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Abstract 

The surface forces apparatus (SFA) is an established tool to study the physical properties 

of molecularly confined fluid films. Its great strength lies on the precise determination of the 

absolute distance between molecularly smooth sheets of mica, which confine the fluid. This 

surface separation is measured locally at the point of closest approach (PCA) by analysis of 

the transmitted white-light interference spectrum. The surface force is measured via the 

deflection of a spring. This force yields information about the change of free energy as a 

function of film thickness. 

In the present work, an extended version of the SFA, the so-called extended surface force 

apparatus (eSFA) was used to study the structural properties of the confined simple liquid 

octamethylcyclotetrasiloxane (OMCTS). This non-polar liquid is known to exhibit oscillatory 

surface forces under confinement, which suggests the formation of molecular layers parallel 

to the solid mica interface. The exact structure of these layers is still an open question and, so 

far, has primarily been addressed by theoretical studies. The improved film-thickness 

resolution and instrumental stability of the eSFA allows the oscillatory force profile to be 

measured with unprecedented accuracy. This data is used to analyze the mechanical response 

(compression) and details pertaining to the fine structure of the layered liquid. An important 

finding of this thesis is that the molecules form interpenetrating layers, imposing in-plane 

ordering. 

The oscillatory forces are very sensitive to surface roughness and relative humidity (RH) 

of the environment. The latter is shown to be due to the formation of a thin film of condensed 

water at the solid-liquid interface. The existence and thickness of such a water film has never 

been proven before. A novel evaluation method of the interferometric data was invoked to 

perform in situ measurement of molecular adsorption. The resulting Transmission 

Interference Adsorption Sensor (TInAS) can be operated as a stand-alone instrument, or, in 

combination with an in situ surface force measurement, which yields a wealth of additional 

information on molecular structure and interactions related to the adsorbed films. Besides 

studying adsorption at the solid-gas interface TInAS also allows for adsorption measurements 

at the solid-liquid interface. Adsorption isotherms of water on muscovite mica were measured 

in nitrogen and in OMCTS with unprecedented precision and informative content. New 

features can be attributed to adsorption-site heterogeneities. By exchanging the surface ions 

on the mica surface, different local conditions for the hydration of the mica could be explored. 
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The results imply that one statistical monolayer of water (attained at a relative vapor pressure 

of p/p0 ≈ 0.6) is enough to mask the adsorption site heterogeneities on the mica crystal in 

nitrogen. The adsorption isotherm measured in OMCTS revealed an unexpected, twofold 

increase in the surface excess of water compared to nitrogen, indicating an enhanced 

spreading pressure of water in that system. Further, direct force measurements are presented 

that show the influence of the adsorbed water layer on the strength and the symmetry of the 

oscillatory forces in OMCTS. 

In the typical SFA setup the film thickness is only measured locally at the PCA between 

the surfaces. However, many experiments call for laterally resolved gap-distance information, 

for example to study the squeeze-out of a fluid confined between compliant surfaces or the 

lubrication of molecularly thin films of extended area. To this end the eSFA was additionally 

equipped with a feature—called optical spectral correlation (OSC). It is a novel concept that 

uses light transmitted through the thin-film interferometer and analyzes it with a dedicated 

optical correlator. The correlated light is detected with a CCD camera, yielding a 2d-laterally 

resolved, real-time correlation map. The intensity information can then be readily transformed 

into physical quantities, such as surface separation and/or local refractive index of the 

confined film. SubÅ-resolution is possible at frame rates of several tens of Hertz. 

In this context, data is presented that was obtained from drainage experiments with 

OMCTS. Using specially designed substrate holders it was possible to use oscillatory fluid 

forces to stabilize large-area films of structured liquid with lateral extensions of several 

hundreds of microns. In combination with OSC, the flow behavior of such films was studied 

during flow of liquid from the contact region. Depending on the speed of the approaching 

surfaces the film formed different (co-existing) phases i.e. thin films with a discrete number 

of molecular layers and disordered pockets of trapped liquid. The trapped pockets eventually 

drained, leaving stable and homogeneous films of layered fluid. These films could only drain 

further by layering transitions. The dynamics of such drainage phenomena was investigated 

and the results used to discuss the flow mechanisms within confinement-induced structured 

liquids. The general output supports the idea that an adsorbed OMCTS layer is present on 

each mica interface, exhibiting different mobility than the intermediate layers. Thereby, the 

ordered fluid flow rate seems to be limited by an interlayer friction mechanism, which is in 

agreement with the observed interpenetrations of the OMCTS layers. 

The mechanism of the layering transition was further scrutinized by employing the 

capability of OSC to image changes in the fluid refractive index in real-time. It is found that 

the film’s density profile undergoes a modulation at the boundary of the N layered phase into 
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the N-1 layered phase. In the N phase, the density is increased due to compression of the 

layered structure. This is followed by a sudden decrease into a low-density region indicating 

that the liquid disorders during the transition. Then the density recovers its initial value as the 

liquid is reordered into a layered N-1 phase. This measurement provides insight into the 

physical state of the confined fluid within the region of mechanical instability, which is 

otherwise not accessible. 
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Zusammenfassung 

Der Surface Forces Apparatus (SFA) ist ein Instrument zur Messung von 

Oberflächenkräften, das auch zur Untersuchung der physikalischen Eigenschaften von 

eingeschlossenen Flüssigkeitsfilmen molekularer Dicke benutzt wird. Die Stärke des Geräts 

liegt in der äusserst präzisen Bestimmung der Distanz zweier zylindrisch gekrümmter und um 

90° gekreuzter Glimmerplättchen mit atomar glatter Oberfläche. Die Distanzmessung mittels 

Weisslicht-Interferenz erfolgt lokal im Kontaktpunkt. Eine der beiden Oberflächen ist auf 

einer Feder montiert, aus deren Auslenkung sich die Kraft zwischen den beiden Oberflächen 

ableiten lässt. Dies ermöglicht die Bestimmung der freien Wechselwirkungsenergie als 

Funktion der Filmdicke. 

In der vorliegenden Arbeit wurde eine erweiterte Version des Surface Forces Apparatus 

(eSFA) benutzt, um die strukturellen Eigenschaften von eingeschlossenen, einfachen 

Flüssigkeiten am Beispiel von Oktamethylcyclotetrasiloxan (OMCTS) zu untersuchen. In 

dieser unpolaren Flüssigkeit tritt unter Einschluss eine oszillatorische Oberflächenkraft auf, 

die auf eine molekulare Ordnung in Form von parallelen Schichten entlang der 

Glimmeroberfläche zurückzuführen ist. Die genaue Struktur dieser Molekülschichten ist noch 

weitgehend unbekannt, und wurde bisher primär durch theoretische Arbeiten beschrieben. Die 

hohe Messgenauigkeit des eSFA ermöglicht nun die Erfassung der oszillatorischen Kraft mit 

unerreichter Genauigkeit. Die Daten liefern neue Informationen über die mechanischen 

Eigenschaften (Kompressibilität) und die Struktur der schichtartigen Flüssigkeit. Ein 

wichtiges Ergebnis dieser Untersuchung ist die Erkenntnis, dass sich die einzelnen 

Molekülschichten gegenseitig durchdringen. Daraus lässt sich folgern, dass innerhalb der 

Schichten eine Fernordnung vorhanden sein muss. 

Die oszillatorische Kraft ist sehr empfindlich auf Oberflächenrauhigkeiten und Spuren von 

Feuchtigkeit. Man geht davon aus, dass das Wasser als dünne Schicht auf der 

Glimmeroberfläche kondensiert und damit die strukturellen Kräfte in der Flüssigkeit 

beeinflusst. Die Existenz und Dicke dieses Wasserfilms wurde in der vorliegenden Arbeit 

zum ersten Mal experimentell nachgewiesen. Zu diesem Zweck wurde eine neue Methode zur 

Dickenmessung adsorbierter Molekülschichten entwickelt: der so genannte Transmission 

Interference Adsorption Sensor (TInAS). Diese Methode basiert auf der Auswertung des 

Interferenz-Spektrums, und kann als unabhängiges Gerät oder direkt in Kombination mit dem 

SFA betrieben werden. Die zweite Variante ergibt eine Fülle neuer Informationen über 
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Struktur und Wechselwirkung der adsorbierten Schicht. Neben der Adsorptionsmessung aus 

der Gasphase kann auch die Adsorption aus der Flüssigphase quantifiziert werden. In dieser 

Arbeit wurden Adsorptionsisothermen von Wasser auf Muskovit-Glimmer in Stickstoff und 

in OMCTS gemessen. Die Dicke der adsorbierten Wasserschicht wurde mit bisher 

unerreichter Genauigkeit bestimmt. Die Form der Isothermen weist auf die Existenz 

unterschiedlicher Adsorptionsstellen auf der Oberfläche hin. Durch den gezielten Austausch 

der Oberflächenionen (Hydronium statt Kalium) konnten neue Erkenntnisse über die 

Hydrierung von Glimmer erlangt werden. Die Resultate deuten darauf hin, dass eine 

Monolage Wasser genügt, um die Oberflächen-Heterogenitäten der vorhandenen Ionen 

abzuschirmen. Die Adsorptionsisotherme in OMCTS zeigt einen unerwarteten, zweifachen 

Anstieg der adsorbierten Wassermenge, was auf eine erhöhte Grenzflächenenergie in diesem 

System hindeutet. Zusätzlich werden Kraftmessungen präsentiert, die den Einfluss des 

adsorbierten Wasserfilms auf die oszillatorische Kraft in OMCTS veranschaulichen. 

In herkömmlichen SFA-Experimenten wird die Filmdicke lediglich lokal im Kontaktpunkt 

der beiden Oberflächen gemessen. Einige Experimente erfordern jedoch lateral aufgelöste 

Informationen, so zum Beispiel bei der Untersuchung der Grenzflächenschmierung zur 

Bestimmung der effektiven Filmdicken innerhalb einer ausgedehnten Kontaktfläche. Zu 

diesem Zweck wurde ein bildgebendes Verfahren für den SFA entwickelt, das auf der so 

genannten Optical Spectral Correlation (OSC) Methode basiert. Bei diesem neuartigen 

Konzept wird das Licht vom der Probe mit einem geeigneten optischen Korrelator analysiert. 

Das korrelierte Licht wird mit einer CCD-Kamera detektiert und ergibt so ein 

zweidimensionales, lateral aufgelöstes Korrelations-Bild in Echtzeit. Die als Bildintensität 

gespeicherte Information kann anschliessend in physikalisch relevante Grössen wie Filmdicke 

und Brechungsindex des Films umgewandelt werden. Diese Art der Filmdickenmessung 

erfolgt mit einer Bildrate von 20-30 Hz und Sub-Å Auflösung. 

Mit der OSC-Methode wurde die Dynamik (Fliessverhalten) der eingeschlossenen 

Flüssigkeit OMCTS untersucht. Dazu wurden spezielle Probenhalter verwendet, auf denen die 

Glimmerplättchen freistehend und damit leicht deformierbar montiert wurden. Durch die 

zusätzliche stabilisierende Wirkung der oszillatorischen Kraft konnten so homogene 

Flüssigkeitsfilme mit einem Durchmesser von mehreren Hundert Mikrometern hergestellt 

werden. In Kombination mit der OSC-Methode wurde das Fliessverhalten der Flüssigkeit 

während des Herausdrückens aus der Kontaktzone analysiert. Abhängig von der 

Geschwindigkeit, mit der die Glimmeroberflächen angenähert wurden, wiesen die Filme 

unterschiedliche (co-existierende) Zustände auf: dünne Filme mit einer diskreten Anzahl von 
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Molekülschichten und dicke Einschlüsse mit ungeordneter Flüssigkeit. Die so 

eingeschlossene Flüssigkeit floss mit der Zeit ab und hinterliess einen stabilen homogenen 

Film aus Molekülschichten. Aus einem solchen Film konnte die Flüssigkeit nur mittels 

diskreten Schichtübergängen weiter Abfliessen. Die Dynamik des Abfliessens wurde 

untersucht, um damit den Fliessmechanismus der eingeschlossenen, geschichteten Flüssigkeit 

zu erklären. Dabei verhärtete sich die Hypothese, dass eine adsorbierte OMCTS-Schicht an 

der Glimmer-Grenzfläche vorhanden sein muss, die eine stark eingeschränkte Beweglichkeit 

im Vergleich zur den dazwischen liegenden Schichten aufweist. Weiter deuten die Resultate 

darauf hin, dass die Flussrate im Film durch Grenzflächenreibung zwischen den Schichten 

limitiert ist. 

Der Mechanismus der Schichtdickenübergänge wurde genauer untersucht, indem mit der 

OSC-Methode Änderungen im Brechungsindex abgebildet wurden. Es stellte sich dabei 

heraus, dass beim Übergang von der geschichteten N Phase zur N-1 Phase eine markante 

Dichteschwankung auftritt. Zuerst nimmt die Dichte zu, gefolgt von einer starken Abnahme, 

worauf sie in der neu geordneten N-1 Phase wieder ihren Ursprungswert annimmt. Die 

Zunahme der Dichte lässt sich mit der anfänglichen Kompression der geschichteten 

Flüssigkeit erklären, während die darauf folgende Abnahme darauf hindeutet, dass die 

Flüssigkeit in dieser Zone in einen ungeordneten Zustand übergeht. Diese Messung 

ermöglicht einen Einblick in den physikalischen Zustand der eingeschlossenen Flüssigkeit in 

einer Dickenregion die mit der Herkömmlichen Kraftmessung nicht zugänglich ist. 
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1 INTRODUCTION 

The quintessence of the present thesis is the exploration of a phenomenon known as 

oscillatory surface forces. This is achieved by measurements involving the so-called surface 

forces apparatus (SFA). These topics are studied by a rather small scientific community. Yet, 

it is a fascinating world! The SFA allows us to gain insight into the behavior of liquids that 

are confined to dimensions on the order of the size of their molecules. This is of fundamental 

interest to people who study such systems on a theoretical basis, e.g. by molecular dynamics 

(MD) simulations, but also to scientists working with more applied systems, such as 

nanotribology or nanofluidic devices. The purpose of this first chapter is to introduce the non-

specialist reader to the SFA world; to the basic terms and concepts needed to understand the 

present thesis. This can be a graduate student starting his/her own project, or, any person 

interested in the present work with a limited or no background in the field. To start off, 

Section 1.1 names a few important principles, particularly the concept of the physical 

interface. In Section 1.2 the origin of the oscillatory surface force is described and finally, in 

Section 1.3, the basic principle of the surfaces forces apparatus will be explained. The 

specialist to the field of surface forces and their measurement can readily skip this chapter and 

is referred to Chapters 2–4 where at the beginning of each section a specific introduction is 

also given for the selected topics of this thesis. 

1.1 The Physical Interface 

A phase of matter is defined as a macroscopic system of uniform physical properties and 

chemical composition. The boundary between two different phases is called interface or 

surface. The term interface is thereby typically used if the two phases in contact are both in a 
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condensed state, whereas surface often refers to the boundary between a solid or a liquid in 

contact with a gaseous phase. In this thesis both terms are used as synonyms, in particular, the 

term surface will often be used to name the interface between solid and liquid. 

The interaction between two objects or surfaces across a medium of different phase can be 

described by the forces acting between them as a function of their distance. The interface is 

involved in this interaction and becomes increasingly important for small objects, as the 

surface-to-volume ratio is increased. 

Molecular Interaction: The Pair-Potential 

The reason for the existence of interfaces is due to the interaction between the building 

blocks of the different phases, i.e. the single atoms or molecules. These intermolecular 

interactions are specific to the type of molecules. This means, for example, that water 

molecules interact differently than oil molecules, which leads to the fact that the two phases 

do not mix and form an interface in between them. The interaction between two single 

molecules (or atoms) can be described by the pair potential, which—in a very general form 

called the Mie potential—can be written as 

 

! 

w(r) = "
A

r
n

+
B

r
m

 (1.1) 

where w(r) is the potential energy at distance r between the molecules (Fig. 1.1). The force 

F between the two molecules is then given by the derivative of the potential function, i.e. 

! 

F(r) = "#w(r) #r . Note that the above law is purely empirical and contains an attractive 

(negative) and repulsive (positive) term. Thereby the characteristic constants A and B must be 

known for a specific type of molecules. The interaction energy W(D) between two 

macroscopic surfaces that are separated by the distance D can be calculated by integration of 

the intermolecular interactions w(r) of all molecules involved. Accordingly, the force between 

two such surfaces can be calculated from knowledge of the intermolecular interaction [1]. 
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Fig. 1.1 The interaction between two single molecules is described by the pair potential w(r), 
which is a function of the distance r between them. The given example schematically shows the 
Lennard-Jones potential, a special case of Eq. (1.1) for which n = 6 and m = 12. It is often used 
to describe the interaction between non-polar, spherical molecules. The attractive part is due to 
the van der Waals interaction and the repulsion to the Pauli exlusion principle that does not 
allow the two atoms to interpenetrate. 

Atomic-Scale Roughness 

From one phase into the other the interface marks the boundary where the physical 

properties, e.g. density, undergo an abrupt change. Mathematically this transition can be 

defined as a step function, implying that the interface has no extension and is purely 2-

dimensional. In a real system, however, this cannot be the case because the atoms or 

molecules forming the interface have no “surface” in the classical sense. Their boundary is 

given by the strongly increasing repulsion at close distance (c.f. Fig. 1.1), which is due to the 

fact that two molecules cannot interpenetrate (Pauli exclusion principle). In addition, surface 

roughness will further smear out the actual interface. It is therefore more realistic to see the 

interface as an interfacial region in which the properties gradually change [2].  

The smoothest possible surface is given by a layer of atoms with their centers lying on the 

same plane. This surface will only show slight corrugations depending on the shape and 

packing density of the atoms in the plane (solid line in Fig. 1.2). Such atomically smooth 

surfaces can be realized by crystals that form distinct faces during growth or cleavage. The 

density profile of such an interface will thus exhibit a rather sharp transition with a very 

narrow interfacial region. In this sense narrow means that the width of the interfacial region is 

smaller than the diameter of the atoms. If the surface atoms do not arrange in a 
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crystallographic plane the roughness will be increased (dashed line in Fig. 1.2). This leads to a 

broadening of the interfacial region and an interface that is rather diffuse on the atomic scale. 

The above description of the interfacial region implies that the roughness occurs on an 

atomic length scale and that the surface atoms do rearrange. The length scale at which the 

surface roughness has to be taken into account depends of course on the performed 

experiment. The density profiles shown in Fig. 1.2 can thus be considered as the average 

transition over a relevant lateral distance. As will be seen later, the contact region in the 

surface forces apparatus has an extension of several microns in diameter. The relevant length 

scale for surface roughness in this work is thus in the macroscopic regime. The time scale at 

which atoms move depends mainly on their physical state, i.e. the temperature of the system. 

It defines the dynamics of the interface. A solid crystal surface will not undergo any structural 

changes within the relevant time scales of the experiments presented in this thesis (hours, 

days) and can be considered as rigid or as a “hard-wall”. A liquid interface on the other hand 

can much more easily change its shape. Similar to waves on the sea, the liquid surface 

exhibits undulations on a much shorter time scale due to thermal fluctuations on the atomic 

scale. 

 

 

Fig. 1.2 Surface roughness on the atomic scale (left) and density profile of the interfacial 
region (right). The smoothest possible surface, e.g. a crystal plane, still shows slight 
corrugations due to the atomic structure at the interface (solid line). If the atomic order at the 
interface is not perfect or not stable over time (dashed line) then the interfacial region smears 
out, showing a smooth transition rather than a sharp discontinuity. 
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The mobility of the surface atoms can be expressed by the Maxwell-Boltzmann 

distribution of velocities [3]. It describes the probability for an atom to have a certain velocity 

(i.e. kinetic energy) at a given temperature. If the peak of this energy distribution is in the 

same order as the interaction energy between the surface atoms, then the interface will be 

rather mobile and “soft”. 

1.2 The Oscillatory Force 

Forces occurring between two bodies or surfaces can have very different characteristics 

due to the nature of their origin. For example, the gravitation force between two masses is 

always attractive while the electrostatic force between two charges can be attractive or 

repulsive depending on the character (sign) of the charges. However, both have in common 

that they typically act over a large distance and require no medium to exist in between the 

involved surfaces. On the other hand there is a class of forces that are primarily governed by 

the structure of the medium separating the two surfaces. These so-called structural forces are 

often rather short range (i.e. 1–100 nm) and are typically observed between particles 

dispersed in liquid media [1, 4]. 

Structural Forces 

As the name implies, structural forces result from the structural properties of the solvent 

and solutes (medium) present in the gap between two surfaces. This structure is a result of the 

character and interaction between the different building blocks (atoms, molecules, polymers) 

representing the medium. The medium is therefore not homogeneous, and structural gradients 

or different regions inside the gap have to be considered. 

Fig. 1.3 shows different types of structural forces. Mostly repulsive are the so-called 

solvation, steric and double-layer forces. Solvation forces are due to the interaction between 

the solvent and the particle surface. Thereby the solvent molecules form a (strongly) bound 

layer at the interface that can be several molecular diameters thick. If two particles approach 

to close distance they will be repelled because this bound solvation layer cannot easily be 

squeezed out from the contact. This force is important for very small particles, e.g. ions or 

molecules. It prevents the particles getting into direct contact due to the van der Waals 

attraction and therefore keeps them dissolved in the medium. If water is the solvent medium 

of the system then typically the term hydration force is used. 
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Fig. 1.3 Different types of structural forces and their effect on two opposing surfaces. 

Steric forces are entropic forces that occur between particles that are coated with polymers 

or dissolved in polymer solutions. If two such particles are closely approached the entropy of 

the polymer chains in the gap is reduced. This leads to a repulsive force, which can be 

applied, for example, to disperse colloidal solutions. 

The double-layer interaction is observed in systems of two identical, charged surfaces in 

electrolyte solutions. Many metal-oxide surfaces (e.g. SiO2 or Al2O3) exhibit a negative 

surface charge in aqueous solutions below the isoelectric point (pH). This attracts oppositely 

charged counterions (cations) into a layer close to the surface—screening the surface 

charges—and lead to the accumulation of counterions and depletion of co-ions (anions) in a 

diffuse layer near the surface. If the diffuse layers of two opposite surfaces interact there will 

be a long-range repulsion between the two particles or surfaces. The distance range of the 

diffuse double-layer highly depends on the ionic strength of the solvent and differs between a 

few to a few hundreds of nanometers. In combinations with the attractive van der Waals force 

the double-layer force is commonly referred to as DLVO-force, named after the persons who 

first described it (Derjaguin and Landau, Verwey and Overbeek). 

So-called depletion forces are an example of attractive structural forces, although the 

attraction is usually not observed over the entire distance range. They occur in bimodal 

solutions of particles of clearly different size, for example in a mixed solution of colloids and 

a polymer. If the large particles approach each other within a distance that is similar or less 

than the diameter of the small particles, the small ones will be displaced from the contact 

region. This depletion leads to an attractive force between the large particles due to the 

osmotic pressure from outside the gap. This effect can only be observed if the interaction 
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between the two types of particles is low, i.e. the small particles do not adsorb onto the 

surface of the large particles. 

More details on the above mentioned structural forces can be found in Reference [1]. In the 

following the focus is turned to a special type of structural force that exhibits attractive and 

repulsive regimes over the entire force law: the oscillatory or layering force. This is the 

principal surface force described and investigated in the present work. 

Simple Liquids 

Before explaining the origin of the oscillatory force it is useful to shortly introduce the 

class of liquids in which this force typically occurs. Oscillatory forces are usually observed in 

so-called simple liquids. In general, these are substances with “hard-sphere” atoms or quasi-

spherical molecules that do not show directional interactions [5]. For molecular dynamics 

simulations their interaction can be approximated by the Lennard-Jones pair-potential (c.f. 

Fig. 1.1). Examples of simple monoatomic liquids are helium (He) or argon (Ar), examples of 

simple molecular liquids are nitrogen (N2) or carbon dioxide (CO2), and an example of a 

simple liquid metal is sodium (Na). Most of them are not liquid at room temperature. 

Examples of simple liquids that are actually liquid at room temperature and therefore relevant 

for experiments as described in this work are chloroform, benzene, cyclohexane or  

octamethylcyclotetrasiloxane (OMCTS). The latter is scrutinized in the present thesis. It is 

used in this context as a model system in the class of simple liquids. 

Molecular Ordering at Interfaces 

It is an established belief that the origin of the oscillatory force is due to a layering effect 

of molecules near a solid interface. In the following the current state of this general picture 

will be summarized. The upper part of Fig. 1.4 (a) schematically illustrates a simple liquid 

(the molecules are represented by the grey circles) that is in contact with a smooth solid 

surface (black line). The roughness of the surface is considered to be less than the average 

diameter σ of the molecules, i.e. the interface is atomically smooth. Due to the (attractive) 

interaction between the liquid and the wall and the geometric confinement imposed by the 

solid interface the molecules are ordered into quasi-discrete layers. This layering is also 

reflected as an oscillation in the density profile of the liquid. The oscillations decay within a 

few molecular diameters from the interface as the layered structure is eventually lost and the 

liquid’s density approaches it bulk value (ρbulk). 
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Fig. 1.4 Molecular layering of simple liquids at smooth, solid interfaces. (a) The molecules 
close to the interface form layers due to the geometrically given boundary of the solid wall. This 
leads to an oscillation in the density profile near the interface, which decays within an extent of 
a few molecular diameters σ towards the bulk of the disordered liquid. (b) The layered structure 
is enhanced in a thin film of the liquid between two such interfaces separated by the distance D. 
(Figure adapted from [1].) 

The layering effect of the liquid is increased if two such surfaces are brought into close 

proximity and the layered zones overlap. This scenario is illustrated in Fig. 1.4 (b) where the 

liquid is confined within a film of thickness D. In this case the constraining effect of the 

parallel walls forming the gap becomes dominant, leading to stronger oscillations in the 

density profile across the thin film of layered liquid. 

Origin of the Oscillatory Force 

It is important to note that the density of the layer adjacent to the surface, ρs, is increased if 

two surfaces are brought into close proximity, compared to the situation where only a single 

interface is present. This is indicated by the peak values ρs(∞) for the single interface and 

ρs(D) for the confined film in Fig. 1.4 (a) and (b). This density will also change depending on 

the actual film thickness D. This is illustrated in the upper part of Fig. 1.5 with a series of 

films of different D (a-g). As the film thickness increases and reaches a multiple of the 

molecular diameter σ the liquid orders into a layered structure (b, d and f) and ρs(D) reaches 

its peak values. In the intermediate states no such ordering is possible leading to a decrease of 
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the liquids density at the interface (c, e and g). It has been shown theoretically that this change 

in density gives rise to a pressure P(D) between the surfaces [6, 7], which can be described by 

 

! 

P(D) = kT["
s
(D) # "

s
($)] (1.2) 

where k is the Bolzmann constant and T the temperature of the system. The result is an 

oscillating pressure or force that decays in the same fashion as the density profiles shown 

above and becomes zero for distances larger than a few σ (c.f. Fig. 1.5). 

According to Eq. (1.2) it is the density, i.e. ordering, of the boundary layer at the solid wall 

that governs the oscillatory force between two surfaces. Anything that influences this ordering 

is therefore expected to influence the force profile. This can be the roughness of the interface 

or the interaction between the liquid and the wall. For strong interactions (i.e. wetting) it is 

expected that the repulsive pressure increases and that the oscillations are shifted towards 

higher forces with an increasing effect for small D. On the other hand, if the wall interaction 

is weaker than the liquid-liquid interaction (non-wetting) one would expect the profile to be 

shifted towards lower, negative forces. 

 

Fig. 1.5 Widely accepted origin of the oscillatory force. The pressure between two surfaces 
depends on the density of the liquid structure in the confined film. The pressure becomes 
maximal for (ordered) films of discrete number of molecular layers, leading to repulsive peaks 
in the force profile. For intermediate distances the liquid is forced into a disordered and low-
density state, causing a negative pressure and attractive force between the surfaces. (Figure 
adapted from [1].) 
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Most theoretical work that deals with the phenomenon of oscillatory forces or the structure 

of confined liquids is based on numerical models such as molecular dynamics (MD) or grand 

canonical Monte Carlo simulations [8-10]. These studies require input from experimental 

work, such as is readily obtained with the SFA. The parameters influencing the shape of the 

oscillations have extensively been explored and are nicely described in [1]. However, most of 

these measurements have not been improved in quality within the last 30 years and, moreover, 

solid quantitative data from experiments is hardly available to this day. It is therefore in the 

scope of this thesis to further explore the field and contribute to the fundamental 

understanding of the phenomenon of the oscillatory force. Thereby the focus is laid in probing 

the actual molecular structure of the confined liquid as a function of surface separation as it is 

schematically depicted in Fig. 1.5. 

1.3 The Surface Forces Apparatus (SFA) 

In the late 1960s an instrument was developed that allows the direct measurement of 

surface forces as they are described above [11, 12]. This Surface Forces Apparatus was the 

first device that enabled the measurement of force laws, i.e. the force as a function of 

distance, down to nanometer separations with accuracy of a few Ångströms. The first version 

was limited to measurements in vacuum or gas phase. Improved versions followed that also 

worked in liquids [13, 14] and had attachments for the measurement of friction forces [15, 

16]. This opened doors to a much wider spectrum of applications and led to many new 

contributions in the field of surface science. 

Direct Force Measurement 

The most direct way to determine the force between two surfaces is to couple one of them 

with a spring of known spring constant k and measure the deflection (Fig. 1.6). If the force 

changes, this surface will be deflected by an amount ΔD and the force increment can be 

simply calculated with 

! 

"F = k # "D . For an absolute force measurement a reference point of 

known force (F0) and distance (D0) is required. In case of F0 = 0 the force is given by 

 

! 

F = k " (D#D
0
)  (1.3) 

In principal one has the two options to determine the force either by measuring the 

deflection ΔD or the absolute distance between the surfaces. A well-known instrument that 



1.3 The Surface Forces Apparatus (SFA) 

 11 

employs the first option is the atomic force microscope (AFM), which measures the deflection 

of a spring cantilever with a sharp tip that interacts with a flat surface [17]. The surface forces 

apparatus on the other hand measures the absolute distance D between two surfaces (see 

below). This is—at the same time—one of its great advantages in the investigation of surface 

force laws, compared to other techniques. 

The main challenge often lies in the realization of a measurement that is sensitive enough 

for the desired system. According Eq. (1.3) the force sensitivity can be increased by using a 

weaker spring or by improving the accuracy of the distance measurement. 

 

 

Fig. 1.6 Force acting between to bodies (i.e. surfaces) that are connected with a spring of 
spring constant k. The force F can be calculated from either a direct measurement of the 
deflection ΔD, or the absolute distance D between the two surfaces. The SFA makes use of the 
latter of these two possibilities. 

Concept of the SFA 

The basic concept of the surface forces apparatus is intriguingly simply. Two curved 

sample surfaces are placed opposite to each other and connected via a mechanical loop 

(Fig. 1.7). One of the surfaces is mounted on a spring mechanism with spring constant k, and 

the surface separation varied by an actuator stage. Finally the separation D is measured, in 

order to determine the normal force between the two surfaces. With such a setup Eq. (1.3) can 

be rewritten as 

 

! 

F = k " (D# A)  (1.4) 
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where A is the calibrated actuator position. Note that in the above equation A must be in 

correct reference to D, for example, A is set to zero when the surfaces are brought into direct 

(dry) contact, i.e. D = 0. More details on the force determination will be given in Chapter 2. 

The SFA typically measures forces at separations of 1–1000 nm. This calls for a high 

dynamic range of the actuator, in particular the ability for very fine and controlled movements 

in the order of Ångströms. In most versions of the SFA this is realized by a differential spring 

mechanism [14]. Another possibility is to employ a piezo-stage, which can readily be 

obtained with the required specifications today (c.f. Chapter 2). 

 

 

Fig. 1.7 Principle of the surface forces apparatus (mechanical loop). 

Gap-Distance Measurement 

The basis of the SFA technique lies in the precise determination of the absolute distance 

between the two surfaces. This is realized by an interferometric gap-distance measurement 

with white light. Fig. 1.8 shows a schematic cross section through the interferometer used in 

the SFA. The setup is symmetric and consists of two transparent spacer layers of 2–6 µm in 

thickness mounted to the curved face of dedicated substrates. The backside of the spacers is 

coated with a semi-transparent mirror layer to improve the reflectivity, and the gap in between 

is filled with the desired medium (sample liquid). The spacers thus also form the interface to 

the medium for the force measurement. Typically these spacers are made of mica, a natural 

occurring crystal that is readily cleaved into homogeneous sheets of required thickness, and 

provides an atomically smooth surface (see below). 

Such a thin-film structure is generally known as a Fabry-Perot interferometer or etalon 

[18]. If white light is directed through the layers it is reflected forth and back inside the gap 

between the two mirrors. The resulting interference spectrum consists of sharp bands, the so-



1.3 The Surface Forces Apparatus (SFA) 

 13 

called fringes of equal chromatic order (FECO). Their shape reflects the cross-sectional 

geometry of the interferometer, in the present case the curved interface of the mirrors.  

A cross-section of the interference spectrum at given location x yields an intensity plot 

with distinct narrow peaks. The positions of these peaks are characteristic for the 

interferometer setup and can be used to determine the distance D between the spacers at this 

location. This requires knowledge about the thickness and refractive index of the spacer 

layers, which can be measured by establishing direct contact without presence of a medium 

(i.e. D = 0 in dry air). This optical zero is used as a universal reference for the subsequent 

film thickness measurements. In principle only the chromatic order N and position λN of a 

chosen lead fringe is required for the calculation of D. In the special case of a symmetric 

interferometer with two mica spacers of equal thickness the following analytic equations 

apply [19]: 
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where λN,0 is the fringe position when the surfaces are in dry contact (optical zero) and n 

the refractive index of the gap medium. In combination Equations (1.5) and (1.6) can 

therefore be used for the measurement of the gap medium’s refractive index. 

To avoid confusion it is important to stress the meaning of the term gap distance. In 

principal the SFA measures the distance between the two reflective mirrors on the backside of 

the spacer layers. Changes in the interference spectrum are used to determine the separation 

between the spacer layers (i.e. the thickness of the gap medium) in reference to the optical 

zero (i.e. combined thickness of the two spacers). In the following the terms gap distance and 

surface separation will exclusively be used to describe the film thickness of the gap medium. 

In this work their meaning is therefore the same and D is used as a variable. 
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Fig. 1.8 Gap-distance measurement using white-light interference. The white light 
transmission spectrum of a typical SFA interferometer (top left) shows characteristic fringes of 
equal chromatic order (FECO). The spectrum along the central axis (dashed line) yields the gap 
distance information at location x from evaluation of the peak wavelengths λN. 

Contact Geometry 

The contact geometry used in the SFA is defined by two crossed cylindrical surfaces with 

equal radius R (Fig. 1.9). This setup forms a well-defined contact point and allows the use of 

thin curved sheets of mica. The mica surfaces are typically back-silvered with a mirror layer 

and glued to the face of dedicated substrate holders (silica discs), which act as transparent 

supports. The film thickness is measured at the point of closest approach (PCA), which also 

defines the origin of the lateral xy-coordinates. 

The relation between surface force and intermolecular potential between two such surfaces 

has been derived by Derjaguin under the assumption that D is much smaller than the radius of 

curvature R and that the intermolecular potential w(r) decays rapidly with distance [20]. For 

two cylinders that are crossed by 90° the Derjaguin approximation can be written as 
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where F(D) is the surface force measured between the two cylinders and W(D) the 

interaction free energy for two planar surfaces that are separated by this distance. As can be 

seen from the equation above, the interaction energy is proportional to the directly measured 

force divided by the radius. For this reason the measured force in the SFA is typically 

normalized by the radius of curvature, i.e. F/R. The SFA therefore provides a method to 

measure the interaction energy W(D) between two macroscopic surfaces and moreover can 

give information about the intermolecular interaction w(r), which is directly related to W(D). 

 

 

Fig. 1.9 Contact geometry of the SFA. Two cylindrically curved surfaces of radius R are 
mounted with their axis crossed by 90°. The gap distance D(x,y) is a function of the lateral 
displacement, but typically, it is only measured at the point of closest approach (PCA). The 
PCA also defines the origin of the lateral xy-coordinates. Note that this contact geometry is 
equivalent to a sphere of radius R approaching a flat surface. 

Mica Surfaces 

Muscovite mica is a commonly used surface for SFA measurements. This is mainly due to 

the fact that it is easily cleaved into micrometer-thin and atomically smooth sheets. In 

addition it is—to a great extent—chemically inert and optically transparent. Mica exhibits 

perfect cleavage because of its layered crystal structure (Fig. 1.10 (a)). The homogeneous 

sections that can be obtained are large enough to cut out at least two sample surfaces 

(Fig. 1.10 (b)). This way the two spacer layers (c.f. Fig. 1.8) are identical in thickness leading 

to a symmetric interferometer, which facilitates the gap refractive index measurement. The 

atomically smooth surface of the mica is a prerequisite if one wants to measure surface forces 

down to nanometer distances. Also, it acts as a model system for the study of hard-wall 
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interactions. Such measurements contribute significant input for theoretical work in the field 

of confined simple liquids. 

It is important to keep in mind that mica is a natural product. Trace elements, which are 

typically present in the structure, lead to different color shades of the bulk material. The 

quality of the crystal can therefore vary depending on its origin. For high quality crystals the 

SFA experiments done with different micas are, within error bars, the same. Until today there 

is no relevant alternative available that can cope with the most important property of mica for 

SFA measurements: atomic smoothness on a large lateral scale by simple cleavage. 

 

 

Fig. 1.10 Crystal structure and cleavage of muscovite mica. (a) Representation of the layered 
alumino-silicate structure of muscovite mica with chemical formula H2KAl3(SiO4)3, as adapted 
from [21]. The covalently bound layers consist of a T-O-T sequence, with (Si,Al)O4 tetrahedral 
sheets (T) and AlO6 octahedral sheets (O). The random substitution of Al in the tetrahedral 
sheets leads to a charge deficit that is balanced by the potassium ions. This intermediate ionic 
layer allows for perfect cleavage along the (001) basal plane of the tetrahedral oxygen atoms. 
(b) Thick flats of mica are readily cleaved into micrometer-thin sheets required for the SFA 
measurement. Sections of homogeneous thickness are easily recognized by their interference 
color when held towards white light. 
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2 EXPERIMENTAL PROCEDURES 

This chapter describes in depth the principal experimental procedures that were used in the 

present work. The key instrument is the Surface Forces Apparatus (SFA), already introduced 

in the previous chapter. Section 2.1 gives an overview of the instrument — the so-called 

extended Surface Forces Apparatus (eSFA) — developed and used at the Laboratory of 

Surface Science and Technology at ETH Zurich. In the initial phase of this project a new 

version of the eSFA was designed and build from scratch (Section 2.1.2). It houses two major 

instrumental developments that were implemented additionally and are part of the original 

research of this work. Namely, the Transmission Interferometric Adsorption Sensor (TInAS) 

described in Section 2.2, and the technique of Optical Spectral Correlation (OSC) in 

Section 2.3. While TInAS is used for in situ molecular adsorption measurements, OSC 

provides a novel method for thin-film imaging in real time. 

At the end of this chapter, in Section 2.4, all relevant equipment and chemicals used in this 

work are listed with specific information on product and supplier. These items are marked 

with an asterisk (*) when they appear in the context of this thesis. 

2.1 The extended Surface Forces Apparatus (eSFA) 

The extended Surface Forces Apparatus is an established instrument based on the classical 

SFA. It was developed by Heuberger and Zäch [22-24] at the ETH Zurich during 1997-2003. 

In contrast to the conventional SFA technique a series of instrumental developments have 

considerably enhanced its dynamic range in respect to measurements in time and space. The 

first setup was realized around a commercially available model of the surface forces 

apparatus, the SFA Mark III ™* [14]. Meanwhile a second instrument was built. It has been 
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constructed in the course of this work according to a completely new design. In the following 

all information is given in respect to this new version of instrument and setup, unless stated 

differently. Thereby the new instrument is referred to as the eSFA-II, whereas the term eSFA 

is used point out the concept and features inherent to both instruments. 

