical. Thus, the force balance between the dispersive and acoustic
terms depends exclusively on their absolute strength. It is therefore important
to explore several corrections and higher order effects that may contribute to pac.

6.4 Corrections

Temperature

While for most liquid experimental systems the temperature is larger than the
Debye temperature ΘD = hνD/k, the classical limit T � ΘD needs to be verified.
For T ≤ ΘD, the quantum statistical character of the phonon energy has to be
taken into account. Using x = hν/(kT ), the energy per phonon is given by

hν

e
hν
kT − 1

= kT

[
x

ex − 1

]
= kT

[
1− 1

2
x +

∞∑
n=1

(−1)n+1 Bnx2n

(2n)!

]
(6.7)

The series converges for |x| < 2π where Bn = 2(2n)!ζ(2n)/(2π)2n are the Bernoulli
numbers with the Riemann zeta function ζ(z). Using Eq. (6.7) to calculate the
acoustic pressure in Eq. (6.3), we obtain

pac =
πkT

18`3

[
1− 3

16
hu

kT`
+

∞∑
n=1

6(−1)n+1ζ(2n)
(2n + 3)(4π)2n

(
hu

kT`

)2n
]

+ p′o

(
ΘD

T

)
(6.8)
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The sum converges rapidly for hu
kT` ≤ 1. For u = O(1000) m/s, T = O(300)

K, and ` ≥ 1 nm, hu
kT` ≤ O(0.1) and only the first term in the expansion has to

be considered. Down to very thin films (` ≈ 1 nm) this correction is less than
5%. Therefore, even for temperatures below ΘD where the quantum statistics is
important, the effect is still dominated by kT .

Support

For a supported film, two further corrections have to be considered. By cou-
pling the film elastically to an external medium, two effects have to be included:
First, the elastic coupling modifies the mode spectrum in the film. This changes
primarily the lower cut-off νc in Eq. (6.3), to allow lower frequency modes.
Second, due to the finite difference between the acoustic impedances of the
two media, Zi = ρiui (with the density ρi of medium i), a finite reflectivity
Rik = [(Zi − Zk)/(Zi + Zk)]

2 between medium i and k has to be introduced. In
general, finite reflectivities at both film interfaces have to be taken into account.
Both effects reduce pac, but for typical experimental systems [22, 30, 32], these
corrections are expected to be small. In the derivation of Eq. (6.3), we assumed
the interface between medium 1 and 2 to be perfectly reflective. For the case that
medium 1 is a gas and medium 2 a liquid, this condition is well satisfied.

Rheology

For dewetting experiments employing polymer films, the frequency dependent
rheology of macromolecular melts has to be taken into account. Above the glass
transition temperature, polymer melts are viscous liquids in the zero frequency
limit, but show non-Newtonian (viscoelastic) behavior for ν > 0. At the relevant
phonon frequencies (ν > νc ≈ 10 GHz) they are essentially glassy (see Chapter
2.1) [94]. In this case, both the contributions of longitudinal (l) and transverse (t)
modes have to be included. The integration in Eq. (6.3) has then to be carried out
separately for both modes, subject to different velocities of sound and different
cut-off frequencies. Equation (6.3) is then modified to

pac =
1
3


ν
(1)
D∫

0

kTdn1 −
1
3


ν
(2l)
D∫

νcl

kTdn2l + 2

ν
(2t)
D∫

νct

kTdn2t




=
πkT

18`3
+ po (6.9)

The outcome of this more detailed derivation is, however, identical to the result
of Eq. (6.3).

Additionally, the density of states for glasses deviates from the Debye theory,
showing in the lower THz region a positive anomaly (“boson” peak) [72]. How-
ever, the cut-off frequency νc lies below this range and the boson peak should not
influence our derivation.
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Absorption

A further correction stems from the finite absorption length of phonons in glassy
solids. If the absorption length in the liquid is larger than the film thickness,
phonons can be reflected several times by the two surfaces. While this coherence
length is too small to establish standing waves (which would require a quanti-
zation of Eq. (6.3)), the multiple reflection of phonons increases the radiation
pressure. Depending on the ratio between the film thickness and the phonon
absorption length Lp, this can lead to a substantial increase in pac (Q amplifica-
tion).

Taking into account the presence of the interface to the substrate and the
phonons (1/6je) propagating towards it, we can sum up the the individual com-
ponents of multiple reflections (including absorption) in form of a geometric series
to

Q = R12
1 + R23e

−2`/Lp

1−R12R23e−2`/Lp
. (6.10)

The contribution to the radiation pressure of a single mode with frequency ν
is amplified by this factor. The total enhancement is obtained after the inte-
gration over all frequencies. For ν & 109 Hz, the absorption length is inversely
proportional to the square of the frequency (Lp ∝ ν−2) [69]. The higher the
phonon frequency, the stronger the phonon absorption. Therefore, only the lower
frequency modes can have absorption lengths comparable to or larger than the
film thickness. The total effect of absorption and multiple reflections delicately
depends on the ratio between the film thickness—determining the lower cut-off
frequency—and the absorption length. For very thick films, both νc and therefore
also the absorption coefficient for the lower frequency modes are small. However,
since the distance that the phonons have to travel is large (` � Lp), Q ≈ R12

and there is no amplification. For very thin films, νc is fairly large and therefore
the absorption length is very small. There’s again no amplification. Only at
intermediate film thicknesses can Q be larger than R12 resulting in an effective
amplification of the total radiation pressure. There is no analytical solution to
the integral for pac including the Q amplification, especially not, if one also takes
into account the different density of states for glasses. A numerical integration
is necessary. Since the data for polymeric liquids on the density of states and
the frequency dependence of the absorption length is scarce, we did not attempt
a more accurate calculation. Changes in the reflectivity above several hundred
gigahertz according to the diffuse mismatch model (see previous chapter) only
affect the constant pressure po, but not the film thickness dependent pressure.

