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Chapter 1

Introduction

Polymer molecules are sequences of identical units (monomers). The simplest example is
the chain of polyethylene, which consists of −CH2− monomers. Depending on the number
of monomers, the polymers can have molecular weights in the range of a few kg/mol to
thousands of kg/mol. In principle, polymers with molecular chains showing a regular
chemical structure, can crystallize, but due to the entanglements between the chains, these
structures are normally not completely crystalline1. They consist of crystals embedded
in a ’matrix’ of amorphous chains. In contrast, the polymers with non–regular chemical
structures do not build crystalline phases. The bulk of these polymers is always completely
amorphous.

An important parameter for the description of the amorphous structure is the radius of
gyration Rg. If there is no special interaction between the molecules and the monomers, it
is supposed that the volume occupied by a single amorphous polymer chain has the form
of a sphere with the radius Rg. In thin films the amorphous phase is strongly affected
by the substrate. Investigations show that Rg in direction perpendicular to the surface is
significantly smaller than in the parallel plane [1, 2]. Moreover, it is supposed that the
molecular movements in the perpendicular direction are relatively constrained due to the
interaction with the substrate. The effect is called confinement of the polymer chain by
the substrate. The confinement effects are responsible for all phenomena observed at the
interface.

Polymers find wide application in biology and medical research. They can simulate the
properties of some bio–composites, which are included into the cell structure of all living
organisms. The lipids as basic structural elements of bio–membranes are a typical example
[3, 4]. The application of polymers as building materials of membranes have pushed for-
ward the investigation of polymer thin films and multilayers. Depending on the chemical
structure some of the polymers deposited on a substrate can be assembled into nanosys-
tems with special functionality [5]. In some cases the objects created on the surface can
be manipulated by external forces or by temperature. Such nanosystems are probably
useful in the future developments of micro- and nanotechnology. Moreover, polymers are

1Exceptions are those polymers with very short chains in the order of a few kg/mol
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6 CHAPTER 1. INTRODUCTION

of big importance in microelectronic and coating industry [6, 7]. Thus, the investigation of
polymer films becomes important also from a commercial point of view. Since the chemical
structure of the polymers is related to the physical properties, chemical industry always
tries to develop new methods for the synthesis of polymers with growing complexity of the
chemical structure and new interesting physical properties.
The application of polymer films is in most cases related to the structure and properties
of the film surface, and the surface properties are mainly influenced by the dynamics of
the chains, i.e. molecular movements and relaxation. On the other hand the dynamics of
the polymer chains are determined by the film thickness, molecular mass of the polymer,
temperature and the polymer–substrate interaction. Therefore, the investigation of the
surface structure in dependence of all those parameters can elucidate the relation between
the microscopic molecular motions and the macroscopic surface properties.
Conventional simple techniques for investigations of the surface structure are microscopic
methods, i.e. Atom Force Microscopes (AFM), Scanning Tunneling Microscopy (STM)
or High–Resolution Transmission Electron Microscopy (TEM). With the development of
high–flux neutron and X–ray sources, surface scattering methods also became feasible
techniques for surface structure studies. The interpretation of the results obtained from
scattering methods is more complicated. Nevertheless, their advantage is founded in the
provision of relevant statistic information, averaged over langer areas in comparison with
the microscopic techniques. Additionally, scattering methods do not require special sample
preparations and allow the investigation of buried interfaces. In most cases they are non
destructive for the samples.
As mentioned above, an important part of the film properties, especially the dynamics
of thin films, is influenced by the interplay between film and substrate. Thus, it seems
useful in the context of basic research, to put some attention on the investigation of the
interface. The processes at the interface are emphasized in extremely thin films which can
be created by confining the fluids between substrates at a distance of the order of molecular
dimensions. The confinement effects observed in polymers films are more pronounced in
the case of liquids due to the smaller molecule sizes and ability to create ultra thin films
on the substrate surface [8, 9]. Therefore, the investigation of confined liquid films appears
to be extremely attractive in order to improve our knowledge of soft matter behaviour at
the interface.
The larger dimension of the polymer molecules do not allow investigations of ultra thin
confined films. Nevertheless, the confinement of polymers is also interesting for the fun-
damental research and technology. An example are the studies concerning basic questions
appearing in polymer crystallization theory [10]. The process of polymer crystallization
is far from being fully understood. For instance, the crystallization theory cannot predict
such important parameters like the degree of crystallization and the thickness of the crys-
tal lamela. Therefore, experiments, which allow a control of the crystallization process are
very important. The management of the crystallization process would give a possibility to
extract a certain crystallization step and observe it on a larger time scale. Self–assembling
diblock copolymers are a proper model system for these investigations. This type of poly-
mers allows (to some extent) to control the nucleation and the chain folding by varying



7

the length of the blocks. The combination of such samples with experiments at restricted
geometries gives promising results [11].
The Surface Force Apparatus (SFA), AFM and Friction Force Microscopes (FFM) are the
mostly used techniques for the investigation of confined fluids. A detailed description of
these techniques and their advantages and disadvantages follows in the next section. There
are only few works, where scattering methods were used, and due to the experimental dif-
ficulties a successful setup for scattering experiments on confined films with thicknesses
of about a few hundreds of Angstroms is still not available. The development of an ex-
perimental setup that can confine liquid ultra thin films and simultaneously allows X–ray
reflectivity and diffuse scattering measurements is extremelly challenging. An attempt was
performed in the frame of this work.
The thesis is organized as follows: After a short overview of previous literature data and
results, the reflectivity theory is summarized. The experimental part is divided into two
sections: The first deals with the time averaged dynamics of supported polymer
thin films and the second with confined liquid and polymer films.
In the first part the influence of thermally induced fluctuations on the polymer surface stuc-
ture depending on the film thickness, the molecular mass and the temperature is studied.
The surface structure is probed by X–ray reflectivity and diffuse scattering measurements.
In the second part a new setup for confined soft matter films is introduced. It was tested
with liquid films of carbon tetrachloride (CCl4) and octamethylcyclotetrasiloxane (OM-
STS). Additionaly, results of test experiments on confined polymers are presented. These
experiments are based on ideas proposed by Prof. W. de Jeu, (FOM Institute AMOLF,
Amsterdam), who works on problems related to the crystallization of self–assemble diblock
copolymers.
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Chapter 2

Soft matter thin films

2.1 Dynamics of polymer thin films.

2.1.1 General remarks

The glass transition temperature, Tg, is the borderline between hard and soft matter.
Above the glass transition the mechanical moduli (storage moduli) of the polymers dras-
tically decrease down to the order of MPa, whereas the hard materials have mechanical
moduli of the order of GPa. The decrease of the mechanical moduli above Tg is associated
with an increase of the viscose properties, and the polymers can start to flow. This peculiar
mechanical behaviour is called viscoelastisity. Depending on the temperature with respect
to Tg, the polymer material can be in some intermediate state between solid and the liquid.
The strong viscoelastic mechanical properties of the polymers and the similarity of the
diffuse scattering data (the transverse scans) obtained from polymer films with those ob-
served from liquid films, initiated a discussion about the models that should be used for the
description of the surface structure influenced by the dynamics of polymer films. Basically
two ideas are favoured in literature: the first regards polymer films as viscose liquids and
describes the surface structure as a result of the propagation of thermally induced capil-
lary waves [12, 13]. The second assumption considers the structure as strongly influenced
by the elastic properties. Thus, there is no evidence for capillary waves on the surface
[14]. Consequently, in the present work the diffuse scattering data are refined using two
different models: the Liquid and the Fractal model. The first is based on the theory of
capillary waves and the second model assumes solid (unmovable) surfaces. The goal of the
investigation is to compare the models for samples with different molecular masses and
temperatures up to 230°C. Earlier studies were limited to only one molecular mass and
temperatures up to 180°C. Since both temperature and the molecular mass are parameters
that strongly influence the polymer viscosity, it is expected that a study in a wider range
may explain disagreements observed in the previous works.
The film thickness and the interaction between the polymer and the substrate seems to
play an important role in the dynamics of the polymer surface. It has been reported
that polymers, which do not interact with the substrates, indeed exhibit surface capillary

9



10 CHAPTER 2. SOFT MATTER THIN FILMS

waves [15, 16]. Therefore, it is expected that thinner supported films will show less mobile
surfaces than thicker ones. Similar effects have already been observed for thin liquid films
[17].
The interaction between the polymer film and the substrate can also be manipulated
using either hydrophobic or hydrophillic substrates. The presence of oxides on hydrophilic
substrates forces the creation of hydrogen bonds between the polymer and the substrate
atoms. Thus, it leads to a stronger connection of the polymer film to the surface compared
to films, which are only bonded via van–der–Waals interactions. The comparison of both
types of substrates in the present study should give an estimate for the hydrophobisites
effects on the polymer/substrate interaction.

2.1.2 Height–height correlation function in the Liquid and Frac-
tal model.

A fundamental part of the capillary wave theory used in the Liquid model is related to
the surface hydrodynamic properties of liquids [18, 19, 20, 21]. Due to entropy reasons, at
temperatures higher than 0 K thermal fluctuations (capillary waves) appear on the liquid
surface. These fluctuations can be associated with a sum of propagating plane waves with
different amplitudes Aj, wave vectors kj, and phases ϕj, where the indices j indicate the
number of the surface mode. The nature of these modes is determined by the competition
between surface capillary effects and the internal bulk viscosity. A complete statistical
picture of the surface wave spectrum in space and time can be derived from the dynamical
power spectral density (PDS), C̃(~q‖, ω). The PDS of the thermally fluctuating liquid surface
is given by [19]

C̃(~q‖, ω) = 2kBT
χ

′′

zz(~q‖, ω)

ω
, (2.1)

where ~q‖ is the wave vector in the surface plane, kB is the Boltzmann constant, T is the
temperature and χ

′′

zz(~q‖, ω) is the imaginary part of the dynamic susceptibility, χzz(~q‖, ω).
The dynamic susceptibility is defined as the ratio of the vertical surface displacement uz,
and the internal pressure Pz, acting vertically on the liquid surface (χzz(~q‖, ω) = uz/Pz).
Following the work of Jäckle [19] the susceptibility of a thin liquid film has the form:

χzz(~q‖, ω) =
q2
‖
· d/ρ[(

g +
Aeff

2πρd4

)
q‖ + γ

ρ
q3
‖

]
tanh(q‖d) − 6

5
ω − 3η

d2ρ
· iω

, (2.2)

where γ is the surface tension of the liquid, Aeff is the effective Hamaker constant which
describes the interaction between the film and the substrate, d is the film thickness, ρ is
the density of the liquid, g is the gravitational constant and η the viscosity.
If it is supposed that the investigated films have much smaller relaxation times compared to
the measuring time, then the surface can be regarded as quasi–static within the measuring
time. In this case the quasi–static PDS C̃(~q‖) is deduced by integrating the dynamical

PSD C̃(~q‖, ω) over all ω:
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C̃(~q‖) =

+∞∫

−∞

C̃(~q‖, ω)
dω

2π
= kBTχzz(~q‖, 0). (2.3)

Using Eq. 2.2 for the C̃(~q‖) one obtains

C̃(~q‖) =
kBT

4π2γ
·
[
q2
‖ +

(
gρ

γ
+

Aeff

2πγd4

)]−1

=
kBT

4π2γ
· 1

q2
‖

+ q2
l,c

, (2.4)

where

q2
l,c =

gρ

γ
+

1

d4

Aeff

2πγ
. (2.5)

is the wave number cut–off. The assumption that the surface is quasi–static allows the
integration over ω, and it decouples the PSD from the viscosity. ql,c is the low limit of
the wave vectors of the waves propagating on the film surface (kj > ql,c), and therefore it
is called lower cutoff. ql,c depends on the gravitational cutoff, qg, and the van–der–Waals
cutoff, qvdW , in the following way:

q2
l,c = q2

g + q2
vdW . (2.6)

Here

q2
vdW =

1

d4

Aeff

2πγ
(2.7)

and

q2
g =

gρ

γ
(2.8)

On the other hand the Wiener–Khinchin theorem guarantees that the PDS is the Fourier–
transform of the height–height correlation function, C( ~R). The height–height correlation
function, which is also known as autocorrelation function, for a single interface is defined
as

C(~R) =
1

S

∫

S

z(~r‖)z(~r‖ + ~R)d~r‖

=
〈
z(~r‖)z(~r‖ + ~R)

〉
~r‖

(2.9)

Here, z(~r‖) is the contour function of the interface depending on the lateral vector ~r‖ =

(x, y) and S is the area of the interface. The function C( ~R) determines the correlation
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between two points of distance ~R = (X, Y ). The height–height correlation function rep-
resents the structure of the interface. The intensity of the diffuse scattering coming from
the surface depends on this function. The Fourier back transform of Eq. 2.4 is given by

C(R) =
B

2
K0(ql,cR), (2.10)

where B = kBT
πγ

and K0(ql,cR) is the modified Bessel function of the second kind and of

order zero [22]. Since the ql,c is small, the Eq. 2.10 can be approximated for small ql,cR,
and one obtains

C(R) ' −B

2

[
ln(

ql,cR

2
) + γE

]
, (2.11)

where γE is Euler’s constant [22].

0
 1000
 2000
 3000
 4000


-5


0


5


0
 1000
 2000
 3000
 4000

-15


-10


-5


0


5


10


15


1E-3
 0,01
 0,1
 1
 10

1E-3


0,01


0,1


1


10


100


1000


1E-3
 0,01
 0,1
 1
 10

1E-3


0,01


0,1


1


10


100


1000


ξ
 
 = 700 Å

ξ
 
 = 700 Å


ξ
 
 = 350 Å


ξ
 
 = 100 Å
z 
( r


 || 

)


r

||

 , [Å]


h = 0.8 Å


h = 0.4 Å


h = 0.2 Å


 


 


 r

||

 , [Å]


~

lo

g[
C

 (q
 
 ||
 )]




h = 0.8


 
 


 
ξ
 = 700 Å

 
ξ
 = 350 Å

 
ξ
 = 100 Å


log(q 

||

 ) ,  [Å
-1
]


b)
a)


 h = 0.8

 h = 0.4

 h = 0.2


 


 


log(q 

||

 ) ,  [Å
-1
]


Figure 2.1: a) The effect of different correlation lengths on the contour function and on
C̃(~q‖) for h = 0.8. b) The effect of different Hurst parameters on z(r‖) and the PSD for ξ =
700 Å. The roughness σ is in all cases assumed to be 6.1 Å.
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In contrast to the first model the Fractal model considers solid surfaces. The microstruc-
ture of many surfaces obtained by molecular beam epitaxy or by vapour deposition tech-
niques shows so–called self–affine fractal scaling, i.e. in–plane the structure of the surface
looks similar on different length scales (fractal structure), but perpendicular to the surface
the structure scales differently compared to the lateral dimensions (self–affine structure).
Usually, for a description of the self–affine surfaces the correlation function proposed by
Sinha et al. [23] is used

C(R) = σ2 exp

{
−R2h

ξ2h

}
(2.12)

with the roughness σ, the correlation length (cutoff) ξ and the Hurst parameter h. For
R � ξ the surface is self–affine rough, whereas for R � ξ the surface appears to be smooth.
The Hurst parameter is restricted to the range 0 < h < 1 and defines the fractal dimension
of the interface. Small values of h correspond to extremely jagged surfaces, whereas values
close to unity lead to interfaces with smooth hills and valleys.
The contour function, z(~r‖) can be calculated by

z(~r‖) =

+∞∫

−∞

√
C̃(~q‖) expi(~r‖·~q‖+ϕrnm) dq‖, (2.13)

where ϕrnm are the phases of ~q‖. Standard scattering methods do not provide information
about the phases; therefore these have to be randomly generated. The phases give an
individuality of the surface, but do not influence the correlation distance in the plane. The
integral in Eq. 2.13 is numerically calculated and the results are presented in Fig. 2.1a
and b. For the calculations, C̃(~q‖) is taken to be [24]:

C̃(~q‖) =
ξ2σ2

(
1 + q2

‖
ξ2

)1+h
. (2.14)

Since C̃(~q‖) does not depend on the direction of the wave vectors in the plane but only on
their length, the contour function is also dependent only on the length of the space vector
in the plane, r‖. In order to be able to compare the effects only from the correlation length,
identical sets of the wave vector phases are used for the calculation of the contour curves
in Fig. 2.1a. The contour curves in Fig. 2.1b are calculated with another phase set, and
they present the effect of the Hurst parameter.

2.2 Properties of confined liquids and confined poly-

mer films.

In the past a detailed investigation of the tribology (friction and lubrication) phenomena
of confined liquids started with the development of techniques for measuring the friction
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force in a sliding contact. The experiments were carried out by sensitive microscopes
as Surface Force Apparatus, Atom Force Microscopes and Friction Force Microscopes.
Additionally, scanning tunneling microscopy (STM) and quartz micro–balance techniques
were applied [25, 26]. Those techniques and the computer simulations are able to give some
understanding of the problem, but they also raise new questions. Dynamic and structure
studies of the matter confined in a volume comparable with molecular size appear as a
further challenge.
The works can be classified according to the geometry of the confined volume and the
fluids under investigation. The latter can be divided into experiments with ’simple’ liquids
[27, 28], complex fluids and colloides [29, 30, 31, 32]. From the geometry point of view,
in a significant number of experiments materials were confined in porous media (zeolites,
membranes, silica gels, polymer networks), e.g. [33]. Most of those experiments were
directed to study the dynamics of the fluid in a confined volume, and some of them were
connected with the problems concerning organization of a complex fluid in vesicles and
membranes. Other experiments were performed in a so–called parallel–plate geometry (or
single slit–pore, sometimes used in the computer simulation literature). Here, the fluid
is confined between two parallel flat substrates. The parallel–plate geometry provides
a simple model for the computer simulations, and it is strongly exploited in theoretical
investigations.
The experiments presented in this work were carried out in parallel–plate geometry. The
’simple’ fluids CCl4 and Octamethylcyclotetrasiloxane were used. Moreover, measurements
with self–organized co–polymers have been performed. The purpose of the experiments
was to study the structure changes depending on the gap size, if the fluid is confined in
a distance comparable with the molecular dimension. A look at the structural properties
was taken by probing the samples by X–ray reflectivity measurements. Since a significant
part of this work was dedicated to the development of an appropriate experimental setup,
a small overview of similar techniques follows below.
The most often used device for confinement of fluids in parallel–plate geometry is the
Surface Force Apparatus (SFA). A construction scheme is shown in Fig. 2.2a [35, 36].
The distance between the substrates is controlled via an interferometer with an accuracy
of 10 Å. The gap between the substrates is calculated by comparing the initial interference
image obtained at closed gap with no liquid between the substrates and the image observed
during the experiment. Since the measurement is relative, one should take into account
that the first image is observed at completely closed gap, i.e. dust between the substrates
has to be carefully avoided. Otherwise, the presence of impurity particles can affect the
measurements considerably [37].
A modification of the SFA by Israelachvili and co–workers for in–situ experiments at a
synchrotron (e.g. [38]) is called X–ray surface force apparatus (XSFA). Self–aligned liquid
crystals have been taken as samples, because the signal from ultra thin layers is usually
very small, if the radiation is homogeneously scattered. In contrast, the structure of a
self–aligned crystal leads to an amplification for certain orientations.
Cosgrove and co–workers [39] have published a description of a setup constructed with
similar ideas as the setup presented in the present work. Their device has been designed
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Figure 2.2: a) Scheme of the surface force balance. T and B are the upper and the lower
substrates, respectively. The spring k1 enables the lateral force to be measured, k2 – the
normal force depends on the gap size D. b) The normal force F(D)/R in dependence of the
gap size (R ≈ 1 cm is the mean curvature of the mica cylinders). The data are for OMCTS.
The data with the stars are taken from [28]. The number of monolayers corresponding to
each force maximum is indicated. The figure was taken from [34]. Further explanations are
given in the text.

for neutron reflectivity measurements, i.e. it is characterized by large dimensions of the
cell and of the confined area. The authors reported that the accuracy in the measurement
of the gap size is 1Å. Nevertheless, the presented results are not convincing, because the
authors did not indicate the thickness of their films. Additionaly, the large confined area
of the quartz wafers (discs with 10 cm in diameter) raises suspicion that the roughness of
these wafers was about 1Å.

