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Abstract

This conference contribution gives an overview of various aspects of insta-
bilities in thin layers. Film instabilities are presented from two different
viewpoints. Fundamentally, the study of instabilities allows to deduct inter-
facia interactions with great sensitivity. While from a technological angle
film instabilities are usually undesired, we demonstrate two examples where
film instabilities can be harnessed to create structures on length scales down
to 100 nm.

1 Introduction

Technological applications usually require thin films, layers and coatings to
be highly homogeneous. This requirement is dictated by the function of the
layers. Coatings not only protect surfaces, modify their mechanical,
rheological and corrosion behavior, but also fulfill an important function in
design and fashion. In particular the latter function imposes conditions on
the film homogeneity that are often difficult to meet. The colors of thin opti-
cal coatings, for example, are a function of the film thickness. Since the hu-
man eye is able to detect interference color changes that stem from film
thickness changes as little as 1-2 nm, the quality of optical layers has to be
controlled on this length scale.

Instabilities in thin films, while technologically undesired are interesting
from a fundamental point of view. The break-up of thin films sensitively mir-
rors the minute forces that act at the film interfaces. The most extensively
studied example of the effect of interfacial forces on film stability is the
dewetting of thin supported polymer films [1,2]. In these studies, film insta-
bilities occurred either spontaneously, driven by van der Waals forces [3], or
was heterogeneously nucleated [4]. While this research on film dewetting



has elucidated the mechanisms that lead to film instabilities and has provided
a theoretical framework, which is now commonly used to predict film stabil-
ity [1,5], the control of film stability by tuning the van der Waals forces is
difficult to achieve. In this overview of our research, we give two examples,
how interfacial interactions that lead to alaterally heterogeneous film forma-
tion can be used to control the structure formation process in thin films.

The ability to precisely control film instabilitiesis not only useful for detailed
fundamental studies. The modification of the lateral morphology in thin
films opens up new possihilities for several practical applications. Examples
of this are a new way to manufacture anti-reflective coatings [6] or novel
lithographic techniques [7,8].

In the following sections, we describe two different mechanisms for the con-
trolled creation of lateraly heterogeneous films: polymer-polymer demixing
[9] and electrohydrodynamic instabilities [10]. In addition, possible applica-
tions of these techniques are discussed [6-8].

2  Polymer-Polymer Demixingin Thin Films

Most binary polymer couples are immiscible. Thisis both experimentally as
well as technologically an inconvenience. Practically al studies on the phase
behavior of binary polymer melts were carried out on the relatively rare
weakly incompatible polymer pairs.

2.1 Phase Morphology of Supported Films

Here, we have studied the demixing of strongly incompatible blends during
spin-coating, as schematically illustrated in Fig. 1a [9]. Polystyrene (PS,
molecular weight M,, = 95 kg/mol) and polyvinylpyridine (PVP M,, = 115
kg/mol) were dissolved in tetrahydrofurane (THF) (1.5 weight percent) and a
film was prepared by spin-coating. During the film formation process, THF
evaporates and once the polymer concentration reaches ~10%, PS-PV P phase
separation sets in.  Since the two polymers have different surface- and inter-
facial tensions with respect to the air and substrate surface, the substrate is
expected to play a dominant role in the phase separation process. In Fig.
1b,c, atomic force microscopy (AFM) images of the PS-PV P phase morphol-
ogy after spin-coating are shown. PS/PVP films deposited onto a polar gold
surface exhibit a bilayer morphology. The more polar PVP completely wets
the gold substrate and is in turn wetted by the less polar PS, which minimizes
the surface tension of the film sandwich (Fig. 1b,c top). In regions, where the
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Figure1: (a) Schematic representation of polymer-polymer demixing
upon spin-coating. (b) AFM image of a PS/PV P mixture after spin-coat-
ing onto gold (upper half) and a non-polar surface (lower half). (c) The
corresponding cross-sectional polymer compositions (white linesin (b)).

gold surface was rendered non-polar with the help of a self assembled
monolayer, the specific segregation of PVP and PS to the substrate is reduced
and both phases partially wet the substrate, leading to the lateral phase mor-
phology in Fig. 1b,c bottom.