6.5 Predictions

It is instructive to predict the effect of the acoustic disjoining pressure in systems
that can be studied experimentally. As a first example, we consider polystyrene
(PS) films on a glass substrate, at T = 150 ◦C. In Fig. 6.2, the predicted wave-
length of a dewetting instability (λ = 2π/qm) is plotted versus the film thickness.
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Figure 6.2: Calculated instability wavelength λ vs. film thickness ` for PS (γ = 30mN/m)
on glass, for T = 150 ◦C. The dashed line is the contribution of van der Waals forces (see the
Appendix), exhibiting a cross-over from the destabilizing nonretarded (A = 1.8 ·10−20 J [26])
to the stabilizing retarded (B = −2.2 · 10−29 Jm [27]) regime, for a cross-over length of
20 nm. The solid line contains both pvdW and pac terms (Eq. (6.6)).

The dashed line is based only on van der Waals forces, while the solid line con-
tains contributions of both van der Waals and acoustic forces. At ` ≈ 50 nm, the
cross-over from nonretarded to retarded van der Waals forces (with a cross-over
width of 20 nm) causes a rapid increase in λ.1 The added contribution of pac

has two consequences: first, the instability wavelength is lower. Data analyses
considering only pvdW would result in a “Hamaker constant” that is too high.
Second, if both pvdW and pac are taken into account, the cross-over behavior seen
for van der Waals forces is suppressed, since the effect of pvdW is negligible for
large values of `. While using a pure van der Waals model may lead to a mis-
interpretation of the data (i.e. the non-retarded van der Waals forces seemingly
extend to very large values of `), the cross-over to retarded van der Waals forces
should provide a criterion, by which the effect of the acoustic disjoining pressure
can be detected in an experiment.

6.6 Comparison to Experiments

Dewetting

As a second example, we reanalyze the data from Seemann et al. [32] (Fig. 6.3).
They studied the stability of PS films on a Si wafer covered by a 2.4 nm thick
oxide layer. Since the Hamaker constants of Si and SiOx have opposite signs (i.e.

1The cross-over in the van der Waals pressure from nonretarded (nr) to retarded (r) forces
is modelled by a hyperbolic tangent in the form pvdW = 1/2[(pnr + pr) − (pnr − pr) tanh((` −
`co)/wco)] with the cross-over width wco. The cross-over is chosen to be at a thickness `co =
|6πB/A| where the magnitude of the nonretarded and retarded forces is equal.
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Figure 6.3: Instability wavelength λ vs. film thickness ` for PS (γ = 30.8 mN/m) on a SiOx

covered Si substrate (see inset). The circles are data from [32]. The dashed line is a prediction
based exclusively on van der Waals forces (see the Appendix) (ASiOx = 1.8 · 10−20 J, ASi =
−2.2 · 10−19 J). The solid line is the prediction from Eq. (2.29). For values of ` > 100 nm
pac dominates over the much weaker retarded van der Waals forces (BSi = −7.1 ·10−29 Jm),
leading to a reentrant instability (upper right corner).

Si is wetted by PS and SiOx is not), a spinodal instability is observed only for
thin films. While the van der Waals theory predicts a stabilization of the film
(i.e. a divergence of λ, dashed line in Fig. 6.3), the experimental divergence lies
at a value of `, which is too large. The prediction of Eq. (6.6) on the other hand
(excluding the higher order effects described above), is a better description of the
experimental data. For this system, an interesting prediction can be made. If the
film thickness is larger than 100 nm a reentrant instability should occur. There,
the stabilizing effect of the van der Waals forces become negligible, leading to
a dominance of pac in Eq. (6.6). While reentrant film destabilization may not
be measurable in this specific experimental system (the film will break up due
to heterogeneous nucleation first [32]), it should in principle be experimentally
accessible, providing a further possibility to verify our theory.

Free Standing Films

In experiments by Dalnoki and Veress [93], the discrepancy between the data for
free-standing PS films and a van der Waals theory are striking. The measured
values of λ are smaller by a factor of 7, implying a fitted value of the Hamaker
constant that deviates from its predicted value by more than three orders of mag-
nitude. If we consider a free–standing film with acoustic interfacial reflectivities
of ≈1 and a phonon absorption length in PS of ≈2 µm [69], a substantial en-
hancement of pac is expected. While the detailed experimental conditions in [93]
are somewhat complex, our model could provide a possible explanation for this
discrepancy.



94 CHAPTER 6. ACOUSTIC INSTABILITY

6.7 Conclusions

In conclusion, we have shown that forces in thin films stemming from non-
electromagnetic fluctuations contribute equally much as the dispersion forces
and have the same scaling behavior (in the nonretarded case). Under certain
conditions, the effect might even dominate the observed behavior.



Chapter 7

Pattern Transfer

The control of patterns on sub–micrometer lateral length scales is of considerable
technological interest. The rapid pace of advancements in the semiconductor in-
dustry requires a continual decrease in the smallest features on integrated circuits.
However, a fundamental physical barrier for optical lithography—the wavelength
of visible light—raises the need for alternative technologies to reproduce patterns
below 100 nm [95].

We have developed a novel approach for the replication of structures with
sub–micron and possibly sub–100 nm lateral length scales. As a generic principle,
our techniques make use of instabilities in thin liquid films confined between two
plates. While thin films are intrinsically stable, the application of a force at a film
boundary can lead to a break-up of the film. Such instabilities typically exhibit
one well defined lateral length scale and a well defined dynamics. By imposing a
lateral variation of the force field, we are able to direct the instability to replicate
a master pattern with high precision.

To this end, we use two implementations of the above principle: first, an
electric field to break-up and lithographically pattern thin polymer films [4, 8]
and second, a heat flow due to a temperature gradient across the film to exert a
destabilizing thermomechanical force [9, 11].

7.1 The Physical Limits of Optical Lithography

According to “Moore’s law” (the phenomenological miniaturization trend over
the last decades) every 3.4 years, a new generation of integrated circuits quadru-
ples the components on memory chips and microprocessors. Every 6 years, the
smallest line width of integrated circuits is decreased by a factor of two. In order
to continue at this pace and to fulfil the consumer’s demand for speed and compu-
tational power, the semiconductor industry is faced by many problems connected
with the physical limits of conventional optical lithography.

