
Micrometer and Sub -Micrometer
Structure Formation of

Phase Separating Polymer Films
Mikrometer und Submikrometer Strukturierung

phasenseparierender Polymerfilme

Dissertation zur Erlangung des akademischen Grades

des Doktors der Naturwissenschaften (Dr. rer. nat.)
an der Universität Konstanz, Fachbereich für Physik

Lehrstuhl Prof. Dr. Jürgen Mlynek

Prof. Dr. Ullrich Steiner (jetzt in Groningen/Niederlande)
vorgelegt von Stefan Walheim

Konstanz, im März 2000

http://www.hu-berlin.de/praesident
http://www.chem.rug.nl/steiner




Micrometer and Sub -Micrometer
Structure Formation of

Phase Separating Polymer Films
Mikrometer und Submikrometer Strukturierung

phasenseparierender Polymerfilme

Dissertation zur Erlangung des akademischen Grades
des Doktors der Naturwissenschaften (Dr. rer. nat.)

an der Universität Konstanz, Fachbereich für Physik
Lehrstuhl Prof. Dr. Jürgen Mlynek

Prof. Dr. Ullrich Steiner (jetzt in Groningen/Niederlande)
vorgelegt von Stefan Walheim

Konstanz, im März 2000

http://www.hu-berlin.de/praesident
http://www.chem.rug.nl/steiner


Front cover figure: A plexiglass disc covered with a nanophase-separated polymer film
which acts as an antireflection-coating (lower left part).

Back cover figure: Under modified circumstances the same polymer blend forms a bicon-
tinous phase morphology on the micron scale which can be directed by a surface energy pattern
created by micro-contact printing (upper right corner).

Dissertation der Universität Konstanz
Tag der mündlichen Prüfung: 31. Mai 2000
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Abstract: This thesis describes the structure formation on the micrometer and sub-
micrometer scale in thin films of polymer blends. Dissolving two incompatible polymers in
a common solvent and spin-coating the solution leads to phase separation during the evapora-
tion of the solvent. Spinodal decomposition, a process which is well understood in bulk systems
is the underlying process. In the thin film geometry, surface directed spinodal decomposition
but also wetting properties of the different phases play an important role during the structure
formation process. Thus, the morphology of the two coexisting phases can be organized nor-
mal or parallel to the film surface depending on the surface energy of the substrate. In this
thesis, we make use of the substrate sensitivity of the demixing process. By using chemically
heterogeneous pre-structured substrates made by micro-contact printing (µCP), an arbitrary
substrate pattern can be used to induce a lateral composition variation in the polymer film.
While µCP leaves only a molecularly thick patterned organic layer on the substrate, the lat-
erally structured polymer film has a thickness in the order of 100 nm and it forms during the
spin-coating process within a few seconds. Thus, by controlling the phase morphology, one
can create surfaces with new properties, e.g. lithography masks , optical devices, or biolog-
ical sensors. For instance this novel structuring technique can be applied to ion conducting
organic-inorganic hybrid materials and polymer metal precursors for high Tcsuperconductors.
More complex morphologies are found after spin-casting ternary polymer blends on to homo-
geneous hydrophobic substrates. If one of the polymer-polymer interaction parameters exceeds
the sum of the other two, the morphologies can be considered as emulsions. Simulation results
performed by Nauman et al. [1], closely resemble the morphologies observed in our systematic
study, which also can be controlled by using a ordered prepatterned substrate. But also laterally
isotropic phase separated polymer films feature new physical properties. For example if one of
the two polymers of a phase morphology with a lateral length scale below 200 nm is removed,
the resulting nanoporous film can be used as a high-performance anti-reflection coating . The
refractive index of these films can be adjusted in a range from 1.6 down to 1.05 by tuning the
composition of the polymer solution. This allows the build up of multi-layer coatings with a
broad spectral transmission.



Zusammenfassung: Diese Arbeit beschreibt, die Strukturbildung im Mikrometer und
Sub -Mikrometer Bereich in dünnen Polymerfilmen. Werden zwei inkompatible Polymere in
einem gemeinsamen Lösungsmittel gelöst und mit einer Lackschleuder (spin-coater) einen dün-
nen Film aus dieser Lösung hergestellt, so führt dies zur Phasenseparation der beiden Poly-
merkomponenten während des Verdampfens des Lösungsmittels. Spinodale Entmischung, ein
Prozess, der für drei-dimensional isotrope Systeme gut verstanden ist, ist der zu Grunde liegende
Prozess. In der eingeschränkten Geometrie eines dünnen Films spielt jedoch oberflächenindu-
zierte spinodale Entmischung, aber auch das Benetzungsverhalten der einzelnen Polymerphasen
eine wichtige Rolle für den Strukturbildungsprozess. Deshalb kann, abhängig von der Ober-
flächenenergie des verwendeten Substrats, eine schichtartig- oder lateral organisierte Morpholo-
gie der beiden koexistierenden Phasen gefunden werden. In dieser Arbeit nutzen wir diesen Ein-
fluss des Substrates aus. Durch die Verwendung von heterogen vorstrukturierten Substraten,
hergestellt durch Mikrokontaktstempeln (µCP), können willkürlich gewählte Muster in eine
laterale Kompositionsvariation im Polymerfilm uebertragen werden. Dabei wird das mit µCP
erzeugte Muster, das aus einer etwa 2 nm dicken molekularen Monolage besteht, in einen etwa
100 nm dicken Polymerfilm übertragen, der sich innerhalb weniger Sekunden während des spin-
coating-Prozesses bildet. Durch diese kontrollierte Phasenseparation können Oberflächen mit
neuen Eigenschaften entstehen, deren Anwendung in der Lithographie, der Optik oder im Bere-
ich der Biosensorik zu suchen sind. Zum Beispiel kann diese neue Methode angewendet werden,
um ionenleitende organisch - inorganische Hybridmaterialien und Precursor von keramischen
hoch TcSupraleitern zu strukturieren. Filme, die aus Lösungen drei-komponentiger Polymer-
mishungen entstehen, weisen noch komplexere Morphologien auf. Wenn einer der Polymer-
PolymerWechselwirkungsparameter dieser ternären Mischungen die Summe der beiden anderen
übersteigt, so können die entstehenden Morphologien als Emulsion angesehen werden. Simmu-
lationsergebnisse von Nauman et al. [1] sind sehr gut in Einklang mit den Morphologien unserer
systematischen Studie, die auch durch die Verwendung von vorstrukturierten Substraten beein-
flusst werden können. Aber auch lateral isotrope Phasenseparation kann zu Filmen mit neuen
physikalischen Eigenschaften führen. Wird beispielsweise eine Polymerkomponente aus einem
Film mit einer Morphologie auf der Längenskala unterhalb 200 nm heraus gelöst, erhält man
einen nanoporösen Film, der als hochwertige Antireflexschicht dienen kann. Dabei kann der
Brechungsindex dieser Filme durch Wahl des Mischungsverhältnisses der beteiligten Polymere
im Bereich von 1,6 - 1,05 frei eingestellt werden. Dies ermöglicht den Aufbau von Multischicht-
systemen mit bisher unerreicht breitbandiger Transmission.
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Chapter 1

Theory

1.1 Fundamentals of Polymer Physics

1.1.1 Some Fundamental Terms of Polymer Physics

polymers are chain molecules, which consist of a large number of repeating units (monomers).
This number N is the degree of polymerization. For synthetic polymers N ranges from 100
to a few ten thousand. Shorter molecules are called . In general the backbone of the chains
consist of covalently linked carbon atoms. In some cases, the backbone incorporates silicon,
nitrogen or oxygen (e.g. Siloxanes). A variety of side groups can be connected to this main
cord. In the bulk, chain molecules form a melt or an amorphous or partially crystalline solid.
(e.g. amorphous polystyrene or partially crystalline polyethylene) They can also be dissolved
in a low molecular weight solvent. The individual molecules can be cross-linked to form a gel
(like soft silicone) or, with a higher density of cross-links, elastomers (like rubber). Chains
which consist of more than one kind of monomers are called copolymers. Two chemically dif-
ferent polymer chains connected at their ends are called block copolymers . Polymer chemistry
produces a manifold of different substances of high complexity and a broad range of material
properties. But by far more complex polymers are created by Nature. They include proteins,
polysaccharides (e.g. cellulose but also chitin), natural rubber (polyisoprene) (which supplies a
considerable part of the rubber world market) and many others. The most prominent biopoly-
mer is DNA, a molecule which consists in his human form of 3 thousand million base pairs,
the monomers of DNA. Unfolded it has a length of one meter (contour length). The polymers
used in this study are common technical polymers which are known from every day life, such
as polystyrene (PS) or polymethyl methacrylate (PMMA), which is known as the transparent

plastic plexiglass (R).The molecular weight of these polymers ranges from two thousand to
hundred thousand. Though they have a contour length of 2.5 nm to 250 nm. Most technical
and natural polymers products have, due to their way of production, a broad molecular weight
distribution. Therefore in a typical sample molecules ranging from 100 to 10.000 monomers can
be found. For our studies we use so called polymer standards which feature a narrow molecular
weight distribution, but which are still far from being monodisperse(all molecule have exactly
the same length). In the polymer standards, about 90 % of the molecules lie between 70%
to 140% of the average molecular weight. Since a variety of polymer physical properties are
strongly depending on the length of the molecules, it is important to use such specialized ma-
terials in this study. Polymers in solution or in the solid state are not stretched out, they are
folded into a coil. The angle of two successive monomer - monomer bonds is nearly constant.
On the other hand the rotation angle is more or less free, but depending on the sidegroups of
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2 CHAPTER 1. THEORY

the molecule there can be some preferred angles. Therefore the molecule has many possible
spatial configurations. The stretched configuration corresponds to a single configuration and is
therefore improbable. The most probable configuration is the Gaußian coil. A measure of the
spatial extent of the molecule is the radius of gyration (the average distance of the monomers
from the center of mass of the molecule) Rg =

√
CL2N with an empirical constant C. L

is the effective binding distance which is in the order of 1/2 nm. An important fact is the√
N dependence of the radius of gyration. The best model to determine the value for C is

the RIS theory, which takes discrete rotational states into account. The radius of gyration of
the polymers typically used in this work (Mw ∼100.000, N = 1000 ), is ∼8 nm compared to a
contour length of 500 nm. If the mass of the molecule is distributed in a sphere of radius Rg, the
density of a single chain is 0.074g/cm3, which is far below bulk density of 1.1 for polystyrene.
Therefore, a given volume is occupied by a large number of entangled polymer chains. All the
polymers considered in this work are amorphous. Above the glass temperature Tg amorphous
polymers have liquid-viscous or , if cross-linked, elastic-viscous behavior. Below Tg the mate-
rials are visco-elastic, hard and usually brittle. Tg can be determined e.g. by the measurement
of the free volume. The amount of free volume in the material is increasing with increasing
temperature and determines the mobility of the polymer chains. Below Tg, the diffusion of the
entire polymer chain is strongly suppressed . Nevertheless segmental motion is possible below
Tg. The diffusion of the chains is possible even below Tg, but it occurs on a much longer time
scale (by 14 orders of magnitude). For example diffusion below Tg is the reason that old church
windows are thicker at their lower end than at the top.

1.1.2 Phase Separation of Polymers

Apart from copolymerization, blending of polymers is still the common method to tailor the
properties of a polymeric material. But, due to entropic effects, two different polymers are
in general immiscible. Therefore nearly every technical polymer blend exhibits a micron scale
phase morphology. The morphology and the characteristic length scale of this mesoscopic struc-
tures are strongly process dependent and determine the mechanical properties of the material.
Therefore, the phase separation of polymers has been an area of intensive research during the
past decades and is still of great interest [2]. The origin of this common tendency of different
polymers to phase separate lies in the macromolecular nature of these materials. One attempt
to derive the driving force for phase separation of two liquids is the difference in polarizability
or permanent polarity of the monomers. Therefore, the contacts of the same monomers are
more favorable than heterogeneous contacts. Nevertheless, many dissimilar molecules like wa-
ter and alcohol or water and acids and also a variety of hydrocarbon molecules are miscible at
all volume ratios. In general, unfavorable enthalpic interactions are overcompensated by the
maximization of entrop. The number of possible conformations is by far higher in a mixed than
in a phase separated situation. In contrast, in the case of macromolecular materials, entropy is
reduced by a factor 1/N . Since N can be in the order of 1000, even small enthalpic differences
of the monomers leads to phase separation. (e.g. isotopic effects: deuterated and hydrogenated
polystyrene are only partially miscible)

1.1.3 The Flory-Huggins Theory of Spinodal Decomposition

To describe the demixing of polymers, the free enthalpy of mixing �Gm is considered.

∆Gm = ∆H − T∆S

�Gm is the difference in free enthalpy of the mixed system and the two monocomponent
systems. �Hm is the enthalpic and T∆S the entropic contribution. The enthalpy H of a
mixture of two chemically different components (A, B) is different from the phase separated
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system because the mixture features more unfavorable A-B contacts compared to the phase
separated situation. The chemical interaction of AB contacts is not the same as AA and BB
contacts and therefore, the chemical potential depends on the relative concentrations of A and
B. The change in enthalpy is given by the following phenomenological expression.

∆H = nkBTχΦAΦB

n is the total number of monomers and ΦA(= nA

nA+nB
) and ΦB(= nB

nA+nB
) the volume frac-

tions of the two polymers species. χ is the phenomenological interaction parameter which
describes the mean difference of interaction between different monomers compared to identical
monomers. For the change in entropy the number of conformations of the system is considered
Ω = (nA+nB)!

nA!nB ! this leads to the entropy S = kb lnΩ = −nkB(ΦA lnΦA+ΦB lnΦB) and by
transformation to the entropy of mixing

∆S = −nkB
{
ΦA

NA
lnΦA +

ΦB

NB
lnΦB

}

with Nithe degrees of polymerization. The factor 1/Ni shows the strong influence of the length
of the polymers on the mixing behavior of macromolecular materials. It is responsible for the
tendency of polymer blends to phase separate. This can be visualized in a two dimensional
lattice model (Fig. 1.1). The complete expression for the free enthalpy of mixing is the Flory

Figure 1.1: Two dimensional lattice model of a two component alloy of single particles (left)
and a mixture of chain molecules (right). The connection of the monomers leads to a significant
reduction of the number of possible conformations.

Huggins relation for polymer mixtures and solutions

∆Gm = −nkBT
{
ΦA

NA
lnΦA +

ΦB

NB
lnΦB + χ(ΦA,ΦB ,T )ΦAΦB

}

For a demixing blend, the plot of ∆Gm versus the volume fraction Φ of one of the two com-
ponents shows two minima. The two minima mark the equilibrium compositions of the two
coexisting phases. By lowering the interaction parameter or the degree of polymerization a
variation of ∆Gm(Φ) with only one minimum is obtained (mixing). For symmetric polymer
mixtures this is the case when χN ≤ 2. Due to the fact that χ is temperature dependent (in
general a/kbT +b, the transition from the two phase region into the one phase region can be in-
duced by changing the temperature. Commonly this behavior is shown by plotting the minima
and the inflection points of ∆Gm(Φ) vs. the temperature. For a mixture of PS and PMMA,
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stable stable
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Figure 1.2: Free enthalpy of mixing versus the volume fraction of one of the components
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1
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2

Figure 1.3: The local minima (coexistence line/binodal) and inflection points (spinodal) of
∆Gm(Φ) determine the phase diagram of a mixture. The two phase region is enclosed by
the binodal. In the region under the spinodal the mixture is unstable. Above the critical
temperature Tc the blend is miscible. A temperature quench from the one - phase to the two
- phase region induces phase separation, as indicated by the arrows.

the critical temperature is only accessible in the case of oligomers with Mw w 2000. For a Mw

of about 100 k, the critical temperature is predicted by extrapolation to about 2000◦C. The
degradation temperature of these polymers is ∼220◦C, when exposed to air. Therefore, the
two separated phases of this polymer pair are expected to be pure at experimentally accessible
temperatures.
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1.1.4 Kinetics of Phase Separation (Cahn-Hilliard-Theory )

In the spinodal region of the phase diagram (Fig.1.4), a polymer blend demixes because con-
centration fluctuations are leading to a lowering of G and are therefore amplified. The initial
fluctuations can be of thermal nature (homogeneous nucleation) or induced by impurities (het-
erogeneous nucleation). To describe the demixing mechanism in time and space, the Flory
Huggins expression is expanded by a term which is proportional to (∇Φ)2. The early stage
kinetics can be described by the diffusion equation. In this regime concentration fluctuations
are amplified exponentially. The characteristic wavelength in this initial state is given by a

Figure 1.4: The development of a sinusoidal spatial disturbance of the order parameter Φ
(schematic). In (c), nearly completely demixed domains with a characteristic interfacial width
are developed.

dispersion relation. It shows a maximum for the wavelength λmax. Fluctuations with this wave
length are amplified most. This length scale grows as a function of time. Initially with a t

1
5 law.

In a intermediate state, when the concentrations of the phases are already close to equilibrium,
this growth is accelerated and scales with t

1
3 . When phase separation is complete, the growth

of the domains is dominated by hydrodynamic transport. It is driven by the surface tension σ
and limited by the viscosity η, and scales as λmax ∝ σ

η t.

1.1.5 Surface Directed Spinodal Decomposition

In the previous section, the phase separation of polymer blends in the bulk after a quench into
the unstable region of the phase diagram was discussed. This phenomenon has been studied
intensively in the past. In the thin films, studied in this thesis, the height of the sample is
much smaller than the lateral extent of the domain morphology. Surface effects can not be
neglected and the spatial isotropy is broken. As shown in theoretical and experimental studies
[3, 4, 5, 7], the introduction of an attractive wall leads to surface-directed spinodal concentra-
tion waves (SDW), spatially decaying concentration oscillations with a characteristic length,
h(t). The amplitude and characteristic length of these oscillations are growing normal to the
surface during phase separation. Here, the wall can be considered as a extended heterogeneous
nucleation center. The typical wavelength increases with time as t1/3and is in the order of
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the bulk demixing length1 The phenomenon can be explained as follows. Immediately after

Figure 1.5: A mixture of dPS and PBrxS were annealed in the two phase region for increasing
times. Depth profiles were measured by nuclear reaction analysis. The dPS concentration
versus depth profiles are shown for the film as spun (a), after 60 (b), 80(c) and 120 (d) minutes.
The increase of the amplitude and wavelength of the surface directed decomposition wave can
be followed as a function of time. Figures adapted from Ref. [6]

the temperature quench into the 2 phase region, one interface (substrate) prefers one of the
components (A). This leads to a diffusive transport of this component towards the substrate,
leaving a depletion zone, behind. The depletion layer is enriched in component B. Due to
the fact that the system is in the unstable region of the phase diagram, even more material
of component A diffuses out of this layer - against the concentration gradient. This diffusion
has a negative diffusion coefficient and is therefore called uphill diffusion. In a similar fashion,
a second A-rich layer is formed followed by another B-rich layer and so on. The periodicity
of this composition oscillation is in the order of the bulk spinodal decomposition wavelength
and its amplitude decays exponentially into the bulk. The range of the surface wave depends
on the thermal noise (thermal fluctuations, which lead to isotropic phase separation). In nu-
merical simulations, where the relative noise can easily be tuned compared to the strength of
the surface field, several oscillations can be obtained. In experiments only one or two com-
plete layers are observed. In thin polymer films two interfaces are present: the substrate- and
the air surface of the film. At both interfaces SDW’s can be induced. In films with thick-
nesses in the order of the bulk demixing length, this can lead to an interference like behavior.
Depending on the film thickness constructive and destructive ”interference” can be obtained.
Krausch et al. [7] studied the morphology of thin films of the weakly incompatible polymer
blend poly(ethylenepropylene)(PEP) and predeuterated poly(ethylenepropylene)(dPEP) after
a quench into the two-phase region. Their experimental results and cell dynamical simulations
are shown in Fig. 1.6 . If the film thickness is comparable to hsdw, the build-up of a two layer
morphology is the common case. But for films which are significantly thinner surface roughen-
ing was reported. Krausch et al. have shown that surface directed spinodal decomposition can
be suppressed under these circumstances [10, 11]. In general, both polymers can be found at

1Simulations, in which the presence of a neutral wall was assumed, have shown that in the vicinity of the
wall wavelengths different from the bulk values (larger or smaller) can be found[8, 9]



1.1. FUNDAMENTALS OF POLYMER PHYSICS 7

B

G

E

C

F

A

D

B E

C F

A D

Figure 1.6: dPEP volume fraction vs. depth for different film thicknesses d of PEP/dPEP
blends, determined by nuclear reaction analysis (NRA): (A) d> 1000nm, (B) d = 574nm, (C)
d = 574nm, (D) d = 282nm, (E) d = 240nm, (F) d = 220nm. The samples were annealed for
5.5 h in the two phase region of the phase diagram (at 48◦C). The locations of the Si substrates
are indicated by the vertical lines. On the right side of the image results of cell dynamical
simulations are shown. The figures are adapted from ref. [7].

the free surface during the process of coarsening in the late, hydrodynamic dominated, stage.
In this case, the film topography results from the different surface tensions of the two polymers
phases. In even thinner films, different growth laws of quasi two dimensional systems were
reported [11]: instead of the t1/3growth law for the lateral domain size, which is followed by
the t1 growth in the hydrodynamic regime, only a single t0.45law for this thin (20 nm) films was
reported. This has been interpreted by the authors as a transition to a two dimensional kinetic
behavior.

1.1.6 Phase Separation in Solution

As mentioned above, miscibility is suppressed in polymer mixtures. If the molecular weight of
one polymer is reduced to one repeat unit, the miscibility is increased (see the Flory Huggins
relation). This is the limit of a polymer solution. If a polymer is dissolved in a solvent, the radius
of gyration of the individual coils is changed compared to its bulk conformation. Depending
on the ”quality” of the solvent, the chain will tend to increase the number of contacts with
the solvent molecules (swelling) or to decrease them (collapse). In both cases the change in Rg

costs entropy, because far less conformations correspond to a value of Rg which is different from
that of the Gaußian coil. But this penalty is compensated by the enthalpic monomer/solvent
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interaction. In one special case, the so called theta solvent, (e.g. cyclohexane for polystyrene
at 37◦) the polymer molecule has the same conformation as in the melt.

Tc

T

Good Solvent

Poor Solvent

Two Phase Region

10,5

Figure 1.7: Typical phase diagram for a polymer solvent system. The quality of the solvent
depends on the temperature. For the polystyrene/cyclohexane mixture the Θ temperature
(where the polymer coils have the same conformation as in the melt) is 37◦C.

1.1.7 Polymer-Polymer Phase Separation in Presence of a Solvent

Two polymers, dissolved in a common solvent constitute a ternary mixture [14]. Taking
polymer-polymer and polymer-solvent interactions into account, the Flory Huggins Expression
is expanded to

∆Gm = −nkBT
{

ΦA

NA
lnΦA + ΦB

NB
lnΦB + Φc

1 lnΦc

+χABΦAΦB + χBCΦBΦC + χACΦAΦC

}

As the solvent can be considered as a monomer, the denominator of the third term is unity. A
phase diagram at a fixed temperature where the polymer volume fractions is plotted versus the
solvent concentration is shown in Fig. 1.8. Above the coexistence curve the solution is clear
but decreasing the solvent concentration below this curve results in turbidity of the solution.
Domains with different index of refraction and with sizes greater than the wavelength of light
are formed and light scattering from the two different polymer phases is observed. The solvent
content is not necessarily the same in the two phases. The mixture described in Fig. 1.8 is one
of the standard solutions used in this study with a critical polymer concentration of about 10%.
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Figure 1.8: Ternary phase diagram of PS and PMMA in THF. The overall polymer concen-
tration is plotted versus the volume fraction of PMMA. (1) shows the coexistence curve for
PS/PMMA with the same degree of polymerization, PS (275), PMMA (296). In (2)-(4) mix-
tures with asymmetric, lower Mw are shown.

1.2 Wetting of Surfaces

Surface and interfacial energies determine if a liquid wets a substrate or not. If the surface
energy of the solid/vapor (γsv) interface is higher than the sum of the solid/liquid (γsl) and
liquid/vapor (γlv) interfacial energies, the liquid completely wets the substrate. But in general,
partial wetting is observed and the liquid forms droplets with a macroscopically measurable
contact angle (Θ). Young’s equation is a relation for the equilibrium angle:

γsv = γsl + γlv cosΘ

Long ranged Van der Waals or dispersion forces, polar interactions but also specific short

Figure 1.9: Surface and interfacial energies determine how macroscopic liquid droplets deform
as they adhere to a surface.

ranged forces, such as hydrogen bonds determine the wetting behavior of the liquids used
in this study. The hydrocarbons used in this study have a comparable low surface energy.
Therefore, according to Young’s equation, so called high energy surfaces like oxides or metals
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should be completely wetted by these liquids. If two liquids are present on a substrate, the
situation is more complex because six instead of three interfacial energies have to be considered.
This situation which is the common case in this study allows a large number of possible phase
arrangements, some of which are indicated in Fig. 1.10 .

