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Abstract
The adhesion forces of micro- to nanoscopic particles on surfaces are the main topic
of this dissertation. As a model system, the contact between colloidal particles and
smooth silicon and glass substrates are investigated. To achieve information about
their adhesion forces, particles are detached from the substrates on the timescale of
tens of nanoseconds. For this purpose a laser is focussed on the back side of the
sample. There a plasma is generated, which evokes a shock wave that travels through
the wafer. The concomitant elongation of the front surface which is of the order of tens
of nanometers leads to the detachment of the particles. The particle diameters range
from 0.25 µm to 20 µm for silica and from 0.3 µm to 5 µm for polystyrene particles.
Since this procedure is a means to clean surfaces, it is called acoustic laser cleaning.
For particles larger than 2 µm the threshold of the laser intensity is almost independent of the particle diameter. For smaller particles the threshold steeply rises with
decreasing diameter. Particles with a diameter of 840 nm adhere to silicon with a force
of about 300 nN. All particles lift off with velocities between 10 m s−1 and 60 m s−1 .
For example 0.9 µm large SiO2 particles stop in air after an estimated flight distance
of 27 µm. Thereafter, convection, electric fields and gravitation determine their trajectories. For larger particles gravitation becomes the determinant. It exceeds the
van der Waals forces for spherical glass beads with diameters of about 120 µm, when
the silicon substrates are put upside down. Because electrostatic forces influence the
adhesion and detachment in all these experiments, the typical charge of particles with
a diameter of 1.28 µm was estimated to be 20 elementary charges in a Millikan setup.
When a laser hits the front side of a sample, surface acoustic waves (SAW) reveal a
characteristic detachment pattern that reflects the symmetry of the surface. Since we
did not observe such a pattern on the front side in acoustic laser cleaning, SAW do not
seem to play a role there. Instead, for illumination of the back side phonon focussing
of bulk acoustic waves that propagate through the silicon wafer can be found.
Two theoretical models have been developed to better understand the detachment
dynamics. A simple spring model accounts qualitatively for the detachment. A more
elaborate model by Martin Schlipf includes the deformation of the particles and derives
the force on them numerically. Both models yield particle velocities that are maximally
twice the maximum surface velocity. In contrast the experiments result in velocities
that are two to ten times higher. This difference has not been explained yet.
The second focus of this work are capped colloids in laser tweezers. Half of the surface
of these particles has been coated with metals. Capped SiO2 particles with diameters
of 4.7 µm can be dragged around in water at their transparent half like uncoated
particles. Above a critical laser power in the optical tweezers of about 4 mW, they
start to rotate spontaneously in front of a surface at a frequency of about 1 Hz. The
frequency increases linearly until a threshold of about 7 mW is reached, where the
particles jump out of the focus. Light pressure is identified as the driving force.
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Zusammenfassung
Die Forschung beschäftigt sich seit Jahrhunderten [deG97] mit dem Problem, unterschiedliche Materialien aufeinander zu kleben. Erst kürzlich wurden Methoden entwickelt, mit denen die mikroskopischen Ursachen der Adhäsion untersucht werden können.
Dabei nimmt die Rasterkraftmikroskopie (atomic force microscopy = AFM) eine herausragende Rolle ein. Mit ihrer Hilfe ist es möglich, Kräfte in der Größenordnung von
hundert Nanonewton zwischen kleinen Teilchen und einem ausgedehnten Substrat zu
messen. Damit wurde u.a. die Rolle von mikroskopischen Stukturen bei der Fortbewegung im Tierreich bestimmbar. So nutzen Geckos feine Härchen, um sich auch auf
extrem glatten Unterlagen vertikal bewegen zu können [Aut00]. Die Spitze der Härchen
ist mit feinen Spatulas versehen, die das Anhaften auf der Oberfläche gewährleisten.
Im Zentrum dieser Arbeit stehen die Haftkräfte von Teilchen auf Oberflächen. Als
Modellsystem wird der Kontakt von kolloidalen Teilchen mit glatten Silizium- und
Glasoberflächen untersucht. Im Einzelnen werden kugelförmige Silikateilchen mit
Durchmessern von 0.25 µm bis 20 µm und Polystyrolteilchen, deren Durchmesser sich
von 0.3 µm bis 5 µm erstrecken, genauer unter die Lupe genommen.
Im Gegensatz zum langsamen AFM werden die Teilchen mithilfe eines Lasers auf der
sehr viel kürzeren Zeitskala von zehn Nanosekunden vom Substrat abgelöst. Dazu wird
die Rückseite einer Probe beschossen und die Teilchen auf der Vorderseite abgelöst.
Da mit diesem Prozess Oberflächen gesäubert werden können, wird diese Methode
als Acoustic Laser Cleaning bezeichnet. Technologisch ist insbesondere die Reinigung
von Siliziumwafern wichtig. Verunreinigungen kleinster Größe müssen von den Substraten abgelöst werden, um den stetig steigenden Anforderungen der Halbleiterindustrie gerecht zu werden. Vor allem lassen sich damit aber Aussagen über die Haftkräfte
von Kolloidteilchen auf einer Unterlage gewinnen.
Zu diesem Zweck wird ein Laser auf die Rückseite der Probe fokussiert. Dort
wird ein Plasma erzeugt, das wiederum eine durch den Siliziumwafer laufende Schockwelle hervorruft. Wegen der sich ausbildenden Oberflächenausdehnung, die im Bereich
von mehreren zehn Nanometern liegt, werden Teilchen von der Vorderseite abgelöst.
Mithilfe von interferometrischen Daten zur Oberflächenauslenkung bei der Ankunft
einer akustischen Welle [Gel06] und den Schwellwerten der Laserintensität zur Teilchenablösung ist es möglich, die Haftkräfte auf Silizium abzuschätzen.
Für Teilchendurchmesser größer als 2 µm wurde ein vom Durchmesser nahezu unabhängiger Schwellwert der Laserintensität von 1.25 J/cm2 gemessen. Für kleinere
Teilchengrößen nimmt der Schwellwert für die Laserintensität mit abnehmendem
Teilchendurchmesser stark zu. Daraus ergibt sich beispielsweise für 840 nm große
Polystyrolteilchen eine Haftkraft von etwa 300 nN.
Alle Teilchen heben mit Geschwindigkeiten zwischen 10 m/s und 60 m/s ab. An
Luft unter Umgebungsdruck sind sie stark der Reibung unterworfen, so dass beispielsweise 0.9 µm große SiO2 Teilchen nach einer geschätzten Flugstrecke von 27 µm zum