A discussion of results from SFA experiments and computer simulations follows later in this
work, because those experiments are more compatible with results presented here than the
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experiments in porous media or the investigations of the confinement effect provided by the
surface potential on ultra thin films. The application of pressure on the confined volume
distinguishes the SFA experiments from the other ones. The pressure squeezes the fluid
out of the gap, so that the dependence of the structure upon the gap size can be observed
during the measurement. The geometry in the SFA experiment is not parallel–plate type,
but it could be assumed that the fluids are constrained in almost parallel substrates because
of the very small confined areas.
The existing X–ray surface force technique still cannot provide reasonable data of the
structure of fluids confined in the range of a few hundreds of Å. Thus, those works are also
not taken into consideration in the discussion here.
The computer simulations predict that the fluids in a confined geometry (the gap size
should not be larger than a few times the molecular size) tend to organize in layers. Such
tendency is also observed, if fluids are absorbed on solid surfaces [40] (simulations), [9]
(experimental). Here, the normal force between the substrates (the solvation force) exhibits
decaying oscillations with increasing gap sizes. The periodicity of these oscillations is equal
to or a little bit less than the molecular diameters (e.g. [41]). The existence of an oscillatory
force was first experimentally proved by Horn and Israelachvili [27]. The sample under
investigation was OMCTS. They obtained a curve similar to that presented in Fig. 2.2
b.
In the case of chain molecules, the oscillations are damped faster with increasing molecular
weight. If the molecular mass enormously increases, as it is in the case of polymers, the
solvation force does not show oscillations. A long range repulsive force was observed, which
increases enormously at distances comparable to the molecular size [42, 43]. It has been
found that the layering effect decays within 2 to 3 segmental layers (The data are taken
from computer simulations presented by Bitsanis and Hadziioannou [44] and Baschnagel
and Binder [30]. Here, one segment has the meaning of one monomer).
The confined ultra thin films exhibit two different responses to the shear: liquid–like, where
the film responses to the deformation by flow and solid–like response, where the critical
shear is needed to activate sliding. For ’simple’ liquids the solid–like response appears
approximately at gap sizes, where the oscillations in the normal force become visible.
Klein and Kumacheva [34] have explained the effect by assuming freezing of the molecule
motions, accomplished by ordering in crystal structures, if the gap size becomes as small
as a few molecular layers. They called the phenomena ’confined–induced phase transition’
(or ’confinement–induced solidification’ by other authors). The other hypothesis is that
in the solid–like regime, the film starts to exhibit order–disorder transitions in thermally
fluctuating mode – ’stratification–induced order–disorder phase transitions’ [45, 46].
For polymers the situation is more complex, since the viscosity of polymers is much higher.
Consequently, the measured values at SFA experiments are the effective dynamic ones but
not the equilibrium ones [47], as it is supposed in the computer simulations. Probably, this
is the reason why, in contrast to the experiment, the computer simulations do not show
a solid like transition, e.g. [44, 47]. In the latter reference the authors concluded that
the polymer thin films, qualitatively, have the same behavior as ’simple’ liquids, but the
solid–like response occurs at significantly larger distances. The authors reported further
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that the film thickness at the confined–induced phase transition does not depend on the
molecular weight. The work of van Alsten and Granick [47] is not a manifest of the common
accepted model. The model emerging from the literature survey does not include the idea
of solid–like transition. Most of the authors support the asumption that the polymer
molecules close to the substrate have strongly restricted motions in normal direction, but
the molecules further from the interfacial region (in the middle of the gap) have motions
similar to those in the bulk [42, 44].

Almost all authors observed a sluggishness of the dynamics with decreasing gap size for
both ’simple’ liquids and polymers in confined geometry [48, 30, 34, 47]. The observations
are done on the basis of viscosity measurements [34], and increase of the relaxation times
[47] at the gap size, where the confined–induced phase transition was observed. The recent
works of Mukhopadhyay et al. [48] and Braun and Peyrard [49] shed more light on the
questions concerning the dynamic and structure of highly confined systems. In these works,
the translation diffusion coefficient was measured from the edges towards the centre of the
contact in the SFA. The authors observed an exponential decay of the diffusion coefficient
in the neighborhood of the center region, but the deduced activation volume for diffusion
is larger than the bulk value. Mukhopadhyay et al. [48] concluded that even after the
confined–induced phase transition, diffusion appears to involve cooperative rearrangements
of many molecules. Furthermore, the shape of the recorded curve at the closest point to
the centre suggests that the confined structure is heterogeneous1. Braun and Peyrard [49]
assume on the basis of their computer simulation and experimental results from Klein
and Kumacheva and Mukhopadhyay et al. that the solid phase (the phase observed after
confined–induced phase transition) is not a perfect crystal state. Instead, the structure
of that phase is modulated by the shape of the confining surfaces, so that well–ordered
domains are separated from regions with lower density, where the diffusion of particles is
possible. The influence of the confining surfaces on the confined–induced phase structure
has also been discussed in the following works [37, 50].

With respect to the results specified above, scattering experiments should give a clear
answer, how the structure of the matter after the confined–induced phase transition really
looks like. Moreover, they can provide information about the still open question, how
the confined fluids organizes in–plane. In one of the earlier works of Schoen et al. it
was predicted that the fluid ’freezes in an fcc–like structure’. The authors simulated a
system of rare–gas atoms confined between parallel fcc (100) planes consisting of rigidly
fixed atoms of the same type. The packing in a crystal lattice was also supposed by other
authors [51, 36]. The local symmetry observed in liquid lead on a Si surface [8] and the
heterogeneities suggested by Mukhopadhyay et al. [48] prove that fluid molecules tend to
organize themselves in–plane.

The scattering experiments performed up to now used large gap sizes [38, 39], far away from
the region where confined effects are observed by the SFA measurements. Recently, Seeck

1Citation: ’The scale of heterogeneity must have been impressively large, if one considers that these
heterogeneities do not average out despite the long averaging time and the fact that the laser beam spot
(350 nm) exceeded the size of the diffusing molecules so much’.
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and co–workers [51] succeeded in measuring the reflectivity curves of ultra thin OMCTS
film confined between Si wafers. The observed film thickness was less than 25 Å. According
to the SFA data, the measurements were performed beyond the confined–induced phase
transition. The authors suggested a scheme of structure evolution in dependence of the
pressure similar to that supposed in the Monte Carlo simulation by Diestler et al. [52].
Despite of the fact that the first work on ultra thin films probed by X–rays already ap-
peared, the experimental difficulties obstruct the scattering methods to become routine
methods for the investigation of ultra thin confined films. The experiments need a well–
collimated, narrow and high–intense beam. According to that, neutrons seem to be not a
proper choice for the investigation of ’simple’ liquid confined films. Taking into account
that the confined effects of polymers appear at larger gap sizes, neutron measurements
could be more practical here, because they allow the variation of the scattering contrast
along the polymer chain.
The confined experiments put a strong requirement on the substrates as well. They have
to be molecularly clean and smooth in the range of at least a few square millimeters. It
turned out that this requirement is a real challenge for the crystal industry.



Chapter 3

Scattering theory

In this work scattering methods are used for the investigation of confined soft matter and
thin films. In the following the used methods are theoretically introduced.

3.1 Reflectivity theory

3.1.1 Fresnel’s formulae

Assuming that there are no charges and currents in the medium, it follows from Maxwell’s
equations, that the electric field ~E at point ~r is given by

∇2 ~E(~r, ω) − k2ε(~r, ω)µ(~r, ω) ~E(~r, ω) + [∇ ln µ(~r, ω)] ×∇× ~E(~r, ω)

+∇
[
~E(~r, ω) · ∇ ln ε(~r, ω)

]
= 0 (3.1)

where ω is the angular frequency, k = 2π/λ, λ is the wavelength in the vacuum and µ and
ε are the magnetic permeability and dielectric constant of the material, respectively [53].
In general, µ and ε depend on the spacial coordinate ~r and the angular frequency ω. If µ
and ε are constant, the equation above simplifies to the so–called Helmholtz equation

(
∇2 + k2n2

)
~E(~r, ω) = 0, (3.2)

where n =
√

µε is the refractive index of the medium. The refractive index may also be
expressed by:

n = 1 − δ + iβ. (3.3)

Here, δ and β are the dispersion and the absorption of the medium, respectively. For a
homogeneous medium and far away from absorption edges, δ und β can be approximated
by

δ =
λ2

2π
reρ

β =
λ

4π
µ, (3.4)

19
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where re is the classical electron radius e2/4πε0mc2 = 2.814 × 10-5 Å and ρ is the electron
density. δ is of the order of 10-6 for X–rays; thus the real part of the refractive index for
X–rays is slightly smaller than one. β is usually one or two orders of magnitude smaller
than δ for X–rays.

Figure 3.1: Scattering geometry. Ki is the wave vector of the incomming beam, Kf and K′
f

are the wave vectors of the scattered and specular reflected waves, respectively. The intensity
of the specular reflected wave is recorded, when the angle αf is kept equal to the angel αi

(with Θ = 0).

The simplest solution of the Helmholtz equation is a harmonic plane wave 1

E(~r) = ~E0 exp[i(~k · ~r)]. (3.5)

Here, the wave vector, ~k can be expressed by k~s, where ~s is the unit vector in direction
of the wave propagation. If a plane wave impinges a boundary between two homogeneous
media with refractive indices n1 and n2, it splits into transmitted and reflected waves. The
relation between the incoming wave and the transmitted and reflected waves is given by

~Er = R ~Ei (3.6)

~Et = T ~Ei (3.7)

1The time dependence is not displayed here, since it is of no interest for the description of the experi-
ments.
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where ~Ei is the electric field vector of the incoming wave and ~Er and ~Et are the vectors
of the reflected and the transmitted fields, respectively. In general, the so called Fresnel
transmission and reflection coefficients, T and R are matrices. They depend on the polar-
ization of the incoming and reflected beams. In the used experimental setup the radiation
is mainly s–polarized (i.e. the incoming beam is linearly polarized with the electric field
vector in Y direction, see Fig. 3.1). Additionaly, in the current experiment, the reflected
and transmitted waves have the same polarization. Therefore, only the diagonal elements
of T and R, i.e. tyy and ryy, are different from zero. With respect to the boundary
conditions that the tangential components of the electric and magnetic fields have to be
continuous at the surface, for tyy and ryy the following equations are obtained [53].

tyy = t =
2ki,z

ki,z + kt,z

ryy = r =
ki,z − kt,z

ki,z + kt,z

. (3.8)

Here ki,z and kt,z are the z–component of the incoming and transmitted waves, respectively.

ki,z = k sin αi (3.9)

kt,z = nk sin αt = k
√

n2 − cos2 αi, (3.10)

where αi is the incoming angle (see Fig. 3.1). Here, n denotes the ratio n2/n1. Supposing
that the first medium is vacuum, n1 = 1 and n = n2.
The angle where the expression in the square root in Eq. 3.10 becomes zero, is called
critical angle αi,c. Using Eqs. 3.10, 3.3 and 3.4 for αi,c the following useful approximation
is obtained:

αi,c ≈
√

2δ = λ

√
reρ

π
(3.11)

The intensities of the reflected wave, Ir and of the transmitted wave, It, are proportional
to |R|2 and |T|2, respectively. These intensities as a function of the incoming angle, αi,
normalized to the critical angle, αi,c, are presented in Fig. 3.2. The figure shows that in
the case, where the absorption is zero, the reflectivity is a constant and equal to one, i.e.
the incoming wave is totally reflected until αi becomes equal to αi,c. For larger incoming
angles the intensity decreases dramatically, and at large angles it is proportional to 1/q4

z .

Here, ~q = ~kf − ~ki is the wavevector transfer, where ki and kf are the wave vectors of the
incoming and the reflected waves (qz = 4π sin(αi)/λ).

3.1.2 Multiple interfaces

The considerations above only took reflections from a single surface into account, but for
practical applications layer systems are more important. The general case covers a system
of N − 1 layers on a substrate (Fig. 3.3). The vacuum is usually treated as the first layer
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Figure 3.2: Intensities of the reflected and transmitted waves as a function of the incoming
angle αi normalized to αi,c. The presented curves are calculated for different absorptions β
[54].

and the substrate as layer N + 1. The zero point of the z–axis is at the first interface
(layer 1/layer 2), and all other layers are positioned at negative z values. The amplitude
of the incoming beam T1 is normalized to one. Using Parratt’s formalism [55], a recursive
expression for the ratio of the reflected wave to the incoming wave, Rj/Tj, in the layer j,
can be obtained

Xj =
Rj

Tj
= exp(−2ikz,jzj)

rj,j+1 + Xj+1 exp(2ikz,j+1zj)

1 + rj,j+1Xj+1 exp(2ikz,j+1zj)
, (3.12)

where

rj,j+1 =
kz,j − kz,j+1

kz,j + kz,j+1
(3.13)
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is the Fresnel coeffcient of the j–th interface with kz,j = k(n2
j−cos2 αi)

1/2 and Xj is the ratio
of Rj to Tj in layer j. Usually, the substrate is much thicker than the penetration depth
of the X–rays, and the reflection from the bottom of the substrate is thus neglected. In
other words, RN+1 = XN+1 = 0. Taking into account that the incident wave is normalized
to one (T1 = 1), the speculary reflected intensity from the first layer R1 can be obtained
by Eq. 3.12 after N iterations.

Figure 3.3: Multiple layer system. The vacuum is treated as the first layer and the substrate
as layer N + 1.

3.1.3 Roughness

The equations for the reflected and transmitted intensity in the previous two sections were
derived assuming that the refractive indices nj do not depend on the spatial coordinates
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and the wavelength within a layer (µ = const. and ε = const.). Constant values of µ
and ε allow to simplify Eq. 3.1 to the Helmholtz equation (Eq. 3.2), which can be solved
analytically. On the other hand, taking µ and ε independently from the spatial coordinates,
the information about the structure of the interface is lost, and the real rough interface is
approximated by a sharp one.

n4

n3

n2

n1

σ3

σ2

σ1

d2

d3

x
z

Figure 3.4: Two layers with refractive indices n2 and n3. The vacuum is treated as the first
layer with refractive index n1 and the substrate as last layer with refractive index n4. σ1, σ2,
and σ3 are the thicknesses of the interfaces between the layers.

The expressions for the real rough surface can be obtained from the ideal case as shown
below. Since the specular reflectivity is of interest (Fig. 3.1), the wavevector transfer has
only a z–component. Hence, it can be assumed that the refractive index profile is only a
function of the z–component. For instance, an error function refractive index profile can
be taken for the description of a rough interface between the layers j and j + 1:

nj(z) =
nj + nj+1

2
− nj − nj+1

2
erf

(
z − zj√

2σj

)
, (3.14)

where

erf(z) =
2√
π

z∫

0

exp(−t2)dt (3.15)

and σj is the measure of the surface roughness (see Fig. 3.4). Then, for rough interfaces
Eq. 3.12 changes to [56, 57]:

Xj =
Rj

Tj

= exp(−2ikz,jzj)
r̃j,j+1 + Xj+1 exp(2ikz,j+1zj)

1 + r̃j,j+1Xj+1 exp(2ikz,j+1zj)
, (3.16)

with modified reflection coefficients

r̃j,j+1 = rj,j+1 exp(−2kz,jkz,j+1σ
2
j ). (3.17)
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If the interface follows a hyperbolic tangent profile

nj(z) =
nj + nj+1

2
− nj − nj+1

2
tanh

(
π

2
√

3

z − zj

σj

)
, (3.18)

one obtains for r̃j,j+1

r̃j,j+1 =
sinh

[√
3σj(kz,j − kz,j+1)

]

sinh
[√

3σj(kz,j + kz,j+1)
] . (3.19)

Eq. 3.16 can be applied, if the layers in the system are thick compared to the the roughness
of the interfaces (σj � dj). Otherwise, the “effective–density model” must be used
[56]. Here, the profiles at the interfaces are determined by functions Yj(z) given by

Yj(z) = tanh

(
z

π

2
√

3σj

)
(3.20)

or by

Yj(z) = erf

(
z√
2σj

)
. (3.21)

Yj(z) goes to ±1, if z → ±∞. Using the functions Yj(z) the fraction of the material j,
Wj(z), at position z can be defined as

Wj(z) =





1
2
[1 + Yj(z − zj)] for z ≤ ζj

1
2
[1 − Yj(z − zj−1)] for z > ζj.

(3.22)

Here, the coordinate ζj denotes the depth, where the upper and lower profiles of the
interface j are connected continuously,

ζj =
σjzj−1 + σj−1zj

σj + σj−1

. (3.23)

At the substrate (j = N + 1), zN+1 goes to −∞, σN+1 is equal to zero and ζN+1 goes to
−∞. At the first interface (j = 1) z0 → +∞ and σ0 = 0, ζ1 → +∞. With Eq. 3.22 the
whole dispersion profile can be defined by

δ(z) =

∑N+1
j=1 δjWj(z)

∑N+1
j=1 Wj(z)

, (3.24)

where δj is the nominal dispersions in the layer j. For σj � dj the refractive index
profile is approximated by a system consisting of N independent rough layers. Thus, the
reflectivity of this profile can be calculating by Eq. 3.16 with corresponding modified
reflection coefficients, r̃j,j+1. For σj ≥ dj Eq. 3.24 splits the refractive index profile into
a large number of very thin and completely smooth sublayers. Then, Eq. 3.12 can be
used to calculate the reflectivity. However, in this case, the refined parameters δj, σj and
dj = zj−1 − zj have not the same definition as above. Here, δj is the effective dispersion at
depth z, σj defines the width of the intermediate region between layers j and j + 1, and
dj gives the distance between the inflection points of Wj(z).
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3.1.4 The critical angle at the confined reflectivity curves

In Fig. 3.5 the scattering geometry used for the measurements of the confined films
reflectivity curves is presented. The beam comes from the left side and its width and
the detector aperture were set to 0.2 mm in the vertical. The gap size at the confined
condition is of the order of hundreds of Angstroms. Hence, the intensity of the radiation
going directly into the gap (through the liquid) is about five orders of magnitude less
than the radiation which penetrates the wafer. Therefore, if both wafers are parallel, the
beam runs mainly as shown in Fig. 3.5, and determines also the main part of the signal
measured by the detector. In this case, according to Snell’s law, the effect of the critical
angle at the liquid (polymer)/substrate interface will not be seen in the reflectivity curves,
since both wafers have the same refractive index.

3.2 Diffuse scattering theory

3.2.1 Born approximation

Eq. 3.1 presented in the beginning of the previous section cannot be solved generally.
Using an approximation that µ and ε are constants, the Helmholtz equation is obtained.
In a more general case, µ and ε depend on the spatial coordinate ~r, but they are effectively
constant over distances of the order of the wavelength λ = 2π/k. Then, the last two terms
on the left side of Eq. 3.1 can be neglected and one obtains

∇2 ~E(~r, ω) − k2n2( ~r, ω) ~E(~r, ω) = 0. (3.25)

Eq. 3.25 can be solved using Green’s function theory [53], and its solution is

~E(~r, ω) = ~E0(~r, ω) +

∫
F (~r′, ω) ~E(~r′, ω)

eik|~r−~r′|
∣∣∣~r − ~r′

∣∣∣
d3r′, (3.26)

where the integral has to cover the sample volume and ~E0(~r, ω) is the electric field vector
of the incident wave. The function F (~r, ω) is called the scattering potential of the medium
and it is defined as:

F (~r, ω) =
k2

4π
[n2(~r, ω) − 1]. (3.27)

Eq. 3.26 is a sum of the incident and the scattered field, and the integral describing the
scattered wave again depends on ~E(~r, ω). Assuming weak coupling between incident and

scattered radiation, in the integral ~E(~r) can be replaced by the incident field ~E0(~r), and
one obtains a first–order approximation of the solution2.

~E(~r) = ~E0(~r) +

∫
F (~r′) ~E0(~r′)

ei~k|~r−~r′|
∣∣∣~r − ~r′

∣∣∣
d3r′ (3.28)

2ω dependence in the equations further below will no longer be displayed, because it is of no interest
for further calculations here.
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Figure 3.5: Scattering geometry used for the measurements of the confined films reflectivity
curves.

This approximation is known as the (first–order) Born approximation. The Born approxi-
mation can be used, if the intensity of the scattered wave is small in comparison with the
intensity of the incident wave. The calculations of the scattered intensity in terms of the
first–order Born approximation is also known as kinematical scattering theory.

For large ~r the following approximation can be applied [53]:

ei~k|~r−~r′|
∣∣∣~r − ~r′

∣∣∣
≈ ei~k·~r

|~r| e−i~k·~r′, (3.29)
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and if the E0 is replaced by the ei( ~k0·~r), Eq. 3.28 can be written in the form

~E(~r) = ~E0(~r) + A(~k, ~k0)
ei~k·~r

|~r| , (3.30)

where

A(~k, ~k0) =

∫
F (~r′)ei(~k− ~k0)·~r′d3r′ (3.31)

is the scattering amplitude. The structure factor, S(q) (where q = ~k − ~k0) is equal to |A|2
and it is proportional to the scattered intensity.
It can be shown [23] that in the first–order Born approximation the diffuse scattered
intensity, Idiff , from a single film/air interface is given by

Idiff (qx, qz) =
(∆ρ)2

q2
z

exp(−q2
zσ

2)

∫ [
exp

{
q2
zC(X)

}
− 1

]
exp(−iqxX)dX, (3.32)

where C(X) is the height–height correlation function which describes the structure of the
interface. Eq. 3.32 is in accordance with the experimental conditions, i.e. wide–open slits
in Y direction (see Fig. 3.1), which means that the recorded intensity is already averaged
over qy. In the case of a liquid/air interface the logarithmic correlation function given
by Eq. 2.11 has to be used. Inserting Eq. 2.11 into Eq. 3.32, and for qx being much
larger than the diffractometer resolution in X direction 3, the scattered intensity can be
approximated by a power law [56]

Idiff (qx, qz) ∼ qη(qz)−1
x , (3.33)

where

η(qz) =
kBT

2πγ
q2
z (3.34)

The shape of Idiff as a function of qx at fixed qz is shown in Fig. 3.6. For thinner films,
qvdW is much larger than qg and ql,c = qvdW (see Eqs. 2.7 and 2.8). Here, ql,c appears as a
’kink’ in the presented curve. If the film is thick, qvdW becomes very small and the lower
cutoff is in principal determined by qg. Thus, ql,c moves to smaller qx values. Generally, the
diffractometer resolution in X direction exceeds qg and the ’kink’ merges with the specular
peak and disappears from the curve.