Substrate

Polymer A Polymer B

Substrate

Polymer A Polymer B

Substrate

Polymer A Polymer B
Polymer A Polymer B

Substrate

Figure 1.10: Depending on the interfacial energies of the polymer components A, B, with each
other and the vapor phase v and the substrate s different equilibrium conformations of the two
liquids can be observed.

1.2.1 Mechanisms of Dewetting

The preparation of a thin film e.g. via spin-coating or evaporative deposition of a metal al-
lows to build-up a solid, homogeneous film of a material which dewetts during subsequent
annealing above its glass temperature or melting point. The initial metastable configuration
equilibrates to a liquid conformation which satisfies Young’s equation. For this process two
different scenarios can be distinguished: (1)heterogeneous nucleation If defects such as small
particles with a low surface energy or other heterogeneities are present in the film, dewetting
starts from these local modifications of the free surface energy and holes are formed. Differ-
ent holes grow simultaneously and the final situation are droplets of the liquid distributed on
the substrate. (2) Homogeneous Nucleation (spinodal dewetting): For macroscopic films weak
gravitational forces may stabilize the film but in thin films below 100nm van der Waals contri-
butions play an important role. They can, depending on the dielectric constants of the substrate
and the liquid either stabilize or to destabilize the film. In both cases, the vdW contribution
to the effective surface potential (without retardation effects) varies quadratically with the film
thickness. If the van der Waals contribution is negative, the second derivative of the effective
interface potential is positive and the film gains free energy (in the van der Waals dominated
thickness regime) by undulating the surface. The gain of forming ”valleys” overcompensates
the cost of forming ”mountains”. Spinodal dewetting is formally very similar to the process of
spinodal demixing. Assuming a small periodic undulation of the film surface , a single wave-
length is amplified most. The preferred wavelength λm is determined by the viscosity of the
liquid (because liquid flow is involved) and the surface tension of the liquid (because undula-
tion increases the surface area). λm is quadratic in d and the characteristic time constant for
this instability scales as d5. One experimental realization of this scenario is the dewetting of
a thin Au film on a SiOx substrate [13]. Bischof et al. briefly melted gold films with a NdYag
laser pulse and quenched isotropic surface undulations at the film surface. The characteristic
wavelength of the waves scaled approximately quadratic with the film thickness. In polymer
films spinodal dewetting is rare. Only in a few cases the signature of spinodal surface waves on
polymer surfaces were found [15, 16]. In polymer films the more common case is heterogeneous
nucleation [17, 18]. Apparently the effective surface potential doesn’t show a negative second
derivative or the time constant for spinodal dewetting may be too high. Recently Schäffer et
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V(d)

0

d0
d

Figure 1.11: The effective interface potential which quantifies the free energy cost to reduce the
film thickness from an infinite thickness may exhibit positive or negative second derivatives.
Two typical cases are shown: The dashed line shows a situation where complete wetting is
preferred, the solid line exhibits a global minimum - a certain film thickness is preferred. The
repulsive short range contributions are of direct, intermolecular origin.

A
B

Figure 1.12: A small modulation of the film surface with amplitude uq and wavelength λ leads
via material flow F to spinodal dewetting (A). In (B) the dispersion relation of the undulations
is shown. λm is the fastest growing mode.

al. [19, 20] showed that high electric fields, perpendicular to a polymer surface destabilizes the
film, which leads to surface corrugations with a dynamically selected, well defined length scale.
By using high enough fields the applied forces are strong enough to achieve an observable time
constant for the build-up of surface waves.
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1.3 Optical Properties of Thin Dielectric Films

Introduction Films are thin in an optical sense, if their thickness is in the order of the
coherence length of light, which is a few times the wavelength (λ) (e.g., for the visible light λ
equals about 1

300 of the thickness of this printed page). The polymer films, which are the subject
of this study have thicknesses between 20 and 400nm and fall therefore into this category. In
such sheet of transparent materials, interference effects are observable as the rather spectacular
colors displayed by oil slicks and soap films, but also as the colors of pearls and butterflies.
Robert Hooke (1635-1703) was the first to study this effect and correctly concluded that these
colors were due to an interaction between light reflected from the front and back surfaces of
such films (1665). His conclusions led to the beginning of wave theory of light. Nevertheless,
the principle of interference was introduced by Thomas Young (1737-1829) and later by Fresnel
not before 1801. After the acceptance of this principle, Fraunhofer discovered 1817 that such
a thin film can reduce the undesired reflection of light from an optical surface. In his case the
film was a porous surface layer of a glass after an etching treatment [21, 22].

1.3.1 Anti Reflection Coatings

To reduce reflection with a single dielectric layer, two conditions of destructive interference have
to be at least partially satisfied: 1. The Amplitude Condition: The amplitude of the reflected
light at the air-film and the film-substrate interface should be comparable (equal in the ideal
case) 2. The Phase Condition: The length of the optical path (two times through the film) has
to be equal to one half of the wavelength of light in the film medium. The first condition is
satisfied when the index of refraction of the film nf , the gas phase n0 (for air, n0 is very close to
1) and the substrate ns(for glass and many plastics n t 1.50) are given by following equation2:
n0
nf
= nf

ns
or nf =

√
n0ns. For a glass substrate (n=1.50), the optimal value is nf t 1.22 . The

second condition is satisfied for visible light when the film thickness equals3d = λ
4nf

t 112nm
The etched surface layer of Fraunhofer partially met these two conditions. Although reflection

n0

n1

ns

d1

n0

n1

ns

d1

d2n2

Figure 1.13: Reflection of light from both interfaces of an AR layer. Transmission is maximized
when the two reflected beams interfere destructively (A). In (B), a double layer coating is
shown. Here, three reflected beams interfere.

limited the performance of high-end optical devices during the following century, the coating
of lenses became standard practice not before the late 1930s. The advent of suitable vacuum

2No multiple beam interference (weak reflection)
3Here only reflections at interfaces associated with an increase in the optical density are considered and

therefore we have not to be concerned about phase shifts at interfaces.
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deposition techniques to produce precisely controlled coatings on a commercial scale led to a
rebirth of interest in dielectric films. The standard material for single layer anti-reflection (AR)
coatings was then and still is magnesium fluoride, with an index of refraction of 1.38, which is
by far not optimal. Because of the lack of materials with an index lower than 1.35, multi-layer
coatings are in widespread use since 1960s. By the combination of high and low index materials,
these layers feature a better transmission in the visible range of the spectrum. Nevertheless,
the strategy to use porous materials to produce layers with an optimal index of 1.22 was
pursued by several groups [23, 24] during the last decade. Sporn et al. [24] used organically
modified ceramic coatings whose organic components are removed during a high temperature
step, which leaves pores in the remaining material behind. Another strategy to produce a
low refractive index layer is to pattern the surfaces with submicron structures, e.g. produced
with UV interference patterns [25, 26, 24]. In this study we demonstrate a novel technique to
create porous layers using the phase separation of a polymer blend during spin-coating and the
subsequent dissolution of one polymer component with a selective solvent. With our technique,
we are able to reach extremely low optical densities, which can be used for the build up of
multi-layer coatings with an outstanding optical transmission. Here, the formalism to calculate
the transmission of multi-layer coatings is briefly described. To calculate the transmission of a
multi layer coating, it is helpful to use the transfer matrix method introduced by T. Smith in the
1930s [27, 28], which allows a mathematical description of reflection and refraction using matrix
operations. An introduction to the application of this method to multi-layer coatings can be
found in [27]. Here, only a few results are discussed. For an exact mathematical description,
the orientation of the E (and B-) field vector(s) of the incident light beam with respect to the
surface have to be considered (angle of incidence and polarization of he light). We limit our
considerations to perpendicular incidence which means that polarization effects do not have to
be considered. This is sufficient for many practical cases. In this case, the phase shift of a
wave which passes through a dielectric layer is given by Φ = 2πnid/λ0, with λ0 the vacuum
wavelength of the light, d the film thickness, and ni the complex index of refraction of this
layer. The transfer matrix for the i-th layer is given by the following expression

Mi =
(

cosΦ j sin Φ
γi

jγi sinΦ cosΦ

)
=
(
mi11 mi12

mi21 mi22

)
(1.1)

with the parameter γi = n1
c0
(for perpendicular incidence). The complex reflection coefficient r

is given by

r =
γ0m11 + γ0γsm12 −m21 − γsm22

γ0m11 + γ0γsm12 +m21 + γsm22
(1.2)

with γ0 =
n0
c0
and γs = ns

c0
the γ-factors for the air and the substrate, respectively. For a n-layer

system,MT is given by

MT =M1M2.....Mi.....Mn. (1.3)

The degree of reflection $ the ratio of reflected and incident power Pr and Pi respectively can
be calculated using the following expression: $ = Pr

Pi
= rr∗ = |r|2 For a single layer, the transfer

matrix is given by

M1 =

(
cosΦ jc0 sin Φ

n1

j γi sin Φ
c0

cosΦ

)
(1.4)

This leads to the reflection coefficient

r =
n1(n0 − ns) cosΦ + j(n0ns − n2

1) sinΦ
n1(n0 + ns) cosΦ + j(n0ns + n2

1) sinΦ
(1.5)
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The degree of reflection ($) is given by

$ = rr∗ = |r|2 = n2
1(n0 − ns)2 cos2Φ+ (n0ns − n2

1)2 sin
2Φ

n2
1(n0 + ns)2 cos2Φ+ (n0ns + n2

1)2 sin
2Φ

(1.6)

With this equation, the degree of transmission (τ = 1 − $) of single layer coatings can be
calculated. A change in Φ = 2πn1d/λ0, corresponds to change in film thickness or in the wave
length λ0. In Fig. 1.14 the degree of reflection is plotted versus n1d/λ0 = d/λ1 for uncoated
glass (n=1.52) and with various coating layers with refractive indices n1 as a function of the
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Figure 1.14: The degree of reflection for glass, coated with various dielectric layers with indices
n1, as a function of the effective optical thickness of the layer (in relation to the wave length:
n1d/λ0 = d/λ1). The dashed line represents uncoated glass (n=1.5). Coatings with high index
materials increase the reflectivity, whereas the deposition of low index materials suppress the
reflection of light. At film thicknesses which corresponds to integer multiples of λ1/4, the
suppression of reflection is maximal and no effect is seen for integer multiples of λ1/2.

effective optical thickness of the layer (in relation to the wavelength) (n1d/λ0 = d/λ1). The
dashed line represents uncoated glass (n=1.5). Coatings with high-index materials increase
the reflectivity, whereas the deposition of low-index materials suppress the reflection of light.
At film thicknesses which correspond to integer multiples of λ1/4 the effect is maximal and it
disappears at integer multiples of λ1/2. For coatings with a low index of refraction, minima in
the reflection are found for effective thicknesses which correspond to a quarter of the wavelength.
This is reasonable, because the second condition for destructive interference is satisfied at this
layer thickness. If we set Φ = π/2 in the equation for $, it simplifies to the following form:
$ = (n0ns−n2

1
n0ns+n2

1
)2. A perfect AR coating features $ = 0 and has therefore

n1=
√
n0ns (1.7)

This is qualitatively reasonable because it means also that n0
n1
= n1

ns
, i.e. the reflections at both

interfaces must be equal. To calculate the optimal conditions for a double layer coating the
transfer matrix (MT = M1M2.) has to be calculated. The optimal condition for a λ/4, λ/4
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double layer system is

n2

n1
=
√
ns
n0

(1.8)

A material combination which has the desired n1/n2 ratio is CeF3 (n1 = 1.65) and ZrO2

(n2 = 2.1). A double layer coating consisting of these materials has a very low rest reflectivity
(0.1%) at the wavelength, for which it is optimized, but its transmission curve is narrow.
In many applications, a broad band AR coating is desired. Using conventional materials it
is necessary to build-up more complex layer-sequences. The theoretical predictions for the
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Figure 1.15: Light transmission versus wavelength of a glass object (n=1.5) which is coated on
both sides with anti-reflection coatings. In (A) the results for three conventional coatings are
plotted. To achieve broad-band transmission, it is necessary to build up multi-layers, which
contain high- and low refractive index materials. In (B), the transmission of coatings, which
contain materials with extremely low indices is plotted. Already single layer coating with
n = 1.22 features an outstanding transmission. The Transmission of the double layer, which
requires n1 = 1.11 for the upper layer is even higher. In (C) the transmission in the neighboring
spectral ranges of low refractive index coatings is compared to layers, which contain high index
materials.

transmission vs. wavelength of a glass slide, which was coated on both sides with various
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conventional coatings are shown in Fig.1.15(A)4. Another way to obtain a broader transmission
characteristic is the use of low index materials (Fig.1.15(B)). Already a single layer coating
with n=1.22 features a transmission, which is comparable to the triple layer in Fig. 1.15(A).
A double layer coating, which requires n1 t 1.11 and n2 t 1.36 has a significantly broader
transmission compared to state-of-the-art coatings. An optimized triple layer coating (not
shown) features an even higher transmission, but requires an index of refraction as low as 1.06
for the topmost layer. The advantage of the use of low index materials instead of alternating
high and low index materials lies, apart from a improved transmission in the visible range, in
the high transmission in the neighboring spectral ranges (Fig. 1.15(C)). Conventional multi-
layer coatings are dielectric mirrors at UV or IR wavelength, whereas low dielectric coatings
have a reflection reducing effect. In conclusion, we showed that the availability of materials
with extremely low index of refractions opens up new possibilities in the design of AR coatings.
Broad-band AR coatings with outstanding transmission characteristics in the visible and in the
neighboring spectral ranges are feasible. In section 3.3 an experimental approach to realize low
refractive coatings using phase separation in thin polymer films will be described.

4calculated without absorption
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Experimental Techniques

2.1 Sample preparation

2.1.1 The Polymeric Materials

In this study exclusively so called standard polymers were used. They feature a narrow
molecular weight distribution, characterized by their polydispersity index Mw/Mn. The poly-
mers were polystyrene(PS) poly(methyl methacrylate) (PMMA), poly(2-vinylpyredine) (PVP),
polyvinylchloride (PVC), polyethylene oxide (PEO) and poly(methyl-methacrylic-acid) (PMAA).
Their characteristics are listed in the table below.

Polymeric
Material

molecular
weight [g/mol]

polydispersity
index [Mw/Mn]

Source

PS 94.900 1.06 P.S.S. Mainz
PS 10.300 1.03 P.S.S. Mainz
PS 1.89 1.06 P.S.S. Mainz
PMMA 98.5 1.08 P.S.S. Mainz
PMMA 10.900 1.05 P.S.S. Mainz
PMMA 1.9 1.1
PVP 126 1.37 P.S.S. Mainz
PVP 2.86 1.18 P.S.S. Mainz
PVC 9.3 1.18 P.S.S. Mainz
PS-PMMA
diblock copolymer 54k (PS) 54k (PMMA) 1.05 P.S.S. Mainz

PEO 41.5 1.14 MPI Mainz
PMAA t10 MPI Mainz

They were used as obtained 1. All concentrations are given in weight percent.

1In the summer months (with high humidity) some of the more polar polymers (PMMA, PVP, PMAA,PEO)
were stored in an exicator in the presence of a drying agent.

17
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2.1.2 The Spin-Coating Technique

A technique which is very common in the semiconductor industry to coat a substrate with a
thin layer of polymer is the spin-coating technique. A droplet of a polymer solution is put
on a flat substrate. Then this substrate is set in rotation. The rotation spreads the liquid
over the substrate2. During the evaporation of the solvent, the polymer solidifies and forms
a smooth film. The thickness d of the resulting film depends on the viscosity, the polymer
concentration, and the spin-frequency f : (d ∝

√
1/f) Using polymer concentrations between

Motor

Vakuum Chuck
Substrate

Polymer Solution

Figure 2.1: Representation of the spin-coating process, used in the semiconductor industry to
produce smooth photoresist films.

0.1% and 5% and spin speeds between 10 000 and 1000 rpm, film thicknesses from a few
Angstrom up to a few micrometers can be realized [29]. If a good solvent is used, the resulting
polymer films are of a surprising quality with a roughness of only a few Angstrom. In our
case, two (incompatible) polymers are dissolved in a common solvent: during the evaporation
of the solvent, its compatibilizing effect is lost and the two polymer phases separate. Often,
the two polymer phases can be found in a laterally organized morphology, as in Fig. 2.2. It
is important to note, that in some cases significant effects of humidity on the morphology of
phase separated polymer films were found. Especially in the summer season, when the relative
humidity in Konstanz lies between 45% and 65%, this phenomenon has to be taken into account.
During the spin-coating process, evaporation of the solvent cools the sample. This can lead
to condensation of water from the environmental air onto the sample. The water can go into
solution or form drops on the film surface resulting in characteristic droplet imprints on the
solidified polymer film. To avoid this problem we cover the spin-coater with a glass enclosure
featuring only a small hole for pipet access and flood the spin-coater with nitrogen. In our
setup it is sufficient to open the nitrogen tap some 30 sec before spin-coating.

2If the substrate is hydrophobic, such as the silanized or thiolized surfaces which were used in this study,
the droplet may flow off the substrate or may form a film which dewetts macroscopically during the spin-coatig
process. In this case it is useful to scratch a lattice pattern into the substrate. Sometimes it is enough to make
a single circular scratch. The scratches act as pinning lines to avoid dewetting.
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Figure 2.2: Schematic representation of the phase separation of two polymers, during the spin-
coating process.

2.1.3 Selective Solvents

All polymers which were used in this study are solid at room temperature. Due to their mutual
incompatibility it is possible to find a solvent, which dissolves only one of a given polymer pair.
This allows to remove one of the polymer phases from a morphology as the in Fig. 2.2. It is
possible to image the polymer film using atomic force microscopy prior and after the selective
solvent treatment at the same location. After treatment of the sample with cyclohexane, which
dissolves the polystyrene phase, the remaining PMMA phase is unaffected.

selective solvent

AFM AFM

Figure 2.3: Schematic representation of the effect of a selective solvent on a phase separated
polymer film. AFM images can be taken prior and after the solvent treatment.

The most common polymers in this study and their solvents and nonsolvents:

Solvent//Polymer PS PMMA P2VP
cyclohexane x o o
ethanol o ox x
acetic acid o x x
toluene x x ox
MEK x x
THF x x x
benzene x x
xylene x x ox

x - Solvent, o - nonsolvent, ox - dissolves very slowly
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Figure 2.4: AFM images of a polymer film produced by spin-coating of a solution of PS and
PMMA from MEK, before (a) and after (b) the treatment with cyclohexane. In (c) superim-
posed cross-sections, taken from (a) (dark) and (b) (bright), are shown.

2.1.4 Substrate Preparation

To study surface effects on the phase morphology of thin polymer films, it is necessary to pro-
vide substrates which feature different surface energies and/or specific interactions. In general
the substrates which were used in this study were highly polished silicon wafers. To obtain
surfaces with a variety of surface energies, different treatments of this substrates were per-
formed. Silicon wafers for the semiconductor industry feature a thin (several nanometer thick)
native silicon oxide layer. Clean silicon oxide surfaces (SiOx) have a high surface energy,
featuring a water contact angle (WCA) of ∼ 0◦. To remove organic contaminants, which in-
crease the WCA, a jet of CO2 crystals (”snow-jet”) [30] or exposure of the sample to a piranha
solution3 can be used. Metal substrates as gold have an intermediate surface energy, when
freshly evaporated onto the silicon wafers. First, a 2 nm thick chromium or titanium layer
was evaporated onto the silicon substrate (at a base pressure of 2x10−6 with a typical rate of
∼0.2 nm/s), followed by the deposition of a ∼70 nm thick gold layer (with a rate of ∼2nm/s).
The predeposition of chromium or titanium is necessary to provide sufficient adhesion of the
metal on the SiOx-surface. The gold surfaces are quite inert but after a single day at ambi-
ent conditions the WCA has increased from 60◦ to 80◦ due to the adsorption of hydrocarbon
contaminations. Therefore the gold substrates had to be used immediately after evaporation.
(The contact angles of the surfaces used in this study are summarized in the table below). To
produce low energy surfaces, a self-assembled alkane monolayer was deposited onto the sub-
strate. A simple method to prepare a self-assembled monolayer (SAM) is the immersion
of a sample in a solution containing alkane chains Y(CH2)nX, where X and Y are end-groups.
In the case of thiols (HS(CH2)nX), the HS group chemisorbs onto the Au substrate and the
thiolates (X(CH2)nS−) self-assemble during this adsorption process in an ordered fashion (see
Fig. 2.5) The surface energy of the monolayer can easily be modified by changing the head group
X. In the case of octadecylthiol ODT this head is a methyl group (CH3). We have prepared our
thiol surfaces by immersing gold covered silicon wafers overnight in a 0.285% (w/w) solution
of alcanethiols in an ethanol-THF mixture (5/2 w/w). Since no experiment was available to
quantitatively measure the substrate surface energies, we used the static water contact angle
to qualitatively characterize the substrates. Water contact angles ranging from 100◦to 110◦are
obtained on the ODT surfaces, depending on the quality of the Au surface prior to immersion

3Piranha Solution consists of 2/1 w/w sulfuric acid and hydrogen peroxide. It is a strongly oxidizing liquid
which removes, when applied hot (60◦C) for at least 0.5 hours, all organic contaminations from a substrate such
as silicon wafers or glass. But note: polished glass surfaces such as prisms or lenses may show an increased
roughness after this treatment.
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in the ODT solution. The substrate surface characteristics could be reproducably obtained.
They are summarized in the table below. In this study thiols with OH and O=OH head groups

Figure 2.5: Schematic representation of a highly-ordered monolayer of alkanethiolate,
(X(CH2)nS

−) on a Au (111) surface. The head group X determines the properties of the
SAM.

X were also used for the formation of SAMs (11-Mercaptoundecanoic acid (HO=O(CH2)11SH)
and 11-Mercapto-1-undecanol (HO(CH2)11SH)). Both show WCAs which are typical for high
energy surfaces. The selectivity in the binding of the anchor group is the major limitation of
tailoring surfaces using this technique. The binding of thiols is limited to the substrates Au,
Ag (Cu, GaAs, InP). Another class of SAMs are silanes. They bind on hydroxyl-terminated
surfaces such as Si/SiOx , Al/Al2O3 . The reaction requires a small amount of H2O. The
perfection of the silane based SAMs sensitively depends on the water content in the solvent and
the amount of adsorbed H2O on the substrate. This makes the preparation of SAMs on oxide
much more delicate compared to the binding of thiols onto metal surfaces. It is absolutely
necessary to pretreat the oxide surfaces by an aggressive cleaning step prior to the immer-
sion (>1h) to the freshly prepared silane solution (0.25% octadecylsilane (OTS) in hexane).

Substrate Static Water Contact Angle
SiOx (as received) 30◦

SiOx (after snow jet) 30◦ – 10◦

SiOx (after piranha treatment)
(2/1 w/w sulfuric acid/hydrogenperoxide, 0.5 h) 0◦

Au (5 min/1 d after deposition) 60◦/80◦

Au/SAM (ODT: CH3) 105◦ – 115◦

Au/SAM (OH) 20◦ – 25◦

Au/SAM (O=OH) 33◦ – 37◦

Au/SAM (O=OH) (after 6 mol NaOH treatment) 0◦

SiOx (after piranha treatment+silanized by OTS) 100◦ – 115◦
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2.1.5 Patterned Substrates: Micro-contact Printing

Introduction The ability of self-assembling monolayers to change the specific interactions
and the surface energy of a substrate, combined with the possibility to laterally pattern this
layer, has many applications in surface chemistry, microfabrication and biology. It was one of
the goals of this study to use patterned substrates to influence the phase morphology of polymer
blends by the use of prepatterned substrates. In earlier publications by us and others, it was
shown that patterned substrates [31] and in particular patterned SAMs can lead to order in
phase separated polymer films [32]. During the past decade, a variety of techniques to pattern
SAMs have been explored [33]: Photochemical oxidation, activation, or cross-linking with UV
light, and writing with e-beam, focused ion beam, metastable atom beams [34, 35] or a sharp
stylus/pen (e.g. with an AFM) [36]. All these techniques locally destroy or modify the SAM in
order to structure it laterally. A more elegant technique is micro-contact printing (µCP). Since
its discovery 6 years ago [37], this technique have gained a remarkable popularity [38]. Here,
the thiol molecules are used as an ink, in close analogy to macroscopic relief printing. First,
a master with a topographic pattern is created by conventional lithography techniques, such
as UV- or e-beam-lithography. Then a soft stamp (most commonly PDMS) is cast, using the
master as a mold 4. This PDMS stamp is wetted with the ink, typically, an ∼2 mM solution
of ODT or shorter alkane thiols in ethanol. After 2 s the stamp is exposed to a strong air or
nitrogen flow to dry it. Then the stamp is brought into contact with the surface of Au for 10
– 30 s. Upon contact, the thiol molecules transfer from the stamp to the gold and form a close
packed SAM in the regions where contact was established 5. The success of µCP rests on two
characteristics of the system: the rapid formation of a highly ordered SAM and the accuracy
of the process which is only possible because of the autophobic behavior of the thiol molecules
that can stop the spreading of the ink across the surface [33] Lateral structure sizes down to
100nm produced by µCP with thiols have been reported. A discussion about the resolution
limiting mechanisms can be found in [39, 40].