iii

Zusammenfassung
Stehen kommen. Nachdem sie diese Relaxationslänge durchflogen haben, bestimmen
Konvektion, elektrische Felder und die Gravitation ihre weiteren Trajektorien.
Für größere Teilchen wird die Gravitation ein entscheidender Faktor im Verhalten
der Teilchen und mit den ansonsten dominierenden van der Waals Kräften vergleichbar.
Deshalb wurden 10 µm bis 200 µm große Glasteilchen auf Siliziumwafern unter dem
Einfluss der Gravitation betrachtet. Bei Teilchen, die größer als 120 µm sind, reicht
allein die Gravitationskraft aus, um sie von dem Siliziumsubstrat abzulösen, wenn
dieses kopfüber gehalten wird.
Weil elektrostatische Kräfte in all diesen Experimenten einen bedeutenden Einfluss auf Haftung und Ablösung ausüben, wurden die Ladungen der Teilchen nach
dem Ablösen genauer untersucht. Speziell die Ladung als trockenes Pulver gelieferter
Teilchen wurde in einem Millikan-Aufbau bestimmt. Dabei wurden die 1.28 µm großen
Teilchen mithilfe von Druckluft aus einem Becherglas in den Aufbau eingebracht. Typischerweise tragen die Teilchen eine positive oder negative Ladung von 20 Elementarladungen. Die Frage, inwieweit die beim Acoustic Laser Cleaning auftretende Ladung
mit dieser übereinstimmt oder sie sogar noch übertrifft und deshalb große Ablenkungen
der Teilchen hervorrufen könnte, bleibt vorerst unbeantwortet.
Akustische Oberflächenwellen können ebenfalls Kräfte hervorrufen, die ausreichen,
um Teilchen von einer Oberfläche zu entfernen. Werden Teilchen von der Probe
abgelöst, indem der Laserstrahl auf die Vorderseite trifft, erzeugen die akustischen
Oberflächenwellen ein charakteristisches Muster, das die Symmetrie der Oberfläche
zeigt. Da wir beim Acoustic Laser Cleaning niemals die entsprechenden Muster auf
der Vorderseite beobachtet haben, scheinen akustische Oberflächenwellen dabei keine
Rolle zu spielen. Jedoch können bei geeignetem rückseitigem Beschuß andere Strukturen in dem entstandenden Reinigungsfleck auf der Vorderseite ausgemacht werden.
Die Ursache dafür liegt in der Phononenfokussierung der akustischen Wellen, die den
Siliziumwafer durchlaufen.
Zwei theoretische Modelle wurden herangezogen, um die Ablösedynamik der Teilchen
besser zu verstehen. Einerseits wurde ein einfaches Federmodell betrachtet, das die
Ablösung erfolgreich beschreibt. Es ergibt jedoch nur Geschwindigkeiten, die kleiner als
die doppelte Maximalgeschwindigkeit der Substratoberfläche sind. Deshalb bleiben die
gemessenen Ablösegeschwindigkeiten unerklärt, die vom doppelten bis zum zehnfachen
der Oberflächengeschwindigkeiten reichen.
Detailiertere Informationen gehen aus einer selbstkonsistenten Betrachtung hervor, bei der die Kraft auf ein Teilchen als Funktion des Abstands zur Oberfläche
berechnet und die elastische Verformung der Teilchen mit berücksichtigt wird.
Dieses Modell wurde von Martin Schlipf entwickelt [Sch08]. Während es die
Schwellwerte der Ablösung richtig wiedergibt, kann auch dieses Modell die hohen Teilchengeschwindigkeiten nicht erklären. Beide Modelle geben die Schwellwerte also qualitativ richtig wieder. Eine Beschreibung der hohen beobachteten
Teilchengeschwindigkeiten ist jedoch bisher nicht möglich.
Der zweite Schwerpunkt dieser Arbeit liegt auf der Herstellung und Beobachtung
sogenannter bekappter Kolloide. Diese wurden so mit Metallen beschichtet, dass die
Hälfte der Teilchenoberfläche bedeckt ist. Speziell die Drehung solcher Teilchen in
optischen Pinzetten vor einer Oberfläche in Wasser wurde analysiert.
Bei den Untersuchungen von solchen bekappten Kolloiden werden SiO2 -Teilchen mit
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einem Radius von 4.7 µm verwendet. Sie werden mit Ni oder Co/Pd Mehrfachschichten
auf einer Adhäsionsschicht aus Cr und einer Au-Schicht versehen. Dabei erlaubt es die
Au-Schicht, die eine Dicke zwischen 20 nm und 50 nm besitzt, die Teilchen nach dem
Aufdampfen der Metalle wieder vom Substrat abzulösen.
Da die Hälfte eines bekappten Kolloids durchsichtig bleibt, kann es ähnlich einem
unbeschichteten Teilchen in einer Laserpinzette eingefangen werden. In Wasser beginnt
das Teilchen oberhalb einer kritischen Laserintensität mit einer Frequenz von etwa
1 Hz vor einer Oberfläche zu rotieren. Diese Rotation wird durch das gestreute und
das reflektierte Licht sichtbar. Die Rotationsfrequenz wird mit einer an der Seite der
Probenkammer befestigten Fotodiode bestimmt. Die Frequenz steigt proportional zur
Intensität an, bis das Teilchen bei einem Schwellwert von etwa 7 mW aus dem Fokus
springt. Es wird angenommen, dass der Lichtdruck die treibende Kraft hinter der
Bewegung des Teilchens ist. Wegen der Reflektionen der Kappe des Teilchens wird ein
Teil des Impulses von den Photonen der Laserpinzette auf das Teilchen übertragen.
Welche Rolle Wärmeleitung und Dissipation für die Bewegung des Teilchens spielen,
ist bisher unbekannt.
Laserpinzetten wurden auch benutzt, um Teilchen in verschiedenen Flüssigkeiten
(Wasser, Ethanol, Isopropanol) zu bewegen und sie von anderen Teilchen zu trennen.
Beispielsweise konnten so Cluster aus 5 µm großen SiO2 Teilchen auseinandergebrochen
werden. Auch hier ist der Lichtdruck die treibende Kraft, die Teilchen vereinzelt
oder antreibt. Bei magnetischen bekappten Kolloiden wurde auch Selbstorganisation
beobachtet. In einem äußeren magnetischen Feld ordnen sich die Teilchen in Ketten
entlang der Feldlinien an. Bei ausreichender Teilchendichte verknüpfen sich diese Ketten später zu Netzwerken, aus denen wiederum Cluster von Kolloidteilchen entstehen
können. Kleinere dieser Cluster können ebenfalls mithilfe der Laserpinzette in Rotation
versetzt werden.
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Introduction
The adhesion of solids as a subject of science has a long history [deG97] showing various
periods, in which particular types of materials were predominantly used to glue solids
together. Artificially bringing objects into a durable contact is still a most common
engineering problem and various solutions have been developed for the macroscopic
scale. Nature also relies on van der Waals forces on a microscopic scale to form adhesive
contacts that bring objects together, but can be removed readily again. In recent times,
the gecko’s ability to climb on vertical walls served as an impressive example for the use
of the van der Waals force in animals [Aut00]. Also flies and other insects rely on such
structures, e.g. to land headfirst on a ceiling. Recent advances in the experimental
techniques have revealed the intricate mechanisms of adhesion used by these animals.
They are reviewed in section 1.1 including adhesion experiments on single cells.
In this dissertation a simple model system is investigated: the contact between a
sphere and a flat surface. It has extensively been studied theoretically and it has
been found that various forces can contribute to the adhesion between these solids
[But05]. The mathematical description of elastic spheres in adhesive contact began in
1882 with the Hertz model and found a general formulation in the theory of Muller,
Yushchenko and Derjaguin (MYD theory) [Mul83]. The range of possible interaction
potentials is limited by two special cases, namely the hard-sphere contact potential
studied by Johnson, Kendall and Roberts (JKR theory) [Joh71] and a potential of finite
range introduced by Derjaguin, Muller and Toporov (DMT theory) [Der75]. These
and further theoretical models as well as the corresponding adhesion forces are also
discussed in more detail in chapter 1.
Experimentally, various methods have been developed to study the adhesion of microscopic spheres on surfaces. They range from centrifuges, where accelerations up to
106 g could be reached, to acoustic and ultrasonic devices, where the force on particles stems from oscillations of the substrate surface in the range of 10 kHz to 20 kHz.
Commonly, the transition between the acoustic and ultrasonic regime is assumed at
a frequency of about 20 kHz. Additionally, ballistic bullets that hit the rear side of
a target can detach particles. Finally, electrostatic forces in capacitors, gravitation,
micro balances or air jets can also be employed to study particle detachment from
substrates. Unfortunately all these methods are limited to larger particle diameters
and cannot access diameters smaller than 1 µm [Vis76].
Contemporary techniques such as atomic force microscopy (AFM) and laser cleaning
extend the range of particle sizes which can be examined to diameters below 50 nm
[Gra07]. While in AFM single particles are glued to a cantilever and the forces are
studied as they approach a surface, laser cleaning detaches large numbers of particles at
the same time. There are at least three different mechanisms, which may contribute to
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the detachment in conventional laser cleaning: the thermal expansion of the substrate,
local ablation of the substrate, and explosive evaporation of water residues underneath
the particles. Furthermore, special types of laser cleaning have been designed to clean
optical components or silicon wafers [Fra06]. These approaches are reviewed in section 1.4 and section 1.5.
The removal of sub-micron particles from highly sensitive surfaces poses an increasing
challenge to engineers worldwide. A deeper level of understanding of the detachment
of particles may facilitate the search for new cleaning techniques. As the typical size of
the individual structures of integrated circuits (IC) in semiconducting devices is getting
smaller, new cleaning techniques will become necessary. In order to understand the
underlying mechanism, the problem of particles detaching from a surface has been
studied in a special geometry. Particles distributed on the front side of a silicon wafer
are detached by a shock wave traveling through the substrate. It is excited by a laser
pulse on the back side and originates from plasma ignition.
The surface elongation during the arrival of the shock wave has been measured with
a nanosecond interferometer [Gel06]. Results of this study are presented in section 1.7,
since they are fundamental to explain the detachment process. When the motion of
the surface is known, the boundary conditions for the motion of the particle before
detachment are given.
Chapter 1 closes with some remarks on optical tweezers. They are crucial to understand the basics of experiments on so-called capped colloids, i.e. particles with metal
caps. These custom-designed particles rotate when they are trapped inside an optical
tweezer. In this case not the attractive but the repulsive forces are decisive to stabilize
the particle in front of a wall.
In chapter 2 the experimental setups which have been used in this dissertation to gain
inside in the detachment mechanism are discussed. They are employed to determine the
detachment thresholds and velocities of silica and polystyrene particles with diameters
ranging from 0.16 µm to 20 µm. The thresholds at which particles detach from the
surface are determined from the drop of a light scattering signal and the inspection of
samples in dark field microscopy. The velocities are also measured in two ways: with a
sheet of light and scattering from an evanescent light field. The sample preparation and
the experimental techniques for the detachment studies are specified in sections 2.1.1
to 2.5. The setup to observe the rotation of capped colloids is described in section 2.6.
The results obtained in this work are split into two parts: one on the mechanism of
particle detachment, the other on capped colloids. In chapter 3 the results on particle
detachment are discussed. A comparison with theoretical models yields insights into
the different stages of detachment. At first the particle is squeezed together. Thereafter
the elastic energy stored in the particle is converted into kinetic energy. Here, a part
of the energy is subtracted as the adhesion needs to be overcome. In chapter 4 the
results on capped colloids are summarized. The mechanism why the particles rotate in
an optical trap is elucidated.
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1 Fundamentals
1.1 Adhesion in Biological Systems
Many of the most exciting applications of adhesion occur in biological systems. On
the mesoscopic size scale from nanometers to micrometers biological cells and tissues
adhere on various surfaces, e.g. other cells or tissues, but also to other organisms or
their inanimate surroundings. Without the interaction of cells with each other and the
environment and in particular the ability to selectively adhere or reduce adhesive forces
to certain substances life would be unimaginable. Especially locomotion of diverse
living organisms ranging from cells to lizards necessitates structures that make use of
adhesive forces. Facing the importance of adhesion in biological systems, a collection
of current results is provided here.