Figure 7.1a illustrates the basic technique of projection lithography. A light
source is used to project the pattern from a mask (here sketched as lines) through
a system of optical lenses onto a thin polymer film known as “resist”. Subsequent
processing of material allows the transfer of the recorded pattern into and/or onto

95
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Figure 7.1: a Schematic illustration of a conventional optical lithography setup. b Com-
parison of trends in the wavelength of exposure light an the minimum feature size of integrated
circuits.

the underlying semiconductor.
The ultimate resolution limit (smallest critical dimension CD) is determined

by Rayleigh’s equation

CD = ke
λ

NA
&

λ

2
(7.1)

where λ is the wavelength of the light source, NA the numerical aperture, and ke is
an “engineering” factor of order unity. Using state of the art values (λ = 193 nm,
NA = 0.65, ke ≈ 0.5) the critical dimension is ≈150 nm. To obtain higher
resolutions, smaller wavelengths and higher numerical apertures are necessary.
Using higher NA systems, however, also decreases the depth of focus requiring
closer working distances between the mask and the wafer and making the transfer
more sensitive to variations in this distance. In Fig. 7.1b, the trend of using
light sources with smaller exposure wavelengths (blue line) is compared to the
minimum feature size on integrated circuits (red line). While in the beginning of
the 80s, pattern sizes were still on the order of one micron, the newest generation
of integrated circuits uses 150 nm wide structures. Extrapolating the current
miniaturization trend and comparing it to the highest resolution limit (green
line), shows the need of alternative techniques towards the end of this decade.

Simply decreasing the wavelengths into the deep UV requires different optics
based on reflection rather than transmission since all materials absorb strongly
in the UV. Nevertheless, due to immense investment costs—a current fabrication
facility costs ≈5 billion dollars—the semiconductor industry sofar follows this
approach of decreasing λ for high throughput optical lithography in order to
minimize changes in the established procedure. Electron– and ion–projection,
proximity X–ray, extreme UV, and electron–beam lithography are all areas of
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Figure 7.2: A structured upper plate creates a heterogeneous force field focusing the
instability towards the protruding structures. A positive replica of the master pattern is
transferred into the polymer. In unstructured regions, the film remains stable on a much
longer timer scale.

active research interest. Non–optical techniques such as micro contact printing,
nano–imprint lithography, near–field optical lithography, direct patterning using
scanning probe microscopes, or surface–induced demixing lithography [51] seem
to have a too low throughput for commercial applications.

7.2 The Basic Idea of Using Instabilities

The intrinsic length scale of instabilities in thin liquid films is on the order of
microns. In order to exploit this natural structure formation process, one would
like to, first, control the resulting pattern and, second, decrease the length scale
to technological interesting feature sizes. Both requirements can be fulfilled by
imposing a laterally heterogeneous force field with variations smaller than the
intrinsic wavelength.

The simplest realization is a topographically structured upper plate. Using
silicon wafers, conventional electron beam lithography is sufficient to produce any
master pattern required for subsequent multiple use. In case of an applied electric
field or a temperature difference, the topographic pattern is an equipotential or
an isothermal surface, respectively. The variation in the plate spacing d results in
a variation of the force field. Both the electric field and the temperature gradient
are approximately proportional to the inverse of d.

A lateral inhomogeneous field has two consequences. First, the instability is
focussed towards regions of highest fields and second, the associated time con-
stant underneath protruding structures is much smaller. As we have seen in
the previous chapters, even small variations in the fields result in nucleation ef-
fects. In fact, the time constant varies approximately with the inverse sixth and
forth power of the plate spacing for the electric field and temperature gradient
experiments, respectively (see Eq. (2.30)).

The evolution of the instability is schematically shown in Fig. 7.2. Silicon
dioxide spacers (dotted) ensure the distance between the upper and lower plate.
The film is then raised above the glass transition and annealed. Initial undula-
tions are nucleated underneath protrusions and focussed towards them. When the
polymer touches the structures, capillary forces might facilitate the replication
process. The final structure is a positive replica of the master pattern as opposed
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a b

Figure 7.3: a Evolution of an imposed structure on a square lattice with a periodicity of
1.75µm. Beyond the structured area, the film remains stable. b Replicated line pattern
with a periodicity of 2.4 µm in a PBrS sample with an applied voltage of 30 V. The change
in colors at the ends of the lines is due to a height variation in the master structure.

to the negative patterns achieved by conventional imprinting techniques [96]. The
height of the polymer structures is determined by the plate spacing. The initial
film thickness should be chosen according to the area ratio of the structures un-
der the constraint of mass conservation. To ensure that no polymer remains on
the master electrode after disassembly and to minimize adhesion, the electrode
was rendered apolar by depositing of a self-assembled monolayer. After cooling
the experiment back to room temperature, the removal of the upper plate en-
ables the investigation of the polymer structure by either optical or atomic force
microscopy (AFM).

7.3 Electrostatic Lithography

Since the electrostatic forces are strongest for smallest electrode spacings d, the
time for the instability to form is much shorter for smaller values of d. Expressed
in terms of the electric field, the time constant is proportional to the inverse sixth
power in the field, τ ∝ E−6

p (see Eq. (4.18)). As a consequence, the emerging
structure in the film is focused towards the electrode structure which protrudes
downward towards the polymer film. This leads to the replication of the master
electrode. Experimental results of this procedure are shown in Fig. 7.3. The
dielectric liquid is drawn up towards the electrode which can be seen in the 3–
dimensional rendition of the AFM image in Fig. 7.3a. Here, a square lattice
induces undulation maxima in the otherwise undisturbed film. The experiment
has been cooled before the instability reached the upper plate. In Fig. 7.3b, lines
with a height of ≈200 nm (yellow) and a periodicity of 2.4µm are reproduced in
a brominated polystyrene film with an applied voltage of 30 V. The sample was
annealed over night. The light blue film in the bottom right corner shows that
the initial film with a thickness of ≈125 nm is still undisturbed.