2.1.6 Patterning of Oxide Surfaces

For studies which involve conducting structured films, it may be necessary to prepare the
samples on isolating substrates. Also for many other experiments in physics, chemistry and bi-
ology dealing with patterned SAMs, transparent and/or non-conductive substrates such as glass
(SiO2) are required. As mentioned above, silanes are suitable for the formation of monolayers
on oxide surfaces. The OTS anchor group consists of one silicon and three Cl-atoms. During
the formation of the SAM, the Si links to the SiOx surface, the remaining two Cl are replaced
by lateral cross-links to neighboring silane molecules. This leads to a covalently grafted and
cross-linked SAM which has an outstanding thermal stability, compared to thiol-SAMs. While

4We have produced our PDMS stamps using SYLGARD 184 (Dow Corning). First a mixture of the base
component and 10% curing agent is thoroughly stirred and then exposed to a low vacuum for 20 minutes to
extract air bubbles. Then this liquid is poured in a small mold with the *silanized master at the bottom. This
mold is placed onto a hot plate at about 60◦C for at least 4 hours. Then, the solidified stamp is peeled off the
master. *The silanization of the master is necessary to prevent the adhesion of the stamp to the master.

5A stamping technique based on polyisoprene stamps was also developed. Analytical grade polyisoprene (PI,
Mw ∼100k, Aldrich), was mixed with 7% dicumylperoxide. The mixture was exposed to a vacuum (∼10−1

mbar) at 100◦ for about 0.5 hour to extract air bubbles. Then the hot, low viscosity liquid was poured onto
the master. The curing process required 170◦C and a vacuum of 10−1mbar for at least 5 hours. This procedure
results in a yellowish but transparent rubber stamp. It can be used in the same way as the PDMS stamps but
with extended possibilities: due to the fact that PI rubber is chemically much more robust than PDMS, a variety
of solvents can be used. The polymer!PDMS elastomerPDMS elastomer is stable in ethanol and acetone but not
in many other solvents. In contrast, solutions of ODT in toluene or THF did not affect the PI rubber stamp’s
surface appearance and lead to good contact printing results. This may be useful for the µCP of molecules
which are not soluble in ethanol or acetone. In particular for solvent-assisted micromolding SAMIM, the larger
number of compatible solvents could be beneficial.
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Figure 2.6: Micro-contact printing (µCP): First a master with a topographic pattern, which
was created by conventional lithography is used as a mold to cast a soft stamp (usually PDMS).
The PDMS stamp is wetted with the ink, typically a ∼2 mM solution of ODT. Then, the stamp
is brought into contact with the Au surface and the thiol molecules transfer from the stamp to
the gold and form a SAM where contact is established.

the direct printing of silanes has been demonstrated [41, 42, 43], we found it very difficult to
control. Water, which is not only present at the substrate surface but also at the surface of
the stamp initiates the silane/silane reaction, causing the main problem. The majority of the
silane molecules crosslink to the stamp which consists of (PDMS)6 and to each other. These
molecules are not longer available for the SAM formation on the substrate. The contamination
by the cross-linked silanes diminishes the stamp quality for subsequent printing attempts. The
stamping of silanes under a nitrogen atmosphere apparently avoids this problem [41], but the
stamp needs to be kept in contact with an applied mechanical load for several hours to achieve
a good silane coverage. This may be an indication that the amount of silane molecules which
are available at the stamp surface is not high enough. For us, the use of nitrogen and the long
waiting time were not acceptable, particularly because for our applications very high WCAs
(complete coverage) were required. Therefore we tried a new approach: We used the robust
and accurate process of µCP of thiols, followed by a subsequent etching step to produce a gold
mask. In the etched (oxide-) regions the standard wet silane deposition is applied. After lifting
off the Au mask by an etching solution the underlying oxide surface is uncovered. The substrate
features silane covered regions which show a very low surface polarity. First, a 10 nm thick Au
film is evaporated (1nm/s) onto a silicon oxide surface. To guarantee sufficient adhesion of the
Au to the substrate, a thin (< 2nm Ti layer (0.1nm/s) is deposited prior to the evaporation
of the Au. A PDMS stamp is soaked in an octadecylthiol (ODT) solution (1 mmol in ethanol)
and pressed onto the Au surface. This results in a patterned SAM of ODT (Fig. 2.7(B)). The
gold regions which are not protected by the SAM are etched away by a cyanide solution (10

6Experiments with organic rubber stamps were also performed. The hope was that the silanes do not crosslink
to the rubber, but unfortunately no difference to the PDMS stamps was observed. Treating the stamp with
various organic solvents or piranha solution, which does not affect the extremely robust rubber stamp could not
remove the silane contaminations.



24 CHAPTER 2. EXPERIMENTAL TECHNIQUES

minutes)7. After cleaning the surface using a “snow-jet”[30] (Fig. 2.7(B)), the sample is sub-
jected for ∼1h to an octadecylsilane (OTS) solution (0.25% in hexane), which forms a SAM
on the now exposed oxide surface (Fig. 2.7(C))8. In a last step, a bromine–methanol etching
solution (1:80, 30 s)9, followed by a snow-jet treatment removes the remaining Au, revealing
a laterally patterned oxide surface (Fig. 2.7(D)). In our present experiment, the contribution
of the thin Ti layer is not completely understood. While it is unlikely that the Ti is removed
by the two etching steps, we expect it to completely oxidize in the etching solution. For most
applications, we expect the presence of a thin titanium oxide surface to be of no consequence.
Future XPS measurements should resolve this issue. The perfect replication of a stamped ODT
pattern to an inverted OTS structure is demonstrated in Fig. 2.7. The second row in Fig. 2.7
shows topography images taken with AFM in contact mode, using a Si tip which was rendered
unpolar by an OTS layer. The third row are images, which result from a lateral variation
of the friction coefficient, yielding a lateral material contrast. We have chosen a 16×16 µm
scan area which includes the edge of a stamped stripe pattern. While the stamped lines are
very regular in the interior part of the stamp (Fig. 2.8), the irregularities at the stamp edges
serve to illustrate the precision of our technique. In Fig. 2.7(A), the bright surface regions are
ODT covered, leaving darker 1–2nm deep grooves of the bare Au substrate. This is reflected
in the friction image, where the ODT features a lower friction coefficient (dark), compared
Au (bright). After the first etching step (Fig. 2.7(B)) the contrast in the topography has in-
creased, revealing the thickness of the Au film (∼ 10 nm). The friction image is comparable to
Fig. 2.7(A), due to similar friction coefficients of the Au and oxide surfaces. After deposition
of the OTS layer (Fig. 2.7(C)), the topography image changes only little. The contrast in the
friction image is due to an increased roughness of the Au/ODT surface caused by the etch-
ing step and the adsorption of OTS at defects in the ODT layer10. The final pair of images
(Fig. 2.7(D)) demonstrate the inversion of the topography and friction contrast compared to
the original ODT-stamped surfaces. A comparison of Fig. 2.7(A) and (D) reveals the perfect
replication of the stamped pattern 11. Not only is the pattern with the ∼1 µm wide stripes
found in Fig. 2.7(D), but even small imperfections and details on a 100nm length scale are
reproduced. As opposed to the direct micro-contact printing of OTS, grafting a silane-based
SAM from solution is readily controlled and more reproducible. In addition to the applicability
of µCP to a great variety of different substrate materials, our technique features some addi-
tional benefits. Due to mechanical constraints12 [33], stamps which typically are used for µCP
yield macroscopically unpolar surfaces which are only locally modified by a polar pattern. This
may lead to problems in further processing of the sample, for example if the surface needs to
be covered by a liquid or a polymer melt. In particular, in our application where polymer films

7In an aqueous solution of potassiumhydroxide (10 mmol) 1 mmol potassium thiosulfate, 0.1 mmol potassium
ferricyanide, 0.01 mmol potassium hexacyanoferrate(II)trihydrate is added. It is important to begin with the
basic solution of potassiumhydroxide to avoid that toxic cyanic gases are formed.

8Four minutes of cyanide etching should be enough to remove the 10 nm of gold [43]. We had the best results
using an etching duration of 10 minutes. The remaining 6 minutes are possibly necessary to oxidize the titanium
layer, to form a suitable substrate for the silane monolayer.

9We also tried an aqueous solution of potassium chloride for this step. It has the advantage of being much less
dangerous to handle than bromine. Unfortunately, the WCAs after etching with KCl were not sufficiently low.
Potassium has a less oxidizing effect and it may not be able to oxidize the titanium as effectively as bromine.

10The roughness of the ODT surface can be reduced by washing the sample in chloroform.
11The two pictures in the right most column of Fig. 2.7 show an interesting feature. The topography- as well

as the friction picture show in addition to the vertical lines fine horizontal lines. Their orientation is slightly
tilted with respect to the frame of the picture. These are scratches in the SAM applied (by accident) during a
careless previous AFM scan, which was performed to find the desired spot for the final picture. The spacing of
about 290 nm indicates that the lines were written during a 100µm-scan (AFM images normally consist of 256
lines). This is an unwanted example of stylus lithography of SAMs.

12A stamp which features micrometer-sized protrusions on only a small fraction of its stamp area is infeasible,
since the stamp topography is not able to support the mechanical loads which are typically used for µCP.
(The area between two distant protrusions tend to sag onto the substrate and form a large unwanted contact
area). Instead, normally stamps with grooves are used, leading to stamped surfaces which are predominantly
SAM-covered. This leads to macroscopically unpolar surfaces.
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Figure 2.7: Pattern transfer by µCP combined with a lift-off technique. The first row contains
a schematic representation of the process. After pressing a rubber stamp onto a Au surface , a
structured SAM of ODT is created (A). The bare Au surface regions are etched down by placing
the sample into a cyanide solution (B). After incubation in an OTS solution, a SAM forms on
the exposed oxide surface (C). Finally, the remaining Au is removed in a second etching step
and the inverse of the original ODT pattern (A) is replicated into a laterally structured OTS
SAM (D) . In the second and third row, the pattern transfer is monitored with the help of AFM
topography and friction–mode images, respectively. (A): The ODT pattern on Au features a
height contrast of 1–2nm and a reduced friction coefficient of ODT (dark) compared to the
bare Au surface (bright). After the first etching step (B), the topography contrast increases to
∼10nm, the thickness of the Au film, while the friction contrast is similar to (A). After OTS
deposition (C), the topography changes only little. The contrast in the friction image is due to
the increased roughness of the ODT surface. A second etching step completes the procedure
(D). The 1–2-nm topography as well as the friction image are the inverse of (A).

are deposited by spin-coating a unpolar surfaces this poses a problem. The polymer solution
tends to dewett the substrate and the resulting droplets fly off the rotating sample. Since the
OTS pattern after the lift–off technique is the inverse of the originally stamped ODT pattern,
the sample in Fig. 2.7(D) features macroscopically an oxide surface with printed OTS stripes
on a micrometer lateral scale. Beyond the specific advantages of our technique, structured
self-assembled monolayers from OTS enjoy several advantages over their ODT analogs. The
surface energy difference between OTS and silicon oxide is much larger than between ODT and
Au 13, making patterned OTS substrates more suitable for structured wetting and demixing
experiments. Potential application for chemical and biological sensors [44] also benefit from
this increase in polarity. Furthermore, the silane bond is stronger than the chemisorbed thiols
allowing experiments at higher temperatures. After this successful deposition of a structured
silane monolayers, it is possible to use it as a resist for a subsequent silicon etching process.

13Typical values for contact angles are: Au: 60◦–80◦, ODT: 108◦–110◦. After the lift-off procedure
(Fig. 2.7(d)), values of ∼20◦ and 100◦–105◦ are found for the oxide and OTS surfaces, respectively.
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A B2 µm

Figure 2.8: AFM topography (A) and friction mode (B) images of a structured OTS layer on a
silicon oxide surface demonstrate the quality of the pattern transfer. In analogy to Fig. 2.7, the
300nm wide stripes are first stamped onto a previously deposited Au film and then transferred
onto the oxide substrate.

With hydrofluoric acid (10% in water) the oxide layer on the unprotected regions of the surface
can be removed at room temperature within a few seconds. Subsequently, a potassium hydrox-
ide solution (30% in H2O) can be used to etch down into the crystalline silicon substrate, to
yield (after t5min) 200 nm deep trenches with a 50 nm roughness at the walls and the bot-
tom (Fig. 2.9). This roughness comes from the crystallinity of the silicon combined with the
anisotropic etching of KOH. The regions which are protected by the silane-SAM stay completely
smooth and are therefore untouched by this process. St.John et al. [41] showed similar results

A B

2 µm2 µm

Figure 2.9: AFM pictures (topography) of KOH etched crystalline silicon. The trenches are
t1µm wide and 100 nm deep. The relatively smooth surface between the grooves is a signature
of the protective effect of the dense silane layer.

using a more complex procedure, yielding a lower resolution. The authors of a more recent pub-
lication, Sherman et al. [44],(they printed the silanes directly at ambient conditions) produced
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trenches separated by very rough surface regions after etching down the crystalline silicon. This
indicates that their SAM layers were incomplete 14. In conclusion, only our technique is able to
create a complete and well-defined microstructured silane monolayer. We have combined the
well established µCP technique of alkane–thiols on Au with a lift-off technique to transfer the
stamped pattern onto a silicon-oxide surface [45]. The main benefit of this approach compared
to a direct printing technique is the improved control of environmental parameters during the
deposition of the alkane-silanes, making the lift–off technique more reliable and reproducible.
In addition, the lift–off technique does not depend on specific substrate materials. Therefore,
an extension to a wide range of surfaces and functionalized alkane chains is possible.

14Nevertheless, they demonstrated that also a incomplete layer can be useful: They structured a thin layer
of polycrystalline silicon with a periodic pattern (200nm periodicity). Their incomplete layers protected for a
short time the poly cristalline silicon, which is etched more rapidly by KOH compared to crystalline Si.
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2.2 Optical Microscopy

Thin polymeric films show beautiful interference colors, provided that the index of refraction
of the substrate is significantly different from that of the polymer15. This is the case for most
polymers and the silicon wafers, our most common substrate. Thickness variations of the films in
the nanometer range can be recognized by slight color changes16. Therefore, optical microscopy
is a very powerful instrument to characterize lateral topographic features ranging from 5mm
down to 500 nm (we used a Leica DMRX). The dark field mode of optical microscopy provides
information about lateral discontinuites in refractive index, which give rise to scattering, like
grain boundaries in crystalline systems or phase boundaries and wetting lines in amorphous
polymer films.

2.3 Atomic Force Microscopy

The development of the scanning tunneling microscope (STM) by Binning and Rohrer at IBM
in Zurich was a landmark discovery. A small tip which is scanned over a surface senses its
conductivity. The current (tunneling current) which flows through this tip is strongly dependent
on the distance of the tip to the surface. With this instrument it is possible to image the
electronic structure of a conductive surface with atomic resolution. A few years later (1986)
Binning, Gerber and Quate [47] extended this principle to nonconducting surfaces. The so-
called atomic force microscope (AFM) was born. It uses a simple mechanical scheme to measure
the forces between the atoms of the surface and the atoms of a sharp tip mounted on a soft
cantilever spring. During the following decade, a whole family of so-called scanning probe
microscopes were developed. Optical17, mechanical and magnetic properties of the samples can
now be imaged with high lateral resolution. In a typical AFM the sample is mounted on a piezo
scan element and the tip is brought in close proximity of the sample surface. While the sample
is scanned with respect to the tip, the topography of the specimen and lateral changes in the
sample tip interactions lead to deflections of the cantilever, which can be measured with high
precision by the reflection of a laser beam focused onto the back side of the cantilever. The
typical setup of an AFM is shown in Fig. 2.10. Normally, the bending-force is held constant
by compensating the change in forces between tip and surface using a piezo element acting
in z-direction. The feed-back electronic for this process is the heart piece of an AFM control
unit. The applied z-voltage is a measure for the z-position of the tip with respect to the surface
and is used to build up a topographic picture of the sample with the help of data processing.
During the dynamic scanning process the cantilever experiences not only bending force but also
torsion as a result of friction. This way, information about lateral chemical heterogeneities (e.g.
different polymer phases), which result in different friction coefficients, can be measured and
registered at the same time as the sample topography [48, 49, 50]. An AFM can be operated
in different modes depending on the tip-sample distance. When the tip is in contact with
the sample the experiment probes the repulsive part of the potential between the tip and the
surface atoms. Depending on the load which is applied to the cantilever (typically 20-50 nN),
this mode can lead to a mechanical damage of the sample. A mode which probes mainly in
the attractive part of the potential is the tappingTM -mode. Here the cantilever is mounted
on a small piezo plate and vibrations at the the first resonance frequency of the cantilever are

15Different colors are visible for varying film thicknesses of polymer films. The interference colors follow a
periodic scheme with increasing film thickness: 10nm (light brown), 70 nm (dark brown) 100 nm (dark blue),
120 nm (light blue) 150 nm (yellow) ,170 nm (green/yellow), 200 nm (purple) 240 nm (blue) 270 nm (turquoise)
300 nm (purple) 350 nm (blue) 400 nm (turquoise) and so on. (polymer: n˜1.5-1.6, light source: laboratory
illumination (standard fluorescent tube)substrate: polished silicon wafer). This interference phenomenon is
limited by the coherence length of the light source (several µm for conventional light sources).

16This is not well visible on substrates like gold: Mainly, light reflected from the substrate is visible.
17The so-called scanning near-field optical microscope (SNOM) uses an optical fiber with a small aperture

(100nm) as a probe. It is possible to achieve an optical resolution below 100nm with this technique.
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Figure 2.10: The typical setup of an atomic force microscope (AFM). A laser beam is focused
onto a microfabricated cantilever onto which a small pyramidical tip is mounted (tip radius:
∼20nm). The sample can be moved in x,y and z-direction with respect to the cantilever. Using
a four-quadrant photo diode, the bending and torsion of the cantilever can be measured.

excited18. The tip-surface interactions are probed by measuring the detuning of the cantilever
vibration as the tip approaches the surface. Here the tip substrate forces are smaller and
it is therefore possible to image liquids and soft biological samples. If the amplitude of the
oscillation is held constant to control the tip-sample distance (z-position), the phase shift of
the vibrating cantilever, compared to the excitation signal provides information about lateral
varying materials properties of the sample [51, 52, 53, 54]. Because the polymers used in
this study were solid at room temperature since the friction provided usually a good material
contrast, we mostly used our AFM in the contact mode. In addition, the use of strongly
incompatible polymers allowed us to use the technique of selective dissolution to identify the
different polymers19. The AFM which was used was home built. The electronic control unit was
developed and improved over several years. The mechanical components were mainly developed
by Martin Böltau to best fit the requirements of our experiments. The microscope allows optical
access of the AFM cantilever during the scanning process. This enables us to find an already
scanned and marked region of a sample again after a treatment of the sample, such as annealing
or exposure to a selective solvent. As a result, it is possible to determine the difference between
the two images and measure the effect of the treatment quantitatively. For x-y-translation of
the sample, we used a commercial piezo scanner (Physic Instruments). It features a scan range
of 100µm with buckling of less than 10 nm. For high resolution experiments (below 1µm 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.

18The resonance frequencies of the relatively stiff cantilevers for tapping mode AFM are in the order of 300 kHz
19Different non resonant dynamic modes have been described in literature such as the elasticity-mode [55]

and the pulsed-force-mode [56] [57], which provide specific information about local elasticity and adhesion.
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2.4 Ellipsometry

Ellipsometry is a suitable technique to quantitatively measure the thickness and the index of
refraction of thin polymer films. A (linear polarized) laser beam is directed onto a flat substrate,
which is covered by the film of interest. The reflected light is in general elliptically polarized
and the ellipticity (δ) and the orientation of the polarization (φ) can be analysed. These two
values depend on the angle of incidence, the optical properties of the substrate and the film
and the film thickness. For our measurements, a single wavelength ellipsometer (EL X-1 Riss
Ellipsometerbau) was at our disposal. Given a rough estimate of the film thickness, it is possible
to very accurately (±1 nm) measure the thickness and the refractive index of thin polymer
films. The accuracy is dependent on the angle of incidence and for each film thickness and
index of refraction, the optimal measuring angle has to be determined. The typical procedure
to determine the thickness and refractive index of a spin-cast polymer film is as follows. If
the film thickness is roughly known (spinning conditions (speed, concentration)/color of the
film) a simulation program can be used to determine the optimal measurement parameters. It
calculates the expected ellipsometric data (δ, φ) as a function of the angle of incidence. The
angle(s) at which the ellipsometric data depend most sensitively on the angle yield the best
resolution. Then the ellipsometric measurement is performed. The instrument´s software then
calculates the film thickness from the measured values (δ, φ). It is important to note that the
solutions of the calculations are periodic in the film thickness (as are the interference colors
of thin films) and the measured value of φ has an arbitrary sign. Values for φ with positive
and negative sign have to be checked. Unfortunately, phase separated polymer films with
a morphology in the µm range show too much light scattering for ellipsometry, but for the
accurate determination of film thicknesses and optical properties of homogenous polymer films,
phase separated films with structures below 300nm, and in particular nanoporous polymer
films, this instrument was very helpful.

2.5 SIMS

In many fields of research, the composition vs. depth profiles of heterogeneous materials close
to a surface are of interest. A question in this context is how deep a dopant has penetrated
into a semiconductor surface after deposition, or in our case, how polymers phase separate in
the vicinity of a surface. To establish such composition vs. depth profiles in thin polymer films
either momentum space profiling techniques like X-ray reflectometry (XR) and neutron refec-
tiometry (NR) can be used, or real space techniques like forward recoil spectroscopy (FRES),
nuclear reaction analysis (NRA), or dynamic secondary ion mass spectroscopy (DSIMS) can be
employed. All these techniques require the labeling of one of the polymers. Except for X-ray
refectivity, the labeling often involves the substitution of hydrogen atoms of one of the polymers
by deuterium. Various deuterated standard polymers are commercially available and for profil-
ing experiments one of the polymers in a blend of interest or one of the blocks of a investigated
block copolymer can be substituted by its deuterated counterpart. This modification leads to a
slightly different interaction of the molecule for example with another polymer: Indeed experi-
ments with high molecular weight deuterated polystyrene (dPS) and polystyrene (PS) showed
a weak tendency to phase separate. But in strongly incompatible polymer blends this isotopic
effect can be considered as negligible. A short introduction in the use of profiling techniques to
investigate thin polymer films can be found in [58]20. In this study, phase separated polymer

20X-ray reflectometry can be used to very accurately study the roughness of substrate-polymer and polymer-air
interfaces because there the interfacial discontinuity in the index of refraction. But to have sufficient contrast
between two polymers, it is often necessary to stain the samples with heavy metals. The difference in the
scattering length of neutrons for hydrogen and deuterium is responsible for the successful use of NR to profile
thin polymer films. FRES uses the different energy transfers from the elastic scattering of mono-energetic
4He++ particles on the two isotopes, which can be detected after they have left the sample. The energy loss of



2.5. SIMS 31

films consisting of PS and deuterated PMMA were investigated with DSIMS [59, 60]. Here, the
yield of secondary ions created when the sample is exposed to a collimated medium energy ion
beam is monitored. [61]. This primary ion beam (O+

2 or Ar ) with a energy in the order of a few
keV is scanned over a quadratic area of about 500× 500µm2 and during this etching process,
material of the polymer film gets slowly eroded by the emission of secondary ions and neutral
particles. A suitable ion optic extracts these ions prior to energy analysis and mass separa-
tion. The count rates for various ionic species are then monitored as a function of sputtering
time. The accuracy of this depth profiling technique depends on the uniformity of the crater.
Therefore, the primary ion beam is scanned and only ions coming from the center of the crater
(∼15% of the crater area) are analyzed. To avoid problems due to the charging of the specimen
during the ion irradiation, an electron beam is irradiated onto the same spot of the sample. If
a conductive substrate is used, this neutralization fails as soon as the bottom of the crater gets
thinner due to the electron loss into the substrate. Therefore, silicon wafers with thick (some
100nm) oxide layers are a good choice of substrate. To control the quality and uniformity of
the crater, it is very helpful to monitor the change of the interference colors of the polymer film
with time. Therefore, glass slides are not suitable substrates. Because DSIMS gives access to
depth profiles of many different ionic species, the labeling of the polymeric material is in many
cases not necessary. For example nitrogen, which is contained in polyvinylpyredine PVP is a
good label in the investigation of PS/PVP samples. In the case of PS and PMMA, the oxygen
contained in PMMA can be used as a marker. This requires however a primary beam different
than oxygen. The apparatus which was used (in the group of E.J. Kramer at the University
of California at Santa Barbara) had only an oxygen primary ion source. Therefore, we had to
work with deuterated materials. Due to the fact that different polymer species have different
sputter rates the conversion of the concentration vs. time profiles in concentration vs. depth
profiles is not straight forward. To determine the respective sputter rates and to be able to
convert the ion count rates into absolute concentrations of the respective species, it is helpful
to perform test measurements with films consisting of the pure polymer components.