2.1.1 Basic Features of the eSFA 

This section gives a short summary of the principal features of the eSFA in order to start 

the description of the new instrument. The features mentioned below had already been 

developed prior to this work and a more detailed description can be found in the thesis of 

Zäch [25]. 

Fast Spectral Correlation (FSC) 

In contrast to the conventional interferometric SFA that employs the position and spectral 

shift of one lead fringe to deduce the separation D between the two surfaces (c.f. Section 1.3), 

the eSFA utilizes a series of fringes within an extended range of the transmitted white-light 

spectrum. Depending on the thickness of the spacer layers (i.e. mica) the number of 

simultaneously detected fringes lies between 3–30, typically at wavelengths between 400–

600 nm. A linear photo sensor array (CCD) is used to read the spectral intensity from which 

the positions of each fringe can be determined. For a proper wavelength assignment a precise 

calibration of the spectrograph is required. Such measured peak positions are then compared 

with a theoretical spectrum, calculated according the multi-layer matrix method (MMM) [18, 

26, 27]. The MMM is a suitable tool to predict the transmission spectrum of a multi-layered 

thin-film interferometer, as it is typically used in the SFA. Using the distance D as a fitting 

parameter the calculated spectrum is adjusted in order to find the maximum correlation 

between model and measurement. In fact, the spectral correlation function is only calculated 

at the determined position of the measured intensity peaks, making the method intrinsically 

fast and thus being called Fast Spectral Correlation (FSC) [22]. Under appropriate boundary 

conditions, FSC represents an inversion of the multilayer matrix theory. Due to the different 

nature of even and odd ordered fringes FSC is capable of fitting D and n simultaneously from 

a symmetric interferometer, where n is the refractive index of the central medium. 

Fully Automated Data Acquisition and Computer Control 

In combination with the development of the FCS algorithm the data acquisition routine of 

the eSFA has been fully automated. Computer software was written to facilitate continuous 
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data readout and processing. Each acquired spectrum is first analyzed by the peak detector 

and then processed via the FSC algorithm. A user interface allows online adjustment of all 

input parameters such as sampling time, definition of the SFA interferometer and desired 

fitting parameters. The resulting output is an online signal of the fitting parameter, typically 

the thickness D and refractive index n of the confined medium. 

In addition to the automated data acquisition, computer control of selected optical 

components of the eSFA has been realized. In general, the quantity of interest to be measured 

in the SFA is the separation at point of closest approach (PCA) between the two surfaces. 

This requires an alignment of the optical path in order to focus light from the PCA to the 

entrance slit of the spectrograph. By motorizing the corresponding elements this can readily 

be controlled in a remote fashion. The eSFA uses two motors to facilitate lateral alignment of 

the optical probe (FSC probe) in respect to the x- and y-axis. An additional motor is used to 

adjust the focus of the objective lens. Note that the above-mentioned automation allows for 

imaging the contact region in the SFA in scanning mode [22, 28]. 

Temperature and Drift Control 

SFA measurements that are stable over extended time (e.g. hours or days) require minimal 

instrumental drift. For example, an equilibrium compression cycle performed at an actuator 

speed of 5 Å/s typically lasts for 2–4 hours. In order to maintain experimental stability the 

long-term average drift without actuator motion should be less than 1 Å/min with short-term 

peak-to-peak variations that do not exceed 1–2 nm. Thermal expansion within the mechanical 

loop of the instrument is directly coupled to the separation between the two surfaces. 

Therefore the eSFA has been equipped with a high precision temperature control system [23]. 

It consists of an insulated box — containing the entire apparatus — with a heat exchanger 

based on thermoelectric (Peltier) elements*. The temperature inside the box is then controlled 

via a feedback loop. The performance of that system has been optimized such that during 

operation the peak-to-peak variation in temperature is typically no more than ±0.02 °K with a 

set point between -10 to +60 °C. This allows for very precise long-time measurements over a 

wide range of temperatures. The effective response of the gap distance in the eSFA to thermal 

expansion of the instrument is in the range of 100 nm/K. It is fairly linear over a few degrees 

Kelvin, which allows controlling the surface separation by applying a constant temperature 

ramp. This effect has been used to induce very slow (<1 Å/s), notably vibration-free, motion 

between the two surfaces in order to study ultra-weak and long-range surface forces. 
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Additional sources of instrumental drift arise from relaxation of certain parts of the 

mechanical loop. Any mechanical stress that is applied, e.g. from screws that are needed to 

mount the apparatus, will in some way contribute to the mechanical drift of the system. 

Eventually it is the design of the apparatus that controls the drift behavior. Here the principal 

criterion is the rigidity of the mechanical loop that connects the two surfaces, determined by 

the amount and nature of the interconnecting parts. Most critical are soft materials (e.g. 

polymers) used as sealing between different parts. Such materials tend to creep when constant 

pressure is applied leading to continuous drift in the SFA. 

The issue of thermal and mechanical drift has been investigated extensively in the course 

of developing the eSFA [29]. Under optimal conditions the instrument reaches an overall drift 

rate less than 20 pm/min. Some drift sources, however, are inevitable. In droplet experiments 

(c.f. Section 2.1.6), for example, evaporation of the liquid will alter the capillary force 

between the two surfaces leading to a more or less constant drift (depending on the rate of 

evaporation). Note however that instrumental drift does not necessarily cause a problem: If 

the drift is constant over time it is readily eliminated during the data processing of force 

measurements. 

2.1.2 New Design and Setup of the eSFA 

Fig. 2.1 shows the new design of the eSFA-II mainframe. It consists of a massive steel 

frame that incorporates the mechanical loop between the two surfaces (Fig. 2.1 (a)). The outer 

dimensions of this housing are 60 x 60 x 150 mm with a wall thickness of 5 mm. There are 

two openings at the bottom where the mechanical loop with the two surfaces passes the frame. 

This part of the apparatus is enclosed by a glass cuvette* that forms the measuring cell 

(chamber) of the SFA. The cuvette is made of sintered silica walls and holds a volume of 

22.4 ml. There are several holes drilled at front and backside in order to connect in- and 

outlets for media. For sealing, a gasket* is used between the cuvette and the bottom face of 

the steel frame, a bezel covers the left (larger) opening and an o-ring* is used for the right 

(small) opening between the measuring cell and the housing. The current design is not a 

liquid- or gas-tight sealing of the measuring cell. To reduce contamination of the surfaces 

from ambient air a dynamic pressure gradient from a flow of high-grade nitrogen* is usually 

maintained during measurements. 
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Fig. 2.1 New design of the eSFA-II mainframe. (a) Illustration of the assembled instrument. 
The mechanical loop is incorporated into a solid steel frame. The sample mounts carrying the 
two surfaces are standing out and are covered by a glass cuvette, forming the measuring cell of 
the eSFA-II. (b) Details of the mechanical loop. The individual parts are described in the text. 
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Fig. 2.1 (b) shows the design details of the mechanical loop inside the eSFA-II mainframe. 

Two piezoelectric actuators* (with controllers*) and a micrometer screw* are used to apply 

relative motion between the two silica discs, which hold the sample surfaces, i.e. mica sheets. 

The approach mechanism is controlled by the translation stage* and the micrometer screw. 

The micrometer allows for coarse movement in a range of ~1 cm with a positioning accuracy 

of ±0.5 µm. This is necessary in order to mount the silica discs and then approach the two 

surfaces into close proximity of a few microns. The translation stage is used for the final 

approach during experiments. A computer controlled servo loop with a calibrated capacity 

sensor allows for accurate positioning (nominal resolution 50 pm) in a range of 0–25 µm. The 

inherent noise of the feedback sensor is typically 30-80 pm depending on the absolute 

position of the stage. The system is capable of driving at constant velocity, with a lower limit 

of 0.5 Å/s and an upper limit in the order of several µm/s. A double cantilever spring connects 

the micrometer tip with the left surface (spring mount), used to measure the force between the 

two surfaces. The effective spring constant, typically in the order of 100–1000 N/m, can be 

adjusted by using spring blades of different thickness. 

The surface on the right is placed in the optical path by a rigid sample mount and directly 

connected to the second piezo stage (friction stage*). This actuator is used to induce lateral 

motion between the surfaces for friction measurements. At time of writing this thesis the 

eSFA-II was not able to measure friction forces. For the future, however, an extension is 

foreseen that replaces the rigid sample mount with a lateral-force-measuring device. 

Generally speaking, the new design of the eSFA described above results in a compact 

version of the SFA made from a minimal number of mechanical parts. This is important in 

order to realize a highly stable instrument (i.e. low instrumental drift). The decoupling of the 

measuring cell (cuvette) from the mainframe (translation stages) is not a completely new 

approach. Former redesigns of the SFA include similar attempts [14, 16]. The use of a cuvette 

permits better access for cleaning the chamber — an essential criterion for SFA 

measurements — and the smaller volume allows for more efficient fluid exchange during 

experiments. In addition the eSFA-II design has no particular upper or bottom side. It can be 

mounted in different configurations, for example with the surfaces oriented horizontally. 

Instrumental Setup 

The entire setup of the eSFA-II is mounted inside a four-walled solid box with the internal 

dimension 40 x 30 x 30 cm (Fig. 2.2 (a) and (b)). In the center of the bottom plate a stand is 

fixed that holds the eSFA-II mainframe with the cuvette facing down. White light from a Xe 
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arc lamp* enters from the backside and is directed through the measuring cell, where it passes 

perpendicularly through the sample interferometer of the eSFA-II. An objective lens* is used 

to focus the transmitted light to the analyzing elements, consisting of a spectrometer* and a 

CCD camera* for two different modes of operation. A beamsplitter* allows the simultaneous 

use of both independent optical paths: 

The path for single-spot readout is directed onto the pinhole aperture1*of the spectrograph. 

It forms the optical probe used for the FSC analysis (c.f. Section 2.1.1). The size of the 

miniature spectrometer is small enough that it can be mounted entirely on a motorized xy-

stage* for scanning purposes (Fig. 2.2 (b)). 

The imaging path consists of two other principal elements: the optical correlator and a 

photometric CCD camera. They are used for imaging of the contact region between the two 

surfaces. This part of the setup will be described in more detail in Section 2.3. 

A detailed view of the measuring cell is shown in Fig. 2.2 (c). One can see the two 

mounted silica discs (carrying the mica sheets) in place. The glass cuvette is fixed to the 

mainframe by a simple rubber band. The tubing* at the upper left corner is used to apply a 

constant gas (nitrogen) flow in order to maintain a controlled atmosphere inside the cell 

during measurements. The other two openings (closed with plugs in the present case) are used 

for fluid insertion, e.g. to apply a droplet between the surfaces. There is another opening at the 

backside of the cell that acts as an outlet. A combined humidity and temperature sensor* 

placed inside the cuvette (not visible) allows monitoring of the cell’s atmosphere2. At the right 

hand side of the cuvette the focusing stage* is visible, which bears the objective lens. A xy-

stage mechanism, operated manually by the two bolt heads in the front, enables the optical 

path to be laterally adjusted after mounting the surfaces. A motorized linear stage* is used to 

adjust the focus. 

The box around the eSFA-II fulfills different purposes: First it allows for stabilizing and 

controlling the temperature of the instrument. For this, the box is completely insulated with 

plates of Styrofoam® (wall thickness 5 cm), the back wall is equipped with a heat exchanger 

(c.f. Fig. 2.2 (a) and Section 2.1.1 above) and a front/top-cover is used to enclose the entire 

setup. Two vibration-free fans in front of the heat exchanger are used to enforce convectional 

airflow within the box. Second, the rigid frame gives space to mount all elements that are 

                                                
1 Spectrometers are usually equipped with an entrance slit of a certain width. In this case, however, a second slit 
is mounted in crossed configuration in order to form a “pinhole” aperture (in fact a square of 25 x 25 µm). This 
is required for the imaging purpose of the spectrometer forming the optical probe. 
2 Monitoring the relative humidity (RH) inside the cell is of particular use in order to reduce the nitrogen gas 
flow to a minimum value, which prevents humid air and other contaminants to enter the cell from the outside. 
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used for the optical setup. In fact, all components are tightly fixed to either the bottom plate or 

one of the walls and thus are kept in place relative to each other. The only exception to this is 

the Xe arc lamp, which — mainly due to its large size and weight — stands on a separate 

table. That way the entire setup can be moved and quickly set-up again in another lab, for 

example.  

 

Fig. 2.2 Instrumental setup of the eSFA-II. (a) Insulated box with temperature control system 
containing the entire optical setup. (b) The spectrograph for FSC evaluation is mounted on a xy-
stage for scanning purposes of the optical probe. (c) Detailed view of the measuring cell 
(cuvette) and the focus lens stage carrying the objective lens. 
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The SFA is very sensitive to external vibrations and it is crucial to damp oscillations that 

are in resonance with the spring-mount of the sample holder or other parts of the instrument. 

For that reason the eSFA-II setup is placed on an active controlled anti-vibration table* that 

cuts off most of the vibrations from the building. The eSFA-II box carries several intrinsic 

sources of noise. Namely these are the ventilators of the heat exchanger and the CCD 

detector, the gas inlets (dry air to box, nitrogen to cell), the cooling water cycle of the heat 

exchanger, the motors of the xy- and focus-stage and the piezo actuators. In addition it was 

observed that sound from the lab, e.g. from the ventilation system, can cause vibrations within 

the setup due to resonance with the insulated box. An overview of the noise sources is given 

in Table 2.1 together with a qualitative description of their effect to the measurement and 

possible actions for their prevention/reduction. 

 

Table 2.1 Potential sources of vibrations and their effect on the eSFA-II setup 

Source Effect Prevention 

ground / building high vibration-damping table 

fan (heat exchanger) high adjust speed out of resonance 

cooling water low adjust flow rate 

fan (CCD camera) high choose low speed, turn off if not used 

compressed air (box) low keep pressure <0.25 bar 

nitrogen (cell) low keep overpressure as low as possible (Note: 

changes in N2 flow typically affects drift rate) 

sound from the lab high (only if 

box closed) 

avoid critical sound in laboratory; apply damping 

to the insulation of the box 

DC motors (stages) high (only 

when in use) 

avoid motor use (i.e. scanning) if critical 

piezo stages unknown turn off if critical (use temp. drift instead) 
 

 

 

2.1.3 Calibration Procedures 

In order to gain reliable data from eSFA measurements a series of instrumental calibration 

procedures need to be applied. In the following all relevant steps, including a brief description 

are listed. More detailed instructions can be found in the (in-house) calibration manual of the 

instrument. 
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Wavelength Calibration 

The wavelength calibration is probably the most important of all calibration steps since the 

gap distance measurement i.e. FSC algorithm is based on the knowledge of absolute positions 

and relative shifts of the interference maxima in the white light spectrum. The spectrometer 

uses a linear CCD to read the intensity of the dispersed light. For conversion the wavelength 

of each sensor pixel must be known. In practice a series of well-defined peaks from a suitable 

calibration lamp* were used. After measuring the exact positions of the emission lines a 

polynomial fit of order N = 3 was applied to determine the required conversion function. 

Compared to high-end spectrometers the dispersion of the miniature device used in the eSFA-

II setup is subjected to relatively high non-linearity terms that cannot be neglected. Table 2.2 

contains a list of the Mercury/Argon emission lines that are used for calibration yielding a 

typical conversion function in the form of λ[µm] = C0 + C1⋅p + C2⋅p2 where p is the pixel 

position (index) of the linear detector. 

 

Table 2.2 Emission lines used for calibration of the eSFA-II (Hg = Mercury, Ar = Argon) 

# Wavelength [nm] Source # Wavelength Source 

1 404.656 Hg 5 576.959 Hg 

2 407.781 Hg 6 579.070 Hg 

3 435.835 Hg 7 696.543 Ar 

4 546.074 Hg 8 706.722 Ar 

typical terms for calibration function: C0 = 3.831187·10-1, C2 = 1.9590o5·10-4, 

C2 = -1.523744·10-8 
 

 

Spring Calibration 

The normal force measurement in the eSFA requires a calibration of the spring constant k 

of the double-cantilever spring mount. This was simply done by loading the sample holder tip 

with different pieces of known weight and measuring the resulting deflection. The deflection 

was measured with a home-build telescope containing a graticule in the eyepiece. Prior to the 

deflection measurement the graticule itself needed to be calibrated with a grid standard 

(100 µm per unit) placed at same distance from the telescope next to the sample holder. For 

small deflections the double cantilever spring showed a linear force vs. distance behavior. The 

effective spring constant depends on the thickness of the spring blades used for the assembly 
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of the spring mount. All force measurements with the new eSFA-II presented in this work 

were done with blades of 200 µm thickness yielding a spring constant of k = 985 ± 25 N/m. 

Lateral Stage Calibration 

The DC actuator motors of the linear stages used for the objective lens and the xy-lateral 

scanning of the spectrometer (optical probe) are equipped with a 256:1 reduction gear head 

and a rotary encoder feedback with 48 pts/rev. With a lead screw pitch of 0.5 mm this results 

in a nominal conversion of 4.069⋅10-2 µm/pts. This factor was used for the calibration of the 

focus stage. The travel range of the motor and stage is 12 mm. 

For the lateral calibration of the xy-stage, i.e. the image plane of the FSC probe, the 

objective’s magnification factor needed to be taken into account. This was done via a direct 

distance measurement: A calibration grid* (100 µm/unit) was placed between the two sample 

holders in the eSFA-II and the transmitted black ruler lines of the calibration graticule were 

focused onto the entrance aperture of the spectrometer. Then the spectrometer’s total intensity 

was scanned over the entire distance range of the stage. The resulting periodic pattern of 

bright and dark sections from the ruler lines could then be used for the lateral calibration. The 

current setup yields a linear calibration of 1.944·10-3 µm per encoder point. This corresponds 

to an optical magnification factor of 20.9 from the objective lens. 

The same method as described above applied for the lateral calibration of the CCD camera. 

In this case an image of the calibration grid was taken and used to extract the distance 

between the grid lines in pixels. In the current setup a nominal resolution of 0.76 µm/pixel 

(±1%) was found. Note that the camera’s detector plane is placed at an equal distance from 

the beamsplitter as the entrance aperture of the spectrometer. This is required in order to have 

both image planes subjected to the same focus. 

Other calibrations 

There are other components of the eSFA-II setup that require proper calibration for their 

designated function. These include the piezo actuators for the relative motion of the surfaces 

and the humidity/temperature sensor placed in the measuring cell. These devices, however, 

run with their own controller unit and were already calibrated by the factory with no need or 

possibility for re-calibration in the lab. 

The feedback sensor of temperature control system consists of a Pt100 standard 

thermistor*. There is a temperature offset that needs to be set at the controller according to the 
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resistance of the chosen cable to which the sensor is attached. This adjustment is readily 

achieved by using two reference points (e.g. ice- or boiling water). 

To quantify the thickness of the silver mirror on the backside of the mica substrates (c.f. 

next section) a built-in quartz crystal microbalance inside the thermal evaporation system was 

used that measured the mass increment during deposition. A tooling factor of TF = 0.621 was 

necessary to account for the different position of the sensor and the sample within the vacuum 

chamber of the instrument. Calibration details to this are found in the thesis of Zäch [25] or 

the instrument manual. 

2.1.4 Sample Preparation 

Muscovite mica is still the standard substrate used in SFA measurements. It easily cleaves 

along the 100-crystallographic plane leaving an atomically smooth and very clean surface. 

With some experience one readily obtains µm-thin and homogeneous sheets of several cm2 in 

area. These properties make mica an excellent candidate to be used as a model surface in the 

interferometric SFA for a wide variety of possible experiments, including the coating of mica 

to construct a specific surface chemistry. 

Cleaving and Cutting Mica 

In the original SFA technique, the freshly cleaved surfaces were melt-cut into smaller 

pieces by a hot platinum wire and stored on a second, much thicker sheet of clean mica 

(backing sheet) used as a carrier for the back-silvering. The melt-cut method leaves a crust at 

the cutting edge of the sample sheets that was found convenient for subsequent lift-off from 

the backing sheet. Later it was found that this cutting method can contaminate the surfaces 

with Pt-particles (of nm-size) originating from the hot wire [28, 30-32]. To this end, new 

methods of preparing the mica samples were established [28, 33, 34]. The SFA lab at ETH 

Zurich was one of the first to introduce an alternative to the melt-cutting in order to produce 

(Pt-)particle-free mica samples. Meanwhile, the sample preparation has been standardized and 

is generally used for all eSFA measurements [25, 28]. The procedure was also applied for this 

work: 

Sample handling was exclusively carried out in a laminar-flow cabinet* providing clean 

room conditions. Prior to the mica cleavage all items that were used in contact with the mica 

were thoroughly cleaned by wiping and rinsing with acetone* and left in the laminar flow 

running at high level for 1-2 h. Flats of ruby muscovite mica* of high optical quality (initial 

thickness 0.2–0.4 mm) were used for the preparation of the sample surfaces and the backing 
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sheet. For the backing sheet, such a piece was cut into a rectangle of approx. 10 x 12 cm and 

cleaved once, preferably without generating any steps on the new interface. Two strips of 

Teflon® film* (~1.5 cm wide) were laid across the backing sheet (~3 cm apart) and fixed at 

the backside. These strips were used to generate a non-adhesive border for the mica samples 

for subsequent lift-off (c.f. Fig. 2.3). Cleavage of the mica samples to layers of 2–8 µm in 

thickness was performed in two stages: First, the thick flats were cleaved into two halves by 

using sharp-pointed tweezers*. This step was repeated with one of the halves until the sheets 

became too thin to be further cleaved. The excess sheets were temporally stored for later use 

on a Petri dish or beaker, always having the most recently cleaved (i.e. cleaner) side pointing 

upwards in the laminar flow. In a second stage the thin sheets were torn apart manually, 

possibly resulting in the lift-off of a section of even thinner mica with a desired layer 

thickness below 10 microns. Such sections — usually divided into terraced subsections of 

slightly different thickness — are easily recognized and distinguished by the strong 

interference colors appearing when held towards the light. Once a piece was obtained 

containing a homogeneous region that was large enough to extract at least 2–3 individual 

samples of ~8 x 8 mm size, it was fixed between two brass blocks for cutting. At this point it 

was useful to align the sheet according to the optical orientation of the mica crystal (Fig. 2.3). 

In this way one can avoid double peaks occurring later on in the FECO fringes due to the 

birefringent properties of the mica. For cutting, surgical scissors* were used, which were 

fixed on a home-built rig with an xyz-translation stage. This construction enabled stable 

cutting without touching (i.e. scratching) the mica during the alignment of the scissors. 

Special care was taken to always apply the cut downstream in the laminar flow in order to 

have the produced flakes carried away as far as possible from the sample surface. The 

individual samples were handled with tweezers and directly transferred to the backing sheet 

where they were placed facing down and partly overlapping with the Teflon film on one edge. 

At this stage a good surface is recognized by highly adhesive contact to the backing sheet 

without forming voids or wrinkles underneath. Each sample on the backing sheet was marked 

down in a logbook to be identified later on. 
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Silver Coating 

Once the backing sheet was filled with a batch of mica samples it was placed in the 

designated sample holder within the vacuum chamber of the thermal evaporation system for 

deposition of a semi-transparent silver layer (30–40 nm) on the backside of the mica samples. 

The chamber was evacuated to a base pressure of <1⋅10-6 mbar taking approx. 12 h of 

pumping time. Then the source metal (from high-purity silver shot*) was melted in a tungsten 

boat by resistive heating. The deposition was controlled via a mechanical shutter (start/stop), 

the current supply of the heater (deposition rate) and a quartz-crystal microbalance to measure 

the mass increment and total layer thickness (feedback). In order to achieve a homogeneous 

silver mirror with low roughness, the deposition rate was kept relatively low at ~1 Å/s. 

 

Fig. 2.3 Determination of optical axis and cutting procedure during mica sample preparation. 
After cleavage, the mica sheet is fixed between two brass blocks with the thin section to be used 
for samples facing down in the laminar flow. In order to define the optical orientation a piece of 
mica is cut from the thick end of the sheet and held between two polarizers* with their axis 
crossed by 90 degrees and illuminated from the bottom (1). This piece is then rotated until it 
appears black when looking from top through the polarizers (2) and marked with a line (red 
arrow) parallel to one of the polarization axes (3). This line can be used in the following as a 
reference for orthogonal cutting of the mica sample from the desired section (4). After cutting 
the individual samples are put down on the backing sheet with the top side facing down and 
partly overlapping with the Teflon strip to facilitate subsequent lift-off (5). 
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During silver deposition the chamber pressure was usually slightly higher at ~2⋅10-6 mbar. 

After coating, the back-silvered mica samples were stored in a desiccator under vacuum for 

later use in the experiment. 

Gluing 

Back-silvered mica surfaces to be used in the SFA are generally glued to the cylindrically 

polished face of fused silica discs*. These discs with a diameter of 10 mm act as transparent 

substrates for the fragile mica layers and form the typical SFA contact geometry of two 

crossed cylinders with a radius of curvature R = 20 mm. Prior to the experiment the discs 

were thoroughly cleaned with acetone and coated with an intermediate layer of epoxy resin*. 

The glue was dissolved in chloroform* with a concentration of 15–20 w% and then applied to 

the curved face of each disc by spin coating. Filtering of the solution and the use of clean 

tools (i.e. syringe*) were a prerequisite to achieve a homogeneous layer. The layer thickness 

could be controlled by the speed of the spin coater* and the effective concentration of the 

solution. Optimal thickness of the dry layer was in the order of 10 microns thus leading to 

interference colors in the white light. This effect could be utilized to test the homogeneity of 

the coating. For gluing, the prepared silica discs were placed on a hot plate* at 140 °C, above 

the melting point of the epoxy resin. Then the mica samples were carefully removed from the 

backing sheet and placed on the glue with the silvered side facing down. This was best done 

by establishing contact between glue and one edge of the sample first and then releasing the 

sample. With help of the air flow and capillary forces of the viscous glue the thin mica sheet 

was automatically dragged down into conformal contact with the silica disc. Once two such 

sample surfaces were prepared they were removed from the hot-plate and immediately 

mounted in the eSFA-II and covered with the cuvette. 

The typical transfer time from the backing sheet to the protected chamber of the eSFA-II 

was on the order of 10–15 minutes. During that time—and notably also during earlier 

cleavage—the mica surface was exposed to the humid laboratory air. The ambient atmosphere 

in the lab was regulated throughout the year at a temperature of 22.5 ± 0.5 °C and a relative 

humidity of 30–40 %RH. All data presented and discussed in Chapter 3 were obtained from 

mica samples on silica discs prepared by the method described above. 

2.1.5 Free-Standing Mica (FSM) 

As an alternative to the silica discs described in the previous section, a different sample 

holder concept was introduced, which did not mechanically support the mica at the apex of 
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the cylindrical surface. The setup is similar to the one used in a predecessor instrument of the 

SFA [35]. An example of such prepared “free-standing mica” can be seen in Fig. 2.4 (a). 

These sample holders have the same outer dimensions (ø10 mm, height 5 mm) as the 

conventional silica discs and can be used as an alternative. The inset of Fig. 2.4 (b) shows a 

more detailed drawing of the sample holder design: On the upper side a groove (width 

3.5 mm) is cut out in direction of the axis of the cylindrically shaped surface. From the 

bottom a clearing for the optical path is made, by removing as much material as possible to 

keep the sample holder weight low. The remainder of the top surface is used to carry the mica 

sample and still contains a cylindrically polished area to define the radius of curvature of the 

free-standing part of the mica. In the current design this radius was reduced to R = 10 mm 

compared to the silica discs (R = 20 mm). 

The new sample holders were made of steel*. This allows for fast and cheap production in 

the machine shop, a clear advantage to the discs made of fused silica. However, problems 

may emerge when using the same epoxy resin to glue the mica surfaces at increased 

temperatures. Metal, in general, has a high thermal expansion coefficient that can lead to a 

wrinkling of the free-standing mica sheet due to shrinkage of the sample holder after cooling. 

This makes the surface useless for SFA experiments. Therefore, Invar® steel was used to 

produce the sample holders. It has a thermal expansion coefficient of α = 1.1⋅10-6 K-1 between 

 

Fig. 2.4 Sample holders used for “free-standing mica”. (a) Example of two sample holders 
prepared with a sheet of back-silvered mica. (b) Illustration of the sample holders mounted in 
the eSFA-II. The spring mount of the left surface is replaced by a rigid sample mount. The inset 
shows a detailed view of the design concept for the sample holder. 
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20–100 °C which is comparable to that of silica glass (α ≈ 0.5⋅10-6 K-1). The gluing 

temperature was reduced to 100 ± 5 °C in order to additionally reduce the effect of thermal 

expansion. Once the mica sheet was stuck to one side it needed to be pulled down manually to 

the other by using tweezers due to the gap between the two supporting faces. This procedure 

involved much less control over the final geometry of the free-standing sheet, thus leading to 

higher variations of the effective radius of the SFA contact than usually experienced with the 

silica discs. Variations of the sample holder design were tested, involving, for example, a 

version with a circular opening instead of the groove. This proved to be slightly more stable 

when used in experiments. Some samples were also prepared at room temperature by using 

double-sided sticky tape. The drawback to that approach was that the fragile mica sheet could 

not be adjusted without damage once it came into contact with the tape, leading to an even 

higher variation in the contact radius. 

The essential difference of using free-standing mica sheets is that the “membrane” surface 

becomes compliant to the forces acting at the interface in the SFA experiment. In fact, the 

mica itself forms a local, non-linear spring in the contact region between the two surfaces. 

This complicates the measurement of surface forces with the SFA because the effective spring 

constant of the free-standing mica is difficult to obtain and most probably varies for each 

individual surface depending on its geometry and contact position. Therefore, measuring 

surface forces was abandoned when using the new sample holders for free-standing mica in 

this work. To this end the double-cantilever spring was replaced by a rigid sample mount, as 

illustrated in Fig. 2.4 (b). With this setup it was possible to generate and investigate confined 

films of highly extended area that were stabilized by the fluid’s structural forces, as will be 

discussed in Chapter 4. 

2.1.6 Measuring Routines 

In this section the most important frequently used procedures will be described that were 

routinely used for the eSFA measurements in the course of this work. They involve setting up 

the apparatus (i.e. alignment of the optical path), sample liquid insertion, PCA adjustment and 

standard force measurements (compression cycles). 

Setting up the Instrument 

Prior to measurements, the cuvette, the sample mounts and any other relevant attachments 

of the eSFA-II were dip-cleaned in an ultrasonic bath, rinsed and dried in a stream of 

nitrogen. Acetone was used as a cleaning agent in most cases, or, if applicable, another good 
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solvent that was appropriate was employed for the system of choice (e.g. water). The left and 

right windows of the cuvette used for the optical path were additionally cleaned with the 

“drop and drag” method 3. 

Immediately after gluing, the discs carrying the mica samples were mounted in the 

instrument and tightly fixed with the designated screws. The orientation was chosen such that 

the cylindrical axis of the surface in the rigid sample mount (right surface in Fig. 2.1) was 

aligned with the direction of motion of the friction stage it was directly coupled to. The other 

disc, placed on the spring mount, was rotated accordingly by 90 degrees using visual 

judgment. Finally the surfaces were manually approached with the micrometer screw to a 

range of ~1 mm and covered with the cuvette that was fixed with two rubber bands to the 

mainframe. 

The apparatus was then quickly transferred from the laminar-flow hood to the optical 

setup, where it was placed on the designated stand and immediately connected to the nitrogen 

(N2) line used to purge the measuring chamber. During this initial phase of purging the N2 

flow was usually increased slightly to assure fast drying of the cell atmosphere. Then, the 

controller connections of the apparatus and the setup were established including the piezo 

stages, the humidity/temperature cell-sensor, the spectrometer, the xy- and focus- stages and 

the temperature control of the insulated box. 

The next step was to align the optical path for signal detection: First the surfaces were 

further approached (manually) to a separation of 200–300 µm at the point of closest approach 

(PCA), the focus of the objective lens was roughly set and the xy-stage with the spectrograph 

was reset to its middle position. Then the focus lens was laterally adjusted by employing the 

lens-stage mechanism (c.f. Fig. 2.2 (c)). This adjustment needs to be done in order to direct 

the transmitted light from the PCA to the entrance aperture of the spectrometer. For 

convenience one uses the bright “spot” from the PCA as a reference, which can be made 

visible in the image plane (i.e. in front of the spectrometer) by defocusing the lens by 1-2 mm 

towards the surfaces. As a guideline for the eye a target grid was placed in front of the 

spectrometer that had its center aligned with the entrance aperture. At this point the bright 

spot from the PCA would also be visible in the center view of the CCD camera. Then the 

focus was reset and a first impression of the surface’s quality near the contact region was 

obtained. 

                                                
3 This is a cleaning method often applied for optical elements such as lenses or camera windows. Thereby a drop 
a volatile solvent (e.g. high grade methanol) is placed on the surface to be cleaned and dragged off again with a 
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Before further approaching the two surfaces it was useful to get a first measurement of the 

mica thickness at this stage. This was done by evaluation of the secondary fringe pattern in 

the transmission spectrum evolving from interference between the silver-mica/mica-air 

interfaces. A detailed description of this method—which can also be used for molecular 

adsorption measurements—is found in the following Section 2.2. The mica thickness, 

determined in this way, was then set as an initial value in the FSC software for the actual film 

thickness measurement. 

Next, the surfaces were further approached manually, to reach the range of the piezo stage 

for the final approach into contact. For this, a bandpass filter* was placed in the optical path 

(mounted on the correlator stage) in front of the camera window to visualize the primary 

interference effects, i.e. the Newton rings, occurring in the SFA contact region. At separations 

below some 20 microns a set of concentric rings emerged in the camera view. These bands of 

constructive and destructive interference became clearer and stronger in contrast upon further 

approach of the surfaces until a gap distance of 5–10 µm was reached. At this point, basically 

no more manual adjustments of the instrument were required. Then the box was closed and 

the temperature set to the desired value. 

After an equilibration time of at least 2–3 hours the system was ready for determination of 

the optical zero. To this end the surfaces were brought into dry contact and the mica thickness 

measured under experimental (temperature) conditions. At a separation of 2–3 µm the piezo 

actuator was stopped and the optical setup was adjusted to the PCA to assure that the 

measurement was done at the correct location (for details on PCA adjustment, see below). 

Then the surfaces were approached to contact at a steady speed of typically between 5–

20 nm/s. Ideally, the gap distance signal followed a straight line during this approach 

corresponding to the piezo actuator speed, then a jump4 occurred at ~20 nm, followed by a 

strong repulsion, i.e. flat signal line, indicating that the surfaces have reached direct mica-

mica contact. The approach motor was stopped immediately after reaching contact. 

Once the mica was in intimate contact, final adjustments of the FSC detection settings 

were performed. These included the following settings and procedures in chronological order: 

Setting the focus of the objective lens; a series of x- and y- line scans (2D) to verify that the 

                                                                                                                                                   
soft wiper covered with optical paper. This is done in a slow fashion in order to have a homogeneous meniscus 
formed behind the wiper that carries away the dirt and leaves a clean and stain free surface. 
4 This jump is due to the Van der Waals attraction between the mica crystal interfaces. The distance where it 
occurs depends mainly on the amount of vibration in the system. Vibrations occur on a much faster timescale 
than the resolution of the FSC measurement, thus, the gap distance signal is just a mean value of the actual 
surface separation. The jump distance can be taken as a measure of the surface vibrational amplitude. A softer 
spring typically leads to a higher jump distance. 
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optical probe was centered; adjusting the peak detector settings (exposure time, peak width, 

level and averaging); determination of the dry mica thickness during a statistical interval of at 

least 2–3 minutes; and, optionally, a zero-test (build-in software routine) to verify the 

repeatability of the obtained mica thickness measurements. With the resulting mica thickness 

kept fixed in the FSC interferometer definition the actual surface separation was measured, 

being, at this stage, the effective optical zero. The value showed a typical (average) offset of 

1-2 Å and a scatter (1σ) of <10 pm. From this point, no further adjustments were applied to 

the detection settings in order to maintain subsequent film thickness measurements in 

reference to this optical zero value. 

Finally the surfaces were separated again from dry contact employing the piezo stage 

actuator. Due to the strong adhesion between the mica, manual help with the micrometer 

screw was necessary in some cases to reach the point where the surfaces snapped. The jump 

distance out of contact could be used as a measure of the interfacial energy γ0 of the mica 

according to JKR-theory (F = 3πRγ0) [36], which is an indicator for the cleanliness of the 

surfaces. Values in the order of F/R ≈ 1000 mN/m or γ0 ≈ 100 mJ/m2 are typical. 

Sample Liquid Insertion 

After setting the optical zero, the instrument was ready for insertion of the sample liquid. 

Unless stated differently, this was achieved by applying a droplet of liquid between the two 

surfaces (droplet experiment) for all experiments described in this work. To this end an 

inlet/outlet configuration of the cuvette as shown in Fig. 2.2 (c) was used. Before insertion of 

the actual sample liquid a volume of ~1 ml of the same liquid was injected onto the floor of 

the cuvette through the opening at the bottom left. This reservoir was used to increase the 

vapor pressure inside the measuring cell in order to reduce the evaporation rate of the droplet. 

Then the sample liquid was introduced from a clean syringe by letting a few droplets fall 

between the surfaces from above until a volume of 100–200 µl was placed between the silica 

discs. Special care was taken to prevent overloading, in which case the liquid would spread 

over the rim of the discs and get dragged into the gap between the sample mount. For 

OMCTS* such a droplet would last for ~24 hours before it eventually evaporated. The liquid 

was used as received and in some cases liquid was refilled in order to extend the duration of 

the experiment. Note, however, that this procedure leads to an accumulation of impurities (i.e. 

high vapor pressure components), which are nominally present in the liquid at 1–2 wt% as 

specified by the supplier. 
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PCA Adjustment 

Prior to force measurements the optical probe was readjusted to the PCA. This was 

necessary because it had possibly shifted during sample liquid insertion or during further 

equilibration of the instrument. The adjustment was typically done with separated surfaces at 

a distance of ~2 µm by performing an iteration of linear scans along the x- and y-axis (e.g. 9 

data points within 50 µm lateral range). Each cross-section was then fitted with a circle of 

radius Rx, or Ry respectively, to determine the closest point, followed by an adjustment of the 

stage motor to that position. This procedure was repeated until the origin for lateral 

displacement, x = y = 0, was fixed at the PCA within a range of ±1 µm. Finally, the geometric 

mean 

! 

R = Rx " Ry  from the cross-sectional radii was used to define the local radius of 

curvature R between the two surfaces. This important value is subsequently required for the 

normalization of the force data. 

Alternatively, a two-dimensional scan (2D-scan) of the contact region was performed (e.g. 

5x5 data point within 50x50 µm lateral range). The data was then fitted with a hemisphere, 

yielding the desired information on PCA location and the local radius of curvature R directly. 

Due to the increased scanning time, this method could only be applied when the instrumental 

drift was low enough (in the order of ~1 Å/min). Such 2D-scans, however, were routinely 

acquired with the surfaces in contact. At this stage the instrumental drift did not disturb the 

measurement and scans could be performed with much higher resolution. Note that depending 

on the applied load, one has to be aware of local contact flattening when extracting 

information on R in this mode. 

Compression Cycles 

Fig. 2.5 shows a schematic of a typical force-measuring cycle. Initially the surfaces were 

separated at a distance of 1-2 µm, which is far away from the influence of the surface forces. 

Over a period of several minutes the instrumental drift was monitored and, if required, a re-

adjustment of the optical probe to the PCA (see above) carried out. Then the actuator motor 

(piezo stage) was driven to approach the surfaces at constant speed, typically between 0.5–

5 nm/s, while the resulting surface separation D was constantly measured at a sample rate of 

0.5–2 Hz. At such low speeds hydrodynamic forces can be neglected. The procedure is 

therefore considered as quasi-static force measurement, or equilibrium compression cycle. 