1.1.1 Adhesion on the Cellular Level
Individual cells in contact with nanostructured surfaces are a current research topic
[Sel06]. In the tissues in which most of the cells of higher organisms are organized
cells exist surrounded by the extracellular matrix, a scaffold for the cells to live in.
The adhesion to this surrounding is important for the movement, differentiation and
programmed death of cells. They can establish specific binding sites and adhere to the
extracellular matrix or artificial surfaces at well defined spots. After single cell adhesion receptors have bound to the surface, a variety of proteins is recruited to distinct
binding sites in order to induce the formation of adhesion clusters. One family of transmembrane glycoproteins that link the extracellular environment and the cytoskeleton
are the integrins. In order to achieve stable adhesion, cells form multiprotein assemblies
known as cell adhesion clusters. Here integrins together with other proteins organize
localized bonds with external structures.
A variety of techniques to measure the forces between cells and substrates has been
employed. Besides centrifuges, more elaborate methods have been used to study the
detachment of cells. The application of a laminar flow in flow chambers, optical and
magnetic tweezers and atomic force microscopy are the techniques used most often. For
example a magnetic tweezer pulls a paramagnetic bead attached to a cell normal to a
surface with forces on the order of several to 200 pN. Cells adhere better, when they
had more time to form contacts [Wal06]. In order to investigate and mimic the ideal
adhesion conditions provided by the extracellular matrix, artificial adhesive surfaces
have been designed and their effects on cell adhesion have been studied. In particular,
hexagonally packed Au islands of several nm in diameter and mutual distances of up
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to 100 nm have been fabricated on glass substrates. It was found that there exists
a length scale between 58 nm and 73 nm, above which fibroplasts, cells in connective
tissues such as the skin, cannot form focal adhesion centers on the peptide covered
islands and therefore not completely spread on the substrates [Arn04].
Cells in mutual contact with each other in a surrounding fluid [Chu05] have been
objects of adhesion studies. Due to the depletion of dextran the adhesion between cells
that without depletion agent do not adhere to each other can be tuned. Such systems
can be used to test whether the JKR model correctly describes adhesive contact in
living cells. Indeed, by comparison of calculated and measured adhesion energies, and
elastic constants, as well as by a comparison of the contact radii in equilibrium and at
the point of detachment, it is found to be applicable (compare figure 1.1). A disruption
of the cytoskeleton, however, shows that the behavior of the cells and their contact areas
are strongly depending on the inner structure of the cells.

a

b

c

d

Fig. 1.1: Micropipette technique for living cells. (a) Cells without contact and any
adhesion receptors on their surface. (b) Due to dextran as a depletion agent, the two cells
adhere to each other. (c) When the suction pressure inside the pipettes is smaller than the
adhesion force, one cell leaves its pipette (d) If the pressure is sufficient to overcome adhesion,
the cells separate. With this method the energy threshold of adhesion for the dextran-cell
system can be measured. Adaped from [Chu05].

Targeted biological adhesion on polymers can be better understood using vesicles
from a bidisperse mixture of polymers to study the adhesion forces with a micropipette
technique [Lin05]. Biotin has been attached to a part of the polymers in the mixture.
A decrease in pressure in the micropipette partially aspirates a fluid vesicle, including a
tension in the membrane, which pulls the vesicle off from an avidin coated microsphere
with a diameter of 10 µm. At a critical tension, the contact area of adhesion peels
suddenly and completely. The adhesion forces not only depend on the composition of
the polymer vesicles, but also on the way how the bonds are presented at the surface.
Lin et. al [Lin05] conclude that the strength of the receptor-ligand bond is only one
factor in the development of biologically adhesive surfaces. Since obviously the surface
structure needs to be considered when the adhesion of polymer brushes is modeled,
this technique can be used to interrogate interfacial structures.
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Fig. 1.2: Polymer tethers extend away from the surface as tension is applied
between the bead and the vesicle. The total energy of the bond of one functional group
is larger when the polymer tether has to extend into the solvent. Taken from [Lin05].

1.1.2 Tokay Geckos
One of the most striking examples of biological materials adhering to substrates is
the sticking of the feet of geckos [Aut00], [Aut02b] and insects [Sto80] by small hairs.
For this purpose, nature has convergently evolved structures of two materials namely
keratin for geckos and chitin for the feet of insects. These structures are hairs about
30 − 130 µm long called setae at the animal’s feet (compare figure 1.3). A gecko foot
has about 500,000 setae with a density of about 5, 000 mm−2 , which are distributed
over ≈ 20 rows of lamellae on each of the five toes. A seta itself is subdivided into
100 – 1000 spatulae, i.e. finest terminal branches of 0.2 − 0.5 µm diameter.
From studies of a single seta attached to a micro-electromechanical (MEMS) cantilever the microscopic details of the adhesive contact have been revealed [Aut00]. The
force exerted by a seta depends on its three-dimensional orientation with respect to
the surface and on the extent to which the seta is preloaded during the initial contact.
The tips of the spatulae have to be directed towards the surface to make intimate contact. The maximum adhesion force of a single seta is nearly ten times higher than the
whole force on the body of the animal divided by the number of setae, i.e. the average
force. Atomic force microscope (AFM) measurements on individual or a few spatulae
in contact with a surface have refined this understanding [Hub05a]. After isolating a
single seta, it is glued to a contact mode cantilever of an AFM. Further processing
made use of a focused ion beam microscope. Beginning at the glue dot, all branches
with spatulae emerging at the shaft are cut until only four spatulae remained at the
end. This specimen is then installed in the AFM. Measurements with this technique
yield a pull-off force of about 10 nN per spatula.
Macroscopically, the motion of the gecko’s feet and toes is responsible for the correct
positioning and orientation of the setae. When attaching to a surface, the gecko uncurls
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Fig. 1.3: Microscopic structure of gecko setae. Each toe of a Tokay gecko is covered
with lamellae of tiny foot-hairs called setae. They branch into hundreds of spatulae through
several shaft levels. Taken from [Aut00].

his toe like blowing up an inflating party favor. Thereafter the geckos feet retract for
about 5 µm to allow the spatulae to form intimate contact to the surface. Setae that
were first pushed into the surface and then pulled parallel to it develop far higher
adhesion forces than those simply pressed onto the surface. To detach from a surface,
the gecko peels its toes off, which is analogous to removing a piece of tape from a
surface. The forces that have to be overcome are greatly reduced by tilting the setae
at a critical angle of about 30◦ to the surface. This puts an individual seta in an
orientation that aids in its release and at the same time concentrates the detachment
force on only a small fraction of all setae at any instant. During a single step, the
gecko has to attach to and detach from the surface quickly (≈ 20 ms). Therefore it
must be able to rapidly switch the adhesion force on and off. Only with the help of
the seta shaft as a lever can the gecko break the bonds with the surface on this time
scale [Tia06].
Gecko spatulae adhere to the surface by van der Waals forces, which have been
measured for an individual seta [Aut00] and even for an individual spatula [Hub05a].
In principle geckos could employ various types of forces as adhesives. Thus alternative
mechanisms for the adhesion of geckos to surfaces have been examined previously. Most
of them could be ruled out. Suction [Gen69], which could underlie the gecko’s ability to
climb walls and ceilings, can be eliminated since the adhesion pressure largely exceeds
the atmospheric pressure [Del34, Aut00]. Friction is not supported because of the low
friction coefficient of keratin on the substrates used in the experiments, e.g. on silicon
[Aut00]. However, Tian et al. assumes a lateral friction force when a gecko climbs
a wall [Tia06]. Further on there is no evidence for microinterlocking [Mah41] since
irregularities of the surfaces on the scale of the spatulae are not necessary for adhesion.
Electrostatic attraction can be eliminated by experiments ionizing the air around the
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contact zone [Del34]. Finally the use of a glue can be excluded as there are no skin
glands at the feet of lizards [Sch04].
Capillary forces also should not contribute decisively to the adhesive contact of the
gecko’s and insect’s feet. Anyhow it has been speculated whether the well established
fact that thin films of water enhance the van der Waals forces applies to setae [Sto80].
To test the influence of humidity, the adhesion to hydrophobic and hydrophilic surfaces
with high polarizabilities has been compared [Aut02b]. Neither on a macroscopic nor on
a microscopic scale a difference could be detected. The hydrophobic toes of live Tokay
geckos adhere equally well to both strongly hydrophobic and strongly hydrophilic,
polarizable surfaces. Adhesion of a single isolated seta is also equally effective on
hydrophobic and hydrophilic surfaces of a MEMS force sensor [Aut02b].
In contrast to these findings, the adhesion force of a single spatula has been reported
to depend significantly on the humidity of the atmosphere [Hub05b]. The average force
to detach a spatula from a glass surface increases from about 7 nN in absolutely dry
air to a value of about 12 nN in moist air with more than 60% humidity. Therefore
the van der Waals part of the adhesion force can be estimated to be 7 nN per spatula
while capillary forces contribute a significant part of 5 nN to the total force.
Additionally, support for the hypothesis of van der Waals forces comes from the
observation that the adhesive force of a whole gecko increases with increasing surface
energy of the substrate [Aut00]. For a simple quantitative estimate of the van der
Waals force, the tips of the spatulae can be assumed as the segment of a sphere with
a radius of R = 100 nm. The interaction with a flat surface leads to a van der Waals
force of FvdW = AR/6D2 = 20 nN. Here, A is the Hamaker constant, which is about
10−19 J, and D ≈ 0.3 nm is the distance between the substrate and the sphere. When
the van der Waals force FvdW is multiplied with the number 100 - 1000 of spatulae per
seta, a force of 2 − 20 µN per seta results. This value is in good agreement with the
measured pull-off force per seta of 13.6 µN while in the direction parallel to the surface
the force can become as large as 194 ± 25 µN [Aut00]. The total theoretical shear force
per foot of the gecko could reach 100 N exceeding the weight of the animal by orders of
magnitude. Even for climbing on a ceiling only 3% of all seta need to be attached and
an adhesive force of 10 N can be estimated [Hub05a], which is still enough to lift the
gecko several times [Aut02a]. The adhesion of the gecko foot demonstrates the wide
successful application of van der Waals forces by animals. It is only natural that dry
adhesives on the basis of the understanding of the gecko’s capabilities are currently
under development [Tia06, Hub05a].