Figure 2.11: Schematic representation of a typical DSIMS set-up. An O2 beam is used to erode
the polymeric material. Secondary ions are energy analyzed, mass separated and monitored as
a function of sputtering time.(from Ref. [61] )

the incoming and scattered particles depend on the depth in which the collision has taken place. NRA utilizes
the 2H(3He,4He)1H nuclear reaction which is initiated by the a 3He beam. The energy of the reaction product
4He depends on the depth in which the reaction has taken place and their energy distribution can be used
to generate concentration vs. depth profiles for deuterium. A short introduction in the use of these profiling
techniques to investigate thin polymer films can be found in [58]
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Chapter 3

Experimental Results

3.1 Structure Formation in Binary Polymer Blends

Introduction During earlier studies in our group [62, 55] the phase morphology of immiscible
polymer blends in thin films spin-cast from a common solvent was investigated. This was
followed by a more detailed and systematic study on the morphology of the polymer blend
PS/PMMA [32, 63]. The polymer blends were spin-cast from three different solvents on three
different substrates. Differences in the film domain structure and surface topography were
observed, depending on the substrate surface energy and the solubility of the two polymers
in the three solvents. The topographic modulations were explained by a different rate of
solvent evaporation during spin-coating for the two phases. The results led to the conclusion
that the normal and lateral organization of the phase separated domains is governed by a
complex interplay between the preferential segregation of one phases to the substrate and phase
separation in the film. In addition, some of the results suggested that a dewetting process may
be involved in the domain formation. We showed that the obtained structures after spin-
casting are far from thermodynamic equilibrium. In this section we show that another polymer
couple, polystyrene-polyvinylpyredine (PS/PVP) shows a very similar behavior. As in the case
described above, the morphology of the two coexisting phases organize normal or parallel to the
film surface, depending on the surface energy of the substrate. As a consequence, chemically
heterogeneous pre-structured substrates can be used to induce an ordered lateral composition
variation in these polymer films [64]. In addition, the successful structuring of the polymer
couple PS/PMMA was demonstrated. This is an example for the general applicability of this
new way to induce structures in thin polymer films, which may include many different polymers.
Subsequently, the PS/PVP system will be discussed in more detail. The phase morphology of
this polymer pair exhibits two characteristic length scales, which depend on the film thickness.
Possible models for the formation of this complex structures will be discussed.

3.1.1 Surface Dependence of the Structure Formation

We start our discussion with the domain structures which were found after the spin-casting
a PS/PVP-mixture onto a nonpolar substrate (Fig. 3.1). On a ODT-covered gold substrate,
the two polymer phases arrange in a lateral bicontinous fashion. This morphology stems from
the symmetric polymer composition. With asymmetric polymer compositions, island/lake-
or plateau/hole-structures can be observed (not shown). The characteristic length scale of
this morphology is relatively large compared to PS/PMMA films with similar film thicknesses
and molecular weights. In analogy to the bulk phase behavior of immiscible systems, this re-
sults from the higher PS/PVP interaction parameter (χ ≈ 0.1) [65], compared to PS/PMMA

33
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(χ ≈ 0.02) [66]1. Higher interaction parameters lead to larger structures during phase sep-
aration. The reason for this high χ−value is the C-N bond, making PVP a relatively polar
molecule, compared to polystyrene. The PVP- domains are represented by the bright (elevated)
regions of the AFM-image in Fig. 3.1. Due to their difference in polarity, the two polymeric

20 µm

Figure 3.1: AFM image (40 × 40µm2) of a PS/PVP blend (50%:50% w/w ) spin-cast from
a tetrahydrofuran (THF) solution (1.25% polymer by weight, 7000 rpm) onto a hydrophobic
ODT-covered Au surface. Topography image of the sample as cast.

materials should feature different affinities to substrates with different surface energies. To test
this affinity, we have used a substrate, which features two surface areas with differing surface
properties. A hydrophobic SAM (ODT-layer) was deposited by printing it onto a gold substrate,
so that only half of the sample was covered by the hydrocarbon layer. An AFM image (Fig. 3.2)
was made at the boundary of the two surface regions. The the top half of the image shows the
film on a bare gold surface, in the lower part of the image, the substrate was ODT-covered.
On the Au substrate, the film surface is more or less featureless, whereas on the hydrophobic
substrate a lateral structure is obtained, which corresponds to a lateral phase morphology, as
the friction image reveals. The two polymer components (and the two substrate regions) show
different shades of grey (friction coefficients). The selective dissolution of one polymer compo-
nents allowed us to gain information about the phase distribution inside the sample. During the
immersion of the sample in cyclohexane, the polystyrene component was dissolved and we could
image the same sample location a second time (Fig. 3.2(c)). In the lower part of the image,
the topographic contrast is increased, in the upper part it is decreased compared to Fig. 3.2(a).
The cross-sections taken at the same sample positions, before and after the solvent treatment
explain the phase distribution. On the hydrophilic gold substrate, the PVP formed a surface
layer, covered by an equally thick polystyrene layer. On the hydrophobic substrate the phases
have arranged in a lateral fashion, with PVP-domains which are elevated above the PS surface.

1The two polymers polystyrene and poly-2-vinylpyredine are chemically very similar molecules, the only
difference is that in the case of PVP one carbon atom of the benzene-ring of the PS-monomer is substituted
by a nitrogen atom. Nevertheless, their interaction parameter is relatively high and is comparable to other
incompatible polymer pairs.



3.1. STRUCTURE FORMATION IN BINARY POLYMER BLENDS 35

This might be due to the fact that the solubility of polystyrene in THF is better compared to
PVP. during a late stage of solvent evaporation, the polystyrene phase contains more solvent
than PVP, which therefore solidifies first. During the subsequent evaporation of THF, the PS
phase collapses to a lower level. A second argument for the PS/PVP height difference are the
wetting properties of the two polymer phases on the hydrophobic substrate. The PVP phase
forms a higher contact angle on the hydrophobic substrate which leads to higher elevation of
this phase. Here, we should note that the observed phase morphology on the hydrophobic
substrate is meta-stable and far from equilibrium. Both polymer phases dewett the substrate
during annealing at elevated temperatures. Unfortunately, the ODT layer is not sufficiently
stable to allow reliable annealing studies to determine the exact contact angles of the two poly-
mers on this substrate. The double-layer morphology on the Au substrate is a consequence of
the surface directed demixing of the polymer blend. The more polar PVP is driven towards
the gold surface and polystyrene, the polymer with the lower surface tension, towards the air
interface. This result is a close analogy to earlier studies [3, 7, 67] on the adsorption kinetics of
binary polymer blends near a substrate surface, but with weakly incompatible polymer pairs,
which phase separate during post cast annealing. Krausch et al. [7] and Kim et al. [67] have
shown that by suitably choosing the substrate surface, a preferential adsorption of either phase
can be obtained. In the present study, we have shown that the preferential absorption of one
component is suppressed by adding a only 2 nm thick monolayer onto the substrate.

3.1.2 heterogeneous pre-structured Substrates

In the previous section, we have shown that the use of a hydrophobic substrate leads to an
isotropic, disordered morphology of the coexisting phases, where both polymer phases partially
wet the substrate. On a hydrophilic substrate, the more polar component forms a wetting layer
at the substrate interface and the second, non-polar polymer completely wets the air interface.
On a heterogeneous, pre-structured substrate, which features hydrophilic and hydrophobic
regions in a periodic fashion, well ordered structures are expected to form. On such a substrate,
both phases can wet their preferred substrate regions. An earlier preliminary study showed first
evidence that this strategy to induce order in polymer films can be successful [31]. Krausch
et al. used photo lithography to create heterogeneous substrates featuring alternating Cr and
hydrogen terminated silicon stripes. The polymer blend they used (deuterated PS / brominated
PS) showed a weak tendency to orient its phase morphology along the pre-structured pattern.
Using these first results as a starting point [68], the same materials. PS/PBrS and the same
structuring technique were used to study this phenomenon in more detail in our group. In
addition, other materials (e.g. PS/PVP) and micro-contact printing (µCP) were used. The
results using the PS/PVP are discussed first. A PS/PVP solution was spin-cast on a substrate
featuring the surface energy pattern shown in Fig. 3.3. The image in Fig. 3.4(a) shows an AFM
image of a PS/PVP film spin-cast onto this substrate. The surface corrugation from Fig. 3.1 is
now perfectly aligned in a grid pattern. As in Fig. 3.1, the topographic ondulation originates
from a lateral organization of the polymer phases, as confirmed by friction mode AFM (not
shown). This is corroborated by removing the PVP phase by immersing the sample in ethanol
which is a selective solvent for PVP. The remaining PS domains show a remarkable contrast
in the AFM image (Fig.3.4(b)) - stripes with a rectangular cross-section. The polymer domain
morphology in Fig. 3.4 is due to the strong affinity of the PVP to the more polar Au surface,
displacing the PS towards the SAM covered parts of the substrate. As in Fig. 3.2(a) and (e),
the PVP stripes protrude from the film surface, giving rise to the topographic image observed
in Fig. 3.4(a). This experiment demonstrated for the first time convincingly the transfer of a
difference in surface energies into a composition variation of a binary polymer film [64]. The
perfect replication process extends over much larger area than shown in the AFM images and
is limited only by the sample size. The rectangular cross-section of the PS phase in Fig.3.4(c)
is a consequence of the different surface tension of the two polymers [63]. In contrast, wetting
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Figure 3.2: AFM images (50 × 50µm2) of a PS/PVP blend (50%:50% w/w ) spin-cast from a
tetrahydrofuran (THF) solution (1.5% polymer by weight, 3000 rpm) onto a Au surface: (a)
topography image of the sample as cast. The friction mode image in (b) exhibits a material
contrast between PS and PVP at the surface. In (c) the PS phase was removed by dissolution
in cyclohexane and an AFM topography image of the remaining PVP was taken at the same
location as in (a). The images show a different domain morphology for the top half (bare
Au surface) and the bottom half of the sample where the Au surface was hydrophobized by
depositing a SAM of ODT prior to polymer deposition. In (d) and (e), the PS (light gray) and
PVP (dark gray) phase distribution in the film is visualized by a superposition of cross-sections
at the locations indicated by lines in (a) and (c). The double-layer in (d) forms on the more
polar gold surface, while a laterally separated phase morphology is found on the SAM covered
substrate.

Au

SAM

a b

Figure 3.3: The surface energy patterns printed onto the substrates prior to spin-coating the
samples of Fig. 3.4(pattern a) and Fig. 3.4(pattern b).
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b
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Figure 3.4: The same PS/PVP blend as in Fig. 3.1, spin-cast on a patterned Au substrate. The
lateral surface pattern was created by microcontact-printing (µCP), where a polydimethylsilox-
ane stamp is soaked in a octacedyl thiol solution and placed onto a Au surface. A self-assembled
monolayer (SAM) forms only on surface regions where the stamp touches the substrate surface.
The resulting Au/SAM pattern (2.4 µm periodicity) features stripes of alternating surface en-
ergy with only little topographic variation. The AFM images show a 80× 80µm2 area: (a) as
cast, (b) after removal of PVP by dissolution in ethanol. The PS and PVP phases have orga-
nized in a surface directed fashion where PVP lies on the bare Au surface regions, displacing
the PS onto the SAM stripes. The perspective representation in (c) visualizes the rectangular
cross-section of the 65 nm high PS stripes in (b). Dark grey areas in (c) indicate the SAM
covered substrate regions. On the bottom part of (a) and (b) where the substrate is completely
SAM covered, the same disordered structure as in Fig. 3.1 is obtained.
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experiments of a single liquid on a patterned substrate show a more rounded topography [70, 69].
The results discussed so far were achieved only after careful optimization of several experimental
parameters. For a given pattern periodicity, perfect lateral organization of the polymer phases
is observed only for a given film thickness. The reason for this correlation is the sensitive film
thickness dependence of the lateral length scale of polymer phase morphology on unstructured
surfaces. For thicker films longer length scales are dominant. The quantitative behavior of this
length scale is discussed later. By imposing a mismatched prepattern, it is possible to replicate
structure sizes which differ slightly from the length scale which is characteristic for this film
thickness. But if the deviation exceeds roughly ±30% of this characteristic pattern size, the
replication shows an increasing number of imperfections. If the prepattern periodicity is much
smaller compared to this structure size, the prepattern is only hardly recognizable in the more
or less isotropic morphology. The blend demixes as on a substrate with an intermediate surface
energy, it averages over the heterogeneity. If the substrate prepattern is much too coarse, the
morphology on the two substrate regions is similar to the respective homogenous surfaces (see
Fig.3.2). Our work and the results of Karim et al. [71] motivated three-dimensional numerical
simulationsof the phase behavior of binary polymer blend films in the presence of pre-structured
surfaces [72]. The simulations by Kielhorn et al. (Fig. 3.5) are based on a Cahn Hilliard
Cook model, taking only diffusion (no hydrodynamic coarsening) into account. In addition,
they assumed a flat and neutral polymer air interface. Although our experimental system is
much more complex (a continuously changing interaction parameter and film thickness due to
the solvent evaporation during the spincoating process, height variations at the polymer/air
interface and hydrodynamic flow) their results closely resemble our morphologies. Only if the
pattern periodicity matches more or less the intrinsic length scale of the polymer/polymer
system (which is growing with time t) a perfect pattern replication can be achieved. Some of
the simulation results are shown in Fig. 3.5. To demonstrate the universality of our approach, a
second binary polymer mixture on a different pre-structured substrate surface was investigated.
The system polystyrene/poly(methyl metacrylate) (PS/PMMA) was extensively investigated
in an earlier study [63]. Here, PMMA is the more polar component and tends to wet hydrophilic
substrates, whereas PS was found to form a complete wetting layer on the ODT covered gold
substrates. Therefore it was possible to use µCP also in this case to produce the prepatterns.
However, the difference in polarity between gold and ODT was not high enough to successfully
structure this blend. To increase the contrast in surface energy, we etched the bare Au surface
regions by placing the sample into a cyanide solution. Here, the printed SAM layer acts as
a resist [33]. After this treatment, the underlying oxide surface was uncovered in regions,
which were not SAM covered. The PMMA is attracted by the highly polar surface regions
and therefore this treatment led to suitable pre-structured substrates for the PS/PMMA blend.
Fig. 3.6(a) shows the optimized result. The AFM image is taken after the dissolution of PMMA
by acetic acid (only the PS-phase is shown). In the top part of the image the polystyrene phase
formed a continuous layer on the hydrophobic ODT substrate. In the structured part of the
image the PMMA phase (already removed) was found on the hydrophilic oxide stripes.

As a third polymer blend, a mixture of PS and a partially brominated polystyrene (PBrS)
was spin-cast onto patterned silicon oxide (SiOx)/hydrogen terminated silicon (SiH) surface.
The results were very similar and can be found in [64] and [68].
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a b c

Figure 3.5: Numerical simulation of a phase separating polymer blend film in the presence of
chemically heterogeneous pre-structured surface. The polymer air interface is assumed to be
neutral and flat. In (a), a the periodicity of the prestructure is equal to the spinodal wavelength
λsd and the film thickness lz is 0.5λsd. The pattern replication works perfectly in this early stage
of phase separation. (b) shows the same situation but with a film thickness lz of 1λsd. In the late
stage, the coarsened morphology ignores more or less the prepattern. In (c) the film thickness
equals again λsd but the much too coarse asymmetric prepattern has a periodicity of 8 λsd.
The Morphology undergoes a transition from a three layer to a two layer configuration. The
figures are adapted from Ref. [72].

BA
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Figure 3.6: PS/PMMA (50k/50k) spin-cast from a 3% THF solution on a Cr-oxide / ODT
substrate pattern, produced by µCP of ODT onto a 40 nm thick Au layer and subsequent
etching with an aqueous cyanide solution. The AFM images in (a) is taken after dissolution of
the PMMA phase in acetic acid. In the top part of (a), the PS phase formed a wetting layer
on the homogenous ODT substrate. (b) shows a scematic representation of the pre-structured
substrate.
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3.1.3 Conclusions

To summarize, we have made use of two fundamental thermodynamic principles – phase separa-
tion of a binary fluid and selective adsorption from a binary mixture – to transpose a variation
in surface energies of a flat substrate into a concentration variation of a binary polymer film.
The micrometer size structures perfectly replicate the substrate pattern over lateral dimensions
which are limited only by the sample size (1 cm2 in our case). The size of the structures which
can be produced is presently dictated by the availability of substrate templates, and lateral
structure sizes of less than 100nm should be feasible. We emphasize that the structures re-
ported here are replicated from a prepatterned substrate, rather than driven by a molecular
self organization process, as for example in micro-phase separated block copolymer melts [74].
In these systems, the morphology of the lateral structure is determined by the architecture of
the constituent molecules, and long range order is difficult to achieve [75, 76, 77, 78]. With the
present approach on the other hand, a given experimental system (i.e. a particular polymer
blend) can be used to produce structures of widely varying morphologies and length scales. The
replication approach may be useful to improve the µCP technology, as – in contrast to bare
patterned SAM substrates – the polymer replica are thick enough to allow further semicon-
ductor processing steps (e.g. reactive ion etching). Moreover, the polymer layers can be lifted
off the substrates, and several structured films can be superimposed. Therefore, patterned
SAM surfaces can be used as templates for multiple pattern replication. We also note that
the manufacture of the structured polymer films takes several minutes only, is inexpensive and,
once optimized, is highly reproducible. From a technological viewpoint, various applications
can be envisaged, such as photonic band gap materials [79], patterned polymer surfaces with
selective molecular recognition capabilities [44], optical devices [80], or even plastic based micro-
electronic circuits [81]. In addition to their technological relevance, lateral nano-structures in
polymer films could provide a new tool to study phase equilibria near surfaces on a molecular
level. In section 3.2 of this study we demonstrate the applicability of this concept to three
component polymer blends and in section 3.4 the successful structuring of even more complex
materials is reported, where a binary polymer blend is used as a template.

3.1.4 PS/PVP: Structure Formation on Two Length Scales

The previous subsection dealt with the possibility to use the affinity of the two polymers PS and
PVP to two different substrates, to induce order into their disordered phase morphology, which
forms during the spin-coating process. One important parameter was the intrinsic length scale
which characterizes the lateral phase morphology. It has to be comparable to the periodicity
of the prepattern to achieve pattern replication. In this section, the complex dependence of
this length scale on the film thickness and possible mechanisms which determine its formation
is discussed. Taking again a close look at Fig. 3.1 and Fig. 3.4 (a,b), a second corrugation of
the film surface on a larger length scale (λ2) can be discerned. This thickness modulation is
superimposed on the polymer morphology with a characteristic wavelength (λ1). In Fig. 3.2
this longer wavelength corrugation can be seen for the case of a PS/PVP bilayer on a Au
substrate. After dissolving the PS cover layer, the interface of the two polymers is revealed
(Fig.3.2(C) top half). This interface shows a corrugation which is comparable to λ1 of the
film on the ODT substrate. To study the film thickness dependence of these two intrinsic
length scales, we used polymer solutions ranging from 0.3% to 7% (by weight). This led to
film thicknesses ranging from 15 nm to 400 nm. The spinning speed of 7000 rpm was kept
constant during these experiments2. The film thickness-concentration dependence is shown
in Fig. 3.7. Figure 3.8 shows the film thickness dependence of the morphology on the ODT

2Experiments with a 3% solution and a varying spining speeds to obtain different film thicknesses showed
very similar results. With our spin-coater spinning speeds from 1000 to 10.000 rpm were possible, which led to
film thicknesses from 220 nm down to 90 nm. By varying polymer concentration a much broader thickness range
can be achieved.
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Figure 3.7: Film thickness of polymer films spin-cast from PS/PVP (100k/115k) solutions in
THF onto SiOx substrates. Polymer concentrations ranging from 0.3% to 7% (by weight) led
to film thicknesses from 10nm to 450 nm.

substrate. The characteristic length scale of the bicontinous lateral polymer-polymer phase
morphology grows continuously with increasing film thickness. In the concentration range 0.3%
- 1.5%, the lateral phase morphology exhibits only one characteristic length, accompanied by
a long wavelength film thickness modulation λ2 (this long undulation is not clearly discernible
here). In the image corresponding to the 2% solution, two coexisting length scales can be
seen. The second and longer wavelength λ2 is dominant in all thick films. In Fig 3.9 the
length scales λ1, and λ2 are plotted versus the polymer concentration. In addition, this figure
contains the film thickness undulations of PS and PVP homo-polymer films (λ − PS and
λ − PV P ). Films, spin-cast from THF solutions containing only one polymer component are
in many cases not very uniform. They feature a corrugated film surface with a characteristic
length scale (λ− PS) (PS spin-cast from THF solution) and (λ− PV P ) (PVP spin-cast from
THF). Spranger et al. [82] described this phenomenon. For dilute solutions in ”poor” solvents
and highly volatile solvents, they obtained waves at the film surface. They also found that this
effect can be suppressed, by using solutions with higher polymer concentrations. Typical optical
micrographs of polystyrene films spin-cast from THF onto a silicon wafer are shown in Fig. 3.10.
These surface corrugations are laterally isotropic in the middle of the spin-coated samples, but
outside the center, these structures are radially oriented. The wavelength of these corrugations
is dependent on the film thickness. Similar structures were also obtained when spin-coating
films from a comparable, high boiling point solvents, such as cyclohexanone. Consequently,
high volantility is not a necessary condition for these waves to form. To gain insight into
the formation of these topographic structures, the following model is put forward. A typical
polymer/solvent phase diagram is shown in Fig. 3.11 . This phase diagram features an upper
critical temperature. During the spin-coating process, the sample is cooled down due to the
evaporation of the solvent. Therefore, the temperature of the solution film may fall below the
critical point of the phase diagram. The unstable region of the phase diagram is then entered
and the polymer/solvent mixture phase separates. If the high diffusion constant of the solvent
and the polymer, and the confined geometry are taken into account (the lateral characteristic
length scales are much larger than the film thickness), it is likely that film formation leads to
a lateral phase morphology. Therefore, polymer rich regions and regions with a lower polymer
concentration form during spin-coating. During further evaporation, the polymer concentration
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Figure 3.8: AFM images of films of varying thicknesses on ODT substrates. The films were spin-
cast from PS/PVP (100k/115k) (1/1 by weight) solutions in THF. The polymer concentrations
ranged from 0.3% to 7%. All films were spin-cast at 7000 rpm. All images except for the
ones corresponding to 0.3% and o.75% show a lateral bicontinous phase morphology. The
characteristic length scale grows with increasing polymer concentration and the film thickness,
respectively. The image of the film spun from a 2% solution features two coexisting length
scales for the lateral polymer/polymer phase morphology.
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Figure 3.9: The wavelengths λ1, and λ2 for PS/PVP films spin-cast onto Au/ODT substrates
as a function of polymer concentration (a) and the film thickness (b). For comparison, the film
thickness undulations of PS and PVP homo-polymer films (λ− PS and λ-PVP)are shown.
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Figure 3.10: Optical micrographs (500µm× 330µm) of polystyrene (94k) films spin-cast from
a 3% THF solution onto SiOx substrates (a) and (b) show films prepared at 8000rpm (film
thickness h ∼ 100nm). (a) represents the center of the sample, (b) represents the edge: the
waves are radially oriented. In (c), the center of a film spin-cast at 1000rpm (h ∼ 220nm) is
shown.