Several interesting features of this electrostatic replication process should be
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Figure 7.4: The AFM image (top) shows 140 nm wide stripes (full width half maximum) in a
brominated polystyrene film (` ≈ 45 nm) which replicate the silicon master electrode (200 nm
stripes separated by 200 nm wide and 170 nm deep grooves). The device was annealed with
an applied voltage of 42 V at 170 ◦C for 14 h. The cross-section on the bottom reveals a
step height of 125 nm with an aspect ratio of ≈0.9.

pointed out. The quality of the replicated structures is nearly perfect. The elec-
trostatically induced structure formation in the polymer film is not limited to
wavelengths around the intrinsic maximally amplified wavelength λ, but a large
range in lateral structures can be replicated for otherwise identical experimental
parameters. In the example of Fig. 7.4, lines with a width of 140 nm were repro-
duced for an average plate spacing of 125 nm and an applied voltage of 42 V. In
the AFM image, the resolution is limited by the geometry of the AFM tip. The
rounded off corners at z = 0nm indicate a finite contact angle of the brominated
polystyrene on the silicon oxide surface. Apart from this small effect, the profile
of the polymer stripes is nearly rectangular with an aspect ratio (height/width)
of ≈0.9. The high quality of the replication extends over the entire 100×100 µm2

area which was covered by the master pattern.
Aspect ratios of up to 3 (900 nm high columns with a diameter of 300 nm) have
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been replicated. We controlled the spacing between the electrodes sofar either
by the master structures themselves in a wedge geometry or by non–conducting
(e.g. silicon dioxide) spacers. In principle, it should also be possible to change the
spacing during the experiment to obtain higher aspect ratios. Once the polymer
is in contact with the master pattern, the distance could be increased (e.g. by a
piezo ceramic element) to the desired spacing and aspect ratio.

A close look at the ends of the lines in Fig. 7.4 terminated by a bar, reveals
that even small imperfections (with radii of curvature < 100 nm) in the master
pattern were reproduced in detail. Presently, our only limit to sub–100 nm struc-
tures is the lack of an adequate master pattern. The technique should be easily
extendable to length scales on the order of 10s of nanometers. Increasing the
applied voltage causes higher driving forces. Using a polymer and a gas with a
high break–down strength should allow higher electric fields. Limitations might
come in due to surface and line tension effects. For example, a finite contact
angle at the substrate surface induces a curved polymer surface. The resulting
Laplace pressure has to be overcome by the electrostatic forces. One could avoid
this effect, however, by fine–tuning the surface energy by a surface treatment
or the choice of the dielectric that has a contact angle of 90 degrees with the
substrate. The aspect ratio of the master pattern itself producing the inhomo-
geneous field might impose a limit as well. The differences in the electric field
between protruding structures and the base of the master pattern might not be
sufficient anymore to selectively break–up the film.

While we usually heated the samples over night, the time constant necessary
to form the structures in Fig. 7.4 is on the order of 10 milliseconds. The small
time constant arises due to its strong dependence on the electric field. Reducing
the length scales of the system, decreases the time constant to well below a
millisecond. Reducing the viscosity of the dielectric, for example by using a
liquid crystalline polymer, should further accelerate the replication of sub–100 nm
structures.

7.4 Thermomechanical Lithography

Due to the low thermal conductivity of air, the interfacial temperature and there-
fore the strength of the interfacial pressure depends on the width of the air gap
(d − `). Analogous to the electric fields, this can be exploited to replicate a to-
pographic pattern. The higher phonon pressure at the locations of smaller air
gap spacings focuses the instability towards the downward protruding patterns of
the topographic top plate. Therefore, the liquid polymer is drawn towards these
protrusions. The associated time constant scales with the inverse fourth power
of the heat flux, τ ∝ J−4

q , and is thus also much smaller for reduced values of d
comparable to the reduction in the case of electric fields.

This thermomechanical effect is the opposite of the hot embossing technique
where a template is pressed into a molten polymer film by high external forces.
On the contrary, people working on these imprinting techniques do see thermome-
chanical instabilities, however, regard them as an artifact [86,97]. The instability
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a b

c d

Figure 7.5: Pattern replication in a polystyrene film using a structured top plate. The
optical micrographs a–c were obtained on the same sample (` = 106 nm, ∆T = 37 ◦C).
The ordered hexagonal arrays have periodicities of 2 µm(a), 4 µm(b), and 10 µm(c). The
blue region on the left hand side of c shows a part of the film, in which the instability has
not yet developed, corresponding to a much larger air gap d− ` compared to the hexagonal
protrusions on the right hand side. Due to a slight misalignment of the two plates with
respect to each other, the plate spacing d varied from 160 nm in a to 220 nm in c. In d
an experiment (` = 65 nm, d = 155 nm) with an inverted temperature gradient is shown
(T1 = 171 ◦C, T2 = 189 ◦C). The replicated cross-hatched pattern in d has a stripe width
of 500 nm. The insets in a and d are higher magnification AFM images. All optical images
are ≈33 µm wide.

probably forms during either the heating or cooling cycle of the embossing step
where the otherwise controlled temperature might not be constant.

The reproduction of hexagonal patterns with various periodicities between 2–
10 µm are shown in Fig. 7.5a–c. The images are taken from the same sample and
demonstrate the variability in structure sizes that can be replicated. In Fig. 7.5d,



102 CHAPTER 7. PATTERN TRANSFER

Figure 7.6: On annealing the sample for longer times, the remaining flat film eventually
becomes unstable for both electric and thermomechanical forces. The evolving structures are
higher than the replicated patterns because of the larger plate spacing. The distance between
them is well described by the equations for the instability in case of parallel plates.

the temperature gradient was inverted (T2 > T1). An instability also occurred in
this case. In particular, 500 nm wide lines were reproduced in Fig. 7.5d. In terms
of the microscopic model, phonon resonances in the polymer film are required to
explain the instability that lead to the successful replication of the cross-hatched
pattern. Changing the direction of the temperature gradient results in a reversal
of the momentum flux. In the absence of the resonant low–frequency phonon
amplification, the film should remain stable. This sample is therefore a direct
consequence of the resonant phonon amplification mechanism.