3.2.2 Distorted–Wave Born approximation

In the vicinity of the critical angle the scattered intensity is no longer small compared to the
incident intensity, and the Born approximation can not be applied. The multiple scattering
effects are taken into account in the so–called Distorted–Wave Born approximation. Here,
the scattering potential is presented as

V (~r) = V0 + δV (~r), (3.35)

3For the diffractometer resolution see Section 4.1
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Figure 3.6: The dependence of Idiff as a function of qx at qz = 0.25 Å-1 for film with
thickness 160 Å at 150°C. The curve was calculated at γ = 0.030 N/m

where V0 corresponds to the scattering potential in the case of sharp–interface systems and
δV (~r) is a small perturbation representing the nano–scale structure in V (~r). The first–
order approximation of the solution in terms of the Distorted–Wave Born approximation is
obtained by replacing the scattering potential F (~r) in Eq. 3.26 by V (~r) and ~E(~r′) by the
solution of the Helmholtz equation for the transmitted wave given in Eq. 3.7. The strict
calculations of the scattered intensity in terms of the distorted–wave Born approximation
is presented in e.g. Sinha et al. [23] and Vineyard [58]. As a final result, for a single
interface the diffuse scattered intensity is given by

Idiff ≈ |T(αi)|2 S(~q) |T(αf)|2 , (3.36)

where T is the transformation matrix from Eq. 3.7, αi and αf are the incident and reflection
angles, resepectively.
The diffuse scattered intensity in terms of the distorted–wave Born approximation for
multiple layer systems is more complicated. It was calculated by Holy and Baumbach [59]

Idiff(~q) =
Gk2

8π2

N∑

j,k=1

(n2
j − n2

j+1)(n
2
k − n2

k+1)
∗

×
3∑

m,n=0

G̃m
j G̃n∗

k exp

{
−1

2

[
(qm

z,jσj)
2 + (qn∗

z,kσk)
2
]}

Smn
jk (~q) (3.37)

where G is the illuminated area, and the scattering function Smn
jk (~q) is given by
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G0
j = Ti;j+1Tf ;j+1 q0

j = ~ki;j+1 + ~kf ;j+1

G1
j = Ti;j+1Rf ;j+1 q1

j = ~ki;j+1 − ~kf ;j+1

G2
j = Ri;j+1Tf ;j+1 q2

j = −q1
j

G3
j = Ri;j+1Rf ;j+1 q2

j = −q0
j

Table 3.1: The possible analytic continuations, Gm
j , and the perpendicular wave vector

transfers, qm
z,j.

Smn
jk (~q) =

1

qm
z,jq

n∗
z,k

∫ (
exp

{
qm
z,jq

n∗
z,kCjk(~R)

}
− 1

)
exp(−i~q‖ ~R)dR (3.38)

qm
z,j and qn

z,k are the perpendicular wave vector transfers inside the layers j and k, respec-

tively. The quantities G̃m
j can be obtained by

G̃m
j = Gm

j exp(−iqm
z,jzj). (3.39)

The wave vector transfers qm
z,j and Gm

j are given explicitly in Table 3.1. The upper indices

m or n indicate one of the combinations given in the Table 3.1. Cjj(~R) in Eq. 3.38 is
the height–height correlation function of the j interface. Cjk, with j 6= k, are the so–called
cross–correlation functions. They account for the vertical roughness correlation between
the interfaces. In the present data refinement it is supposed that no correlation between
the interfaces exists (Cjk = 0, for j 6= k).



Chapter 4

Polymer thin films

4.1 Experimental setup

4.1.1 Description of the beamline and the sample environment

Most of the measurements have been carried out at beamline W1 (DESY/Hasylab, Ham-
burg). Synchrotron radiation with a wavelength λ = 1.1808 Å(E = 10.5 keV) has been
used. A scheme of the beamline is shown in Fig. 4.1.

Figure 4.1: Scheme of the beamline W1. The length of the beamline is about 40 m. Further
details are given in the text.

’White’ synchrotron radiation is produced by a wiggler with a critical energy Ecrit = 8.4
keV (denoted in the figure with W). The beam is collimated by the the first slit (S1) and
monochromatized by a Si(111) double crystal monochromator denoted with M1 and M2.
The monochromatic beam hits a toroidal mirror (Mir), which suppresses higher harmonic
radiation and focusses the beam to the sample position. Then, the beam enters the hutch,
where it is additionally collimated by a second slit system (S2), monitored by an ionization

31
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chamber (Mon), and filtered by attenuators mounted on a wheel (A). Finally it hits the
sample S. The scattered radiation is recorded with a NaI scintillation detector D. Between
the sample and the detector two guard slits (S3 and S4) serve to reduce the background
and to define the resolution. The beam size that illuminates the sample is defined by the
aperture of S2, and usually it was 2 mm in the horizontal and 0.2 mm in the vertical
direction. The slits S3 and S4 have been aligned with the same opening.

Figure 4.2: The sample-cell. The cell has a diameter of about 100 mm and a height of 150
mm. The windows were made of kapton foil.

The reflectivity and diffuse scattering curves of each sample were measured in the temper-
ature range 50°C to 230°C during heating and cooling runs, respectively. The cooling was
carried out by switching the heater off until the desired temperature was reached. In order
to avoid oxidation and dewetting of the samples during the heating, the sample chamber
was evacuated down to 10−5 mbar. The sample–cell used for the measurements is presented
in Fig. 4.2. Two different sample heaters1 have been used which are shown in Fig. 4.3a
and b. The maximum temperature that can be reached with heater (a) is 220°C. The
device was replaced by heater (b) at a later date, which reaches a maximum temperature
of 600°C. Heater (b) provides a more uniform temperature distribution within the sample,
because the sample is heated from all sides. The temperature was mesaured using a Pt100
temperature sensor and controlled via a Lakeshore temperature controler model type 340
or 330.

1The heaters have been designed by the author.
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Figure 4.3: The sample-heaters. a) The heater with a maximum temperature of 220°C. b)
This heater can be used up to a maximum temperature of 600°C. The sample is placed in
the gap between the heat plates and it is fixed to one of the plate sufaces.

4.1.2 Scattering geometry

In Fig. 3.1 a sketch of a sample under investigation was depicted. The coordinate system
is related to the surface of the sample. The z–axis is perpendicular to the sample surface.
The incoming and the specular reflected beams define the plane of incidence. The plane
of incidence coincides with the (x, z)–plane. Thus, the wave vector transfer defined as

~q = Kf − Ki, (4.1)

has the coordinates

qx =
2π

λ
(cos αf cos Θ − cos αi)

qy =
2π

λ
(cos αf sin Θ)

qz =
2π

λ
(sin αf + sin αi) (4.2)

If the angle αi is kept equal to the angle αf , and angle Θ = 0 (Fig. 3.1), the reflectivity
curve is measured. According to Eqs. 4.2, the reflectivity curve corresponds in reciprocal
space to a qz– scan at qx = 0 (Fig. 4.4). In Fig. 4.1 the angle OM is identical to the
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incoming angle αi and the angle TT = αi + αf . Then, the reflectivity curves are recorded
by simultaneously scanning angles OM and TT, where TT is kept equal to 2OM.

Figure 4.4: Scans in the reciprocal (qx, qz) plane. The regions below the thin solid wings
are inaccessible for the in–plane scattering (angle Θ = 0), because the beam or the detector
are below the surface. Ref : reflectivity scan, Tr: transverse scan (rocking curves), Ld:
longitudinal diffuse scan.

The scan, where the angle αf has a small offset, δ, with respect to the angle αi, is called
longitudinal diffuse scan. In reciprocal space the longitudinal diffuse curve corresponds to
the curve denoted with Ld in Fig. 4.4. The scan is performed again by simultaneously
scanning angles OM and TT, where OM = αi + δ and TT = 2αi.

The transverse scans in reciprocal space are qx scans at almost fixed qz (see the curve Tr
in Fig. 4.4). The scans are recorded at fixed TT and scanning of OM from 0 to the
value of TT.

Since the FWHM of the primary beam is about 0.02°, the offset δ of the longitudinal
diffuse scattering curves is 0.05°. Thus, the longitudinal diffuse scattering curves are used
to approximate the diffuse scattering under the reflectivity curves. According to the power
law of the intensity dependence given in Eq. 3.33, the transverse scans were performed at
different values of TT. For most of the samples, the values of TT were 3.77°, 2.69°, 2.15°

and 1.61°. In reciprocal space these angles correspond to qz equal to 0.35 Å-1, 0.25 Å-1,
0.20 Å-1 and 0.15 Å-1, respectively.
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4.1.3 Diffractometer resolution

The diffractometer resolution can be calculated using the error propagation law (Gauss)
applied to Eqs. 4.2. Assuming that αi and αf are small angles, and angle Θ = 0 (in–plane
scattering, qy = 0), one obtains

δqx

2 =

(
∆λ

λ

)2

qx
2 + k2(αi

2∆αi
2 + αf

2∆αf
2)

δqz

2 =

(
∆λ

λ

)2

qz
2 + k2(∆αi

2 + ∆αf
2), (4.3)

where δqx
and δqz

are the resolutions parallel and perpendicular to the surface, k = 2π/λ,
∆αi and ∆αf are the angular divergence and the acceptance of the incoming and outgoing
radiation. For most surface X–ray experiments the monochromaticity of the radiation does
not affect the resolution significantly. Assuming an energy resolution of 1 eV or better at
10 KeV ∆λ/λ = ∆E/E is less than 10−4, so that the first terms in eqs. 4.3 are orders of
magnitude less than the second terms. An estimation of these is rather difficult, because
∆αi and ∆αf are determined by the distances between the beamline components, slit
sizes and optical elements (here ∆αi depends on the monochromator and the mirror). In
some synchrotron experiments the value of ∆αi can be significantly smaller than ∆αf .
Nevertheless, in order to simplify the estimation, it is supposed here that ∆αi = ∆αf =
∆α. Then, using sin αi ≈ αi and sin αf ≈ αf at small angles, and Eq. 4.2 one obtains

δqx
≈ qz∆α

√
1 − 2αiαf

(αi + αf)2

δqz
≈ 2k∆α, (4.4)

which is λ independent. The function under the square root in Eq. 4.4 can adopt values
between 0 and 0.5. Hence,

δqx
≤ qz∆α

√
1

2
(4.5)

∆α can be easily measured by determining the width of the primary beam without a
sample. Since angle TT = αi + αf (Fig. 4.1), the FWHM of the primary beam is ∆TT
= 2∆αi. Having ∆TT = 0.018, Eqs. 4.4 and 4.5 one obtains for δqx

and δqz
10−4 and 10−3

Å-1, respectively. Hence, the maximum length scale that can be measured in x–direction
is ≈ 2π/δqx

≈ 105 Å, and in z–direction it is ≈ 2π/δqz
≈ 104 Å. The minimum length

scales in both directions are determined by the maximum wave vector transfer, which is
restricted either by the rapid decrease of the measured intensity with increasing of qz or
by the scattering geometry.

4.1.4 Polymer samples under study

Since polystyrene (PS) has a high glass transition temperature and builds stable films, PS
spin–coated films on hydrophobic and hydrophilic Si substrates were studied. The glass
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Sample Number Type of the Thickness of the Molecular mass
Si substrate polymer layer [Å] Mw [kg/mol]

n26 non-hydrophobic 200 650

n46 non-hydrophobic 400 650

n86 non-hydrophobic 800 650

n16 non-hydrophobic 1700 650

n36 non-hydrophobic 3000 650

h26 hydrophbic 200 650

h46 hydrophbic 400 650

h86 hydrophbic 800 650

h16 hydrophbic 1700 650

h36 hydrophbic 3000 650

n21 non-hydrophobic 200 123

n41 non-hydrophobic 400 123

n81 non-hydrophobic 800 123

n11 non-hydrophobic 1700 123

n31 non-hydrophobic 3000 123

h21 hydrophbic 200 123

h41 hydrophbic 400 123

h81 hydrophbic 800 123

h11 hydrophbic 1700 123

h31 hydrophbic 3000 123

n23 non-hydrophobic 200 30

n43 non-hydrophobic 400 30

n83 non-hydrophobic 800 30

n13 non-hydrophobic 1700 30

n33 non-hydrophobic 3000 30

h23 hydrophobic 200 30

h43 hydrophobic 400 30

h83 hydrophobic 800 30

h13 hydrophobic 1700 30

h33 hydrophobic 3000 30

Table 4.1: List of the studied samples. The molecular weights are measured by the supplier.

transition temperature of PS is about 100°C. Hence, it allows measurements below and
above the glass transition without experimental complications2. The melting temperature
of the polymer is 200°C.

The polymer films were prepared from toluene solution of PS by spincoating onto Si wafers
with native SiOx layer (hyrophilic substrates, also called non– hydrophobic in the Tab.

2For comparison, the glass transition temperatures of polyethylene and polypropylene are about -20°C
and -3.2°C, respectively [60].
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4.1) and onto hydrogen–passivated Si surfaces (hydrophobic substrates). The thicknesses
of the films can be estimated from the concentration of the polymer in the solution. After
spincoating the samples were annealed in vacuum at 150°C for 12 h and slowly cooled down
to room temperature.

Before the spincoating, the substrates were cleaned in an ultrasonic bath in a solution of
aceton, methanol and toluene for 5 min. Then, the samples were immersed in a solution
of H2O2:H2SO4, v:v=1 : 3 (pirhania etch) for 5 min and rinsed with destilled water several
times. Pirhania solution removes organic contaminations but does not etch the native SiOx

layer. The hydrophobic surfaces were obtained by an additional treatment of the Si wafers
with 10% water solution of HF for 10 s and rinsing with destilled water.

Polystyrene with molecular weights, Mw = 650, 123 and 30 kg/mol were used. The poly-
mers were purchased from Pressurechemical Co.(USA) and they have molecular weight
distributions, Mw/Mn of 1.06, 1.08, 1.06, respectively.

The monomer of the polystyrene is presented in Fig. 4.5. Depending on the steric
orientation of the benzene ring there are three types of polystyrene: isotactic (i–PS),
syndiotactic (s–PS) and atactic (a–PS, also called amorphous PS). The first two types have
regular orientations of the benzene rings along the chain, and they are able to crystallize
[61]. In contrast, the a–PS has no regular steric orientation and does not crystallize. Since
a–PS was used here, it is not expected that the polymer has created a regular structure
after spincoating on the wafers.

Figure 4.5: The monomer of the polystyrene.

A full list of the investigated samples3 is shown in Tab. 4.1. The sample notations are
created from the first letter of the substrate type (hydrophobic, non–hydrophobic), the
first number of the nominal film thickness4 (200, 400, 800, 1700, 3000) and the molecular
mass (650, 123, 30).

3The samples have been prepared by Dr. Hyunjung Kim (APS, Argone).
4The film thickness depends on the polymer concentration in the solution. The values in Tab. 4.1 are

estimated in accordance with the polymer concentration in the solution.
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The radii of gyration, Rg, of the PS with molecular masses 650, 123 and 30 kg/mol are
418, 183 and 86 Å, respectively. They are estimated by the equation for the end–to–end

distance of the freely joined chain [62], R2
g =

Nl2
0

6
, where N is the number of the monomers

in the molecule and l0 is the persistence length, which was assumed to be 10Å.

4.2 Results and Discussions

4.2.1 Reflectivity measurements.
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Figure 4.6: The reflectivity curves of all hydrophilic samples at 50°C. The film thicknesses
in the figures are results taken from the data evaluation.

The reflectivity curves of all samples, which were measured at 50°C, are presented in Fig.
4.6 and Fig. 4.7. All curves are superpositions of ’fast’ and ’slow’ oscillations with
qz. The fast oscillation is determined by the thickness of the polymer film. The slow
oscillation stems from a thin layer between the polymer film and the Si substrate. With
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respect to these observations, the data evaluation was done with a model consisting of the
silicon substrate, layer 1 describing the thin layer, and layer 2 assigned to the polymer
film. For the refinement, Parratt’s equation, Eq. 3.16, has been used. The roughness of
the interfaces was mainly described with the error function profile (Eq. 3.17). An example
of the dispersion profile together with the reflectivity curve of sample n26 and the fit are
shown in Fig. 4.8. Tables with values calculated from the refinement parameters are
given in the appendix (Tabs. A.1 and A.2).
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Figure 4.7: The reflectivity curves of all hydrophobic samples at 50°C. The film thicknesses
in the figures are results taken from the data evaluation.

The reflectivity curve of sample h21 does not show fast oscillations. Probably the film was
extremely rough or the polymer did not cover the whole wafer for some reason (Fig. 4.7).
This sample was excluded from the analysis of polymer thin film behavior. The curves of
samples h33, n13 and n33 also do not show fast oscillations. Here, it is supposed that the
polymer film was quite thick, which results in oscillations on the reflectivity curve with a
very high frequency, so that they can not be resolved by the diffractometer.
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Figure 4.8: The reflectivity curve of sample n26 together with a fit. In the inset the
calculated dispersion profile and the curves assigned to the layers and the substrate are
shown. For clarity the curve of the profile is shifted with respect to the curves of the layers
and the substrate.

The high intense synchrotron radiation allows measurements of the reflectivity curve within
a comparatively large range in reciprocal space. It could happen that the tail of the
reflectivity curve is affected also from the scattered intensity coming from the structure
factor of the polymer film. By means of grazing–incidence diffraction [58, 54] the structure
factor of the polymer film for sample h81 and h36 have been measured. The curves are
presented in Fig. 4.9. The scattered intensity is normalized against the monitor counts,
and the background is subtracted. The curves are measured at incoming angle, αi, equal to
the outgoing angle, αf , equal to 0.15°. The scattering curve obtained from an HF–etched
Si wafer measured at the same grazing conditions as the samples is taken as background.
The critical angles of the polymer and the Si substrate are 0.12° and 0.17°, respectively (see
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the inset of Fig. 4.9). The incoming angle was chosen thus that the radiation penetrates
the polymer film but not the Si substrate. It can be seen in Fig. 4.9 that the structure
factor appears at about 0.6 Å-1, and its intensity is strongly dependent on the polymer
film thickness. The structure factor of sample h81 (with thickness 736 Å) is already hardly
visible.
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Figure 4.9: The polymer structure factor of the samples h36 and h81 measured by grazing–
incidence diffraction at αi = αf = 0.15°. In the inset, the beginning of the reflectivity cuve
of sample h36 is presented. On the curve, the critical angles αcPS and αcSi of the polymer
and of the Si substrate are denoted.

The results from grazing–incidence diffraction suggest that the humps observed in the tail
of the longitudinal diffuse scattering curve are due to scattering from the polymer structure
factor (Fig. 4.10). The ratio of the speculary reflected intensity, Iref , to the intensity of

the longitudinal diffuse scattering curves, Ild, at qz equal to 0.7 Å-1, is about 0.04 for sample
h36. Since this estimation is valid for one of the thickest samples, it can be expected that
for the other samples the ratio is even less. Because of the negligible small contribution
of the polymer scattering to the intensity of the reflectivity curve, a special correction was
not applied to the data before the refinement.

The properties of the polymer film and layer 1 (the dispersion, the roughness and the
thickness) at different temperatures are the results obtained after refinement of the reflec-
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Figure 4.10: The longitudinal diffuse scattering curve and the tail of the reflectivity for
samples h36.

tivity curves. The dispersion, δSi, and the roughness, σSi, of the substrate are not refined.
During all fits they were kept equal to 4.43 ·10−6 and 1.2 Å, respectively. The average value
obtained for the dispersion of the polymer film, δPS, is (1.8 ± 0.3) · 10−6. The roughness
of the polymer film, σPS, does not significantly depend on the thickness of the studied
films. The result coincides with the results presented in [14], where a strong increase of
the polymer film roughness was observed for films with thicknesses less than 200 Å. For
larger films the roughness has been about 7 Å and has remained constant within the error
limits [14]. The observed independence of the roughness of the film thickness and of the
type of the substrate allows to take the average of σPS’s for all available poylmer films at
a given temperature.