Eventually the surfaces reached contact near D = 0 nm, leading to a strong repulsion where 

the distance signal did not further decrease while the motor was still moving. In this loading 
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part of the cycle the contact force was increased up to a certain level, then the motor was 

stopped. At this point the system was given time to relax or further measurements, e.g. (high 

resolution) 2D-scans, were carried out. Finally the surfaces were separated again by constant 

motor motion in reverse direction, typically at somewhat increased speed. The separation was 

continued until the film thickness exceeded the range of surface force effects again. Then the 

motor was stopped and a further data segment recorded to monitor the instrument’s drift. In 

comparison with the initial drift this was a measure of the instruments stability during the 

entire compression cycle. The overall compression cycle can be divided into two main parts, 

the approach segment that is measured during loading and the separation segment measured 

during constant unloading of the surfaces. 

Variants of compression cycles were done under somewhat different conditions, including 

repetitive compression cycles and non-equilibrium compression cycles. In the repetitive mode 

the motor controller was programmed to automatically reverse its direction at defined limits. 

That way an entire sequence of “identical” force measurements could be acquired over an 

extended period of time e.g. overnight. Non-equilibrium cycles were performed in 

combination with free-standing mica. It follows the same scheme as the above-described 

 

Fig. 2.5 Schematic of a typical compression cycle for quasi-static force measurement of 
surface forces (equilibrium compression isotherm). The upper curve (black) indicates the 
position of the actuator stage and the lower curve (grey) the response from the gap distance 
measurement at the PCA. 
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procedure but at higher approaching speeds of 20 nm/s up to several µm/s. Under these 

conditions the hydrodynamic behavior of the liquid plays an important role and force 

measurements are not of primary interest (c.f. Chapter 4) 

Evaluation of Force Data 

The raw data from compression cycles is a sequence of film thickness, D(t), and actuator 

position, A(t), measurements as a function of time t. For the force evaluation described in the 

following the approach segment and separation segment were processed separately. Based on 

Eq. 1.4 the force F(t) acting between the two surfaces at a given time could simply be 

calculated according 

 

! 

F(t) = k " D(t) # A(t) # A
0[ ]  (2.1) 

where k is the spring constant of the sample mount and A0 is the actuator offset without 

influence of force determined by A0 = A(t0) – D(t0) with D(t0) corresponding to a surface 

separation at which F(t0) = 0 (for example t0 = 0 with D(t0) >1 µm). 

In order to account for (constant) instrumental drift the actuator position A(t) the equation 

above was adapted by using a linear inward-calibration: 

 

! 

F(t) = k " D(t) # a " t # A'
0[ ] (2.2) 

In this case, a is the effective inward drift (slope) obtained from the least-square linear fit 

of the calibration segment of the film thickness data (c.f. Fig. 2.5) and A’0 the corresponding 

offset (intercept). The calibration segment was typically acquired at a separation between 

400–1400 nm, where no surface forces were expected. The same procedure applied for the 

outward-calibration of the separation cycle. Finally the evaluated force data was normalized 

by the effective radius of curvature and plotted versus the film thickness, i.e. F/R vs. D. 
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2.2 Transmission Interferometric Adsorption Sensor (TInAS) 

The time-resolved measurement of molecular adsorption onto surfaces yields a wealth of 

valuable information about surface properties, solution properties, adsorbent properties, 

adsorption mechanisms as well as specific or unspecific adsorbent-surface interactions [37, 

38]. It is for this reason that a number of different detection principles have been established 

to study molecular adsorption onto surfaces. These include label-free methods such as surface 

plasmon resonance (SPR) [39, 40], waveguide or evanescent light techniques [41-43], 

interferometric systems [44-46], ellipsometry [47], quartz crystal microbalance [38, 48, 49], 

field-effect sensing [50, 51], acoustic wave guiding [52], and a host of molecular-labeling 

techniques. 

In addition to the above-mentioned adsorption onto a free surface, the direct forces 

between two such surfaces–decorated with adsorbed molecules–are highly relevant for 

studying intermolecular interactions [1]. In the SFA the change of thermodynamic free energy 

of interaction between two surfaces is measured as a function of surface distance. The in situ 

combination of molecular-adsorption measurements and direct-force readings opens new 

possibilities for the study of thin molecular films. 

In the following, different variants of a new molecular adsorption sensor based on Fabry-

Pérot white light interference is described and discussed. The combination with the fast 

spectral correlation (FSC) method (c.f. Section 2.1.1) or the optical spectral correlation (OSC) 

method (c.f. Section 2.3), will be used here to realize thickness measurements at high 

sampling rates and implement multiple-spot analysis. Lastly, surface adsorption imaging with 

sub-second time resolution is demonstrated.  

2.2.1 Principle of TInAS 

A considerable number of different techniques have been put forward that make use of a 

Fabry-Pérot interferometer or etalon [18]. In each case the basis consists of a transparent 

dielectric multilayer structure in which each layer exhibits a different refractive index. Partial 

reflections at these optical interfaces lead to the formation and superposition of multiple 

beams–giving rise to an interference effect in the reflection and transmission spectra. Analysis 

of such interference fringes can be used to determine small changes of film thickness, for 

example due to molecular adsorption. The experimental challenges of the described method 
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are an accurate wavelength calibration and an accurate wavelength determination of feeble 

interference maxima. 

Primary and Secondary Interference Fringes in the eSFA 

The cross-section of a Fabry-Pérot structure, typically used in the eSFA, is schematically 

shown in Fig. 2.6. To enhance the finesse, two semi-transparent mirror layers are commonly 

utilized. These two mirrors define the outer boundaries of the thin-film interferometer; 

normally they are separated by 2 – 10 µm of spacer layers and gap. In the eSFA, the gap 

medium is of variable thickness since the surface separation can be varied via a translation 

stage. The transmission spectrum of such an etalon is primarily dominated by the mirror-

 

Fig. 2.6 Transmission interference in thin film structures. (a) Schematic illustration of the 
typical thin-film interferometer used in the eSFA. Primary and secondary interferences can be 
distinguished according to the reflecting optical interfaces. (b) Typical interference spectrum 
showing primary fringes mainly due to multiple reflections between the mirror layers. (c) 
Typical interference spectrum consisting of secondary fringes as the result of partial reflections 
at optical interfaces, where the refractive index abruptly changes. 
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mirror reflections and consists of multiple narrow interference maxima as shown in Fig. 

2.6 (b). This so-called primary fringe pattern exhibits a strong spectral intensity modulation 

Γ = (Imax– Imin) / Imax ≈ 90%. Primary fringes shift in wavelength when the distance between 

the mirrors is changed. Namely, when the gap distance in the eSFA is increased they shift 

towards longer wavelengths. Measurement of these wavelength-shifts provides the very 

precise means for surface distance measurements used in the eSFA (c.f. Section 2.1.1). 

In addition to the strong reflection occurring at each of the mirrors, a partial reflection of 

light also occurs at the other optical interfaces; i.e. wherever the refractive index exhibits a 

discontinuity. As the gap medium thickness is increased beyond the correlation length of the 

light, the primary interference pattern vanishes, whilst the secondary pattern persists. A 

typical set of such secondary fringes is shown in Fig. 2.6 (c) for the typical case of a 

silver/mica/water interferometer (nmica = 1.59, nwater = 1.34). Secondary fringes generally 

exhibit a smaller spectral modulation (e.g. Γ ≈ 25%) than their primary counterparts. In the 

presence of primary fringes, secondary fringes are thus barely noticeable as a faint 

background modulation 

In the eSFA, a gap distance of ≥200 μm is sufficient to visualize the secondary pattern. 

Adjusting the focal plane, for example, to one of the half-interferometers minimizes the 

effective spot size on this surface, while the other surface contributes light from a larger area. 

Alternatively, it is also possible to use a confocal optical arrangement to analyze only one of 

the surfaces. In the eSFA, the former configuration was used. 

It is important to note that the peak wavelengths of secondary fringes are shifting upon the 

adsorption of molecules onto the surface, provided that these molecules have a different 

refractive index than the solvent medium from which they adsorb. This effect can be used to 

realize an in-situ molecular adsorption measurement. From the considerations presented 

above it becomes clear that this Transmission Interferometric Adsorption Sensor (TInAS) can 

also be used as a stand-alone sensor technique, i.e. outside the eSFA. Therefore results for 

both incarnations of the TInAS will be presented in the following. 

Sensitivity and Sensor Design 

Most obviously, the TInAS sensitivity depends on the previously mentioned spectral 

intensity modulation. The limiting factor here is the change of refractive index from the 

spacer layer to the adjacent medium. This poses the boundary conditions for sensor design. 

First, the typical application of the TInAS involves adsorption of molecules from a given 

liquid solution directly onto a surface. A minimal difference of refractive index of typically 
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>0.1 between spacer and medium is required. This ensures a spectral contrast modulation of 

Γ = (Imax– Imin) / Imax ≈ 15% and thus sufficient contrast. In the limit of equal refractive indices 

of spacer layer and medium, the interference modulation vanishes (Fig. 2.7 (a)). For example, 

to measure in aqueous media, the spacer layer should have a refractive index of 1.44 or 

higher. It is interesting to note that the conditions will generally be much better when 

adsorption is to be measured from the gas phase. 

 

Fig. 2.7 Theoretical spectral contrast and wavelength shift of a TInAS as a function of 
refractive index differences. The calculation is based on a TInAS with the layer composition: 
silica substrate / 50 nm silver mirror / 3 μm spacer layer / 1 nm adsorbate of n = 1.43 / variable 
medium. (a) Spectral contrast for three common media (i.e. air, water, organic solvent) is 
plotted versus the refractive index of the spacer layer. A minimum contrast occurs for index 
matching. (b) For the same three media: Relative wavelength shift of the interference maxima 
per 1 nm thickness of an adsorbate (nad. = 1.43). Interestingly, the wavelengths shifts are 
maximal near the index matching point. (c) Relative wavelength shift as a function of the 
adlayer refractive index (constant spacer refractive index, nsp. = 1.48).  
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Second, the relative wavelength shifts of the fringes per adsorbate thickness will directly 

affect the sensor sensitivity. We can use the dimensionless wavelength shift of the 

interference fringes per adlayer thickness, ∂Λ/∂D as a convenient measure (Fig. 2.7 (b)). A 

maximum with wide tails occurs for index-matching conditions. 

Third, a higher refractive index contrast between the adsorbed molecules and the medium 

will also tend to increase the sensitivity (Fig. 2.7 (c)). 

Last but not least, the photometric signal to noise ratio (SNR) is important. It is mainly 

determined by three factors: lamp variations, shot noise and detector noise. High light 

intensities generally improve the SNR. Fig. 2.7 (a) illustrates, for three different media, that 

the contrast factor has a minimum where the relative peak shift has a maximum. Due to these 

competing effects, there is no simple rule as to what refractive index of the sensor optimizes 

the sensitivity. Experience shows that a minimal difference of approximately 0.1 is a good 

basis. In any case, it is favorable to have a maximum refractive index difference between 

adsorbate and solvent medium (Fig. 2.7 (c)). 

Conversion of thickness to adsorbed mass 

The determination of the adsorbate thickness requires the correct input of the refractive 

index nA of the adsorbing material. The resulting effective optical thickness D can readily be 

transformed into adsorbed mass, M, per unit area, which is a convenient physical quantity. 

We have the simple relationship 

! 

M = " #D where ρ is the dry density of the adsorbate. Since 

adsorbates may remain partially solvated after adsorption, the density can be expressed in 

terms of the refractive-index difference of the adsorbate, nA, and the solvent, nC, normalized to 

the concentration dependence of the refractive index in the mixture, dn/dc [47]. 

 

! 

M =
n
A
" n

C

#n #c
$D (2.3) 

For protein adsorbates, dn/dc = 0.182 cm3/g is a reasonable value [53]. The typical film-

thickness resolution of the TInAS is better than ±20 pm, which translates into a nominal mass 

sensitivity of better than ±1 ng/cm2. The exact resolution obtained in a given experiment 

depends on the parameters discussed above. 

2.2.2 Scanning single-spot readout 

To accomplish laterally resolved measurements, one has to locally analyze the 

transmission spectrum on the TInAS. The use of an objective lens is useful to project the 
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surface of the TInAS onto the (pinhole) aperture of a spectrometer. The active diameter of this 

optical probe as well as the light intensity can be influenced by adjusting the lens and/or 

pinhole diameters. A lateral resolution of ~1 μm at useful light levels is readily attainable. If 

the optical elements are designed such that lateral displacement in x and y directions is 

possible, one can produce two-dimensional data sets by orthogonal scanning schemes. This 

multiple spot method has proved to be useful in connection with patterned TInAS surfaces 

used as multi-functionalized arrays. 

In practice, the evaluation of the measured transmission spectrum consists of two 

important steps, namely the detection and wavelength determination of the secondary 

interference fringes, followed by a numeric computation of the adsorbate thickness. In the 

eSFA setup, the fringe detection is automated using a linear CCD. The wavelengths of the 

interference maxima are individually determined by the software. The result—an array of 

interference peak wavelengths—is then used to calculate the adsorbate thickness by the FSC 

algorithm. 

To this end, the transmission spectrum of the bare sensor has to be determined prior to the 

adsorption experiment. This reference is used as optical zero. Peak shifts are then interpreted 

as thickness variations in a predetermined optical layer. With these boundary conditions set in 

place, an arbitrary number of transparent layers with a total thickness of 2–100 μm is allowed 

for TInAS operation. The number of simultaneously detected secondary fringes can vary over 

a wide range from 5 to 100. However, a minimum of ~10 pixels on the CCD should be 

illuminated by each interference fringe. These two conditions together determine an optimal 

choice of etalon dimension, spectrometer dispersion and detector resolution. 

2.2.3 Imaging readout of TInAS 

In this section a spectral-analysis method is described that allows simultaneous and 

laterally resolved measurement of adlayer thickness at all points of the TInAS surface–

without the need for a scanning scheme. The lateral resolution (~1 μm) of this imaging mode 

of operation is comparable or better than the scanning method described above, and, there is a 

considerable gain of measurement speed with this new approach, notably without a tradeoff in 

sensitivity. 

As schematically shown in Fig. 2.8 (c), an alternative optical path can be used to illuminate 

a two-dimensional CCD camera for imaging purposes. The spectral analysis, which is 

normally done in a spectrograph, is substituted by an optical correlator that is simply inserted 
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between the beam splitter and the CCD camera. The optical correlator, in connection with the 

CCD, transforms the spectral information transmitted by the TInAS into a grayscale image 

that is a direct measure for adlayer thickness. The working principle of optical spectral 

correlation (OSC) is described in detail in the following Section 2.3. In summary, the optical 

spectral correlator is an optical multilayer etalon comparable to that used for the TInAS itself, 

but without adsorbed molecules, and, advantageously with a comparable or higher finesse. 

The correlator transmits only a selection of wavelengths. The intensity of light transmitted 

through both elements in series, i.e. TInAS followed by the optical correlator, produces the 

desired spectral-correlation map (see also Fig. 2.12 (c) and (d)). OSC provides simultaneous 

spectral correlation at any point of an image and therefore eliminates the need for peak 

detection and the software-based FSC calculation. Since OSC relies on a photometric 

measurement rather than a spectroscopic one, a spectrometer is no longer necessary. 

However, a careful intensity calibration is now essential to achieve photometric data 

quantification. Common limitations associated with spectrograph calibration and peak 

detection are elegantly eliminated. The speed of measurement is no longer limited by 

computational power, but rather by light intensity (i.e. exposure times) and CCD noise. Under 

routine conditions, the attainable resolution of adsorbed film thickness in aqueous solution is 

in the order of ±50 pm (±10 pm for measurements in air) across the entire image area with a 

lateral resolution of better than 5 µm. Readout at common video frame rates is readily 

possible. The number of optical elements required is intriguingly small and cost-effective. 

2.2.4 Experimental Details 

The main optical elements of the TInAS experiment are depicted in Fig. 2.8 (c). White 

light is transmitted through the TInAS, which is alternatively located inside the eSFA-II 

(Fig. 2.8 (a)), or, used as stand-alone device in combination with a miniature flow cell 

(Fig. 2.8 (b)). In the latter case, the flow cell is conveniently built on top of the flat sensor 

surface and connected to a tubing system that allows straightforward exchange of the 

medium. An aperture stop, such as a pinhole or an objective lens, is used to direct the 

transmitted light to the analyzing elements (spectrograph and CCD camera). Alternatively, an 

optical fiber may be used for this purpose (not shown). According to the two modes of 

operation, two alternative optical paths are illustrated in Fig. 2.8 (c). They can be used 

independently, or, in combination by using the beam splitter as described in Section 2.1.2 of 

this chapter. 
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The TInAS used in this study were prepared from 3–5 μm thick mica substrates of high 

optical quality. Mica has the advantage that very clean and smooth surfaces can be readily 

obtained by mechanical cleaving. To increase the finesse, a silver (30–50 nm) layer was 

evaporated onto one side of the TInAS by thermal evaporation at a nominal rate of 0.1 nm/sec 

 

Fig. 2.8 Experimental setup for in situ and stand-alone TInAS operation. (a) In-situ operation: 
each of the two multi-layer surfaces inside the eSFA represents an individual TInAS. (b) The 
stand-alone TInAS generally consists of a multi-layered structure with the test surface against 
the fluid medium. The flow cell is formed by a sandwich structure of TInAS (white), O-ring & 
holder (dark gray), and cover window (light gray). (c) Schematic of the optical path with a 
beamsplitter for simultaneous operation of scanning single-spot readout and imaging readout. 
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and a base pressure of 2⋅10-6 mbar. Alternatively, sputter-coated sensors with 2–3 µm SiO2 

and 20–25 nm Al mirrors on a flat glass substrate were prepared to be used as stand-alone 

TInAS. 

The flow cell used in the stand-alone sensors (Fig. 2.8 (b)) consists of three layers: the 

TInAS, an O-ring held by a template ring and, the transparent (e.g. polycarbonate) cover, 

which carries the inlet and outlet tubing. The template ring is a 1 mm-thick stainless steel disc 

with an oval 4.5x12 mm opening in the middle to hold the O-ring (7x1 mm) in place. The 

small fluid cell volume (~25 μl) with its oval shape assures fast and complete fluid exchange 

as well as uniform flow past the TInAS active surface area. 

Adsorption tests were carried out from ultra-pure aqueous solutions*, or, vapors thereof. 

For the adsorption results shown in Fig. 2.9, poly-L-lysine-graft-polyethylene glycol 

copolymer* with a grafting ratio of 2.9 and a PEG chain molecular mass of 5000 g/mol (PLL-

g[2.9]-PEG(5)) was dissolved in aqueous buffer (10 mM HEPES*, pH 7.4) solution at 

different copolymer concentrations. For the specific adsorption experiments shown in Fig. 

2.10 and Fig. 2.12, the copolymer architecture was functionalized such that every other PEG 

side chain carried a biotin receptor (50% PEG(2) and 50% PEGbio(3.4) with grafting ratio 

3.5). The specific ligand was neutravidin dissolved in the same (10 or 150 mM ionic strength) 

HEPES buffer solution as the functionalized copolymer. The temperature of all experiments 

was 22.5 ± 0.5 °C. The relative humidity (RH) inside the measuring chamber of the eSFA-II, 

or, the standalone flow cell was monitored with a humidity sensor and adjustable to values 

between 0–90% via a simple N2/H2O-bubbler mixing setup. 

2.2.5 Performance of TInAS 

In the following the results obtained from the TInAS test experiments are discussed. The 

sub-sections divide the context according to the different operating conditions used. 

In-situ Operation 

To test the in-situ operation of two TInAS surfaces inside the eSFA, a partially saturated 

film of PLL-g-PEG copolymer was adsorbed onto the two cylindrically curved mica 

substrates from a low-concentration solution (0.01 mg/ml). During adsorption, the two 

surfaces were separated by ~200 μm. A droplet (~150 µl) of the aqueous medium was 

inserted between the surfaces (c.f. Fig. 2.8 (a)) and held in place by capillary forces. The 

objective lens was re-focused to the gap mid-plane by a calibrated amount to collect the same 

amount of light from both surfaces. Fig. 2.9 (a) shows the temporal evolution of the TInAS 
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signal expressed as film thickness [nm] or adsorbed mass [ng/cm2], respectively. The first 

adsorption cycle was terminated after 70 minutes by rinsing the surfaces with an excess of 

HEPES buffer. The surfaces were then brought into contact and a compression isotherm was 

measured in the eSFA-II. Fig. 2.9 (b) shows three different compression isotherms, obtained 

before and after different adsorption cycles. For SFA data evaluation, it is common practice to 

normalize the measured force, F, by the effective cylinder radius, R, and define positive 

values as repulsive forces. The second adsorption cycle was carried out in a solution of 10x 

higher concentration of PLL-g-PEG to further increase the polymer-brush density at the 

surface. This gives rise to a longer range of the quasi-exponential repulsion, also known as 

steric repulsion between the two surfaces decorated with polymer brushes. An increased range 

of repulsion is in agreement with theoretical expectations. A detailed evaluation of polymer 

brush conformation and steric repulsion observed with this system can be found elsewhere 

[54]. Analysis of TInAS data allows determination of some relevant quantities: Namely, the 

standard deviation of the TInAS signal (determined at saturation of the adsorption isotherm) 

is σ ≈ 150 pm at a sample rate of ~1 Hz.  This corresponds to a sensitivity of the adsorbed 

mass of ±8 ng/cm2 at 1 Hz (8 

! 

ng /cm
2
Hz ). The total adsorbed mass can be calculated from 

knowledge of dn/dc (c.f. right scale). For the reader’s reference, under the same conditions a 

sensitivity of 1 ng/cm2 is reachable with 64x averaging i.e. reducing the sample rate to 

~1 measurements per minute. 

The straightforward operation of the in situ TInAS inside the surface forces apparatus 

opens new ways of studying interfacial phenomena. Namely, it is possible to study adsorption 

onto free surfaces or under confinement, paralleled by direct force measurements. Studying 

new phenomena of surface diffusion or structural forces in binary fluid systems becomes 

possible, for example, where one fluid forms a layer adjacent to the interfaces. In the latter 

case one can distinguish different layers by their differences in refractive index. 
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Fig. 2.9 Adsorption of PLL-g-PEG copolymer from solution in situ  in the eSFA (a) Adlayer 
thickness and adsorbed mass for a buffered 0.01mg/ml poly-cationic copolymer (poly-L-lysine-
graft-poly-ethylene-glycol) solution, followed by a second adsorption step at 10x higher 
concentration. (b) Between adsorption steps, the compression isotherm was measured 
(equilibrium compression cycles). Additional adsorption of copolymer from solution leads to 
higher densities and a shift of the isotherm towards larger gap distance [54, 55]. The dotted line 
represents the compression isotherm in the absence of adsorbed polymer brushes It reveals the 
double-layer repulsion in HEPES buffer solution and some structural (hydration) transitions at 
smaller gap separations <3 nm. 
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Stand-alone Flow Cell 

Fig. 2.10 shows data of a TInAS experiment carried out in the stand-alone configuration 

with a small flow cell (c.f. Fig. 2.8 (b)). Here, the active TInAS multilayer was made of 

optical layers deposited by Ar-plasma sputter coating onto a flat glass substrate, starting with 

a 20 nm layer of aluminum followed by a ~2.5 μm thick layer of SiO2. The flow cell used in 

this experiment had a particularly large volume of ~2.5 ml to produce diffusion-limited 

adsorption kinetics. After equilibration of the sensor in a 10 mM HEPES buffer solution 

0.1 mg/ml PLL-g-PEG(Bio50%) was injected, which is a PLL-g-PEG copolymer where every 

other PEG side chain is end-functionalized with a biotin receptor. The adsorption kinetics 

exhibits a fast initial adsorption with an asymptotic leveling thereafter. It is noted that all 

adsorbed mass is irreversibly adsorbed, i.e. no mass loss upon rinsing. The second adsorption 

step was initiated by incubation with a dilute solution of 20 μg/ml neutravidin, which can 

undergo a highly specific ligand-binding reaction with the biotin already present on the 

surface. 

 

Fig. 2.10 Stand-alone operation of the TInAS. Adsorption of biotin-functionalized PLL-g-
PEG(Bio50%) copolymer from solution (0.1mg/ml) onto a substrate of SiO2. The adsorption 
was followed by buffer-rinsing to remove reversibly adsorbed copolymer, and then followed by 
injection of neutravidin solution (20μg/ml) to provoke specific adsorption via biotin-neutravidin 
binding, followed by buffer to remove non-specifically adsorbed neutravidin.  The data shows 
the excellent time resolution (sampling frequency ~1Hz for raw data, gray line) and the low 
noise conditions σ ≈ 0.5 Å (3ng/cm2). 
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Analysis of the adsorption kinetics reveals that the final phase of the adsorption is indeed 

diffusion limited (i.e. quasi-linear regime). This is a known phenomenon for adsorption from 

solutions at such small concentration. The adsorption was stopped after 185 minutes by 

pumping HEPES buffer through the flow cell. Here too, the adsorption of neutravidin is 

irreversible on the timescale of the experiment. A very small increase of the signal after 

rinsing indicates that this large fluid cell volume was not completely exchanged with buffer 

and a small amount of neutravidin continues to adsorb while a slow surface rearrangement 

takes place. From the known adsorbed structure of PLL-g-PEG [54, 56], the area per biotin in 

PLL-g-PEG(Bio50%) must be in the order of 6.5⋅10-14 cm2. Comparison of the adsorbed mass 

before and after neutravidin incubation reveals that 11.8% of the biotin (244 Da) on the 

surface has actually bound to neutravidin (60 kDa). 

Adsorption from Gas Phase 

As has been shown in Section 2.2.1, the sensitivity of TInAS depends, among other 

factors, on the difference of refractive index at the sensor/medium interface. Until now, only 

examples of adsorption experiments have been described that were carried out in aqueous 

solutions. For the reasons described earlier, the sensitivity of the TInAS is even higher in 

gaseous media. To demonstrate this effect, Fig. 2.11 displays data obtained with a mica sensor 

surface (n = 1.6) in nitrogen gas (n = 1.0). The molecular adsorbate is water from a nitrogen 

atmosphere of variable relative humidity. A very low relative humidity (0%) was obtained by 

flushing the flow cell with pure nitrogen. For the high relative humidity values (~85%), 

nitrogen was bubbled through a water* reservoir prior to introduction into the flow cell. For 

the evaluation of this data, we assumed that the adsorbed water layer had the same refractive 

index of bulk water (n = 1.34). The top graph in Fig. 2.11 records the alternating sequence of 

low and high relative humidity as a function of the elapsed time. The bottom graph displays 

the synchronously measured TInAS signal. A film of water is adsorbed that exhibits an 

optical thickness of ~0.45 nm. Considering the oxygen-oxygen distance in bulk water 

(0.285nm), it can be concluded that water does not appear to adsorb as a homogeneous 

monolayer. A more detailed TInAS study of the adsorption isotherm of water on mica from 

different media will be presented in Section 3.2 of this work. Here the focus stays on the fact 

that the data in Fig. 2.11 demonstrates the unprecedented signal to noise ratio in this 

experiment. It is in the order of ±14 pm (thickness), which corresponds to ~5% of a water 

monolayer on the surface, or, an adsorbed mass sensitivity in the order of 1.4 ng/cm2 at 2 Hz 
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(1 
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ng /cm
2
Hz ). It is also interesting to point out the remarkable stability of the TInAS 

baseline. In experiments similar to the above we observe effective drift of the baseline signal 

in the order of 1-2 Å (≈10 ng/cm2) over a period of 48 h. This is particularly useful for long-

term adsorption/desorption experiments. 

Since the spectral contrast is enhanced in gaseous media, TInAS is an excellent sensor for 

adsorbates from the gas phase. 

 

Fig. 2.11 Detection of adsorbed water on mica from the gas phase (stand-alone TInAS). The 
relative humidity was altered in stepwise manner as shown in the top part of the graph (gray). A 
0.45 nm film of water is found to reversibly adsorb onto the hydrophilic mica surface from 
humid atmosphere (RH = 80%). The excellent signal-to-noise ratio in this TInAS experiment 
(~5% of a monolayer) is a result of the relatively large difference in refractive index between 
the TInAS spacer layer (nmica = 1.6) and the gas medium (nmedium = 1.0) 

 

Scanning and Imaging Data 

Modern biosensors require fast measurements at multiple spots. As mentioned above, the 

TInAS single-spot operation can be extended with a scanning scheme, or, it can be operated 

as a real-time imaging sensor with μm lateral resolution. The entire sensor surface can 

simultaneously be read out by a CCD at video rates. For this demonstration, we use a biotin-

patterned TInAS surface. The previously described MAPL technique [57, 58] was used to 

structure the surface of a 3.7 μm-thick mica sheet, which had a 50 nm silver mirror on the rear 
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surface. The mica sheet was glued on a supporting glass slide and used in combination with 

the flow cell design for the stand-alone TInAS described above (c.f. Fig. 2.8 (b)). At that 

point, squares of 60x60 μm with 50% of the PEG side chains functionalized with biotin were 

present on the surface in a sea of protein-resistant PLL-g-PEG background. The 50% bio-

functionalization inside the squares is the same level as that used for the experiment presented 

in Fig. 2.10, where the entire surface (sputtered SiO2) was homogeneously functionalized with 

PLL-g-PEG(Bio50%). The data shown in Fig. 2.12 (a) and (b) were obtained in single-spot 

operation, i.e. by sequential scanning of the TInAS optics followed by a numerical FSC 

evaluation of the transmission spectrum at each spot. As can be seen in the measurement 

before neutravidin incubation (Fig. 2.12 (a), open circles), the biotin-functionalized squares 

exhibit a 0.15 ± 0.05 nm thicker adsorbed film thickness. This small topographic effect is due 

to the additional length of the functionalized PEG chains (3.4 kDa) as compared to the non-

functionalized chains (2 kDa). 

After flushing of the patterned sensor surface with a buffer solution containing 20 μg/ml of 

neutravidin for a few minutes, the adsorption of a 6.1 ± 0.13 nm thick film is detected inside 

the square areas. A sequential multi-spot scan over a functionalized square is illustrated in 

Fig. 2.12 (b). Analysis of the transition in the border region indicates a lateral resolution of 

≤5 μm with the scanning technique used in this setup. A significant drawback of the 

sequential scanning method is the relatively long acquisition time due to optics actuator 

motion. The high-resolution data shown in Fig. 2.12 (b), which consists of 75x75 individual 

spot measurements, was acquired over an interval of 11 hours. 

The same TInAS was also imaged with an optical spectral correlator setup. A series of 180 

frames measured at 2 Hz was averaged here (i.e. 1.5 min integration) to reduce the 

photometric noise to a level of ±3.2 Å per pixel (18 ng/cm2). The nominal lateral resolution in 

this case is 0.76 µm per pixel. Averaging the pixels inside a functionalized square (e.g. 65x65 

pixels) results in a resolution of <0.3 ng/cm2 at 1.5 minutes integration, or, ~3 

! 

ng /cm
2
Hz . 

Fig. 2.12 (c) depicts the resulting grey image, which represents a correlation map carrying 

the information on film thickness. Brighter areas correspond to higher film thickness. A 

photometric calibration is needed to transform this correlation map into quantitative film-

thickness information. The result is a 2D film thickness measurement with comparable 

resolution but larger field of view as the one shown in Fig. 2.12 (b), measured at 440x higher 

rate. The necessary calibration procedure is described in detail in Section 2.3.7. For 

illustration of the OSC principle, the corresponding spectra of the TInAS and the optical 
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correlator, calculated for the given parameters, are shown together in Fig. 2.12 (d), where the 

adsorption of neutravidin leads to a small shift of the TInAS spectrum (gray curve) towards 

longer wavelengths. The invariant correlator spectrum is also shown as black curve in Fig. 

2.12 (d). The correlation function between both spectra exhibits an increased intensity with 

adsorbed mass. 

 

 

Fig. 2.12 Demonstration of scanning single-spot and imaging readout of TInAS. The sensor 
surface was structured with 60x60 μm squares filled with 50% biotin functionalized PLL-g-
PEG (c.f. Fig. 2.10). The remaining surface was covered with un-functionalized PLL-g-PEG to 
prevent unspecific protein adsorption. (a) One-dimensional scan in single-spot readout mode. 
The data represents a cross section of the central square, before and after specific neutravidin 
adsorption (b) High resolution 2d-scanning of single-spot readout data measured across the 
same square after specific neutravidin adsorption. (c) TInAS data measured in true imaging 
mode using optical spectral correlation. The picture was averaged over 180 frames (1.5 min 
integration) to enhance the signal-noise ratio (d) Theoretical interference spectra of the sensor 
(gray), and, the optical correlator (black) as used in the imaging experiment shown in (c). 
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Resolution Issues 

The TInAS noise level is determined by rather different factors, depending on whether fast 

spectral correlation (FSC) or optical spectral correlation (OSC) is utilized. Since the latter 

method is realized with an optical calculation, the theoretical noise limit is determined by shot 

noise alone, which is related to light-intensity and photoelectric conversion. Notably, this 

parameter is independent of the number of adsorbed molecules, which means that label-free 

true single molecule detection should be possible with optical correlation readout. It is 

reasonable to believe that the limits of optical correlation have by far not been explored 

within this work. 

In contrast to other adsorption sensors (e.g. SPR, OWLS), the TInAS is largely insensitive 

to changes of refractive index in the medium above the sensor surface. This results in 

excellent baseline stability. Together with the fast possible readout of >10 Hz, the dynamic 

range of the TInAS is at least 4 orders of magnitude higher than that of other more established 

methods. 

An issue of relevance for stand-alone operation is the roughness of the optical interfaces in 

the TInAS, particularly the roughness on the sensor surface. Since the interferometer used in 

our studies has a rather low finesse, the spectral modulation is comparatively weak and the 

interference maxima are rather broad. The effect of roughness on a lateral sub-micron scale 

cannot be optically resolved and will lead to an additional broadening of the maxima. If the 

peak-to-peak roughness is less than some 20 nm, the operation of the TInAS is essentially 

unaffected, provided that the adsorbate has a homogeneous thickness. Features that laterally 

extend over distances larger than the optical resolution can be quantified as topographic 

information at sub-Ångström height resolution [59]. 

In terms of bio-sensing, the stand-alone TInAS can be seen as a low-cost device with 

similar detection characteristics as the established sensors. However, based on its full frame 

imaging capabilities and largely increased dynamic range, new applications are conceivable. 

For example, the TInAS may be used to sense multi-spot or large area bio-arrays, where not 

only the quantity of adsorbed mass on each spot is of interest, but also the adsorption kinetics. 

This can be of particular interest when adsorbing from complex, multi-component solutions. 
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2.3 Optical Spectral Correlation (OSC) 

As already mentioned previously, the thickness of thin films can readily be measured in a 

Fabry-Perot interferometer, provided that the optical path, Ω, within the interferometer is a 

few tens of times greater than λ/2, where λ is the wavelength used for the measurement. For 

thinner films, a dielectric spacer layer is commonly used to adequately extend the optical path 

and facilitate the observation of interference effects (c.f. SFA technique). The thickness of a 

very thin film thus confined between such spacer layer(s) is then conveniently measured. A 

considerable number of experimental techniques are based upon this principle. 

For example, when monochromatic light of a sodium lamp is used to illuminate two glass 

slides in contact, one can readily observe interference patterns, so-called Newton’s rings. 

Newton’s rings are interference maxima that are located along lines of equal surface 

separation. They form the basis of several methods to image thin-film thickness [60-63]. The 

simultaneous use of multiple colors has been invoked [64] to improve the distance resolution 

to about ±1 nm. The methods of highest resolution use white-light interferometry. Here, the 

originally white light is color-modulated by passing through the thin-film interferometer and 

it is subsequently analyzed in a spectrograph. Such a transmission spectrum generally consists 

of multiple interference maxima, the so-called fringes of equal chromatic order (FECO). In 

contrast to the 2D information obtained with Newton’s rings, the full-wavelength analysis 

using FECOs is, a priori, only one-dimensional (e.g. along a cross-section), but allows for a 

considerably improved thickness resolution (±0.1 nm). One spatial dimension of the image is 

eliminated by the Fourier transformation in the spectrograph. This dimensional reduction is at 

the gain of additional wavelength information comprised in the spectrograph exit plane. The 

cross-sectional geometry between curved mica crystals in the SFA gives rise to the well-

known characteristic shape of these FECOs [19]. The use of a linear CCD array to acquire 

spectral information results in a further reduction of one spatial dimension, i.e. a measurement 

at a point (Ø ≈ 1 µm) only. In combination with the fast spectral correlation (FSC) method 

this allows, notably, for an even better thickness resolution of <25 pm, as was demonstrated 

in the eSFA. At this stage lateral scanning of the optical probe at a point can be used to obtain 

a two-dimensional representation of the film geometry in the contact region. However, due to 

limitations in scanning speed (i.e. multiple CCD exposures and physical motion of optical 

elements), such a 2D acquisition typically takes several minutes [22, 28] to be completed. 
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Recent experimental progress has exposed a need for simultaneous measurement of film 

thickness and refractive index at all points simultaneously within the contact area to assess the 

lateral distribution of non-equilibrium density fluctuations [65]. Ideally, one would wish for a 

real-time image showing the entire region of the confined fluid, while the information about 

D and n is encoded in the image at sufficient resolution. 

In this section a novel extension of the spectral correlation principle — optical spectral 

correlation (OSC) — will be described. Instead of the above-mentioned numerical FSC 

calculations, it uses an optical correlator to produce a two-dimensional, true-realtime image of 

the spectral correlation function. This image contains information on film thickness and film 

refractive index. The theoretical basis and the performance of OSC are described in detail in 

the following. Furthermore, careful photometric calibration procedures are described, which 

are necessary for the technical implementation of this technique. The unprecedented 

resolution and the real-time imaging character of this new technique represent a valuable 

addition to the experimental assessment of ultra-thin film morphology and dynamics. 

2.3.1 Theoretical Considerations 

When white light is directed normally through a stack of stratified media, partial 

reflections occur at the optical interfaces. The amplitude of the reflected light and the 

associated phase change φ are a function of the complex refractive index, µ = n + ik, on both 

sides of the optical interface. Multiple coherent beams of partially reflected light produce 

interference effects, depending on wavelength as well as the thicknesses of the optical layers. 

Constructive interference occurs if the total phase difference δ between successive rays 

passing back and forth is δ = 2πN. The interference spectrum thus consists of multiple 

intensity maxima, each being associated with a different chromatic order, N. Variations of any 

film thickness or film refractive index result in wavelength shifts of these interference 

maxima–in analogy to a tunable resonator. If the thickness and refractive index of all but one 

layer is constant and known, measurement of these wavelength shifts can be utilized to 

determine changes of film thickness, D, and refractive index, n, of the one unknown (fluid) 

film between these spacer layers. Several experimental techniques are based on this principle 

—in particular, the interferometric surface forces apparatus (SFA) technique [11, 12] where 

the interferometric determination of D is essential to calculate the surface force or disjoining 

pressure between the spacer layers. The details of the SFA technique have been described 

previously [13, 66]. 
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2.3.2 Principle of OSC 

The concept of optical spectral correlation (OSC) is to substitute the above-mentioned 

numerical calculation of the spectral correlation (c.f. FSC) by an optical calculator (Fig. 2.13). 

To this end, a special optical correlator (OSC filter) is designed with a transmission spectrum, 

Tcorr(λ), that corresponds to a reference spectrum (e.g. D = 0) of the sample interferometer. 