With a properly aligned setup, pattern replication extends defect free over the
entire area which was covered by the master structure. Again, it is not limited
to structure sizes around the most unstable wavelength. This can be seen from
the structures in Fig. 7.5a–c replicated on the same sample next to each other.
The blue region in the left of Fig. 7.5c shows that the remaining film is still
unperturbed. The AFM images in Fig. 7.5, allow us to quantitatively compare
the polymer pattern with the template. The replicated radii of curvature of the
intersecting lines are comparable to the template (not shown). The imperfect
replication of the hexagons in Fig. 7.5a, on the other hand, is due to an imperfect
choice of the ratio d/`. Since the hexagons occupy ≈50% of the surface area, d/`
should be ≈2. The value of d/` = 1.5 in Fig. 7.5a implies that more polymer than
required has to be laterally accommodated. This, together with the polymer sur-
face tension causes a rounding of the hexagons’ corners. The results in Fig. 7.5d,
in which even small imperfections of the template are reproduced shows that the
replication process can be extended to lateral length scales of 100 nm or less.

Equation (5.28) allows a prediction, whether this replication technique can
be extended to smaller, technologically relevant lateral dimensions. While higher
order terms in the surface energy may impose a cut–off at small lateral length
scales, the replication of patterns down to 100 nm should in principle be possible.
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Figure 7.7: The word “nano” was reproduced with a line width of the letters of ≈300 nm.
The sample was annealed long enough that the remaining film became also unstable forming
columns with a much larger diameter and spacing. They are higher than the replicated
pattern as is indicated by the yellow color of the height encoded AFM image (compare with
the schematic drawing in Fig. 7.6).

7.5 Other Effects

Long Time Limit

Usually we annealed the samples over night. While this gives sufficient time for
the break–up of the film on a micrometer length scale, it is more than enough
for smaller imposed structures due to the strong dependence of the time constant
with the involved length scales. When replicating patterns, the unstructured
part of the film still becomes unstable, however, on a much longer time scale.
Figure 7.6 illustrates schematically how the remaining film breaks up.

Figure 7.7 demonstrates this effect in case of a sample exposed to an elec-
tric field. While the imposed structure—“nano”—is clearly visible on the AFM
image, the high columns (yellow) surrounding the letters are the result of the
intrinsic instability. The different length scales of intrinsic and imposed struc-
tures are obvious: the line width of the letters is ≈300 nm and the inter–column
spacing ≈2.5µm. Often, the intrinsic instability is influenced by the imposed
structure due the interplay of nucleation and depletion. A band of columns has
formed around the word “nano” with a column in the center of each letter. The
latter have slightly smaller diameters because of the depleted material. In case
of temperature gradient experiments, lines often form parallel to edges.

Confinement and Mismatch

If the imposed structure is larger than the intrinsic wavelength, it is not replicated
perfectly. Depending on the mismatch, the film develops the instability first at
locations where d is small, however, breaks up into smaller intrinsic patterns.
Figure 7.8 shows an example of an imposed line structure with an applied electric
field. Here, the most unstable mode underneath the lines was almost a factor
two smaller than the width of the line. The wavelength was such that a simple
symmetric alternating pattern of columns was not favored by the system. Instead,
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Figure 7.8: Optical micrograph (top) of columns which have formed underneath an imposed
line structure. The intrinsic wavelength beneath the master pattern was smaller than the line
width resulting in a break–up of the film in separate columns, rather than a reproduction of
the complete line. The mismatch between the intrinsic wavelength and the width of the line
produced the pattern of columns which resemble a density wave of two rows of columns with
a small phase lag (bottom).

the columns arranged in what resembles a density wave along the upper row of
columns with a small phase lag of the second row. This is schematically illustrated
below the optical micrograph.

Figure 7.9a shows an example of a poorly reproduced pattern in the case of
an applied temperature difference. Nevertheless, this “Sierpiński gasket” serves
to illustrate the effects of imperfect reproduction. Here, the polymer structure is
only slightly higher than the original film. The fractal pattern shows six different
sizes of triangles, the smallest four, if present at all, are more or less well repro-
duced. The largest two and the rim show inclusions of air. Only very few of the
smallest triangles (side length 500 nm, near the center of the image) have been
reproduced. Mostly, the film has dewetted and accumulated either underneath
the larger triangles or in the spaces between them, filling the master pattern up
to the base (green parts).

When the polymer film is laterally confined, it adjusts to the imposed bound-
ary conditions. Figure 7.9b shows an imprinted line pattern with an applied
temperature gradient. The lines have a light brown color indicating a thick-
ness of roughly 25 nm compared to the initial thickness of the film of 100 nm.
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a

b

Figure 7.9: a Imperfect replication of a “Sierpiński gasket”. b Confined polymer film in
increasingly smaller rectangular area changes from a vertical dumbbell to a horizontal one.

They are interrupted by gaps of different lengths. In the small spaces between
the lines, the film has become unstable an formed half–columns bounded on one
side by the imprinted line structure. The film in the larger gaps adjusts to the
confinement—the boundary is rather rectangular than round. Starting from the
left, the film has formed two undulation maxima (red) which move closer together
until a single maximum is formed. Upon further reducing the gap, the maximum
first elongates and than separates into two patches.

Dewetting

While dewetting is usually an unwanted effect, it can be utilized as a lithographic
technique. In a two plate geometry with a patterned upper plate, dewetting
alone should reproduce the pattern if the length scale of the imposed pattern
is adjusted to the characteristic dewetting length scale. We have not performed
these experiments yet. However, from results of experiments in the presence
of temperature gradients, in which dewetting occurred, we can deduce at least
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that the dewetting process together with capillary forces improves the replication
process.

7.6 Conclusions

We have developed two novel non–optical lithographic techniques for the replica-
tion of structures with sub–micron and possibly sub–100 nm lateral length scales.
The techniques of electrostatic and thermomechanical lithography presented here
is straightforward and does not need any specialized equipment or chemicals. In
a technological application, the spacing between the two electrodes needs to be
controlled with great precision, but this can be easily achieved by introducing
non–conducting spacers into the plate gap. In addition, our techniques can easily
be integrated into existing lithographic processes. Furthermore, a combination
of the thermomechanical instability with electrohydrodynamic forces is a promis-
ing prospect for a simple, low-cost lithographic technique for the replication of
sub–100 nm patterns.