The obtained temperature dependence of the polymer film roughness is shown in Fig.
4.11 (open symbols). The roughness increases during the heating run (up to 230°C), and
it slightly decreases during the cooling procedure. Nevertheless, at 50°C after the cooling,
it is considerably larger than the roughness in the beginning of the heating run. Since the
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quality of the polymer film becomes worse at higher temperatures (the oscillations on the
reflectivity curve vanish at smaller qz), the error bars in the cooling runs are larger.
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Figure 4.11: The roughness of the polymer film versus the temperature. The figure shows
also results from refinement of diffuse scattering curves, which are explained in detail later
in the text.

The thicknesses of the polymer films are not significantly dependent on the temperature.
They increase by a factor of 1.1 during the heating run and slightly recover at the end of the
cooling run (Tab. A.3 in the appendix). The increase of the polymer film thickness with
the temperature is related to the temperature change of the polymer chain conformation.
The thin covering (the layer 1) on the hydrophilic substrates is the native Si0x usually
observed on Si wafers. The layer 1 on the hydrophobic substrates is obtained after treating
the wafer with HF water solution. The properties of both coverings are compared in Tab.
4.2.
From the table, it can be seen that the hydrophobic layer is thinner and has less dispersion
than the hydrophilic. The curves in Fig. 4.6 and Fig. 4.7 show that in contrast to
the hydrophobic layer the SiOx layer has uniform properties for all samples, which also
results in smaller errors of the SiOx layer dispersion (Tab. 4.2). The hydrophilic samples
also reveal higher stability with increasing temperature. Only two hydrophilic samples
show modifications with temperature (Fig. 4.12a). Possible reasons for this behaviour
can be either the polymer films themselves or an increase of the SiOx layer roughness.
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hydrophobic hydrophilic

thickness, d, [Å] 8.4 ± 0.1 10.1 ± 0.1

roughness, σ, [Å] 2.6 ± 0.1 2.5 ± 0.1
dispersion, δ 3.70 ± 0.05 4.08 ± 0.01

Table 4.2: The layer 1 parameters for the hydrophobic and hydrophilic substrates. The
values in the table are calculated by taking the mean values of the results from the reflectivity
data at all temperatures for hydrophobic and hydrophilic samples, respectively.

In contrast, almost all reflectivity curves of the hydrophobic samples change their shapes
during the heating and cooling runs. The most pronounced cases are shown in Fig. 4.12b.
Nevertheless, a significant relation between the temperature and one of the hydrophobic
layer parameter could not be established. All parameters describing the properties of layer
1 and those of the polymer film are fitted simultaneously. Thus the effects resulting from the
polymer film influence the properties of layer 1, and a reliable distinction of a temperature
dependence is hardly to obtain. Moreover, the investigation of the hydrophobic substrate
properties in dependence on the preparation, storage parameters and the temperature
is out of the frame of the current study. Therefore, the three fit parameters thickness,
roughness and dispersion for layer 1 have been averaged over all hydrophobic samples and
all temperatures (Tab. 4.2). The same has been carried out for the hydrophilic samples.

Additionaly, the hydophobic layer thickness depends on the storage time of the samples.
The samples are measured within a time interval of one year. The sample h41 is the first
considered hydrophobic sample, and it was measured about half a year before the other
samples of the same series. The thickness (4.62 Å) of its hydrophobic layer is about two
times less than the average hydrophobic layer thickness given in Tab. 4.2 (compare also
the reflectivity curves in Fig. 4.7 and Fig. 4.12b). The hydrophobic layer thickness of
sample h41 at different temperatures is not included in the calculation of the mean value
of the thickness shown in Tab. 4.2.

The unexpected temperature and storage time dependences of the hydrophobic layer pro-
vokes further experiments, and it is discussed in section 4.2.4. The results obtained from
the reflectivity curve refinements are used for the refinement of the diffuse scattering data.

4.2.2 The Liquid and the Fractal models.

In Fig. 4.13 and Fig. 4.14 the transverse (diffuse–scattering) curves of all available
samples are presented. The curves were recorded at qz equal5 to 0.2 Å-1 for temperatures
50°C and 150°C. In Fig. 4.13, kinks similar to that predicted by the capillary wave theory
are observed for samples with molecular weight, Mw = 650 kg/mol, as well as for the

5qz = 0.2 Å-1 was chosen, because the transverse curves of samples n81 and h81 were measured at qz

values, where the first minimum and maximum appear on the reflectivity curve, i.e. near qz = 0.17 Å-1

and qz = 0.26 Å-1. Data at qz = 0.15 Å-1 and qz = 0.35 Å-1 for those samples were not taken.
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Figure 4.12: a) The hydrophilic samples which show some modifications in the reflectivity
curves with the temperature. b) The most pronounced changes observed for hydrophobic
samples with temperature. Sample h21 is a very good example, since the polymer film is
dewetted and the superposition effect of the polymer film and layer 1 features is not so strong.
The letters h and c in the figure legendes denote heating and cooling runs, respectively.

samples with Mw = 123 kg/mol and film thickness less than 800 Å. From the series with
molecular weight 30 kg/mol only the sample with film thickness of 200 Å shows kinks.
Comparing the hydrophobic and hydrophilic samples in Fig. 4.13 and Fig. 4.14 it
becomes clear that the appearance of the kinks does not depend on the substrate type.
The kinks in the transverse scans can be, in principle, related to the liquid–like properties
of the polymer film. Since atomic–force microscopy observations were not carried out, it
can be argued here that the kinks are a manifest of the droplet structure created after
the dewetting of the polymer film6 [63, 64, 65]. The dewetting investigations of PS thin
films show that the films are comparatively stable [14, 63]. Dewetting is observed after
annealing of films with thicknesses of about Rg/3 or if the PS has a low molecular weight

6The dewetting is the process, where the integrity of the film breaks up and it decays into randomly
distributed droplets and holes.
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Figure 4.13: The transverse scans of the hydrophilic and hydrophobic samples in double
logarithmic scale at 50°C (heating run).
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Figure 4.14: The transverse scans of the hydrophilic and hydrophobic samples in double
logarithmic scale at 230°C.
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(≈ 30 kg/mol) [64, 63]. Hence, from the studied samples the films with nominal thickness
200 Å and the films with molecular mass 30 kg/mol may be suspected to dewet during
the annealing and temperature measurements. However, the reflectivity curves of those
samples at 50°C do not show evidence for dewetting after annealing (with the exception
of sample h21, Fig. 4.6 and Fig. 4.7). Additionally, if it supposed that the kinks are a
result of the droplet structure, they should be measured mainly on samples with molecular
mass of 30 kg/mol but not on samples with a molecular weight of 650 kg/mol. The fact
that a temperature increase does not lead to kinks from any of the samples, which do
not possess them at 50°C, is also an argument against the explanation of the kinks on
the diffuse scattering curves with a droplet structure of the polymer film (compare Fig.
4.13 and Fig. 4.14). According to the discussion above, it is supposed that the kinks on
the transverse scans depend on the molecular mass and the thickness of the polymer film
rather than being a result of the droplet structure.
The diffuse scattering curves (the transverse and longitudinal scans) of each sample at a
given temperature were refined simultaneously using Eq. 3.37. Two layer systems on the
top of the substrate were considered, corresponding to the model used for the refinement
of the reflectivity curves (polymer film and layer 1, see the inset of Fig. 4.8). The
correlation function describing the polymer/air interface is either described by Eq. 2.10 or
Eq. 2.12 according to the model used for the refinement. Independently of the choice of the
correlation function at the polymer/air interface, the other interfaces (the polymer/SiOx

and the SiOx/substrate) were described by a self–affine correlation function. In summary,
the description of the correlation function and the refined paremeters used in the Liqiud
and Fractal models are given in Tab. 4.3.

Liquid model Fractal model

corr. function
for polymer/air Eq. 2.10 Eq. 2.12
interface

corr. function
for other Eq. 2.12 Eq. 2.12
interfaces

γ or Aeff σ, ξ and h
of polymer/air of polymer/air

refined interface interface
paremeters σjj, ξjj σjj, ξjj

and hjj of the and hjj of the
other interfaces other interfaces

Table 4.3: Summary of the correlation functions and refined parameters used in the Liquid
and Fractal models.

Capillary waves are expected to be observed at temperatures exceeding the glass transition
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temperature. Since after annealing the investigated samples were slowly cooled down to
room temperature (from 150°C) but not quenched, the structure at 150° was not preserved
and the data at 50°C cannot resonably be described with the Liquid model. Therefore,
only the curves with temperatures equal to or higher than 150°C were refined with the
Liquid model. The quality of the fits was not satisfactory in the cases, where the kinks
in the curves are well pronounced, which canbe seen in the refinement results presented in
the appendix. Some of the data sets of the films with a nominal thickness of 200 Å had
to be fitted using a Hamaker constant three orders of magnitude less than that taken for
the vast majority of the data. This Hamaker constant was 50 · 10−20J . According to the
literature [17, 56] the thinner films should be characterized by a stronger interaction with
the substrate. Consequently, the diminishing of the Hamaker constant for films with a
thickness of 200 Å can not be resonably explained by any physical argument and it should
be assigned to a disagreement of the Liquid model with the experimental data.

The surface tension, γ, of the polymer films was calculated using the Liquid model refine-
ment parameters. γ does not show any significant dependence neither on the film thickness
and the type of the substrate nor on the molecular mass of the polymer and the tempera-
ture. Its average value is 0.0150±0.0005 N/m, and it is about two times less than indicated
in the literature [13, 15, 12]. The logarithm of the cutoff positions of the studied films,
predicted by the capillary wave theory, was calculated using Eq. 2.7 and is presented in
Tab. 4.4.

Film thickness, d,[Å] log(qvdW /[Å-1]),

200 −3.2
400 −3.8
800 −4.4
1700 −5.1
3000 −5.6

Table 4.4: The logarithm of the cutoff positions of the studied films predicted by the
capillary wave theory. The diffractometer resolution, δqx is about 10−4 Å-1. The surface
tension for the calculations was taken to be 0.015 N/m

Comparing the cutoff positions in Tab. 4.4 with the transverse curves at 150°C (heating
run) in Fig. 4.15, it is obvious that the cutoffs for films with a thickness exceeding 800
Å are smaller than the diffractometer resolution. Consequently, they should not be visible
in the transverse scans. The observation of the kinks in the curves of the samples with a
molecular mass of 650 kg/mol indicates that the kinks in the transverse scans do not have
the meaning of cutoffs predicted by the capillary wave theory.

Considering the results up to this point, it can be supposed that the polymer films with
larger molecular weight at 150°C still exhibit viscoelastic behaviour, and a further increase
of the temperature is needed for the observation of capillary waves on the polymer surface.
Indeed, at 230°C, the kinks vanish for almost all smaples (Fig. 4.14), but this does
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Figure 4.15: The transverse scans of the hydrophilic and hydrophobic samples in double
logarithmic scale at 150°C (heating run).
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not result into a better fit quality or a larger surface tension, even for samples, which
do not show kinks at any of the investigated temperatures. Therefore, results from data
refinements using the Liquid model suggest that the capillary wave theory can not describe
the surfaces of the studied samples in the temperature interval from 50 to 230°C.
The data processing using the Fractal model shows satisfactory results at all investigated
temperatures. The model indicates that the kinks are combinations of the correlation
lenghts, ξ, and the Hurst parameters, h, of the polymer/air and polymer/layer 1 interfaces.
The interface between the substrate and layer 1 does not contribute significantly to the
scattered intensity.
The calculated correlation lengths and the Hurst parameters of the hydrophobic and hy-
drophilic coverings were similar. Therefore, they are decribed by the average values of ξ
and h calculated from all studied samples and temperatures (Tab. 4.5). The average
values of ξ and h of the substrate/layer 1 interface are also shown in Tab. 4.5.

substrate/layer 1 layer 1/polymer

Hurst parameter, h 0.41 ± 0.02 0.23 ± 0.01

Correlation length,ξ, [Å] (1.5 ± 0.2) · 103 (0.65 ± 0.07) · 103

Table 4.5: The Hurst parameter and the correlation length average values of the sub-
strate/layer 1 and the layer 1/polymer interfaces calculated after refinement with the Fractal
model.

The Hurst parameter of the polymer surface is about 0.2. It increases, if kinks are observed
in the diffuse scattering curves (Tabs. A.7, A.11, A.15 and A.19 in the appendix).
The correlation length, ξPS, shows week dependence on the temperature and the effective
thickness of the polymer film, deff . The effective film thickness was determined by dividing
the measured thickness of the films by the radius of gyration, Rg, for the corresponding
molecular mass (section 4.1.4). Thus, the thicknesses of the films were scaled in terms of
the molecular dimensions and films with different molecular weights could be compared.
In Fig. 4.16 the correlation lengths versus the effective thicknesses at 50°C of heating
and cooling runs are compared. A slight increase of ξPS with the effective thickness was
observed. Larger correlation lengths were found at the end of the cooling runs compared
to the beginning of the heating. The temperature effect becomes visible after heating the
samples above 200°C, i.e. the surface structure of the films began to relax. This observation
seems to be resonable, since the melting temperature of PS is approximately 200°C.
Comparing the results for hydrophilic and hydrophobic samples in Fig. 4.16, it looks as
if hydrophilic samples have smaller correlation lengths. The trend could be explained with
a stronger interaction between the polymer and the hydrophilic substrate.
The error bars in Fig. 4.16 exceed the corresponding values summarized in appendix A.
The standard deviations presented there were obtained from the refinement parameters,
and they seem to be unrealistically small. Therefore, the standard deviations in the figure
are estimated taking the smallest change in the correlation length, which visibly affects the
fit quality.
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Figure 4.16: The correlation lengths of hydrophobic and hydrophilic samples versus the
effective thickness at 50°C heating and cooling runs. The lines are linear regressions as a
guide to the eye.

The roughness of the polymer/air interface obtained from the refinement of the reflectivity
data does not coincide with the roughness obtained from refinements using the Fractal
model. Both results were already compared in Fig. 4.11. Similar disagreement is also
observed by other authors [14].

Comparing only the quality of the fits, it is difficult to prefer one of the two models.
Concerning the agreement indices the quality of the Fractal model refinements are slightly
better, i.e. the χ2 is smaller in almost all cases, but since there are more refinement
parameters in the Fractal model than in the Liquid model, the agreement indices cannot
be considered as satisfactory. However, the Liquid model shows some disagreement with the
experimental and the literature data. The Fractal model does not show any contradiction
between theory and experiment, and the quality of the refinements are as good as using
the Liquid model. Thus, the structure of polymer films in the studied temperature interval
is marginally better descibed by the Fractal model.



4.2. RESULTS AND DISCUSSIONS 53

4.2.3 Diffuse scattering data depending on the temperature and

the film thickness

The dynamical properties of polymer thin films are determined by the polymer viscosity
[19]. Polymers having large viscosities behave more like a solid than like a viscouse–liquid.
The viscosity is related to the longest relaxation time in the system, and according to
the reptation model of De Gennes [66] it scales with the chain length to the third power.
The molecular mass is the practical expression of the chain length. Hence, the viscosity is
strongly dependent on the molecular weight of the polymer. The presented results show
significant relations between the kinks in the transverse scans and the molecular weight
(Fig. 4.13). It is interesting to note that the transverse scans of unsupported PS films
with molecular mass of 697 kg/mol does not show kinks [15]. Moreover, the kinks in the
transverse scans of supported films “appear only after annealing” [14]. From this point of
view it seems that the observation of the kinks is a manifest of the very slow dynamics of
the polymer in combination with the interaction between the film and the substrate. In the
beginning of the annealing due to the large amount of the solvent in the polymer, the films
behave similar to a viscose liquid. After evaporation of the solvent the polymer freezes in
a metastable state influenced by the interaction with the substrate. The assumption above
is also in agreement with the fact that heating of the samples to 230°C moves the system
closer to the viscose fluid, which results in the disappearence of the kinks in the curves
(Fig. 4.14).

In the investigation of Hyunjung Kim et al. [12] the longest observed relaxtion time of
the PS films with molecular mass 123 kg/mol at 160°C was 124 s at qx = 3.85 · 10−4 Å-1.
The measured relaxation times were related to the dynamics of the polymer chains. The
existence of such long relaxation times indicates that the system can not be regarded as
quasy–static within the sampling time. The sampling time (the measuring time per step of
the transverse scans) is even less than the obtained relaxation time. Thus, the integration
over all ω in Eq. 2.3 is not allowed here. This is one more argument against the Liquid
model.

During the measurements the studied samples may be in a metastable state but not in the
equilibrium. Moreover, from the discussion above it is obvious that the viscosity of the
polymer is large and the system should behave similar to a solid, even at temperatures of
about 160°C. Indeed, according to the same authors the viscosity7 at 170°C (the maximum
investigated temperature) is about 5 · 104 N·s/m. Increasing the temperature beyond the
glass transition temperature permits only local molecular motions, but the relaxation of
the system is dependent on the reptation time, which remains long up to the melting
temperature of the polymer [67, 68]. An increase of the temperature up to the range of
the melting temperature and a decrease of the molecular mass makes the system faster.
On the other hand, the kinks in the diffuse scattering curves appear in scans, where the
samples had a larger molecular mass and lower temperatures. Therefore, the observation

7In comparison, the viscosity of glycerol at 20°C is 1.53 N·s/m and the PS viscosity is about four orders
of magnitude larger.



54 CHAPTER 4. POLYMER THIN FILMS

of the kinks could be understood as an indication for very slow dynamics. Thus, it could
be supposed that the samples which show kinks have quasi–solid surfaces. Probably, this
is the explanation for the better refinements using the Fractal model in the case of higher
temperatures and lower molecular masses.
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Figure 4.17: The temperature behaviour types of the investigated sample system; a) the
films are in a solid metastable state and do not relax during the heating and cooling runs
(sample h86 is presented.), b) the samples are in a solid metastable state but they relax at
230°C (sample n36 is presented.), c) the samples relax during the annealing (sample n83
is presented.). The letters h and c in the figure legendes denote heating and cooling run,
respectively.

The temperature behaviour of the investigated sample system can be classified as presented
in Fig. 4.17a, b and c. The interpretation of the data in the figure is done assuming that
the kinks in the transverse scans are combinations of the viscoelastic properties of the film
and the interaction with the substrate. Additionally, it is supposed that the samples are
not in the equilibrium. The first type behaviour in Fig. 4.17a shows that the films at
50°C (heating run) are in a solid metastable state, which changes with temperature, but
the heating up to 230°C does not really lead to a decrease of the viscosity, and a relaxation
of the polymer film is not observed. At the end of the cooling run the samples are freezing
in another metastable state. The samples of the type presented in Fig. 4.17b are in a
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solid metastable state at the beginning of the heating. A temperature increase up to 230°C
results in a relaxation of the polymer film. Again the films are freezing in a metastable
state, but the strong influence of the substrate on the polymer film structure is lost. The
samples of type c are probably in an intermediate solid/viscouse liquid state, which allows
a relaxation of the films during the annealing.

Nominal thickness,[ Å] Mw = 650 kg/mol Mw = 123 kg/mol Mw = 30 kg/mol

200 0.48 (a) 1.09 (a) 2.25 (a)
400 0.96 (a) 2.19 (a) 4.52 (c)
800 1.91 (a) 4.38 (b) 9.03 (c)
1700 4.07 (b) 9.30 (c) 19.20 (c)
3000 7.17 (b) 16.41 (c) 33.88 (c)

Table 4.6: The effective thicknesses, d/Rg, of the studied samples. The letters in brackets
denote the type of the temperature behaviour of the corresponding sample (see text)

In Tab. 4.6 the effective thicknesses8 of the investigated samples are presented. The
temperature behaviour of each sample is also indicated here9. From the table it can
be seen that the viscoelastic properties of films are significantly dependent on the film
thickness and the molecular mass. The observed results support the idea of a development
of inhomogeneities in the viscosity as a function of the depth of the film [69, 70]. According
to the table, the layers with thicknesses of about two times of the radius of gyration are
affected by the substrate.

4.2.4 Hydrophilic and hydrophobic substrates

In most of the published works concerning supported polymer thin films the question of how
the interface between the substrate and the polymer behaves with time and temperature
is not discussed. Usually it is supposed that the applied temperatures do not influence
the substrate surface. The unexpected temperature dependence of the layer on HF–etched
surfaces, shown at the end of section 4.2.1 provokes a more careful investigation of the
hydrophobic substrates at different temperatures.

Hydrophobic substrates were obtained after treatment with HF solution. According to
Ubara et al. [71] the fluorine terminated silicon complexes are not stable in HF solution.
The strong polarization of Si−Si+F3 facilitates attack by HF molecules, and a reaction of
the following type occurs:

Si − SiF3 + HF = SiH + SiF4

8For the calculation of the effective thicknesses here, the nominal thicknesses of the films given in Tab.
4.1 are taken.

9A difference between hydrophobic and hydrophylic samples was not observed. Thus a distinction
between them was not made.