reenters the one-phase region of the phase diagram, but depending on the volatility of the
solvent and viscosity of the polymer solution, the film solidifies before remixing occurs. In the
case of cyclohexanone, the relatively high viscosity may compensate for the low volantility of
this solvent. The film thickness dependence of this structures may depend on the time span
during which the polymer solvent mixture stays in the two phase region of the phase diagram,
leading to a more coarse film topography for thicker films. A second possible explanation for
the surface waves is a capillary instability or the early stage of spinodal dewetting. This model
can also explain the strong film thickness (h) dependence of λ−PS and λ−PV P which should
scale in this case as λ _ h2(compare section 1.2.1). In both models, the radial orientation
of the waves in the outer part of the sample can be understood. Due to the difference in
viscosity of the polymer- and solvent-rich phases the centrifugal force leads to radially oriented
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Figure 3.11: A model for the formation of surface corrugations of polymer films spin-cast from
poor solvents. (A) shows a typical polymer/solvent phase diagram. The path in phase space,
which is followed during the spin-coating process is indicated by the dashed line. Due to the
evaporation of the solvent, the polymer concentration increases with time and simultaneously
the sample cools down (1). In the two phase region of the polymer-solvent phase diagram,
phase separation occurs (2). The thin film geometry combined with the long correlation length
of this phase separation (which is due to the relatively high mobility of the polymer and the
solvent in the semidilute solution) gives rise to a two dimensional phase morphology, with
regions featuring higher and lower polymer concentration. When the polymer concentration is
further increased, the one phase region is reentered (3). Then mixing is again possible, and the
film surface may flatten again by surface tension (3’), but depending on the viscosity of the
solution and the remaining time (determined by the volantility of the solvent) an undulation
in the solidified polymer film may under certain circumstances be frozen in (3”).

viscous fingering flow [83] . In the first model the characteristic length scale is determined by
the polymer solvent phase separation. In the second model, where the liquid film surface is
corrugated, the centrifugal force dampens out any thickness modulation, which is not radially
oriented (the correlation length is here the spinodal wavelenth). In summary two observations
support our conclusions that the surface waves in the case of homopolymer films are caused by
polymer - solvent phase separation: (I) qualitatively similar results for two solvents (THF and
Cyclohexane) and (II) the suppression of surface waves when a good highly volantile solvent is
used. Taking a second look at Fig. 3.8, we note that λ−PV P has a lower value than λ−PS for
all film thicknesses on the ODT substrate. It is interesting to note that λ2 follows λ− PS for
low film thicknesses with a transition after which λ2 follows the λ− PV P -line. This behavior
suggests that λ2 is primarily caused by the same process as λ − PS and λ − PV P (most
likely a polymer/solvent phase separation process), which takes place simultaneously to the
polymer/polymer phase separation which determines λ1. Next, the film thickness dependence

of the structure on the more polar substrate SiOx is discussed. Fig. 3.13 shows AFM images
of the polymer films obtained after spin-coating, using the same solutions and same spin-speed
as in Fig. 3.8, but on polar SiOx substrates. We expect similar results as in Fig. 3.2 (a double
layer with PVP on the substrate and PS at the free surface), but a much more complicated
morphology was observed. Depending on the film thickness, layered structures and lateral
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Figure 3.12: Film thickness of PS and PVP films spin-cast from THF solutions of different
polymer concentrations on SiOx substrates (only one polymer kind in the solutions). The PS
data sets are shifted up by 200nm. The error bars indicate the amplitude of the surface waves
(λ2). The average thicknesses and the amplitudes were measured by AFM with an accuracy of
±20%. In the concentration regime from 1.5% to 3%, the amplitudes of the surface waves, are
in the order of 50% of the film thickness, in particular in the case of PVP.

phase morphologies are found in a alternating fashion: the thinnest film (0.3%) shows a lateral
morphology; the film spin-cast from a 0.5% solution shows a layered structure with large holes in
the upper layer, which are reminiscent of a dewetting process. The film spin-cast from a 0.75%
solution, shows again a lateral morphology, at 1% layered, at 1.25% lateral, at 1.5% and 2%
layered. All films spin-cast from solutions at higher concentrations feature a laterally segregated
morphology. Again, a long ranged corrugation(λ2 ) of the film thicknesses is visible in particular
in the images corresponding to polymer concentrations 0.75% - 2%. Selective dissolution of PS
revealed that the lateral morphologies on SiOx feature always a thin (30-70nm) wetting layer,
which completely covers the substrate. The fact that the morphology qualitatively changes 5
times in the concentration range from 0.3% until 2% indicates a non trivial structure formation
process. In the following section a crude model for this process is developed. First, we focus
on the low concentration regime from 0.3% to 0.75%. In Fig. 3.15 the structures of the film
morphologies are qualitatively shown for the two substrates ODT and SiOx. On both substrates
layered structures as well as lateral configurations can be obtained. If for a given film thickness
a layered structure is found on one substrate, a heterogeneous pattern is on the other substrate
observed. This behavior can be explained in the framework of a model which takes a surface
directed (spinodal) waves into account. Depending on the film thicknesses of a phase separating
polymer film, surface directed spinodal waves which propagate from both boundary interfaces
interfere either constructively or destructively [84, 7]. In the case of constructive interference,
this leads to the build up of a layered structure during the early diffusion dominated stage of
the phase separation. When destructive interference occurs, surface enrichment accompanied
by a spatial disordered morphology inside the film will be the consequence. In the case of
a polar substrate, a maximum in the PVP-concentration at the substrate is expected and
a minimum at the air interface. In contrast a minimum of the PVP-concentration at both
interfaces is expected in the case of a hydrophobic substrate. Due to this ”phase-shift” at the
substrate, the thicknesses at which constructive interference occurs is different, when the two
substrates are compared. The model of this interference effect is able to explain the alternating
change in morphology with increasing film thickness. But the build-up of multi -layers is only
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Figure 3.13: AFM images of films of various thicknesses on SiOx-substrates. The films were
spin-cast from PS/PVP (100k/115k, 1/1 by weight) solutions in THF. The polymer concen-
trations ranged from 0.3% to 7% . All films were spin-cast at 7000 rpm . Depending on the
film thickness, layered structures and lateral phase morphologies were found in an alternating
fashion.
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Figure 3.14: λ1,λ2 for PS/PVP spin cast on SiOx versus the polymer concentration (a) and the
film thickness (b). For comparison, these figures include λ−PS and λ−PV P , the characteristic
length scales of surface undulations of PS- and PVP films on the same substrate. λ2 follows
the λ− PS line for thin films and the λ− PV P line for thicker films (see also Fig. 3.9).
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Figure 3.15: Schematic morphologies in very thin films on Au/ODT and SiOx-substrates.
Depending on the substrate material, layered or lateral structures are obtained for different
film thicknesses. These alternating morphologies can be understood in the framework of a
surface directed spinodal demixing (see text).

the starting point of the structure formation. From cloud point experiments of solutions of
polymer blends we know that phase separation sets in above a polymer concentration of about
10 % (symmetrical polymer concentration). This implies, that the film thickness is about 10
times larger than the final film thickness when phase separation sets in. This early regime of
phase separation is governed by diffusion. The thickness of the individual polymer layers is
determined by the spinodal wavelength. In the late stage of solvent evaporation the structure
formation is not governed by diffusion, but hydrodynamic coarsening is the dominant process. It
is very unlikely that the multi-layers, which are formed initially and whose thickness is shrinking
with time due to the solvent evaporation, will survive the hydrodynamic regime. Rather, these
layers undergo a Rayleigh-like instability. Jandt et al. [10] reported the formation of a four
layer system in thin films of the weakly incompatible polymer blend PEP-dPEP. PEP was found
to segregate at the free surface and dPEP at the SiOx substrate. Depth profiles obtained with
TOF-FRES revealed a constructive interference of surface directed spinodal waves, which led
to a four layer system in the early stage of phase separation. At a given annealing time, they
observed a regular surface ondulation (2.5 nm amplitude, 500 nm wavelength) in 240 nm thick
films. The films were smooth before and after this intermediate stage of annealing. During the
late stage of annealing, the depth profile showed the signature of a double layer system. The
authors believe that the initial four layer system transforms by a hydrodynamic into stability
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Figure 3.16: Depending on the film thicknesses of a phase separating polymer film, surface
directed spinodal waves interfere constructively or destructively . In the case of constructive
interference this leads to the build-up of a layered structure. A spatially disordered morphology
is found when destructive interference occurs. In the case of the polar substrate (SiOx), a
maximum in the PVP-concentration at the substrate is expected and a minimum at the air
interface. In contrast, a minimum of the PVP-concentration at both interfaces is expected in
the case of a hydrophobic substrate (Au/ODT). These different boundary conditions correspond
to a ”phase-shift” of the surface directed spinodal waves at the substrate.

in a two layer configuration. The roughness at the film surface, which they have observed after
the intermediate four layer stage is interpreted as a result of the hydrodynamic flow through
perforations of the intermediate layers. In comparison, our AFM images taken after dissolution
of the PS phase can be interpreted as purely lateral morphologies or more or less strongly
disturbed bilayers. In our experiments, we did not observe a multi-layer configuration in the
films obtained after spincoating. The reason for that is that our strongly incompatible polymer
couple phase separates much earlier and the transient multi-layer configurations occur at a very
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early stage of the spin-coating process. In Fig. 3.17 possible scenarios for the multi-layer and

X Y

Figure 3.17: Possible scenarios for the development of the phase morphologies (X) and (Y)
in Fig. 3.16. It is likely that the interconnected tube structure of the isotropic bicontinous
morphology (X) allows a rapid mass transport and the build up of a bilayer configuration,
whereas the multi-layer conformation undergoes a more complicated transition, which may
lead to a laterally organized morphologiy.

lateral phase morphology during the hydrodynamic regime of the coarsening process are shown.
It is likely that the interconnected tube structure of the isotropic bicontinous morphology allows
a rapid mass transport and the build up of a bilayer configuration. The polymer interface may
be reminiscent of the former structure and ehibits a remaining roughness on a characteristic
length scale( λ1). A multi-layer configuration is a meta-stable configuration, which decays by
forming droplets. This droplets eventually contact the free surface or the substrate and are
incorporated by the phase which forms at these interfaces. We suggest here that the initially
isotropic phase morphology will lead more likely to a bilayer situation. This is a speculation,
but it is obvious that depending on the initial situation different ways of structure formation
are possible, which likely have different end configurations. Because the initial morphology
changes in an alternating fashion with increasing film thickness, this assumption is sufficient
to explain the alternating morphologies in Fig. 3.13. It is important to note that a bilayer
conformation represents a non equilibrium morphology as well. The PS phase dewetts the
PVP phase during annealing of the film. In this complex structure formation picture, the
scaling behavior of the lateral correlation length λ1 with the film thickness is determined by
the coarsening process. As confirmed by qualitative observation of the spin-casting process,
films of a larger film thickness take longer to dry, allowing for longer diffusion times and a
higher degree of domain-coarsening during the spin-coating procedure. The resulting increase
in lateral domain size is compatible with the assumption of a spinodal decomposition process
of a binary mixture with subsequent domain growth, constrained to a quasi-two dimensional
configuration by the thickness of the film. A further aspect of complexity was revealed by
a systematic study of PS/PVP, which was performed in May/June. During this time, the
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Figure 3.18: AFM images of films with different thicknesses on SiOx-substrates. The films
were spin-cast from PS/PVP (100k/115k, 1/1 by weight) solutions in THF. The polymer con-
centrations were 0.3% to 7% . All films were spin-cast at 7000 rpm. In contrast to the samples
in Fig. 3.13the samples shown here were spin-cast in a nitrogen atmosphere.
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humidity in the laboratory was increased as is usual for this season. All the experiments
reported until now were performed at 50%-65% relative humidity. In the context of a further
project (the nano-porous AR coatings) the influence of the humidity on the polymer phase
morphology after spin-coating was discovered. The tendency of PS/PMMA in THF to phase
separate is strongly amplified by the presence of H2O. ( See the respective chapter in this
thesis). Water from the atmosphere can be absorbed by the solution film, which is cooled by
evaporative cooling during spin-coating. It is more likely present in the more polar polymer
phase and leads therefore to an increase the effective interaction parameter of the two phases.
To investigate the influence of humidity on the PS/PVP system, we performed experiments in
a dry (nitrogen) atmosphere. On the ODT substrate, no significant influence of humidity was
observed. On SiOx substrates, bilayers were observed in the concentration range from 0.3% to
3%, rather than laterally mixed morphologies as in the presence of elevated humidity. Fig. 3.18
shows the film topographies on the SiOx substrates. The difference in morphologies when
compared to Fig. 3.13 is obvious. If indeed water diffuses into the film during the spin-coating
process, it is likely that this leads to a destabilization of the layered morphologies, which are
expected in the thin films during a transient stage of phase separation. The delicate multi-layer
conformation may be disturbed by the presence of humidity. In the case without humidity,
this disturbing effect is not present and therefore undisturbed double layers can be formed
weather they form from a isotropic or a multi-layer conformation. At concentrations higher
than 3%, lateral morphologies were obtained. The only difference to the morphologies spin-cast
in high humidity was the height difference of the two polymer phases, which were more or less
negligible in the case of high humidity (Fig. 3.13), but were significant at low humidity. This
can be attributed to the water content in the PVP phase. The water additionally swells the
PVP phase. Comparable to the PS/PMMA situation described in [63], plateau like islands are
formed because THF is a better solvent for PS than for PVP. After solidification of the PVP
phase the PS Phase is still swollen by THF. During the last phase of evaporation the PS phase
collapses and the PS level falls below the PVP level. Water in the PVP phase may partially
compensate for this effect, so that both polymer phases show a similar height level in the case
of high humidity.

After the discussion of the results on polar SiOx substrates, we focus again on Fig. 3.8, which
shows the phase morphology on ODT substrates. Here, lateral phase morphologies with two
coexisting length scales were observed. The presence of these two length scales in this quasi
two dimensional morphology is explained as follows: While the double layer morphology is
the preferred (meta-stable) state on the polar substrate, a metastable trilayer may form on the
nonpolar substrate, where polystyrene is expected to be present at the substrate and at the free
surface, in contradiction to the lateral phase morphology, which is observed on ODT substrates.
If the film undergoes a transition from a metastable trilayer state to a lateral morphology, this
will be influenced by the surface corrugations λ2 which were found in the mixed as well as in
the homogenous (single component) polymer films. In Fig. 3.12, the amplitude of the surface
waves of homopolymer films (λ − PS and λ − PV P ) is shown. It grows with increasing film
thickness and has its highest value at concentrations between 1.5 and 3%. It is likely that
the influence of this surface wave on the polymer-polymer phase morphology is important in
this thickness regime. Figure 3.19 shows a model, how the two length scales may influence the
polymer phase morphology. Depending on the commensurability of the two length scales, λ2

either leads to a simple thickness modulation (Fig. 3.19 45 nm/1,5%) or completely dominates
the phase morphology (Fig. 3.19 115 nm/3%)

3.1.5 Conclusions

We have presented experimental results on the phase morphology of PS/PVP mixtures spin-
cast onto hydrophilic and hydrophobic substrates at ambient conditions. On the hydrophobic
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Figure 3.19: A model, how the two length scales may influence the polymer phase morphology
in the thickness regime from 45nm to 115 nm. Depending on the commensurability of the two
length scales, λ2 either leads to a simple thickness modulation (45 nm/1.5%-solution) or com-
pletely dominates the phase morphology (115 nm/3%-solution). The film with the intermediate
film-thickness exhibits two coexisting lengths scales.

substrate, the polymer phases arrange usually in a purely lateral fashion. On hydrophilic
substrate lateral and layered structures were obtained. In the case of lateral structures on
the hydrophilic substrates, a thin surface layer of the more polar PVP component was always
observed. The occurrence of layered and lateral structures were thickness dependent as a
alternating function of the film thickness (15 nm -150nm). This effect can be understood in a
model of interfering surface oriented spinodal waves originating from the substrate and the air
interfaces during the early stage of phase separation. Experiments performed in a dry (nitrogen)
atmosphere always led to a layered structure on the hydrophilic substrate in this thickness
regime. The morphology which was found on the hydrophobic substrate was not significantly
altered by changing the humidity. The lengths scale of the lateral phase morphology grows
with increasing film thickness. We attribute this effect to a longer coarsening time of the phase
morphology during the spin coating process of thicker films. In addition to this lateral structure,
the total film surface is corrugated on a larger length scale. Polymer/solvent phase separation
may be the reason for this second correlation length in the system. At given film thicknesses,
this second length scale seems to significantly influence the lateral polymer/polymer phase
morphology which shows two coexisting length scales in this regime.
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3.2 Morphologies in a Ternary Polymer Blend

Introduction In the previous section, we have studied the phase morphology of a binary
polymer blend (PS/PVP) obtained after spin-coating a film from a common solvent. Rather
complex mechanisms, which include surface directed spinodal decomposition seem to be in-
volved in the structure formation process, in particular on a hydrophilic substrate. On the
other hand, morphologies obtained on the hydrophobic substrate Au/ODT, can usually be
considered as purely two dimensional. Since these structures probably result from phase sepa-
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Figure 3.20: Comparison of the morphologies of the three binary Polypampe pairs PS/PVP,
PS/PMMA and PMMA/PVP (1:1, 3% in THF) and the ternary blend PS/PMMA/PVP (1:1:1,
3% in THF). The PS-PVP (a) mixture shows large lateral domains exhibiting two length scales
(λ1andλ

∗
2). The PS-PMMA (b) and PMMA-PVP (c) mixtures show phase morphologies with

comparatively small lateral length scales. Also here, a second and larger length scale (λ2) is
visible as an undulation of the film thickness. When all three polymers are mixed in a ternary
blend PS/PMMA/PVP (d), a morphology with an intermediate length scale is formed. The
addition of PMMA to the PS/PVP blend (a), dramatically reduced the domain size (d).

ration and the subsequent two dimensional coarsening of the domains during the spin-coating
process, their size should depend strongly on the interaction parameter of the polymers. By
substitution of PVP with PMMA, which features a weaker interaction with PS, we find in
fact smaller lateral structures [63]. A further interesting question concerns the morphologies
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which forms during the spin-coating of a solution of these three incompatible polymers in a
common solvent. From a materials research point of view, the phase behavior of multicompo-
nent mixtures of high molecular weight polymers are of considerable commercial interest since
their material properties can be controlled by the blending of several constituent components
[85]. While the phase behavior of binary blends has extensively been studied [86, 87, 58], less is
known about the phase behavior of multicomponent systems [88, 1, 89, 90, 91, 92, 93]. In this
context, the investigation of three-component blends is particularly attractive, since in many
cases, one of the components will act as an interfacial compatibilizer between the other two
phases [94, 95]. For example, the addition of a copolymer to a binary polymer mixture results
in an increase of the fracture toughness of the blend [96, 97]. This principle is not limited to
the highly specialized case of copolymers. Any agent which reduces the interfacial energy in a
binary polymer blend will show a similar effect. The spatial organization of the three phases
can readily be predicted, if one of the polymer phases (e.g. B) wets the interface of the other
two phases A and C. In this case, the polymer–polymer interactions at the A − C interface
are much less favorable compared to the A − B and B − C interfaces (i.e. in a Flory Huggins
model, the interaction parameter χAC is larger than the sum of χAB and χBC). Therefore,
a B layer intercalates at the A–C interface to reduce the overall free energy. If in addition,
the film surfaces act as neutral boundaries, which do not preferentially adsorb any of the three
polymers, a purely two dimensional phase morphology is expected, with no compositional vari-
ation normal to the film boundaries. Such laterally demixed ternary polymer blends in a thin
film geometry exhibit a rich variety of morphologies, as shown in a theoretical study [1]. For
experimental systems, however, the imposition of neutral boundaries poses a problem since
chemically different polymers usually show a different affinity to a given surface. The present
section shows that the model ternary polymer blend PS, PMMA and PVP, spin-cast from a
common solvent onto the unpolar substrate Au/ODT is an experimental realization of a two
dimensional system. We start our discussion with a comparison of the morphologies of the three
binary polymer pairs PS-PVP, PS-PMMA and PMMA-PVP after spin-coating from THF onto
unpolar Au/ODT substrates . The results are shown in Fig. 3.20(a), (b), and (c). The PS-
PVP (Fig. 3.20(a)) mixture shows large lateral domains exhibiting two length scales (λ1andλ

∗
2)

(see previous section). The PS-PMMA (Fig. 3.20(b)) and PMMA-PVP (Fig. 3.20(c)) mixtures
show phase morphologies with comparatively small lateral length scales. Also here, a second
and larger length scale (λ2) is visible as an undulation of the film thickness. In Fig . 3.20(d)
the ternary blend of all three polymer components, PS/PMMA/PVP (1:1:1), was spin-cast
from THF onto Au/ODT. The lateral correlation length of the complex morphology is much
smaller compared to PVP/PS, although two thirds of the film consist of PS and PVP. Fig-
ure 3.21 shows the same mixtures as in Fig. 3.20 but for a lower film thickness (∼70nm instead
of ∼200nm in Fig. 3.20) in all four mixtures, the reduced film thickness led to a reduced domain
size. The films are now in a thickness regime, in which the PS-PVP morphology (Fig. 3.21(a))
shows only one lateral length scale ( λ1) which is much larger than compared to the PS-PMMA
mixture (Fig. 3.21(b)) and the PMMA-PVP mixture (Fig. 3.21(c)). The ternary mixture (d)
features a much smaller length scale than the PS-PVP blend. To identify the phase distribu-
tion of the individual components in the ternary polymer films, we investigated in more detail
PS/PMMA/PVP (1:1:1) films with a thickness of about 120nm (Fig. 3.22(a)). Using the se-
lective solvent dissolution technique, the PVP (Fig. 3.22(b)) and PS (Fig. 3.22(c)) phases were
removed3. The image reveals the lateral phase morphology, which features a PMMA net whose
meshes are filled with PS and PVP in an alternating fashion. All three phases extend from the
air to the substrate surface. In addition to the lateral domain morphology, the sample exhibits

3It is important to note that the selective solvent procedure may be prone to artifacts. Insoluble phases
embedded in a soluble polymer matrix may be washed away, or thin surface films may not be sufficiently,
mechanically stable to withstand the washing procedure. However, checks can be employed to rule out any
significant contribution of such artifacts [63].
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Figure 3.21: The same mixtures as in Fig. 3.20 (PS/PVP (a), PMMA /PVP (b) , PS/PMMA
(c), PS/PMMA/PVP (d)), but spin-cast from a solution with lower polymer concentrations
(2%, 7000 rpm), which led to lower film thickness (∼70 nm instead of ∼200nm). In all four
mixtures, the reduced film thickness led to a reduced domain size. The films are now in a
thickness regime, in which the PS-PVP morphology (a) shows only one lateral length scale (λ1)
which is much larger compared to the PS-PMMA (b) and the PMMA-PVP (c) mixture . The
ternary mixture (d) features again a much smaller length scale than the PS-PVP blend.

a topographical structure which coincides with the polymer phases. The PMMA net protrudes
over the lower lying PS and PVP phases. First, we turn our attention to the surface topogra-
phy. As reported by us [63], the surface corrugation is due to a different solubilities of the three
polymers in THF. Initially, all three polymers and the solvent form one phase (Fig. 3.23(a)).
During the spin–coating process, the solvent evaporates and coexisting PS–rich, PMMA–rich,
and PVP–rich phases form. At this intermediate point, all phases are still liquid due to their
solvent content and the sample surface is essentially flat (Fig. 3.23(b)). Even though the solvent
dissolves all three polymers, the relative solubility of the three polymers in THF varies. THF is
a poorer solvent for PMMA than for PS and PVP. Therefore, the PMMA rich phase contains
less THF than the PS and PVP phases. As more solvent evaporates, a characteristic time is
passed when there is practically no THF left in the PMMA phase, while the other phases are
still swollen with THF. Further evaporation collapses the swollen PS and PVP phases to a level,
which lies below the interface of the higher PMMA structures (Fig. 3.23(c)). A second aspect
is the qualitative description of the PS/PMMA/PVP lateral phase morphology. As is evident
from the cross–section in Fig. 3.22(d), none of the three phases wets or enriches neither at the
air nor at the substrate surface and we can consider the film as a quasi two–dimensional system.
In this case (assuming a Flory–Huggins model), the balance of the three enthalpic interaction
parameters governs the phase morphology. If we take again a close look at Figure 3.21, we see,
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Figure 3.22: AFM images of a PS/PMMA/PVP film (1:1:1) cast from THF onto a SAM covered
surface. (a) as cast; (b) after immersion in ethanol to remove PVP; (c) after removal of PS by
dissolution in cyclohexane. The PMMA phase forms a quasi two-dimensional network which
separates the PS and PVP domains. In (d) cross sections from (a-c) were superimposed to
show the polymer composition in the film (black: PS, light grey: PMMA, dark grey: PVP)

that the characteristic length scale λ1 for the binary systems decrease from PS-PVP( ∼1.8µm),
PS-PMMA (∼500nm) to PMMA-PVP (∼350 nm). This is an indication, that the interaction
parameter for PMMA-PVP is smaller compared to PS-PMMA, which is much smaller than
the PS-PVP interaction parameter. In the literature, the PS–PVP and PS–PMMA interaction
parameters are given as χ ≈ 0.1 [65] and χ ≈ 0.02 [66], respectively. If the correlation length
λ1 is assumed to be a linear measure of the interaction parameter of the three polymer pairs,
a value of (χ ≈ 0.007 [98]4) is extrapolated for the PMMA–PVP pair. As a consequence of
this asymmetry in the χ−parameters, the free energy of the PS–PMMA–PVP system can be
lowered by minimizing the PS–PVP interfaces. Therefore, the PS–PVP interface is wetted
by a PMMA layer which compatibilizes the PS-PVP interface. This compatibilizing effect is
illustrated in Fig. 3.20 and Fig. 3.21. Although the ternary system contains one third of the
highly incompatible PS-PVP blend, the length scale is significantly reduced compared to the
PS-PVP system (4.4µm compared to 20µm in Fig. 3.20 and 1.1µm compared to 2.2µm in
Figure 3.21). To test whether this astonishingly simple model is useful to describe the phase
morphologies of this three component mixture in general, we varied the volume fractions of the