1.2 Adhesion Forces
In the most general case the adhesion force that acts between colloidal particles and a
surface or between two particles is a combination of the electrostatic Coulomb force,
the van der Waals force, the capillary force and forces due to chemical bonds. [But05].
When colloidal particles are dispersed in an aqueous solution, gravity, Brownian motion, and hydrodynamic and electrostatic interactions will act on the colloids ([Hel03]).
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In liquids magnetic interactions can also become important when the particles have a
magnetic moment.
The attractive interaction forces between different media are classified as long and
short range [Wu99]. Long-range forces bring the particle to the surface and define the
contact area for adhesion. They include van der Waals and electrostatic forces. Shortrange forces can add to adhesion only after the establishment of an adhesive contact.
They establish various types of chemical bonds such as metallic, covalent, ionic, or
hydrogen bonds. Previous work has led to the conclusion that van der Waals, capillary
and electrostatic forces are the major contributors to adhesion.
Several factors contribute to problems when comparing experimental data to theoretical predictions: Surface roughness has a pronounced influence on adhesion force
that is difficult to quantify. The precise contact geometry is often hard to determine.
Adsorption of contaminants can lead to chemical inhomogeneities of the surfaces.

1.2.1 Gravity
The action of gravity is a common feature of all experiments conducted on earth.
To give an example on the influence on colloidal particles the final velocity of an
Al2 O3 particle with a diameter of 1 µm falling in air can be estimated to be 120 µm/s
[Kol98]. In colloidal suspensions where the density difference between particles and
the surrounding medium is small and the viscosity is much higher, this velocity is even
smaller and sedimentation occurs on very long time scales.
Gravity can also play a crucial role in the redeposition of particles detached from a
surface. Especially when the surface is placed horizontally and the laser illumination
takes place from below, redeposition is likely. A way to prevent it lies in blowing air
across in front of the sample, which carries the particles away. The Reynolds number
for a micron-sized particle detaching in air of density ρair and viscosity ηair with a
air
velocity of v = 10 m/s is about Re = vrρ
= 0.66. The velocity of the order of
ηair
10 m/s used in this estimate is a major result of this work (see section 3.3). The air
flow around the sphere with radius r is laminar because the Reynolds number is less
than unity. Therefore, Stokes friction can be assumed, which leads to a finite distance
traveled in air after detaching from the surface. To calculate the velocity v and the
distance s, Stokes’s and Newton’s law are combined:
Fstokes = 6πηrv = −mv̇.

(1.1)

Integration yields the velocity
−

v = v0 e

9ηt
2ρr 2

(1.2)

and the separation
s=

6

2ρr2 v0
− 9ηt
(1 − e 2ρr2 ).
9η

(1.3)
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Therefore the distance traveled by a SiO2 particle with a diameter of 1 µm and
a starting velocity of v0 = 10 m/s is about 27 µm in air before it is subjected to
Brownian motion and gravity only. For this result t in equation 1.3 is asssumed to
go to infinity. In this picture the motion of the particle due to convection is ignored.
After the sphere has flown the distance s, its fate depends on the forces exhibited by
the nearby surfaces. The separation until the particle is at rest reflects that the motion
of particles in air is highly dependent on influences due to charges and convection. In
all experiments the velocity has only been probed further away from the surface than
this critical distance. It is therefore crucial to measure particle velocities in vacuum,
where they are not decelerated by friction. To avoid redeposition of the particles due
to gravity, the surface can be placed vertically. Then only electrostatic forces could
lead to redeposition.

1.2.2 van der Waals Force
In general the van der Waals force is attractive and leads to the adhesion of particles
to walls. The microscopic origin of the force is given by the interactions of dipole
moments in atoms. Three contributions to the total van der Waals interaction can
be separated from each other [Par06, Isr92]. The electrostatic interaction energy of
permanent dipoles is known as Keesom energy. Debye interaction occurs between a
permanent and a dipole induced in a nonpolar molecule. London dispersion interactions [Eis30] act only between the transient dipoles of nonpolar molecules. The last
mentioned force is the most general since it is found between all types of atoms and
molecules independent of intrinsic dipole moments. Sometimes it is itself considered
equivalent to the total van der Waals force neglecting the influence of permanent dipoles
[Ash05]. They have their origin in fluctuations of the electron cloud that create momentary dipole moments in an otherwise neutral atom. The dipole moments polarize the
electron clouds of neighboring atoms, i.e. they induce dipoles in them. The resulting
attractive interaction between the dipoles of the neighboring atoms has a r−6 dependence for smaller distances [Eis30]. Because of the finite value of the speed of light,
the polarization for distances larger than about 10 nm does not occur instantaneously,
but is retarded [Vis95]. Therefore the distance dependence of the potential becomes
proportional to r−7 at larger separations. The total range of the van der Waals force
is about 100 nm.
In his calculation of the van der Waals forces for spheres, Hamaker [Ham37] uses
a microscopic description. The attractive force of the dipoles is integrated over the
volume of the interacting bodies. The atomic interactions are assumed to depend
on the distance as r−6 . The inherent assumption of this approach, namely that the
dipole-dipole interactions add linearly is not strictly valid. In general a third dipole
in the neighborhood influences the interaction of two dipoles. Also, molecules at a
smaller distance screen the ones at larger separations [Vis95]. Lifshitz [Lif56] uses a
macroscopic description, considering the dielectric properties of the materials. Using
a macroscopic description avoids the mistakes of the microscopic approach and leads
to the interaction energies of objects such as planes, cylinders and spheres. The total
sphere-plane interaction energy [Par06]
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A R
R
l
Gsp (l, R) = − ( +
+ ln
)
6 l
2R + l
2R + l

(1.4)

is determined by the distance l of the sphere’s surface from the flat surface, the
radius R of the sphere and the Hamaker constant A = A1m/2m for the two media 1
and 2 interacting across a medium m. For separations that are small compared with
the sphere’s diameter, the force between a sphere of radius R and a flat surface in a
distance d can be approximated as

Fsphere =

AR
.
6d2

(1.5)

For two opposing planar surfaces, the force per unit area becomes

Fplane =

A
.
6πd3

(1.6)

In the case of a slightly deformed sphere on a flat surface, the two contributions can
be added as long as the radius r0 of the contact area πr02 is small compared to the
radius R of the sphere. Then the deformation of the sphere is small enough so that it
can still be treated as spherical and a total force

Fsphere + Fplane · πr02 =

A
r02
(R
+
)
6d2
d

(1.7)

results [Vis95, Zie06]. Immersing a solid body in a medium generally reduces the
van der Waals forces, because the Hamaker constant is reduced due to the decreasing
difference in the dielectric constants. In special cases when three media are concerned
the usually attractive van der Waals force can even become repulsive [Vis95].

1.2.3 Capillary Force
The effective vapor pressure for a curved surface of a meniscus between a sphere and
a the planar surface as shown in figure 1.4 is reduced compared to the vapor pressure
above a planar surface. Therefore condensation can occur already at a relative humidity
much below 100%, if the radii of curvature are small. The formation of a meniscus
by capillary condensation leads to an attractive force between the sphere and the
plate. This capillary force is caused by the pressure difference between the liquid and
the surrounding vapor phase. Additionally, surface tension also contributes to the
adhesion force by pulling at the contact lines separating the phases from each other.
Its contribution is in most cases smaller than the one due to the pressure difference
[But05].
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Fig. 1.4: Water meniscus beneath a spherical colloidal particle on a flat surface.

1.2.4 Electrostatic Forces
Besides gravity, van der Waals forces and capillary forces, electrostatic interactions
have been considered. Electrostatic forces play a role when there is a difference in the
work function of the two materials of the sphere and the surface [Vis95]. Until the
system reaches its equilibrium state where the Fermi energies have reached the same
level, electrons from the material with the lower work function are transferred to the
material with the higher one. Thereupon a potential difference ∆U between the two
materials is established. Additionally the particles can be charged prior to getting in
contact with each other. When the particle detaches from a surface, an electrical force
Fel = π²0 R(∆U )2 /d acts between them [Vis95]. Again R denotes the radius of the
sphere and d the distance between the particle and the surface. In gases, significant
contributions from the electrostatic forces are to be expected mainly on insulators
and at low humidity, when charge dissipation is ineffective. In aqueous solutions,
electrostatic forces are important, because most surfaces become charged due to the
dissociation of surface groups [But05].
To quantify the influence of the electrostatic force, Derjaguin et al. [Der68] have
deposited electrostatically charged particles on a surface. One technique with which
they can be removed is the pneumatic adhesiometer. In such an apparatus a bullet
is accelerated towards a target, where it is decelerated rapidly, evoking a shock wave
inside the target. If the acceleration of the target’s second surface is large enough,
particles can be detached and the detachment forces estimated. In combination with a
charge spectrometer the charge of the particles can be specified. In contrast to polymer
films, gas discharges do not occur when individual polymer particles are detached from
metallic surfaces. Hence, the surface charge on the particles stays constant during
the lift-off and can be determined. Due to an electric double layer the charges of the
particles increase drastically after removal. The surface charge density is independent
of the particle radius and can reach values of 100-fold of their original value [Der68].
Therefore electrostatic forces can be responsible for the redeposition of particles.

1.2.5 Chemical Bonds
While so far the influence of water has only been discussed in a continuum picture,
the atomistic view of its role in mediating forces is also beneficial. In the rim around
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the particle water and other liquids can be integrated and can strengthen the adhesive
contact to the surface through the formation of hydrogen bonds. When particles deposit
on a hydrophilic silicon surface, water or alcoholic hydroxyl groups adsorbed on the
particle surfaces bond with hydroxyl groups on the substrate surface.
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Fig. 1.5: Hydrogen bonds at surfaces. (a) Indirect (left) and direct (right) hydrogen
bonding between particle and substrate surfaces. The dashed lines are hydrogen bonds that
can stabilize the adhesive contact. (b) Adhesion forces versus particle diameter. Adapted
from [Wu99].