2.2 Lithography by Demixing

The principle introduced in the previous section can be employed as a litho-
graphic technique [7]. The principle is schematically shown in Fig. 2. We
start with a structured silicon master pattern, which was obtained by electron-
beam lithography. Onto this topographic surface, a polydimethyl-siloxane
precursor was cast and chemically cross-linked to form a rubber stamp. In a
second step, the surface of the rubber stamp was soaked in an octadecyl mer-
captan solution and placed onto a gold covered silicon wafer. In places
where the rubber touched the gold, a densely packed hydrocarbon self-
assembled monolayer formed. This technique, known as micro-contact print-
ing (LCP) [11] creates a lateral variation in surface energy on the substrate,
with a negligible variation in topography. Subsequently, a PS/IPVP/THF
mixture was spin-cast onto the patterned surface. The structured polymer
film that was created this way can then be further processed. For example,
one of the polymers can be removed using a selective solvent (e.g. cyclo-
hecane to remove PS or ethanol to remove PVP). This way, a lithographic
polymer mask featuring arelatively high aspect ratio is made.

Experimental results of this lithographic technique are shown in Fig. 3. The
upper left part of Fig. 3a shows, how the PS-PVP phase separation is influ-
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Figure 2: Schematic representation of the lithography by demixing.
First, arubber stamp is cast from amaster. By pCP, a patterned self-as-
sembled monolayer is stamped onto a gold surface and a PS/PV P mixture
is spin-cast onto the patterned surface. Subsequently one of the polymers
(e.g. PVP) isremoved by a selective solvent

enced by aline pattern (2.4 um periodicity) made by uCP. The lower right
part of Fig. 3a was not pre-patterned by uCP and the PS-PVP phase mor-
phology similar to Fig. 1b (bottom) is recovered. Fig. 3b shows a three di-
mensional representation of an AFM scan of the PS lines after removal of the
PVP phase. The remaining PS stripes mirror the pattern that was imposed by
MCP. The rectangular cross-section of the PS stripesis an essential feature of
this technique. As opposed to ridges with spherical cross-sections that char-
acterize the partial wetting of aliquid on a surface, the straight side walls and
sharp edges of the polystyrene stripes (described in detail in [9]) are an im-
portant prerequisite of a lithographic structure.

2.3 Anti-Reflective Coatings

While a detailed control of the lateral structure is required for the lithography
application in the previous section, it is sometimes sufficient to merely fine-
tune the length scale that characterizes the polymer-polymer phase morphol-
ogy. Thisisshown in Fig. 4. By changing (1) the molecular interactions of
the two polymers used, and (2) their molecular weights, it is possible to vary
the characteristic size and spacing of the phase-separated domains by several
orders of magnitude. Particularly interesting is the case in Fig. 4b, where
both length scales are on the order of 100 nm, smaller than the wavelength of
visiblelight. Similar to the previous experiment, it is possible to remove one
of the two polymer phases with a selective solvent, creating a porous film.



Figure 3: () PS/PVP mixture spin cast onto a stripe patterned gold sur-
face. (b) A three dimensional representation of the PS stripes after the
PV P was selectively removed

Macroscopically, the film in Fig. 4a appears opaque due to the scattering of
light at the domain boundaries. The more finely structured film in Fig. 4b, on
the other hand, is completely transparent since the light “averages’ over the
pores and the remaining polymer material. Such films have a refractive in-
dex that is determined by the volume fraction of air in the film.