56 CHAPTER 4. POLYMER THIN FILMS

The silicon fluoride is released in the solution and the silicon atom on the surface is hydrogen
terminated, which should be responsible for the hydrophobic nature of the sustrate. The
SiH–bond is stable in the HF solution, because the reaction of the type

SiH + HF = SiF + H

has a larger activation barrier as the reaction above.
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Figure 4.18: The reflectivity curves of HF–echted Si wafers measured at different tempera-
tures. The letters in brackets h and c denote heating and cooling run, respectively. a) The
sample was etched in 4% water solution of HF. b) The sample was etched in 0.8% water
solution of HF.

Additional reflectivity measurements of bare Si wafers treated with 4% and 0.8% water
HF solution at different temperatures have been carried out. Similar to the measurements
of polymer films, the wafers were heated and then cooled down to the initial temperature.
Before the measurements the wafers were etched with HF solution for 2 min and rinsed with
DI water. The samples were left to dry in the sample chamber used for the measurements
at 30°C for 30 min in vacuum (10−5 mbar). The recorded reflectivity curves for both
concentrations are shown in Fig. 4.18a and b. The results from the data refinements are
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presented in Fig. 4.19a and b and Tab. 4.7. For comparison purposes the reflectivity
curves of the initial wafer covered with native SiOx are also included in the figures.

4% water solution of HF

Layer 1 Substrate

δ · 10−6 σ, [ Å] d, [ Å] σ, [ Å]

Si/SiOx 4.2822 ± 0.0007 1.459 ± 0.004 11.669 ± 0.004 1.00(f)

24°C 2.462 ± 0.005 2.778 ± 0.006 20.29 ± 0.01 3.89 ± 0.01
120°C 2.65 ± 0.01 2.763 ± 0.008 18.71 ± 0.01 3.73 ± 0.01
170°C 1.005 ± 0.006 1.47 ± 0.01 11.581 ± 0.007 3.969 ± 0.006
200°C 0.666 ± 0.002 1.8171 ± 0.0007 12.330 ± 0.002 3.603 ± 0.001
24 °C 0.969 ± 0.008 1.50 ± 0.01 12.74 ± 0.01 3.629 ± 0.006

0.8% water solution of HF

Si/SiOx 3.740 ± 0.003 2.306 ± 0.002 8.234 ± 0.008 3.878 ± 0.007
50°C 2.79 ± 0.01 3.30 ± 0.02 8.93 ± 0.02 3.15 ± 0.02
150°C 2.67 ± 0.02 3.62 ± 0.02 5.94 ± 0.02 3.48 ± 0.02
230°C 2.775 ± 0.006 3.705 ± 0.005 6.229 ± 0.006 3.494 ± 0.006
50°C 3.052 ± 0.001 3.9422 ± 0.007 6.357 ± 0.001 2.602 ± 0.001

4% water solution of HF

Layer 2 Total

δ σ, [ Å] d, [ Å] thickness, [ Å]
Si/SiOx 3.290 ± 0.004 3.878 ± 0.002 8.735 ± 0.004 20.404 ± 0.008
24°C − − − 20.29 ± 0.01
120°C − − − 18.71 ± 0.01
170°C 1.266 ± 0.006 4.302 ± 0.007 10.89 ± 0.01 22.45 ± 0.02
200°C 1.316 ± 0.001 3.4147 ± 0.0008 10.381 ± 0.008 22.71 ± 0.01
24 °C 1.403 ± 0.007 2.86 ± 0.01 12.74 ± 0.01 25.48 ± 0.02

0.8% water solution of HF

Si/SiOx 2.301 ± 0.003 2.237 ± 0.004 5.852 ± 0.003 14.09 ± 0.01
50°C 1.80 ± 0.01 2.54 ± 0.01 8.08 ± 0.01 17.01 ± 0.03
150°C 1.40 ± 0.02 2.44 ± 0.02 8.92 ± 0.03 14.86 ± 0.05
230°C 1.262 ± 0.002 2.612 ± 0.002 8.975 ± 0.007 15.20 ± 0.01
50°C 1.4752 ± 0.0006 2.593 ± 0.001 8.856 ± 0.002 15.213 ± 0.003

Table 4.7: Results obtained after refinement of the reflectivity data. The ‘effective–density
model’ has been used (Eq. 3.24). The parameter indexed with (f) is kept fixed during the
refinement.

The wafers treated with higher HF concentrations show drastical changes of their structures
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Figure 4.19: The δ–profiles of the HF–echted Si wafers obtained after data refinement. The
letters in brackets h and c denote heating and cooling run, respectively. a) The sample was
etched in 4% water solution of HF. b) The sample was etched using 0.8% water solution of
HF.

with temperature. At the beginning of the heating runs the film thickness slightly decreases
(compare the results for 24°C and 120°C heating runs). This is probably due to a partial
desorption of water molecules from the surface. The coverings at 24°C and 120°C (heating
run) can be described with one uniform layer model, and the obtained δ–profiles are very
similar to the δ–profile published by Shin et al. [72] for HF–etched samples at 22°C.
Increasing the temperature up to 170°C leads to an increase of the thickness and drastical
changes in the δ– profile (Fig.4.19a). The curves measured at 170, 200 and 24°C (cooling
run) are described with two layer models. At the final stage the total thickness (the
thickness of layer 1 + layer 2) of the film is larger than at the beginning of the run (Tab.
4.7). The abrupt change in the δ–profile beyond 170°C can be ascribed to a replacement
of the Si–H bond by Si–OH or Si–O bonds. The OH− groups and oxygen atoms could be
supplied from the absorbed water on the surface.
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The wafer treated with a lower concentration HF shows a completely different behaviour.
The heating up to 150°C leads to a decrease of the total thickness of the film (Tab.
4.7), but a further heating and cooling run does not change the δ–profiles or increase the
thicknesses. It seems that in this case only desorption of water molecules from the surface
occurs during the temperature treatment.
Differences between surfaces treated with different concentrations of HF solution were also
observed by Higashi et al. [73]. The authors stated that the quality of the surfaces obtained
after treatment with HF–solution is dependent on the pH of the solution. The best results
were obtained, if the pH exceeds 4. Since even in very diluted solutions of HF in water
(from 10% to 1%) the pH varies from 1 to 2, larger pH values can be achieved using buffer
solutions (for instance a buffer solution of NH3 : H2, v:v=1:1.25 and HF (49%) in ratio
6:1 [72]). Treating the wafers with a water solution of HF even in very low concentrations
leads to a creation of all type hydride species (mono-, di-, and tri–hydride) on the surface.
Ideal termination of a Si surface with silicon mono–hydride surfaces can be achieved by
the control of the pH in buffer solution [73]. It was established that di-, and tri–hydride
are more unstable with respect to the oxidation compared to an ideal H–terminated Si
surface. The presence of OH− groups facilitated the oxidation process. As a consequence
during the rinsing in DI water the amount of Si–H bonds decreases, and they are mainly
replaced by Si–O–Si groups [74]. According to Shin et al. [72] the HF–etched surfaces are
very unstable in air and within a few minutes most of the Si–H bonds have oxidized. As
the processing of the polymer film on the surface needs longer time the authors suppose
that the H– terminated bonds were already lost, before the polymer film could be spun
cast. They suggest that the difference in the hydrophobicities in the two type of surfaces
is due to a water absorption at the SiOx surface.
Concerning all statements above and taking into account that the substrates used in the
present investigation were prepared with 10% HF solution in water, it should be expected
that on the substrate all types of hydride species have been created. Hence, the Si–H
bond on the surfaces were not stable and the behavior of the hydrophobic substrates
should be similar to the sample treated with 4% HF solution. Therefore, the hydrophobic
substrates show very unstable character with temperature variation and storage time. The
instability of Si–H bonds additionally decreases the hydrophobic properties of the surfaces,
and according to [72] increases the ability of water absorption. The diffuse scattering data
of the hydrophobic and hydrophilic films do not show a significant difference (e.g. Fig.
4.13 and Fig. 4.14). This fact could support the interpretation that the HF–etched
surfaces prepared for the experiment have very week hydrophobic character because of the
instability of the Si–H bonds. However, the results of the presented experiments are not
convincing in order to interpret the difference between HF–etched substrates and substrates
with native SiOx. For a better understanding of the hydrophilic and hydrophobic surface
behaviour it is necessary to examine which kind of chemical reactions happens on the
surface with increasing temperature and storage time. In contrast to the assumptions in
most works, this investigation shows that even in the studied temperature region not only
the polymer films but also the properties of the HF–etched substrates changes.
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Chapter 5

Confined liquids and polymer films

5.1 Experimental setup for X–ray scattering from con-

fined liquid and polymer films.

5.1.1 The experimental cell

The main part of the work, related to the experiments with fluids in confined geometry,
was dedicated to the development and testing of the experimental cell. Therefore, in the
following a detailed description of the cell and the experimental conditions are given.
The initial version of the cell was designed by Herrn Ing. Küssel, FZ Jülich. The first
experiments had shown that the the vacuum system of the cell has to be improved and
a new mechanism moving the upper wafer has to be constructed. Thus, the decision to
completely rebuild the cell was made.
The actual version of the sample–cell is shown in Fig. 5.1. It consists of a base plate,
the sample–chamber and a cage. The base plate is hollow and finishes with tubes on both
sides, where a circulator type F25–HP (Julabo Labortechnik GmbH) is connected. The
circulator is used for an adjustment of the cell temperature. The device works in the
temperature range 10°C to 200°C1.
The sample–chamber has two Kapton X–ray windows and can be evacuated down to 10−4

mbar. In the chamber two identical wafers (Si or sapphire) are mounted. The bottom
wafer is fixed to the base plate. The upper wafer is connected to a piezo crystal (Fig.
5.1, #2) (Physik Instrumente GmbH&Co., Modell: E–471.00) by means of an articulated
bearing. It can be tilted independently in two dimensions. This construction provides a
parallel self–alignment of the upper wafer with respect to the lower one. The tilting of the
upper wafer can also be controlled via side screws (Fig. 5.1, #3).
The wafers have diameters of 26 mm (Fig. 5.2). The special shape of the substrates is
required in order to reduce the radiation absorption at closed gap during the reflectivity
and out–of–plane scans. The size of the confinement area, which has the shape of a bridge,
is about 3 mm along the beam direction and 5 mm perpendicular to the propagation of

1In the circulator Thermal H2OS (Bayer) liquid is used.
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Figure 5.1: The sample–cell. The cell has a height of 410 mm. The diameter of the base
plate is 140 mm. The weight of the complete device is about 15 kg. This vertical section
shows the plane perpendicular to the beam.

the beam. Both wafers are adjusted in a close contact using the screw #1 in (Fig. 5.1).
The final movement (pressing) is done by the piezo crystal, which presses the top wafer
onto the bottom. The piezo crystal is supplied with a sensor that allows to control the
relative movement with respect to the initial upper wafer position. The maximum travel
range of the piezo crystal is 100 µm and the maximum force is about 30 kN. The opening
of the gap can also be controlled via the output voltages of the piezo driver, where 0
V corresponds to no pressure and 1000 V to maximum pressure, respectively. There is
no device for a measurement of the absolute value of the gap size. Instead, the gap is
calculated via the oscillations observed in the reflectivity curves. The contact area of the
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wafer is about 2.7 · 10−4m2. Assuming a homogeneously distributed force on the wafer
surface, the maximum applied pressure is about 1.1 kbar.

Figure 5.2: The shape of the wafers.

Heater and Pt100 temperature sensors are mounted below the bottom wafer and above
the upper wafer (Fig. 5.6). Both substrates are heated simultaneously, thus allowing a
proper temperature stabilization during the experiment (see section: Confined polymer
measurements). The heater is controlled via a Lakeshore temperature controller model
type 340 or 330, respectively.

5.1.2 The beamline

Most of the experiments have been performed at beamline D4.1 at HASYLAB/DESY (Fig.
5.3 and 5.4). The applied energy regime was between 22 and 25 keV, which is well within
the appropriate range of 20 to 30 keV. The energy should be high enough to penetrate the
bridge, but it should also be low enough to investigate films with thicknesses of 1000 Å.
The beamline D4.1 is located at a bending magnet. The beam is collimated via the
first slits. Higher harmonic radiation is suppressed by means of a mirror. The beam is
monochromatized by a Si (111) single crystal monochromator. The monochromatic beam
enters the first flight tube (labelled #1 in Fig. 5.3) and passes trough the pre–sample slit
#2 and the monitor #3. Behind the monitor the beam hits the sample. The radiation
scattered by the sample passes a guard slit #4, the second flight tube #5 and the detector
slit. In Fig. 5.4 a scheme of the diffractometer is shown. The first and second flight tubes
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can be tilted and vertically aligned by tilting stages R1, R2 and translation stages Z1,
Z2, respectively.
The beamline goniometer is presented in Fig. 5.5. It consists of an upper tilting stage
GUS, a lower tilting stage GLS and horizontal translations parallel and perpendicular to
the beam XS and YS, respectively. The sample can be rotated with respect to the Z–axes
by the rotation stage OMS. The detector is rotated about the Z–axes by the rotation
stage for the detector arm 2TS. On top of the tilting stage GUS an additional translation
table was mounted (#6 in Fig. 5.3). It was used to align the sample (the confined area)
with respect to the rotation center of the goniometer.

Figure 5.3: A photo of the confined liquid setup at the beamline D4.

The reflectivity curves were recorded by simultaneously moving the tilting stage R2, the
vertical translation Z2 and the tilting stage GUS. The movement of R2 and Z2 defines
the outgoing angle αf and the tilting of GUS the incoming angle αi. The rocking curves2

2The rocking curves are simillar to the transverse scans defined in 4.1, but here the scans are performed
only in the range of the specular peak for alignment purposes.
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Figure 5.4: The scheme of the diffractometer (taken from the D4 homepage, DESY, Hasy-
lab)

were measured by scanning the tilting stage GUS at fixed positions of the tilting stage R2
and vertical translation Z2. The scans out of the incidence plane were done by rotation of
2TS at fixed positions of OMS and GUS.
A Cyberstar X1000 detector was used for the experiments. The beam size was defined by
adjusting the pre–sample slit to 0.2 mm in the vertical and 1 mm in the horizontal direction.
During the reflectivity measurements, the apertures of the guard slit, the detector slit and
the pre–sample slit were kept at equal sizes. Additional information of the beamline is
presented in [75].

5.1.3 Preparation of the confined films

Liquid films (CCl4 or Octamethylcyclotetrasiloxane) on the upper and lower wafers were
created during the experiments at temperatures below (cooling runs) or above (heating
runs) room temperature. The following procedure was used to build up the films:

• Evacuation of the cell down to the minimum possible pressure (10−4 mbar).

• Closing of the valve to the vacuum pump (Fig. 5.6).

• Injection of the liquid through the rubber seal on the flange (Fig. 5.6, #3) at open
gap (two times 2.5 ml).

During cooling runs the working temperature Tw of the set point at the heat/cool circulator
had always to be adjusted 2°C less than the desired temperature at the bottom temperature
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Figure 5.5: A sketch of the goniometer.

sensor - Tlow (Fig. 5.6), because of losses in the viton pipes. An additional temperature
offset of 2°C existed between the upper and lower wafers due to the initial open gap between
them. After injection the liquid condenses at the bottom of the sample cell (the reservoir).
During heating runs the temperature T3 was lower than Tlow and Tup (Fig. 5.6). It was
found that in order to prevent condensation of the liquid on the walls of the vacuum pipes
the temperature T3 must exceed these limits. This implied heating of the vacuum pipes
by means of the heater #3.
There are two parameters that determine the thickness of the liquid films at a surface above
the reservoir ([76] and the works referred whithin [77, 78, 79, 80]). First, the thickness l0
depends on the temperature difference, ∆T , between the reservoir and the surface:

l0 =

(
AeffNA

6πQA∆ρ∗

T

∆T

)1/3

, (5.1)

where QA is the latent heat at evaporation of one Mol liquid, NA Avogadro’s constant, T
the temperature of the reservoir, Aeff the effective Hamaker constant and ∆ρ∗ = ∆ρ/m =
ρ∗

l − ρ∗
g the specific density difference between the liquid and the gas phase.
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The second parameter is the height, h, of the surface with respect to the liquid surface of
the reservoir:

l0 =

( −Aeff

6π∆ρgh

)1/3

, (5.2)

Here g denotes the gravitation constant.

Figure 5.6: Additional vacuum setup for the cell.

From Eqs. 5.1 and 5.2 it turns out that the film thickness on the wafer becomes thinner
with increasing ∆T and height h. Since the position and the temperature difference of the
upper wafer with respect to the reservoir are higher than those of the lower wafer, the film
on the upper wafer is much thinner.
An example for a typical experiment is as follows:

• Cooling run; for Tw = 13°C, Tlow and Tup are equal to 15.9°C and 17.6°C, respectively.
On the lower wafer, a CCl4 film with thickness of 244 Åwas observed (Fig. 5.7, curve
1).
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Figure 5.7: Reflectivity curves of a CCl4 film at open gap. Curve 1 is the reflectivity curve
of a film on the lower wafer obtained at a cooling run. Curve 2 and 3 are the reflectivity
curves of films observed at a heating run on the lower and upper wafer, respectively.

• Heating run; for Tw = 27°C and T3 = 35°C, Tlow and Tup are 26.7°C and 25.6°C,
respectively. At these conditions the CCl4 films obtained on the lower and upper
wafer have thicknesses of 249 Å, and 83 Å, respectively (Fig. 5.7, curve 2 and 3).

The experiments showed that films obtained at cooling runs were more stable than those
from heating runs. Reasonable confined layers were not observed during heating runs. It
is supposed that this behaviour is mainly due to insufficient confinement and not due to
the elevated temperatures.
During the process of closing the gap additional liquid evaporates from the surface of the
lower wafer because of the temperature difference between the wafers. Thus, the real initial
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thickness of the confined film could not be estimated from the thicknesses of the films on
the upper and lower wafers. Shortly after closing the gap the temperatures of both wafers
became identical. The side walls of the upper wafer also wetted, and after the experiment
during the reopening procedure of the gap the liquid flowed down. This behaviour inhibited
measurements of film thicknesses immediately after opening of the gap.

Confined polymer films

The samples were prepared by Denitza Lambreva Ph.D. student in the group of Prof.
Wim de Jeu, FOM Institute AMOLF, Amsterdam. The polymer film was created only on
the bottom wafer by spin–coating a solution of poly(ethyleneoxide–b–ethylene/butylene)
diblock copolymer in dichloromethane [81].
The polymer measurements were performed in the temperature range from 30°C to 125°C.
For temperatures above 40°C heat losses in the pipes of the circulator were noticeable. Tw

has to exceed the desired Tlow by about 5°C. For the fine regulation of the temperature
the heater system at the lower and upper wafer (Fig. 5.6) was used together with the
Lakeshore temperature controller. The temperature of the lower wafer was regulated. In
the case of Tlow = 90°C for instance, at open gap the values of Tw and Tup were 95°C and
76°C, respectively. After closing the gap the temperatures Tlow and Tup became identical.

5.1.4 Preparation of the wafer surface

Confined liquid experiments at small gap sizes (less than 100Å) require almost molecular
smooth and clean surfaces. Additionally, the special shape of the crystals complicate the
situation. Thus, the first sets of wafers (one silicon and one sapphire) were manufactured
at the crystal laboratory of the Institut für Festkörperforschung at the Forschungszentrum
Jülich. The next sets (silicon only) were produced from a wafer with a diameter of 100
mm, a thickness of 10 mm and a curvatures 1/4 · λ (polished by Zeiss). The surface
of the wafer was cut parallel to (111). The crystal was separated into small cylindrical
pieces with diameters of 26 mm at the crystal laboratory in Hasylab. The butterfly shape
(Fig. 5.2) was created at the crystal laboratory of the Institut für Feskörperforschung.
Before cutting, the surface was covered with wax. It was removed at the final stage using
Acetone. The surface roughness of the top and bottom wafers was measured during the
X–ray measurements, and it was about 5 Å in the beginning of the confinement.
Right before the experiment with the liquids the crystals were cleaned using a mixture
of 60 ml H2O2 and 100 ml H2SO4

3. In order to prevent dust particles to settle between
the substrates the wafers were mounted into the cell in a clean room. The system was
evacuated during the experiment.

5.1.5 The accuracy in the parallel alignment of the substrates

The alignment of the substrates was performed by taking rocking curves. The two peaks
in these scans represent the upper and the lower wafer, respectively. Thus, the angular

3This solution removes organic impurities.
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Figure 5.8: The upper wafer is tilted at an angle δ with respect to the lower one.

difference of the reflection positions directly indicates the tilting angle δ (Fig.5.8). Ad-
justing the peak positions to a single value is therefore equivalent to a parallelization with
a precision better than the FWHM of the rocking curve (≈ 0.003◦ ).

In order to check, if the precision is sufficient for the experiment, a simple estimation was
applied. Assuming that the surfaces of the wafers are molecularly smooth and misaligned
by δ = 0.003◦ , the film thickness difference between the two edges of the bridge in the
direction of the beam propagation is 1600 Å (Fig. 5.8). Here, the advantage of the self–
align system becomes obvious. If an interferometer is used for the alignment, the precision
would be restricted to the properties of the beam. If, in contrast, a self–align system is
used, the precision is only restricted to the smoothness of the wafer surfaces.