It appears that the adhesion force due to hydrogen bonding is much larger than that
due to van der Waals interaction [Wu99]. For polystyrene (PS) particles, there are
no surface groups available for hydrogen bonding, so only van der Waals forces play
a role. Hydrogen bonding is the reason why SiO2 and Al2 O3 particles have lower dry
laser cleaning efficiencies than PS particles.

1.2.6 Magnetic Interactions
If colloidal particles exhibit magnetic moments, magnetic interactions between the
particles have to be taken into account in addition to the aforementioned forces. In
the simplest case, the particles are spherical and far apart from each other. The latter
condition more precisely means that the distance between the particles exceeds their
diameters by far. Under these circumstances the forces between the particles arise from
dipole-dipole interactions. Are the particles, however, close to each other or does their
shape deviate significantly from a sphere, higher orders in the multipole expansion of
the interaction have to be considered.
The dipole-dipole interaction is anisotropic. It can be described by the energy of a
dipole in the field of another dipole. In this case the interaction energy [Gre02]

V (r) = −m2 · B1 = −(

10

3(m1 · r)(m2 · r) m1 · m2
−
).
r5
r3

(1.8)
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of two dipoles depends on their magnetic moments m1 and m2 when B1 is the
magnetic field created by the moment m1 . At the same time the torque on the particles
with the magnetic moment m2 becomes
M(r) = −m2 × B1 .

(1.9)

In general magnetic particles orient and attract in such a way that clusters of particles
form. To obtain the total energy of a certain particle, all pair potentials have to be
summed up. For specific setups of particles, e.g. when identical particles are oriented
in a strong external field, the forces between them can also be repulsive. The complex
interactions allow for a variety of phenomena such as ordering in restricted geometries
or in external potentials [Man05].
In particular, the adhesion between magnetic particles in a fluid has been studied by
Cohen-Tannoudji et al. [CT05]. The surfaces of superparamagnetic or ferrimagnetic
beads are free to adhere to each other. Figure 1.6 depicts ferrimagnetic nanoparticles
of 800 nm diameter, which are suspended in octane, stabilized with oleic acid, and
encased in a 50 µm square tube. From the formation and breakup of chains of
such beads in an external magnetic field, the sticking probabilities and therefore the
strength of the bonds between them can be determined. When an external magnetic
field is applied to the particles, they collect and form straight lines along the magnetic
field lines. While they are in close contact, the particles can establish new bonds
between them. After the field is removed the particles are again free to move due
to Brownian motion. Thus the number of permanent bonds that have formed in a
magnetic field can be counted after the system has equilibrated. The temperature
dependence of the number of bonds follows an Arrhenius law. It could be shown that
the adhesion process is activated by temperature as well as by magnetic field. The
higher of either these parameters, the more sticking contacts could be established.
This can be understood since the energy barrier can more easily be overcome by
particles at higher temperature. The magnetic field enhances the magnetization and
hence the attractive potential between the particles. This reduces the energy barrier.

a
50 mm

b
50 mm

Fig. 1.6: Lines of magnetic colloids in an external magnetic field. During an
incubation time, the colloidal particles can form bonds, which do not separate after the field
is removed. Adapted from [CT05].
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1.3 Adhesion Theories

Fig. 1.7: A SEM image visualizes the geometry of a 4.7µm particle on a clean
silicon surface. In some cases dirt rings that stem from the aggregation of dirt due to
capillary forces form beneath the particles.

I would like to summarize the development of theoretical adhesion models up to their
current form. A good summary of the historical background can be found in [Mau92].
When two powder particles or a particle and a flat surface are separated from contact,
an adhesion force has to be overcome. Beginning with Hertz in 1882 [Her82], many
theoreticians dealt with the problem of two elastic spheres in contact with each other.
While he assumed that there are no contact forces and therefore neglected adhesion,
he calculated the contact area in the presence of an external force. He considered only
elastic deformations of the particles. Since he introduced a reduced radius, which is
given by R = R1 · R2 /(R1 + R2 ), his theory also applies to the situation of a sphere on
a flat surface (R = R1 , R2 = ∞).
Later Johnson, Kendall and Roberts [Joh71] expanded this model and introduced
an adhesion force, which acts only between the spheres’ surfaces and results from the
area created in the contact zone. Below this model is addressed as JKR theory. Even
without an external force, they found a finite contact area, which is due to molecular
adhesion. The JKR theory accounts for experimental data on soft surfaces like rubber,
but fails to predict the adhesion forces between harder materials such as metals or
glass. Hence, the validity of this model is restricted to problems, in which at least one
body is highly deformable. It is particularly susceptible for surface roughness, since
asperities on the surface highly reduce the true contact area. In general, the model is
valid for large and soft particles as long as the contact area is flat and large compared
to its rim. At this outer edge the particle is maximally deformed. It has a kink there
and the model faces infinite stresses at the boundary.
The problem of contact between a sphere and a plane has been dealt with by Derjaguin, Muller and Toporov (DMT theory) [Der75]. The adhesive forces in the ring
shaped area around the contact area are taken into account. An hard elastic ball on
an absolutely hard surface and a potential between them with a finite range are assumed. The ball should not change its general form under the molecular forces and
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the contact radius should be small in comparison to the radius of the sphere as in the
Hertz model. For smaller and harder particles the DMT theory better describes the
interactions between the spheres than the JKR theory.
In 1983 a generalized theory for the problem of two spheres in contact was proposed
[Mul83], in which a single parameter reflects the elastic constants of the spheres, their
radii, and the depth of the interaction potential. It turns out that the two theories
mentioned before are limiting cases to this MYD theory. The theory assumes that the
response of the spheres is purely elastic and the deformation, the size of the contact
zone and the range of the potential are small compared to the smaller sphere’s radius.
Further on, surface tractions should be negligible and the pressure p(z) in the spheres
should only depend on the distance from the surface z.
The main results from the Hertz, JKR and DMT models are summarized in table 1.1.
The contact radius, the adhesion force, and the indentation in the sample are given for
the three models in comparison. For zero load the later two models give finite values,
while the Hertz model takes no adhesion force into account.
Tab. 1.1: Adhesion forces and contact radii for the Hertz, JKR, and DMT models.
Relation between the contact radius a, the sample deformation δ, and the adhesion force Fad
for a sphere on a flat surface according to the Hertz, JKR, and DMT theories. R is the
radius of the sphere and W the adhesion work per unit area. F denotes the external force
pressing the sphere towards the surface and Etot the reduced Young’s modulus. Adapted
from [But05].
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Besides these elastic theories, inelastic models have been developed, which also consider plastic deformations of the participating objects. Krupp [Kru67] first recognized
that adhesion forces could be sufficiently strong so as to cause nonelastic distortions
of the contacting materials. He assumed that the contact radius is small compared
to the particle radius, that the contact zone can be divided into an inner, high-stress
region and an outer, low-stress region, and that the interactions are strictly compressive. Maugis and Pollock [Mau84] later generalized the JKR model to include plastic
deformations. Their model also assumes that the contact radius is small compared to
the particle radius.
In some cases it was in dispute which model should be applied to which particular
system [Isr80]. Even in one experiment different aspects of the adhesive contact were
better described by different theories. For instance, it was found that the DMT theory
predicted the correct adhesion force while the macroscopic geometry of the contact
zone was better described by the JKR theory. Since Maugis published his description
of the contact problem with parametric equations in 1992, the dispute when to apply
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which model came to end [Mau92]. In summary, there are elastic models building up
on the Hertz model and inelastic theories considering plastic deformations.

1.3.1 Applicability of the Models
Experiments show that the dependence of the contact radius on the radius of
polystyrene particles is different for soft substrates (polyurethane) [Rim89] and hard
substrates (silicon) [Rim90]. In the first case the exponent is 3/4 in the later case it
is 1/2. The later dependence can only be explained by the inelastic models, which
take plastic deformations into account. Therefore spherical polystyrene particles on
silicon substrates are indeed deformed plastically, while various models fail to explain
the exponent 3/4 for polyurethane. [Rim89].
Another experiment shows that there is a large influence of the storage time of SiO2
particles on the adhesion to Si substrates. When the time between preparation of
samples for dry laser cleaning and their measurement (see section 1.5) exceeds several
hundred hours, the particles deform plastically [Sch03]. Deformation of the spheres
has been directly observed by means of scanning electron microscopy. For particles
smaller than 10 µm in diameter, the van der Waals force is the dominant adhesion
force, which causes the deformation of the particle and/or the substrate. It can be
elastic or plastic, depending on the materials tensile strength. Plastic deformations
are well known for systems where the particles and/or the substrates have low yield
strength. It is surprising, however, that even in SiO2 on Si, which are both relatively
stiff materials, time-dependent deformation occurs. The increase in the contact area
results in stronger adhesion and higher laser cleaning threshold fluences. Among the
possible explanations for the deformation are the establishment of bonds between the
sphere and the substrate, solid-state diffusion in the particle or oxide film on the
substrate, and the poor tensile strength of silica particles.
In the present study, storage times much shorter than the time scale of deformation
secure that the measurements are unaffected by changes of the samples.