When the two interferometers are placed in series, the intensity of the transmitted light, at any 

given point, corresponds to the product of the two transmission functions Tint(D, n, λ) and 

Tcorr(λ). As a consequence, a maximum of light is transmitted at locations where the 

transmission spectra of both interferometers are identical (principal correlation). One can 

readily show that the total transmitted intensity I(D, n) is directly proportional to the spectral 

 

Fig. 2.13 The principle of optical spectral correlation (OSC). White light is directed through a 
thin film interferometer confining a film of variable thickness D(x,y) and refractive index n. 
The transmitted light is analyzed by a correlator and detected with a CCD camera. The overall 
transmitted light intensity is proportional to the spectral correlation function of the two 
transmission functions Tint(D, n, λ) and Tcorr(λ) of the interferometer and the correlator 
respectively. The resulting correlation map I(x,y) yields laterally resolved, real-time information 
about the confined medium which then can be transformed into physical properties such as D 
and n. A computed example is given for a typical interferometer-correlator pair used in this 
work (mica = 4.3 µm, Ag layers = 40 nm, gap medium with n = 1.4). The principal correlation 
used for signal calibration occurs at D < 50 nm. 
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correlation function known from the numerical FSC calculations. When a white-light source 

is used, one can formally write:  

 

! 

I(D,n) = Tint (D,n,") #Tcorr(") # $"
"

%  (2.4) 

As shown in Fig. 2.13 this spectral correlation function is non-monotonous and exhibits 

multiple maxima for higher film thickness. The best sensitivity to film-thickness changes is 

achieved near the principal correlation, i.e. film thickness <50 nm. We note the underlying 

analogy to the numerically calculated correlation maps in the FSC reference [22]. 

With its power for parallel processing, the OSC method is optimally suited for real-time 

imaging applications. For detection, the light, which is transmitted through the sample 

interferometer and the optical correlator in series, is simply focused onto a CCD camera. The 

gray-level image obtained directly corresponds to the spectral correlation map at any point 

across the area of interest. The main challenges of the OSC method lie in the design of the 

optical correlator as well as in the quantitative photometry using a CCD camera. 

Design of the Optical Correlator 

Typically the sample interferometer inside the SFA consists of two equally thick, back-

silvered mica sheets mounted in a crossed-cylinder geometry with a lateral gap distance 

D(x,y). The most basic correlator would consist of a second set of identical mica sheets in a 

flat contact. With this setup the detected correlation map I(x,y) shows a concentric ring 

structure. The bottom part of Fig. 2.13 shows the calculated transmission functions (left) and 

the corresponding OSC function (right) of such a basic mica interferometer-correlator pair. As 

expected, the highest OSC (principal correlation) is obtained for film thicknesses near the 

reference; i.e. D(x) = 0. The unambiguous operating range of OSC is limited to some 50 nm 

in film thickness since the correlation function is not monotonous (multiple maxima). If we 

direct our attention to the principal spectral correlation around D = 0, we note that the 

intensity decays non-linearly with D, additionally depending on the refractive index n (Fig. 

2.14 (c)). It is the slope and shape of this intensity-decay that ultimately determine the 

resolution and the dynamic range of the OSC measurement. 

There are several ways to customize the transmission function of the optical correlator in 

order to optimize detection range and sensitivity for a given OSC experiment. Basically, these 

are the parameters that affect shape and position of the correlator’s transmitted FECO fringes. 
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The finesse, i.e. sharpness of the FECO, can be controlled by changing the reflectivity of 

the outer mirror surfaces [18]. A higher mirror reflectivity generally leads to sharper peaks 

with a high peak-to-valley ratio. The reflectivity can be adjusted with the thickness of the 

mirror coating or with the selection of the mirror material. The finesse is the quantity that 

limits the slope and the range of the principal correlation. For example, one can increase the 

OSC detection range by choosing thinner Ag mirror coatings; albeit at the cost of a reduced 

film thickness resolution (for a more quantitative calculus, see below). 

The position of the interference maxima depends on the phase difference δ between two 

successive rays emerging from the interferometer. For the basic correlator design, with two 

spacer layers in direct contact, one has: 
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with T the thickness and µ the refractive index of the spacer, θ the angle of incidence and 

Φ the phase change on reflection at the mirror coating. Therefore, we can alter the fringe 

position by changing any of the parameters in Eq. (2.5). This corresponds to a tunable offset 

of the spectral correlation function against the film thickness. 

The magnitude of the phase change is given by the mirror material, and, for thin coatings it 

strongly depends on the mirror thickness [18, 59, 67]. This allows us to tune the position of 

the correlator peaks with respect to the interferometer spectrum, simply by adjusting the 

mirror properties. Remarkably, this possibility can be utilized to design an interferometer-

correlator pair with a resulting OSC function that is sensitive to D, but largely independent of 

n. For better illustration of this process let us consider the transmission function of a basic 

Ag-interferometer (i.e. two mica sheets of equal thickness in direct contact) as shown as gray 

area in the background of Fig. 2.14 (a). To build the correlator we use another piece of mica 

with identical thickness. If this piece of mica is coated with an Ag mirror on one side only, the 

phase increment within the correlator then corresponds exactly to half that of the 

interferometer, 

! 

"
corr

= "
int
2 . The correlator FECOs selectively overlap with only the even-

ordered FECOs of the interferometer. However, the correlator spectrum exhibits unfavorably 

low finesse in this case, i.e. broad peaks (not shown). In order to design a correlator with a 

higher finesse we propose to use aluminum mirrors on both sides of the mica piece (c.f. inset 

Fig. 2.14 (b)). Here, we can make use of the natural coincidence that the phase changes of 

Al/mica and Ag/mica obey the condition 

! 

2"Al # "Ag + $ , and, therefore we can realize a high-
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finesse correlator with FECOs sufficiently near the position of the odd-ordered interferometer 

FECOs.  

 

Fig. 2.14 Design options for the optical correlator. (a) Calculated transmission function of an 
aluminum-coated correlator (Al-correlator: mica = 1.7 µm (1x), Al layer = 20 nm) compared to 
a silver-coated interferometer with twice the spacer thickness (Ag-interferometer: 
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mica = 1.7 µm (2x), Ag layer = 30 nm). The interference maxima appear at the location of the 
odd-ordered fringes from the interferometer (bold black line). A slight rotation of the correlator 
results in a shift of the peaks towards smaller wavelength (grey lines). Alternatively, a 
commercially available narrow bandpass filter can be used as simplified optical correlator 
(dotted line). (b) Influence of the correlator-rotation on the shape of the OSC function. The 
region of highest sensitivity (slope) is shifted towards smaller film thickness. The inset shows a 
schematic of the two mica-correlator types (c) D-n correlation map of an Ag-interferometer in 
series with an Ag-correlator. The OSC function is sensitive to refractive index changes of the 
gap medium. (d) The n-sensitivity can largely be suppressed when using an Al-correlator. 

Note that in the presented case, the correlator fringe of order M overlaps with the 

interferometer fringe of even order N, where M = N/2. The additional phase change of Δφ = π 

from the correlator Al-mirrors is thus equivalent to a 2π-shift of the interferometer spectrum. 

Therefore, the correlator M-fringe is actually overlapping with the odd-ordered N+1 

interferometer fringe. The theoretical spectrum of such an Al-correlator is shown in Fig. 

2.14 (a) with a plain black line. For the basic interferometer used here one can show that odd-

ordered fringes are not shifting when the refractive index in the film is varied, but the even-

ordered fringes are shifting [19]. Therefore, the Al-correlator is capable of analyzing film 

thickness independent of refractive index variations. For a better illustration of this property, 

the spectral correlation function is shown in Fig. 2.14 (d) in the form of a two dimensional 

map in the Dn-plane. The above described options allows the experimenter to design a pair of 

optical correlators with D- and Dn-sensitivity respectively. By using the two correlators in the 

same experiment and comparing the resulting correlation maps one can in fact extract imaged 

refractive index data of the thin film. This procedure will be exploited in Section 4.3 of this 

thesis. 

Fig. 2.14 (b) illustrates that the spectral correlation function obtained with an Al-correlator 

(without tilt) has a maximum for a film thickness D ≈ 5 nm. In the following the effect of a 

correlator tilt angle with respect to the illumination axis is considered. As shown in Eq. (2.5), 

the phase increment in a thin-film interferometer depends on the cosine of the incident light 

angle θ. This effect can be used to shift the correlator FECOs towards shorter wavelengths. 

The wavelength shift is small for angles below 2–3°, which can be used as a method to fine-

tune the envelope of the OSC function. In particular it is possible to adjust the region of 

maximal distance resolution to a desired film thickness range. (For more details on resolution 

see below.) 

The preparation of customized thin-film correlators, as described above, can be rather 

involved. The use of a commercial interferometric bandpass-filter is an alternative for less 

demanding applications. Such interferometric filters are available for a range of different 
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central wavelengths and bandwidths. Once the thin-film interferometer is set up in the eSFA, 

one can chose an appropriate central wavelength to produce an overlap with a selected 

interferometer FECO. For interferometric bandpass-filters one can use the mentioned filter-

tilting to fine-tune the wanted overlap. It is important to note that a custom-made OSC 

correlator will transmit considerably more light than a narrow bandpass filter because all 

FECOs can be used in the former case. Light intensity is indeed an issue of central importance 

in the technical implementation of OSC, since the measurement is essentially a quantitative 

photometric imaging problem. 

2.3.3 Quantitative Photometry 

The practical implementation of the OSC technique requires two steps: first, a quantitative 

photometric measurement, and, second followed by a calibration to transform the measured 

intensity into film thickness and/or refractive index. Considering the signal-to-noise ratio is 

essential for both steps since it determines the resolution of the OSC method. 

The number of photoelectrons Ie- that are generated when light falls onto a single pixel of a 

CCD detector can be expressed as 
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That is the number of photons Ihv times the quantum efficiency, η, of the detector, whereas 

each pixel of area A is exposed during the time, texp, to the light intensity Φ. Following 

exposure, the created charges are shifted to the read-out register of the CCD chip and are 

converted into digital A/D units, i.e. [ADUs] or [counts] 

 

! 

IADUs =G " I
e #

=
2
#bits

fwc
" I

e #
 (2.7) 

with G the electronic gain of the A/D converter and fwc, the full well capacity of each 

single pixel. The full well capacity is a measure for how many electrons can be created and 

temporarily stored on an individual CCD pixel before it saturates. Larger pixels have a higher 

fwc. It is convenient to normalize the intensity values by this saturation limit 
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The noise inherent to CCD exposure and signal processing effectively limits the resolution 

of the OSC method. Three sources of noise must be considered here, namely shot noise, read 

noise and dark noise [68]. The shot-noise or photon-noise, σP, is a result of the quantum 

nature of light. The number of generated photoelectrons obeys Poisson’s statistics and the 

error is therefore given by the square root of the total number of electrons. Read noise, σR, is 

mainly generated at the analog-to-digital conversion and increases non-linearly with readout 

speed. Faster data acquisition can only be performed at the cost of increased signal noise. 

High-end cameras offer the option to choose between different read speeds in a typical range 

of 1–10 MHz. There is an additional source of noise even in the absence of illumination or 

read-out action. It is the so-called dark current, which originates from thermal fluctuations. 

The associated dark noise, σD, depends non-linearly on temperature and linearly on the 

exposure time. It can be strongly reduced by cooling the detector. Highly sensitive cameras 

therefore operate with cooled CCDs at temperatures as low as -90 °C. 

An additional source of noise arises at the signal-amplifying stage of the detector in the 

form of a micro-channel plate (MCP) or a photomultiplier tube (PMT). This noise is inherent 

to the signal multiplying process and can be quantified by the so-called noise factor (nf), 

which multiplies the shot noise. The newer generation of CCDs is equipped with an on-chip 

electron multiplying (EM) device. Here, the charges are multiplied by impact ionization by 

passing through a biased gain register that is situated before the A/D conversion and signal 

amplifier. The result is an output signal for which the read noise becomes negligibly small 

[69][70]. The noise factor of EMCCD based devices is typically 1.4 whereas for other 

amplification techniques this quantity lies between 1.6 and 2.2 [71]. 

Combining the noise sources above we can write an expression for the overall noise: 
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Where σR, is the read noise, σD, the dark noise and σP, the shot noise, nf is the noise factor, 

which depends on the CCD amplification technology. Fig. 2.15 shows a CCD operation chart, 

where the CCD signal and the corresponding noise is plotted as a function of the incoming 

light intensity. The data are based on the specifications of the iXon CCD detector used in this 

work. It is important to stress that above a certain light level the overall noise is dominated by 

shot noise, which corresponds to the theoretical minimal noise. At the highest intensities we 

reach the pixel-saturation level defined by the full well capacity. The relative signal error 
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"
CCD

I
e
#  (top graph) is plotted against the relative pixel saturation. It becomes clear that a 
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low relative signal error can be achieved only when working close to the pixel saturation. 

Under these conditions, a sufficiently high input light level is necessary to reduce the 

exposure time and optimize for speed of measurement. In conclusion, a camera with a large 

full well capacity (i.e. large pixel size) and high quantum efficiency is favorable. If we aim 

for a relative OSC signal error better than 1%, we need a pixel saturation of at least 5%. In 

this shot-noise-dominated regime of operation, the OSC signal noise can be approximated by 
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Where Ie- is the number of signal electrons and I the relative intensity according Eq. (2.8). 

The corresponding units are indicated within the brackets. 

 

 

Fig. 2.15 Performance of a CCD detector. The three major sources of noise are shot noise, read 
noise and dark noise. Above a certain light level the shot noise becomes dominant and can be 
used to approximate the overall noise. Calculations are based on the OSC camera used in this 
work. With increasing signal intensity the relative error (noise/CCD signal) decreases until the 
pixels are saturated. High resolution OSC requires a relative error well below 1%. In our case, 
this is achieved for pixel saturation above 5%. 
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2.3.4 Resolution Limit of OSC 

The effective resolution, ΔD, that one can achieve in practice is limited by the measured 

OSC signal variation, ΔI, and the slope of the OSC calibration function 

! 

"I "D( )  as follows: 
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Using Eq. (2.10b) to estimate the signal variation, one obtains for the film-thickness 

resolution of OSC: 
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Fig. 2.16 shows this OSC resolution for a typical experiment. The regime of highest 

resolution coincides with the highest slope, 

! 

"I "D( ) , of the OSC calibration function where 

 

Fig. 2.16 OSC calibration function and theoretical film-thickness resolution. The correlation 
function was calculated for a basic interferometer and a custom made Ag-correlator 
(mica = 4.3 µm, Ag layers = 40 nm, gap medium with n = 1.4). The resulting film thickness 
resolution was calculated according to Eq. (2.12) (fwc = 220’000 e-, nf = 1). Sub-Å resolution is 
readily achieved with single exposure images. For a 9x averaged signal the regime of sub-Å 
resolution is extended to nearly the entire distance range from 0–50 nm. 
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one can readily achieve sub-Å resolution. In the given example this is achieved in a distance 

range between 20–30 nm. In Eq. (2.12) we also introduced the number of CCD images, NS, 

used for averaging (i.e. noise reduction). Averaging can be implemented both by 

accumulating a series of single-exposure images, or, by taking the sum from a cluster of 

neighboring pixels (binning). This gain in film-thickness resolution is thus achieved either on 

the cost of time resolution or lateral resolution. In the example presented in Fig. 2.16, an 

averaging of NS = 9x (i.e. 3x3 pixel binning) would be sufficient to achieve a sub-Å resolution 

over a wide film-thickness range. 

2.3.5 Experimental Details 

The eSFA-II setup, as described in Section 2.1.2, was used for extensive testing of the 

OSC performance. Details that have been omitted earlier concerning the imaging optical path 

for OSC are as follows (c.f. Fig. 2.2 and Fig. 2.8 (c)): The indirect beam of the beamsplitter is 

used for the OSC measurements. It is directed through the optical correlator before entering 

the CCD camera. This correlator is mounted on a rotational stage (home-built, positioning 

accuracy ±0.5 deg) with x’y’-alignment capability. Special care was taken to minimize stray 

light using a series of aperture stops. 

The right choice of the CCD camera is essential. It was based on the considerations 

presented in the sections above. An iXon from Andor Technology (Ireland) is used in this 

work. The CCD chip is a 512x512 pixel EMCCD sensor (CCD97-00, pixel size: 16x16 µm, 

typical full well capacity: 220’000 e-) made by e2V-Technologies. The specified quantum 

efficiency at 575 nm is 92.5%. The frame transfer (FT) design of the CCD removes the need 

for a mechanical shutter. This is a great advantage when working with a vibration-sensitive 

technique such as the SFA. To reduce dark noise the CCD chip can be Peltier cooled down to 

-90 °C. In addition, the CCD offers a choice of two output amplification modes, EM and the 

conventional mode. The camera is capable of 14-bit resolution at pixel read out rates of 10*, 

5*, 3 and 1 MHz (* only in EM mode). This allows for a frame rate of up to 32 Hz for full-

frame transfer. Higher frame rates >100 Hz are possible with binning. According to the 

considerations above, the limiting parameter for speed is often the exposure time required to 

realize a measurement in the shot-noise dominated regime of operation. For the OSC data 

presented in this thesis, the camera was typically operated at -50 °C in 3 MHz conventional 

amplification mode or at 10 MHz in EM mode (full frame) with exposure times ranging from 

20 ms to 800 ms. 
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The thin-film interferometer inside the eSFA-II was prepared from sheets of cleaved mica 

with a typical thickness between 1.6 and 4.4 µm, following the standard protocol for sample 

preparation (c.f. Section 2.1.4). For the OSC correlator one (Al-correlator) or two (Ag-

correlator) additional pieces of the same master piece (i.e. identical thickness) were used. All 

mirror coatings were thermally evaporated. Ag-correlators were prepared by bringing two 

back-silvered (typically 40 nm Ag) mica pieces into flat, direct contact. Al-correlators were 

made from a single piece of mica and coated separately on both sides with typically 20 nm Al. 

The optical correlators where then fixed in a custom-made aluminum frame. A clean filter 

area of a few square millimeters was sufficient for the OSC measurements. In some cases, an 

interference bandpass filter (λ = 532 nm, FWHM 3 nm) was used as optical correlator. 

Octamethylcyclotetrasiloxane* (OMCTS) was used as a model liquid for the following 

eSFA/OSC demonstration measurements. This liquid is known to show characteristic layering 

transitions when confined between two smooth mica sheets (c.f. introduction). 

2.3.6 Performance of OSC 

In order to test the performance of OSC a series of thin film experiments with confined 

octamethylcyclotetrasiloxane (OMCTS) were conducted. The layering behavior of this liquid 

near the interface is perfectly suited for this purpose. The range of interest lies between 

0 < D < 30 nm, in particular below 10 nm where molecular-layering transitions with a 

stepsize of ~7 Å are typically observed. 

Signal Response 

Fig. 2.17 (a) shows an actual measurement of the OSC signal intensity (Ag-correlator), 

measured exactly at the point of closest approach (PCA) between two curved mica surfaces. 

A series of 125 data points was recorded while the mica surfaces were approached and the 

film thickness in the PCA was independently measured using the FSC method (abscissa). As 

expected from OSC theory, we observe a strong increase in the transmitted intensity below a 

film thickness of 50 nm (c.f. Fig. 2.13 and Fig. 2.16). The correlation peak is offset at 

D ≈ 10 nm because mica is birefringent and the two sheets were not optically aligned. It can 

be shown that slightly misaligned mica in the Ag-correlator can cause such shifts. 
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Fig. 2.17 Performance data on OSC. (a) Normalized correlation function acquired with an Ag-
correlator (mica = 4.37 µm) and the effective film-thickness resolution calculated according to 
Eq. (2.12) using fwc = 162’000 e-, nf = 1, NS = 1 (dashed line), 9 (dotted), 81 (grey). (b) OSC 
signal at the PCA (Al-correlator) in the regime of OMCTS layering transitions (bold black line). 
The signal is averaged over an area of 9x9 pixels i.e. an effective sample area of ~7x7 µm2 from 
the interferometer. After photometric corrections the signal corresponds well to the 
independently measured film thickness with FSC (white circles). (c) Characteristics of CCD 
signal noise plotted against the square-root of the mean intensity level. The noise from flat-field 
measurements at intensity levels above 5% saturation (white circles) suggests a purely shot-
noise dominated behavior as verified by a linear fit (bold black line). The effective OSC signal 
noise follows the same trend (grey line). This can be seen from an evaluation of the OSC signal 
inside an extended area around the PCA (c.f. inset) capturing the whole dynamic range of 
correlation intensities. 

 

Another source of smaller shifts is the adsorption of molecular films of contaminants onto 

mica surfaces in the correlator, which may be different in the surface interferometer due to the 

different medium in contact with the surface. Adsorbed water or airborne hydrocarbons are 

potential candidates for adsorbed molecular films [72]. Such an offset does not impair the 

OSC measurement and can readily be corrected for by using a modified calibration function. 

In the case presented in Fig. 2.17 (a), we could apply a polynomial fit of degree 7 ≤ n ≤ 13, 

which could sufficiently well describe the OSC function. This function was then stored in a 

look-up table and used as the OSC calibration curve to transform the OSC signal into a film 

thickness. 

Also OSC experiments with other types of correlators such as the Al-correlator and the 

narrow bandpass filter were carried out. Furthermore, tilting of the correlator between 0 and 

12 degrees was routinely used to tune the effective range and region of highest resolution. The 

main difference between the three correlator types was found to be the total light level, which 

ultimately limits the system performance (i.e. resolution, speed). The highest OSC intensities 

could be realized with the Ag-correlator, followed by the bandpass and the Al-correlator (c.f. 

Fig. 2.18). Due to the higher absorption coefficient of aluminum, Al-correlators (40 nm 

mirrors) transmit less than 1/1000 of the light transmitted by an Ag-correlator with the same 

mirror thickness. Reducing the mirror thickness of the Al-correlator allows for useful imaging 

rates (~1 Hz), albeit at a reduced resolution (~5 Å). Fig. 2.17 (b) displays the normalized OSC 

signal analyzed by an Al-correlator in the regime of OMCTS layering transitions (black bold 

line). The step-like change in intensity coincides with the layering transitions observed in the 

independent FSC measurement. The normalization of the OSC signal by the intensity of the 



2 Experimental Procedures 

 72  

light source was necessary to compensate for inherent small fluctuations of our Xe-arc light. 

Details on the light normalization procedures are given in the discussion section. 

Signal Noise (Thickness Resolution) 

To quantify the experimental resolution of the OSC setup, an in-depth assessment of the 

CCD detector signal noise was necessary. From flat-field intensity measurements at different 

levels between 5–95% of saturation, the following empirical behavior for the camera’s 

conventional amplifier mode (3 MHz readout) was found: 
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This power law is indeed expected for a shot-noise-dominated mode of operation. Inserting 

Eq. (2.7) into Eq. (2.10) and comparing it with Eq. (2.13), one can estimate the actual full 

well capacity of the employed system. A value of fwc = 162’000 electrons is found, which is 

about 25% lower than the nominal value specified by the manufacturer. In a second step a 

series of OSC images with the interferometer surfaces in intimate contact were acquired. This 

series of 150 images was used to determine the mean and the standard deviation for each 

pixel. The analysis was done on the image area shown as inset in Fig. 2.17 (c), which contains 

the full scale of correlation intensities up to the first maximum of the principal correlation. 

The result of this assessment is depicted in Fig. 2.17 (c). There is good agreement between the 

noise behavior of the OSC signal (grey line) and the flat-field noise of the CCD detector 

(black line), which is purely shot-noise dominated. The additional scattering of the OSC noise 

data points is essentially due to the relatively low number of samples (150 samples for a given 

pixel and intensity) as compared to the flat-field averaging (full frame with 262’144 pixels at 

equal intensity). 

It is thus reasonable to use this shot-noise analysis as a basis to quantify the OSC 

resolution in terms of film thickness. To this end one can use Eq. (2.12) and insert the actual 

full well capacity of the detector. Considering the measured OSC calibration function of the 

Ag-correlator (c.f. Fig. 2.17 (a)) this indeed results—as predicted above—in sub-Å resolution 

for film thickness (i.e. one sigma noise) for each individual pixel of the CCD. The effective 

range of sub-Å resolution can be greatly extended if pixel averaging (e.g. binning) is used as 

shown in Fig. 2.17 (a). For example, with a super pixel of 3x3 CCD pixels a film thickness 

resolution well below 100 pm is achieved over a range of ~40 nm while still maintaining a 

lateral resolution of 2–3 µm. 
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Dynamic Measurements 

As already mentioned above the main difference between the three correlator types used in 

this work (Ag-correlator, Al-correlator and bandpass-correlator) is the transmitted light 

intensity. This is of essential importance for experiments that require a high temporal 

resolution. In Fig. 2.18 the normalized intensity level of the principal correlation for different 

interferometer-correlator pairs is compared. Depending on the correlator type and the applied 

mirror thickness the light level varies within two orders of magnitude. By far the highest 

transmittance is obtained with 30 nm silver coatings on the interferometer and correlator 

respectively. With that setup frame rates of 20–30 Hz with full frame images (3 MHz readout) 

are achieved, without significant loss of film thickness resolution. For fast measurements the 

sample rate can also be increased by making use of the binning ability of the CCD camera. 

 

 

Fig. 2.18 Comparison of the normalized transmittance for different interferometer / correlator 
pairs. Depending on the correlator type and the mirror coatings, the transmitted light level 
varies over two orders of magnitude. (Ag = silver mirror, Al = aluminum mirror, BP = bandpass 
interference filter, the number indicates the corresponding thickness in nm). 
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Application Examples 

The ultimate strength of OSC is to allow for a fast, precise and accurate measurement of 

molecular film thickness in an entire region. Two examples of these remarkable capabilities 

are illustrated in Fig. 2.19 (a) and (b). The top graph shows a quantified 3D-representation of 

the film thickness in the contact zone of the eSFA. A number of 3025 data points are shown 

in an area of 42x42 µm. The corresponding OSC calibration function was used to transform 

intensity into film thickness. This data was acquired with an exposure time of 200 ms, which 

allows a sample rate of 5 Hz. This is a 36’000x gain of measurement speed compared to the 

same data acquired by the conventional scanning of the FSC probe – notably, at no loss of 

resolution. Using OSC, it is now possible to follow the entire contact geometry during an 

eSFA experiment. A hemisphere was fitted into the type of data shown in Fig. 2.19 (a) to get 

a simple measure of the local radius R of curvature. Surface force measurements are 

commonly presented normalized to the local radius of curvature because this is a measure of 

the free energy at the interface (Derjaguin approximation). Fig. 2.19 (b) shows the evolution 

of the local radius of curvature during an isothermal compression of a thin fluid film of 

OMCTS. Two different curves are shown that correspond to a hemisphere fitted to a 

31x31 µm and 41x41 µm area, respectively. A local flattening of the surfaces due to repulsive 

surface forces is observed. The curve of higher values corresponds to the more localized 

measurement, typical for contact flattening. The relative change of radius is more than 10% 

for the last 8 nm of the compressed liquid layer. As a control measurement, the 2D-scan by 

conventional FSC (ROI: 50x50 µm, 5x5 data points), taken prior to the isothermal 

compression at a film thickness of 340 nm, resulted in a radius of R = 20.5 mm. 
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Fig. 2.19 Examples of calibrated OSC data. (a) 3D-representation of the local contact geometry 
inside the interferometer of the eSFA. The data covers a region of 42x42 µm2 and contains 3025 
data points around the point of closest approach (PCA). A correlation map was acquired during 
isothermal compression of a thin film of OMCTS (bandpass correlator, 200 ms exposure) and 
subsequently translated into film thickness using the appropriate OSC calibration function. (b) 
Evolution of the local contact radius as a function of the film thickness (at PCA). The radius is 
obtained by fitting a hemisphere to the 3D data points. The two lines result from two differently 
sized regions, acquired at 2 Hz during isothermal compression. The OSC measurement was 
paused between 2 and 3 nm (dashed lines). Below 2 nm an OMCTS layering transition 
occurred. The mica surfaces used in this experiment were ~1.8 µm thick and glued to silica 
discs of R = 20 mm. 
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2.3.7 Image-Calibration Issues 

Reliable photometric field measurement lies at the heart of the OSC method. This requires 

a sophisticated image calibration. The corresponding experimental procedure is divided into 

three main parts, namely the flat-field correction, the lamp normalization and the OSC 

calibration (quantification). 

The flat-field correction 

Real OSC images are prone to image irregularities and imperfections due to the numerous 

optical layers the light has to pass. A closely related issue is the direct and homogeneous field 

illumination of the image area by the lamp, which is depending on design, geometry and 

unwanted reflections or scattered light. Furthermore, the pixels of a CCD detector all have an 

individual photosensitivity and individual dark noise characteristics. While some of these 

effects can be minimized (e.g. aperture stops, CCD cooling), the high accuracy of the OSC 

measurements calls for a flat-field correction [68, 73] of the following type: 
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where I(i,j) is the corrected intensity image (pixel indices i, j) as calculated based on the 

measured CCD signal S(i,j). DF is the dark frame containing the detector background (dark 

current integral and A/D-offset), FF the flat field reference image and 
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M  the background 

corrected average intensity of the flat field image, 
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M = (FF "DF) . It is an important detail to 

note that the exposure times of all images S, DF, and FF should be the same for the correction 

to work. In addition, the frames DF and FF are “noise-reduced” images obtained by averaging 

a large number of such exposures. The dark frame is easily acquired by darkening the CCD 

(e.g. shutter). It is however not trivial to obtain a representative flat-field image with all the 

optical elements in place (i.e. with OSC modulations already in the image). To reduce the 

influence of such OSC modulations one can separate the interferometer surfaces to a large gap 

distance >100 µm where the correlation modulation is far from the principal correlation 

maximum and thus of smaller intensity. The drawback to this method is that at least one of the 

surfaces needs to be moved out of focus and therefore the resulting reference image is not 

truly representing the same flat field as during the OSC measurement. A better alternative is 

to keep the surfaces closer than ~1 µm and move the surfaces at constant speed (e.g. 5 nm/s) 

while accumulating a large series of OSC images. If a suitable sequence of images is 
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averaged, the OSC modulations are averaged out and one obtains the wanted flat image F. 

Typically, the sample surfaces should be moved over a range 300-500 nm separation during 

this procedure. 

The lamp normalization  

A control experiment revealed that the Xe-arc lamp used in this work exhibits intensity 

fluctuations of around 5%, often irregular and over a time interval of several seconds. 

Presumably, these fluctuations stem from intrinsic arc instabilities. Since the aimed-for 

stability of OSC measurements is better than 1% over an hour, there is a need to account for 

these effects. A simple possibility is to measure the lamp intensity with an independent photo 

sensor and mathematically normalize the measured OSC images. A more elegant way is to 

project a small fraction of the lamp light directly onto a dedicated section of the CCD 

detector. This can be realized, for example, by an optical fiber bypass or an optical aperture in 

the interferometer and correlator mirrors. The advantage of this second approach is an 

automatic synchronization with the OSC exposure time. 

Here, a third method is described that uses light outside the principal correlation, i.e. at 

film thickness >100 nm. To get a reliable measure for the lamp intensity, an elliptical contour 

was fitted to the second correlation maximum and used to average a fixed number of pixel 

values. That way one can extract the synchronized and noise-reduced reference intensity from 

each OSC image. An example is shown in the inset of Fig. 2.17 (c), dashed line. The center of 

this ellipse is conveniently used to define the location of the PCA. The data presented in 

Fig. 2.17 (b) was normalized with this method. The normalized OSC signal is stable and 

perfectly reproduces the film thickness transitions independently measured using FSC signal. 

The ellipsoidal contour fit of the second correlation has to be repeated for each image frame 

and is therefore more suited as an offline procedure. 

The OSC calibration (quantification) 

Finally, the corrected and normalized photometric OSC intensity has to be transformed 

into film thickness. The possibility to carry out simultaneous OSC and FSC measurements is 

the great advantage of the current setup and is used here to establish an absolute, quantitative 

OSC calibration based on the absolute reference provided by FSC film thickness 

measurements. Notably, one can readily obtain an in-situ calibration, which automatically 

accounts for all systematic photometric deviations between theory and the actual setup. To 
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this end, we describe the steps necessary to determine the effective OSC function, which is 

subsequently used to translate OSC images into film-thickness maps. 

First, it is necessary to assure the temporal and lateral coincidence between the two 

measurements (i.e. OSC and FSC). The temporal coincidence is provided by the computer 

using synchronized data acquisition. The lateral coincidence is based on an accurate 

determination of the PCA as the reference point: The alignment of the FSC probe to the PCA 

is a standard procedure in our laboratory and utilizes the lateral-scanning ability of the eSFA 

(c.f. Section 2.1.6). To determine the location of the PCA in an OSC image, an ellipse is fitted 

to the second order correlation band of the OSC map as described above. Both methods can 

reproduce the position of the PCA with an accuracy of better than 1 micron. 

Second, the calibration is obtained by simultaneously measuring film thickness (FSC) and 

light intensity (OSC) for a relevant range of different film thickness. This could be done by 

varying the surface separation in the eSFA-II with the approach actuator. As an alternative to 

such dynamic calibration we propose a static calibration procedure for which the two 

surfaces are brought into contact. A noise-reduced OSC image is acquired simultaneously 

with a lateral FSC scan across the contact zone. Finally the two data sets are plotted against 

each other to obtain the OSC calibration function. This method requires that the OSC detector 

is well aligned (i.e. rotation) and laterally calibrated in the xy-directions. 

The OSC calibration has a limited lifetime, if, for example, the optical parts of the OSC 

setup undergo lateral drift. However, repeated calibrations obtained with an Ag-correlator 

suggest a sufficient stability for at least 1 h of measurement. For extended experiments at sub-

Ångstrom resolution, a periodic update of the calibration is recommended. 
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2.4 List of Equipment and Chemicals 

The following tables contain a complete list of the items used in this work, in order of 

appearance. 

 

Table 2.3 List of equipment (in order of appearance) 

Item Supplier Type Remarks 

Surface Forces 

Apparatus (SFA) 

Surface™ 

Cooperation, USA 

SFA Mark III modified for eSFA 

Peltier elements All Electronics, USA  12 V / 4.5 A dc 

glass cuvette Hellma, Germany 101.135 (custom-

made) 

similar 101-QS, 

31 mm 

cuvette gasket Johanssen AG, 

Switzerland 

Vuiton self-cut 

o-ring Johanssen AG Vuiton 12 x 3 mm 

translation stage 
(piezo) 

Physik Instrumente 
(PI), Germany 

P-753.2CD (LISA) travel range 25 µm 

friction stage (piezo) PI, Germany P-753.1CD (LISA) travel range 12 µm 

piezo controller PI, Germany E-750.CP 1x for each stage 

micrometer screw Mitutoya, Japan MHK-25V travel range 25 mm 

Xe arc lamp Müller Elektronik-Optik, 

Germany 

SVX-1450 450 W 

objective lens Edmund Optics, USA DCX 9 x 13.5 fl = 13.5 mm 

spectrometer Ocean Optics, USA USB2000 grating#9 

CCD camera Andor, Ireland iXon cooled EMCCD 

beamsplitter Edmund Optics, USA  cube 25 mm 

slit aperture National Aperture, Inc., 

USA 

AS25X1 25 µm x 2 mm slit 

xy-stage, motorized Thorlabs Inc, USA 2x MT1-Z6 travel range 12x12mm 

tubing & connectors ARK-Plas, USA  Luer Assortment Kit 

RHT sensor Sensirion, Switzerland SHT75 CMOS sensor 

focus lens stage -  home-built 

linear focus stage Thorlabs Inc., USA MT1-Z6 travel range: 12 mm 

anti-vibration table Halcyonics, GmBH 

Germany 

MOD-1 M table size: 60x60 cm 

calibration lamp Ocean Optics, USA HG-7 mercury/argon  

calibration grid Leica, Switzerland  50 mm / 100 µm grid 
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Pt100 thermistors Farnell, England 3.2x30x1000 mm class A 

laminar flow cabinet Heraeus Instruments, 

Germany 

HPH 12/65 class 100, horizontal 

flow 

mica Spruce Pine, USA muscovite, ruby red optical quality 

teflon tape Faust, Switzerland  1/2”x480 

tweezers Dumont, Switzerland no. 5 and no. 7  

polarizer(s) Prinz, Japan  42 mm diameter 

surgical scissors Polymed Medical 

Center, Switzerland 

Item 07.220.16 16.5 cm 

silver shot Strem Chemicals, USA ≥ 99.99%  

silica discs Mark Optics, USA custom-made 10 mm diameter, 

20 mm radius 

syringe (for gluing) Hamilton, USA  2 ml 

spin coater -  home-built 

hot plate Barnstead/Thermolyne, 

USA 

2300 300 W, modified 

Invar steel Bibus Metals, 

Switzerland 

NILO 36 α = 1.1·10-6 K-1 

bandpass filter Edmund Optics, USA CWL 532nm (L47-137) FWHM: 3nm 

 

 

Table 2.4 List of chemicals (in order of appearance) 

Item Supplier Purity Remarks 

nitrogen (N2) Pan Gas, Switzerland 5.0 from bottle 

acetone Fluka, Germany ≥ 99.7%  

epoxy glue Shell Chemicals, USA - Epon 1004F, resin only 

chloroform Fluka, Germany ≥ 99%  

OMCTS Fluka, Germany ≥ 99% (GC) used as received 

water Fluka, Germany ultra-pure highest quality 

PLL-g-PEG polymers Surface Solutions GmbH 

(SuSoS), Switzerland 

- custom synthesized 

HEPES Fluka, Switzerland - for buffer solution 
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3 STRUCTURAL PROPERTIES 

In this chapter the molecular ordering of the confined simple liquid, octamethyl-

cyclotetrasiloxane (OMCTS), is investigated. Measurements with the extended Surface 

Forces Apparatus (eSFA) were carried out to probe the mechanical behavior of this liquid in 

gaps of well-defined distance in the range of a few molecular layers. The high dynamic range 

of the eSFA provides data with unprecedented resolution. In the first part of this chapter 

(Section 3.1) such force measurements are evaluated and compared with similar data from the 

literature. The obtained results provide new insight into some physical properties of the 

confined fluid such as compressibility, interlayer distance and density. Extended-time 

measurements reveal that the structural properties can undergo previously undocumented 

changes. Some of these history effects are linked to chemical purity, e.g. water vapor from the 

ambient atmosphere. The second part of this chapter (Section 3.2) is devoted to interfacial 

water at the mica surface and its effect on the structural forces. To this end, adsorption 

isotherms in controlled humid nitrogen (N2) and in OMCTS were measured in situ in the 

eSFA-II using the newly developed Transmission Interference Adsorption Sensor (TInAS). 

3.1 Confined OMCTS 

Molecular ordering of a liquid near solid surfaces can affect the interaction between two 

such surfaces. These effects are generally referred to as structural or solvation forces (c.f. 

introduction). The existence of an adsorbed layer at the interface leads to repulsion, if the 

surfaces are approached to contact. In the case of simple liquids—which lack directional 

intermolecular interactions—enhanced layering of the molecules parallel to the interface 

occurs if the liquid is confined between two sheets of mica at separations below 5–10 σ, 
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where σ is the diameter of the molecules. The force profile becomes a function of the film 

thickness D, exhibiting alternating repulsive peaks and attractive minima. This oscillatory 

force is believed to be characteristic to the layered structure of confined simple liquids. 

OMCTS was the first example for which oscillatory forces could be measured 

experimentally [74, 75]. Similar effects were shown for other non-polar liquids such as 

benzene, toluene, tetrachloromethane or cyclohexane [76]. All these liquids share the 

characteristic of rigid molecules with quasi-spherical shape. The latter two belong to a class 

of substances that form so-called plastic crystals [77], for which it is characteristic to exhibit 

only small entropy changes of typical <20 kJ/mol K during the liquid-solid transition. The 

resulting plastic crystalline phase is typically rather plastic. This behavior can be explained by 

the lack of directional bonding and the quasi-spherical shape of the molecules. This allows a 

high degree of rotational freedom to be maintained when the liquid is cooled below its 

melting point and the average position of the molecule becomes fixed in the lattice of the 

crystal. At lower temperatures plastic crystals exhibit a characteristic solid-solid transition 

from the orientationally disordered state (rotator phase) into an orientationally ordered state 

(crystal phase). 