Chapter 8

Conclusions

Our research has shown that there are still many interesting aspects of insta-
bilities in thin polymer films ranging from fundamental theory to technological
applications. Even the well established van der Waals theory still opens up new
questions. In this context, we have shown that forces in thin films stemming from
non-electromagnetic fluctuations contribute to film instabilities as much as the
dispersion forces and have the same scaling behavior. This “acoustic disjoining
pressure”, has been mentioned in the literature many decades ago, however, its
influence on recent experiments has widely been neglected. The reason for this
might be that at that time most wetting studies were performed using liquid
helium. At temperatures of a few Kelvin, the acoustic contribution to the free
energy is, in fact, negligible. However, at elevated temperatures and under cer-
tain conditions, the effect might even dominate over van der Waals forces in thin
polymeric films.

A novel way to induce and control the structure formation process in thin
polymer films is the use of strong electric fields. The interaction of an electric
field with matter is well understood. We made use of the electric forces in a
plate capacitor geometry to destabilize thin liquid films. The pressure created by
electric fields at the film’s surface can overcome the surface tension, inducing an
instability which results in a characteristic local hexagonal order. Using polymer
films, the pattern formation takes place at elevated temperatures and is fixed by
quenching the sample to room temperature. When a laterally varying electric
field is applied, the instability is focused in the direction of the highest electric
field. This results in the replication of a topographically structured electrode.

For a given film thickness, the characteristic lateral structure size exhibits a
power—law dependence as a function of increasing electric fields, corresponding
to a decrease in the electrode spacing. All our data collapse onto a single master
curve in the absence of any adjustable parameters. There is excellent agreement
with the theory. This justifies and lends credibility to the approach of a sim-
ple, 1–dimensional (interface dimensions) model incorporating the coupling of
the electric field with the hydrodynamics in the thin film. The frozen–in state
preserves the most unstable mode predicted by a linear stability analysis, which
is valid for early times only. Unlike the coarsening that is often observed during
instabilities, the high viscosity of the polymeric liquid and the nonlinearities in
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the system seem to prevent this effect. Under non–ideal conditions, however, the
nonlinearities matter and complex morphologies evolve.

While the topography of the polymer film occurs spontaneously, control of
the lateral structure is achieved by laterally varying the electrode spacing. To
this end, the upper electrode is replaced by a topographically patterned master.
Since the electrostatic forces are strongest for smallest electrode spacings, the
time for the instability to form there is much shorter. As a consequence, the
emerging structure in the film is focused towards the electrode structure which
protrudes downward towards the polymer film. This leads to a replication of
the master electrode. The electrostatically induced structure formation in the
polymer film is not limited to the intrinsic wavelength, but a large range in lateral
structures can be replicated for otherwise identical experimental parameters. We
have reproduced lateral length scales down to 140 nm and with aspect ratios close
to unity. The extension to lateral length scales of less than 100 nm and aspect
ratios greater than unity seems feasible.

The use of high temperature gradients instead of electric fields also destabilizes
thin liquid polymeric films. Here, the system can globally maximize its heat flux
by morphologies that span the air gap between the two bounding plates. There
are two morphologies favored by the system: domains of columns or lines are often
observed on the same sample. The most unstable wavelength scales inversely with
the heat flux and is proportional to the square root of the applied temperature
difference. A master equation shows very good agreement with this predicted
scaling. The magnitude of the effect requires a detailed theoretical analysis.

The thermal vibrations (phonos) which carry the thermal energy across the
polymer film are partially reflected at the polymer–air interface. The resulting
radiation pressure is responsible for the destabilization of the film. An energy
flow is always associated with a momentum flow. In a steady state, the heat
flow across an interface is continuous. The momentum flux can, however, be dis-
continuous resulting in a surface pressure. In a simplistic model, all phonons are
nearly perfectly reflected at the interface travelling back to the polymer–substrate
interface where again partial reflection occurs. Adding up the contributions of
multiple reflections will give the overall pressure. The quality of this “phonon–
resonator” depends on the reflectivities at the interfaces. The closer they are to
unity, the higher the amplification. This explains an increase of the thermome-
chanical pressure if the silicon substrate is covered by a gold film. Due to the
higher density of gold, the acoustic mismatch to the polymer increases, resulting
in a higher reflectivity and better quality of the resonator.

While this simple model can explain all observed effects, the mere identifi-
cation of the overall energy flow in the direction of lower temperatures with the
relevant net heat flow results in a contradiction violating energy conservation.
Therefore, it is necessary to take into account the energy fluxes in each layer and
partial reflections at all interfaces. Furthermore, it is important to distinguish
between low– and high–frequency phonons. Low–frequency phonons behave as
described above. They are ballistic in nature and exert a high pressure at the
polymer–air interface. High–frequency vibrations, on the other hand, have a dif-
fusive behavior and are transmitted nearly perfectly. They transport most of the
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heat and only exert a low pressure at the interface which points, in fact, in the op-
posite direction as for the acoustic phonons. The phonon statistics are important.
Due to the quadratic dependence of the density of states on the frequency, there
are more high–frequency phonons. Thus, their small negative pressure contribu-
tion weighted by the density of states, largely compensates the positive effect of
the low–frequency phonons. The net effect, however, is destabilizing. The phonon
statistics also explains the case of the gold covered silicon wafers. Due to a higher
density of states in the gold compared to silicon, more low–frequency phonons
are coupled into the polymer film resulting in an increased surface pressure. The
experiments are direct evidence of the particle character of phonons.

The cross–over from the acoustic to the diffusive behavior is critical in de-
termining the effect of the net pressure. It is only the polymeric character of
the liquid, namely the glassy behavior above gigahertz frequencies that makes
a destabilizing pressure possible. Compared to simple liquids, the mean free
path length of low–frequency phonons is large. This enables multiple reflections
at the interfaces and accounts for the acoustic behavior. If diffusive behavior is
dominant, the resulting thermomechanical pressure should stabilize the interface.