1.4 Colloidal Atomic Force Microscopy
In the atomic force microscope (AFM) the sample is scanned by a tip, which is mounted
to a cantilever. Common tips on AFM cantilevers are microfabricated from Si or Si3 N4 .
The cantilever acts as a spring and deflects under a force. The cantilever deflection
multiplied with the spring constant gives the force between the tip and the substrate.
While scanning, the force between the tip and the sample is measured by monitoring
the deflection of the cantilever. Usually this is measured by a laser, which is reflected
from the cantilever and illuminates a segmented photodiode. Topographic images of
the sample are obtained by plotting the deflection of the cantilever versus its position
on the sample. Alternatively, it is possible to plot the height of the tip over the surface.
Then a constant force between the tip and the sample is maintained by a feedback loop.
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a

b

Fig. 1.8: Schematics of an AFM setup and the principle of force-versus-distance
measurements. (a) While the tip is scanning the surface, its back side is illuminated
with a laser that is deflected onto a segmented photodetector. In a force measurement, the
sample is moved up and down by a piezoelectric translator, while measuring the cantilever
deflection. (b) During one measurement cycle the tip is first pressed onto the substrate with
a piezoelectric stage. When the cantilever retracts, the colloidal probe stays in contact with
the substrate until the force is large enough to overcome adhesion. The adhesion force is
given by the force difference between the contact and non-contact line at the jump-out point.
Taken from [But05], [FT06].

It is also possible to conduct force-versus-distance measurements with the AFM.
[But05] In such measurements the tip attached to a cantilever spring is moved towards
the sample in normal direction. The vertical position of the tip and the deflection
of the cantilever are recorded simultaneously and converted to force-versus-distance
curves. Still further modifications are needed to make adhesion measurements for
colloidal particles possible. Either the tip usually attached to the cantilever is etched
or otherwise treated to obtain a special geometry or a particle is glued to a cantilever
without tip. This technique is known as colloidal AFM [Duc91, Big02]. Thus, colloidal
AFM means that particles instead of tips are attached to the cantilever to examine
smooth solid surfaces or to study colloidal particles dispersed on solid surfaces.
In a recent publication [FT06], spherical borosilicate glass beads of roughly 4 µm
diameter, silica microspheres with 3.5 µm diameter, and iron particles of 1.9 µm diameter have been used. The particles are glued onto tipless cantilevers with a small
amount of epoxy resin. These adhesion experiments show wide distributions of adhesion forces rather than a single value, even within relatively monodisperse spheres. As
model surfaces, mica, silicon wafers and highly oriented pyrolytic graphite (HOPG) are
used, which represent the smoothest and most homogeneous surfaces available. Roughness can cause a significant change in the contact area of two particles, depending
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on precisely where the contact is established. Heterogeneity in chemical composition
or molecular structure can cause different energies of adhesion. Besides that further
fluctuations in the colloidal AFM measurements are probably caused by plastic deformation and structural changes in the adhesive nanocontact, e.g. due to tip wear.
On homogeneous, smooth surfaces, the distribution of adhesion forces measured with
nanocontacts has been observed to be as narrow as 1.1%. Irrespective of whether the
curves are determined at one particular spot on the surface or on an area of (500 nm)2
no significant differences are observed. As expected from DMT theory the forces for
particles glued to tipless cantilevers are orders of magnitude higher than the forces
exerted on nanostructured tips [FT06].
Adhesion force-versus-humidity curves measured between hydrophilic surfaces and
common AFM tips can be interpreted by assuming capillary condensation of water
into the contact region, which causes a meniscus force [FT06]. Different dependencies
can be observed and explained by appropriate and realistic tip shapes. Slight changes
in the tip or sample shape and size can change the meniscus force significantly. To
model such shapes, the meniscus and van der Waals force of a few basic building
blocks are calculated such as spherical, conical, and cylindrical tip shapes. These can
be combined with each other and additional asperities, which are used to account
for roughness effects. With these models it can be explained, why in some cases the
adhesion forces continuously increase, while in others they show a maximum at a finite
relative humidity.
For particles with sizes from 1 to 5 µm diameter adhesion has been studied by Heim
et. al [Hei99]. While one colloidal particle is attached to the cantilever, the other is
connected to a glass plate. From both the JKR and the DMT theory a linear increase
of the adhesion force is expected. Indeed, it has been found that the pull-off force
depends linearly on the reduced radius (compare table 1.1). Measurements of the
forces between the same pair of particles are highly reproducible. In contrast, different
pairs of nominally identical particles show large deviations. Even when measuring the
adhesion force between smooth silicon oxide particles taken from one batch, adhesion
forces differed by a factor of 2 from one pair of particles to the next. Although the
particles have the same reduced radius, microscopic surface-irregularities could evoke
variations of 25% in the forces. For vacuum or reduced humidity (10% to 40%) no
differences in the adhesion forces could be detected in these experiments.
In another colloidal AFM measurement, the influence of humidity on the adhesion
forces are examined in more detail [Big02]. It is found that the adhesion between
a silica particle and a glass surface is not significantly altered, when compared with
the dry case, at relative water vapor pressures of less than 0.6. Above this level of
water vapor, the magnitude of the adhesion force between the surfaces increases by
approximately an order of magnitude.
There are almost no limitations on the material which is attached to the AFM tip or
from which it is made. Measurements can be performed in vacuum, gases, and fluids.
The interaction potentials can be mapped completely by recording force-versus-distance
curves. Finally, once a setup with a certain type of tip is built up, the measurements
can be repeated and parameters such as the humidity or the pH of fluid surroundings
can easily be altered.
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There are also disadvantages of colloidal AFM. Every single sample has to be fabricated in a time-consuming process. The processing, i.e. gluing the particle to the
tip, sintering or cleaning the cantilever, before the measurements can change the particle’s properties. Plastic deformations can occur when the particles are pressed onto
the substrates. Generally, colloidal AFM is an invasive method since the interaction
constitutes a load on the particle (analogous to magnetic force microscopy, where the
magnetic tip can alter the magnetization of the sample). The detachment process is
slow compared to the timescales of deformation of the particles and other changes in
the region of the contact area such as a water meniscus. Especially for soft or rough
substrates the determination of the precise contact position, i.e. zero distance, of the
force-versus-distance curves becomes difficult. Studies with intense laser pulses can
avoid such difficulties.

1.5 Laser Cleaning
Ultrasonic cleaning becomes less efficient when the particles become smaller as the
ratio of adhesion forces and inertial forces increases. An advanced method is laser
cleaning, which provides stronger detachment forces. A comprehensive summary of
laser cleaning can be found in [Luk01]. By laser pulses, accelerations of the particles
in the range above 109 m/s2 can be achieved for particles with diameters of several
hundred nanometers. Dry laser cleaning consists of shooting a laser pulse at a contaminated surface to clean it. Several effects contribute to the cleaning of the surface.
On the one hand, the laser heats the spheres and the surface, which both expand. As
a consequence the center of the sphere moves away from the surface. The particle thus
is accelerated and can leave the substrate. On the other hand, near-field enhancement
of the laser field beneath the particle ablates material even when the overall fluence
stays below the damage threshold of the material. It can also lead to an accelerating
force on the particle. For sub-ns pulses dry laser cleaning seems to be governed by
this field enhancement and local ablation rather than by surface acceleration [Mos01].
Finally, adsorbed water between the particle and the surface can evaporate explosively
and enact a pressure on the particle that carries it away from the surface.
Additionally to the water film, which is always present due to the humidity at ambient conditions, thin liquid films can be added deliberately. This can be achieved
by spin-coating the particles in an air vapor atmosphere or by condensing liquid films
onto the substrate after the deposition of the particles (steam laser cleaning). Commonly an atomizer is employed to spray the liquid film onto the substrate. Typical
film thicknesses are in the range of some hundred nanometers. It is imperative that
the liquid wets the substrate in order to avoid droplet formation. For silicon a treatment in an oxygen plasma for several minutes to make the surface hydrophilic and
a water-isopropanol mixture as wetting agent have proven advantageous. Separate
droplets could act as lenses and therefore lead to damage characteristic for optical near
fields [Lei05]. Using alcohol as a dispersal agent during particle deposition greatly reduces the steam laser cleaning efficiency for SiO2 and Al2 O3 particles on silicon wafers
[Wu99]. Because hydrogen bonds formed with alcohol molecules have stronger inter-
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action energies than with water, particles with OH binding sites are stronger bound to
the surface.
When the laser hits the sample, the thin film of deposited liquid serves as an energy
transfer medium to the particle. The energy absorption in the substrate evokes a fast
temperature increase both in the substrate and, due to heat transport, in the liquid
film. Bubble nucleation at the solid/liquid interface and the subsequent explosive
vaporization of the lowest liquid layer cause the detachment of particles [Mos00]. While
the liquid film is removed from the surface, it remains an intact layer. After it has
left the surface, it is decelerated and finally redeposits on the surface. Thereupon
it disintegrates [Lan04]. Thus, it is demonstrated that the cleaning mechanism is
governed by the dynamics of the thin liquid film.
In fact, cleaning thresholds have been found to be independent of the size and the
material of the spheres. As the liquid temperature at about 110 mJ/cm2 is much higher
than the expected boiling temperature, superheating of the liquid is assumed. Thus, it
is concluded that the threshold is determined only by the onset of bubble nucleation. To
study bubble nucleation in more detail, optical reflectance and scattering measurements
have been performed [Yav93]. The threshold fluence for the onset of bubble formation
at a 0.2 µm Cr layer were determined. Later on Yavas et al. [Yav97] used a surface
plasmon probe to pin down the exact conditions for bubble nucleation and growth. The
universal cleaning threshold and its difference to the melting threshold are considerable
advantages for possible applications compared to dry laser cleaning where the threshold
is size- and material-dependent.
Figure 1.9 shows the dependence of the detachment threshold on the particle diameter of silica particles for dry laser cleaning. Since a water meniscus beneath a particle
strengthens the bond to the surface [FT06], the threshold for steam laser cleaning is
higher than the dry laser cleaning threshold for large particles. The difference of a
factor of 3 in the cleaning and melting threshold provides a sufficient fluence range
for cleaning activities for the industrial application. Steam laser cleaning thus allows
particle removal at safer laser fluences, which is essential for avoiding surface modifications.
A special feature of the cleaning map in figure 1.9 are the dips in the cleaning threshold at three different particle sizes, which might be due to Mie resonances. For several
particle diameters, near-field enhancement should be particularly efficient, resulting in
a resonant intensity enhancement. This facilitates local ablation even at low fluences
and leads to cleaning thresholds that are below the level expected for such particles
[Gra05].
Recently, matrix assisted laser cleaning has been proposed particularly for the removal of particles smaller than 300 nm in diameter [Gra07]. It enables one to detach
particles as small as 50 nm with almost 100 % efficiency. The basic idea is to embed
particles into condensed CO2 , which serves as a solid matrix. A Nd:YAG laser deposits energy in the interface between the transparent condensed gas and the silicon
substrate. Through heat transfer a part of the matrix film vaporizes and expands. It
is important that the pressure of the triple point of the gas used lies above the working
conditions, so that the matrix directly sublimates instead of going through the liquid
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Fig. 1.9: Dry laser cleaning map. The threshold in dry laser cleaning (DLC) decreases
for increasing particle size. The threshold for steam laser cleaning (SLC) is also shown. Taken
from [Mos00].