The control over the film's refractive index makes such layers suitable as
antireflective (AR) coatings [6]. To fully suppress the reflection of light (at
perpendicular incidence), AR coatings have to fulfill two requirements. (1)
the light reflected from the air-film and film-substrate surface has to be phase
shifted by | /2. For a film of refractive index ry, this implies that the film
thickness must be | / 4ng; (2) complete destructive interference requires the
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Figure 4: AFM images of (a) a spin-cast PS-PVP film (both ~ 100 kg/moal)
and (b) aPS/PMMA film (both ™ 10 kg/mal).
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Figure 5: (a) Plexiglas disk coated on both sides with porous polymer
antireflection coatings (partially removed on the right hand side). (b) Op-
tical transmission through a microscopy dlide: squares: uncoated; trian-
gles: MgF, coating n; = 1.38; circles: nanoporous PMMA coating ny =
1.23; diamonds: double layer coating. The calculated lines are theoreti-
cally optimal one and two layer coatings.

partialy reflected amplitudes to be equal. This defines a condition for the
refractive index of the film: n; = Ong ng, where ng and n, are the refractive
indices of air and the optical substrate, respectively. While conventional
coatings can easily satisfy the first condition, the second requirement is more
difficult to meet. For an air-glass interface, for example, we have ny = 1 and
ns = 1.5, and therefore n; = 1.22. Since the lowest refractive indices of solid-
state materials are ~1.3, heterogeneous layers are required.

In Fig. 53, a Plexiglas disk was on both sides covered with nanoporous
PMMA layers. On theright-hand part of the disk, the layers were removed to
display the contrast between AR coated and untreated surface areas. Fig. 5b
shows transmission spectra of uncoated and coated microscopy dides. As
opposed to conventional coatings, hanoporous coatings increase the optical
transmission to almost 100% at the wavelength of the transmission maxi-
mum. A double-layer coating reduces the rest reflection of the dide to less
than 0.5% averaged over the entire visible spectrum.

While there are various ways to introduce porosity or roughness on a 100 nm
scale (in fact, Fraunhofer’s original discovery of the AR effect was based on
this principle), the length scale selectivity is an important characteristic of our
technique. Simply etching the surface, for example, introduces roughness on
all length scales. This results in a reduction in specular reflection, but intro-
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Figure 6: () Experimental setup for the electrostatic structure formation ex-
periment. (b) Early and (c) |ate stage of the el ectrohydrodynamic instability
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duces scattering of light from larger surface structures. As aresult, the sur-
faceis“tarnished”. Very recently, we have improved the mechanical proper-
ties of the porous films by combining the demixing of macromolecules with a
sol-gel step that produces a porous mineralized layer with good mechanical
properties and good adhesion to glass and transparent plastics.

3 Structure Formation by Electric Fields

A further way to trigger film instabilities can be achieved by the interaction
of an electric field with an interface between two media of different dielectric
constants [10]. Qualitatively, different polarizabilities of the two materials
result in a partial loss of displacement charge compensation at the interface,
leading to the formation of a charge double-layer at the interface, if a compo-
nent if the eclectric field lies perpendicular to the interface. If both dielectric
materials are liquid, a configuration of lower free energy can be reached by
aligning the interfaces parallel to the electric field. This effect is the cause of
an electrostatic destabilizing force that acts at the interface.

3.1 Electrohydrodynamic Film Instabilities

The experimental setup is shown in Fig. 6a. A polymer film (e.g. PS, M,, =
100 kg/mol) was spin-cast onto a silicon wafer, which served as one of the
electrodes. A second silicon wafer was mounted facing the polymer film,
leaving an air gap, and a voltage (~ 50 V) was applied. In this configuration,
an electrostatic force acts at the polymer-air surface, destabilizing the film
[8]. After annealing above the glass transition of the polymer for a period of
time, the assembly was cooled down to room temperature, the top wafer was
removed, and the polymer film was investigated by optical microscopy and
AFM. The initialy flat polymer film developed first a surface undulation
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R (from images similar to Fig. 6b,c) as
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with a characteristic length scale, as shown in Fig. 6b. With time the surface
waves were amplified until they touched the upper plate to form columns.
The final configuration is shown in Fig. 6¢c. hexagonally arranged vertical
columns. The lateral order stems from a repulsion of the wave maxima and
minimain Fig. 6b, caused by differing interfacial polarization charges, which
depend on the local film thickness [8].