4In Fig. 3.20 the PS/PVP films (a) lie in the thickness range, where both λ1 also λ∗
2 are present in the lateral

phase morphology. Therefore, the data of Fig. 3.20 can not be used for this extrapolation.
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Figure 3.23: Schematic model describing the formation of the sample topography. Initially, all
three polymers and the solvent form one phase (a). During spin–coating, the solvent evaporates
and phase separation sets in. At this stage, the film surface is essentially flat (b). Depending
on their relative solubility, the three polymer phases contain different solvent concentrations.
Due to its poor solubility in THF, the PMMA phase (light gray) solidifies first, followed by a
collapse of the PS (black) and PVP (dark gray) phases (c).

polymers. Three further examples are shown in the figures 3.24 - 3.26. In a mixture, which
contains three times as much PS than PMMA and PVP, we observe cylindrical domains in a
PS matrix (Fig. 3.24(a). As revealed by the exposure of the sample to ethanol, these domains
consist of PVP (Fig. 3.24(b)). In analogy to Fig. 3.22, the PS–PVP interface is wetted by the
PMMA phase. Once the PS matrix is removed by dissolution in cyclohexane (Fig. 3.24(c)),
doughnut-like PMMA rings appear on the unpolar substrate. Another sample contained less
PVP compared to PS and PMMA (9:9:2 PS:PMMA:PVP). In Fig. 3.25, we observe two lateral
length scales. The demixing of PMMA and PVP gives rise to a coarse mesh (structure size
∼ 1µm) (Fig. 3.25(a)), revealed by dissolution of the PS phase in cyclohexane (Fig. 3.25(c)).
The remaining PMMA ridges are pock–marked by the minority phase: small PVP inclusions
with a mean diameter of ∼ 100 nm (Fig. 3.25(b,c)). To test the robustness of the principle de-
scribed above, we reduce the relative amount of PMMA (2:1:2 PS:PMMA:PVP) (Fig. 3.26(a)).
The film reveals that the emulsifying function of the PMMA component is partially lost and
the two length scales of the purely PS-PVP system are observed: a coarse bicontinous phase
morphology with a characteristic periodicity of ∼ 7µm and small inclusions with a diameter of
≤ 0.5µm. Dissolution in ethanol (Fig. 3.26(b)) and cyclohexane (Fig. 3.26(c)) reveal that, also
in this case, a thin PMMA layer intercalates at the PS–PVP interface. Remarkably, the width of
these thin PMMA stripes is in the order of the film thickness (∼ 100 nm). The results from Fig.
3.22 - 3.26 closely resemble numerical studies by Nauman et al. [1]. In their study, Nauman and
coworkers consider a ternary liquid in a two–dimensional geometry. As a function of the relative
strength of the three interaction parameters and the relative mixing ratios, they obtain images,
some of which bear a striking resemblance to our experiments. In Fig. 3.27, reproductions of
four images from Ref. [1] are shown, in which the simulation parameters correspond to the ex-
perimental situations of Fig. 3.22, 3.24, 3.25, and 3.26. While Fig. 3.27(a) and (b) exhibit good
agreement with the experimental realizations, Fig. 3.27(c) and (d) show only some qualitative
similarities. As in Fig. 3.25, the minority phase in Fig. 3.27(c) forms inclusions in the continuous
phase, but these inclusions are fewer and bigger. In Fig. 3.27(d), the minority phase wets the
interface between the two more incompatible phases, but neither the loss of compatibilization
nor the second, smaller length scale of Fig. 3.26 are observed. These discrepancies may be due
to a difference in the ratios of the interaction parameters. In the simulations the interaction
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Figure 3.24: AFM images of a PS/PMMA/PVP film (3:1:1) cast from THF onto a SAM covered
surface. (a) as cast; (b) after immersion in ethanol to remove PVP; (c) after removal of PS by
dissolution in cyclohexane. The PVP phase forms circular inclusions in the PS majority phase
which are surrounded by PMMA, giving rise to the PMMA rings after removal of the PS and
PVP phases (c).

parameter of the high–energy interface was the sum of the other two interaction parameters.
In our experiments, (PS–PVP) is approx. four times higher compared to χ(PS–PMMA) +
χ(PMMA–PVP). In simulations, the change of interaction parameters is easily achieved. Nau-
man et al. have shown a much broader variety of morphologies than shown in Fig. 3.27 by
changing the ratio of the χ-parameters. In the experiment, the number of available polymers
and the number of good solvents for all three polymers is limited. To find a solvent which is
good for all three polymers is a nontrivial task. Nevertheless, a second solvent for our ternary
polymer system was discovered and a technique to modify the polymer-polymer interaction pa-
rameters was found. Figure 3.28 shows the morphology of a PS/PMMA/PVP (3:1:1) film cast
from cyclohexanone. The structure is nearly unchanged compared to the structures obtained
in films with the same polymer composition cast from THF (Figure 3.24). However, we note
a difference. All the films discussed so far were spin-cast at ambient conditions. A film from
the same cyclohexanone solution spun at a dry (nitrogen) atmosphere shows a qualitatively
different morphology on a much smaller length scale (Fig. 3.28 (b)). The circular PMMA rings
from Fig. 3.28(a) are now half moon shaped domains, attached to the more or less unchanged,
cylindrical PVP domains. In contrast to all ternary films reported so far, this morphology
exhibits PS-PVP contacts. This indicates that the interaction parameter of this polymer pair
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Figure 3.25: AFM images of a PS/PMMA/PVP film (9:9:2) cast from THF onto a SAM covered
surface. (a) as cast; (b) after immersion in ethanol to remove PVP; (c) after removal of PS by
dissolution in cyclohexane. Demixing of the two majority phases (PS and PMMA) leads to a
length scale of ∼ 1µm. In addition, the continuous PMMA phase exhibits small PVP inclusions
with a diameter of ∼ 100 nm.

is lowered with respect to the other two χ−parameters. In fact, the average domains size is
significant smaller than those spin-cast at high humidity, leading to the conclusion that the
overall polymer-polymer interaction is lowered in the dry atmosphere conditions. As already
discussed in the previous section, the presence of humidity can alter the morphologies of spin-
cast PS/PVP films. Water may be absorbed into the film during the spin-coating process.
This water is more likely present in the more polar polymer phase, in this case the PVP rich
phase. This contributes to an increased interaction with the relatively nonpolar PS-phase. The
modified interaction parameters result in a qualitatively different morphology, which can again
be compared to simulations of Nauman and He (Fig. 3.29(c))5.

The choice of the substrate surface is absolutely instrumental for our model experiment. In
Fig. 3.30, the unpolar SAM surface has been replaced by a polar silicon oxide (SiOx) substrate.
At first sight, a film cast from the same solution as in Fig. 3.22 seems to feature a similar
topography as on the SAM surface (Fig. 3.30(a)). However, placing the sample for a brief
period of time into ethanol does not change the sample topography. If the sample is exposed to
ethanol for several minutes, the entire film floats off the substrate. This observation strongly

5Spin-cast films from THF under a nitrogen atmosphere did not show such a strong modification of the phase
morphology as a function of humidity.
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Figure 3.26: AFM images of a PS/PMMA/PVP film (2:1:2) cast from THF onto a SAM covered
surface. (a) as cast; (b) after immersion in ethanol to remove PVP; (c) after removal of PS by
dissolution in cyclohexane. Due to a reduction in PMMA volume fraction, the compatibilizing
effect is partially lost. The patterns on a 8 µm length scale are reminiscent of the PS–PVP
blend from Fig. 3, the smaller domain sizes (1µm) are similar to Fig. 3.22.

suggests that PVP is not present at the air surface, but covers the SiOx substrate. To test this
assumption, we first remove the PS by dissolution in cyclohexane (Fig. 3.30(b)). Again, a brief
immersion of the sample in ethanol does not change the sample topography. The next step, the
selective dissolution of the PMMA phase is not trivial since we did not find a solvent, which only
dissolves PMMA, but leaves the PVP untouched. Xylol, however, is a good solvent for PMMA
and a poor solvent for PVP. By briefly (1min) immersing the sample in Xylol, the PMMA phase
is completely removed, while very little of the PVP is dissolved. In Fig. 3.30(c), a homogeneous
PVP layer is revealed. The layer exhibits a surface undulation, which is correlated with the
PS–PMMA phase morphology in Fig. 3.30(a). This result can be compared to our earlier study
on the demixing of PS and PMMA on polar and unpolar substrates [63]. In Fig. 3.31, a PS–
PMMA mixture which was spin-cast from THF onto a SiOx surface reveals a similar phase
morphology compared to Fig. 3.30. This comparison gives some insight into the formation of
the phase morphology in Fig. 3.30. During spin–coating, the PVP forms a complete wetting
layer on the SiOx surface. On top of this layer, lateral demixing of PS and PMMA is observed
in a similar fashion as in Fig. 3.31. It is important to note that the PS domains in Fig. 3.30
are separated by a thin PMMA film from the PVP wetting layer which is caused by the strong
PS–PVP incompatibility.
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Figure 3.27: Simulation results by Nauman et al. [1, 99] for ternary polymer mixtures. In
all four images, one of the mutual interaction parameters was twice as high as the other two.
The phase morphologies (PS: black, PVP: dark gray, and PMMA light gray) in (a) for a 1:1:1
mixture and in (b) for a 3:1:1 mixture show a striking resemblance to Figs. 3.22 and 3.24,
respectively. Predictions for the 9:9:2 (c) and 2:1:2 (d) mixtures, however, only qualitatively
resemble the experimental situation in Fig. 3.25 and 3.26.

A logical extension to section 3.1.2 is the induction of ordered structures in ternary blends
by using arbitrary prepatterned surfaces. As an example, we attempted to induce a hexagonal
order into the cylindrical structures of Fig. 3.24. To create a stamp for micro-contact printing
(µCP) of ODT, we used a self assembled colloidal crystal made by Claudia Schäfle as a mold.
The cast stamp can be peeled off the substrate and the colloidal particles remain mostly on
the substrate. The result was a stamp with hexagonally arranged depressions. The SAM
resulting from µCP can readily be visualized when the gold covered sample is exposed to
an etching solution for Au. In the regions not covered by ODT (depressions in the stamp),
the gold layer is etched away and dark spots are visible in optical micrographs. A film as
in Fig. 3.24(a), spin-cast on a prepatterned substrate (Au/ODT) reveals domains which are
arranged in a nearly perfect hexagonal fashion. The unordered, relatively polydisperse ring
morphology is transformed into hexagonal pattern, where only rings with a single diameter are
formed. (Fig. 3.33(a)) After dissolving PVP and PS, the PMMA rings remain on the substrate
(Fig. 3.33(b)). The resulting structure is well ordered due to the substrate prepattern. In
addition to the results from Section3.1.2 [64] he replication of ternary polymer mixtures feature
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Figure 3.28: PS/PMMA/PVP (3:1:1) films spin cast from a 3% cyclohexanone solution (3000
rpm). The film in (a) was prepared at a relatively high humidity. A film from the same solution
spun at a dry (nitrogen) atmosphere shows a qualitatively different morphology and features a
much smaller length scale (b). The circular PMMA rings from (a) are now half moon shaped
domains, attached to the more or less unchanged, cylindrical PVP domains.

a higher degree of complexity. By using a ternary polymer blend, a doubling of the spatial
frequency of the prepattern is achieved. Due to its intercalating activity the aspect ratio of
the PMMA structures can reach higher values compared to laterally organized structures from
binary blends.
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Figure 3.29: A zoom into the AFM image of the ternary blend, spin cast in a nitrogen at-
mosphere (Fig. 3.28(b)) is shown in (a), with the corresponding friction image (b). In con-
trast to all ternary situations reported so far, this morphology exhibits contacts between all
three polymer phases. In (c), a simulated morphology with symmetric interaction parameters
(χab = χac = χbc, 3:1:1 ) is shown.



64 CHAPTER 3. EXPERIMENTAL RESULTS

a b

c d

2 µm

nm

150

100

50

0
µm0 1 2 3 4 5

Figure 3.30: AFM images of a PS/PMMA/PVP film (1:1:1) cast from THF onto a SiOx surface.
(a) as cast; (b) after removal of PS by dissolution in cyclohexane; (c) after removal of PMMA
by dissolution in xylol. The superposition of cross-sections from (a)–(c) show that the polar
substrate is covered by a homogeneous PVP layer (dark grey), which is covered by a laterally
demixed phase morphology of PS (black) and PMMA (light grey).
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Figure 3.31: Phase morphology of a PS–PMMA mixture (1:1) cast from THF onto a SiOx

surface (reproduced from [63]). (a) as cast; (b) after removal of PS by dissolution in cyclohexane;
(c) superposition of cross-sections from (a,b) (PS: black, PMMA: light gray). The characteristic
PS–PMMA phase morphology is very similar to Fig. 3.30. This suggests that the PVP layer
in Fig. 3.30 forms first, followed by a phase separation process of PS and PMMA which is
analogous to the demixing of a PS–PMMA mixture.



66 CHAPTER 3. EXPERIMENTAL RESULTS

a

b

Figure 3.32: A self assembled colloidal crystal was used to create a stamp (a) for micro-contact
printing (µCP). In (b), the pattern shape of the hydropholic ODT layer is shown. The bright
regions stay uncovered (hydrophilic).

a

10 µm 1.7 µm
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Figure 3.33: By using the prepatterned substrates described in Fig. 3.32, the unordered, rela-
tively polydisperse ring morphology from Fig. 3.28 is transformed into a hexagonal pattern.
After dissolving PVP and PS, the PMMA rings remain on the substrate.
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3.2.1 Conclusions

In this section, the phase morphology of three component polymer mixtures, spin-cast onto
unpolar substrates was presented [100]. In spite of the complexity of the experimental system
and a sample preparation method, in which the polymer demixing takes place during the rapid
evaporation of a solvent, the phase separation process seems to be governed by a single, simple
principle. If, as in our system, one of the polymer–polymer interaction parameters exceeds the
sum of the other two, the overall free energy can be lowered, if the systems avoids the formation
of such interfaces. In this case, the third component intercalates at this interface and forms a
wetting layer. The results of the experiments, in which the mixing ratios of the three polymers
were systematically varied, are consistent with this model. In addition, numerical simulations
by Nauman et al., based on the same model reveal practically identical phase morphologies.
Qualitatively different morphologies were found, as a function of the humidity, in which the
spin-coating experiments were performed. The well defined morphological changes leads to
the conclusion that the effective polymer-polymer interaction parameter is strongly modified
by the ambient humidity. While the explanation of the phase morphology seems strikingly
simple, its formation process is not clear. Detailed studies on the demixing process during
spin–coating are necessary to confirm our model, which is based on equilibrium arguments.
Also, it is important to note that the spin–coating procedure corresponds to a rapid quench
caused by the evaporation of the solvent. Therefore, the phase morphologies described here
may be far from thermodynamic equilibrium. An annealing experiment to equilibrate the films
is, however, not possible for the systems presented here. This is due to the lack of thermal
stability of the SAM layer. Future experiments using silane based SAMs will allow equilibration
experiments, which could yield insight into this question. Our results suggest an application of
the demixing of three component blends for nano–lithography. In analogy to earlier work [64],
it is possible to orient the polymer phase morphology on a pre-structured substrate [101]. By
reducing the volume fraction of the intercalating phase, it should be possible to achieve lateral
structures in polymer films which lie much below 1 µm and which feature high aspect ratios.
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3.3 Nanoporous Polymer Films: AR Coatings

Introduction

As mentioned in section 1.3, broad band antireflection (AR) coatings are limited by the unavail-
ability of materials with low refractive indices. In this section, we introduce a method based
on the phase separation of two polymers in a common solvent to generate nanoporous polymer
films. We demonstrate that the optical properties (index of refraction and film thickness) of
these films can be varied in a wide range to perfectly fulfill the requirements of AR coatings
with an outstanding optical transmission.

History of the project

The goal of this study was, apart from the investigation of the structure formation process in
thin phase separating polymer films, the generation of ordered lateral polymer structures on
a submicron-scale. In section 3.1.2 we showed that the use of pre-structured substrates made
by micro-contact printing (µCP) can induce-order in the phase morphology of a polymer blend
film. To proceed towards smaller structures, both, the intrinsic length scale of the polymer
phase morphology and the lateral length scales of the prepatterns had to be decreased. In the
previous sections, we demonstrated that the length scales of the lateral polymer morphology
obtained after spin-coating is mainly determined by the interaction parameter of the polymers.
As is known from bulk experiments, a lower interaction parameter leads to a smaller correlation
length of the coexisting phases. A second parameter to increase the compatibility of a given
polymer-polymer mixture is the reduction of the polymer molecular weight. A reduced molecu-
lar weight increases the entropy of mixing and leads therefore to a reduced effective interaction
of the polymer coils. Fig. 3.34 shows the effect of the molecular weight on the domain size of a
PS/PMMA blend spin-cast from a THF solution. It is possible to drastically reduce the lateral
domain size by varying this parameter. Polymer films spun from solutions containing 100k
polymers feature micrometer domain sizes, whereas structures in the 100nm range are found
when 10k polymers are used. Our goal, the reduction of lateral structure sizes, was achieved.
The second requirement, the reduction of the substrate prepattern was more difficult to achieve.
Because of the limited resolution of µCP, a new approach to create chemically heterogeneous
substrates was pursued6. The substrates featured SiOx/ODT stripes with a periodicity of
150nm. Unfortunately, we were not able to successfully demonstrate the ordered structure
formation of polymer blends on these substrates. Although the ordered structure formation
on this length scale failed, our drive towards this small length scale led to materials with new
properties. It was brought to our notice that dielectric layers with topographic structures on
this length scale are suitable for AR coatings [24]. As the lateral structures in the polymer
film in Fig. 3.34(B) are much smaller than the wavelength of the visible light, this film does not
scatter light. This is in contrast to all the films presented so far in this study (e.g. the film in
Fig. 3.34(A)). The material can be considered as an effective optical medium with an averaged
index of refraction, which is determined by the volume ratio of air in this dielectric layer.

6The experiments were performed in collaboration with Lee Rockford in the group of Tom Russell at UMASS
in Amherst Ma USA. A silicon wafer, which is slightly miscut with respect to the crystalline axis, features after
annealing regular (topographic) facets with a periodicity of around 150nm.
Onto these substrates gold was evaporated at a glancing angle. Since the deposition of the gold is prevented

in the shadow of the facets, this results in regular gold stripes separated by silicon oxide regions with the facet
periodicity. By immersing the samples into a ODT solution, the gold regions were covered by a hydrophobic
SAM [78].
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Figure 3.34: Polymer films spin-cast from 1/1 PS/PMMA solutions (from THF, 7000 rpm).
The PS phase was removed by washing the samples in cyclohexane. In (A), polymers with a
high molecular weight (100k 3% in THF on SiOx) were used: this led to a 110 nm thick film
with lateral domains in the micrometer range. In (B), 10 k polymers were used (1.5% in THF
on ODT). The 60 nm thick films features structures with a 150 nm periodicity. By using a
lower molecular weight a drastic reduction, in the domain size can be achieved.

3.3.1 Nanoporous Films

In section 1.3 the requirements for an ideal AR coating for visible light were described, an index
of refraction of 1.22 and a film thickness of approximately 110nm. As PMMA and many other
polymers have an index n of ∼ 1.5, the volume fraction of air has to be above 50%. The film
in Fig. 3.34(B) was only 60 nm thick on top of Au/ODT layer. To investigate the suitability of
these films as ”AR coatings”, we used a glass substrate and increased the film thickness towards
140nm. As is known from our experiments in section 3.1.4, the change of the substrate has an
influence on the polymer morphology. The films prepared on a glass substrates showed nearly
no topographic contrast in the AFM. After the treatment with cyclohexane, which led to a
shrinkage of the film thickness to 110 nm, only topographic structures in the order of 10 nm
with a typical length scale of 150 nm were observed (Fig. 3.35 (A)). AFM Images with larger scan
ranges revealed a moderate long ranged surface corrugation with about 6 nm amplitude7.We
identified these undulations as the surface waves (λ2) described in section 3.1.4. The optical
appearance of the glass surfaces coated with such a polymer film did not change immediately
after the film deposition, because the index of refraction of the polymers (PS nt 1.59 and
PMMA nt 1.49) are not very different from glass (n=1.52). After washing the glass sample in
cyclohexane, however, the reflectivity of the glass substrate (in our case 1 mm thick standard
microscopy slides) was visibly reduced. Once the optimal parameters n = 1.23 and d = 110nm
were realized, only a dark purple reflection remained. The optical transmission spectrum of
a microscopy slide, covered on both sides with such a nanoporous layer (Fig. 3.36(A), circles)
is well described by a refractive index of 1.255 and a film thickness of 106 nm (line). For
comparison, an uncoated glass slide (Fig. 3.36(A), squares) and a conventional AR coating

7The amplitude of this surface waves was much higher when films of the same thickness were spin cast with
higher spinning speed. Therefore a relatively low spinning speed (and corresponding low concentrations were
chosen) to obtain films with a homogenous thickness.
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Figure 3.35: AFM images of a of a porous∼105nm thick film, spin-cast from a 70/30 PS/PMMA
10k/10k solution (2% in THF, 1300 rpm) onto a glass substrate. The PS phase was removed
by rinsing the sample (under permanent stirring!) for two minutes in cyclohexane, which led
to a shrinkage of the film thickness by 25%. In contrast to the film in fig. 3.34, this film
appears transparent and features a low index of refraction. The cross sections in (D) and (E)
are extracted from the larger scans (B) and (C). Image (C) reveals long ranged film undulations
of the 100 nm thick film with an amplitude of about 6 nm.

consisting of 99–nm–thick magnesium fluoride (MgF2) layers (nf = 1.381) are shown8. This

single polymer AR coating increases the optical transmission through the glass slide (averaged
from 400 to 680nm) from 91% to 99.3%, compared to the industrial standard, MgF2, with an

8Light transmission spectra were measured with a Perkin Elmer Lambda 40 spectrometer at vertical in-
cidence with an open reference beam. The measured transmission curves of the bare glass substrates were
used to determine nglass(λ) which was used in the calculations of the theoretical curves in Fig. 3.36(A). These
calculations were performed by Erik Schäffer.
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Figure 3.36: Light transmission versus wavelength of microscope glass slides which were covered
on both sides with AR layers. (A) The nanoporous coating from Fig. 2B (circles) exhibits a
light transmission of > 99.95% at λ = 534 nm. The solid line is a calculated curve for an AR
layer with nf = 1.255 and thickness 6 = 106 nm. In comparison, a 99 nm thick MgF2 coating
with nf = 1.381 (triangles) and an uncoated glass slide (squares) are shown. A broad-band
AR coating is obtained when the MgF2 layers are coated with a nanoporous polymer film with
nf = 1.14 and 6 = 115 nm (diamonds) . The slide with this double layer coating exhibits a
transmission of > 99.7% averaged over the visible wavelengths (vertical lines). (B) Slides were
covered on both sides with nanoporous PMMA films (nf = 1.225) of varying thickness: 80 nm
(circles), 110 nm (triangles), 150 nm (squares), and 195 nm (diamonds). For the thickest film
(diamonds), a second order maximum appears which is due to the destructive interference of
the two reflected beams phase–shifted by 3λ/2.