OMCTS has often been used as a model system to study the properties of confinement-

induced layering. This choice may be due to its chemical inertness, low vapor pressure and 

relatively large molecular diameter (σ ≈ 9 Å)—properties that simplify the experimental 

procedures. Friction and shear-viscosity measurements have been performed in which 

OMCTS acted as a model lubricant for boundary-lubrication processes [78-81]. Other studies 

include integral platforms combining the SFA with other methods such as X-ray scattering 

[82], fluorescence correlation spectroscopy [83], and single-molecule detection [84]. Such 

experiments can yield complementary information on the structure and diffusion properties of 

the confined fluid. Atomic force microscopy (AFM) measurements have also revealed 

oscillatory forces in OMCTS [85, 86]. 

The smoothness of the solid walls defining the confined space is an important factor for the 

magnitude of the observed layering effects. All of the above-mentioned studies and most 

other work on this topic have employed mica surfaces. The basal plane of muscovite mica is 

atomically flat and perfectly clean when freshly cleaved. Experiments with hydrocarbon 

surfaces (adsorbed onto mica) have shown that the range of the oscillatory forces decreases or 

vanishes completely depending on the flexibility of the adsorbed films [87]. A soft, 
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fluctuating surface therefore hinders the layering of the molecules at the interface, leading to a 

decreased strength of the oscillatory force. 

Bare mica surfaces have a very high interfacial energy and are easily contaminated by 

volatile compounds from the ambient that bind irreversibly to the surface. Variations in the 

magnitude of the measured oscillatory forces are therefore often attributed to the history of 

the samples during preparation. It can include adsorption of hydrocarbons from the laboratory 

air [72], growth of ionic crystallites [88] or the formation of Pt-nanoparticles during the melt-

cut process [28, 30, 32], used by some researchers. 

Normal force measurements with the SFA represent only an indirect way to examine the 

molecular structure of confined fluids. The instrument provides data about the mechanical 

response of the confined film whose connection with the molecular structure is not 

straightforward. Nonetheless, no other technique provides a better feedback about the 

absolute film thickness during experiments. The eSFA-II presented in this work has further 

improved this ability compared to instruments that were available in the past 25 years. 

Namely, its low noise (~15 pm) at high sample rate (1-3 Hz) allows the acquisition of 

oscillatory force profiles with unprecedented precision. The long time stability of the 

instrument thereby enables us to study history effects by means of series of successive 

compression isotherms. In the following, such high-resolution data is used to add new insight 

to today’s understanding of the mechanical and structural properties of confined simple 

liquids for the example of OMCTS. 

3.1.1 Oscillatory Forces in OMCTS 

Fig. 3.1 shows the oscillatory force profile between two mica sheets across a thin film of 

OMCTS, as measured in the eSFA-II. The force F is normalized by the mean radius of 

curvature R, which was determined prior to the compression isotherm at separated surfaces 

(i.e. without load). The quantity F/R is proportional to the interaction free energy between two 

flat surfaces separated by the distance D (Derjaguin approximation). The surfaces were 

approached at a constant speed of 1 nm/s. At D <10 nm, repulsion is observed with 7 step-like 

layering transitions5 occurring at increasing forces (black dots connected with solid line). The 

maximum applied force in this experiment was ~55 mN/m (spring constant, 

k = 895 ± 25 N/m) at a film thickness of 2.2 nm, which means that at least 2–3 layers of 

                                                
5 The sudden steps (layering transitions) are due to an instability of the spring when ∂F/∂D > k. Certain parts of 
the force curve are thus not accessible by SFA measurements using springs of finite spring constant k. The limit 
is given by the stiffness of the substrate itself, i.e. the Youngs modulus of mica. 
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OMCTS always remained in the gap. Compression isotherms conducted at reduced (0.5 nm/s) 

or higher (5 nm/s) speed followed the same profile with only slight variations of the critical 

force needed for layering transitions. 

In the given example, the unloading of the surfaces was performed at a speed of 5 nm/s, 

starting from three different layer levels during subsequent compression cycles in order to 

probe some of the attractive minima of the oscillatory force (black dots). A grey line has been 

inserted under the raw data points to illustrate the complete oscillatory force profile resulting 

from the layered structure of the confined fluid. Dashed lines are used for segments that are 

 

Fig. 3.1 Measured oscillatory force profile of confined OMCTS. 8 repulsive force maxima are 
found between 2 < D < 8 nm during isothermal compression (connected black dots). The 
maximal applied force of 55 mN/m was not sufficient to induce further layering transitions 
below D ≈ 2.2 nm. 3 attractive force minima were experimentally determined during separate 
unloading cycles of the surfaces (black dots). The grey line represents the entire force profile 
with dashed sections indicating regions that are not accessible to the measurement. In these 
sections the fluid is assumed to be in a disordered state. Hence the suggestion that at these 
points the profile fall together with the Van der Waals attraction, which is expected for 
unstructured liquid according to the Lifshitz theory (black dashed line). The inset shows the 
peak force, averaged over 4 individual measurements, plotted in a logarithmic scale with 
exponential fit (dashed line). 
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not accessible by the means of the SFA measurement5. Note that the width of this line 

represents the typical signal noise of the eSFA-II. 

The oscillations between repulsive (positive) and attractive (negative) forces are clearly 

asymmetric. The attraction is only ~20% of the total amplitude. In the absence of structural 

forces a Van der Waals attraction given by the continuum Lifshitz theory is expected between 

the mica surfaces. It can be calculated with 

! 

F R = "A 6D
2  using a Hamaker constant of 

A = 1.35 ·10-20 J [1, 75]. The resulting curve is plotted in Fig. 3.1 (black dashed line). The 

individually measured force minima are lower, suggesting that the adhesion at these distances 

is enhanced due to the structural forces of the layered OMCTS. 

The inset to Fig. 3.1 shows the force at each repulsive maximum (peak force FP) plotted 

versus D on logarithmic scale (open circles). The data points are average values from 4 

successive compression isotherms on the same surfaces, except the two extreme values of 

lowest and highest forces, which were only measured once. The error bars indicating the 

standard deviation exceed the size of the symbols only for low values of the measured peak 

force <0.25 mN/m that are close to the detection limit of the used spring setup. The variations 

in the corresponding distance level are smaller than the symbols for the entire range. The peak 

force decays exponentially as it is expected for this type of structural forces [1]. An 

exponential fit yields a decay length of λd ≈ 0.67 nm from the slope of the straight line 

(dashed line). 

Reproducibility of Force Data 

As described above, force measurements of successive compression cycles on the same 

mica samples are highly reproducible. The variations are, however, considerably higher if 

data from different experiments are compared. Fig. 3.2 shows the logarithmic plot for a 

selection of five data sets of independent force measurements done in OMCTS. The right 

scale gives an estimation of the average normal pressure in the contact area (for calculation 

details, see below). Each data set consists of peak force values from two successive 

compression cycles to underline the low variation within the same experiment. In contrast the 

forces from the different data sets at any chosen distance vary by an order of magnitude. 

Despite this important difference observed in the force range of the oscillatory forces the 

decay length remains approximately the same for all data sets with λd = 0.65 ± 0.04 nm. 

At forces above 10 mN/m, flattening of the contact area has to be considered [89]. This is 

mainly due to the relatively soft layer of glue between the mica and the silica disc, which 

starts to deform under such loads. Contact flattening leads to an overestimation of the 
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measured force, which usually differs from the exponential behavior of the oscillatory forces 

observed at larger separation where the flattening can be neglected [90]. The data points in 

Fig. 3.2 do not show such deviations but follow a fairly straight line up to forces of 

300 mN/m. In these experiments the glue layer was rather thin6 leading to a stiffer support of 

the mica. In addition, measurements of the contact radius showed an increase of only 10-20% 

under the mentioned load. This leads to the conclusion that contact flattening plays only a 

minor role in the data described above, even at relatively high loads. 

A certain amount of variation in the oscillatory forces is expected between experiments 

using different mica samples, mainly due to their history during preparation. In a recent 

publication a compilation of force data collected from different laboratories is given, 

including one that was measured with the eSFA (first version) at the ETH [91]. This example 

 

Fig. 3.2 Selection of force data showing the large variations observed between different 
experiments. Although the force level varies by an order of magnitude, the exponential decay 
length (slope) remains the same. The right scale gives an estimate of the average pressure that is 
applied to the confined fluid in the contact area. 
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corresponds the to data set #1 in Fig. 3.2. In the named publication this data fits well into the 

average scatter of the different measurements, while here it shows the weakest forces 

compared to the other measurements made with the eSFA-II. In the aforementioned 

compilation, the strongest observed forces at distances between 3–5 nm lie in the range of 3–

8 mN/m. In the same distance range maximum force values of 10–100 mN/m are now 

observed. Thus, not only the variations within the data presented here but also the maximum 

level of the measured forces is higher by an order of magnitude compared to typical data from 

the literature. 

It is very unlikely that the force variations observed here are due to the sample preparation 

(mica), as the procedure was not subject to any changes. 

 

Table 3.1 Experimental conditions for the different data sets shown in Fig. 3.2 

Set 
# 

Spring 
[N/m] 

Mica 
[µm] 

Radius 
[mm] 

Res.Time† 
[h] 

Speed 
[nm/s] 

Drying 
Agent 

RH 
Sensor 

1 106 3.807 19.1 14–18 0.5 P2O5 no 

2 985 1.661 15.0 2–3 0.5 N2 flow no 

3 985 2.886 20.9 1–1.5 5 / 1 N2 flow yes 

4 985 4.662 19.1 2–3 5 / 1 N2 flow yes 

5 985 2.752 20.5 1–2 5 / 1 N2 flow yes 
† residence time of OMCTS between liquid insertion and compression isotherm 

 
 

Table 3.1 gives an overview of the experimental conditions of the different data sets. The 

spring constant, mica thickness and radius of curvature show no correlation with the observed 

increase of the force maxima. The residence time of the OMCTS in the eSFA prior to the 

compression and the loading rate might suggest that low forces are due to long waiting and 

low speed. However, there are additional data available (not shown) that contradict both of 

these hypotheses. On the other hand it is remarkable that data set #1, which shows by far the 

lowest forces but fits well into the regime found in the literature, involved the use of 

phosphorus pentoxide (P2O5) as a drying agent. This has been the standard procedure for all 

previous SFA experiments. An exception is now made for the new version of the eSFA 

(eSFA-II), which uses a constant flow of high-grade nitrogen at all times during the force 

measurements (c.f. Section 2.1.2). In addition, the instrument was recently equipped with a 

                                                                                                                                                   
6 The thickness of the glue layer can be estimated from its interference colors when held against white light. In 
the described experiments this layer was in the range of the mica thickness or thinner. 
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humidity sensor, which—for the first time—offers feedback on the relative humidity (RH) 

inside the measuring cell. This gives the possibility of monitoring the cell’s atmosphere down 

to RH = 0.0%. The data sets #3–5, showing the strongest forces, were indeed acquired under 

such circumstances. The presence of water obviously has a strong effect on the oscillatory 

forces by decreasing their range, even at RH as low as 1–2%. This effect is discussed in more 

details in Sections 3.1.3 and 3.2.4. There is reason to believe that measurements using P2O5 as 

a drying agent are possibly subjected to small amounts of residual humidity. This can be 

explained as follows: the relative vapor pressure of water in equilibrium with P2O5 is of the 

order of 10-5 [92] and thus at least as dry as high-purity nitrogen for which a dew point of -

90° C is often given. The drawback of using P2O5 is (i) that if too much moisture is around it 

becomes rapidly coated with an impervious layer of phosphoric acid oligomers and polymers, 

and (ii) it takes a long time to achieve equilibrium with a vapor phase that is not stirred. 

Under these circumstances continuous purging with very dry nitrogen is faster and more 

reliable. 

However, a better control over the effective RH by using a flow of N2 and a sensor in the 

measuring cell does not guarantee highly reproducible results. The mentioned three curves 

still show variations. These may be due to variations (e.g. adsorbed contaminants) or 

inhomogeneity in the contact mechanics of the mounted mica substrates. Nonetheless, the 

above results demonstrate that the oscillatory forces in simple liquids can be much stronger 

than what is generally believed. 

The characteristic decay length of oscillatory forces is given in the literature by 1.2–1.7σ 

as a general value for quasi-spherical, simple liquids [1]. Assuming a molecular diameter of 

σOMCTS ≈ 0.9 nm—as done in most of the literature—the more accurate value found in our data 

is 0.72 ± 0.05σ and therefore considerably smaller. This can partly be explained by the fact 

that for the literature value the entire peak-to-peak amplitude (minimum to adjacent 

maximum) is taken into the evaluation, while here only the positive peak forces have been 

considered. The resulting difference can be estimated according to single data sets that have 

several minima available. For example, the decay length from the data in Fig. 3.1 is 

λd ≈ 0.75 nm, i.e. ~0.83σ, if the entire amplitude is considered. This is only slightly higher 

than the previous value but still considerably smaller than expected from the literature. It 

underlines the observation that the oscillations are highly asymmetric with strong repulsive 

peaks and relatively weak attractive minima that do not effectively contribute to the peak 

amplitude. The new feature of the eSFA measurements presented here is thus not only an 
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increase in the level of the oscillatory forces but also a higher asymmetry of the profile 

towards repulsion. 

3.1.2 Compression Measurements and Free-Volume Model 

Evaluation of Force Data 

Fig. 3.3 (a) shows a detailed view of two successive layering transitions (steps) from the 

force data. The remarkably low noise and high point density achieved in the eSFA allows for 

a detailed analysis in order to determine structural information on the confined fluid. The 

negative slope of the plateau between the steps (step segment) clearly shows that the contact 

is compressed by an amount ΔCC (contact compression) prior to the point where the next 

layering transition occurs. The observed compression is elastic and reversible. It can be 

attributed to the elastic deformation of the contact in the normal direction, consisting of a 

 

Fig. 3.3 Evaluation of force data to extract information on the molecular structure of the 
confined fluid. (a) Detailed view of two successive layering transitions from original data 
acquired in the eSFA-II (connected black dots). Here the film thickness D is plotted on the 
ordinate for better illustration of the different segments to be evaluated. The plateau region 
between the steps is compressed by ΔCC (contact compression) with increasing applied force. 
The step size ΔS is determined from the distance between two linear fits of the plateau on either 
side of the layering transition at location of the step. Finally, the peak-to-peak distance ΔPP (i.e. 
layer periodicity) is then derived from the levels at which the step occurs. (b) Schematic cross 
section of the contact area. The external force F is applied to the entire contact region. The size 
of the contact area is approximated from the width (i.e diameter dc) of the confined film 
containing a fixed number of molecular layers. D is measured locally at the point of closest 
approach (PCA). 
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contribution from the confined film and the deformation of the mica substrate. The step size, 

ΔS, is defined by the actual shift of the mica walls during the transition instability, in which 

one layer is squeezed out from the contact region. Finally, the peak-to-peak distance, ΔPP, is 

given by the difference between two successive (upper) step levels. It is a measure of the 

periodicity of the oscillatory force profile. 

Similar elastic behavior has previously been reported from direct force measurements in 

systems of lamellar mesophases, i.e. planar-stacked membranes [93-95]. Due to the 

considerably larger interlayer distance of 8.8 nm the compression could be resolved without 

the benefit of the eSFA. A model was invoked to describe the compressibilty of the stacked 

membranes by a series of identical springs in order to relate it to the free energy density of the 

interlayer interaction. Unfortunately, this evaluation cannot cope with the here presented data, 

since the true structure of the confined fluid is not known and possibly of a rather complex 

nature. In the following a different, yet simplified approach is suggested that will, however, 

only account for the effective elastic response of the entire film. 

It is important to note that there is a substantial difference between the two experimental 

values D and F. The film thickness (D) is determined locally at the point of closest approach 

(PCA) between the curved mica surfaces, whereas the force (F) is applied to the entire contact 

and thus is an integral measure (Fig. 3.3 (b)). The Derjaguin approximation avoids this 

problem by normalizing the force by the radius of curvature, yielding information on the 

interfacial free energy (c.f. introduction) of the separated surfaces. However, if one wants to 

evaluate the mechanical properties (e.g. compressibility) of the confined film it is necessary to 

express the applied forces in terms of pressure. This requires knowledge about contact 

mechanics and the size of the contact area. Due to the curved interface at the molecular level 

this area is unfortunately not precisely defined. As a first approximation the diameter, dc, of 

the contact area can be defined as the width of the layered film with constant number of 

layers, as in the PCA. One can readily show that dc ≈ 10 µm for R = 20 mm and σ ≈ 1 nm. 

Beyond this region the gap becomes wide enough for additional layers. However, since the 

film thickness increases more rapidly, the surfaces are no longer parallel and layering no 

longer prevails. Knowing dc the average contact pressure can be estimated from the applied 

force as shown on the right scale in Fig. 3.2. For supported surfaces of high stiffness (i.e. 

Hertzian contact) the pressure will have its maximum at the PCA. The local pressure at this 

point is approximately 30% higher than the mean pressure [96]. For simplicity the average 

value will be used for the following evaluations involving contact pressure. 
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Compression 

Fig. 3.4 (a) shows the total contact compression, ΔCC, between successive steps in the force 

curves for the same datasets as described above. The data is plotted versus the film thickness 

prior to a layering transition. The contact compression lies in a range of 0.1 to 0.5 nm for each 

plateau with a clear increase towards decreasing film thickness (c.f. Fig. 3.2). This suggests 

that the compression of the mica sheets becomes increasingly effective at high loads. The 

total thickness of the mica spacer layers is typically three orders of magnitude larger than the 

thickness of the confined film. Therefore, the compression of the mica can contribute 

significantly, even if the confined film is much more compliant. With the above estimation of 

the contact pressure and the elastic modulus of mica ~180 GPa [89], the remaining 

compression of the confined film ΔFC can be extracted from the total contact compression 

using ΔFC = ΔCC – ΔMica, where ΔMica is the compression of the mica at given load. The resulting 

ΔFC values are plotted in Fig. 3.4 (b). The evaluation reveals that errors of the estimated 

contact pressure and natural variations of the elastic modulus of the mica do not significantly 

change the general conclusion for film thickness D ≥ 4 nm, i.e. for forces <10 mN/m. In this 

conclusive range the compression of the confined film is 0.1–0.2 nm, exhibiting a slight trend 

towards higher values for decreasing film thickness. The abnormal decrease of ΔFC for 

D < 4 nm is presumably due to the increasing effect of the errors mentioned. These values 

will therefore not be considered any further. Note that ΔFC is only the compression observed 

for one step segment between two layering transition instabilities. The total compression 

applied to the confined fluid can be obtained by integration of ΔFC for each step segment. For 

4 < D < 7 nm this is roughly 0.3–0.6 nm. Note that this almost corresponds to the thickness of 

an OMCTS layer. 

Knowledge of ΔFC and the applied pressure P allow quantification of the elastic properties 

of the confined fluid. As can be seen from the profile in Fig. 3.3 (a), the compression exhibits 

a nearly linear dependence on load. The compression for each step segment can therefore be 

approximated by Hook’s law, which ends in a linear expression relating stress and strain 

where 

 

! 

E =
stress

strain
 (3.1) 

is the elastic modulus of the material. 
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Fig. 3.4 Isothermal compression and elastic modulus of the confined film under load. The data 
are obtained from the same data sets as shown in Fig. 3.2. (a) Total contact compression ΔCC as 
measured during compression cycles. It includes the compression of the mica sheets, which has 
an increased effect for high loads, i.e. thin films. (b) Effective compression of the confined film 
ΔFC (film compression), excluding the fraction due to the compression of the mica. The error 
bars are calculated assuming a total uncertainty of 30% from the elastic modulus of mica and 
the effective contact pressure estimation. (c) Effective elastic modulus 

! 

E ' calculated according 
Eq. (3.2). Note that the modulus becomes a step function due to the discontinuous change of the 
film. This is indicated by the dotted line for data set #1 and #5. The evaluation becomes 
uncertain below D = 4 nm. The values in this range are therefore not considered. 
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In the present case the stress is given by the estimated pressure P and the strain by the 

amount of compression ΔFC. The expression needs to be evaluated individually for each step 

segment and equation (3.1) can be written as 

 

! 

E '=
"P

"
FC

D
=
"P #D

"
FC

 (3.2) 

where ΔP is the pressure increment of the step segment and 

! 

E '  the resulting effective 

modulus of the confined fluid film containing a discrete number of molecular layers. 

Fig. 3.4 (c) shows the calculated modulus plotted against the film thickness. The obtained 

values increase with each layering transition as the film becomes thinner. Note that 

! 

E '  is thus 

a step function of the thickness as it is evaluated separately for each step segment. The 

magnitude of the modulus starts at 1–3 MPa for D ≈ 7 nm and reaches ~100 MPa for films of 

4–5 nm in thickness. This is comparable to the elasticity of very soft polymers. 

The observed compression of the fluid film occurs under uniaxial stress between the 

surfaces. Pure liquids do not withstand such stress and would eventually flow out of the 

contact region. This means that the mobility of the confined fluid molecules must be highly 

decreased compared to the bulk liquid. In a first approximation the compression can therefore 

be assumed to be hydrostatic, which allows the calculations of an effective compressibility 

! 

" '=1 E '. The above values for film thickness 4 < D < 7 nm yield κ' ≈ 0.01–1 MPa-1, which is 

1–3 orders of magnitude higher than the typical value for bulk liquids at room temperature 

[97]. This suggests that the confined film is more compliant for uniaxial stress than would be 

expected for hydrostatic pressure from the bulk liquid. If this is due to shearing of the layers 

or pure uniaxial compression is not evident from the above data. However, the fact that the 

lateral mobility is highly decreased leads to the conclusion that the observed effect is mostly 

due to uniaxial compression. 

The trends seen for the effective modulus of the different data sets correlates well with the 

peak forces required to induce layering transitions (c.f. Fig. 3.2), indicating that weaker 

oscillatory forces are a result of softer structures. The fact that the confined films exhibit 

elastic properties suggests anisotropic mechanical behavior reminiscent of a solid-like 

response in the direction normal to the layered structure. It is found that the elastic modulus 

increases in a step-like fashion with decreasing film thickness. This indicates that layering 

transitions reorganize the film into a more stable structure with N-1 layers compared to the 

initial one containing N layers. The (exponentially) increasing oscillatory forces are thus a 

result of the increasing stiffness of the layered structure. It is important to note that the 
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calculated 

! 

E '  is an average value of the elastic response of the confined OMCTS across the 

entire gap. With the reasonable assumption that the central layers in the gap are the ones 

being squeezed out first under increasing load the above-observed trend of increasing 

! 

E '  can 

also be attributed to the increasing effect of boundary layers with different mechanical 

properties already present in the system. In other words this means that one could expect a 

structural gradient to be present across the gap. The results of the following section will 

further support this idea. If the presence of such boundary layers regulates the molecular 

structure within the gap—meaning that a highly ordered boundary layer enhances the entire 

structure in the gap—then it is expected that contaminants adhering to the mica surface reduce 

the stability of the film by distorting the ordering of the interfacial layers. This could be the 

reason for the low modulus observed in some cases, in particular for data set #1. In 

Section 3.2 it will be shown that water has a high affinity to the mica surface and in fact 

reduces the range of the oscillatory forces if present in the system. 

 

Fig. 3.5 (a) Peak-to-peak distance of force maxima, ΔPP, and (b) actual step size, ΔS, as a 
function of the film thickness for the five data sets presented in Fig. 3.2. The determination of 
these two measures from the force data is done according to the description in Fig. 3.3. 
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Layer Periodicity and Step Size 

Fig. 3.5 shows the peak-to-peak distance of the oscillatory force maxima, ΔPP, and the 

actual step size, ΔS, plotted versus the film thickness, D. The data again correspond to the five 

data sets presented before (c.f Fig. 3.2 and Fig. 3.4). The peak-to-peak distance increases with 

decreasing film thickness starting at values of ~0.7 nm up to ~1.2 nm, whereas the step size 

remains fairly constant at an average level of 0.68 ± 0.03 nm. Neither of the two measures 

correlates with the level of the peak forces observed for the individual data sets. Note that the 

variations in step size (dΔS ≈ 0.1 nm)—also observed within single data sets—are significant 

compared to the actual error made by the evaluation of the high resolution data (c.f. Fig. 3.3), 

which is approximately twice the signal noise (i.e. ~30 pm). Some graphs in Fig. 3.5 (b) seem 

to show their peak value around 5 nm film thickness. This was also observed in similar 

measurements (not shown) but additional data are still needed to resolve this fine structure. 

Free-Volume Model 

The layered structure of confined OMCTS can be considered as an orientationally 

disordered state with freely rotating molecules that are centered in the layers; similar to a 

plastic crystal but above the melting point of the liquid7. One can invoke a simple model 

where each molecule occupies a spherical space due to thermal motion, as schematically 

illustrated in Fig. 3.6 (a). The size of the free volume shall be designated by the diameter Σ. 

The free volume sphere shall exhibit some elasticity. The molecule itself forms a rigid core of 

diameter σ (dark grey area) within the free volume, i.e. σ = the diameter of the OMCTS 

molecule σOMCTS. The core represents the smallest possible space for the molecule to be 

adapted in the crystalline structure. For the general case where Σ > σ, the core molecule is 

surrounded by a compliant, free-volume shell that can be compressed or deformed under 

external load. 

Under confinement, the molecules arrange themselves in layers parallel to the smooth 

walls. The interlayer distance δL is a function of the size of the free volume (Σ) and the 

crystalline structure of the molecules. Two limiting cases of layering structures are illustrated 

in Fig. 3.6 (b). In the first case the molecules form independent layers that do not require any 

in-plane ordering. The layer distance is equal to the size of the free volume spheres. In the 

second case the layers are relaxed into higher packing structures, forming interpenetrating 

                                                
7 The melting temperature of OMCTS is ~17 °C and thus only slightly below room temperature at which most 
SFA experiments are performed. 
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layers that impose in-plane ordering of the molecules due to layering. In this case the layer 

distance δL is smaller than Σ. 

The two experimental measures, ΔPP and ΔS, are connected to the structural parameters 

σOMCTS, Σ, and δL and therefore hold information about the packing density of the layered fluid 

between the confining walls. To discuss these structural details, the molecular structure of 

OMCTS shall be recalled. The OMCTS molecule consists of a ring of (Si-O)4 that carries 8 

methyl groups (-CH3), which results in the nearly spherical shape (c.f. Fig. 3.6 (a)). In the 

 

Fig. 3.6 Free-volume model for confined OMCTS. (a) The free volume occupied by each 
molecule is given by a sphere of diameter Σ and is a function of the external pressure P. The 
molecule itself forms a rigid core with diameter σOMCTS that cannot be compressed. (b) Different 
types of packing for the molecular layers under confinement. For independent layers, no in-
plane ordering is required and the layer distance (δL) is equal to the size of the free volume i.e. 
δL = Σ. Interpenetrating layers require in-plane ordering. For close packing the minimum layer 
distance is given δL = Σ·

! 

6 3 . (c) Schematic illustration of possible structure between the mica 
walls under load. A boundary layer is formed adjacent to the walls, whose structure is 
influenced by the interaction between OMCTS and mica. In between lie the intermediate layers 
with a structure dominated by the intermolecular OMCTS interaction. Under increasing load it 
is mainly the immobile boundary layer that is being compressed while the intermediate layers 
are successively squeezed out from the contact, explaining the constant ΔS with finite values of 
ΔFC. Note that the interface between the boundary layer and the intermediate layers is not 
necessarily as sharp as illustrated, but rather represents a transition in the exponential force law. 
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SFA literature its approximate diameter is often considered as σOMCTS ≈ 0.9 nm [98]. This 

corresponds to the typical spacing of the oscillatory force maxima (periodicity) found in 

traditional SFA studies. The data obtained from the high-resolution measurements in the 

eSFA, clearly shows that this spacing (ΔPP in this case) increases as the fluid is subjected to 

higher loads and the film thickness is decreased (c.f Fig. 3.5 (a)). This increase is due to the 

above discussed increase of the compression (ΔCC), which—for high forces—is dominated by 

the elastic deformation of the mica. Note that the mean value of ΔPP in Fig. 3.5 (a) is indeed 

close to 0.9 nm, suggesting that earlier studies did not resolve fine structure due to 

compression. 

The positions of the force maxima are obviously each measured at a different load and thus 

at different compression. The often-quoted “periodicity” of the oscillatory force profile is 

therefore not a meaningful measure. More meaningful is in fact the actual step height ΔS. It 

describes the transition of film thickness at fixed external pressure. Hence it is a direct 

measure of the thickness of a single molecular layer. The results in Fig. 3.5 (b) show that ΔS 

remains very constant at a level of 0.68 ± 0.05 nm. Notably the individual ΔS are still 

measured at different load, i.e. peak force. However, this force variation does not seem to 

affect the thickness of the layer to be squeezed-out. An extrapolation of ΔS to zero force done 

for each step profile reveals that this scenario does not change if all transitions are assumed to 

occur at the same force. This can readily be seen from the constant distance between the 

measured oscillations in Fig. 3.1. The constant step size implies that the structure of the layers 

being involved in the squeeze-out of liquid during layering transitions remains the same, even 

under increasing load. As a result one can therefore conclude δL = ΔS = constant for the 

experimental window probed here. 

In a recent publication the structure of the OMCTS molecule has been described as oblate 

with approximate dimensions of 7.3 x 7.3 x 4.3 Å [99]. Considering these dimensions one can 

make a statement about the packing of the molecules according to the model presented in 

Fig. 3.6 (a-b). A spherical excluded volume of σOMCTS ≥ 0.73 nm is expected for the rotating 

molecule. The observed step size should be δL > σOMCTS if independent layers as illustrated in 

Fig. 3.6 (b) are present in the gap. This is obviously not the case, providing evidence that the 

molecules relax towards each other and form interpenetrating layers. As a consequence the 

molecules are expected to exhibit in-plane ordering. In the limiting case of close packing, the 

OMCTS would occupy a maximum free volume of Σ = 0.83 nm at the observed layer spacing 

of δL = 0.68 nm. For a fixed δL the simple model predicts that less interpenetration leads to 
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less dense packing and smaller free volume. In other words, for a constant layer distance it is 

possible to increase the free volume by increasing the in plane ordering of the molecules. 

Similar phenomena are known from stable colloid suspensions with small repulsive 

interaction. Note that interpenetrating layers affect the collective mobility of the layers in the 

confined film. In contrast to bulk fluids, friction between such layers must be present. It is 

expected to exhibit an increase with increasing molecular interpenetration. This new 

phenomenon of inter-layer friction will also affect the fluid flow of such layered films, as will 

be discussed in Chapter 4. 

The constant step size ΔS observed for successive layering transitions in the film thickness 

range of 2 < D < 7 nm suggest that the layer structure of the expelled layers does not 

significantly change within this regime. This is in contrast to the compression data (ΔFC), 

which suggest that the film is being significantly compressed under increasing load, which 

can only be done by decreasing the layer distance. This leads to the conclusion that the 

compressibility is heterogeneous between different layers, or, that the simple layering concept 

fails altogether. In the following the possibility will be discussed that the layers being 

squeezed out from the contact are not the same as those being compressed under load. 

A plausible scenario is given in Fig. 3.6 (c). Due to molecule-wall interactions, the layers 

adjacent to the surface are frustrated in their rotation and likely to have a different 

compressibility than the intermediate layers that are governed by pure liquid-liquid 

interactions. It is possible that under high compression the boundary molecules are reduced in 

rotational entropy and become preferably oriented with their short axis perpendicular to the 

wall. This is in particular true if the interaction of OMCTS to the wall is strong: Then the 

system favors the compressing of the boundary molecules rather than the structure of the 

intermediate layers. This would mean that the interlayer distance of the boundary layers 

decreases under load. Accordingly, the observed step size should eventually decrease if the 

boundary layers were also squeezed out from the contact by layering transitions. At the same 

time one would expect the density to be higher in the compressed boundary layers compared 

to the intermediate layers or the bulk liquid. 

The results from the elastic modulus evaluation already indicated the existence of such a 

boundary layer under the same assumption as above that the boundary molecules behave 

differently than the intermediate layers. In that case an increase in the effective elastic 

modulus 

! 

E '  was observed (c.f. Fig. 3.4 (c)). Thereby the compressibility was found higher by 

at least one order of magnitude compared to the bulk liquid. If the intermediate layers behave 



3.1 Confined OMCTS 

 99 

more like the bulk liquid—which is reasonable to assume because the step size remains the 

same—then the observed higher compressibility must be ascribed to the boundary layers. This 

is in agreement with the above model that suggests that the observed compression ΔFC is 

predominated by the molecule-wall interaction of the boundary layers. 1–2 OMCTS boundary 

layers on each side could easily explain for the integral amount of compression as is observed 

from the data shown in Fig. 3.4 (a) by taking into account that the oblate molecules orient 

themselves under compression. This leads to the further conclusion that the liquid-wall 

interaction is comparably stronger than the liquid-liquid interaction. A strong wall interaction 

also implies that the boundary molecules are less mobile. This idea will be further supported 

by the results from the drainage experiments in Chapter 4. 

Refractive Index and Density 

Fig. 3.7 illustrates the change in refractive index n of confined OMCTS as a function of 

film thickness D below 50 nm. The determination of n was done using the Dn-evaluation 

mode of the FSC algorithm. Plotted is the difference Δn compared to the bulk refractive index 

of the liquid determined at 40 < D < 60 nm. The data corresponds to the two compression 

isotherms showing the strongest oscillatory forces (data set #5). Below 30 nm the refractive 

index increment gradually increases with decreasing film thickness to Δn ≈ 0.02 at 

D = 10 nm. In the layering regime of the liquid, further increase is observed with each step-

like transition. Finally, at separations of 4 < D < 6 nm an average value of Δn ≈ 0.05 is 

reached. The significant scatter at small separation is due to an increasing statistical error of 

the Dn-evaluation towards zero separation [22]. 

Changes in the refractive index can be attributed to changes in the liquid’s density ρ and/or 

applied pressure P. This effect is described by the Lorentz-Lorenz equation, which can be 

written as 
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where A is the molar refractivity, W the molecular weight and T the absolute temperature 

of the substance [18]. The above relation can be used to estimate the change in refractive 

index from the liquid (l) to the solid (s) state by knowledge of the respective densities. With 

ρl = 0.950 g/cm3, ρs = 1.06 g/cm3 taken from the literature [100] and nl = 1.395 from our own 

refraction measurement, one obtains ns ≈ 1.45 for the bulk refractive index of solid OMCTS. 
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The observed increment of Δn ≈ 0.05 for the highly confined film corresponds to a change 

in the refractive index from liquid to solid OMCTS. This leads to the conclusion that the 

layered liquid’s density is close to the solid state. The gradual increase of n supports the idea 

that a dense boundary layer is present at the mica interface, whose contribution to the average 

gap density becomes larger with decreasing film thickness. A simple model suggests that the 

effective thickness of this solid-like boundary layer is roughly 2 nm (for details see caption of 

Fig. 3.7). This corresponds to 2–3 layers of OMCTS on each mica surface that exhibit a 

higher density than the intermediate liquid. Note that this evaluation was done without 

considering the effect of compression on density. However the effect of the dense boundary 

layers can be measured at distances starting at 10–30 nm, i.e. before significant layering or 

compression of the liquid is expected. 

An increasing refractive index as shown in Fig. 3.7 is not exclusively observed for all 

experiments, although it is often noticed for measurements exhibiting large oscillatory forces. 

The amount of densification can vary between different experiments and in single cases even 

 

Fig. 3.7 Change in film refractive index as a function of film thickness D below 50 nm. Δn is 
the difference from the bulk refractive index of liquid OMCTS, measured at 40 < D < 60 nm. 
For the layered liquid film at 4 < D < 6 nm and increment of Δn ≈ 0.5 is observed (grey circles), 
which corresponds to a change in the film’s density from liquid to solid OMCTS. The black 
dashed line is calculated according a simple model, in which the constant thickness of a 
homogeneous boundary layer of ns = 1.45 is fitted to match the observed increase of the film 
refractive index compared to the bulk liquid. It suggests a boundary layer thickness of ~2 nm on 
each mica surface. 
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a decreasing refractive index has been detected. This can have various reasons connected to 

the preparation, contamination and orientation of the mica and/or the homogeneity of the 

contact itself. The interplay between these factors is highly complex and remains unclear. 

Understanding these factors is outside the scope of this work. 

3.1.3 History Effects 

The high-precision temperature control of the eSFA allows for long-time measurements 

under stable experimental conditions. In a number of such experiments the effect of time on 

the oscillatory forces has been investigated. Repetitive cycles of compression isotherms 

revealed two distinct types of history effects showing either increasing or decreasing peak 

forces. In the following an example and short discussion is given for both of these types. 

Medium-Term Increasing Forces 

Fig. 3.8 (a) shows the force data of three successive compression cycles performed over a 

period of 10 hours in a completely stable instrument. The peak force required to induce a 

transition in the repulsive regime clearly increases with time. Similarly, the minimum force 

measured during separation of the surfaces is shifted towards stronger attraction. The force 

increase between the first and second cycle is about three times higher than that between the 

second and third one. Roughly the same ratio is observed for all peak forces, including the 

high-force transitions situated outside the plotted range. 

This effect is routinely observed in the eSFA during computer-controlled repetitions of 

compression isotherms, typically performed in a stable system over night. In most cases it is 

noticed during the initial phase of the experiment or after re-insertion of liquid. The 

increasing oscillatory forces can partly be due to a drying effect of system. OMCTS can 

contain trace amounts of water when stored under normal atmosphere. As will be seen later, 

the presence of water significantly affects the level of the oscillatory forces. After insertion it 

may take several hours for the liquid to completely release the water under the dry conditions 

in the eSFA-II (N2 flow). The first force measurements are usually done during this time, i.e. 

1-3 h after insertion. 
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Fig. 3.8 History effects on the oscillatory forces in OMCTS. (a) Short-term increase of the 
peak forces during three subsequent compression cycles. Such effects are typically observed 
during the first few hours after OMCTS insertion if constant N2 flow is used to keep the system 
dry. (b) Long-term decrease of the peak forces. Plotted is the force of a maximum and adjacent 
minimum appearing at D ≈ 3 nm. The liquid was inserted at 0 h. This measurement was done 
using P2O5 as a drying agent. 

However, similar history effects have also been observed with the eSFA for other systems, 

namely in cyclohexane [28] and also for hydration forces in dilute salt solutions for which 

humidity cannot be the appropriate explanation. It is therefore believed that repetitive 
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compression cycles can increase the ordering effects of the boundary layers at the mica 

interface leading to a higher range of the oscillatory forces. During temporary separation of 

the surfaces the immobilized layers maintain this order, which then shifts structural forces 

towards thicker films, or, apparently increasing oscillatory forces. 

Long-Term Decreasing Forces 

Fig. 3.8 (b) shows the long-term (>10 h) evolution of the force of a repulsive maximum 

and adjacent minimum appearing at D ≈ 3 nm. The distance between the data lines represents 

the total amplitude of this oscillation. The data is plotted versus time after insertion (residence 

time) of the OMCTS. In contrast to the measurement shown in Fig. 3.8 (a) the data in Fig. 

3.8 (b) were obtained in a sealed chamber of the eSFA (first version) using P2O5 as drying 

agent, with N2 flow only prior to the experiment. The data points exhibiting the strongest 

forces correspond to data set #1 described above. This initial peak amplitude decays in an 

exponential fashion to about half of its value within a time range of ~20 h. 