5.1.6 The procedure of the sample confining

Before starting the confinement the lower wafer was aligned parallel to the primary beam,
and the position, where the lower wafer was in the half cut of the primary beam, was
defined as vertical zero. After closing the gap the sample was scanned vertically through
the beam in order to check, if the gap was completely closed. Then, the rocking scans at
angles in the beginning and in the middle of the reflectivity curve were performed in order
to control, if the upper wafer was tilted with respect to the lower one. A last evidence for
the confinement was the vanishing of the critical angle effect from the reflectivity curve.
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5.2 Description of the fluids used as samples

5.2.1 Structure and properties of carbon tetrachloride (CCl4 )

and Octamethylcyclotetrasiloxane (OMCTS)

Figure 5.9: The structure of the CCl4 molecule.

Carbon tetrachloride

The liquid structure of CCl4 has been a subject of numerous diffraction studies [82, 83, 84,
85]. The molecule of carbon tetrachloride is highly symmetrical and it has a tetrahedral
shape (Fig. 5.9). The intramolecular distances C–Cl and Cl–Cl reported from various
authors are about 1.77 Å and 2.89 Å, respectively [83, 84, 85]. Because of the small C–Cl
distance in comparison with other tetrachlorides [85] the CCl4 molecule can be approxi-
mated by a sphere with an average radius of about 5 Å [83, 84]. The slight difference of
the molecule from the spherical shape imposes very week orientational correlation in the
structure of the liquid. The orientational correlation was explained by most of the authors,
e.g. [82, 86, 83], in terms of the so–called Apollo–type model, where the Cl of a neighbour-
ing molecule is nested into a hollow formed by three Cl atoms of the central molecule (see
Fig. 5.9). This configuration is also known as a corner–to–face arrangement. The Apollo
model was rejected by Pusztai and McGreevy [84] and recently by Jovari et al. [85]. The
latter authors suggested that the presence of a corner–to–face arrangement of the nearest
neighbor is only 4%, whereas the corner–to–corner and corner–to–edge arrangement is 63%
and 27%, respectively. Some additional properties of the liquid CCl4 are given in Tab.
5.1.

According to the work of Bridgman [87], CCl4 also exists in solid phases. At room temper-
ature CCl4 crystallizes in phase I at approximately 1.3 kbar [88]. The maximum pressure
between the wafers in the experimental cell was about 1.1 kbar, but the experiments were
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melting point Tsm -23.0°C
boiling point Tkp 76.6°C

saturation pressure pg 1.333 · 106.894− 1220

227.2+T mbar

density of fluid ρf (1.6337 − 0.002 · T) g/cm3

surface tension γ (2.921 − 0.0126 · T) · 10−2 Jm-2

Hamaker constant A ≈ 45 · 10−20 J
molecular mass MM 153.8 · amu

van der Waals diameter dCCl4 5–7Å
dispersion at 22 keV δ 0.6548 · 10−6

absorption at 22 keV β 0.0038 · 10−6

critical angle at 22 keV Θc 0.065°

Table 5.1: Physical properties of CCl4 [77, 83, 84].

performed at 15 – 19°C. Therefore, during the confinement it may happen that the liquid–
crystal phase line is crossed. Thus, the information about phase I may be important here.
Rudman and Post [89] have shown that phase I in the Bridgman diagram consists of two
different crystal modifications, and the authors called them phase Ia and phase Ib. The
phases Ia and Ib exist as plastic crystals4. Phase Ia is metastable [90] and it could be
considered as an intermediate phase between the liquid and the solid crystal structure [86].
Additional information of the other high pressure phases II and III can be found in [91, 88]

Octamethylcyclotetrasiloxane

Experimental results dedicated to the investigation of OMCTS properties and structure
data are not available despite of the fact that it is used by almost all groups performing
SFA confined experiments. A few data are taken mainly from SFA experimental works
(e.g. [36]). It is a quasispherical molecule with an effective diameter of about 7.8 Å to
9 Å5. The melting and the middle fraction boiling temperatures at normal pressure are
17°C and 175°C, respectively. The structure peak of OMCTS is shown in Fig. 5.10. It
was obtained by an out–of–plane scan (scanning of angle θ (Fig. 3.1)). OMCTS and
CCl4 were bought from Merck/Merck KGaA.

5.2.2 Self–assemble diblock copolymer systems

A diblock copolymer molecule consists of two connected chemically different fragments,
which are called blocks. The blocks themselves have the same properties as the low molec-
ular weight single polymers. In most cases chemically different macromolecules do not
mix. In spite of the chemical bond between the blocks the diblock systems also undergo
two phase separations. In most systems the phase separation is accompanied by order-

4Only the carbon atoms have fixed places in the unit cell. The orientation of the chlor atoms is free.
5These values differ from author to author.
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Figure 5.10: The liquid structure factor of OMCTS. The intensity was normalized to the
monitor counts and the background was subtracted. The chemical composition of OMCTS
is shown in the inset.

PEO PBh

Mn [g/mol] 4300 3700
number of monomers 98 66
volume fraction 0.46 0.54
radius of gyration [nm] 1.1 1.3
lenght of nonfolded block [nm] 27.4 25.4
polydispersity 1.02 1.02

Table 5.2: Characteristics of the investigated diblock copolymers.

ing (e.g. [92]). The temperature, where the ordering is observed, is called order–disorder
transition temperature. The phenomenon is also known as spontaneous self–assembling.
The type of the ordered structure depends on the molecular architecture of the copolymer
molecule.

Poly(ethyleneoxide-b-ethylene/butylene) (PEO-b-PBh) is a representative of the self–as-
semble diblock copolymers. The first block of the copolymer molecule is Poly(ethylene
oxide) (PEO) (Fig. 5.11a). PEO is a well investigated polymer (e.g. [93, 94, 95, 96, 11]).
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Figure 5.11: The monomers that form the poly(ethyleneoxide-b-ethylene/butylene) block
copolymer. a) Monomer of the poly(ethylene oxide). b) N and M type monomers of the
hydrogenated poly(butadiene).

It has a flexible molecule and, following from the regular chemical structure, the PEO–block
is able to crystallize [97]. The second block hydrogenated poly(butadiene) (PBh) consists
of two type monomers N and M (Fig. 5.11b), where the amount of the N–type is equal
to the amount of the M–type, and they are statistical distributed along the chain. The
molecule chain of the second block has a non–regular structure, and it cannot crystallize.
The PBh–blocks form an amorphous matrix, in which the PEO–blocks crystallize. In other
terms, the crystallization of PEO happens in confinement of the amorphous matrix. The
additional characteristics of the PEO–b–PBh are given in Tab. 5.2 [81, 96].

After spin–coating an alternating layer structure consisting of PEO and PBh layers is
created parallel to the surface of the silicon wafer (see the inset in Fig. 5.12). Since the
substrate was not etched prior to the spin–coating, a layer of native SiO2 existed between
the silicon and the polymers. Thus, due to the strong hydrophilic properties of PEO, the
diblock attaches via the PEO–block at the surface. As a result from the PEO and PBh
alternating structure, the third and the fifth order Bragg peaks appear in the reflectivity
curve (Fig. 5.12). In the presented curve the Kissing fringes from the whole film thickness
are missing, because the investigated film is thicker than 3000 Å. The thickness of the
multilayer period decreases with the temperature increasing from 220 Å at 40°C to 187 Å
at 90°C [81, 96].
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Figure 5.12: The reflectivity curve of the PEO–b–PBh film on the silicon substrate. The
thickness of the film exceeds 3000Å. The layer structure is shown in the inset (see text). The
first order Bragg peak appears in the region of the total reflection.

5.3 Results and discussions

5.3.1 Confined liquids

Fig. 5.13a shows the results obtained from a confinement of a CCl4 film created at
temperatures of the wafers and the circulator as indicated in the figure. The first and the
second curves (from the top) were recorded at non–confined conditions. The first curve is
the reflectivity curve of the lower bare wafer and the second is the reflectivity curve recorded
after creation of the CCl4 film on the lower wafer. The other curves were recorded after
confinement at different readings of the sensor giving the relative travel of the upper wafer.
The increase of the relative movement corresponds to an increase of the pressure applied
to the sample. The last curve is taken at the maximum relative movement of the upper
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Figure 5.13: a) Reflectivity curves obtained at confinement of CCl4 film. The first and
the second curves (from the top) were recorded at non–confined conditions. b) The Fourier
transforms of the confined reflectivity curves. The fast oscillations are due to a cut–off effect.
Only the minimum at 150 Å is significant.

wafer and additional forcing of screw #3 (Fig. 5.1). The non–regular oscillations seen in
the confined curves reveal that the CCl4 film has a non–uniform thickness. The Fourier
transforms of the confined reflectivity curves (Fig. 5.13b) show that the average film
thickness is about 150 Å and with increase of the pressure it does not diminish. On the
other hand, higher pressure leads to the disappearence of the oscillations in the reflectivity
curves (compare the last two curves with the rest confined curves in Fig. 5.13a). This
behaviour suggests that with an increase of the pressure the interference between the
intensities reflected from the upper and the lower wafer surfaces becomes worse. The lost
of interference can be due to dust particles settled between the wafers that damage and
bend the wafer surfaces, if the pressure is applied. Usually, after the experiment the quality
of the wafer surfaces was degraded.
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Figure 5.14: Microscope photo of two Si wafers fixed together by a thin liquid layer of
OMCTS.

Further experiments confirmed the assumption about the impurities between the wafers.
In Fig. 5.14 a microscope photo of two Si wafers fixed together by thin liquid layer of
OMCTS is shown. The lower substrate is a conventional wafer with a thickness of 0.5
mm, but the upper is very thin with a thickness of only 20 µm. Both wafers were cleaned
using the usual cleaning procedure right before the experiment. The wafers were put in
contact to each other in the OMSTS liquid. Nevertherless, the surface shows hills due to
the capture of dust particles between the wafers.

The scans out–of–the incident plane were performed in order to study the structure of the
film in the plane of the wafer surfaces. The geometry of the experiment (Fig. 3.5) does
not allow to use the enhancement of the scattered intensity as usually done by grazing
incidence diffraction. Therefore, the scans were carried out at angles αi = αf = 0.

In some of the experiments with confined CCl4 films, structure peaks were observed in
the out–of–plane scans. One of the observed curve is compared in Fig. 5.15 with the
structure factors of the liquid CCl4 and of the CCl4 crystal phase Ia. The first peak from
the scan is very sharp and shifted at higher q values in comparison with the first peak of
curves taken from literature. The second and the third peaks from the scan correspond to
the valley peaks of the phase Ia and liquid CCl4 structure factors. The measured curve
does not completely match the structure factors of the liquid CCl4 or of the crystal phase
Ia. However, the suspicion that the CCl4 is crystallized can not be completely rejected.
The temperature and the applied pressure on the sample have to result in a crossing of
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Figure 5.15: Out–of–incidence plane scan on a confined CCl4 film and the structure factors
of liqud CCl4 [83] and of CCl4 crystal phase Ia [86].

the liquid–crystal co–existants line in the Brigman diagram [87]. Since the first peak is
very narrow, it also supports the assumption that a crystal phase appears in the confined
CCl4 liquid film. Moreover, according to literature the change in the density provoked
by an increase of the pressure implies a shift of the first peak position to higher q values
[83, 98]. The observed peaks may also match the structure factor of the more stable CCl4
crystal phase Ib or correspond to a hybrid structure obtained under the influence of the
substrates.

Unfortunately, the phenomenon could not be appropriately investigated. The fact that the
grazing incidence diffraction effect is not applicable here as well as the small amount of
scattering material and the low intensity of the primary beam inhibited the obtainment of
reliable measurements.
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5.3.2 Confined polymers

Figure 5.16: Confined PEO–b–PB film: The behaviour of the sample during a cooling run
from 125°C down to 38°C and a fixed gap size. The curves are presented in a chronological
sequence from the top to the bottom. The first curve is recorded on a non–confined sample.
Curves 1,2,3,4 were measured at 125°C, curve 5 at 104°C, curve 6 at 93°C, curve 7 at 83°C,
curve 8 at 72°C, curve 9 at 63°C curve 10 at 38°C and curve 11 at 124°C.

From previous investigations it was known that the thickness of crystal lamela and the
whole polymer film increases, if the temperature decreases [81, 96]. If the gap size has a
fixed value at certain temperatures it happens that only a non–integer number of the layer
period fits into the gap. A reorientation of the lamelae is expected. The rearrangement is
visible by the disappearence or recovering of the 3rd order Bragg peak, the strongest peak
in the reflectivity curve (Fig. 5.12). Following this conception, the reflectivity curves of
the confined PEO–b–PB film presented in Fig. 5.16 were taken during a cooling run from
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125°C down to 38°C. Starting from lamelae arranged parallel to the wafer surface, it was
expected that during the run the initial structure will disappear and it may reappear at
lower temperatures or when the sample is heated back to 124°C. Therefore, for the last
curve in Fig. 5.16, the temperature was set back to 124°C. For comparison purposes, the
reflectivity measured at 125°C, before the sample confinement, is additionaly shown in the
figure (curve number one). The second curve was taken immediately after the confinement
at 1000 V (maximum presure)6 and 125°C. After waiting for 12 h at these conditions, curve
3 was recorded. Then, the piezo–crystal was completely released to zero and turned back
to the maximum value. A measurement (curve 4) was taken at 125°C. The rest of the
curves in the figure were recorded at temperatures indicated in the figure caption.
The rearrangement starts during the confinement (compare the second with the first curve).
The shape of the second curve suggests that the layer structure was distorted, but it did
not disappear completely (the third order Bragg peak became smaller and broader). The
distorted structure did not change significantly during the 12 h relaxation period. Similar
structure freezing after confinement was observed also for other investigated samples. The
explanation of the effect can be found in the experimental observations of confined sys-
tems, which indicate that the confinement leads to a retarding of the molecular motions
(diminishing of the diffusion coefficients and increase of the viscosity was observed at con-
fined systems (section 2.2)). The polymer crystallization studies show that the transport
of the molecules may play an important role in the reorganization (recrystallization) pro-
cess. Consequently, it can be assumed that the conservation of the structure obtained after
the confinement is due to a suppression of the molecular movement in the system. The
assumption is also supported by the observation of a further reorganization after release
of the pressure on the sample (the third order peak vanishes, compare the third and the
fourth curve in Fig. 5.16).
If it is accepted that the confined structure could not reorganize, then an explanation for
the fact that the subsequent temperature change did not provoke the expected recovering
of the primary structure is found. The gap size was fixed at 125°C and the following tem-
perature decrease causes the expansion of the film, i.e. an increase of the pressure. Hence,
the suppression of the reorganization rises continuously with a temperature decrease. Re-
turning back to 124°C should lead to a slight relaxation of the system, but it still will not
be free for reorganization, because it was already frozen at 125°C.
The release of the pressure (opening of the gap by decreasing the piezo crystal voltage)
should allow the molecular rearrangement. Therefore, investigations at different pressures
(gap–sizes) and temperatures were performed. The results are presented in Fig. 5.16. The
oscillations observed in some of the curves in Fig. 5.17 recorded at 0 V are a fingerprint
of the dewetting here7. In this case a thin polymer layer of about 100 Å remains on the
substrate8, and it gives rise to the oscillations observed in the curves.

6The increase of the relative movement is equivalent to an increase of the voltage applied to the piezo
crystal. It corresponds to an increase of the pressure on the sample. 1000 V means that the maximum
possible pressure is applied.

7The dewetting phenomenon was shortly discussed in the beginning of section 4.2.2.
8The dewetting process, where part of the polymer remains on the wafer surface, is in literature known



5.3. RESULTS AND DISCUSSIONS 81

Figure 5.17: Confinemet of PEO–b–PB: The sample behavior at combined variations of the
temperature and the gap–size. The curves are given in a chronological sequence from the top
to the bottom. The first curve was recorded at non–confined conditions and 90°.

The last experiment shows that opening of the gap caused damages of the film integrity and
dewetting of the polymer film occured. In spite of the dewetting the third order Bragg peak
partially recovers after heating back to 90°C (Fig. 5.17). Since the maximum pressure
was applied at 40°C, one may expect that at 90°C the film is not so strongly compressed
and molecular movements are allowed. The partial recovering of the third order Bragg
peak could be an evidence that the confined structure can in fact reorganize in dependence
on the temperature, if the molecules are not frozen.

as pseudo–dewetting [99, 16].
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Out–of–plane scans were also performed during the experiments with confined polymer
films, but the primary beam in Y –direction (Fig. 3.1) was too broad and it was not
possible to observe objects larger than 100 Å. The lamelae structure of the investigated
polymer has a period around 200 Å . Therefore, only higher order Bragg peaks could be
registered. Structure peaks have not been recorded during the scans. It may happen
that the structure obtained after confinement has a behavior of two dimensional crystal
powder. Hence, the scattered intensity will be uniformly distributed in all direction and
the intensity of the higher order Bragg peaks will be insufficient to be distinguished from
the background. Additionally, it is known that, if the lamelae structure is not perfect, the
higher order Bragg peaks do not appear.



Chapter 6

Conclusions and Outlook

Supported polymer thin films

Polystyrene thin films have been studied depending on the molecular mass, film thickness,
temperature and the hydrophobisites of the substrate. The diffuse scattering X–ray data
have been refined using the Liquid model based on the capillary wave theory and the
Fractal model describing the solid surfaces.
The Liquid model is derived for fluids in equilibrium, but the investigated system shows
very slow dynamics resulting in a nonergodic behaviour. Therefore, the Liquid model is
not appropriate for a description of the studied samples. The application of the Fractal
model yields a reasonable description of the surface structure, because the high viscosity
of the samples allows to regard the polymer surface as quasi–solid. However, using this
model may not be completely correct at temperatures around the melting point of the
polymer, especially in the case of low molecular polymer films. The most suitable model
for the system would be a model, which takes into account the viscosity and the mechanical
modulus of the polymer.
The temperature behaviour of the samples depends on the film thickness and the molecular
mass of the polymer. Thin films and films with high molecular masses do not relax with
increasing temperatures. On the other hand, thick films and films with low molecular
masses seem to have comparatively mobile surfaces. In this case, at high temperatures the
propagation of capillary waves on the sample surface could be possible.
The results and discussions show that the interpretation of the static diffuse scattering may
become very complicated in the temperature range, where the films are in an intermediate
solid/viscose liquid state. In this case the relaxation time of the films is comparable to the
sampling time and the investigated system is no longer ergodic.

From the presented results and the literature data it follows that the kinks in the transverse
scans have not the meaning of cut–offs like defined in the capillary wave theory. They
appear after evaporation of the solvent (4.2.3). Therefore, the effect may be a result
from a combination of slow motion waves on the surface, artefacts from evaporation and
interaction of the polymer film with the substrate.

The presented results do not reveal significant differences between samples with hydrophilic
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and hydrophobic substrates. The additional experiments show that this is due to the
instability of the samples with temperature and storage time of the used hydrophobic
substrates, which may be already hydrophilic at the beginning of the X–ray experiments.
Further dynamic and static diffuse scattering experiments during annealing of the polymer
films should explain the kinks appearing in the transverse scans. It should be interesting
to compare the transverse scans of various samples, where the evaporation of the solvent
differ. A slow evaporation of the solvent will result into a slow increase of the viscosity
and keep the polymer molecules relatively mobile for a longer time. Thus, the ability of
the molecules to resist against the attracting potential of the substrate will be enhanced.
Hence, the final stucture of a film, which solvent is slowly evaporated, would be closer
to the equilibrium state and the kinks probably will not appear in the diffuse scattering
curves.