phase. Therefore, it is necessary to work at low temperatures around 155 K, which
is achieved trough cooling by liquid nitrogen. The need for low temperatures is the
major drawback of matrix laser cleaning, but it prevents watermark formation through
liquids. While for particle sizes larger than 300 nm no difference in the cleaning mechanism to DLC is detected, the evaporation of the solid CO2 layer helps in two ways to
detach particles from the surface. First there is a momentum transfer of the CO2 gas
molecules on the particles. Second as the CO2 matrix encloses most of the particle, it is
drawn with the solid matrix as it leaves the surface. This contribution to the cleaning
mechanism results from the van der Waals forces between the matrix and the particles. The effective laser fluence [Gra07] at cleaning threshold, i.e. the fluence absorbed
inside the substrate, is independent of the particle size and the thickness of the CO2
layer. Rather it corresponds to the ablation threshold for the CO2 matrix. Because
no substrate defects due to near-field effects that are typical for the DLC mechanism
appear for the small particles, it is assumed that the predominant mechanism is the
one due to matrix laser cleaning.
Another approach with which any damage on the front side of the wafers can be
avoided, is laser shock cleaning [Lee01]. In this case the laser is focussed and a plasma
is ignited in front of the wafer by optical breakdown in the air. A shock wave travels
to the surface and detaches the particles. The laser is directed parallel to the surface.
Because of this arrangement, the laser does not hit the sample and hence no damage
like in DLC or through ablation occurs. When the laser intensity is large compared
to the values used in usual DLC, large areas of several cm2 can be cleaned from 5 µm
alumina particles [Lim05]. This also increases the speed at which surfaces can be
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cleaned when the beam scans a region in front of the surface. The cleaning efficiency
increases strongly with decreasing distance between the focus of the laser and the
surface. A separation of 0.5 mm is found to be the minimum distance so that no
substrate damage occurs. At this distance a single shot can detach 1 µm tungsten
particles with 100 % efficiency. Recently the complicated flow pattern evoked by the
plasma ignition in front of the surface has been visualized by photoluminescence [Jan].
Convection rolls are generated between the plasma and the surface to be cleaned which
carry the particles away.
The illumination of the back side of the substrates bears several advantages compared
to the usual dry laser cleaning from the front side. There is no damage of the front side
of the wafers caused by optical near-field effects. When particles on the surface get
illuminated by a laser, they act as lenses and focus the laser beneath themselves, which
leads to local ablation. After the particles are detached from the surface, elliptical holes
can be found at the former positions of the spheres [Mos01]. Therefore the surface in
dry laser cleaning stays covered with scattering centers. By directing the laser on
the back side of the substrate instead, such parasitic optical near-field effects can be
avoided, thus providing defect free surface cleaning. Although considerably higher laser
fluences are needed to detach the particles in back side shock laser cleaning, all eventual
damage can be isolated on the back side of the samples. The energy of the absorbed
laser pulse propagates as an acoustic shock wave to the front side. Here, it is important
to notice that the method even works when the substrates are several mm thick. In
the case of transparent substrates, it is also possible to add an absorption layer of
variable material on the back side of the object to be cleaned. Additionally, water
films beneath the particles are not evaporated by the laser and thus do not contribute
to the detachment of the particles in the usual way. These differences between dry
laser cleaning and back side laser cleaning allow for deeper insight into the cleaning
mechanism [Lei05].
The process of dry laser cleaning can be formulated in the form of an escape model
[Arn03]. For an arbitrary temporal profile of the laser pulse, van der Waals adhesion,
and the elasticity of the substrate and particle are taken into account. Since the
elasticity of the substrates and the size of the particles set the time scale for the
detachment, one needs to discriminate between slow and fast laser pulses.
Cleaning efficiencies have been investigated in dry laser cleaning for 1 µm SiO2 particles, 0.3 µm Si3 N4 particles, and 0.3 µm SiO2 particles [Ver99]. The influence of the
relative humidity is strong for 0.3 µm SiO2 particles, but small for the other ones. The
large increase in the cleaning efficiency for 0.3 µm SiO2 particles at higher relative
humidity is attributed to the aid of the water meniscus beneath the particles. Although this seems in contradiction with other experiments, a process similar to steam
laser cleaning could assist the cleaning for small particles, but leave the larger ones
unaffected.
In similar experiments the influence of absorbing versus transparent particles and
substrates as well as the role of humidity have been studied [Fou01]. Combinations
of two types of polymer (ployimide (PI) and polymethylmethacrylate (PMMA)) substrates have been cleaned from either polystyrene (PS) or silica (SiO2 ) particles with
ultraviolet light from an ArF (λ = 193 nm) or KrF laser (λ = 248 nm). While in
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general the difference in cleaning threshold fluence and modification threshold for the
polymers is smaller than for silicon, increasing the relative humidity can widen this
gap for PI substrates. In the case of SiO2 on PI only the substrate absorbs and the
threshold fluence at almost 100% relative humidity can be 30% lower than under normal conditions. It is concluded that cleaning at high relative humidity requires strong
substrate absorption to induce a noticeable change in the cleaning fluences.

1.6 Detachment by Surface Acoustic Waves
The concentration of acoustic energy flux in certain directions emanating from a point
source in an anisotropic crystal is called phonon focusing [Kol91]. Surface acoustic
waves (SAW) traveling on single crystals can be visualized by dusting with particles.
When a SAW passes, it causes the surface atoms to elongate from their equilibrium
positions. Due to their vibration, they accelerate and decelerate the particles. Wherever the normal component of the maximum deceleration times the mass of a particle
exceeds the adhesion force, particles should be able to detach from the surface. Thus
regions with fewer particles on the surface result that can be identified in a dark field
microscope (compare figure 1.10).

Fig. 1.10: Pattern of phonon focusing for the (111) surface of Ge. The dark regions
in the photograph are sections from which microparticles have been removed as a result of
the passage of a SAW. Taken from [Kol93].

In an elastically anisotropic medium, the frequency ω of a lattice vibration and
thus the restoring force on an atom at the surface depends on the direction of its
displacement [Wol98, Wol95]. Consequently, the velocity of a SAW depends on its
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propagation direction and polarization. A useful illustration of this dependence is
given by the slowness curve, which is the curve of constant frequency ω in reciprocal
space (compare figure 1.11(a)). The slowness curve reflects the symmetry of the surface.
Noncircular slowness curves strongly affect the propagation of heat pulses. Its radial
value in a particular direction is proportional to the inverse of the phase velocity vph = ωk
in that direction. For a given wave vector k, pointing from the origin to the slowness
curve, the corresponding group velocity vg = ∇k ω is perpendicular to the curve at
that point. It is given by the gradient of the slowness curve. Phonon or heat transport
occurs in the direction of the group velocity. This leads to the characteristic phonon
focusing only in single crystals.

a

d

b

c

Fig. 1.11: Slowness curves as a means to understand caustics. (a) The wave surface
at a particular time t and the slowness curve at a fixed frequency ω both describe the same
wave propagation. (b) In the case of an isotropic medium the wave spreads in the direction of
k. (c) In an anisotropic medium the SAW propagates in the direction of the group velocity,
which is perpendicular to the slowness curve (ω = constant). (d) Slowness curve for the (001)
plane for the slow transverse mode in Ge (top) and corresponding wave surface (bottom). The
shaded and cross-hatched regions show how a constant solid angle in real space corresponds
to widely varying solid angles in reciprocal space. Therefore the energy fluxes in different
directions can be largely different. Taken from [Wol98].

Do two waves with similar k and equal frequency interfere, it becomes visible that the
transport of energy always occurs perpendicular to the slowness curve. The interference
pattern in figure 1.11(b),(c) shows regions of constructive and destructive interference.
Because energy does not flow across the node lines, their direction is also the direction
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of the energy flux, i.e. the group velocity.
The reason for caustics [Kol93], i.e. phonon focusing as well as phonon imaging
is illustrated in figure 1.10. At temperatures near 2 K similar but more complicated
patterns can be derived for the transmission of ballistic phonons through single crystals.
In this case the source of the phonons consists of an electron-beam, which scans the
surface and is detected through a thin-film bolometer on the other side of the sample
[Met88].
In an anisotropic medium the propagation of the energy flux does not occur along
the direction of k. Rather it reflects the symmetry of the surface. In figure 1.11(d)
various k-vectors contribute to the same direction in real space, e.g. rays 2 and 3 in zdirection, such that the energy flux under particular angles is maximal. Here, particles
get detached from the surface, when a sufficiently strong SAW passes by.
Advantages of SAW assisted cleaning compared to other laser cleaning techniques
are that it works under vacuum conditions and not only in the region of the laser
impact on the surface [Kol98].