The observed decay is most likely due to slow penetration of ambient humidity or 

contaminants into the measuring chamber of the eSFA combined with the imperfect drying 

effect of the P2O5. Force measurements at a later stage also revealed layering transitions at 

multiples of ΔS (not shown). Such multiple transitions were accompanied by a strong increase 

of the adhesion force at contact. This behavior is typical for the presence of water in the 

system due to capillary condensation in the contact between the mica (c.f. Section 3.2.4). In 

view of recent arguments presented in the literature, it is interesting to note that the symmetry 

of the oscillation increases with this long-term effect. In Section 3.1.1 it has been pointed out 

that for truly dry force measurements the oscillations show very high asymmetry. It will be 

shown below that under the influence of water at the interface the peaks can indeed become 

symmetric. 
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3.2 Interfacial Water on Mica 

The smallest amounts of water present in the gas phase above a solid are known to control 

the surface excess and the formation of a water layer at elevated relative humidity. This 

phenomenon can be observed on many surfaces, including metals, semiconductors and 

various oxides [101]. The actual amount and state of the adsorbed water will determine 

important surface quantities such as surface-site reactivity or surface-ion mobility, which are 

recognized to play a key role in atmospheric chemistry, catalysis, electrochemistry or 

corrosion phenomena. 

Naturally occurring muscovite mica is easily cleaved into atomically smooth, macroscopic 

areas and hence has become an important substrate in many fundamental studies of surface 

interactions, as in experiments with the surface forces apparatus (SFA). In addition, it is 

widely used as a substrate for the adsorption of macromolecules and biomolecules, e.g. for 

AFM studies. The interaction of water and mica is thus of significance across a wide spectrum 

of scientific areas, and has received considerable attention. 

Mica is a layered dioctahedral aluminosilicate and after cleavage the (001) basal plane is 

composed of SiO4 tetrahedra arranged in ditrigonal rings (c.f. Fig. 1.11 (a)). The potassium 

ions neutralising the excess lattice charge arising from the substitution of aluminium for 

silicon in the mica lattice are situated between a pair of these trigonal rings. After cleavage 

one half of these become randomly associated with each of the two opposing surfaces. In 

aqueous solution these ions can be exchanged for other cations, and in pure water the majority 

are replaced by hydrogen (hydronium) ions, as shown by titration studies [102] and X-ray 

photoelectron spectroscopy [103, 104]. The replacement of K+ by H+ also shows up in SFA 

studies [105] as a shift in the contact between two mica surfaces in water towards negative 

separations with respect to contact in concentrated solutions of potassium salts, where the 

surface remains covered mainly by K+. 

SFA experiments with non-polar, simple liquids such as OMCTS have revealed that the 

oscillatory force profile across the confined liquid critically depends on the relative humidity 

(RH) in the apparatus. This is often mentioned in the literature but only few studies are found 

that provide quantitative results [90]. It was speculated that the effect is due to an increase of 

water concentration at the OMCTS-mica interface. In their study, Christenson and Blom 

suggested the existence of a separate water phase at the OMCTS-mica interface. However, 

direct evidence for the existence of such water phase at the interface was experimentally not 

available from the interferometric data. 
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More recently, a strongly bound, ice-like layer of water adsorbed to mica was detected 

using scanning polarization force microscopy (SPFM) and sum-frequency-generation 

vibrational spectroscopy [106, 107]. This work was followed by molecular dynamics 

simulations [108-110] and X-ray reflectivity studies [21] that partly confirmed the existence 

of a strongly bound hydration layer. In these studies, the importance of the surface ions was 

pointed out as they can provide different water adsorption sites on the mica model surface. 

Adsorption isotherms of water on K+-mica from vapor have been measured previously 

using ellipsometry [111] and Fourier transform infrared spectroscopy [112], but no studies 

were available that directly measured the adsorption on mica that is immersed in another 

(organic) liquid. In the following the optical thickness of the adsorbed water on mica at 

controlled relative vapor pressure is measured, using the Transmission Interference 

Adsorption Sensor (TInAS, c.f. Section 2.2). In order to gain more insight into the role of the 

surface ions, the adsorption isotherm was first measured in vapour phase on K+-mica and H+-

mica for comparison. The same was measured for mica (K+-mica only) covered by OMCTS 

in combination with force measurements in-situ the eSFA-II to study the effect of water on 

the structural forces. 

3.2.1 Experimental Details 

All experiments were performed in the eSFA-II with back-silvered mica surfaces glued to 

silica discs. For adsorption measurements the surface separation was set to D ≈ 250 µm. This 

is beyond the correlation length of the white light and allows for detection of secondary 

interference fringes. The measuring cell was continuously purged with dry or humidified N2. 

An adjustable fraction of the N2 feed was humidified by bubbling it through a reservoir of 

water. The relative vapor pressure p/p0 of the gas mixture could readily be adjusted between 0 

and ~0.95, but the current setup could not reach saturation (p/p0 = 1.00). 

After being air-cleaved and prepared for the TInAS measurement, a set of mica samples 

was ion-exchanged in hydrochloric acid (pH ≈ 5) for 15–60 min and then rinsed with ultra-

pure water. The measurement of a complete adsorption isotherm in air took ~90 min. The 

relative vapor pressure in the measuring cell was increased in steps of ~0.05. After a short 

equilibration time of 3–5 mins, data points were acquired and averaged for another 5 mins. 

The decrease of the vapor pressure was usually done faster with less equilibration steps. For 

the measurements in OMCTS a droplet of the liquid was placed between the surfaces. In this 

case the equilibration time was ~20 min and a complete cycle took ~280 min. The cell 
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temperature was 22.7 °C with a peak-to-peak variation of ≤0.16 °C. The spectra were 

recorded at 0.4 Hz. Wavelength shifts of the interference fringes are interpreted as changes in 

film thickness due to adsorbed water using the known dispersive bulk refractive indices of the 

solids and fluids involved. For more details on the principle of the TInAS method see 

Section 2.2. 

3.2.2 Adsorption from Vapor 

Fig. 3.9 shows the measured H2O layer thickness, t, as a function of p/p0 from a 

representative selection of five individual mica samples. The long-term drift of the baseline 

signal was excellent (< 0.1 pm/min), which is typical for all measurements presented here. 

The solid line was generated by averaging interpolated data fits at equidistant p/p0 values 

(composite isotherm). The error bars represent ± 1σ standard deviation. There is a monotonic 

 

Fig. 3.9 Selection of 5 adsorption isotherms measured on K+-mica at 22.7 °C (open symbols) 
and the composite isotherm (solid line – see text). All additional 8 isotherms follow the same 
master curve within experimental error. 
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increase of the water layer thickness starting with a convex shape at 0 < p/p0 < 0.30. The 

curve then undergoes an inflection within a nearly linear region for 0.30 < p/p0 < 0.70, and 

finally increases more steeply to 5.5 Å at p/p0 ~0.90. This measurement is free of hysteresis, 

i.e. decreasing the RH follows the same course within the error bars. The adsorption 

isotherms were reproduced in 13 independent measurements on 7 different mica samples. In 

some cases we observed small systematic deviations in the data from sample to sample, 

mainly that the shoulder at the beginning of the curve was more pronounced in some cases 

than in others. However, all the curves show the same distinct shape, which is reminiscent of 

a Type II or BET-isotherm. Such a shape can be the result of at least two different adsorption 

sites with distinct adsorption energies. 

 

 

Fig. 3.10 Comparison of the composite isotherms measured in air on different types of mica 
(solid and dash-dotted line) and in OMCTS (dotted line) at 22.7 °C. Ion exchange of the 
potassium ions (K+-mica) by protons (H+-mica) leads to a significant decrease of the distinct 
shoulder at p/p0 <0.5 that is observed on the K-mica. In OMCTS K+-mica shows a significantly 
higher affinity towards water that is present in the system. The axis on the right expresses the 
layer thickness in terms of water molecules per lattice charge. 
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The reason for different adsorption sites can be explained by the presence of the potassium 

ions on the surface of natural mica (K+-mica). For this reason, a series of adsorption 

experiments was conducted using mica that had been ion-exchanged with protons (H+-mica). 

The resulting adsorption isotherm is shown in Fig. 3.10 (dash-dotted line) with the composite 

K+-mica isotherm for comparison (solid line). The shoulder of the H+-mica isotherm below 

p/p0 ≈ 0.5 is much less pronounced. For both surfaces the water layer reaches a thickness of 

2.8 ± 0.1 Å, i.e. about one equivalent monolayer of bulk water, at p/p0 ~0.65. Note that the 

two curves follow the same course for p/p0 > 0.50, which suggests that the distinction between 

adsorption sites disappears just before the statistical monolayer thickness is reached. As 

indicated by the right-hand scale in Fig. 3.10 only the first four water molecules per lattice 

charge “see” the difference due to the surface ions. 

Spreading Pressure and Surface Energy 

The surface, or spreading pressure π (the reduction in the surface energy γ0 of the bare 

mica as a function of p/p0) may be calculated from the adsorption isotherms using the Gibbs 

adsorption equation, 
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 is the measured surface excess in mol/m2 and Vm the molar volume of the 

adsorbate (1.8 x 10-5 m3 for water). The resulting curves are plotted in Fig. 3.11, and show 

how the reduced adsorption at lower p/p0 on H+-mica compared to K+-mica leads to a smaller 

decrease in the surface energy at a given p/p0. Above monolayer coverage, i.e. p/p0 > 0.65, the 

two curves show a constant offset of Δπ ≈ 20 mN/m. Although measurements could not be 

taken up to p/p0 = 1, a first order extrapolation would give π(1) ≈ 95  N/m for K+-mica and 

π(1) ≈ 75 mN/m for H+-mica. Using the Young equation 
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the surface energy of mica at p/p0 = 0 can be estimated. With the solid-vapour interfacial 

energy at saturation γsv = γ(1)  =  γ0 – π(1), the surface energy of water γlv = 72 mN/m, 

cosθ ≈ 1 (the contact angle θ of water on mica is small), and given that the interfacial energy 

γsl between K+-mica and water is nearly zero (the interaction of mica surfaces covered with K+  

across water is repulsive), and that the interfacial energy between H+-mica and water is of the 
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order of 10 mN/m, the Young equation gives γ0 ≈ 157 mN/m, for H+-mica, in good agreement 

with the results of force measurements [113]. For K+-mica a value that is about 10 mN/m 

higher is obtained, underlining the effect of the potassium ions on the mica surface.  

Direct cleavage experiments of mica yield values for γ0 that are 5–10 times higher than 

those observed for surfaces that have been exposed to air for a longer time [114]. This is due 

to a certain amount of water (or other compounds present in the air) bound irreversibly to the 

freshly cleaved surface. Such water cannot be removed in dry air (p/p0 = 0) or even vacuum. 

The measured isotherms are therefore subjected to an unknown offset in the water layer 

thickness, which possibly differs for the two investigated types of mica. This could partly 

explain the observed offset in the spreading pressure. From the slope of the curves in 

Fig. 3.11 it is clear that the K+-mica has a higher affinity to water a low vapor pressures 

p/p0 < 0.30 than the H+-mica. This could indicate that the H+-mica carries a higher amount of 

 

Fig. 3.11 Calculated spreading pressure from the adsorption isotherms in air and OMCTS using 
Eq. (3.4). Above monolayer coverage (i.e. p/p0 > 0.65) there is a roughly constant offset of 
20 mN/m between the two curves measured in air from the K+-mica (solid line) and the H+-mica 
(dashed line). The grey dotted lines represent a rough extrapolation up to saturation (p/p0 = 1). 
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irreversibly bound water at p/p0 = 0. In fact, more water might be required to solvate the 

proton as it can only exist on the mica surface in a cluster of H2O molecules (i.e. hydronium). 

Shape of the Isotherm 

The isotherms measured in this work agree with previous ones [111, 112] in suggesting the 

completion of a statistical monolayer at p/p0 ≈ 0.65. However, the four ellipsometry isotherms 

with four different mica surfaces [111], differ from each other to a greater extent than do the 

results shown here, and there is no indication of any convexity in the submonolayer regime 

[111]. Note that surface-pressure calculations in reference [113] based on two of the 

ellipsometry isotherms in [111] gave π(1) values of ~70 mN/m, which is lower than the value 

observed here. This is mainly due to the absence of the shoulder at low p/p0 and the 1/p 

dependence of the integrand in Eq. (3.4). A noteworthy difference between the two 

experiments is that the adsorption was carried out under vacuum in the referenced work. By 

contrast, the FTIR isotherms do show some hint of convexity at low vapour pressures, and the 

film thicknesses are close to those presented here across the range of p/p0 [112]. 

The adsorption isotherms are sensitive to nano-scale heterogeneities due to the surface 

cations. This can be used to speculate on the extent of ion delocalisation (or mobility) 

compared to the lattice-charge spacing (6.92 Å). For K+-mica, a favoured water adsorption 

site is predicted next to the K+ ions, and a second between these [108]. As long as the K+ is 

localised the isotherm remains convex, but once four water molecules have hydrated the ion 

the energy differences of the distinct sites vanish and the ion becomes mobile. On H+-mica the 

situation is different, perhaps because hydrated protons are quantum mechanically delocalised 

to start with; e.g. in the form of Zundel structures (H5O2
+) or Eigen complexes (H9O4

+) [115, 

116], which could explain the different shape of the adsorption isotherm. Indeed, the fact that 

we still observe a small amount of convexity in the H+-mica isotherm suggests that the H+ is 

delocalised over a length scale comparable to the area per lattice charge. The Eigen cation 

[117] has a conformal size and consists of four water molecules per proton, which is precisely 

where the isotherm exhibits an inflection point (c.f. Fig. 3.10). 

3.2.3 Adsorption in OMCTS 

After exchange of the gas phase (medium) by OMCTS the observed peak interferometric 

shift in the mid-range VIS spectrum was ~-40 pm after increasing the water vapor pressure in 

the cell from 0.0 to 0.9. Calculations of interference spectra showed that the extent of this 

blue shift can only be explained by an increase of the water concentration near the mica 
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interface, i.e. the formation of a lower refractive index layer between the mica surface and the 

OMCTS phase. The TInAS measurement is nearly insensitive to changes in refractive index 

of the bulk medium. A complete exchange of the medium from OMCTS (n = 1.395) to water 

(n = 1.334) would result in a too small blue shift (~2 pm) of the “blue” peaks and a somewhat 

higher red shift (~9 pm) of the “red peaks”, leaving the center peaks nearly insensitive to such 

a change. The saturation level of water in OMCTS is only 250 ppm, corresponding to a mole 

fraction of 4 mM [76]. Such a small amount of water dissolved in OMCTS has a negligible 

effect on its refractive index. This leads to the conclusion that the observed blue shift can only 

be explained by the formation of an adsorbed water layer at the mica-OMCTS interface. 

During adsorption measurements the positions of all interference peaks in the detectable 

spectral range were recorded (typically 7–11 peaks). For this set of peaks the theoretical blue 

shift was calculated as a function of the water-layer thickness, yielding an empirical function 

for each individual peak of the form (Δλ = C0 – C1·λ), where Δλ is the peak shift expressed in 

pm per nm water layer and λ the peak wavelength in µm. The measurement was repeated 7 

times on 5 different samples of K+-mica. Fig. 3.10 shows the resulting composite isotherm 

(dotted line). The error bars indicating the ± 1σ variation are much larger compared to those 

from measurements in air. This is due to the lower optical contrast of the mica interface in 

OMCTS but also because of higher variations between the individual isotherms. It is found 

that the water layer thickness at the mica-OMCTS interface increases monotonically with 

increasing p/p0 8. Initially the film thickness follows the isotherm on K+-mica in air but 

quickly becomes larger for p/p0 > 0.1, finally reaching a value of 8.7 ± 0.7 Å at p/p0 = 0.9. For 

p/p0 < 0.4 a linear increase (slope 12.7 Å) is observed, then the water uptake is slowed down 

for 0.4 < p/p0 < 0.7 and increases again for p/p0 > 0.7. This leads to a modulation similar to 

the observed shoulder in the isotherm on K+-mica in air, but less pronounced and appearing at 

a water film thickness of 6–7 Å. Although the level of this shoulder shows some variation 

between the individual isotherms—as can be noticed from the increased error bars of the 

corresponding data points—it was detectable in each single case. 

The spreading pressure can be calculated in the same way as done above using Eq. (3.4). 

The result is plotted in Fig. 3.11 (dotted line). The line increases to much larger values than 

observed from the isotherms in air. An extrapolation towards saturation gives 

π(1) ≈ 154 mN/m. Using Eq. (3.5) leads to a value of γ0 ≈ 200 for the surface tension of mica 

                                                
8 In equilibrium p/p0 it is essentially the same as the activity a of water in the droplet of OMCTS between the 
surfaces. In the following, only the term p/p0 will be used, indicating the relative vapor pressure as measured 
inside the measuring cell of the eSFA. 
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in OMCTS. This is higher than the obtained values in air for both types of mica and somehow 

contradictory because one would expect the surface tension of mica to be lowered when 

immersed into a liquid. However, the effect could be explained if the OMCTS-mica 

interaction is strong enough to replace some of water that is irreversibly bound to the interface 

in air at p/p0  = 0. This would also account—to some extent—for the thicker water layer 

measured in OMCTS at high p/p0. 

Water-Layer Formation 

The shoulder of the adsorption isotherm in OMCTS can be attributed to the formation of a 

stable water layer of an equivalent of 3 monolayers in thickness. A possible explanation why 

this thickness should be thermodynamically favored could be the oscillatory force from the 

layering of the OMCTS molecules at the interface. SFA measurements on the same (dry) 

surfaces show characteristic layering transitions at film thicknesses below 8 nm (see 

Section 3.1 and the following one). In fact, the typical step size (ΔS) of such layering 

transitions was determined to be 6.8 Å (c.f. Fig. 3.5), which is exactly in the range of the 

shoulder level observed in the isotherm. Note that the adsorption measurements were 

performed on single interfaces without the influence of compression. The thickness of the 

uncompressed OMCTS boundary layer is therefore expected to be similar or even higher than 

the observed step size. In fact, adsorption measurements of OMCTS on mica from the gas 

phase indicated a step size of ~0.85 nm for the first interfacial layer on mica [118]. 

Therefore the following model is proposed (Fig. 3.12): OMCTS is a quasi-spherical 

molecule that forms layers next to a rigid, flat surface, which can also be measured as an 

oscillatory surface force between two such surfaces. The initial adsorption energetics of water 

at the OMCTS-mica interface must be affected by this structural modulation of free energy. 

Namely, water clusters with the size of one OMCTS molecule are expected to preferably 

populate the interface. At higher water concentrations this effect is expected to become 

weaker again since the OMCTS is no longer in contact with a rigid surface, but a fluctuating 

water layer. 

The Derjaguin approximation allows the quantification of the oscillatory forces in terms of 

surface free energy (c.f. Eq. 1.7). The peak force data in Fig. 3.2 reveal that the energy for the 

strongest observed forces is in the range of 50 mJ/m2. This is in the exact same range as the 

calculated spreading pressure of water in OMCTS shown in Fig. 3.11, which is a direct 

measure of the adsorption energy of water on mica (note: the units mN/m and mJ/m2 are 

equivalent). This leads to the conclusion that the water layer formation in OMCTS can indeed 
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be influenced by the layered structure near the interface and supports the idea of the model 

introduced above (c.f. Fig. 3.12). 

3.2.4 Effect of Water on Oscillatory Forces 

Since the energy of water adsorption and the oscillatory potential are of comparable size, the 

formation of a water layer at the mica interface in humid atmosphere is expected to affect the 

oscillatory force profile of another liquid. For this reason, a series of force measurements in 

OMCTS have been carried out under controlled water vapor pressure p/p0 inside the eSFA-II 

measuring chamber. Fig. 3.13 shows the results from five successive compression isotherms 

measured at room temperature. The first cycle (black) corresponds to the driest possible 

condition (p/p0 < 0.001) after an equilibration of the system of ~10 h. Subsequently the vapor 

pressure was increased in steps of p/p0 = 0.05, 0.12, 0.20, 0.40 (blue tones) and 0.84 (not 

shown). The interval between compression cycles was 60–90 min with 30 min equilibration 

 

Fig. 3.12 Model for the water layer formation at the mica-OMCTS interface. (a) In the 
completely dry system (p/p0 = 0.00) the quasi-spherical molecules form layers adjacent to the 
smooth mica interface. (b) At very low p/p0 single water molecules start to populate the surface 
and generate voids between the close packed OMCTS. (c) With increasing p/p0 these voids 
grow to islands of water. The height of the islands is controlled by the modulated free energy at 
the interface due to the layered OMCTS. It roughly corresponds to the size of one OMCTS 
molecule. (d) At p/p0 ≈ 0.6 the interface is completely covered with a layer of water. At the 
same time the layering of the OMCTS is highly disrupted as it is now in contact with a soft, 
fluctuating interface. 
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time prior to the start of the measurement for each humidity level. All measurements were 

done with 1 nm/s loading speed. 

Fig. 3.13 (a) illustrates the peak forces plotted in a logarithmic scale. For 0.0 ≤ p/p0 ≤ 0.2 

the peak level of the oscillatory force profile is gradually decreased by about one order of 

magnitude. All these curves show roughly the same decay length of ~0.6 nm. With increasing 

 

Fig. 3.13 Effect of humidity on the oscillatory forces and the structural properties of confined 
OMCTS. (a) Normalized peak force FP/R as a function of film thickness D measured at 
different relative vapor pressure in the system between 0.0 < p/p0 < 0.4. For p/p0 ≤ 0.2 the range 
of the forces decreases gradually and all curves show roughly the same slope, i.e. decay length 
of ~0.6 nm. For p/p0 = 0.4 a different scaling law is observed. (b) Step size ΔS obtained from the 
force data in (a). Again a different regime is observed for the data measured at p/p0 = 0.4. (c) 
Elastic modulus of the layered structure. The confined fluid behaves much softer with 
increasing vapor pressure. 
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vapor pressure the behavior changes qualitatively. The curve at p/p0 = 0.4 falls into a 

completely different regime with much lower forces in the small film thickness range of 

< 5 nm and a decay length of ~2.4 nm. Similar transitions are observed for the step size ΔS 

(Fig. 3.13 (b)) and the effective modulus 

! 

E '  (Fig. 3.13 (c)), which are evaluated according to 

the description in Section 3.1.2. For p/p0 ≤ 0.2 the average step size remains constant at 

0.66 ± 0.03 nm, while for p/p0 = 0.4 the first two steps at D = 4–5 nm are considerably smaller 

(~0.5 nm) and a large transition at D ≈ 2.6 nm with a step size of ΔS ≈ 1.8 nm into close 

contact (D ≈ 0.8 nm) is observed, leading to strong adhesion of ~500 mN/m between the mica 

sheets. The measurement done at p/p0 = 0.84 showed no detectable layering transitions but 

weak repulsion starting at D ≈ 10 nm, followed by a jump into close contact at D ≈ 4 nm with 

ΔS ≈ 3.5 nm. The elastic modulus was only evaluated for the low force regime <10 mN/m for 

which the error—due to the mentioned estimation of the pressure—is low. The elasticity of 

the dry film shows the same behavior as observed earlier, i.e. an increase from 10 to 

~100 MPa. With increasing humidity the layered structure becomes softer by roughly one 

order of magnitude for p/p0 = 0.2 and another order of magnitude for p/p0 = 0.4. The effects 

depicted in Fig. 3.13 are totally reversible if the system is dried again. After a few hours of 

purging with dry N2 the observed peak force level was restored. Note that this reversibility is 

limited to a few dry-humid cycles. Long-time measurements with >2 such cycles, 10-20 

compression isotherms over a period of 2–3 days typically showed signs of major surface 

contamination, e.g. strong repulsion at separations >10 nm. 

The described effects of water on the oscillatory forces in OMCTS are in good agreement 

with earlier measurements on the same system carried out by Christenson et al. [90]. They 

also observed a strong decrease of the force level and multiple transitions of two or more 

typical OMCTS steps into close contact, followed by a high level of adhesion. The inward 

jump was later explained by a phase-separation effect (capillary condensation of water) from 

the two immiscible liquids (water and OMCTS) induced by the close proximity of the 

surfaces [119]. The mechanism leading to the instability was further discussed in two separate 

studies [120, 121], which came to the same conclusion that film thickening due to van der 

Waals attraction between the two wet surfaces and coalescence of the films at a critical 

separation leads to the observed sudden jump into close contact. Both studies were performed 

in the vapor phase of liquids that are known to wet the surface (n-pentane and t-butanol). It is 

likely that a similar mechanism operates in the liquid-liquid system as in the present case, 

however the shape of the isotherm of water on mica in OMCTS suggests that it cannot simply 
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be explained by an attractive van der Waals force. Although water does not completely wet 

the mica surface capillary condensation occurs in the contact region at high vapor pressures of 

p/p0 >0.5 [122]. This explains the high adhesion after the jump, which is comparable to that 

observed between mica surfaces in undersaturated vapors [123]. 

Here, for the first time, the thickness of the water layer adsorbing to the mica interface has 

been directly measured (c.f. Fig. 3.10) and combined with in situ force measurements in the 

eSFA. At vapor pressures p/p0 ≤0.2 the average water film thickness per surface is expected to 

be below ~2.5 Å, less than a statistical monolayer of water. The results above show that this 

thin film has, however, a significant effect on the level of the observed oscillatory forces of 

OMCTS. This initial effect must be primarily due to changes of the interfacial free energy 

between the mica and OMCTS, rather than for example roughening of the surface (c.f. 

introduction). It means that the oscillatory forces arising from the layered structure inside the 

gap are highly dependent on the wall interaction of the boundary layer. Interestingly the 

presence of water does not affect the layer distance (i.e. step size ΔS) of the expelled layers as 

seen in Fig. 3.13 (b). 

At p/p0 = 0.4 the water film thickness measured in the adsorption isotherm is ~5 Å. With 

twice this thickness, one would expect a total water layer of ~1 nm inside the gap. This is still 

smaller than the critical distance of D ≈ 2.8 nm at which the inward jump to close contact 

occurred. It indicates that at higher humidity and film thickness above monolayer coverage 

the water becomes sufficiently mobile on the surface, leading to local thickness instabilities 

(fluctuations) in the adsorbed film, which are induced by the proximity of the two opposing 

surfaces. At this stage the liquid water film does not provide a stable interface to the OMCTS 

anymore but rather a soft and fluctuating surface. This disturbs the layering inside the gap and 

leads to the disappearance of the oscillatory forces. For higher humidity these effects become 

stronger, resulting in weaker structural forces and inward jumps from larger distances. The 

here presented data of combined film-thickness and force measurements therefore provide 

direct prove that film thickening occurs across the gap of the two approaching interfaces. 

It has been observed earlier, in the long-term measurement using P2O5 as a drying agent 

(c.f. Section 3.1.3), that the oscillations become increasingly symmetric with decreasing 

magnitude of the forces. This was attributed to penetration of humidity into the sealed 

chamber of the eSFA with time and the imperfect drying effect of the P2O2. Table 3.2 lists the 

peak forces, total amplitude and peak ratio of the oscillation appearing at D ≈ 3.5 nm for the 4 

profiles measured at different humidity of p/p0 ≤0.2. With decreasing amplitude the ratio 
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between the attractive minimum and repulsive maximum clearly increases, meaning that the 

oscillation becomes increasingly symmetric. This effect was observed to grow stronger with 

time, even for low ambient vapor pressures. Therefore, the measurements described in 

Fig. 3.13 may not actually show an equilibrium state of the system. It was observed in other 

measurements (data not shown) that the repulsive force could decrease to very low levels, 

showing nearly symmetric oscillations even for p/p0 <0.1. Thus the repetition of compression 

cycles seems to lead to an accumulation of adsorbed water in the contact area. 

Nonetheless, a symmetric force profile can be considered as a strong indication that 

systems of confined simple liquids contain water (or other contaminants with similar effects). 

This underlines the assumption that certain measurements carried out with P2O5 as a drying 

agent showing relatively low forces (i.e. clearly below 10 mN/m at separations of 2–4 nm) 

and rather symmetric oscillations (i.e. peak ratio of >0.5) are influenced by water present in 

the system. 

 

Table 3.2 Peak forces (Fmax, Fmin), total amplitude (Amp) and ratio (Fmin : Fmax) of the 
oscillation at D ≈ 3.5 nm for different relative vapor pressures p/p0. 

p/p0 Fmax [mN/m] Fmin [mN/m] Amp [mN/m] | Fmin : Fmax | 

0.00  (i) 45.2 -5.2 50.4 0.12 

0.05  (i) 37.1 -5.8 42.9 0.16 

0.12  (ii) 17.8 -4.9 22.7 0.28 

0.20  (ii) 6.7 -3.8 10.5 0.57 

Measured at (i) equilibrium, (ii) constant time towards equilibrium 
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4 DYNAMICAL BEHAVIOR 

This chapter describes dynamical effects observed in large films of confined OMCTS 

between two membranes of free-standing mica (FSM). The results are based on imaging data 

obtained with the optical spectral correlation (OSC) method already described in Section 2.3. 

Here, its great advantage of imaging the film thickness at real-time is exploited. This provides 

new insight into the dynamical behavior of confinement-induced structured liquids. The 

OMCTS and mica used for these studies thereby act as a model system. 

First, the contact mechanics of free-standing mica, as well as the hydrodynamic response 

of the liquid being squeezed out from the contact area, are addressed in Section 4.1. The 

observed behavior for different boundary conditions is discussed and employed to generate 

large confined fluid films of homogeneous thickness. Section 4.2 presents dynamic 

measurements of liquid drainage, which are used to develop simple models of the flow 

behavior of the confined fluid. Finally, in Section 4.3, emphasis is given to the layering 

transition phenomenon that is observed during drainage of the layered films. To this end, the 

OSC’s capability to image changes in the fluid’s refractive index is explored and the results 

used to shed light on the mechanism of molecular layering transitions in simple liquids. 

4.1 Large Confined Fluid Films 

The SFA is a frequently used tool for studying the behavior of liquids in the regime of 

molecular confinement. Due to the macroscopic radius of curvature (~20 mm) of the opposing 

surfaces, the effective contact area is typically on the order of 10 µm in diameter. From a 

molecular point of view this means that the liquid in the contact area is essentially confined 

between two nearly parallel plates. In the case of a layered film of OMCTS (molecular 
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diameter roughly 1 nm) it involves a total number of ~108 molecules per layer inside the 

contact area. In comparison with the atomic force microscope (AFM), for example, that uses a 

sharp tip with a radius of 5-20 nm, the SFA represents indeed a macroscopic contact area. 

Nevertheless, the confined film might not be as homogeneous as expected. The contact 

mechanics of supported mica sheets normally used in the SFA can be approximated by 

Hertzian theory, which predicts that the pressure distribution has its maximum at the center of 

the contact area and is ~30% higher than the mean pressure [96]. Therefore, there is always a 

pressure gradient. For meaningful direct force measurements (c.f. Chapter 3) modeling of the 

contact mechanics is required. This has been done for isotropic, elastic surfaces [36], but also 

under consideration of the somewhat more complex, 3-layer system (i.e. mica-glue-silica) in 

the SFA [124]. 

For a researcher who wants to study dynamic processes, such as confined fluid flow within 

extended films, the described aspects are important factors. A contact area of 10 µm in 

diameter is often too small to optically resolve relevant features, and, pressure gradients make 

data evaluation considerably more complicated. Ideally, one would generate an extended film 

of >100µm in diameter between parallel plates that exert no or only little pressure gradients in 

lateral direction. In some cases it might also be of advantage to work in a low-pressure 

regime, meaning that the normal pressure on the fluid film is as low as possible. 

There are two main options to increase the size of the contact area for such measurements. 

The first is to make the surfaces softer and/or more compliant. This has been done by using 

elastomeric materials to study the squeeze-out of liquids between a (rubber) sphere and a flat 

(glass) substrate [61]. The other option is to use high loads, which will eventually flatten the 

contact area, even for much stiffer materials. Here the disadvantage lies in the high resulting 

pressure that will cause drainage of the liquid and therefore decrease the film thickness 

regime that is accessible to the investigation. A combinatorial approach has been carried out 

by Mugele and co-workers by using thin mica sheets and high loads to investigate the 

dynamics of layering transitions in confined OMCTS [125]. 

The new approach proposed here makes use of free-standing mica (FSM) sheets in the 

crossed cylinder configurations (c.f. Section 2.1.5) to generate large films of confined fluid. 

The idea behind it is to have a solid, atomically smooth surface in the shape of a free-standing 

membrane. As will be seen, this generates homogeneous films of some hundreds of microns 

in diameter under low-pressure conditions. 
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4.1.1 Quasi-Static Behavior of Free-Standing Mica 

Fig. 4.1 illustrates the mechanical behavior of mica surfaces used in the FSM configuration 

during an equilibrium compression cycle in OMCTS. The two mica sheets described here had 

a thickness of 3.02 µm and an initial cylinder radius of R ≈ 8.8 mm. Fig. 4.1 (a) shows the 

evolution of the film thickness D as measured at the point of closest approach (PCA) during 

approach (loading) of the surfaces at a constant speed (1 nm/s). The time axis is arbitrary set 

to t = 0 min at D = 10 nm. During the initial compression (t < 5 min) the film thickness 

undergoes 4–5 characteristic instabilities (i.e. layering transitions) in a repulsive regime with 

plateau regions in between that increase in length with decreasing film thickness. This 

behavior is identical to what is typically observed with silica-supported mica surfaces, 

indicating that the FSM membranes maintain their curved shape and are mechanically stable 

under the influence of weak surface forces. The situation changes at t ≈ 8 min, marked with 

Point A. At this point the typical inward compression undergoes an inflection and apparently 

the film is being decompressed until Point B (t ≈ 17 min). For a range of surface loading the 

film thickness remains at a constant level of 4.1 nm (dashed line) at Point C. This non-

monotonic behavior can be easily explained by the mechanics imposed by the flattening FSM 

surfaces. 

Fig. 4.1 (b) shows three different profiles of the contact region (filled symbols). These 

cross-sections were acquired at the Points A, B, and C as marked in Fig. 4.1 (a). The optical 

zero (open symbols) measured during dry mica-mica contact is also shown for reference. 

With increasing compression the contact region flattens, while confining a homogeneous film 

equivalent to 5 molecular layers9 of OMCTS between the two mica membranes. At Point C 

the film has reached a lateral diameter of ~50 µm. 

The upper part of Fig. 4.1 (d) shows the same three profiles, plotted at magnified scale. It 

reveals that the thickness of the film is not uniform and also changes with loading. The film 

compression is largest at points where the local curvature of the mica membranes is highest. 

For Profile A this is at the PCA (i.e. x = 0 µm). With increasing load the contact starts to 

flatten while the film is decompressed again at the PCA (Profile B). This observation is in 

agreement with the data presented in Fig. 4.1 (a). If the load is further increased the flattened 

area grows larger without changing the compression at the center, as can be seen for 

                                                
9 The number of molecular layers is approximated by the nearest integer number when dividing the film 
thickness by an average layer distance of ΔS ≈ 8 Å, as determined for the large films confined between FSM. 
Note that this value is higher than the one found for films between supported mica in Section 3.1.2, indicating 
the important role of the contact mechanics on the film’s structure. 
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Profile C. At this stage the film thickness at the edge of the contact area is reduced by 0.6–

0.8 Å compared to the central section. 

The corresponding profiles of the film’s refractive index n were acquired simultaneously 

with the scanning FSC probe and are displayed at the bottom part of Fig. 4.1 (d). The 

refractive index data undergoes changes that correlate with the geometric profiles described 

above. Profile A exhibits a central region of elevated index, indicating that the confined 

liquid’s density is increased in this region, presumably due to the ordering of the molecules in 

confinement. With further flattening the high-density region grows in agreement with the 

 

Fig. 4.1 Contact mechanics of free-standing mica. (a) Equilibrium compression data with mica 
sheets of 3.02 µm in thickness. (b) Profiles across the contact area at different loading positions 
A, B and C as indicated in (a). (c) OSC image of the contact region for a largely compressed 
film. (d) Detailed view of the contact geometry (top) and corresponding refractive index 
profiles (bottom). 
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lateral size of the contact area (Profiles B and C). In this regime the refractive index profile 

also reflects the reciprocal film’s thickness variations, showing a central dip with n ≈ 1.44 and 

peak values at the compressed edge of up to n ≈ 1.46. In comparison, the bulk value for 

OMCTS is n = 1.395. The observed difference indicates an increase of the confined fluid’s 

density by ~10%. 

Further loading of the surfaces leads to a greater extension of the confined area. Fig. 4.1 (c) 

shows an OSC image of such an extended contact with a diameter of more than 100 µm. 

There is a ~20 µm wide reduction in the film thickness compared at the outer contact zone. 

This corresponds to the data of Profile C that also shows this compressed region. Note that 

such large area confined films remained absolutely stable for the duration of several hours or 

even days and are thus believed to be equilibrium structures. 

Interpretation of Contact Mechanics 

The differences in film thickness between Point A and B in the compression data (c.f. 

Fig. 4.1 (a)) as well as the lateral variations between the center and the perimeter of the 

extended film in Profile C and the OSC image (c.f. Fig. 4.1 (c) and (d)) are too small to be 

attributed to a different number of molecular layers between the mica membranes. Hence, it is 

reasonable to assume that the number of OMCTS layers remains constant throughout the 

entire contact area. This leads to the conclusion that the oscillatory forces in OMCTS, 

described in Section 3.1.1, actually stabilize the thickness of the confined film. At Point A the 

normal pressure at the PCA applied by the FSM surfaces is not high enough to overcome the 

peak of the repulsive oscillatory force. As a result the compliant membrane starts to deform 

into a flattened contact without inducing any further layering transitions. Due to the 

oscillatory nature of the surface potential the two membranes are then stabilized at this 

distance, forming a fluid film whose lateral extension can readily be controlled by the 

displacement from the approach actuator. 

From the known compression isotherm in Fig. 3.2 the local pressure at Points A and C in 

Fig. 4.1 (a) can be estimated. The final layering transition between the FSM occurs at a film 

thickness of D ≈ 4.7 nm. In dry OMCTS this corresponds to a normal pressure of 1–2 MPa. 

The fluid film in Point A is further compressed by 1.2 Å leading to a maximal pressure of 2–

4 MPa 10. In Point C the film is decompressed by 2.2 Å (i.e. 1.5–4 MPa) suggesting a local 

pressure at the PCA that is very close to zero. Note that this simple evaluation does not 

                                                
10 This evaluation is based on an effective modulus of E’ ≈ 30-70 MPa as it has been observed between 
supported mica sheets at the given thickness level (c.f. Fig. 3.4). 
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consider any possible effects of pressure gradients. Yet, it indicates that the normal pressure 

in the homogeneous central region (center pressure) of an extended contact is nearly zero. 

Due to the compression of the layered OMCTS film the static thickness variations 

observed in the large films must be the result of normal force gradients within the contact 

area. These differences are closely linked to the contact mechanics of the loaded free-standing 

mica. Obviously, the highest normal forces occur at locations where the local curvature of the 

mica is important i.e. at the perimeter of the flattened contact. This is, as expected, in contrast 

to the classical Hertzian contact, for which the highest pressure always occurs at the center 

(Fig. 4.2). The pressure at the perimeter (perimeter pressure) can be estimated from the 

thickness difference ΔD between the center and the edge of the extended film. For the 

situation at Point C with a contact diameter of ~50 µm and ΔD = 0.6–0.8 Å, the magnitude of 

the perimeter pressure is in the range of 0.4–1.4 MPa, assuming zero center pressure. This is 

only about ~30% of the initial (maximum) pressure at the PCA in Point A. 

 

Fig. 4.2 Schematic representation of the pressure distribution of extended flat contacts of 
radius rC. (a) Classical Hertzian contact between solid substrates. The maximum pressure occurs 
at the center. (b) Contact between membranes of free-standing mica (FSM). The highest 
pressure occurs at the perimeter and is decreased with increasing rC. 

The interpretation of the refractive index data in Fig. 4.1 (d) is not as straightforward. 