This crude microscopic model describes the effects observed in our experi-
ment and can account for the simple columnar morphology. Using the model,
all our data collapse onto a master curve showing the correct scaling with the
heat flux. An interesting cut–off at small air gaps corresponding to large heat
flows is introduced by surface tension effects. Although it cannot be observed in
polystyrene, other polymers might show this effect. A systematic, quantitative
analysis for other polymers is, however, still lacking.

While the line morphology is reasonable from a macroscopic argument of a
maximized global heat flux, the detailed mechanism is unclear. Wave–guiding of
phonons in the confined geometries seems to be a plausible explanation. Samples
of poly(methyl methacrylate) show additional complex morphologies for small
air gaps. Their explanation requires further experiments. The combination of
temperature gradients with other destabilizing forces—the presence of electric
fields or dewetting—reveals an abundance of unexplained beautiful structures.

Due to the low thermal conductivity of air, the interfacial temperature and
therefore the strength of the interfacial pressure depends on the width of the air
gap. This can also be exploited to replicate a topographic pattern in form of a
structured silicon wafer made by electron beam lithography. The higher phonon
pressure at the locations of small air–gap spacings focuses the instability towards
the downward protruding patterns of the topographic top plate. Therefore, the
liquid polymer is drawn towards these protrusions. This effect is analogous to
the electrostatic lithography, but is the opposite of the hot embossing technique
where a template is pressed into a molten polymer film by high external forces.
We showed the reproduction of patterns with various periodicities down to 500 nm
wide lines. With a properly aligned setup, pattern replication extends defect free
over the entire area which was covered by the master structure. Furthermore, a
combination of the thermomechanical instability with electrohydrodynamic forces
is a promising prospect for a simple, low-cost lithographic technique for the repli-
cation of sub–100 nm patterns.
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Finally, the ease of present experiments is noteworthy. Both methods are
bench-top experiments, which require essentially only a hot-plate and a low-
voltage power supply. While the geometry of the double–plate setup has to be
well defined, this can be easily achieved by standard spin–coating techniques and
the introduction of spacers that can be manufactured using optical lithography.
Therefore the inclusion of our lithographic techniques into the established semi-
conductor manufacture process (i.e. into a mask aligner) should be feasible.

In conclusion, we have presented an experimental and theoretical study on
electrohydrodynamic, thermomechanical, and acoustic instabilities in thin, highly
viscous polymer films. While our studies demonstrate the physics of film insta-
bilities and their application in principle, the limits of this approach are not yet
reached. Experiments using polymeric liquids are a model system to study in-
stabilities and non-equilibrium pattern formation in two dimensions. We have
developed two novel non–optical lithographic techniques for the replication of
structures with sub–micron and possibly sub–100 nm lateral length scales, which
could be viable alternatives to conventional technologies. The aesthetic beauty
of the structures and the simple theories based on first principles make this field
of research appealing and rewarding.



Appendix A

Hamaker Constants

In the appendix, the formulas to calculate nonretarded and retarded Hamaker
constants are listed. They pertain to dielectric media only. Additionally, the
equations for multilayer systems (2 and 3 layers) are stated. For a more detailed
discussion see [26, 27, 32, 98]. The retarded and nonretarded constants are valid
in the limits `� λa/2π and ` � λa/2π where λa/2π is a cross-over length. λa is
related to the main electronic absorption frequency of the materials involved. For
a typical absorption wavelength in the UV of 100 nm (3 · 1015 Hz), the cross–over
is at λa/2π ≈ 16 nm. In the case of retarded forces, the film thickness should be
large compared to λa/2π, however not so large as to invalidate ` � hc/(2πkT ) ≈
10 µm [27].

A.1 Nonretarded Hamaker Constants

The nonretarded Hamaker constant A123 (see Eq. 2.23 on page 16) for medium
2 sandwiched between medium 1 and 3 is given by

A123 = Aν=0 + Aν>0
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where εi is the dielectric constant of medium i in the zero–frequency limit, ni

the index of refraction, and νe is the main electronic absorption frequency in the
ultraviolet. It is assumed to be roughly the same for the three media. A typical
value for the calculation is νe ≈ 3 ·1015 Hz. In the symmetrical case that medium
3 and 1 are the same, Eq. A.1 reduces to
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The first term in Eq. A.1 gives the zero–frequency contribution to the van
der Waals interaction. It is purely entropic in origin and arises form the energy
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associated with dipolar orientation. The second term is the contribution from
the dispersion energy. It is only an approximation containing the first terms of
an infinite series. Since hνe � kT , the dispersive part usually dominates over the
dipolar contribution unless the refractive indices of two of the involved materials
are similar. The zero–frequency contribution therefore often only accounts for a
few percent of the total magnitude of the Hamaker constant. Since it does not
depend on the frequency, it is not affected by any retardation effects.

For polystyrene films on silicon and silicon oxide the values for the nonretarded
Hamaker constants are ASi = −2.2 · 10−19 J and ASiOx = 1.8 · 10−20 J [29].

A.2 Retarded Hamaker Constants

Strictly speaking the Hamaker constant is never constant. It decreases slowly as
distances increase. Furthermore, the scaling with the film thickness changes. A
simplification is made by distinguishing too regions with different constants and
scaling exponents for nonretarded and retarded interactions. An approximate
expression for the retarded Hamaker constant B123 (see Eq. 2.24 on page 16) is
given by

B123 =
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where εi are again the electrostatic dielectric constants and 1 ≥ Φ(εi) ≥ 69/2π4 ≈
0.35.

A rigorous calculation [27] yields for small dielectric constants (compare [98])
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where si =
√

εi/ε2 − 1 + ξ2. This integral can be reduced to elementary func-
tions, however, a numerical integration is simpler.