Confined liquid and polymer films

In the frame of the experiments with liquids and polymers in confined geometry it was
possible to build and test a special cell, which allows scattering measurements of confined
fluids over areas in the mm2 range and with gap sizes of some hundreds of angstroms. The
experiments with this setup give useful hints for further experimental developments.
The structure of confined liquids and polymers can only be solved with high quality reflec-
tivity data showing pronounced oscillations. Large roughness of the wafer surfaces and/or
a misalignment of the upper and the lower wafer inhibit the observation of Kissing fringes
in the curves. During the last experiments the misalignment problems were solved and the
need for a proper cleaning procedure becomes obvious. The experiment with the thin Si
wafer is a step forward, because it provides a method to visualize the impurities on the
wafers.
The problem with the dust particles on the wafer surfaces can also be solved by the use of
a liquid as the lower substrate (mercury, for instance). This solution implies a complete
reconstuction of the experimental cell and may require the use of a diffractometer designed
for investigations of liquid surfaces (surface diffractometer).
In order to develop a proper confined polymer experiment it is important to determine the
orientation of the PEO lamelae after confinement and cooling of the sample. Since the
copolymer is phase–separated also at higher temperatures, it is clear that the sample will
possess PEO crystals at low temperatures, even if it is confined. The determination of the
structure after vanishing of the 3rd order Bragg peak in the reflectivity curve will shed more
light on the processes happening during the confinement. Additionally, a measurement of
the relaxation times of the confined polymer system may support or reject the idea of the
retarding of molecular motions after the confinement.
From the polymer experiments it turned out that due to the small confinement area it
is not possible to spin–coat a uniform film less then a few thousands of Å on the wafers.
Since the diffractometer resolution at the used energy allows the measurement of films with
a maximum thickness of about 1000 Å the total thickness of the polymer film remains one
more unknown parameter in the experiment. Probably, neutron diffraction would help in
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this case. Here, the substrates shoud not have a special form, because the radiation losses
will be not so critical. Increasing the sample area will increase the scattering centers, and
the scattering contrast can be enhanced by deuteration of the PEO or PBh blocks. Larger
surface areas lead to more dust particles and problems for the alignment as well, but for
the investigation of the lamelae structure in–plane it is not that crucial. From this point of
view, it seems that a neutron scattering experiment would be suitable for the investigation
of confined polymers. In contrast, the experiments with confined liquids require a beamline
which can supply high intense, very well collimated X–rays with an energy in the range of
20 to 30 keV. The beamline also should allow reflectivity measurements and small angle
diffraction in the plane of the sample.
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Appendix A

Results after refinement of the
scattering data.

In this part of the appendix the results from refinements of the reflectivity and diffuse
scattering curves are presented. In the following tables the numbers denoted with (f)

have been kept fixed during the refinement. Some of the data are not recorded at the
temperature given in the table caption. For these the correct temperature is given behind
the table. Data of samples h21, h23 and h46 are not presented for the following reasons:
Sample h21 was not correctly prepared (section 4.2.1). The diffuse scattering data of
sample h23 are not available, since during the measurement, due to heating, the samples
has misaligned itself. A mistake has also happened in the preparation procedure of sample
h46. Instead of 400 Å , it has a thickness of 800 Å (Tab. A.3). Therefore, its diffuse
scattering curves are not conceded.
The transverse scans are presented in double–logarithmic scale. Each transverse curve
has a notation at the top, e.g. r15015m.n31. The first letter r indicates that the right
side of the transverse scan was taken. The number 150 shows the temperature at which the
curve was recorded. The next number 15 gives the value of qx in reciprocal space, where
the curve was recorded. In the example, it has a value of 0.15 Å−1. The longitudinal
diffuse scattering curves have notations of the type ld15005m.n31. Here, the number
150 again shows the measurement temperature. 05 indicates a longitudinal diffuse scan
at offset 0.05°(section 4.1). The longitudinal scattering curves are presented in 2θ, linear
scale, and the intensity is in logarithmic scale.
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A.1 Results from refinements of reflectivity curves.

Sample number Dispersion Roughness Thickness
δSiOx σSiOx,[Å] [Å]

n26 4.137 ± 0.004 2.412 ± 0.04 10.143 ± 0.004

n46 4.136 ± 0.004 2.255 ± 0.005 9.958 ± 0.006

n86 4.12 ± 0.01 2.30 ± 0.02 10.07 ± 0.02

n16 4.097 ± 0.003 2.086 ± 0.005 10.015 ± 0.006

n36 4.021 ± 0.03 2.077 ± 0.005 10.283 ± 0.006

n21 4.127 ± 0.005 2.88 ± 0.03 9.95 ± 0.03

n41 4.15 ± 0.01 2.561 ± 0.004 10.033 ± 0.007

n81 4.092 ± 0.004 2.28 ± 0.01 9.87 ± 0.01

n11 4.094 ± 0.004 2.14 ± 0.02 10.25 ± 0.01

n31 4.11(f) 3.12 ± 0.03 9.80 ± 0.02

n23 4.14 ± 0.01 2.19(f) 10.57 ± 0.02

n43 3.98 ± 0.02 2.50 ± 0.02 9.80 ± 0.03

n83 4.234 ± 0.007 2.29 ± 0.01 9.94 ± 0.03

n13 4.099 ± 0.009 2.344 ± 0.008 10.09 ± 0.02

n33 4.16(f) 2.1 ± 0.02 10.02 ± 0.03

h26 3.66 ± 0.02 1.61 ± 0.02 8.35 ± 0.03

h46 3.83 ± 0.02 1.92 ± 0.03 7.74 ± 0.04

h86 4.056 ± 0.004 3.266 ± 0.006 8.728 ± 0.006

h16 4.169 ± 0.03 4.43 ± 0.01 7.75 ± 0.01

h36 4.18(f) 3.44 ± 0.03 9.26 ± 0.03

h21 − − −
h41 3.073 ± 0.005 1.67 ± 0.02 4.62 ± 0.02

h81 2.77 ± 0.01 1.778 ± 0.007 7.52 ± 0.03

h11 3.786 ± 0.005 2.39 ± 0.02 8.40 ± 0.03

h31 3.575 ± 0.005 2.03 ± 0.03 8.56 ± 0.02

h23 3.741 ± 0.008 2.25 ± 0.01 8.37 ± 0.01

h43 3.78 ± 0.01 1.76 ± 0.01 8.76 ± 0.02

h83 3.85 ± 0.01 1.57 ± 0.02 8.43 ± 0.02

h13 3.84 ± 0.01 1.56 ± 0.02 8.88 ± 0.03

h33 3.880 ± 0.004 1.57 ± 0.03 8.54 ± 0.03

Table A.1: Dispersion, roughness and thickness of the first layer obtained after the refine-
ment of reflectivity curves measured at 50°C .
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Sample number Dispersion, Roughness, Thickness,
δps σps,[Å] [Å]

n26 1.991 ± 0.005 5.037 ± 0.009 172.87 ± 0.01

n46 2.145 ± 0.006 5.98 ± 0.01 353.07 ± 0.01

n86 1.86 ± 0.03 5.46 ± 0.04 818.23 ± 0.02

n16 2.271 ± 0.005 4.50 ± 0.01 1497.21 ± 0.02

n36 2.145 ± 0.005 3.21 ± 0.03 3007.37 ± 0.02

n21 1.653 ± 0.006 6.58 ± 0.02 166.25 ± 0.01

n41 1.291 ± 0.007 4.13(f) 415.36 ± 0.01

n81 1.756 ± 0.005 5.04 ± 0.04 741.05 ± 0.03

n11 1.921 ± 0.005 4.65 ± 0.02 1428.32 ± 0.07

n31 1.20 ± 0.03 9.57 ± 0.04 −
n23 1.982 ± 0.006 5.691 ± 0.008 219.75 ± 0.02

n43 1.65(f) 4.92 ± 0.03 437.52 ± 0.02

n83 1.82 ± 0.02 4.83 ± 0.01 749.95 ± 0.04

n13 1.914 ± 0.005 4.89 ± 0.03 1697.35 ± 0.06

n33 1.67 ± 0.03 − −
h26 2.05 ± 0.02 5.34 ± 0.03 165.59 ± 0.03

h46 1.93(f) 5.18 ± 0.07 856.17 ± 0.08

h86 2.018 ± 0.008 6.33 ± 0.01 810.25 ± 0.01

h16 1.60 ± 0.01 11.04 ± 0.04 1534.19 ± 0.06

h36 2.75(f) 6.22 ± 0.04 3280.12 ± 0.06

h21 − − −
h41 2.197 ± 0.004 6.26 ± 0.03 420.42 ± 0.03

h81 2.023 ± 0.005 6.07(f) 736.35 ± 0.02

h11 2.10(f) 6.33 ± 0.01 1472.75 ± 0.04

h31 1.53 ± 0.01 6.87 ± 0.04 3195.97 ± 0.03

h23 1.98(f) 5.82(f) 216.01 ± 0.03

h43 1.65 ± 0.01 5.44 ± 0.04 439.59 ± 0.04

h83 1.99(f) 5.53 ± 0.03 740.37 ± 0.04

h13 1.99 ± 0.01 4.68(f) 1654.43 ± 0.06

h33 1.99(f) − −

Table A.2: Dispersion, roughness and thickness of the polymer film obtained after the
refinement of reflectivity curves measured at 50°C.

Samples n46, n41, n86 and n81 were measured at 40°C



98 APPENDIX A. RESULTS AFTER REFINEMENT OF THE SCATTERING DATA.

Sample number Thickness at d150(h)/d50(h) d230/d50(h) d50(c)/d50(h)

50°C, d50(h),Å

n26 172.87 1.00 1.11 1.13

n21 160.25 − 1.72 1.35

n23 219.75 1.11 1.16 −
h26 165.59 1.04 1.17 1.21

h21 − − − −
h23 216.01 1.08 − 1.04

n46 353.07(40) 1.03 1.06(200) −
n41 415.36(40) 1.02 1.04(200) −
n43 437.52 1.07 1.15 1.04

h46 856.17 1.04 − 0.99

h41 420.42 1.03 1.05(200) −
h43 439.59 1.07 1.11 1.02

n86 818.23(40) 1.02 1.03(200) −
n81 741.05(40) 1.03 1.04(200) −
n83 749.95 1.03 1.07 1.00

h86 810.25 1.02 1.13 −
h81 736.35 1.05 1.10 1.00

h83 740.37 − 1.07 0.98

n16 1497.21 1.04 1.14 1.03

n11 1428 1.04 1.14 1.03

n13 1697.35 1.04 1.07 1.00

h16 1534.19 − 1.07 1.00

h11 1472.75 1.01 1.08 0.99

h13 1654.43 1.08 − −
n36 3007.37 1.13 1.16 1.00

n31 − − − −
n33 − − − −
h36 3280.12 − 1.00 1.00

h31 3195.97 1.00 1.00 1.00

h33 − − − −

Table A.3: Thickness of the polymer films at different temperatures. The measured film
thickness at 50°C heating run is given in the first column. The thicknesses in the next
columns are divided by the thickness in the first column. (h) and (c) denote heating and
cooling runs, respectively. Values denoted with (40) and (200) were obtained from reflectivity
curves measured at 40°C and 200°C, respectively.
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A.2 The Liquid and the Fractal models refinements.

A.2.1 Samples studied at 150°C

A.2.1.1 Hydrophilic samples
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.1: Longitudinal and transverse scans of sample n33 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.2: Longitudinal and transverse scans of sample n33 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.3: Longitudinal and transverse scans of sample n13 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.4: Longitudinal and transverse scans of sample n13 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.5: Longitudinal and transverse scans of sample n83 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.6: Longitudinal and transverse scans of sample n83 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.7: Longitudinal and transverse scans of sample n43 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.8: Longitudinal and transverse scans of sample n43 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.9: Longitudinal and transverse scans of sample n23 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 150°C

Figure A.10: Longitudinal and transverse scans of sample n23 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.11: Longitudinal and transverse scans of sample n31 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.12: Longitudinal and transverse scans of sample n31 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.13: Longitudinal and transverse scans of sample n11 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.14: Longitudinal and transverse scans of sample n11 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.15: Longitudinal and transverse scans of sample n81 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.16: Longitudinal and transverse scans of sample n81 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.17: Longitudinal and transverse scans of sample n41 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.18: Longitudinal and transverse scans of sample n41 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.19: Longitudinal and transverse scans of sample n21 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.20: Longitudinal and transverse scans of sample n21 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.21: Longitudinal and transverse scans of sample n36 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.22: Longitudinal and transverse scans of sample n36 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.23: Longitudinal and transverse scans of sample n16 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.24: Longitudinal and transverse scans of sample n16 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.25: Longitudinal and transverse scans of sample n86 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.



A.2. THE LIQUID AND THE FRACTAL MODELS REFINEMENTS. 125

hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.26: Longitudinal and transverse scans of sample n86 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.27: Longitudinal and transverse scans of sample n46 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.28: Longitudinal and transverse scans of sample n46 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.29: Longitudinal and transverse scans of sample n26 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.30: Longitudinal and transverse scans of sample n26 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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Sample Correlation length Hurst parameter Correlation length Hurst parameter
number of the substrate, of the substrate, of the first layer, of the first layer

ξsub · 103,[Å] hsub ξSiOx · 103, [Å] hSiOx

n26 1.177 ± 0.002 0.950 ± 0.001 0.293 ± 0.001 0.456 ± 0.002

n46 1.0928 ± 0.0001 0.38(f) 0.379 ± 0.006 0.20(f)

n86 0.100 ± 0.004 0.39 ± 0.002 11.560 ± 0.001 0.20(f)

n16 0.779 ± 0.002 0.60(f) 0.858 ± 0.002 0.20(f)

n36 0.546 ± 0.002 0.58(f) 1.653 ± 0.003 0.20(f)

n21 0.9415 ± 0.0003 0.3365 ± 0.0003 3.0195 ± 0.0004 0.20(f)

n41 1.0150 ± 0.0001 0.42(f) 0.557 ± 0.001 0.20(f)

n81 1.237 ± 0.002 0.38(f) 2.732 ± 0.002 0.20(f)

n11 0.9307 ± 0.0003 0.3399 ± 0.0005 3.0124 ± 0.0004 0.20(f)

n31 0.882 ± 0.001 0.34(f) 3.052 ± 0.001 0.20(f)

n23 0.10899 ± 0.0004 0.45(f) 0.10(f) 0.20(f)

n43 0.773 ± 0.001 0.30(f) 0.58(f) 0.20(f)

n83 0.6908 ± 0.0001 0.21(f) 1.188 ± 0.0002 0.23(f)

n13 1.052 ± 0.003 0.58(f) 0.10(f) 0.20(f)

n33 1.195 ± 0.002 0.58(f) 0.8977 ± 0.0003 0.20(f)

Table A.4: Correlation length and Hurst parameter of the substrate and the first layer
obtained after the refinement of diffuse scattering curves measured at 150°C (Liquid model).
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Sample Surface tension, χ2

number η, [N/m]

n26 0.0131 ± 0.0001 10.91
n46 0.0176 ± 0.0007 4.96
n86 0.0223 ± 0.0001 3.21
n16 0.0191 ± 0.0002 6.06
n36 0.0127 ± 0.0003 5.96

n21 0.0118 ± 0.0002 6.92
n41 0.01315 ± 0.00001 9.53
n81 0.01605 ± 0.00002 16.16
n11 0.0133 ± 0.0001 5.45
n31 0.01665 ± 0.00003 4.04

n23 0.01323 ± 0.00006 21.13
n43 0.0109 ± 0.0001 8.44
n83 0.01583 ± 0.00003 14.35
n13 0.01361 ± 0.0002 2.27
n33 0.0178 ± 0.0001 4.19

Table A.5: Surface tension at the polymer/air interface and χ2 obtained from refinements
of diffuse scattering curves measured at 150°C (Liquid model).
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Sample Correlation length Hurst parameter Correlation length Hurst parameter
number of the substrate, of the substrate, of the first layer, of the first layer

ξsub · 103,[Å] hsub ξSiOx · 103, [Å] hSiOx

n26 0.957 ± 0.002 0.590 ± 0.003 0.286 ± 0.002 0.631 ± 0.002

n46 0.51 ± 0.03 0.710 ± 0.008 0.482 ± 0.003 0.20(f)

n86 0.536 ± 0.001 0.781 ± 0.002 0.903 ± 0.001 0.20(f)

n16 0.873 ± 0.007 0.55 ± 0.03 0.839 ± 0.006 0.20(f)

n36 0.279 ± 0.003 0.225 ± 0.002 0.748 ± 0.001 0.20(f)

n21 0.90(f) 0.642 ± 0.003 0.5401 ± 0.0001 0.2671 ± 0.0004

n41 0.214 ± 0.002 0.601 ± 0.003 0.725 ± 0.001 0.20(f)

n81 2.0811 ± 0.0003 0.608 ± 0.001 0.361 ± 0.002 0.20(f)

n11 0.451 ± 0.001 0.20(f) 1.047 ± 0.001 0.20(f)

n31 0.337 ± 0.001 0.75(f) 0.226 ± 0.001 0.20(f)

n23 3.829 ± 0.007 0.20(f) 0.10(f) 0.30(f)

n43 1.00(f) 0.30(f) 0.10(f) 0.20(f)

n83 0.379 ± 0.001 0.20(f) 2.946 ± 0.001 0.20(f)

n13 1.088 ± 0.003 0.20(f) 0.1050 ± 0.0002 0.20(f)

n33 0.20(f) 0.20(f) 0.10(f) 0.20(f)

Table A.6: Correlation length and Hurst parameter of the substrate and the first layer
obtained after the refinement of diffuse scattering curves measured at 150°C (Fractal model).
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Sample Correlation length Hurst parameter of Roughness of

number of the polym. film, the polym. film, the polym. film, χ2

ξPS · 103,[Å] hPS σPS, [Å]

n26 0.782 ± 0.002 0.2621 ± 0.0004 5.91(f) 5.47
n46 1.351 ± 0.009 0.541 ± 0.005 6.828 ± 0.009 3.91
n86 3.364 ± 0.001 0.2385 ± 0.0001 6.845 ± 0.001 3.95
n16 0.825 ± 0.006 0.202 ± 0.001 5.967 ± 0.006 4.46

n36 2.143 ± 0.001 0.20(f) 7.003 ± 0.001 3.91

n21 3.998 ± 0.003 0.214 ± 0.001 7.899 ± 0.004 4.19

n41 3.596 ± 0.001 0.20(f) 7.780 ± 0.002 5.20
n81 4.184 ± 0.001 0.2547 ± 0.0001 6.5737 ± 0.0004 7.55

n11 3.111 ± 0.001 0.19(f) 6.0010 ± 0.0001 4.72

n31 2.0175 ± 0.0004 0.20(f) 6.04(f) 3.17

n23 6.953 ± 0.004 0.2778 ± 0.0003 8.739 ± 0.002 4.85
n43 13.461 ± 0.002 0.2214 ± 0.0003 10.380 ± 0.002 2.91
n83 9.875 ± 0.001 0.2341 ± 0.0002 7.5956 ± 0.0006 9.52

n13 7.024 ± 0.002 0.20(f) 6.802 ± 0.002 2.88

n33 17.979 ± 0.005 0.20(f) 8.198 ± 0.007 2.30

Table A.7: Correlation length, Hurst parameter and roughness of the polymer film as well as
χ2 obtained from refinements of diffuse scattering curves measured at 150°C (Fractal model).
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A.2.1.2 Hydrophobic samples
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hydrophobic, Mw = 30 [kg/mol], 150°C

Figure A.31: Longitudinal and transverse scans of sample h33 at 170°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 150°C

Figure A.32: Longitudinal and transverse scans of sample h33 at 170°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 150°C

Figure A.33: Longitudinal and transverse scans of sample h13 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 150°C

Figure A.34: Longitudinal and transverse scans of sample h13 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 150°C

Figure A.35: Longitudinal and transverse scans of sample h83 at 170°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 150°C

Figure A.36: Longitudinal and transverse scans of sample h83 at 170°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 150°C

Figure A.37: Longitudinal and transverse scans of sample h43 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 150°C

Figure A.38: Longitudinal and transverse scans of sample h43 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.



A.2. THE LIQUID AND THE FRACTAL MODELS REFINEMENTS. 143

hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.39: Longitudinal and transverse scans of sample h31 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.40: Longitudinal and transverse scans of sample h31 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.



A.2. THE LIQUID AND THE FRACTAL MODELS REFINEMENTS. 145

hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.41: Longitudinal and transverse scans of sample h11 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.