Theoretically, the instability can be understood in the framework of a linear
stability analysis [10]. In the absence of a destabilizing force (e.g. van der
Waals force), surface tension stabilizes thin films. The action of an electric
field, however, overcomes the stabilizing effect of the surface tension. The
electrostatic pressure acting at the polymer—air interface can be obtained by
writing down the energy stored in the capacitor and by taking the derivative
with respect to the local vertical position of the interface (the only free vari-
able parameter in the set-up). A linear stability analysis yields the unstable
mode | . Qualitatively, | is determined by three factors: the surface tension,
the film viscosity, and the electrostatic force. Very small values of | require
the creation of a large polymer-air surface area. This is unfavourable in
terms of the surface free energy of the film. Very large values of | , on the
other hand, require the displacement of polymer over large lateral distances.
While thermodynamically allowed, this requires a long time. Long wave-
length instabilities are therefore pre-empted by instabilities with smaller
wavelengths. The balance between these two factors results in the emergence
of an instability with a very narrow distribution of | values that is exponen-
tially amplified.

Fig. 7 shows the comparison between the results of the linear stability analy-
sis and the experimental results [10]. The relatively simple model describes
the experimental data, in the absence of any fit parameters.
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Figure 8: (&) Schematic setup of the electrohydrodynamic lithography ex-
periment. (b) Replicated line pattern (line width = 100 nm). (c) Replication
of the word “nano”.

3.2 Electrohydrodynamic Lithography

The principle outlined in the previous section can be harnessed as a litho-
graphic technique [8]. To thisend, one of the planar electrodesiis replaced by
a topographic master (Fig. 8a). In our experiments, we used the same pat-
terned silicon wafer that was employed in the manufacture of stamps for mi-
cro-contact printing in section 2.2. In the case of a patterned top electrode in
Fig. 8a, the electric field is laterally inhomogeneous. Since the destabilizing
electrostatic force is a function of the electric field, the deformation of the
polymer air surface is strongest at the locations, where the electrode topogra-
phy extends downward towards the polymer film. The film is first destabi-
lized at these locations and, with time, the polymer is drawn towards the di-
rection of highest electric field gradient.

Theresult of thisis shownin Fig 8b,c. The structured polymer film faithfully
replicated the master electrode. Similar to the replication by demixing in
section 2.2, the length scale of the structures on the master must approxi-
mately match | . This requirement is not very strict in the case of the electro-
hydrodynamic replication technique, as shown in Fig. 8c. Here, the instabil-
ity first replicated the master pattern (the word “nano”). After a much longer
time, the remaining film became unstable, forming columns, which exhibited
amuch larger value of | compared to the stroke width of the lines (300 nm).
This also illustrates that the exposure time of the liquid film to the electric
field is an important parameter in the replication process.

Note that this replication mechanism is fundamentally different compared to
imprinting techniques, where the master is pressed into the liquefied polymer
film at high pressures. During imprinting, al the air between the template
and the film has to be removed, leading often to Hele-Shaw-type fingering
instabilities of trapped air, disrupting the replications process. Also, the large



polymer-template contact area makes the release of the master tricky. In con-
trast, in our technique, the polymer is drawn up towards the master, prevent-
ing air-inclusion problems and simplifying mask release, due to the small
contact area between the polymer and the master.

4  Conclusions

The exploitation of film instabilities to create, control and replicate patterns
in polymer filmsis extremely versatile. The two techniques described above
— polymer-polymer demixing in thin films and electrohydrodynamic film
instabilities — are merely two examples of a more widely applicable principle.
Almost any force that acts on athin film or a surface can be exploited (i) asa
measurement tool to study physical phenomena at surfaces and interfaces,
and (ii) to create or replicate patterns for a variety of applications.
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