increase to only 97%. In particular, for one reference wavelength λmax = 534nm, a transmission
near 100% (>99.95%) is achieved. A major advantage of our approach is its versatility. For
AR coatings, the ability to fine–tune nf and layer thickness are of high priority. In the case
of nanoporous polymer films, both can easily be achieved. Because the wavelength maximum
of the transmission spectrum (λmax) scales linearly with the layer thickness d (λmax = 4nd), a
simple variation of the layer thickness (by varying the spin–coating speed) adjusts the location
of λmax (Fig. 3.36 (B)). More important, however, is the fine-tuning of the nf . As the effective
refractive index is a function of the pore volume ratio in the film, a variation of the volume
fraction of PS in the film varies the refractive index of the nanoporous film (Fig. 3.37, open
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squares)9. The empirical dependence of the refractive index on the polymer mixing ratio allows
a precise adjustment of the refractive index. At low PS concentrations, the effective index
of refraction increases. This is reasonable because the PS has a higher index of refraction
than PMMA. With only little PS in a continuous PMMA matrix, the dissolution of PS by
cyclohexane is expected to be inhibited. When the polymer-polymer concentrations are more
symmetrical, the morphology is expected to become bicontinous. This allows the cyclohexane
to rapidly wash out the PS phase. This leads to a drastic reduction of the density of the porous
PMMA film in this composition range. If the majority of the film consists of PS, spherical
PMMA inclusions are expected. Indeed, the AFM image (Fig. 3.35(B)) of such films show more
or less rounded protrusions, ∼ 10 nm high with lateral distances in the order of 150 nm 10.
Investigations to clarify the morphology more in detail are discussed later.

multi-layers further reduce the reflected light, but require layers of refractive index below
1.2. To create layers of extremely high porosity, more polymer must be removed from the
film. To achieve this, some of the PMMA in the solution was replaced by PMMA of a lower
molecular weight (Mw) 11. As before, the coated surface is washed in cyclohexane to remove the
PS phase, which leads to a film with nf = 1.2. The nanoporous film is then exposed to ethanol,
which does not dissolve high–Mw PMMA but does dissolve low–Mw PMMA to some extent.
The solid circles in Fig. 3.37 show the refractive index of the AR layer as a function of the low–
Mw PMMA volume fraction (PMMA2) corresponding to a reduction of nf from 1.2 to 1.05.
During this second solvent treatment, the films shrank by approx. 45% (in the case of 20% 2k
PMMA content), which led to a final film thickness of a about 60 nm. These results now allow
one to proceed toward multi-layer systems with enhanced transmission over the entire visible
spectrum. Unfortunately, the low–refractive index films in Fig. 3.37 are too thin to be suitable as
AR coatings. Therefore, the film thickness of the initial film had to be increased, but this leads
to larger PS/PMMA domain sizes [63] and therefore to more scattered light. This effect can be
suppressed by adding small amounts of amphiphilic molecules (PS–PMMA diblock copolymer)
to the solution12. Experiments, in which symmetric PS/PMMA diblock copolymers were added
as compatibilizer to the PS/PMMA solution (compare to Fig. 3.34(B)) showed that the domain
size could be reduced by 30% compared to the pure blend. Saturation was observed at a diblock
copolmer content of 5%. Adding more copolymer, did not further reduce the lateral length
scale. In this context, we also used the ternary blend PS/PMMA/PVP to create nanoporous
polymer films. The interfacial activity of PMMA should lead to a complex three dimensional
morphology with thin PMMA walls between the PS and PVP phase (see section 3.2). After
dissolution of PS and PVP, the remaining PMMA phase should feature a high porosity. This
approach was not successful for two reasons. First, the PVP phase was found to preferentially
cover the polar glass substrate, which led to a tendency of the films to float off the substrate
during the acetic acid treatment. Second, the lateral length scales were too big which led to
too much scattering in the films. Therefore, we chose the first approach to prepare nanoporous

films with nf = 1.14 from a PS/PMMA/diblock mixture on both sides of a glass slide. Prior
to the polymer deposition, the glass slide was covered on both sides with a 99–nm–thick MgF2

layer. After exposing the sample to cyclohexane, a visual inspection of this bilayer system
9To measure the refractive indices and thicknesses, ellipsometric measurements were performed on samples,

which were prepared on silicon substrates. Values of n and l obtained from the transmission curves and from
ellipsometry were in very good agreement . This indicates that films on silicon wafers and on glass substrates
have very similar morphologies.

10Because AFM images are always a convolution of the surface topography with the tip shape, the radius of
curvature of the tip (20 nm) limits the resolution.

11A ternary mixture of PS (Mw = 10.3 kg/mol, 60% by weight), PMMA1 (Mw = 10.6 kg/mol), and PMMA2

(Mw = 1.96 kg/mol) in THF (2% polymer by weight) was used. The as–cast films were exposed for 30 s to
cyclohexane to remove the PS phase and subsequently for 10 s to ethanol which partially dissolves PMMA2.

12A mixture of PS (Mw = 1.92 kg/mol), PMMA (Mw = 1.96 kg/mol) and a PS–PMMA diblock (Mw =
54(PS)–54(PMMA) kg/mol) (57.5%:37.5%:5% w/w/w) in THF (2% polymer by weight) was used. The sample
was exposed for 30 s to cyclohexane to remove the PS phase.
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Figure 3.37: Variation of the refractive index as a function of polymer composition. The open
squares correspond to PS/PMMA mixtures with PS volume fractions varying from 0% to 70%.
The film thickness was ∼ 150 nm. After removal of the PS (30 s in cyclohexane), refractive
indices down to nf = 1.2 were obtained. To further lower the refractive index, ternary mixtures
of PS, PMMA1 and PMMA2 were used. The removal of PS and PMMA2 leads to a further
reduction of the refractive index, but also reduces the film thickness to ≈70 nm. Refractive
indices as low as nf = 1.05 were obtained (solid circles).

shows practically no discernible reflection of light. The transmission spectrum in Fig. 3.36(A)
(diamonds) shows a broad–band AR coating of outstanding quality with a transmission of 99.7%
averaged over the entire visible spectrum. This result suggests a strategy in which a double
layer could be entirely made of polymers: A homogeneous polymer film with nf = 1.36 (i.e. an
amorphous fluoropolymer) is first deposited on the substrate and then covered by a nanoporous
polymer layer. As fluoropolymers are not soluble in the solvents we used, the AR coating
can be prepared in a repeated spin-coating process. First tests with commercially available
fluoropolymers and the suitable solvents (Teflon AF, DuPond and Fluoroinert, 3M) showed
two principal problems. In spite of intensive research[102] there is no sufficiently good solvent
available for fluoropolymers. This has the effect that spin-cast fluoropolymer films feature
surface waves (we attributed these waves to a polymer solvent phase separation, section 3.1.4)
which have a wavelength of several micrometers and an amplitude of 30% of the film thickness.
Therefore, these materials are not yet suitable for AR coatings. Nevertheless, they have, due to
their outstanding chemical and thermal resistance certain applications as protection layers in
the semiconductor industry. Even if the long ranged surface waves could be suppressed, there
is a second obstacle. Due the extremely low surface energy of fluoropolymers nearly all liquids
dewett from such a surface. We have tried to functionalize these surfaces with amphiphilic
copolymers [103], which contain fluorine end-groups, but unfortunately with no success so
far. Also, the irradiation of the fluoropolymer films with UV light showed no change in their
wetability.
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Morphology

Following the discussion of the optical properties of the AR coatings, we now focus on the
morphology of these films. The film, which is shown in Fig. 3.35, is a standard example. The
initial film contained 70% PS and was 140nm thick. After the dissolution of the PS phase
in cyclohexane, the film thickness shrunk to ∼ 110nm. The index of refraction, measured by
ellipsometry was n = 1.22 and therefore the pore volume fraction was more than 50%. The
surface of this film features rounded protrusions of a lateral extent of 150nm and a height of
about 10 nm. The following model of the structure formation in this films has to be proven
by further investigations. Since the initial film contains much more PS than PMMA, spherical
PMMA domains embedded in a PS matrix are the most probable morphology. At the onset of
phase-separation, the film thickness is in the order of 700 nm. In this stage, spherical domains
develop, which coarsen as a function of time. Domains with diameter of 150 nm develop. During
the late stage of solvent evaporation, the film thickness shrinks. This shrinkage occurs only
in z-direction and deforms the highly viscous spherical domains to lens-like objects, which are
stacked on top of each other. The AFM topography, described above is consistent with this
model. Plane view TEM micrographs taken from floated off films (complete film which include
the PS phase, stained with RuO4 to increase contrast between PS and PMMA) are relatively
featureless (Fig. 3.38(A)). This is also consistent with a layered overlapping lens morphology. In

150 nm 150 nm

150 nm 150 nm

Figure 3.38: Plane view TEM micrographs of phase separated polymer films, stained with
RuO4. In (A) and (B), the film from Fig.3.35 is displayed, before the dissolution of the PS
phase (complete film). In (C) and (D), the same solution was spin-cast under high humidity
(55%). This micrograph shows a much better contrast although it was stained using the same
procedure as in (A).



3.3. NANOPOROUS POLYMER FILMS: AR COATINGS 75

B

Rinsing in Cyclohexane

150 nm

350 nm

PS

dPMMA

D

E

H

A

0 500 1000 1500 2000 2500
10

0

10
1

10
2

10
3

10
4

10
5

D

D

C

C

H

H

Si

Si

S
ec

o
n
d
ar

y
Io

n
C
o
u
n
ts

Time[sec]

0 500 1000 1500 2000
10

0

10
1

10
2

10
3

10
4

10
5

C

F

S
ec

o
n
d
ar

y
Io

n
C
o
u
n
ts

Time[sec]

D

C

H

Si

G

0 1000 2000 3000 4000 5000 6000
10

0

10
1

10
2

10
3

10
4

10
5

S
ec

o
n
d
ar

y
Io

n
C
o
u
n
ts

Time[sec]

D

C

H

Si

0 1000 2000 3000 4000 5000
10

0

10
1

10
2

10
3

10
4

10
5

S
ec

o
n
d
ar

y
Io

n
C
o
u
n
ts

Time[sec]

Figure 3.39: DSIMS- concentration vs. time -profiles of PS/dPMMA films spin cast on to SiOx.
The concentrations of the ion masses 1 (for hydrogen H), 2 (for deuterium D), 12 (for carbon
C) and 28 (for silicon Si) were monitored. In (A) a test sample made by floating a 70 nm thick
PS film on top of a already with dPMMA (70 nm) coated SiOx substrate (schematic in (B)) is
shown. In (B), the a typical AR coating (before dissolution of PS) is investigated (70/30 w/w
10k PS/dPMMA from THF). Only a weak surface directed spinodal wave can be resolved in
the D - (dPMMA) concentration. (D) shows a possible morphology for this film and (E) the
situation after dissolving the PS phase. This is a morphology, which could lead to AFM images
like in Fig. 3.35. The film investigated in (F) is about 350 nm thick and shows qualitatively
similar results. In (G) a SIMS profile of a film with the same thickness as in (F), but spin cast
at high humidity can be seen. Due to the presence of humidity, a morphology with a strong
surface segregation of dPMMA was formed. (H) represents a model for this morphology for the
film which was slightly turbid (lateral structures in the order of 350nm) after the dissolution
of PS.
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our model we assume that bulk phase separation is the dominating process. But some surface
segregation of PS at the polymer-air interface and of PMMA at the polar substrate is expected
to occur. To prove this assumption, we performed dynamic secondary ion mass spectroscopy
(DSIMS) measurements (see section 2.5), to obtain laterally averaged composition vs. depth
profiles. To enhance contrast, we substituted the PMMA in the polymer blend by its deuterated
analog, dPMMA. Films spin-cast from this solution showed macroscopically the identical results
as PS/PMMA – AR coatings of similar quality were obtained. To test the reliability, of this
technique, a time vs. concentration measurement of PS/PMMA double layer (70 nm each)
was performed. As substrates, silicon wafers with thick oxide layers were used. Fig. 3.39(A)
shows the result of this measurement. Deuterium (2), hydrogen (1), carbon (12) and silicon
(28) concentrations are plotted versus the sputtering time. The deuterium concentration is
negligible during the first two thirds of the sputtering time because only the undeuterated PS
film is sputtered off during this time. Then the deuterium concentration increases by 4 orders
of magnitude, corresponding to the pure dPMMA layer. Although the two polymer layers have
the same thickness, the dPMMA layer seems to be eroded faster13. The H/D concentration
ratio in the PS film is approx. 1000 in the upper thirds corresponding to the natural isotopic
ratio in the PS. The D/H ratio in the dPMMA is t 10, therefore roughly 90% of the H atoms
are substituted by D in this polymer (this corresponds to a comparably low deuteration). The
carbon (C) sputter rate is plotted to monitor the homogeneity of the overall sputter rate. The
C concentration is slightly higher in the dPMMA layer in spite of the fact that dPMMA has
a lower carbon content than PS. The higher sputtering rate in dPMMA over-compensates for
its lower C content. The Si curve is plotted to determine the position of the polymer/substrate
interface. Since the total film thickness was 140 nm and the corresponding sputtering time was
1700 s, the depth resolution of DSIMS was better than 15 nm (full width half maximum). In
Fig. 3.39(C), the DSIMS profile of a typical AR film (before dissolution of the PS phase) is
shown. The film contains 70% PS and 30% dPMMA. Neither of the polymer phases seemed to
be preferentially segregated at the free surface (within the accuracy of the this technique)14. In
the entire top half of the film, the spatially averaged ratio of PS and dPMMA is equal to the
ratio of the components in the mixture. A weak surface oriented spinodal decomposition wave
originates from the SiOx substrate. Its correlation length is λsdw ≈ 22 nm. The amplitude of
this wave is damped out towards the interior of the film. In figure 3.39(F), the SIMS profile
of a ∼350nm thick film cast from a 3% solution with the same polymer composition as in
Fig. 3.39(A) is shown. Again, only at the SiOx substrate a weak surface oriented spinodal
decomposition wave is measurable. Its correlation length was λsdw ≈ 46 nm. The amplitude
of this composition variation was again very small. AFM images of AR coatings made from
films with this thickness are suitable for infra red light with a wavelength of 1µm. The lateral
domain size of these films is in the order of 250nm. It is interesting to note that the lateral
correlation length as well as the λsdw scales with the film thickness. This result is compatible
with our model of a layered lens morphology which is schematically drawn in Fig. 3.39(D). In
Fig. 3.39(E) the resulting morphology after removing the polystyrene phase is shown.

Influence of the Humidity

In section 3.1.4 and 3.2 the influence of the humidity on the polymer morphology was dis-
cussed. In both cases, the elevated humidity increased the apparent incompatibility of the
various polymer components. In the case of the AR coatings, humidity has a catastrophical
effect. Figure 3.39(G) shows a SIMS Profile of a film which was prepared exactly as the film in
Fig. 3.39(F), with the only difference that this film was spin cast at ambient conditions (62%

13This asymmetry in the etching rates makes it complicated to extract concentration vs. depth profiles from
concentration vs. time profiles. Since we were only interested in qualitative results we did not transform our
data.

14XPS measurements could determine if a thin PS wetting layer is present at the free surface.
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humidity: summer in Santa Barbara, CA) instead of the nitrogen atmosphere15, which was
usually used. The amplitude of the surface directed spinodal wave is dramatically increased
compared to Fig. 3.39(F) and the wavelength has doubled (λsdw ≈ 100nm ). Near the free
surface, the dPMMA concentration is decreased. The lateral domain size is in the order of
500nm and after dissolving the PS phase, this film appeared slightly opaque. In Fig. 3.39(H), a
model for the morphology in this film is shown. If thinner films were spin-cast at high humid-
ity the effect was even more drastic. In Fig. 3.40(A) AFM images of a polymer film spin-cast

A B

C

10 µm

Figure 3.40: AFM image of a 140 nm thick 10k PS/PMMA film (A), prepared using the same
concentrations and spinning speed as the sample in Fig. 3.35. But this sample was spin-cast
at ambient conditions (55% humidity) instead of the usual nitrogen atmosphere. The elevated
humidity has the effect of a dramatically increased domain size. In contrast to films prepared
at dry conditions, this film scatters light after dissolving the PS phase (topography shown in
B).

from the standard solution as in Fig. 3.35, but at fairly high humidity (55%) are shown. In-
stead of a spatially isotropic morphology with lateral structure sizes in the order of 150nm,
we found essentially a bilayer morphology (Fig. 3.40(A) and (B)), with lateral structures in the
micrometer range. A similar situation is found for 100k PS/PMMA solutions with comparable
thicknesses (Fig. 3.34(A)). Therefore, elevated humidity compensates the effect of the 10 fold
lower molecular weight. As we argued in the two previous sections, it is likely that water dif-
fuses into the cooled solution during the spin-coating process and is preferential present in the
more polar phase16. This increases the incompatibility of the two polymer phases and leads
to larger domains and an increased tendency for surface segregation of the PMMA phase to
the polar SiOx substrate. The model morphology in Fig. 3.39(D) is frozen in at an early stage
of the polymer-polymer phase separation, while polymer blends of higher molecular weight (or
low Mw film cast at elevated humidity) solidify during a later stage of the phase separation
process.

15This project started in March 1998, when relative humidity is between 30% and 40% in our laboratory in
Konstanz. After a few weeks, we had determined the basic procedure to produce single layer coatings with the
desired optical properties and first transmission spectra were measured. The AR coatings produced in May were
turbid. We then realized, that the increased humidity was the reason for this change. U.Steiner proposed an
experimental procedure to counteract this effect: the spin -coater bowl is flooded a few seconds prior to spinning
with nitrogen.

16Water mixes in every volume ratio with THF, but if a droplet of water is dropped into a transparent
PS/PMMA/THF solution, it turns opaque.
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3.3.2 Possible Applications

For the applicability of our AR coatings, their mechanical- and thermal properties and their
UV stability is of importance. Our model polymer PMMA is by far not ideal to meet the
requirements of current industrial standards for many applications. Porous polymer films are
not in the least scratch resistant. They can easily be wiped off the substrate with the finger tip.
Their thermal stability is limited to temperatures around 60◦C, although the glass transition
temperature of 10k PMMA is in the order of 90◦C. This is consistent with the result of an
AFM study of rough PS films [104]. also there material transport was observed at temperatures
around 60◦C, when using 100k PS with Tg t105◦C. Therefore, freestanding polymer structures
with dimensions below 50 nm feature a lower Tg. The UV stability of PMMA is also known to
be not very high. Indeed, AR coatings exposed to a UV light source (a consumer UV lamp for
medical applications) showed a reduced optical quality after an irradiation for 1 minute. On the
other hand, the optical quality of samples which were covered by a second 1mmmicroscopy slide,
which acts as a protective absorption filter did not change after many hours of exposure with
the same intensity. This result suggests an application for protected surfaces on lens surfaces in
complex optical systems such as camera zoom lenses. The outermost lens absorbs the undesired
UV irradiation. In addition, the lack of mechanical stability of the porous films is not a problem,
since the inner surfaces are never be accessed. Also other protected applications, such as the
inside surfaces of watches, double glass windows, solar collectors and displays in the automotive
sector can be thought of. Because our approach is extremely simple and can easily be scaled up
to high throughput industrial processes, it is likely that products, based on our process will be
developed. In some applications, other polymers with improved materials characteristics will
be chosen. Therefore, we tested the general applicability of our approach with various polymer
blends. Nanoporous films based on a PS/polyvinylchloride mixture show practically identical
results as the PS/PMMA films. The resulting AR coatings consist of PVC. The morphology
of two other blends (PMMA/PVP) and (Spiro-linked sexi paraphenylen/PVC) spun-cast on
hydrophobic substrates are shown in Fig. 3.41. Also in these cases, very small domain sizes
were obtained. To further improve the material characteristics of the porous polymer films,

1 µm 1 µm

BA

Figure 3.41: Morphologies of two other polymer blends with a submicron morphology. In (A) a
TEM micrograph of a PVC(10k)/ Spiro-linked sexi paphenylen) blend is shown. (B) represents
an AFM Image of a 10k/10k PMMA/PVC morphology after dissolving PVP by Ethanol (both
films are t70 nm thick and were spun-cast onto Au/ODT substrates).
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organic–inorganic hybrid materials can be used, which turn into a ceramic materials. This
extension of our technique combines existing sol-gel techniques to produce thin films with n
& 1.2 with our strategy to produce pores by a selective dissolution of a component, which does
not transform in the sol-gel process. The additional pores further reduce the refractive index of
the remaining ceramic film. Such layers are not only desired as optical coatings. There is also
an urgent need of materials with low dielectric constants as isolators in integrated circuits (IC)
[105]. Presently, sputtered SiOx is the standard material to cover an IC after its functional
components are assembled. Increasing operation frequencies and decreasing distances between
two neighboring wires lead to more cross-talk and capacitive coupling. This can only be avoided
by using layers with low dielectric constants as isolators. Sol-gel derived ceramic materials are
good candidates for this task. Our technology to introduce pores into spin-coated films may
help to further reduce the effective dielectric constants of such materials.

3.3.3 Conclusions

We have demonstrated a general procedure to create nanoporous polymer films for use as AR
coatings [106, 107]. The use of low molecular weight polymers leads to domain sizes after
spin-coating that are smaller than the wavelength of light. After the dissolution of one of the
polymers, a nanoporous polymer film is obtained, which has the function of an AR-coating.
We have presented a speculative model of the morphology of the low molecular weight polymer
blend film after spin-coating. This morphology can be considered as the result of the polymer-
polymer phase separation morphology, which was frozen at an early stage of the demixing
process. Although the general strategy of using porous films as AR coatings is well established,
optimized two- and three-layer coatings (n ≈ 1.12 for two layers and n ≈ 1.06 for three layers
are required) are now possible as very low refractive indices have been achieved. Polymer–
based AR layers can easily be fine–tuned to produce a wide range of refractive indices. Their
manufacture is inexpensive, reproducible, and takes just a few minutes without the need of
specialized equipment. By using appropriate combinations of polymers and solvents, it will be
possible to create multi-layers consisting entirely of polymers in repeated spin–coating runs.
Although the AR coatings from model polymers (PMMA) are not wear resistant, this is not
a major limitation of our approach since the underlying principle works for a large number
of polymers and materials with improved mechanical characteristics can be chosen (such as
fluoropolymers). Alternatively, the application of our approach to organic–inorganic hybrid
materials allows one to replicate the nanoporous polymer films [108, 109, 110] into mineralized
AR coatings with extremely low refractive indices.
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3.4 Polymer Precursors for Functional Inorganic Materi-
als: Structure Formation on Patterned Substrates.