Assuming isotropic conditions the refractive index is proportional to the fluid’s density, 

meaning that the variation of n is subjected to both molecular ordering and pressure changes 

(c.f. Eq. 3.3). The ordering of the molecules is known to increase density of confined fluid 

[28]. This is reproduced in the region around the PCA in Profile A. The Profiles B and C 

show an average of n ≈ 1.45 within the contact area, which corresponds to the estimated value 

of solid OMCTS (c.f. Section 3.1.2). This would suggest that the OMCTS has a solid-like 

density when confined to ~4 nm i.e. 5 molecular layers. The index difference between the 

center and the edge of the contact area (Δn ≈ 0.2) in Profile C is in agreement with the 
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observation that the pressure is highest at the perimeter of the flattened contact. However, it is 

not obvious why all profiles show nearly the same n at x = 0 while the compression at this 

point is significantly different in Profile A compared to Profiles B and C. The reason for this 

discrepancy is possibly due to the contact geometry and its influence on the ordering of the 

molecules. It is known that the pore shape can have a strong effect on the packing density of 

confined fluids [126]. The local curvature and pressure gradients at the PCA of Profile A 

could lead to a different packing density, which eventually cause the observed effects on the 

refractive index and film compressibility. A better understanding of the molecular ordering as 

a function of the contact geometry is subject to future work. 

The pressure profile between free-standing mica is illustrated in Fig. 4.2 (b) with an 

elevated perimeter pressure and an extended low-pressure region in the center of the contact 

area. Its existence will be supported with other results later in this chapter (c.f. Section 4.2). 

At this point it is important to notice that the maximum pressure between the compliant mica 

membranes is reached at the PCA during the initial phase of compression. Once the contact 

has flattened the local pressure at any given point of the extended film will be lower while the 

main part of the external load is acting on the perimeter. Further there are indications that the 

perimeter pressure decreases with increasing contact size, as the load is distributed on a larger 

area. These results are based on observations with mica sheets of 2 to 5 µm in thickness and 

contact areas of up to 500 µm in diameter. 

4.1.2 Hydrodynamic Behavior 

In conventional SFA force measurements with supported mica sheets viscous drag is 

increasingly dominant for approaching speeds >10 nm/s. Dynamic measurements at higher 

speed are thus not suitable for the determination of (static) surface forces. When using free-

standing mica surfaces the measurement of surface forces is not the primary goal. Rather, the 

deformable mica membranes are used for the formation of large area films in order to study 

confined fluid flow. The hydrodynamic forces during fast squeeze-out of the liquid at 

approaching speeds >10 nm/s can be used to dynamically deform the membranes or even trap 

fluid pockets. 

Behavior during Surface Approach 

Fig. 4.3 shows the film thickness evolution measured at the PCA during fast squeeze-out 

of the liquid. The given examples were obtained with mica membranes that had a thickness of 

5.07 µm and an effective radius of R ≈ 8.9 mm. The PCA was determined initially, before the 
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surfaces were driven into contact. Fig. 4.3 (a) shows the behavior during the approach. At 

t = 0 min the approach actuator was stopped and the system allowed to relax for 10 minutes. 

For approaching speeds between 50–500 nm/s a behavior is observed as shown in the 

example for va = 200 nm/s (black circles). The surfaces approach to a final film thickness of 

3.4 nm (i.e. 4 layers of OMCTS) free of detectable repulsion. Due to the high speed, step-like 

transitions are not observed. At initial contact a slight compression of the film is observed, 

analogous to the behavior shown in Fig. 4.1 (a). During further loading and subsequent 

equilibration, the film thickness remains perfectly constant. 

There is a critical velocity at which this behavior changes. In the present case 

(mica ≈ 5 µm) this transition was observed for approaching speeds of va ≈ 1 µm/s. Above this 

speed the film thickness undergoes some characteristic changes during the equilibration 

phase. The dark and light grey curves in Fig. 4.3 (a) show two examples with an approaching 

speed of 2 µm/s and different amounts of loading. Initially the film thickness reaches a level 

of 4.3 nm (5 molecular layers) at which the actuator motion that is driving the surfaces 

together is stopped (t = 0). After a few seconds the surfaces suddenly separate again, 

indicating that liquid has been trapped and is now flowing between the mica membranes. 

 

Fig. 4.3 Film thickness measurement at initial PCA during fast approach and separation. (a) 
Behavior during approach at different speeds and amounts of loading as expressed by the final 
contact diameter given in the legend. The actuator is stopped at t = 0 min. Above a critical 
velocity liquid is trapped between the mica membranes. The excess liquid eventually drains; 
leaving a homogeneous film in the layered fluid regime whose thickness depends on the given 
parameters. (b) Separation of the surfaces starting at t = 10 min. Thicker films first drain in a 
step-like fashion before jump out of contact occurs. 
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Depending on the amount of loading the film thickness increases locally to a level >10 nm 

and then slowly drains back into the layering regime. Note that the film thickness does not 

end up at the same final level: the film with larger contact area (light grey circles, ø300 µm) 

shows a final thickness of 6.6 nm (8 layers) while the smaller one (dark grey circles, 

ø250 µm) is of the same thickness (5 layers) as initially at t = 0 min. This reorganization 

phase takes ~4 minutes, then the surface separation stabilizes over time at the given distance. 

In order to understand the observed film thickness changes and, in particular, the discrepancy 

of 3 molecular layers in the final surface separation it is useful to consult the OSC imaging 

data. 

Ring-Shaped Pocket Formation 

Fig. 4.4 shows a sequence of 5 OSC images from the contact area at intervals of 

10 seconds after the approach actuator (va = 2 µm/s) has been stopped. The images correspond 

to the light grey data curve in Fig. 4.3 (a) and illustrate the evolution of the film’s geometry 

during the first stage of the reorganization phase. The plotted region represents the actual 

 

Fig. 4.4 Series of OSC frames (A-E) taken during the first part of the film’s reorganization 
phase starting with a ring-shaped pocket. Calibrated thickness profiles, as marked in Frames A 
and E, are plotted in the graph at the bottom right. The left scale applies for Profile E (black 
line) only, all others (grey lines) are shifted up in thickness for better illustration. 
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shape of the contact area (ø ≈ 300 µm). Bright pixel levels correspond to higher film 

thickness. The image grey scale is set to a film thickness range of 3.8–16 nm. A thickness 

profile through the PCA, as marked in Frames A and E, is given for each frame (A to E) and 

some intermediate frames at the bottom right. Note, that the left scale represents the thickness 

for Profile E (black line), while all other profiles (grey lines) are graphically shifted up by 

0.2 nm for better readability. The film thickness at the perimeter of the contact is constantly at 

6.6 nm. 

At t = 0 s the OSC image shows a toroidal fluid pocket. Only at the center and at the 

perimeter the film thickness is in the layering regime (i.e. D <10 nm). This state of the 

confined film will be referred to as ring-shaped pocket in the following. In reality the 

structure is extremely flat, as the film’s maximum thickness is 4 orders of magnitude smaller 

than the ring size. Parts of the film that are in the range of the oscillatory forces are 

considerably flattened. At the center the separation is 5 layers and at the perimeter 8 layers of 

OMCTS. 

The ring-shaped pocket evolves with time. Within 20 seconds, the center region swells 

(Frame C) whereby a center pocket of trapped liquid is formed around t = 40 s, trapped by a 

thin film of layered liquid around the perimeter (Frame E). 

The observed deformation of the FSM membranes is due to the balance between 

hydrodynamic pressure and oscillatory forces. The elastohydrodynamic deformation during 

squeeze-out of liquid has been studied for soft contacts, e.g. for a rubber sphere approaching a 

glass substrate [61]. In a viscous medium the hydrodynamic pressure is highest at the PCA. 

This leads to a local flattening, or, in some cases even an inversion, of the contact curvature 

during the approach. Under compression the oscillatory force in OMCTS is strong enough to 

deform the mica surface even if it is supported by silica discs [89]. The two forces, however, 

have never been described in the present combination. For very compliant surfaces such as 

FSM the extent of flattening is considerably larger and, as already mentioned above, the 

oscillatory surface potential leads to a quantization of the film thickness below 10 nm. 

It is possible to get a qualitative understanding of the mechanism leading to the ring-

shaped pocket formation by considering the hydrodynamic forces during fast approach. 

Surface deformations as shown in Fig. 4.4 (Frame A) are typically produced with an initial 

separation of D ≈ 1 µm followed by a sudden start of the actuator motion. During approach 

the curved FSM locally flattens under the influence of the hydrodynamic pressure. A finite 

radius is maintained; and the center part of the contact penetrates the film down to separations 

of <10 nm as it is observed during the experiments. Simultaneously, the film thickness is 
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reduced and quantized at the perimeter, while the remaining liquid accumulates in a ring-

shaped pocket around the PCA. The quantized film at the perimeter thereby acts as a 

dissipative barrier for the draining liquid due to the decreased free volume of the layered 

fluid. The formation of this barrier during the fast approach of the surfaces can be explained 

by the increased normal pressure at the perimeter of the flattened FSM according to the 

distribution shown in Fig. 4.2 (b). 

In what follows, the confined film geometry is relaxing, contracting the ring-shaped pocket 

into a center pocket. The driving forces behind are the elastic energy stored in the deformed 

mica and the oscillatory potential in the layered sections of the film. At first, the center film 

thickness increases; indicating that liquid flow is predominantly directed towards the center. 

This behavior cannot be explained by the equilibrium state of the layered film, for which one 

would expect a lower energy for the lower film thickness at the center (5 layers) compared to 

the increased thickness at the perimeter (8 layers). However, it can be explained by taking 

into account the increased perimeter pressure, which additionally stabilizes the film at the 

perimeter. 

Bow-Shaped Pocket Formation 

Fig. 4.5 shows a selection of 5 OSC images of the contact area after approach at same 

speed (2 µm/s) but at less loading (ø ≈ 250 µm) compared to the case above. The images 

illustrate the second drainage curve in Fig. 4.3 (a). The contrast of the OSC images is set to a 

range of 3.8–7.5 nm in order to better visualize the step-like transitions that occur in the 

layered film regime. For each frame (A-E) and some intermediate frames a cross-sectional 

profile (only marked in Frames A and E) is plotted at the bottom right of the figure. Except 

Profile E, each other curve is shifted horizontally by incremental +0.3 Å for better illustration. 

Frame A shows that initially a bow-shaped pocket emerges in the contact area. The bottom 

region of the film does not exceed the layering regime. As a consequence a step-like transition 

of 3 molecular layers in height forms between the perimeter and the center (marked with 

dotted line). In the following this transition moves outwards, and, once it reaches the 

perimeter breaks up into single-layer transitions, which are moving one by one around the 

bulge of trapped pocket (Frames B-D). Finally the confinement is reorganized in a layered 

film with a center pocket of excess liquid. The thickness of the entire film is now equal to the 

initial level at the center of 4.3 nm, i.e. 5 molecular layers 
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Fig. 4.5 Series of OSC frames (A-E) taken during the initial phase of the film reorganization 
showing bow-shaped pocket formation. Calibrated profile sections, as marked in Frames A and 
E, are plotted in the graph at the bottom right The contrast of the images is set to 3.8 ≤ D ≤ 
7.5 nm in order to visualize the layering regime of the confined fluid. Segments of different 
layering phases appear in distinct grey tones in Frames A-C. The step-like transition zones are 
marked with dotted lines and the arrows indicate the moving direction. 

The bow-shaped pocket formation can be regarded as a special case of the ring-shaped 

pocket in which less liquid is trapped between the FSM due to a lower loading of the 

membranes. The described behavior is initiated by a local instability of the trapped bulk liquid 

ring. The reason for this is the distorted radial symmetry of the confined region as can be seen 

from the elliptic shape of the contact area. In addition, when the contact is smaller and less 

liquid is trapped the reorganization of the film is increasingly affected by the oscillatory 

forces. This leads to the observed instability in which the layering forces break the bulk liquid 

ring apart and form the bow-shaped pocket. The movement of the local instability (i.e. 

layering transition zone) is driven by pressure differences resulting from the elastic relaxation 

of the locally deformed mica as well as from intrinsic free energy potential between the co-

existing layering phases of different thickness. The concept of the layering phase will be 

described in more detail in Section 4.2.2. 

As indicated by the curves in Fig. 4.3 (a) the trapped center pocket will eventually drain 

leaving a homogeneous and stable film of layered OMCTS. The two observed effects of the 
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ring-shaped and bow-shaped pocket that appear during initial reorganization of the film 

thereby explain the discrepancy of 3 molecular layers between initial and final film thickness. 

Using this technique, films of different numbers of layers in thickness can be generated by 

employing the hydrodynamic behavior and contact mechanics of free-standing mica. This is 

important as it allows one to study layered fluid flow under different, well-defined film 

thickness conditions. 

Behavior during Surface Separation 

Fig. 4.3 (b) shows the film thickness evolution at the center of the film during separation of 

the surfaces. At t = 10 min the actuator is moved outwards at constant speed (50–200 nm/s). 

The thinnest film (black curve) remains constant while the load and contact area is reduced. 

Shortly before the surfaces snap apart the film is slightly compressed due to the decrease of 

the contact radius resulting in a higher local pressure. For the thicker films this increase in 

contact pressure results in the additional squeeze-out of liquid before the surfaces separate. 

This can nicely be seen in the 4 subsequent layering transitions that occur in the thickest film 

(light grey curve). The first of these transitions occurs when the contact is still considerably 

flattened with a diameter of ~150 µm (OSC image not shown). Each of the following 

transitions requires a higher local pressure, which is reached only at smaller contact area. In 

between the transitions the film is stable if the actuator is stopped. In fact, the size of the film 

at the given thickness can be increased again by simply reversing the motor, which allows one 

to generate large area films of layered OMCTS with arbitrary number of layers in the 

thickness range between 4–8 nm. 

Comparable Phenomena 

A phenomenon similar to the ring-shaped pocket formation has been described recently 

within a system of a liquid mercury drop that was approached at high speed towards a flat 

surface (mica) in the regime of DLVO double layer forces (aqueous solution of KCl) [127]. A 

first attempt for a qualitative theory was presented shortly after [128]. It was stressed out that 

the formation of the so-called “wimple” was only possible if the initial separation (~50 nm) 

from which the surfaces were driven together was already in the range of the (static) surface 

force. Notably, this is not required in the present case where the initial distance was between 

0.5–2 µm and thus far away from the effect of the oscillatory forces in OMCTS. This leads to 

the conclusion that the formation of the ring-shaped pocket described above is mainly 

governed by the hydrodynamic forces during the fast approach. The structural force, however, 
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influences the timescale of the film’s reorganization phase and the subsequent drainage of the 

center pocket (c.f. Section 4.2). This explains why the wimple in the mercury drop experiment 

was considerably less stable and the film turned more quickly into a so-called “dimple”, a 

feature comparable to the here described center pocket. In fact, “Dimpling” is a well-known 

phenomenon that has often been observed for soft, spherical interfaces approaching a flat 

surface (or counterpart) in a viscous medium [60, 129-131]. It is described as an inversion of 

the surface curvature from convex to concave due to hydrodynamic flattening of the contact 

during approach from large distances. The direct formation of a center pocket (analogous to 

the wimpling) was also observed in the present case for very high approaching speeds of 

>5 µm/s. 
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4.2 Flow Mechanisms 

The rate at which a liquid is squeezed out from the contact between two opposing surfaces 

is in general a function of the applied (hydrodynamic) pressure, the surface geometry and the 

viscosity of the liquid. The sum force can locally change by the influence of additional 

surface forces. For example, molecular interactions or the structure of the interface can affect 

the molecular mobility. 

The viscous drainage of bulk liquid between two crossed, rigid cylinders has been modeled 

using to the Reynolds equation by Chan and Horn [132]. Their model can be used to 

determine the effective viscosity of the confined sample liquid. A fundamental question is 

whether the classical continuum theory applies. In the case of OMCTS between molecularly 

smooth mica, deviations from the theory were found, starting at film thickness below 50 nm. 

The deviation could be accounted for by the assumption that about two molecular layers per 

surface do not shear. For thinner films <10 nm the Reynolds theory breaks down completely 

as it neglects surface forces and molecular structure within the confinement. 

The dynamics of highly confined fluids between two atomically smooth surfaces has been 

studied experimentally and theoretically [133-136]. An analytical model that describes the 

nucleation and 2-dimensional flow in liquids undergoing layering transitions has been 

presented by Persson and Tosatti [137]. Becker and Mugele have investigated the squeeze-out 

of OMCTS in the layered regime for film thickness between 1–5 nm. They used thin mica 

sheets (<1 µm) and high loads (~2 MPa) to generate relatively large, flat films (ø ≈ 50 µm) of 

confined liquid. In combination with an imaging method [138] they were able to resolve 

layering of the film and simultaneously follow its dynamics. The derived viscosity increased 

with each expulsion of subsequent molecular layers. Their model of quasi two-dimensional 

flow implies a frictional force (drag coefficient) between boundary layer and solid interface 

that is ~18x higher than the mutual friction between adjacent fluid layers [139]. 

The confined fluid films established with the free-standing mica method in this work are 

very well suited to investigate fluid flow in the layering regime of simple liquids. In 

combination with the OSC method it is possible to image film thickness and temporal 

evolution in unprecedented detail. In OMCTS the typical film thickness is 3.5–8.5 nm and 

thus complementary to the films studied by Becker & Mugele. 

In the following, flow through a layered liquid will be investigated. To this end two 

different types of experiments are employed: first, the drainage of bulk (unstructured) liquid 
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pockets, and second, the squeeze-out of structured liquid driven by layering transitions. The 

boundary conditions for these experiments are schematically illustrated in Fig. 4.6. Different 

modeling approaches provide new insight on the flow mechanism. Due to the limited amount 

of data available this can be done mainly in a qualitative rather than quantitative way. 

 

 

Fig. 4.6 Schematic illustration of the two drainage experiments used to study layered fluid 
flow. The white area represents the cross-section of the fluid film confined between two free-
standing mica membranes. (a) Drainage of bulk liquid pocket (pocket drainage  ): The 
excess liquid inside the unstructured bulk pocket (radius ri) drains through surrounding 
structured film (radius rc) leading to a layered fluid flow qN. N indicates the number of 
molecular layers. Note that this setup represents the center pocket described in Section 4.1.2. (b) 
Drainage of layered phase island (film drainage  ): Analogous to the case in (a) but with a 
layered N phase island instead of a bulk pocket. The surrounding film is of thickness N-1. 

4.2.1 Pocket Drainage 

As described earlier, it is possible to trap a pocket of bulk liquid surrounded by a region of 

layered OMCTS by controlling the hydrodynamic conditions during fast approach. This 

pocket eventually drains through the enclosing, layered film (c.f. Fig. 4.6 (a)). The thickness 

of this film can be varied to some extent. This allows one to study pocket drainage at different 

layered film thicknesses. 

Fig. 4.7 illustrates the shrinkage of a trapped pocket as it drains through a film of OMCTS 

that is stable at 5 molecular layers. In the given example the mica thickness was 5.07 µm and 

the contact had an average diameter of ~220 µm. As can be seen from the subsequent OSC 

frames, the pocket stays at the center of the contact while its volume is decreasing. Complete 

drainage requires a time in the order of minutes depending on the amount of liquid that was 

initially trapped in the pocket. The profiles are given in the plot at the bottom right. After the 

pocket has drained, a stable film of thickness 4.1 nm remains (final frame). The film thickness 
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remains constant during drainage and also at the point when fluid flow stops; indicating that 

the flowing liquid does not cause detectable changes in the layer spacing of the film. 

 

 

Fig. 4.7 Sequence of images and calibrated profiles illustrating the drainage of liquid from a 
trapped pocket trough enclosing film of layered OMCTS. The onset of the time scale is 
arbitrary. Note that the grey profiles in the bottom-right plot are vertically offset for better 
illustration. The surrounding film thickness remains constant at 4.1 nm as indicated with the 
final profile (black line). 

Drainage Dynamics 

Using OSC one can determine the trapped volume simply by numerical integration of the 

film thickness over the area. Fig. 4.8 shows the excess pocket volume VP as a function of time 

obtained from different squeeze-out cycles with the same mica membranes: 

 

! 

VP = (D"D )#x#y
y

$
x

$  (4.1) 

where D is the film thickness at location x,y (only evaluated within the contact area) and 

! 

D  the average thickness of the layered film surrounding the pocket. As seen from the scale, 

the volume that is displaced by the flowing fluid is in the order of some tens of femtoliters 
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(1 fl = 1 µm3). The volumetric flow, q, is then given by the derivative of the volume data: 

! 

q = "VP "t . 

 

Fig. 4.8 Pocket volume as a function of time, revealing distinct dynamic regimes. The solid 
lines represent experiments with film thickness of 5 layers (black) and 8 layers of OMCTS 
(grey). The dashed line shows the increased drain rate of the 8 → 7 layering transition during 
film drainage for comparison. The pictograms illustrate the different drainage geometries. 

The curves in Fig. 4.8 are set to overlap at t = 0 s, where fluid flow comes to an end. The 

solid lines represent data from pocket drainage experiments. There are two distinct flow 

regimes, corresponding to films of 5 layers (black lines) and 8 layers of OMCTS (grey lines). 

Both regimes show fairly linear behavior for VP >10 fl. The small variations within the two 

data sets are related to differences in the amount of compression i.e. contact area of the free-

standing mica and will be evaluated below. Roughly, the ratio k of the volumetric flow rates 

between the two regimes is k = qN/qM ≈ 2.1. 

Interpretation of Flow Rates 

The OSC images show that the trapped volume drains and—due to mass conservation— 

must be transferred through the layered film from the center pocket to the outside reservoir. In 

order to set the right boundary conditions for proper modeling of the above data, one has to 
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consider different flow mechanisms. For example, it is possible that the fluid flows as a 

continuous film, or, forms independent flow channels between the pocket and the perimeter of 

the contact area. 

The two radii, ri and rc, define the lateral extension of the pocket and the film (c.f. Fig. 

4.6 (a)). As an approximation, these can be calculated from the effective contact and pocket 

area, assuming a circular shape. From the radii the effective radial of the layered film, l = rc –

 ri, can be derived. The film thickness D is known very accurately from the FSC and OSC 

measurement and can be used to calculate the pocket volume according to Eq. (4.1). 

In order to maintain flow, a negative pressure difference is required between the pocket 

and the outside reservoir that is equal to the dissipative forces in the layered fluid flow. This 

driving force is supplied from the elastic deformation of the mica forming the pocket and it is 

a function of the mica thickness. Indeed, experiments with thinner mica showed drain rates 

that were significantly lower than those described above. The flow behavior within the 

ordered film, however, is not expected to depend on the thickness of the mica walls. For 

experiments with the same mica membranes the driving force for the flow through films of 

different thickness can thus be assumed identical. The pressure inside the pocket (pocket 

pressure) can be estimated from the observed deformation and the mechanical properties of 

the mica crystal11. 

Refractive index measurements with FSC showed that the liquid’s density inside the 

pocket is significantly reduced compared to the layered OMCTS film (data not shown). This 

suggests that the trapped liquid molecules are not in the same ordered state. It is expected that 

the layering can be suppressed by the local curvature of the mica and the higher surface 

separation, i.e. 10–30 nm at the center of the pocket. It is thus reasonable to assume that the 

pocket is a reservoir of disordered (bulk-like) liquid from where it is ordered and then flows 

as part of the layered film structure. 

In the following the ordered flow mechanisms are discussed, starting with a model 

applicable to continuums flow: The above configuration resembles a hydrostatically 

lubricated thrust bearing [140]. Assuming homogeneous, Newtonian flow between two 

parallel plates one would expect a scaling law according 

 

! 

q ~
h
0

3 " P

#
0
ln ri rc( )

 (4.2) 

                                                
11 This has not yet been realized but is on the agenda for follow up work of this thesis. 
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were h0 is the height in the narrow regime, P the pocket pressure and η0 the viscosity of the 

liquid. Fig. 4.9 (a) shows the 6 curves from above after multiplication with the logarithmic 

term of Eq. (4.2) that accounts for the bearing geometry (the power law for h0 = D is 

neglected here, but will be discussed later in Section 4.2.3). After this correction one would 

expect two master curves. Obviously, this is not the case indicating that the continuum model 

does not agree with the data. 

There is some evidence that the fluid may follow channels. Fig. 4.10 (a) and (b) show two 

snapshots of the same image section during an after pocket drainage. A “flow channel” is 

visible that connects the pocket with the outside reservoir during the first stage of drainage. It 

has a constant width of ~25 µm and a 1–2 Å dilatancy compared to the rest of the film. Once 

the pocket has drained, the dilatancy disappears completely. If channels of constant cross 

section and average length l limit ordered flow, a scaling law with 

! 

q ~ 1 l  would apply. 

Again, this is not the case as can be seen from the according plot (Fig. 4.9 (b)). This leads to 

the conclusion that such channels may sporadically form but are not the rate-limiting factor. A 

further possibility is that the disorder-order transition at the perimeter of the pocket is the rate-

determining process. This would call for a scaling law according 

! 

q ~ ri . As can be seen from 

Fig. 4.9 (c) this is not the case either. Finally, it is found that a scaling law with 

 

! 

q ~
1

A
~
1

rc
~
1

U
 (4.3) 

describes the small differences in contact size best where U is the perimeter of the contact 

with area A and radius rc. After multiplication with the effective radius rc the curves can be 

collapsed to a master curve for each of the two regimes of different layer thickness 

(Fig. 4.9 (d)). 

The discovered scaling law suggests that the rate-determining process is linked to the outer 

perimeter of the contact. This could be due to an order-disorder transition, or, to the 

compression zone that has indeed been observed at the outer perimeter (c.f. Section 4.1). In 

the following the latter of these two possibilities will be considered. The layered fluid in the 

compressed zone is expected to have reduced molecular mobility [141]. The resulting 

dissipation at the perimeter would lead to a 

! 

q ~ rc proportionality, which is in contradiction to 

Eq. (4.3) and suggests that additional processes are involved. In Chapter 3 it has been shown 

that the confined fluid structure forms interpenetrating layers. If such layers shear off from 

each other in a dissipative friction process during flow this would cause a 

! 

q ~ 1 AF
 

proportionality, where AF is the area of the layered film. If the two above processes coincide 
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and AF ≈ A one could write 

! 

q ~ rc A =1 rc , which corresponds to the observed scaling law. 

The proposed frictional flow mechanism is in agreement with a further analysis of the layered 

flow profile later in this chapter (c.f. Section 4.2.3). It is important to note that the energy 

dissipation of both processes, the compressed zone at the perimeter and the interlayer friction, 

must be of the same order for the above model to hold. 

For a better understanding of the flow conditions in layered fluid films, further 

investigations are necessary in the future. In a first step, the mechanical behavior of free-

 

Fig. 4.9 Different scaling laws for the pocket drain data accounting for differences in the 
contact geometry. (a) Assuming Newtonian flow between parallel plates fails to describe the 
discrepancy. (b) Assuming flow in channels fails as well, and therefore is not likely to be the 
rate-determining process. (c) Assuming the disorder-order transition at the perimeter of the 
pocket to be rate determining fails as well. (d) A scaling law with q ~ 1/rc is found to be the 
most effective correction. This can be explained by a mixed process involving a compressed 
zone at the perimeter and interlayer friction within the film. 
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standing mica should be modeled to quantify the boundary pressure and pocket pressure as a 

function of contact size and mica thickness. A good approach would be to use the finite-

element method (FEM) for which sophisticated software is readily available today. In a 

second step, a series of further experiments should be conducted that focus on the variation of 

contact size and film thickness in a broader range. 

 

 

Fig. 4.10 High contrast images giving evidence for “flow channels”. (a) The channel (marked 
with circle) forms between the pocket and the perimeter. (b) After drainage the channel 
disappears. 

 

4.2.2 Film Drainage 

Once it is layered, the liquid can only further drain via propagating layering transitions. 

Such layering transitions can be seen as instabilities of the confined film. In Chapter 3 these 

step-like transitions have been investigated for films between supported mica with small 

contact area and high lateral-pressure gradients. If the extension of the instability, the 

transition zone, is much smaller than the size of the contact area then two layering phases can 

coexist and laterally be resolved. This is indeed the case for the large films obtained with free-

standing mica membranes. Thereby segments of the films with different number of molecular 

layers are considered as different layering phases. 

Fig. 4.11 shows the evolution of the transition zone starting from an initial film of OMCTS 

with 8 molecular layers (D ≈ 6.5 nm). In this case the transition was initiated at the perimeter 

during continuous release of the load between the mica membranes, i.e. decrease of the 

contact diameter (Frame A). After initiation the new layering phase with 7 molecular layers 

and D ≈ 5.7 nm (dark area) grows in size. The transition zone moves fastest along the 

perimeter, as can be seen form the situation in Frame B. The two fast fronts (marked by 

arrows) merge at the opposite side of the perimeter trapping an island of 8 layers within a film 
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of 7 layers (Frame C). Within a few seconds the volume of this island drains through the 

surroundings (Frame D), leaving a homogeneous and stable film of reduced thickness (final 

frame). The profile plot at the bottom right indicates that the transition zone has a width of 12-

15 µm and involves a step of only one layer of molecules with a layer height of ~8 Å (note 

that the grey profiles are offset by 2 Å for better illustration). 

According to the contact mechanics, discussed in Section 4.1, the normal pressure is 

highest at the perimeter of the contact area. This is consistent with the observation that the 

layering transition is initiated at the perimeter12. When the local pressure exceeds the peak 

force of the oscillatory potential (c.f. Fig. 3.2) at any point within the film the layered 

structure breaks up locally and a N-1 phase nucleates. This new layering phase is 

                                                
12 In a film that is oval in shape, due to misalignment of the crossed cylinder sample holders, the initiation of the 
layering transition was always observed at the long end of the ellipse, sometimes simultaneously at both ends. 
Obviously the perimeter pressure has its maximum at location(s) where the radial curvature is highest. 

 

Fig. 4.11 Drainage of OMCTS film in the layered regime from 8 → 7 molecular layers. The 
layering transition is initiated at the perimeter of the contact where the local pressure is highest. 
The transition zone moves fastest along the perimeter, as marked by the arrows in Frame B, 
resulting in an island of 8 layers being trapped within a film of 7 layers. This island drains by 
squeezing out the trapped liquid through the surrounding film. Calibrated profiles are given for 
different snapshots at the bottom right. The profiles indicate that the layering transition involves 
only one layer of molecules. The thickness scale applies for the final profile (black), while the 
others (grey) are each offset by 2 Å for better illustration. 
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thermodynamically more stable as it obviously withstands the unchanged pressure conditions 

in the contact. The fact that the transition nucleates during unloading of the contact is 

evidence for an increasing perimeter pressure and/or contact pressure gradient with 

decreasing size of the contact. To this point it is unclear whether normal, hydrostatic or lateral 

pressure gradients finally nucleate a layering transition. The pressure distribution depends 

chiefly on the local geometry of the contact and a better understanding will require additional 

investigations on the contact mechanics of free-standing mica. For the following evaluations a 

more profound knowledge about the nucleation mechanism of the layering transition is not 

required. 

Once the transition is induced the local deformation of the mica wall and the lower energy 

of the thinner film drive the expulsion of the liquid. The drainage occurs fastest at the 

perimeter, which can simply be explained by geometric reasons. Additionally, the increased 

perimeter pressure accelerates the liquid expulsion in this region. This leads to the regularly 

observed situation that an island of the N layering phase is formed within a film of N-1 phase. 

The drainage dynamics of the so trapped excess volume can be used to further study layered 

fluid flow. 

Layered Flow Dynamics 

The time scale of layering transitions is a few seconds or minutes depending on the 

extension of the film and thickness of the mica. Large contact areas and soft walls can slow 

down the process considerably. For fixed mica thickness and film size the squeeze-out time 

increases with each reduction in the number of layers in the film from 10 to 4 layers. Once the 

draining film segment becomes isolated from the perimeter the situation is analog to the 

pocket drainage experiments described above. For comparison, the volume of a layered phase 

island within a film of comparable extension is also plotted in Fig. 4.8 (dashed black line). In 

this case the surrounding film had a thickness of 7 layers and therefore lay in between the film 

thickness of the displayed pocket data (5 and 8 layers). Interestingly the slope (i.e. flow rate) 

of this island drainage is significantly higher than both pocket curves, in particularly than the 

one that drains through a thicker film of 8 layers. The volumetric rate is reduced with 

decreasing volume of the layered island, while the two pockets show a rate that is nearly 

constant. Towards the end, i.e. VP → 0, all curves seem to converge. 

The above result indicates that the mechanism for film drainage is fundamentally different 

than for pocket drainage. The decreasing flow rate suggests that the driving force is linked to 

the size of the layering phase island. Due to the overall higher rate this additional driving 
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force must not be present in the case of the pocket drainage. The required pressure for fluid 

flow is generated by the energy difference between the two layering phases, as seen from the 

oscillatory potential. It leads to the conclusion that the N → N-1 layering transition, rather 

than the elastic deformation of the mica, predominantly drives the film drainage. For small 

volumes, the liquid inside of the pocket is expected to be affected by the layering forces, 

meaning that for VP → 0 the two cases should converge. This is exactly what is observed in 

the given experiments. 

Interpretation of Flow Conditions 

Modeling of the drain dynamics can be used to assess the dominating (i.e. rate-limiting) 

factors of the fluid flow. In the case of film drainage this is likely to be the described N → N-

1 layering transition. Here the drain data can help to discuss the fluid state inside the 

transition zone. To this end one shall consider the two following models (c.f. Fig. 4.12): 

 

 

Fig. 4.12 Two extreme fluid-flow patterns across the layering transition zone during film 
drainage. (a) In an ordered transition the fluid structure is maintained. Interlayer diffusion inside 
the thicker N phase governs the drain dynamics and no additional energy is dissipated. (b) In the 
disordered transition the layered fluid structure is locally interrupted and the reordering process 
of the molecules limits the drain rate. 

 

The first model describes an ordered transition, where the layered structure is maintained 

and the transition zone does not act as a flow attenuator (Fig. 4.12 (a)). The molecules diffuse 

from the extra layer inside the N phase and drain through the remaining layers. If such 

interlayer diffusion was the rate limiting process one would expect a drain rate that is 

proportional to the area AN of the trapped island. Such kinetics can be described by 
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N
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= #kA

N
 (4.4) 
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where t is the time and k a constant describing the rate limiting effect of the interlayer 

diffusion. Solving this equation for AN gives 

! 

A
N
(t) = C

0
e
"kt  with C0 being the unknown 

integration constant. 

The second model describes a disordered transition. In this extreme case the reordering 

inside the transition zone is assumed to be the only rate-limiting factor. After reorganization 

the trapped molecules drain through the layered structure of the N-1 phase. Note that this 

model does not require any fluid flow inside the N phase segment. The drain rate is 

proportional to the island perimeter length B according to 
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and solving for AN gives 

! 

A
N
(t) = "C

0
t
2 . 

In Fig. 4.13 (a) and (b) the same sample data is rescaled according the characteristic terms 

of the function AN(t) from the two models above i.e. log-plot for the ordered transition and 

! 

A -plot for the disordered transition. The time scale is set so that the end of drainage 

(AN = 0 µm2) coincides with t = 0 s. Only the disordered transition model gives a straight line 

over most of the drainage data for t < -5 s. The same is observed for drain data from films of 

different thickness and contact geometry. This suggests that a process inside the transition 

 

Fig. 4.13 Example data of film drainage for the N → N-1 layering transition. The area AN is 
plotted as a function of time according to the two different flow models described in Fig. 4.12 
and Eqs. (4.4) and (4.5). (a) Ordered transition model assuming kinetics that are governed by 
interlayer diffusion. (b). Disordered transition assuming the molecular reordering inside the 
transition zone to be the rate limiting process. The dashed line represents a linear fit to the data 
for t < -5 s. 
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zone is indeed the rate-limiting factor here. This process can be described as an order-

disorder-order transition across the (disordered) transition zone from the (ordered) N phase 

into the (ordered) N-1 phase13. Note that this evaluation does not completely exclude the 

possibility for interlayer diffusion. It can still occur at much slower time scale. 

The deviation from the linear regime that is observed in the disordered transition model for 

small AN is presumably due to the energy release of the locally deformed mica membrane. 

The elastic energy of this deformation over the transition zone area contributes to the driving 

forces for the liquid expulsion. This contribution becomes increasingly important for small 

island areas towards the end of the film drainage process and therefore changes the observed 

dynamics. Finally it is noted that the layered fluid flow in the surrounding film is expected to 

follow the same principles as discussed above for the pocket drainage (c.f. Section 4.2.1). 

Again, the uniform propagation of the boundary line clearly favors the concept of 

homogeneous film flow rather than flow in channels. 

The above-described experiments are along the lines of experiments recently done by 

Becker & Mugele [125, 139]. Their Newton-ring images obtained with OMCTS qualitatively 

resemble the images presented here. However, there are some important differences in the 

experimental setup that affect the fluid flow. In the present work, the lateral extension of the 

layered film is significantly higher (5-10x) and the normal pressure on the liquid is 

considerably lower, i.e. near to zero. The reason for this is the different contact mechanics 

between the free-standing mica and the supported mica (Hertzian contact) used by Becker 

(c.f. Fig. 4.2). As a consequence, here, the layering transition is initiated at the perimeter 

rather than the center of the contact. This allows the study of fluid flow in a different regime 

as schematically depicted in Fig. 4.14. In the first case (Fig. 4.14 (a)) the direction of 

propagation of the transition zone is inwards, opposite to the direction of the fluid flow. The 

displaced liquid is transported through the N-1 phase of the thinner film section. In the latter 

case (Fig. 4.14 (b)), the transition zone propagates outwards and the fluid flow occurs in the 

thicker section (N phase). In fact, film collapse at the perimeter has been observed by Becker 

occasionally when the substrate was more elastic; i.e. in a softer contact [125, 145]. 

It has been pointed out in Section 4.2.1 that normal pressure gradients inside the contact 

area are expected to change the molecular mobility of OMCTS and thus the flow behavior of 

the layered fluid. In this section it was found that the layering transition provides energy that 

                                                
13 This is also the general concept assumed in the literature for describing layering transitions in simple liquids, 
mainly supported by extended molecular dynamics simulations [142, 143, 144] rather than experimental 
evidence so far. 
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is dissipated via a rate-limiting effect inside the transition zone. Neither of these effects has 

been considered in the referenced work of Mugele & Becker. In their experiments the applied 

pressure was in the order of ~2 MPa and for modeling the kinetics only the elastic relaxation 

of the mica was considered as a driving force. For such high loads the elastic relaxation may 

indeed dominate the drainage process, while for the low-pressure regime discussed here this is 

not the case. The present work is thus a complementary contribution to the study of drainage 

dynamics of highly confined fluids. It also provides a new basis for future modeling of 

layered fluid flow. 

4.2.3 Mesoscopic Modeling of Layered Fluid Flow 

The experiments described in Section 4.2.1 (pocket drainage) and 4.2.2 (film drainage) 

provide an elegant way to study fluid flow of simple liquids in the confined state. The link 

between such experiments and a better understanding of the involved molecular processes can 

only be made by molecular dynamics simulations. By setting up the framework a first 

approach is done in the following in order to guide the way for future work. 

Modeling Pocket Drainage 

Fig. 4.15 (a) and (b) shows the schematic model view of the two experimental setups. The 

pocket drainage experiment helps understanding layered fluid flow. In this case, liquid from a 

 

Fig. 4.14 Different flow regimes depending on the contact mechanics. (a) Due to the elevated 
perimeter pressure in the free-standing mica contact, the layering transition N → N-1 is initiated 
at the perimeter. This leads to the situation that an island of the N phase is trapped and drains 
through the surrounding N-1 phase. (b) In a classical Hertzian contact the transition is initiated 
at the center where the pressure is highest. In this case the excess liquid is pushed through the 
thicker N phase. 
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bulk liquid reservoir is pressed through a layered film of defined thickness DN. The pressure P 

is a function of the known mica thickness Tm. The total volumetric flow qN is measured in the 

experiment and requires normalization, 

! 

q'N = f (qN ), to extract the local flow rate according to 

the film’s geometry. The desired output, for example, is the flow profile, i.e. the velocity u of 

the molecules as a function of their normal position z (or layer number N) between the mica 

interface. The flow profile u(z) is related to the normalized flow according 

 

! 

q'N = 2 u(z)"z
0

dN

#  (4.6) 

where 

! 

d
N

= D
N
2  (assuming a symmetric profile) and the origin of the z-axis is set to the 

mid-plane of the film. 