146 APPENDIX A. RESULTS AFTER REFINEMENT OF THE SCATTERING DATA.

hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.42: Longitudinal and transverse scans of sample h11 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.43: Longitudinal and transverse scans of sample h81 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.44: Longitudinal and transverse scans of sample h81 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.45: Longitudinal and transverse scans of sample h41 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 150°C

Figure A.46: Longitudinal and transverse scans of sample h41 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.47: Longitudinal and transverse scans of sample h36 at 170°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.48: Longitudinal and transverse scans of sample h36 at 170°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.49: Longitudinal and transverse scans of sample h16 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.50: Longitudinal and transverse scans of sample h16 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.51: Longitudinal and transverse scans of sample h86 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.52: Longitudinal and transverse scans of sample h86 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.53: Longitudinal and transverse scans of sample h26 at 150°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 150°C

Figure A.54: Longitudinal and transverse scans of sample h26 at 150°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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Sample Correlation length Hurst parameter Correlation length Hurst parameter
number of the substrate, of the substrate, of the first layer, of the first layer

ξsub · 103,[Å] hsub ξSiOx · 103, [Å] hSiOx

h26 0.011 ± 0.003 0.20(f) 0.011 ± 0.001 0.442 ± 0.002

h46 − − − −
h86 0.352 ± 0.005 0.79(f) 0.770 ± 0.006 0.25(f)

h16 0.708 ± 0.009 0.50(f) 1.630 ± 0.001 0.25(f)

h36 0.10(f) 0.79(f) 0.844 ± 0.004 0.25(f)

h21 − − − −
h41 0.8989 ± 0.0001 0.30(f) 0.7945 ± 0.0001 0.3424 ± 0.0001

h81 1.283 ± 0.004 0.20(f) 1.107 ± 0.002 0.20(f)

h11 0.930 ± 0.003 0.20(f) 4.995 ± 0.002 0.20(f)

h31 26.83 ± 0.02 0.2(f) 4.969 ± 0.008 0.20(f)

h23 − − − −
h43 0.013 ± 0.001 0.58(f) 0.1938 ± 0.0002 0.20(f)

h83 0.128 ± 0.006 0.30(f) 0.134 ± 0.001 0.20(f)

h13 0.10(f) 0.58(f) 0.10(f) 0.20(f)

h33 0.1578 ± 0.0009 0.30(f) 0.1762 ± 0.0009 0.20(f)

Table A.8: Correlation length and Hurst parameter of the substrate and the first layer
obtained after the refinement of diffuse scattering curves measured at 150°C (Liquid model).
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Sample Surface tension, χ2

number η, [N/m]

h26 0.0144 ± 0.0003 9.82
h46 − −
h86 0.013 ± 0.001 6.95
h16 0.0095 ± 0.0001 4.30
h36 0.0164 ± 0.0003 5.24

h21 − −
h41 0.01628 ± 0.00007 3.86
h81 0.02186 ± 0.00007 5.01
h11 0.01798 ± 0.0001 4.30
h31 0.0235 ± 0.0001 3.52

h23 − −
h43 0.0149 ± 0.0001 9.84
h83 0.0228 ± 0.0001 9.39
h13 0.0173 ± 0.0001 3.44
h33 0.0201 ± 0.0001 5.36

Table A.9: Surface tension at the polymer/air interface and χ2 obtained from refinements
of diffuse scattering curves measured at 150°C (Liquid model).
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Sample Correlation length Hurst parameter Correlation length Hurst parameter
number of the substrate, of the substrate, of the first layer, of the first layer

ξsub · 103,[Å] hsub ξSiOx · 103, [Å] hSiOx

h26 0.206 ± 0.001 0.20(f) 0.047 ± 0.001 0.23(f)

h46 − − − −
h86 0.588 ± 0.007 0.947 ± 0.009 1.741 ± 0.006 0.20(f)

h16 1.0(f) 0.50(f) 1.6(f) 0.25(f)

h36 1.06 ± 0.03 0.40 ± 0.03 0.34 ± 0.02 0.25 ± 0.03

h21 − − − −
h41 1.470 ± 0.002 0.760 ± 0.003 0.8335 ± 0.0003 0.2240 ± 0.0005

h81 0.10(f) 0.206 ± 0.001 0.7581 ± 0.0004 0.19(f)

h11 0.1514 ± 0.0003 0.40(f) 0.10(f) 0.20(f)

h31 8.727 ± 0.005 0.20(f) 1.084 ± 0.004 0.20(f)

h23 − − − −
h43 0.1087 ± 0.0006 0.20(f) 0.10(f) 0.20(f)

h83 0.100 ± 0.001 0.20(f) 2.616 ± 0.004 0.20(f)

h13 0.10(f) 0.20(f) 0.10(f) 0.20(f)

h33 0.10(f) 0.20(f) 0.10(f) 0.20(f)

Table A.10: Correlation length and Hurst parameter of the substrate and the first layer
obtained after the refinement of diffuse scattering curves measured at 150°C (Fractal model).
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Sample Correlation length Hurst parameter of Roughness of

number of the polym. film, the polym. film, the polym. film, χ2

ξPS · 103,[Å] hPS σPS, [Å]

h26 0.2865 ± 0.0006 0.23(f) 5.30(f) 6.48
h46 − − − −
h86 0.826 ± 0.006 0.20(f) 6.83(f) 5.24

h16 10.60 ± 0.05 0.23 ± 0.01 10.59(f) 3.78

h36 10.28 ± 0.02 0.20(f) 7.79(f) 6.13

h21 − − − −
h41 0.985 ± 0.001 0.2962 ± 0.0003 5.778 ± 0.001 3.52

h81 5.433 ± 0.003 0.2821 ± 0.0007 7.20(f) 3.42

h11 21.00 ± 0.01 0.20(f) 7.230 ± 0.009 2.77

h31 16.881 ± 0.004 0.20(f) 7.890 ± 0.002 1.50

h23 − − − −
h43 12.959 ± 0.004 0.20(f) 7.784 ± 0.001 4.84

h83 5.271 ± 0.001 0.20(f) 6.102 ± 0.001 9.71

h13 5.818 ± 0.001 0.20(f) 7.315 ± 0.001 2.02

h33 17.5151 ± 0.0005 0.20(f) 8.3139 ± 0.0001 2.60

Table A.11: Correlation length, Hurst parameter and roughness of the polymer film as
well as χ2 obtained from refinements of diffuse scattering curves measured at 150°C (Fractal

model).

Samples h36, h83, h33 were measured at 170°C.
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A.2.2 Samples studied at 230°C

A.2.2.1 Hydrophilic samples
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.55: Longitudinal and transverse scans of sample n33 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.56: Longitudinal and transverse scans of sample n33 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.57: Longitudinal and transverse scans of sample n13 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.58: Longitudinal and transverse scans of sample n13 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.59: Longitudinal and transverse scans of sample n83 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.60: Longitudinal and transverse scans of sample n83 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.61: Longitudinal and transverse scans of sample n43 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.62: Longitudinal and transverse scans of sample n43 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.63: Longitudinal and transverse scans of sample n23 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophilic, Mw = 30 [kg/mol], 230°C

Figure A.64: Longitudinal and transverse scans of sample n23 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.65: Longitudinal and transverse scans of sample n31 at 190°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.66: Longitudinal and transverse scans of sample n31 at 190°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.67: Longitudinal and transverse scans of sample n11 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.68: Longitudinal and transverse scans of sample n11 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.69: Longitudinal and transverse scans of sample n81 at 200°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.70: Longitudinal and transverse scans of sample n81 at 200°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.71: Longitudinal and transverse scans of sample n41 at 200°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.72: Longitudinal and transverse scans of sample n41 at 200°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.73: Longitudinal and transverse scans of sample n21 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.74: Longitudinal and transverse scans of sample n21 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.75: Longitudinal and transverse scans of sample n36 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.76: Longitudinal and transverse scans of sample n36 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.77: Longitudinal and transverse scans of sample n16 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.78: Longitudinal and transverse scans of sample n16 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.79: Longitudinal and transverse scans of sample n86 at 200°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.80: Longitudinal and transverse scans of sample n86 at 200°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.81: Longitudinal and transverse scans of sample n46 at 200°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.82: Longitudinal and transverse scans of sample n46 at 200°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.83: Longitudinal and transverse scans of sample n26 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.84: Longitudinal and transverse scans of sample n26 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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Sample Correlation length Hurst parameter Correlation length Hurst parameter
number of the substrate, of the substrate, of the first layer, of the first layer

ξsub · 103,[Å] hsub ξSiOx · 103, [Å] hSiOx

n26 0.90(f) 0.40(f) 0.040 ± 0.002 0.416 ± 0.002

n46 0.80(f) 0.50(f) 0.3005 ± 0.0007 0.20(f)

n86 0.90(f) 0.3852 ± 0.0004 0.10(f) 0.20(f)

n16 0.7482 ± 0.0003 0.70(f) 0.465 ± 0.001 0.20(f)

n36 0.768 ± 0.002 0.40(f) 0.3964 ± 0.0006 0.20(f)

n21 0.9416 ± 0.0006 0.3365 ± 0.0002 0.9415 ± 0.0003 0.3365 ± 0.0003

n41 1.0150 ± 0.0007 0.418 ± 0.003 0.10(f) 0.20(f)

n81 0.9503 ± 0.0007 0.3853 ± 0.0004 0.900 ± 0.0001 0.20(f)

n11 0.9348 ± 0.0001 0.3714 ± 0.0007 0.7392 ± 0.0006 0.20(f)

n31 0.8820 ± 0.0001 0.40(f) 0.273 ± 0.003 0.30(f)

n23 0.90(f) 0.4535 ± 0.0002 0.09(f) 0.7256 ± 0.0003

n43 0.90(f) 0.40(f) 0.1002 ± 0.0006 0.20(f)

n83 0.80(f) 0.40(f) 0.418 ± 0.002 0.20(f)

n13 1.0135 ± 0.0007 0.5767 ± 0.0003 0.1394 ± 0.0002 0.20(f)

n33 0.80(f) 0.40(f) 0.2713 ± 0.0003 0.20(f)

Table A.12: Correlation length and Hurst parameter of the substrate and the first layer
obtained after the refinement of diffuse scattering curves measured at 230°C (Liquid model).
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Sample Surface tension, χ2

number η, [N/m]

n26 0.01543 ± 0.00007 5.69
n46 0.01608 ± 0.00007 6.85
n86 0.01466 ± 0.00008 8.11
n16 0.01664 ± 0.00002 4.88
n36 0.01036 ± 0.00001 8.34

n21 0.01002 ± 0.00004 20.89
n41 0.01090 ± 0.0007 39.23
n81 0.0202 ± 0.0001 14.27
n11 0.0162 ± 0.0001 7.78
n31 0.0168 ± 0.0001 7.09

n23 0.01142 ± 0.00007 7.71
n43 0.0157 ± 0.0001 9.96
n83 0.01073 ± 0.0001 9.39
n13 0.01615 ± 0.00008 4.39
n33 0.01158 ± 0.00004 8.90

Table A.13: Surface tension at the polymer/air interface and χ2 obtained from refinements
of diffuse scattering curves measured at 230°C (Liquid model).
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Sample Correlation length Hurst parameter Correlation length Hurst parameter
number of the substrate, of the substrate, of the first layer, of the first layer

ξsub · 103,[Å] hsub ξSiOx · 103, [Å] hSiOx

n26 6.98 ± 0.03 0.35 ± 0.05 0.42 ± 0.08 0.86 ± 0.05

n46 0.9501 ± 0.0004 0.5604 ± 0.0003 0.1758 ± 0.0002 0.1706 ± 0.0001

n86 0.648 ± 0.002 0.492 ± 0.006 0.983 ± 0.002 0.226 ± 0.002

n16 0.684 ± 0.003 0.687 ± 0.003 0.559 ± 0.001 0.20(f)

n36 0.3500 ± 0.0004 0.3258 ± 0.0002 0.04742 ± 0.00003 0.20(f)

n21 0.8707 ± 0.0006 0.7539 ± 0.0003 0.9428 ± 0.003 0.20(f)

n41 0.186 ± 0.008 0.584 ± 0.006 0.2043 ± 0.0002 0.20(f)

n81 2.0641 ± 0.0006 0.5951 ± 0.0004 0.9352 ± 0.001 0.20(f)

n11 0.6056 ± 0.0006 0.20(f) 0.555 ± 0.001 0.20(f)

n31 0.353 ± 0.004 0.59(f) 0.5908 ± 0.0006 0.20(f)

n23 4.0335 ± 0.0002 0.20(f) 0.10(f) 0.20(f)

n43 1.11 ± 0.02 0.20(f) 0.1986 ± 0.0004 0.20(f)

n83 0.4554 ± 0.0006 0.20(f) 2.8355 ± 0.0008 0.20(f)

n13 0.9400 ± 0.004 0.20(f) 0.10(f) 0.20(f)

n33 0.20(f) 0.20(f) 0.10(f) 0.10(f)

Table A.14: Correlation length and Hurst parameter of the substrate and the first layer
obtained after the refinement of diffuse scattering curves measured at 230°C (Fractal model).
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Sample Correlation length Hurst parameter of Roughness of

number of the polym. film, the polym. film, the polym. film, χ2

ξPS · 103,[Å] hPS σPS, [Å]

n26 2.77 ± 0.02 0.25 ± 0.03 7.85 ± 0.02 9.60
n46 1.0587 ± 0.0003 0.2586 ± 0.0001 6.984 ± 0.003 4.35

n86 3.475 ± 0.003 0.20(f) 7.717 ± 0.003 3.60

n16 1.0914 ± 0.0007 0.20(f) 7.388 ± 0.007 7.88

n36 4.8347 ± 0.0002 0.20(f) 7.6154 ± 0.0003 1.53

n21 6.8273 ± 0.0003 0.20(f) 10.375 ± 0.001 4.67

n41 4.919 ± 0.005 0.20(f) 9.899 ± 0.002 20.60
n81 3.799 ± 0.001 0.2327 ± 0.0001 7.3491 ± 0.0008 7.51

n11 0.9202 ± 0.0003 0.19(f) 6.7986 ± 0.0002 12.83

n31 2.040 ± 0.001 0.20(f) 8.152 ± 0.001 7.81

n23 11.899 ± 0.0003 0.22418 ± 0.00003 10.002 ± 0.002 4.13
n43 17.073 ± 0.009 0.2006 ± 0.0004 10.002 ± 0.002 7.62
n83 6.6981 ± 0.0004 0.2347 ± 0.0001 9.1159 ± 0.0007 13.89

n13 6.8600 ± 0.002 0.20(f) 7.001 ± 0.001 4.77

n33 3.063 ± 0.003 0.20(f) 9.050 ± 0.002 9.45

Table A.15: Correlation length, Hurst parameter and roughness of the polymer film as
well as χ2 obtained from refinements of diffuse scattering curves measured at 230°C (Fractal

model).

Samples n46, n41, n86 and n81 were measured at 200°C, sample n31 at 190°C.
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A.2.2.2 Hydrophobic samples
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hydrophobic, Mw = 30 [kg/mol], 230°C

Figure A.85: Longitudinal and transverse scans of sample h33 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 230°C

Figure A.86: Longitudinal and transverse scans of sample h33 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 230°C

Figure A.87: Longitudinal and transverse scans of sample h13 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 230°C

Figure A.88: Longitudinal and transverse scans of sample h13 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 230°C

Figure A.89: Longitudinal and transverse scans of sample h83 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 230°C

Figure A.90: Longitudinal and transverse scans of sample h83 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 230°C

Figure A.91: Longitudinal and transverse scans of sample h43 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 30 [kg/mol], 230°C

Figure A.92: Longitudinal and transverse scans of sample h43 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.93: Longitudinal and transverse scans of sample h31 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.94: Longitudinal and transverse scans of sample h31 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.95: Longitudinal and transverse scans of sample h11 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.96: Longitudinal and transverse scans of sample h11 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.97: Longitudinal and transverse scans of sample h81 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.98: Longitudinal and transverse scans of sample h81 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.99: Longitudinal and transverse scans of sample h41 at 200°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 123 [kg/mol], 230°C

Figure A.100: Longitudinal and transverse scans of sample h41 at 200°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.101: Longitudinal and transverse scans of sample h36 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.102: Longitudinal and transverse scans of sample h36 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.103: Longitudinal and transverse scans of sample h16 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.104: Longitudinal and transverse scans of sample h16 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.105: Longitudinal and transverse scans of sample h86 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.106: Longitudinal and transverse scans of sample h86 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.107: Longitudinal and transverse scans of sample h26 at 230°C refined with the
Liquid model. The curves with the symbols are the experimental data and the lines are the
fits.
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hydrophobic, Mw = 650 [kg/mol], 230°C

Figure A.108: Longitudinal and transverse scans of sample h26 at 230°C refined with the
Fractal model. The curves with the symbols are the experimental data and the lines are the
fits.



A.2. THE LIQUID AND THE FRACTAL MODELS REFINEMENTS. 223

Sample Correlation length Hurst parameter Correlation length Hurst parameter
number of the substrate, of the substrate, of the first layer, of the first layer

ξsub · 103,[Å] hsub ξSiOx · 103, [Å] hSiOx

h26 0.567 ± 0.003 0.20(f) 0.60(f) 0.442 ± 0.003

h46 − − − −
h86 0.4833 ± 0.0004 0.7920 ± 0.0002 0.1658 ± 0.0009 0.25(f)

h16 2.02 ± 0.03 0.6716 ± 0.0007 0.6887 ± 0.0005 0.1969 ± 0.0005

h36 0.10(f) 0.7921 ± 0.0001 0.826 ± 0.002 0.25(f)

h21 − − − −
h41 0.899 ± 0.003 0.30(f) 0.7945 ± 0.0004 0.3423 ± 0.0002

h81 1.2827 ± 0.002 0.20(f) 1.107 ± 0.002 0.20(f)

h11 0.9295 ± 0.0003 0.20(f) 0.1.0(f) 0.20(f)

h31 1.0(f) 0.20(f) 1.0423 ± 0.0006 0.20(f)

h23 − − − −
h43 0.19(f) 0.577 ± 0.007 0.40(f) 0.20(f)

h83 0.15(f) 0.50(f) 0.70(f) 0.20(f)

h13 0.10(f) 0.5767 ± 0.008 0.10(f) 0.20(f)

h33 0.8224 ± 0.0006 0.2319 ± 0.0008 0.48(f) 0.20(f)

Table A.16: Correlation length and Hurst parameter of the substrate and the first layer
obtained after the refinement of diffuse scattering curves measured at 230°C (Liquid model).
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Sample Surface tension, χ2

number η, [N/m]

h26 0.0098 ± 0.0001 25.90
h46 − −
h86 0.01179 ± 0.00004 10.72
h16 0.0062 ± 0.0001 16.55
h36 0.0114 ± 0.0005 4.88

h21 − −
h41 0.0161 ± 0.0001 9.07
h81 0.0178 ± 0.0001 11.88
h11 0.01413 ± 0.00001 4.76
h31 0.01795 ± 0.0001 5.02

h23 − −
h43 0.01415 ± 0.0002 13.89
h83 0.0140 ± 0.0002 15.17
h13 0.0157 ± 0.0003 3.94
h33 0.01032 ± 0.00005 9.83

Table A.17: Surface tension at the polymer/air interface and χ2 obtained from refinements
of diffuse scattering curves measured at 230°C (Liquid model).
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Sample Correlation length Hurst parameter Correlation length Hurst parameter
number of the substrate, of the substrate, of the first layer, of the first layer

ξsub · 103,[Å] hsub ξSiOx · 103, [Å] hSiOx

h26 0.196 ± 0.004 0.604 ± 0.004 0.354 ± 0.002 0.787 ± 0.002

h46 − − − −
h86 0.693 ± 0.0003 0.28(f) 0.0560 ± 0.0001 0.20(f)

h16 7.157 ± 0.008 0.677 ± 0.008 0.021 ± 0.004 0.271 ± 0.005

h36 6.95 ± 0.03 0.30 ± 0.03 0.98 ± 0.02 0.49 ± 0.05

h21 − − − −
h41 1.55 ± 0.03 0.46 ± 0.04 0.840 ± 0.006 0.216 ± 0.008

h81 0.825 ± 0.001 0.206 ± 0.004 0.861 ± 0.005 0.20(f)

h11 0.10(f) 0.20(f) 0.060(f) 0.20(f)

h31 9.832 ± 0.001 0.20(f) 4.233 ± 0.006 0.20(f)

h23 − − − −
h43 0.10(f) 0.20(f) 0.10(f) 0.20(f)

h83 0.090 ± 0.001 0.20(f) 0.10(f) 0.20(f)

h13 0.10(f) 0.20(f) 0.10(f) 0.20(f)

h33 0.0988 ± 0.0001 0.1567 ± 0.0003 0.1008 ± 0.0003 0.2081 ± 0.0002

Table A.18: Correlation length and Hurst parameter of the substrate and the first layer
obtained after the refinement of diffuse scattering curves measured at 230°C (Fractal model).
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Sample Correlation length Hurst parameter of Roughness of

number of the polym. film, the polym. film, the polym. film, χ2

ξPS · 103,[Å] hPS σPS, [Å]

h26 0.431 ± 0.002 0.20(f) 7.00(f) 9.75
h46 − − − −
h86 1.691 ± 0.003 0.20(f) 8.2(f) 6.19

h16 20.045 ± 0.007 0.20(f) 10.60(f) 5.37

h36 4.97 ± 0.03 0.20(f) 9.00(f) 2.85

h21 − − − −
h41 1.02 ± 0.02 0.287 ± 0.007 6.88 ± 0.01 5.78
h81 7.073 ± 0.007 0.20 ± 0.0001 8.769 ± 0.005 9.34

h11 12.8645 ± 0.0008 0.20(f) 7.9298 ± 0.0004 3.49

h31 8.796 ± 0.002 0.20(f) 8.5266 ± 0.0006 2.18

h23 − − − −
h43 12.870 ± 0.003 0.2123 ± 0.0002 9.124 ± 0.002 5.90

h83 5.189 ± 0.002 0.20(f) 7.927 ± 0.001 8.49

h13 9.81 ± 0.01 0.20(f) 8.015 ± 0.004 3.89
h33 19.5109 ± 0.0005 0.1361 ± 0.0001 9.9987 ± 0.0002 4.54

Table A.19: Correlation length, Hurst parameter and roughness of the polymer film as
well as χ2 obtained from refinements of diffuse scattering curves measured at 230°C (Fractal

model).

Sample h41 was measured at 200°C.
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mutigung.



Hiermit versichere ich, daß ich die vorliegende Dissertation selbstständig angefertigt ha-
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