Based on Eq. A.4, the retarded Hamaker constants for a polystyrene film on
silicon and silicon oxide are BSi = −7.1 · 10−29 Jm and BSiOx = −2.2 · 10−29 Jm.1

A.3 Multilayer Films

Thin absorbed or oxide layers can change considerably the behavior of thin films if
their thickness is comparable to that of the additional layers [29]. For nonretarded
forces, approximate formulas can be derived [26,29,98]. For two layers (medium
1 and 2) of thickness `1 and `2 sandwiched between two semi–infinite media 0
and 4 (e.g. a polymer film on top of an oxide covered silicon waver), the van der
Waals pressure between 0 and 4 is given by

pvdW =
1
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]
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1The constants are based on the following dielectric constants: εSi = 16.2, εSiOx = 3.8, and
εPS = 2.5. The integral in Eq. A.4 is evaluated using a numerical integration in Mathematica
(Wolfram Research) and amounts to −0.186 and −0.0275 for Si and SiOx, respectively.



A.3. MULTILAYER FILMS 113

For an additional medium 3 of thickness `3, the formula is
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In the symmetric case when medium 1 is equal to medium 3 with `1 = `3 and the
same surrounding media (e.g. a free standing liquid polymer film capped by two
solid layers), Eq. A.6 can be simplified using combining relations for the Hamaker
constants [26] to

pvdW =
1
6π

[
A123

`3
2

− 2A012

(`2 + `1)3
+

A010

(`2 + 2`1)3

]
. (A.7)



List of Symbols

a capillary constant
b accommodation coefficient
c speed of light (3.00 · 108 m/s)
ci constants
cp specific heat at constant pressure
cV specific heat at constant volume
d plate spacing
e phonon energy density
f ratio of the cross–over to the Debye frequency
g gravitational acceleration
h Planck’s constant (6.63 · 10−34 Js)

i, j, k indices used for different media or directions
j mass flux in a thin film
je energy flux e.g. of phonons
k Boltzmann’s constant (1.38 · 10−23 J/K)
ke engineering constant for an optical lithography system
` film thickness

`SiOx oxide layer thickness on a silicon wafer
m mass
n integer, e.g. degree of polymerization
dn density of states
p surface pressure
po constant pressure independent of film thickness ` (e.g. atmospheric)
pac pressure due to acoustic fluctuations
patm atmospheric pressure
pel pressure due to electrostatic interactions
pex excess surface pressure
pγ pressure associated with lateral temperature variations
pT pressure due to a temperature gradient
psr pressure due to short-range interactions

pvdW van der Waals pressure
pL Laplace or capillary pressure
q wave vector
qo characteristic wave vector
r radius (e.g. of a column)
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s arc length
t time
u sound velocity
v̄ mean velocity of a gas molecule
υ velocity profile
w stripe width
x lateral coordinate
z perpendicular coordinate
A nonretarded Hamaker constant
B retarded Hamaker constant
C constant

CD critical dimension, highest resolution
DT thermal diffusivity (DT = κ

ρcp
)

Ep electric field in the polymer layer
Eo characteristic electric field
Ji incident energy flow
Jp momentum flux associated with an energy flow
Jq heat (energy) flux due to a temperature gradient
Jr reflected energy flow

Jrad heat flux due to radiation
Jw the energy flux of a stream of molecules emitted from

a gas in equilibrium with the wall temperature
Lo mean free path length of a molecule in air
Lp phonon free path length in a polymer film
M molecular weight of a gas
Mw molecular weight of a polymer
Ma Marangoni number
N Avogadro constant (N = 6.02 · 1023 mol−1)
NA numerical aperture
PD polydispersity
Q amplification factor
R universal gas constant (R = Nk = 8.31 J/(molK))
Ra Rayleigh number
Rik reflectivity
S number of moles issuing from a gas
T temperature
Tik transmission
T̂ total transmission
Tg glass transition temperature
U voltage
Z acoustic impedance
Φ free energy of interaction
A surface area
F free energy
R radius of curvature
V volume
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αp absorption coefficient in the polymer (αp = 1/Lp)
β thermal volume expansion coefficient
γ surface tension (surface free energy)
δik Kronecker symbol (Delta tensor)
ε dielectric constant
εo dielectric vacuum permittivity (8.85 · 10−12 As/Vm)
εair dielectric constant of air (εair ≈ 1)
εp dielectric constant of a polymer
η viscosity
κ thermal conductivity
λ wavelength
λ̃ dimensionless relative wavelength (λ/λc)
λa absorption length in the UV
λc critical or cut–off wavelength
λm maximally amplified wavelength
λo characteristic wavelength
ν frequency
νc cut–off or cross–over frequency
νD Debye frequency
ρ density
σ conductivity

σrad Stefan–Boltzmann constant (σrad = 5.67 · 10−8W/(m2K4))
τ time constant
τ̃ dimensionless relative time constant (τ/τm)
τo characteristic time constant
τ? reptation time constant
τm smallest time constant (maximal growth rate τ−1

m )
τσ time constant for charge transport
ζ fluctuating surface
∆ Laplace operator

∆T temperature difference (∆T = T1 − T2)
ΘD Debye temperature
∂i partial derivative with respect to variable i
∇ gradient
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[15] Schäffer, E. and Wong, P.-z. Contact line dynamics near the pinning thresh-
old: A capillary rise and fall experiment. Phys. Rev. E 61, 5257–5277 (2000).

[16] Grosberg, A. Y. and Khokhlov, A. R. Giant molecules. Academic Press, San
Diego, (1997).

[17] Vrij, A. Light scattering by soap films. J. Colloid Sci. 19, 1 (1964).

[18] Cahn, J. Phase separation by spinodal decomposition in isotropic systems.
J. Chem. Phys. 42, 93 (1965).

[19] Vrij, A. Possible mechanism for the spontaneous rupture of thin, free liquid
films. Discuss. Faraday Soc. 42, 23–33 (1966).

[20] Landau, L. D. and Lifshitz, E. M. Fluid mechanics. Pergamon Press, London,
(1959).

[21] Mönch, W. and Herminghaus, S. Elastic instability of rubber films between
solid bodies. Europhys. Lett. 52(4), 525–531 (2001).

[22] Sharma, A. and Reiter, G. Instability of thin polymer films on coated sub-
strates: Rupture, dewetting, and drop formation. J. Colloid Interface Sci.
178, 383–399 (1996).

[23] Derjaguin, B. and Churaev, N. Kolloidn Zh. 38(438) (1976).

[24] Young, T. Miscellaneous Works I. J. Murray, London, (1855).
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