In a future molecular-dynamics model the confined fluid will be defined by fundamental 

parameters, such as the interaction between single molecules and between the molecules and 

the wall. Using the appropriate boundary conditions one should then be able to calculate u(z) 

and use Eq. (4.6) to link it to the experimental data of 

! 

q'N  provided in this work. 

Modeling Film Drainage 

The film drainage experiment can be employed to study the layering transition energetics 

(Fig. 4.15 (b)). Here, the liquid in the reservoir is in a layered state (N phase) with a film 

thickness DN. The transition zone in which the molecular order is locally randomized and 

fluidized propagates towards this reservoir. In the emerging film of reduced thickness DN-1 the 

order is restored while the draining liquid is pushed towards the open end of the confinement. 

Due to mass conservation the speed of the transition zone, uTZ, is directly coupled to the 

normalized flow rate by 

! 

q'N"1= # S $ uTZ  where ΔS is the layer distance. 

As an initial approach one can solve the dissipative energy balance that regulates the film 

drainage. In this case the driving force is the released energy ΔEN→N-1 during the transition 

from the N phase to the N-1 phase inside the contact area A. This can be expressed by 
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"E
N#N$1 = %

N$1 $
A

& %
N

A

&  , (4.7) 

where γN and γN-1 are the specific free energies per area of the two layered phases. These can 

be derived from the oscillatory potential that was described in Chapter 3 (c.f. Fig. 3.1). The 

released energy of Eq. (4.7) must be equal to the energy 

! 

EN"N#1

dissip.  dissipated during the entire 

drainage processes, which can be expresses as the sum of different components according 
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! 

"EN#N$1 = EN#N$1

dissip.
= EN$1

flow
+ EN$1

turb.
+ EN#N$1

disorder.
+ EN#N$1

order.  . (4.8) 

In the above equation 

! 

EN"1

flow  is the dissipated energy during the layered flow in the N-1 

phase and 

! 

E
N"1

turb. the heat released to the bulk reservoir outside the contact area due to 

turbulent flow. These two terms can be approximated from the output of the pocket drainage 

experiment i.e. the model describing the layered fluid flow. Eq. (4.8) will then provide the 

means to distinguish between the dissipated energy during the disordering (

! 

E
N"N#1

disorder.) or the 

ordering (

! 

E
N"N#1

order. ) of the liquid inside the layering transition zone. 

 

 

Fig. 4.15 Model view of layered flow in simple liquids. (a) The pocket drainage experiment 
provides data to study layered fluid flow. In this case the liquid drains from a disordered (bulk) 
reservoir through a layered film of well-defined thickness. (b) The film drainage experiment 
provides information on the layering-transition energetics. The energy that is released during 
the reorganization of the film structure is partly dissipated by the layered fluid flow inside the 
N-1 phase. (c) Layered fluid flow can be described by a step-like flow profile u(z) in which the 
molecules of each layer have a certain velocity un. (d) Approximation of such a step profile 
assuming a linear profile with a positive slip length s. (e) Non-linear flow profile due to an 
immobilized layer at the interface described by a negative slip length s.  
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Flow-Profile Model 

In the following, data from the pocket drainage experiment presented in Section 4.2.1 is 

used to approximate the profile u(z) of the layered fluid flow. A simple model is employed in 

order to distinguish between a linear or non-linear flow profile. 

According to Eq. (4.2) a continuum fluid flow between the two flat (mica) walls is 

expected to scale with q ~ D3. This scaling law is derived from hydrodynamic lubrication 

theory under the assumption of viscous flow (i.e. the liquid is Newtonian) with a no-slip 

boundary condition. Taking two films of similar extension (rc ≈ 120 µm) but different 

thickness DN = 6.4 nm and DM = 4.1 nm, the expected volumetric flow ratio is k = qM/qN = 3.8. 

This is significantly higher than the value of k ≈ 2.1 determined from the measured data (c.f. 

Fig. 4.8). This leads to the conclusion that continuum theory indeed fails to describe the flow 

profile of layered fluids in gaps of <10 nm. 

 A simple and probably more realistic description of the flow profile is a symmetric step 

function, in which each layer has a certain velocity, un, depending on the molecular mobility 

at its position (Fig. 4.15 (c)). The observed increase of the structural forces with decreasing 

film thickness makes it is reasonable to assume that the layers closer to the wall are less 

mobile and therefore flow at lower velocity. The step profile is further simplified by assuming 

that the velocity increases linearly with each layer and by using an envelope such that the 

enclosed area AN is equal to the integrated area of the step profile, as it is shown in 

(Fig. 4.15 (d)). In addition, the concept of boundary slip is introduced to the model, meaning 

that the boundary layer can slip off the solid interface and moves at a finite velocity u1. In this 

case the slip length s is positive and defined as the distance from the interface where the 

extrapolated flow profile becomes zero. The slope dN : hN is considered constant when the 

film thickness is reduced, meaning that when the center (i.e. fastest) layer is squeezed out of 

the gap the remaining ones maintain their velocity. According Eq. (4.6) the flow rate q’N is 

given by the area 

! 

A
N

= d
N
h
N

+ 2sh
N

 (marked red), which links the modeled profile to the 

experimental data. In summary the described model is defined by the following set of 

equations: 

 

! 

AN = q'N

AN = k " AM

 dN " hM = dM " hN  

 
(4.9a) 
(4.9b) 
(4.9c) 

where k = qM/qN is the volumetric flow ratio and N, M indicate the number of molecular 

layers inside the film. Taking the pocket drainage experiment from above, the volumetric 
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flow can be normalized by 

! 

q'N = qN 2"rC , being the radial flow rate at the perimeter of the 

contact in [nm2/s]. Solving Eqs. (4.9) for the slip length gives s ≈ 0.1 nm. This is nearly zero, 

suggesting that the velocity of the OMCTS molecules at the mica interface is very low and 

flow occurs primarily in the center layers. From the slope of the profile one can estimate the 

effective velocity of the molecules within each layer. For the thicker film with N ≈ 8 layers 

one obtains u4 ≈ 200 nm/s for the two center layers and a ~7 fold lower speed for the 

boundary layer (u1). Accordingly, the central layer of the thinner film with M ≈ 5 layers 

moves at a speed of u3 ≈ 140 nm/s across the contact perimeter. 

The model can be adapted by introducing a completely immobilized boundary layer of 

thickness s as shown in Fig. 4.15 (e), equivalent to a negative slip length. Here, the additional 

assumption is made that the entire inner section slips as a slap, i.e. non-linear flow profile. 

The integral defining the flow rate then is 

! 

A
N

= 2h(d
N
" s) and Eq. (4.9c) is not needed. 

Solving for the slip length gives s ≈ 1.2 nm, suggesting that 1–2 layers of OMCTS are 

strongly adsorbed to the mica interface. The effective velocity of the inner layers at the 

perimeter is in this case expected to be ~180 nm/s, which is in the same range as calculated 

above. 

According to the overall output of the experiments the non-linear flow profile, as 

illustrated in Fig. 4.15 (e), is to be favored. This conclusion is based on the observation that 

large films of thickness D < 3.5 nm could not be drained any further under the given 

conditions, indicating the presence of a highly immobilized boundary layer. The attempt to 

induce layering transitions in such contacts usually resulted in the generation of mica flakes 

that destroyed the contact area. Presumably, the local pressure upon initiation of a layering 

transition becomes high enough to destroy the mica membranes. The film thickness at which 

this qualitative change in the drainage behavior is observed suggests an immobilized section 

in the range 1.5 nm (~2 molecular layers) on each side of the film14. A boundary layer of 

similar thickness has also been suggested from the experiments by Chan & Horn [132] and 

Becker & Mugele [139] as well as by molecular dynamics simulations [10]. 

Solid or Liquid? 

The results above lead automatically to the question whether the OMCTS undergoes a 

liquid-solid transition when confined to a few molecular layers between atomically smooth 

walls. There is an ongoing debate in the literature on this topic [79, 80, 98, 146-148]. For 
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example, it has been observed in friction measurements that the shear forces undergo a 

significant transition at a thickness of <6 layers [98]. On the other hand, the squeeze-out 

experiments performed by Becker & Mugele clearly suggest, that the OMCTS remains liquid-

like down to 1-2 molecular layers [139]. From the measurements described in this work the 

following conclusions can be made: The flow dynamics of simple liquids in the structural 

force regime cannot be described by the classical (continuous) hydrodynamic theory. The 

effective viscosity of the confined fluid increases with decreasing number of layers present in 

the gap. This can be explained by the presence of an immobilized boundary layer, which has 

an increasing effect with decreasing film thickness. Inside this layer the dynamics are 

governed by the (strong) molecular interaction between the OMCTS and the mica. Further, 

the mobility of the molecules is sensitive to normal pressure, i.e. the degree of compression of 

the layered fluid. Pressure gradients within the contact area can change the dynamic behavior 

of the layered fluid flow significantly and introduce attenuation zones. The non-linear flow 

profile, that was found to describe the dynamics of the pocket drainage experiments best, 

suggests a fluidity transitions within the fluid film. This transition is believed to be due to the 

presence of an immobilized (solid-like) boundary layer rather than a confinement induced 

liquid-solid transition. In other words, the results of this thesis support the idea that confined 

simple liquids are best understood as two-dimensional fluids with solid character in normal 

direction to the confining geometry. 

 

                                                                                                                                                   
14 Note that the here suggested immobilized layer might become fluid under other circumstances, e.g. high lateral 
pressure gradients, as they are likely to be present for supported mica sheets in the classical SFA experiment. 
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4.3 Zooming into the Layering Transition 

It has been demonstrated above that optical spectral correlation (OSC) imaging allows 

laterally resolving the dynamics of molecular layering transitions in thin films. Examples of 

such a measurements were given in the previous section and typical images can be seen in 

Fig. 4.11. Such films can have a typical lateral extension of 200–500 µm and are generated 

between free-standing mica membranes as described in Section 4.1. The layering transition 

(LT) shall mark the boundary between two layering phases, which exhibit a difference in film 

thickness of at least one molecular layer. Within a layering phase the film thickness is 

uniform due to the stabilizing effect of the oscillatory forces of the confined fluid. It is 

possible to induce a number of subsequent LT’s in thin films of confined OMCTS. In the 

described setup, this phenomenon can readily be observed in a range of 4–8 nm in film 

thickness. 

Apart from studying the fluid-flow dynamics (c.f. Section 4.2), the eSFA-II also allows the 

scrutiny of the transition zone of a LT. In this zone the thickness of the confined film is going 

from one stable situation to another. The mica is therefore locally bent into a wedge-like 

shape, in contrast to the otherwise perfect parallel walls. Molecular dynamics simulations 

suggest that small non-parallelism of the walls will result in nonuniform pressure and density 

profiles of the confined fluid [143, 144, 149]. This has been shown for hard-sphere liquids 

such as OMCTS in extended wedge shaped pores [144] as well as for corrugated surfaces 

[150]. Such effects can play also an important role in real systems comprising confined fluids, 

as for example in the mechanism of crack propagation or for the recovery from mineral soils. 

It is thus of fundamental interest to understand the properties of liquids in geometries that 

differ from the classical configuration used in the surface forces apparatus (SFA). 

In the following, OSC experiments are described that have been performed in order to 

investigate the film thickness and liquid density profile across layering transitions at the 

boundary between two layering phases. The excellent film thickness resolution of <1Å 

achieved by this imaging technique was a prerequisite for this task. The diffraction-limited 

lateral resolution of 1–3 µm was enough to resolve details of the layering transitions that 

typically extend over 5–20 µm. Two distinct optical correlators were used here to image 

changes in the film thickness D as well as in refractive index n; the latter is a good measure of 

the liquid’s density. The obtained data yields a wealth of new information. Due to the limited 

amount of time available much of this data has not yet been fully quantified. It is for this 
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reason that some of the graphs shown here, (e.g. OSC signal counts) will be given in arbitrary 

(intensity) units, while the full quantification will be included in a forthcoming publication. 

This does not affect the validity of qualitative conclusions given herein. 

4.3.1 Thickness and Refractive Index Imaging 

The newly developed OSC method has been described in detail in Section 2.3 of this 

thesis. It has also been pointed out that the use of dedicated optical correlators allows for pure 

film thickness (D) or combined film thickness and refractive index (Dn) sensitivity (c.f. 

Section 2.3.2 under Design of Optical Correlator). Here, a few additional details are 

discussed that are important for this experiment. 

Fig. 4.16 (a) shows a section of the measured transmission spectra from the sample 

interferometer (grey area) and the two optical correlators used for the D- (solid line) and Dn-

imaging (dashed line). The insets depict the schematic cross section of these optical elements. 

The thin-film interferometer has the common design used in the eSFA, i.e. mica of equal 

thickness (here 3.021 µm) with 30 nm Ag mirror layer on the backside. The Dn-correlator 

was build identically but without gap medium. A small tilt of ~2° relative to the light path was 

used for the Dn-correlator (i.e. blue-shift of the interference peaks) in order to obtain maximal 

sensitivity for films of thickness 2–10 nm. The D-correlator was made from a single sheet of 

mica that was coated on both sides with 30 nm silver layer. In this case a tilt of ~9° was 

required to optimize the correlator peak wavelengths. The latter interference peaks partly 

overlap with every other interferometer peak of even chromatic order. This results in the 

desired D-sensitivity of this special correlator type. The use of silver mirrors for the D-

correlator allows more light to be transmitted compared to the use of aluminum mirrors, as it 

was suggested for this type of correlator in Section 2.3.2. In fact the light level will be very 

similar to the one from the Dn-correlator. This is important because it permits identical 

exposure times (i.e. statistics) during imaging. Note that the correlation of the two correlator 

types occurs at opposite flanks of the base interferometer peaks. This leads to an inverse 

contrast of the resulting OSC signal curves. This effect is readily accounted for during the 

image calibration procedure. 
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Fig. 4.16 Thickness and refractive index imaging with optical spectral correlation. (a) Measured 
transmission spectra and configuration of the interferometer, the Dn-correlator and the D-
correlator. (b) D-correlation map showing changes in the film thickness only. In the given 
example an island of layered N phase is surrounded by a homogeneous film of N-1 phase. The 
dashed line indicates the border between the two layering phases where the layering transition 
occurs. Note that the image suggests a gradual change in thickness from one layering phase into 
the other. (c) Dn-correlation map showing changes in film thickness and refractive index 
respectively. This image indicates a modulated profile across the phase boundary seen as dark 
and bright rim on either side of the borderline. This can be attributed to changes in the liquid’s 
density within the layering transition zone. 
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Fig. 4.16 (b) shows the correlation map of a liquid film with two distinct layering phases. 

The dashed line marks the border of the layering transition. This image was taken with the D-

correlator in the optical path in front of the CCD detector at an exposure time of 45 ms. The 

brighter island (N phase) exhibits a film thickness of 5.6 nm and is surrounded by a darker sea 

(N-1 phase) of 4.8 nm in thickness. This absolute thickness measurement was accomplished 

simultaneously with the FSC method (c.f. Sections 2.2.1 and 2.2.2). The image in 

Fig. 4.16 (b) is a snapshot during drainage of the N phase remniscent of the behavior 

described in Section 4.2.2. 

Fig. 4.16 (c) depicts a correlation map that was obtained with the Dn-correlator. In this 

image the layering transition zone appears clearly different than in the case described above 

(c.f. Fig. 4.16 (b)). There is a dark edge at the perimeter of the N-1 phase. The signal intensity 

is clearly reduced compared to the signal level of the N-1 phase. At the same time there is a 

bright edge at the inner diameter of the N phase. This phenomenon is seen only with Dn-

correlators, and not with the D-correlators. The effect must therefore be attributed to changes 

in the liquid refractive index. 

4.3.2 Film Thickness and Density Profiles 

Intensity profiles normal to the layering-phase boundary were extracted from images as 

depicted in Fig. 4.16 (a) and (b). In order to reduce the signal noise such profiles were 

typically averaged over a transition zone width of 10–30 pixels. In total a large number of ~50 

profiles were evaluated resulting from different film thickness transitions during subsequent 

drainage cycles. Fig. 4.17 summarizes the results for a film thickness regime between 4–8 nm 

involving 5 molecular layering transitions. 

Film Thickness Profiles (D-profiles) 

First, the profiles obtained from the D-correlation maps are discussed. Fig. 4.17 (a) shows 

five such profiles corresponding to distinct N of transitions N → N-1. The absolute film 

thickness—as measured independently by FSC—is given in the legend. The profiles are 

plotted in shades from light grey (LT-4) to black (LT-0), indicating the decrease in the 

thickness level of the film. Note that the OSC signal increment for small thickness changes of 

<1 nm is roughly linear. The given intensity is therefore proportional to the thickness and 

approximately reflects the geometry across the layering transition. 

For convenience the profiles are plotted with their lower intensity levels coinciding and 

their inflection points (B) adjusted to x = 0 µm. This inflection point is readily defined by an 
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CCD intensity level of 180 cts, which seems to mark a characteristic point in some of the 

profiles as further discussed below. The five profiles clearly show qualitative differences in 

shape, following a gradual change for decreasing film thickness. At a thickness above 6.3 nm 

(LT-3 and LT-4) the geometry of the layering transition resembles an S-shaped curve with a 

width of ~23 µm, corresponding to ~7x the thickness of the mica. With decreasing film 

thickness the profile develops a marked shoulder at the inflection point B, with increased 

slope below and slightly decreased slope above B (LT-0 to LT-2). Due to this change of slope 

the width of the transition zone becomes smaller for transitions occurring at lower total film 

thickness. Besides this change in the mica geometry there is a slight overshoot before the next 

constant level is reached. For LTs occurring in thicker films, this effect is only seen as 

asymmetric overshoot, whereas it is found at both ends of the transition profile (overshoot and 

undershoot) for LTs at low film thickness. If present, the magnitude of this effect is less than 

8% of the entire step height and extends over a distance of 8-15 µm. These quantities vary 

slightly for different profiles depending on the dynamics (i.e. speed and direction) and the 

location of the boundary line within the contact area; however, the overall picture is 

consistent. Over- and undershooting was also observed with the FSC probe, which provides 

an absolute and independent film thickness measurement. The magnitude of the effect seen 

with FSC is in close agreement with the OSC data. Therefore, one can exclude an artifact 

pertaining to the photometric OSC method. 

Film Thickness and Refractive Index Profiles (Dn-profiles) 

The Dn-profiles obtained from the thickness- and refractive index-sensitive correlation 

maps (Dn-correlation) show each a distinct and characteristic shape. In Fig. 4.17 (b) four such 

profiles are plotted, corresponding to the film thickness transitions LT-1 to LT-4 described 

above. For convenience, the curves are shifted to the same lower level (0 cts) and overlapping 

inflection points B at x = 0 µm. In this case the inflection point was defined as ~65% of the 

step height. This coincides with the level of the inflection point in the D-profiles. Again a 

gradual evolution of the shape is observed. In contrast to the above described D-profiles, there 

is now a much larger signal overshoot and undershoot respectively at both ends of the 

transition zone resulting in what shall be termed an “edge-wave” effect. The amplitude of this 

edge-wave reaches up to 40% of the full step height. With decreasing film thickness, the 

lateral positions of the overshooting maxima and undershooting minima (marked with black 

dots) move towards each other. The amount of this shift corresponds well to the decrease of 

the transition zone width observed for the D-profiles above. 
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Fig. 4.17 (a) D-profiles and (b) corresponding Dn-profiles for subsequent layering transitions in 
a confined OMCTS film of 4–8 nm in thickness. 
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For the OSC data presented here, a decrease in signal intensity from the Dn-correlation can 

be attributed to a reduction of the refractive index or density if the film thickness remains 

constant, as observed in the D-correlator image. Analogously an increased OSC signal 

indicates a higher refractive index or density of the confined medium. This dependence was 

also verified by calculation of the OSC signal function based on predicted interference spectra 

using the multi-matrix method. 

Density Profiles (n-profiles) 

Since the D-profile reflects the true geometry of the films transition zone, it is a simple 

matter to extract the (here only qualitative) change of the refractive index by comparison with 

the Dn-profile. Fig. 4.18 shows the two corresponding profiles of the 5.6 → 4.8 nm layering 

transition (LT-2). The signal intensity of the D-profile is scaled such that the constant levels at 

the left and right side match with the according levels of the Dn-profile. Note that with this 

scaling the inflection points B of the two curves fall together at the origin of the lateral axis 

(x = 0 µm). The contribution to the signal change of the Dn-profile that is due to changes in 

the films refractive index (n-shift) is then obtained from the residual of the two curves and is 

plotted in the lower part of Fig. 4.18. Quantification of this data into refractive index units 

requires in-depth numerical analysis, which will be done outside this thesis. Tough 

qualitatively, the curve in Fig. 4.18 reflects the density change within the layering transition 

zone. Starting from the thick end of the film, it is observed that the film’s density is first 

increased and then significantly lowered compared to the distant levels. Note that the equal 

density on each side of the LT is an artifact from the simplified evaluation, which assumes 

that the refractive indices of the N and the N-1 layering phases are the same. This is not 

necessarily the case: in fact, the Dn-algorithm of the FSC evaluation revealed that n is slightly 

increased (by ~0.004) after each layering transition. At the present stage of evaluation such 

minor effects can be neglected because they do not change the fact that there is a massive 

density depression across the LT. 

The density depression becomes more pronounced for thinner films (i.e. smaller N), 

according to the increasing edge-wave effect observed in the OSC intensities. 
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Fig. 4.18 Extraction of the qualitative refractive index shift (n-profile) from D- and Dn-profiles. 
The difference between these two profiles can be attributed to refractive index, i.e. density 
changes in the liquid. The resulting line thus reflects the modulation of the confined film’s 
density within the transition zone. 

 

4.3.3 Molecular Order across Layering Transitions 

On the basis of the above-described results important conclusions can be drawn for the 

molecular order across LTs. These results also provide profound new insights into the 

molecular mechanisms underlying the layering transition in simple liquids. At this point, it is 

useful to recall the compression isotherm with the typical oscillatory force profile of OMCTS 

that was extensively studied in Chapter 3. Fig. 4.19 illustrates such a force profile that is 

based on an eSFA measurement and was adapted from Fig. 3.1. The solid lines represent parts 

of the profile that are accessible for the SFA measurement. In this thickness regime the 

confined film is in a stable layered state. The distance between the lines thereby corresponds 
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to the interlayer distance of the molecular structure. In contrast, the thickness regime 

indicated by the dashed lines cannot be accessed in the force measurement. Once the 

(repulsive) peak force is exceeded, the surfaces are unstable and jump directly to the next 

lower level. This leads to the step-like layering transitions typically observed in such systems 

with the classical SFA (c.f. Fig. 3.3 for example). 

The situation is somewhat different with free-standing mica that allows layering phases of 

different thickness to co-exist within extended films of layered liquid. The boundary between 

these phases is of finite lateral extension and can be resolved by the OSC method, as shown 

above. The width of the transition zone is a function of the mechanical properties of the 

wall—here, the thickness of the free-standing mica. Across the transition zone, the system has 

to find the balance between fluid forces and the mechanical forces induced by the walls. The 

film is “forced” to follow a gradual thickness change between two layering phases. At certain 

points along the profile the film thickness corresponds to the unstable loci of the compression 

isotherm, albeit with non-parallel boundary conditions. 

It has been shown in Section 4.1 that the external pressure within extended films of free-

standing mica is close to zero. The equilibrium thickness of the layered phase can therefore be 

assumed to be at the intersection points of F/R = 0 in the compression isotherm. These 

positions are indicated by blue circles in the force profile shown in Fig. 4.19. In between are 

the force maxima that are marked by red circles. For simplicity of the following discussion, 

only one single oscillation between the two Points A and C shall be considered, where A is 

the initial thickness of the N phase and C the final thickness of the co-existing N-1 phase in 

the confined film. This is illustrated at the right side of Fig. 4.19, with a schematic D-profile 

(top) and corresponding density profile (bottom), both adapted from the LT-2 transition 

described above (c.f. Fig. 4.18). The density profile suggests that on the way from A to C the 

confined fluid is first compressed and then highly decompressed before it reaches its 

equilibrium density again. This can only be explained by structural changes of the liquid 

across the transition zone. A simple mechanism could explain the observations: First the 

layered liquid (N phase) is compressed into a high-density state until the critical inflection 

point B is reached. Due to high compression and wall non-parallelism at this point, the 

layered structure can no longer exist and the fluid enters a disordered low-density state. Once 

the gap becomes narrow enough it allows for layering again at the phase at reduced film 

thickness (N-1 phase) and is stabilized by the surrounding sea. 

The initial densification of and LT-2 is in the order of 2–3 Å, which is in perfect agreement 

with the corrected compressions shown in Section 3.1.2. Between the Points A and B the film 
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thickness is therefore reduced without destabilizing the layered structure of the film. 

Presumably, the layers adjacent to the walls make up a predominant portion of the film’s 

compression. The localized compression is linked to the mechanics of the curved mica 

membrane across the two layering phases. At Point B the layered structure reaches instability 

and a disordered film of significantly lower density is formed as it is observed in the n-profile 

from the OSC data. This inflection point is analogue to the well-known peak force in the 

oscillatory force profile. It is reasonable to assume that the actual density profile near Point B 

is actually sharper than one can optically resolve here. In Fig. 4.19, C* indicates the point 

where the layered order is restored. In some cases the film was observed to be in a slightly 

compressed state at this point (c.f. D-profile of LT-0 for example). The reason for this is the 

local curvature of the mica membrane, which exerts a local extra pressure to the layered film. 

The effect is, by the way, analogous to the compression zone regularly observed at the 

perimeter of large confined fluid films (c.f. Section 4.1.1). 

The distances A-B and B-C* along the D-profiles are more pronounced if the film 

thickness is reduced. At the same time the edge-wave effect i.e. modulation of the density 

profile is observed to be stronger. This can be explained by the increasing intensity of the 

oscillatory forces with decreasing film thickness. With each transition the amplitude of the 

force oscillations grows exponentially. This means that the pressure gradient across the 

transition zone must increase in a similar way. Accordingly the forces acting on the mica are 

increased and lead to higher local curvature of the membrane. When less layers disorder the 

void fraction between the molecules increases, leading to stronger n effects as observed in the 

data. In particular, the increasing slope of the B-C* segment for thinner films suggests that the 

local pressure in the disordered state is increasingly negative, which pulls the surfaces 

together within a shorter distance. 

The above data provides direct evidence that the layering transition in simple liquids can 

be understood as a two-step mechanism, in which the layered structure is first compressed and 

then disordered. This concept is also supported by the data in Chapter 3, which showed that 

the film undergoes considerable compression prior to the layering transition instability. This 

result is hoped to stimulate further theoretical work in the field. Finally it is noted that the 

quantification of the above data, particularly density and local pressure, will provide further 

insight to the energy terms that govern the layering transition phenomenon. 
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Fig. 4.19 Relationship between compression isotherm and layering transition. The thickness and 
density profiles on the right highlight the proposed two-stage mechanism: The layered structure 
of the N phase is compressed along the segment A-B as indicated by the increasing density. 
Then the film exhibits an instability (change of slope at B) and disorders at a low density, along 
segment B-C*. Finally the order is restored and stabilized in the N-1 phase at reduced film 
thickness (C). The corresponding locii in the oscillatory compression isotherm are illustrated on 
the left. 
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5 SUMMARY & OUTLOOK 

This final chapter gives a summary of the main results and conclusions of this thesis and 

brings them into perspective. The results can be grouped into 4 categories; namely, new 

instrumental features, structural properties, water adsorption on mica, and dynamical 

behavior. Finally, some ideas for improvements or additional experiments will be given in 

order to stimulate future work. For a quick overview of the results the reader is referred to 

Table 5.1 below. 

New Features of the eSFA 

The design and assembly of a second eSFA instrument has contributed in different ways to 

the outcome of this thesis: The new design improves many of the experimental procedures. 

Namely the small, removable cuvette allows better access to the sample mounts and facilitates 

the cleaning of the measuring chamber. This is very important to ensure clean working 

conditions. The built-in humidity sensor proved especially useful in order to monitor the cell’s 

current humidity (and temperature). This is of great advantage if working under a constant 

flow of nitrogen, because it allows the gas flow to be reduced to an absolute minimum while 

keeping the chamber dry and protected from penetration of ambient contaminants. The new 

instrument also doubled the instrumental capacity of our laboratory and made it possible to 

compare results from two independent eSFAs. This led to the conclusion that P2O5—used as a 

drying agent in the former instrument—is possibly less effective than generally believed, 

resulting in residual amounts of humidity in the measuring cell of the SFA. This question can 

readily be clarified by the implementation of a humidity sensor in the instrument. If true, it 

will have implications for the entire SFA community because the use of P2O5 is currently a 

standard procedure. Of course there are always other instrumental improvements to be done. 
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One to be mentioned is the application of better imaging optics e.g. by replacing the simple 

objective lens of small aperture by a higher quality long-distance working objective. 

The major instrumental improvements that have been accomplished in this work are the 

new in situ techniques of the Transmission Interferometric Adsorption Sensor (TInAS) and 

Optical Spectral Correlation (OSC). Both of them are now an integral part of the new eSFA 

instrument. The TInAS has made it possible to quantify water adsorption onto a mica surface 

in air and in OMCTS under humid atmospherea. Also, it readily permits the monitoring and 

quantification of the kinetics of adsorption processes from aqueous solutions. This was 

demonstrated with adsorption measurements of the co-polymer PLL-g-PEG and subsequent 

protein adsorption onto the functionalized polymer. The method has therefore a high potential 

for bio-sensor applications. To this end further development of the ex situ version of this 

method is planned, in particular with the combination of OSC in order to allow for imaging 

capabilities. 

The implementation of OSC has led to results on the dynamics of confined fluids. Many of 

the described experiments were only possible in combination with the newly developed 

substrate holders for free-standing mica. This setup enables one to generate very large and 

uniform films of confined liquids. The contact mechanics of the two mica membranes in 

contact differs substantially from the classical setup and can no longer be approximated with 

simple Hertzian contact mechanics. It was found that the contact pressure at the center of the 

large films is close to zero due to the fact that the external load is only distributed in a border 

region at the perimeter of the contact area. Here, improvements of the sample holder design 

and especially of the sample fixation are required, in order to provide better mechanical 

reproducibility. The fixation of the mica sheets could be facilitated by a clamping mechanism 

instead of the gluing or the double-sided adhesive used here. In order to better understand the 

contact mechanics of free-standing mica it will be necessary to perform some modeling. This 

can be done for example by the finite-element method (FEM) with knowledge of the elastic 

properties of the mica crystal. The results from such studies could as well be important to 

other scientific areas that involve the interaction of membrane structures, such as the fast 

growing fields of cell mechanics in biology or drug-delivery based on vesicle interactions in 

medicine. 

Structural Properties 

An important result of this thesis is that the strength of the oscillatory forces observed in 

OMCTS can be higher by one order of magnitude compared to all previously reported 
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measurements. The obvious choice was to attribute these differences to traces of remnant 

humidity in the eSFA sample cell. The traditionally used drying agent as mentioned above 

deserves further scrutiny; but also differences in the contact mechanics and orientation of the 

mica surfaces, whose influence is still not studied in detail. 

While the measured peak forces were 10x higher than what is typically found in the 

literature, the force minima were consistent. The hard conclusion is that the observed force 

profiles under the cleanest conditions are measured as highly asymmetric. The true 

equilibrium oscillatory forces may still be symmetric. The larger repulsive peak forces could 

be due to non-equilibrium effects, such as inter-layer friction or jamming. Additional 

experiments are needed to tackle this open question. This could, of course, lead to a new 

debate about the true origin of the oscillatory forces, and, the extent of the influence of non-

equilibrium effects. It may in fact require more work of theorists to answer these questions. 

The main outcome from the high distance-resolution compression isotherms measured in 

the eSFA is a new insight regarding the fine structure of the confined fluid. For the first time, 

the compression modulus of the confined fluid structure has been quantified. In addition, the 

observed constant interlayer transition suggests that the molecules form a firm structure of 

interpenetrating layers. Notably, this indicates that the molecular layers must exhibit a certain 

in-plane order. The fact that the structure is increasingly compressed under load without a 

change in the observed transition step size leads to the conclusion that the compression occurs 

only in a near-surface boundary layer, which is much harder to squeeze out in the final state. 

It means that structural gradients must be present across the fluid film, which are governed by 

the balance of the fluid-wall and fluid-fluid interactions. Further investigations will profit 

from other experimental methods such as coherent Small Angle X-Ray Scattering (cSAXS), 

which may help resolving such details of the structure across the confined liquid. To this end 

a new collaboration has already been set up with the Swiss Light Source (SLS) at the Paul 

Scherrer Institut (PSI). In a follow-up Ph.D. project it is planned to perform SAXS 

measurements on confined films between free-standing mica samples in the eSFA at the SLS 

beamline. First tests verified that the new eSFA instrument allows for stable experiments at 

the beamline. Apart from x-ray diffraction studies it would be highly interesting to vary the 

hydrostatic pressure of the liquid during compression isotherm measurements. This could lead 

to significant new insights into the pressure regime that governs the oscillatory forces and 

layering transitions. The design for such a pressurized eSFA has already been worked out and 

will be realized in a forthcoming project. 
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H2O adsorption 

The water layer formation from vapor on mica is influenced by the ionic structure of the 

surface. At low coverage in the sub-monolayer regime the surface ions provide heterogeneous 

binding sites for the water molecules. This has been demonstrated by differences in the shape 

of the adsorption isotherms measured on regular mica (K+-mica) and on mica that was ion-

exchanged in hydrochloric acid (H+-mica). The absence of a distinct shoulder in the case of 

H+-mica indicates that the hydronium ion is delocalized on the surface within an area that is 

comparable to the lattice charge spacing of ~7 Å in size. Further adsorption experiments on 

pretreated mica substrates could refine the obtained picture by using selected ions of different 

size and charge. 

The thickness of the adsorbed water film at the mica-OMCTS interface shows a two-fold 

increase compared to the case in air. In addition the adsorption isotherm shows an unexpected 

shoulder that appears at a film thickness close to the layer thickness of OMCTS. A 

comparison of the surface-free-energy reduction during water adsorption (spreading pressure) 

with the oscillatory potential of the layered OMCTS reveals that the two processes are in the 

same energy regime. This indicates that the layered liquid structure at the interface can readily 

modulate the thickness of the adsorbed water layer. This interesting phenomenon has not been 

reported previously. However, adsorption measurements with non-polar liquids of different 

molecular size would be useful to confirm the proposed model (c.f. Fig. 3.12). 

The effect of the adsorbed water layer on the oscillatory forces in OMCTS was measured 

in situ under controlled variation of the relative humidity. The main finding is that the peak 

force is significantly decreased by trace amounts of water, i.e. vapor pressure p/p0 < 0.2. In 

comparison, the peak minima are less affected, which leads to higher symmetry of the force 

profile for weaker oscillatory forces. This leads to the conclusion that the measured 

oscillatory force in the SFA is primarily repulsive, including possible non-equilibrium effects 

as discussed above. Such information should also be considered in future modeling of the 

oscillatory force. 

Dynamical Properties 

The film formation between free-standing mica is governed by the hydrodynamic behavior 

during liquid squeeze-out and the stabilizing effect of the oscillatory forces in the confined 

state. It has been shown that depending on the approaching speed of the surfaces and the size 

of the contact area films of different final thickness can readily be obtained. In particular, it is 
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possible to achieve thickness levels that are not stable during quasi-equilibrium compression 

isotherms. In case of OMCTS these are films of 7–8 nm in thickness and several hundred 

microns in lateral size. This is an important issue for the foreseen x-ray experiments, because 

in such large and thick films a high scattering volume is available. Additionally, it has been 

demonstrated that the thickness of these films can be reduced layer by layer down to 3–4 nm. 

This allows probing the fluid structure as a function of its number of layers in the mentioned 

diffraction experiments. 

The principal conclusion from the layered fluid flow experiments is that both interlayer 

friction and the layering transition mechanism are limiting factors for the liquid drainage from 

large films. The fact that interlayer friction plays a predominant role for layered fluid drainage 

is in good agreement with the earlier observation that the molecules form interpenetrating 

layers. Also, it has been pointed out that the most realistic flow profile is characterized by a 

shear plane between a static boundary layer of 1–2 molecules in thickness and mobile 

intermediate layers. The flow inside such layered fluid films can be pictured as a flake-like 

flow, meaning that whole segments of interconnected molecules inside the intermediate layers 

slip off the static boundary layer in a dissipative friction process. Note that this shear plane 

also marks the boundary between the structural inhomogeneities across the gap that were 

found during the investigations of the structural properties. Confirmation of the proposed 

friction mechanism would require profound modeling involving molecular dynamics 

simulations. It is hoped that the presented results will stimulate such work. Further, it would 

be interesting to study the influence of a shearing surface on the layered fluid flow. The eSFA 

is equipped with a friction stage that readily allows for such experiments. Some preliminary 

results—for which one surface was sheared at constant speed between 1–20 nm/s—revealed 

no significant effects on the flow dynamics. However, the chosen speed regime is most likely 

too low to affect the flow rate, since the velocity of the liquid molecules during flow was 

approximated by ~200 µm/s at the perimeter of the contact area. 

Finally, refractive-index imaging using OSC revealed the underlying mechanisms of the 

layering transition between co-existing layering phases inside large fluid films. The results 

show that the fluid’s density inside the transition zone undergoes a modulation between a 

high- and low-density state. This can be explained by a two-stage mechanism in which the 

layered fluid structure is first compressed and then disordered due to the local non-parallelism 

of the mica walls. The compression stage is in perfect agreement with the observed 

densification during compression isotherm measurements. Quantification of these—at the 

moment—qualitative results will lead to more specific information about the physical state of 
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the fluid inside the transitions zone. Possibly it is in a gas-like state with negative absolute 

pressure within the low-density region. Further, comparison with compression isotherm data 

(oscillatory force curve) will help to understand the energetics of such layering transitions. 
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Table 5.1 Overview on the main conclusions from Chapters 2–4 and outlook to future work. 

main results outlook 

New Features   

New eSFA instrument all systems fully working instrumental improvements (e.g. 
use of better imaging optics) 

TInAS new adsorption sensor principle 
established and quantified 

development of stand-alone 
biosensor device 

OSC method established with absolute 
quantification 

integral feature of the eSFA 

Free-standing mica generation of very large confined 
fluid films possible 

improvements of sample holder 
design and sample fixation 

Structural Properties   

Force variations peak force levels can vary by one 
order of magnitude and observed 
forces are much stronger than 
generally believed 

check effectiveness of drying agent 
P2O5 

Fluid structure confined fluid structure is 
compressible and layers are 
interpenetrating; in a free-volume 
model these effects are attributed 
to the balance between fluid-wall 
and fluid-fluid interactions 

in-situ x-ray diffraction studies 

force measurements with variable 
external fluid pressure (e.g. 
pressurized eSFA) 

H2O Adsorption   

Adsoption in Air adsorption site heterogeneities on 
mica for sub-monolayer coverage 

explore effect on ion-exchanged 
surfaces involving other species 

Adsorption in OMCTS water layer formation at solid-liquid 
interface quantified; effect of 
structural potential on shape of 
adsorption isotherm observed 

perform measurements in non-polar 
liquids that exhibit different 
structural potentials 

Effect on oscil. forces magnitude and range of oscillatory 
force is decreased and symmetry of 
force profile affected 

- 

Dynamical Properties   

Hydrodynamics combination of hydrodynamic 
effects and oscillatory surface 
forces govern the film formation 
between free-standing mica sheets  

modeling of the contact mechanics 
of free-standing mica 

Layered fluid flow fluid flow is governed by interlayer 
friction due to adsorbed boundary 
layer; layering transition is rate-
limiting during thin film drainage 

molecular dynamics simulations 

effect of shearing surfaces 

Layering transition observed density modulation used 
to scrutinize layering transition 
mechanism 

quantify results 
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