Introduction

In section 3.1.2 it was demonstrated that it is possible to transfer an ordered surface energy
pattern of a flat substrate into a concentration variation of a binary polymer film. We were able
to perfectly replicate the micrometer size structures of the prepattern produced by µCP. The
materials used were standard polymers. In section 3.1.2, we emphasized the general applicability
of this structuring technique to arbitrary polymer/polymer blends [64]. A further extension is
the application of our technique to structure functional materials such as: (I) semiconducting
polymers, (II) ionconducting organic-inorganic hybrid materials and (III) precursors for ceramic
high Tc superconductor films. In the first project (I), one of the components of the binary
polymer blend was a polymeric material with electroluminescent properties. The structuring
of this material on the µm-scale could represent a new route to build up distributed feedback

Figure 3.42: Schematic drawing of the approach using organized block copolymer morphologies
to synthesize organically modified silica structures. Left: the morphology of the precursor block
copolymer. Right: The resulting morphologies after the addition of various amounts of metal
alkoxides. (Figure adapted from Ref. [108])

(DFB) laser devices [111]. Project (II) and (III) were carried out in collaboration with Ralph
Ulrich in the group of Uli Wiesner at the Max Planck Institute for Polymer Research in Mainz.
They are discussed in more detail in this section. Here, one component of the polymer blend was
an organic inorganic hybrid material, which can be converted by calcination in a metal-oxide-
ceramic. In the project (II) the hybrid material has interesting properties by itself, whereas
in (III), the calcinated end product is YBa2Cu3Ox, a high Tc superconductor. The idea to
use the morphology of spatially organized organic materials as templates for the build-up of
inorganic materials is not new. From biology, this strategy is known as bio-mineralization.
Impressive results of this process are micro composite objects such as teeth or shells with
an enormous toughness which can be attributed to the presence of simultaneous organic and
inorganic components [112]. Recently, it was demonstrated that the ordered microstructure
of a block copolymer melt (with typical spatial periodicities of 10 to 100nm) can be used as
such a template [108, 109, 110]. In these systems, the morphology of the lateral structure is
determined by the architecture of the constituent molecules, and locally ordered domains with
a limited spatial extent are formed. Long range order is difficult to achieve [75]. With the
present approach on the other hand, a given experimental system (i.e. a particular polymer
blend) can be used to produce structures of widely varying morphologies and length scales.
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3.4.1 PEO/Glymo/Li-triflat: a Li+- Ion-Conductor

During their search for a new synthesis route of complex inorganic materials, Templin et al.
[108] investigated the sol-gel process of two metal alkoxides (GLYMO17 and aluminium-sec-
butoxide) in a (PI-b-PEO) diblock copolymer solution. They found that the product of the
sol-gel process (an organically modified silica material) is exclusively present in the more polar
PEO phase of the micro phase separated diblock copolymer morphology, which forms during
the solvent casting of thick films from this solution. The morphology of diblock copolymer
blends (spherical, cylindrical, bicontinous or lamellar structures) is determined by the volume
ratio of the two blocks of the copolymer. Because the low molecular alkoxides swell selectively
the PEO phase, the obtained morphology is dependent on the amount of this low molecular
components in the solution. In Fig. 3.42, the process is schematically shown. After the cal-
cination (thermal treatment to burn-out the organic components of the composite material)
the obtained structures can be transformed at elevated temperatures (∼1000◦C) into a metal
oxide ceramic. The amount of aluminium sec- butoxide determines the hardness of the end
product. From experiments with PEO, GLYMO, aluminium-sec- butoxide and a forth low
molecular component (a lithium salt: lithium triflat), it is known that Li+- ions are mobile
in the resulting hybrid material [113]. Starting from this result (the affinity of the alkoxides
to polar polymers and the possibility to form an ion conductive composite material), we used
instead of block copolymers a blend of PS and PEO, GLYMO, aluminium sec-butoxide and
lithium-triflate, to create ordered ion-conductive microstructures on pre-structured substrates.
The formation of the hybrid material requires a sol-gel process, which includes a hydrolysis and
a condensation step of the alkoxides to form a silica network. Since these processes take place
at ambient conditions, solutions had to be freshly prepared18. The filtered solution with the
hydrolysed components was added to the PS/PEO solution. The amount of the hybrid material
was chosen to be equal to the PS fraction in the polymer solution. After the solidification of
this polymer blend during spin-coating, the condensation reaction takes place. Then, the PS
phase was dissolved by cyclohexane to investigate the resulting morphology of the hybrid ma-
terial phase (Fig. 3.43 and 3.44). The surface directed structure formation of this hybrid blend
works as well as in the case of pure polymer blends. Also here, the lateral morphology features
an inherent length scale. The periodicities of the imposed prestructure have to approximately
match this length scale to guarantee a perfect pattern transfer. In Fig. 3.44 (B), can be seen
that small droplets of the hybrid phase were embedded in the PS phase, which are left on the
substrate after the dissolution of the PS. Because these impurities may cause a problem in
certain applications, a second strategy was also used to replicate a lateral structure into this
hybrid material. A hybrid solution without PS was spin-cast onto a pre-structured substrate.
This results in homogenous, thin film directly after spin-coating. But this film is not stable.
Because the hybrid material is a (highly viscous) liquid before it solidifies by the condensation
reaction, the film dewetts a hydrophobic substrate during several minutes after spin-coating at
room temperature. Dewetting is induced by heterogeneous nucleation at defects, such as small

17(3-glycidyloxypropyl) trimethoxysilane
18Composite preparation:
A multistep process is used to prepare the structured organic- inorganic hybrid materials. In a first step,

a prehydrolyzed sol is prepared by mixing (3-glycidyloxypropyl) trimethoxysilane (GLYMO), aluminum-sec-
butoxide (5.3g/1.4g) and 15% (300mg) of the stoichiometric amount of 0.01 n HCl, which is required for the
complete hydrolysis of the metal alkoxide groups. The mixture is stirred for 15 min at 273 K, followed by 15
min at room temperature. Then the residual amount of 0.01 n HCl (1.7g) for complete hydrolysis is added
and the mixture is stirred for another 20 minutes and filtered. Then, 300 mg of this mixture and 54 mg litium
triflate are poured into a 10k PEO solution (200mg PEO / 5 g THF / 5g CHCl3) and a small amount of KCl is
added. This results in a solution of about 5% (by weight) of solid components. This multicomponent mixture
is stirred for another hour before it is further diluted to a 2% solution. The solution was used for the dewetting
experiments or was mixed with the equal amount of a 2% 10 k PS solution in THF, to obtain the final polymer
blend solution. The condensation reaction takes place after the extraction of the solvent by spin-coating and
requires at least 1 hour at 60◦C. Because the condensation reaction is not completely inhibited by the presence
of the solvent in the solution, the solution has to be freshly prepared.
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Figure 3.43: The laterally organized morphology of a PS/(PEO-hybrid) blend, spin-cast from
a 2% solution (THF/CHCl3 at 3000rpm) onto a pre-structured Au substrate. The pictures
were taken after dissolution of PS by cyclohexane. In the upper image, an optical micrograph
(∼ 3 × 4mm2, dark field) of the sample is shown. The pattern is perfectly replicated on
the central square, which features stripes with a periodicity of 2.4 µm. The pattern transfer
worked less well on the other 5 squares which feature stripe patterns with higher or lower
lateral periodicities. The lower image represents a zoom to the bottom left corner of the central
square. On the homogenous ODT substrate surrounding the stripe pattern, a lateral isotropic
morphology with a characteristic lengthscale (droplets of the hybrid material embedded in a
PS matrix) is found.

particles or pin holes in the film. Several holes grow simultaneously and the final morphology
consists of droplets distributed on the hydrophobic substrate. We were able to observe this
process in-situ with an optical microscope. Figure 3.45 shows a series of optical micrographs,
which show the growth of holes on a pre-structured square of the substrate. The hydrophilic
stripes stay covered, whereas the excess material forms a rim, from which droplets are formed
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Figure 3.44: In (A), an AFM image of the upper left corner of the central square in Fig. 3.43 is
shown. (B) is a zoom into the upper left center of (A). The cross-section from (B) reveals that
the one-micrometer wide lines of the ion conductive material have a height of about 150nm.

during a late stage of dewetting. In selected regions of the sample, a perfect pattern transfer
can be observed. In contrast to the polymer/polymer demixing, the 2.4µm and the 6µm struc-
tures were simultaneously reproduced, without impurities on the hydrophobic stripes of the
pattern. But Fig. 3.45(F) reveals that only one prepatterned square was reproduced without
the formation of additional large droplets of excess material. The contact angle of the hybrid
material on the hydrophilic stripes [69] and their width determine how much material can be
trapped on the stripes. Therefore, smaller structures are covered by less material as is revealed
in Fig. 3.46(C). The amount of material trapped on the 2.4µm square is much lower compared
to the 6µm square. The dewetting of the excess material is reminiscent to liquid dewetting on
homogenous substrates. Nevertheless, it should be possible to find a combination of initial film
thickness and structure size, which results in a negligible amount of excess material.

Both approaches, structured demixing and structured dewetting yielded good results. The
dewetting approach has the advantage that the hybrid material is free of PS inclusions, and that
no droplets are found between the lines (see Fig. 3.43(B)). But the uncontrolled formation of
macroscopically large droplets may cause a problem for possible applications. After demixing,
the samples feature a well defined lateral length scale and the ordered structure replication with
the suitable prepattern is therefore more reproducible. The aspect ratio of structures using
the demixing approach are higher compared the structured dewetting experiments (compare
3.44(C) and 3.46 (C)).
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Figure 3.45: Structured dewetting of the PEO-hybrid blend (without PS), spin-cast from a 2%
solution (THF/CHCl3 at 4500 rpm) onto a pre-structured Au substrate (substrate treatment
as in Fig. 3.43). In (A), an optical micrograph ( ∼ 3 × 4mm2, dark field) of the sample is
shown. The hybrid material forms a thin film, which begins to dewett the macroscopically
hydrophobic substrate. In (B) and (C), the development of this process on a pre-structured
square (central square in (A)) is shown. The result of this dewetting process, which takes place
during one minute is shown in (D,E and F). The hydrophilic stripes are covered by the liquid,
whereas the excess material formed droplets in a fashion, which is reminiscent of dewetting on
a homogenous substrate.
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Figure 3.46: AFM images of the hybrid material structures obtained after the dewetting process
documented in Fig.3.45. In (A), a corner of the square with a periodicity of 2.4 µm is shown.
(B) represents a zoom into image (A). In (C), cross-sections from (B) and from a second stripe
pattern with a periodicity of 6 µm (from an AFM image of another square on the same sample)
are shown.
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3.4.2 PMAA/YBCO: a Precursor for a Ceramic High Tc Supercon-
ductor

A second complex material which was structured with the phase separation technique on pre-
structured substrates is a precursor for a ceramic high Tc superconductor (HTSC). We used
the well studied YBaCuO blend. Already two years after the discovery of high Tc superconduc-
tivity in metal oxide ceramics by Bednorz and Müller [114], Chien et al. described a polymer
precursor synthesis for thin films of this materials [115, 116, 117]. Here, the inorganic salts are
dissolved together with a polymer in an organic solvent. The polymer acts as a complexing
agent and compared to the preparation of HTSC ceramics from inorganic salts or oxides, the
metal ions are better dispersed. After the pyrolysis of the precursor film formed e.g. by spin-
coating of this solution, the residue forms a very homogenous amorphous metal oxide, which is
the basis for the subsequent formation of a HTSC. Laterally structured thin films are desirable
for many applications of high Tc superconductors. During the past decade, chemical vapor
deposition and sputtering techniques to produce thin HTSC - films have gained more and more
importance. Nevertheless, the polymer metal precursor technique [118, 119, 115, 116, 121] and
the sol-gel technique ( [122] and references therein) to produce HTSC is still an active research
field. Lampe et al. [119] demonstrated a technique to directly pattern polymer metal precursor
films using photolithography. After further processing the structured precursor film, they ob-
tained low transition temperatures and high critical current densities, which shows that their
processing did not affect the superconductivity of the film. In comparison to the conventional
method to structure HTSC films, Lampe et al. reduced the number of processing steps. Tradi-
tionally the samples are spin-coated with a photoresist, the resist film is irradiated, developed,
etched and stripped. With our approach it should be possible to structure this class of materi-
als without photolithography, just by spincoating the precursor solution onto a pre-structured
substrate. In first experiments, a precursor solution was produced according to the publication
of Chien et. al. [115]. The nitrates of Y,Ba and Cu were dissolved together with PMAA (1/3
w/w nitrates/polymer) in dimethyl formamamide (DMF)19. The resulting green solution (2%
w/w solid components/solvent) was clear after 3 hours of stirring at 50◦C. This solution was
mixed with a PS solution (2% of 10k PS in THF)20. We have chosen PS as the second poly-
mer because it is a relatively unpolar polymer compared to PMAA (poly(methylacrylic acid)).
Therefore, it is unlikely to show affinity to the nitrate ions. Thus, we expected a relatively
pure PS phase after phase separation. Fig. 3.47 shows a first example of the structure transfer
of this blend. The substrate was gold covered silicon wafer structured by µCP of ODT. The
more polar PMAA-YBCO phase wets the bare gold substrate and the PS phase is displaced
onto the ODT covered regions. Fig. 3.48 represents another position on the same sample. Here,
the entire film has partially dewetted, but the bare gold stripes stayed covered. Beyond the
dewetting rim, the film surface has a similar appearance as in Fig. 3.47. These first results
showed that it is principally possible to structure this precursor material by phase separation
on pre-structured substrates. But to obtain a superconducting ceramic from this precursor,
subsequent calcination and annealing at temperatures around 900◦C are required. At these
temperatures, the underlying gold diffuses into the YBCO phase, which inhibits superconduc-
tivity [123]. During the past decade, the influence of doping YBCO with metals was tested.
Nearly all metals cause a dramatic increase in the critical temperature. In addition, the use
of silicon substrates is not ideal because it oxidizes at these temperatures. Therefore, it is
necessary to use substrates with a high thermal stability for the production of ceramic HTSC
films. SrTiO3- or LaAlO3- single crystals are the standard substrates for this purpose. In
addition to their high thermal stability, they feature good (epitactic) conditions for the growth
of most ceramic HTSC films. The next step was the development of a suitable structuring

19It is important to note that the nitrates contain water which has to be taken into account when weighing
the components. The weight ratio of the nitrates is chosen to obtain the required 1:2:3 ratio of Y:Ba:Cu atoms.

20The precursor solution as well as the polymer blend solutions were found to be stable over several months.
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A

B

Figure 3.47: PS - PMAA/YBCO precursor solution spin-cast onto a pre-structured Au/ODT
substrate. The film thickness is t 130nm. The pattern has a periodicity of 2.4 µm. (B) is a
zoom into the center of (A).

B

C

A

Figure 3.48: The same sample as in Fig. 3.47 at another position. Here, the pattern has a
periodicity of 4.5µm. Due to the fact that µCP yielded a macroscopically hydrophobic surface,
the film has partially dewetted the substrate. In (C) a region is shown, were only the unprinted
gold stripes stayed covered, most likely by the PMAA/YBCO phase. (B) shows a zoom into
the lower right region of (A).

technique for these substrates. since µCP with thiols works only on Au, Ag and Cu surfaces,
a technique which leads to structured oxide surfaces had to be developed. In section 2.1.6 this
technique is described in detail. This process leads to oxide surfaces which feature a structured
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silane monolayer. First tests using these substrates to structure the HTSC precursor material
were successful and showed similar results to Fig.3.47. The next step to achieve our goal of
structured HTSC films was the reproduction of the sintering process described by Chien et
al. SrTiOx substrates21 were covered with a 150 nm thick film of precursor solution (without
PS). This film should transform into a HTSC film during the subsequent annealing process22.
Unfortunately, our test measurements (simple four point measurements in liquid nitrogen) did
show semiconducting properties (increasing resistance with decreasing temperature), which is
a signature that an undesired YBCO compound was sythesized. Possible reasons may be an
insufficient control of the temperature leading to too high temperatures or that the films were
too thin. Surface effects like preferential segregation of one component at the surface could
change the composition in the interior of the film. Chien et al. synthesized several micrometer
thick films. We can therefore not directly extrapolate from their results. Lampe et al. demon-
strated the synthesis of HTSC films consisting of BiSrCaCuO. Their polymer precursor film
had a much lower film thickness of about 2µm, which led to a 150 nm thick ceramic film. 2µm
is still thick compared to the films in this study, but by increasing the structure size of the
prepatterns and decreasing the polymer content in the precursor (which was 6 times higher in
Lampe’s experiments compared to the ones of Chien [126]), it should be possible to structure
precursor films with a thickness of 500 nm with patterns with 10µm wide patterns. Future
experiments (first the quantitative reproduction of the results by Lampe et al. including x-ray
investigations and exact resistivity measurements) with the goal to produce microstructured
functional HTSC films will be in the focus of another Ph.D. thesis project.

3.4.3 Conclusions

We have demonstrated that our technique to laterally structure phase separating polymer blends
can be successfully applied to complex multicomponent systems. We have structured precursor
materials which are suitable for the synthesis of metal oxide ceramics23. In the first example
the precursor material is an ion conductor. The microstructured electrolyte could provide a
technology to develop a micro battery. Ion conducting devices are a possible strategy for the
design of future biological sensors. Lithium may not be a suitable ion for biological applications,
but our strategy should work with other ions as well. In a second example, we have structured a
polymer precursor for the synthesis of a ceramic high Tc superconductor. This is an alternative
way to structure this material, compared to photolithography. In both cases, the Au substrates
are not suitable for the respective application. Therefore, we have developed a new process to
structure isolating oxide surfaces (see section 2.1.6). The continuation of these two projects and
the proof of the functionality of the resulting structures will be investigated in further studies.
These two examples demonstrate that pattern directed phase separation (PDPS) (or structured
deweting) is not limited to pure polymer systems. Polymers can also be used as structure-
directing agents in this context. The spatial (in our case lateral) concentration distribution
of any compound of interest, which preferentially mixes with one of the polymer components
of the respective blend can be directed by the polymer/polymer phase morphology. Such
compounds may feature desired electronic, optical or magnetic properties but, also biologically
active molecules or larger units, such as proteins or antibodies.

21From Gerhard Jakob, University of Mainz
22from RT to 500◦C with 2◦/min in N2, from 500◦C to 870◦C with 1◦/min in O2, constant temperature

(870◦C) for 1 hour in O2, from 870◦C to 600◦C with 1◦/min in O2, and with 2◦/min down to RT in N2.
23There are other published attempts to microstructure ceramics using µCP [124, 125] or micromolding [127].

Clem et al. [124] structured the adhesion properties of their substrate by µCP. They were able to synthesize a
ceramic film on top of this structured substrate and removed the undesired parts of the film by a subsequent
abrasion technique. Bechinger et al. combined, similar to our approach, a sol-gel technique with dewetting and
phase separation, to structure a precursor film for electrochromic tungsten oxide
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As a continuation of earlier studies in our group [62, 55, 32, 63], the lateral micro phase mor-
phology of immiscible polymer blends in thin films spin-cast from a common solvent was in-
vestigated. In [63], we reported differences in the domain structure and surface topography of
PS/PMMA films, depending on the substrate surface energy. This result led to the conclusion
that the normal and lateral organization of the phase separated domains is governed by a com-
plex interplay between the preferential aggregation of one phases at the substrate and phase
segregation in the film. The phase morphologies which form during a rapid quench caused by
the evaporation of the solvent during the spin-coating process were found to be often far from
thermodynamic equilibrium. In section 3.1 of this study we showed that another polymer couple
polystyrene - polyvinylpyredine (PS/PVP) shows a very similar behavior. The morphology of
the two coexisting phases organize normal or parallel to the film surface, depending on the sur-
face energy of the substrate. As a consequence, we demonstrate in section 3.1.2 that chemically
heterogeneous pre-structured substrates can be used to induce an ordered lateral composition
variation in this polymer films. By making use of two fundamental thermodynamic principles –
phase separation of a binary liquid and selective adsorption from a binary mixture – we trans-
ferred a variation in surface energies of a flat substrate into a concentration variation of a binary
polymer film. The micrometer size structures perfectly replicate the substrate pattern. Further
we demonstrated the successful structuring of PS/PMMA blends in this section and of PS/PBrS
in [68], which proves the general applicability of this new structuring technique to any polymer
blend. With the present approach, a polymer blend can be used to produce structures of widely
varying morphologies and length scales. The replication approach may be useful to supplement
the µCP technology, as – in contrast to patterned SAM substrates – the polymer replica are
thick enough to allow further semiconductor processing steps (e.g. reactive ion etching). The
manufacture of the structured polymer films takes several minutes only, is inexpensive and, once
optimized, is highly reproducible. To get more insight into the complex structure formation
process during the spin-coating process, the system PS/PVP blend was investigated in more de-
tail in section 3.1.4 [128]. On homogenous hydrophobic substrates, the polymer phases arrange
usually in a purely lateral fashion. On a hydrophilic substrate, lateral and layered structures
were obtained. The occurrence of layered and lateral structures were thickness dependent as
an alternating function of the film thickness (15 nm – 150nm). This effect can be understood
in a model of interfering surface oriented spinodal waves originating from the substrate and
the air interfaces during the early stage of phase separation. Experiments performed in a dry
(nitrogen) atmosphere led always to a layered structure on the hydrophilic substrate in this
thickness regime. The lengths scale of the lateral phase morphology grows with increasing film
thickness. We attribute this effect to a longer coarsening time of the phase morphology during
the spin coating process of thicker films. In addition to this lateral structure, the total film
surface is corrugated on a larger length scale. Polymer/solvent phase separation may be the
reason for this second correlation length in the system. At certain film thicknesses, this second
lengths scale seems to significantly influence the lateral polymer/polymer phase morphology,
which shows two coexisting length scales in this regime. In section 3.2, the phase morphology
of the three component polymer mixtures consisting of PS, PMMA and PVP spin-cast onto
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unpolar substrates was investigated. In spite of this more complex experimental system, the
purely lateral phase separation process seems to be governed by a single, simple principle. If,
as in our system, one of the polymer–polymer interaction parameters exceeds the sum of the
other two, the overall free energy can be lowered, if the systems avoids the formation of such
interfaces. In this case, the third component intercalates at this interface and forms a wetting
layer. The results of the experiments [129], in which the mixing ratios of the three polymers
were systematically varied, are consistent with this model. In addition, numerical simulations
by Nauman et al., based on the same, simplified two-dimensional model reveal practically
identical phase morphologies. Qualitatively different morphologies were found, depending on
the humidity in which the spin-coating experiments were performed [130]. The well defined
morphological changes leads to the conclusion that the effective polymer-polymer interaction
parameter can be strongly modified by the ambient humidity. We also demonstrated that the
ternary polymer phase morphology can be oriented on a pre-structured substrate. By reducing
the volume fraction of the intercalating phase, we achieved lateral structures of this polymer
which lie below 1µm and which feature higher aspect ratios compared to the structured binary
polymer blends, as described in section 3.1.2. In this context, we also found a way to reduce
the length scale of the polymer/polymer phase morphology in films spun from binary poly-
mer blends. By using low molecular weight polymers, lateral structures below t200nm were
obtained in t100nm thick films. Unfortunately, a successful orientation of these structures
failed because of the unavailability of suitable pre-structured substrates. But also an isotropic
morphology on this length scale can lead to interesting physical properties. If one of the two
polymers is removed by a selective solvent, the resulting nanoporous film can be used as a
high-performance anti-reflection coating (section 3.3). We have presented a speculative model
of the morphology of the low molecular weight polymer blend film after spin-coating. This mor-
phology can be considered as a relatively early frozen in stage of the polymer-polymer phase
separation. In section 3.1.4 and 3.2 the influence, of the humidity on the polymer morphology
was discussed. In both cases, the elevated humidity increased the apparent incompatibility of
the various polymer components. Also in the case of the AR coatings, the presence of ambient
humidity lead to increased domain sizes and had therefore a detrimental effect on their optical
quality. Films spin-cast in a dry nitrogen atmosphere do not scatter the visible light and their
index of refraction can easily be fine–tuned from 1.6 down to 1.05 by adjusting the composi-
tion of the polymer solution. Their manufacture is inexpensive, reproducible, and takes just
a few minutes without the need of specialized equipment. Although the general strategy of
using porous films as AR coatings is well established, optimized two– and three–layer coatings
(n ≈ 1.12 for two layers and n ≈ 1.06 for three layers are required) are now possible. This
allows the build-up of multi-layer coatings with outstandingly broad spectral transmission. By
using appropriate combinations of polymers and solvents, it will be possible to create multi-
layers consisting entirely of polymers in repeated spin–coating runs. Although the AR coatings
from model polymers (PMMA) are not wear resistant, this is not a major limitation of our
approach since the underlying principle works for a large number of polymers and materials
with improved mechanical characteristics can be chosen. Finally, in section 3.4 of this study, we
have demonstrated that our technique to laterally structure phase separating polymer blends
is not limited to purely polymeric systems. We have structured precursor materials which are
suitable for the synthesis of metal oxide ceramics. In a first example, the precursor material
is an ion conductor. The microstructured electrolyte could provide a technology to develop a
micro battery or future biological sensors. In a second example, we have structured a polymer
precursor for the synthesis of a ceramic high Tcsuperconductor. This is an alternative way to
structure these materials, compared to photolithography. In both cases, the Au substrates are
not suitable for respective application. Therefore, we have developed a new process to struc-
ture isolating oxide surfaces (see section 2.1.6). These two examples demonstrate that pattern
directed phase separation (PDPS) is not limited to pure polymer systems. Polymers can also
be used as structure-directing agents in this context. The spatial concentration distribution of
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any compound of interest which preferentially mixes with one of the polymer components of
the respective blend can be directed by the polymer/polymer phase morphology. Such com-
pounds may feature desired electronic, optical or magnetic properties but also biologically active
molecules or larger units, such as proteins or antibodies.
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Wörtchen mitreden konnte.

...Christine Dittrich, die mich mit dem ”übermütigen Erstsemester” an ihrem
TEM arbeiten ließ, Tom Mates für die DSIMS-Messungen, Patrick Kramper für
seine Hilfe bei der Erstellung dieser Danksagung, und weil er auch sonst immer

http://www.hu-berlin.de/praesident
http://www.chem.rug.nl/steiner
http://www.uni-bayreuth.de/departments/pcii/


seinen Senf dazu gab, auch wenn ich ihn nicht danach fragte, Jan Zitzmann für
die Hilfe beim PDFen dieses Dokuments, Claudia Schäfle für Ihre Hilfe mit den
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