1.7 Surface Elongation
When the laser irradiation is directed to the front side of silicon wafers, the maximal
fluences have to stay below the melting threshold of silicon. Otherwise the interferometric signal is distorted. The maximal elongation as well as the maximum velocity
and acceleration of the surface are proportional to the incident laser fluence.
As long as the laser fluence stays below the plasma ignition threshold, the situation
is similar for back side irradiation. When the laser irradiation takes place on the back
side of the substrate, the elongation, velocity and acceleration are again proportional
to the incident laser fluence. The larger the spot on the back of the substrates and
therefore the total energy, the higher values can be achieved for given laser fluences.
To detach particles form the front side, however, such surface accelerations (or better
said decelerations) are far too weak.
For higher fluences than the plasma threshold, an acoustic shock wave travels
through the wafer (compare figure 1.12). In the case of Si(111), there is only a
longitudinal shock wave that propagates through it, is reflected and returns until it is
reflected again from the back side and so on. One can recognize sharp peaks at the
front side, which over time show a decreasing amplitude. Although the elongation,
velocity, acceleration and deceleration are considerably higher than without plasma
ignition, the values linearly depend on the fluence up to about 1.75 J/cm2 . Above this
threshold the curves still show an increase, which is, however, less steep than for the
lower fluences. A special case is the deceleration, which shows a plateau for the higher
fluences for all investigated spot sizes.
Again all values depend on the spot size of the irradiated laser such that larger spot
sizes yield higher elongations, velocities, accelerations and decelerations. For thicker
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Fig. 1.12: For a plasma peak the surface elongation and the acceleration are
shown. At a fluence of 1.2 J/cm2 the surface acceleration (dashed line) has been calculated
form a smoothed curve (dotted line) of the measured surface elongation (continuous line).
Taken from [Gel06].

substrates (3.05 mm) the shape of the curves is conserved, but due to dispersion and
damping the values are smaller than for 0.6 mm thin silicon wafers. In figure 1.14 the
maximum values of the surface elongation, velocity, deceleration and acceleration for
thick wafers are summarized for a spot with a FWHM of 0.54 mm. The substrates are
boron doped Si slabs with a (111)-orientation.

1.8 Optical Tweezers
An optical tweezer utilizes the forces exerted by a strongly focused beam of light to
trap small objects. The basic principle is easily understood for objects either much
smaller than the wavelength of light or much larger. Small objects develop an electric
dipole moment in response to the light’s electric field. Hence, in the gradient of an
electric field, a force acts onto such objects and draws them towards the focus. Larger
objects act as lenses, refracting the rays of light and redirecting the momentum of their
photons. The resulting recoil draws them toward the higher flux of photons near the
focus. This recoil can have a substantial influence on mesoscopic objects.
When a particle is trapped, optical gradient forces compete with forces due to radiation pressure. The later result from the momentum absorbed or otherwise transferred
from the photons of the beam to the particle. The radiation force due to absorbed
momentum pushes the particles along the optical axis. Stable trapping requires the
axial gradient force to dominate or other forces to balance the forces along the axis.
Usually this is achieved when the beam diverges rapidly enough away from the focal
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Fig. 1.13: The surface is exited upon back-side illumination of a 0.6 mm thick Si
wafer for various spot sizes on its back side. The amplitude (a) and the velocity (b)
increase linearly with the incident laser fluence for all spot sizes. Meanwhile the maximum
positive acceleration (c) of the surface increases monotonically, while in (d) the maximum
deceleration (i.e., maximum negative acceleration) levels to a plateau above a fluence of
1.75 J/cm2 . Adapted from [Gel06].
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Fig. 1.14: Response of a 3.05 mm silicon slab due to a laser excited acoustic wave.
(a) The maximum surface elongation after the ignition of a plasma on the opposing side. (b)
The maximum surface velocity and (c) the acceleration and deceleration are shown. Adapted
from [Gel07].
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point. For this reason, optical tweezers are mostly constructed around microscopic
objective lenses, whose high numerical apertures and well corrected aberrations focus
light as tightly as possible [Gri03].
From the sketch in figure 1.15a it can be understood, why a larger particle in the
ray optics regime is attracted to the center of the optical trap. The incident rays
are refracted when hitting the particle and when leaving it. Due to the change in
direction of the refracted beam, there is a momentum transfer to the particle. Since
the whole intensity profile in this situation is axisymmetric, there can only be a resulting
component along the laser beam in the vertical direction. From the forces drawn in
the sketch, it can be seen that this force must be directed upwards towards the center
of the trap [Ash86]. Figure 1.15b shows an optical photograph of the tweezers. The
incoming and outgoing rays are clearly visible.

a

b

Fig. 1.15: Schematic and photograph taken of an optical trap.(a) When a particle is
trapped in the Mie regime in a single-beam optical trap, the highly convergent beam exerts a
force drawing the particle to the focus. (b) A fluorescence image of a 10 µm sphere trapped
in water shows the incident and scattered light rays. Taken from [Ash86].
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2.1 Sample Preparation
Two kinds of samples are prepared for the experiments used in these studies. While
the adhesion experiments are conducted with samples produced by spin-coating, the
properties of colloidal particles in liquids are investigated with capped colloids, i.e.
colloidal particles with a metal cap in water.

2.1.1 Samples for Particle Detachment
Pieces of (111) silicon wafers of one to a few cm2 with a thickness of 0.6 mm are used
as substrates for the detachment studies. The pieces have been cleaned using the
standard RCA procedure for silicon wafers employed in the industry [Ker90]. At first
the silicon substrates are precleaned for 5 minutes in ultrasonic baths with mucasol
solution and pure aceton. In the next step, the pieces are put for 8 minutes into a
80 ◦ C warm solution of H2 O2 , NH3 and H2 O (1:1:5). Then the second RCA cleaning
step follows with another 8 minutes in a 80 ◦ C warm solution of H2 O2 , HCl and H2 O
(1:1:6). Finally, the substrates are subjected to an ultrasonic bath in millipore water
for 5 minutes. Thereafter they are blown off with nitrogen or argon, which prevents
schlieren on the substrates.
To ensure the highest cleaning efficiency, the cleaned substrates are further processed
by snow-jetting and plasma cleaning. For the snow-jet, CO2 is blown onto the polished
front surface from a pistol connected to the gas bottle. The nozzle is placed vertically
above the substrates in a distance of about 2 cm. During the treatment the substrates
are heated to 180 ◦ C with a heating plate and sucked to this heating plate by a vacuum
generated with a pump attached to it. The pistol is moved across the sample in lines,
while a beam with a diameter of about 2 mm of small CO2 ice crystals hits the surface.
In the last step the samples have been put into a plasma cleaner with an oxygen plasma
for several minutes.
The polished front side has then been seeded with particles of various sizes. In
particluar, polystyrene and silica colloidal particles with diameters ranging from
0.16 µm to 20 µm are deposited onto the surface by spin coating. A drop of diluted
stem suspension in isopropanol is applied to the sample that is located in the center
of a rotating disk. The sample is held in position by a vacuum resulting from a water
pump. The speed is tuned to 2500 rpm so that most likely only isolated particles
remain on the surface after the liquid has evaporated. High evaporation rates and
low concentrations of colloidal particles during drying should keep coagulation to
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a minimum. The proper preparation conditions given, one can achieve fractions of
isolated particles greater than 95%. This procedure ensures a relatively homogeneous
and dense coverage of the silicon substrates.
Since a fluid meniscus can develop beneath a sphere during the sample preparation
[Isr92], its influence on adhesion is discussed. The humidity of the surrounding and
thereby the partial water pressure in the air should determine the form of the meniscus. At the water-air interface in the wedge between particle and surface the Laplace
pressure should be equal to the partial water pressure. Therefore the mensicus rises
with an increase in relative humidity. In the experiments the humidity is controlled
by an adapter on the spincoater. High levels of humidity can be reached with an air
conditioning unit, while levels below ambient conditions can be reached by nitrogen
injection. The humidity is measured with a digital hygroscope directly at the location of the sample. During preparation of the samples, however, it did not have any
influence on the detachment thresholds of the spheres. One reason might be that the
equilibrium conditions are reached faster than the experiment is performed. Then the
humidity in the laboratory defines the thresholds for particle detachment.

2.1.2 Preparation of Capped Colloids
The samples, named capped colloids, were prepared in the process illustrated in figure 2.1. It starts with the production of a monolayer, which is similar to the method
described in [Bur98]. A drop of suspension with 4.7 µm Silica particles totally wets a
thoroughly cleaned borosilicate glass cover slip. Here one has to avoid touching the
surface with the pipette to circumvent the formation of clusters of particles. The drop
dries in a cell at water saturation pressure, which is tilted by about 5◦ to the horizontal.
Through self-assembly during evaporation of the liquid, the particles arrange in hexagonal order. The sample is then transferred into an evaporation chamber and a coating
is added. After an adhesive layer of 1 − 2 nm Ti, various metals such as Ni, Au or
Co-Pd multilayers are deposited on the particles [Alb05]. The final coating, added by
e-beam evaporation, consists of a SiO2 layer, which should guarantee uniform surface
properties such as surface charge.
To detach the particles from the substrate, a stepper motor stage dips the cover slips
into a water basin under 45◦ at about 10 µm/s. Surface tension peels the colloidal
particles off the substrates so that they float on top of the water surface [Bur99].
After pipetting the excess fluid from the reservoir, the particles are mixed with the
residual liquid. Using this recipe, they disconnect from each other and give suspensions
of variable concentration in capped colloids. Alternatively, ultrasound also removes
particles from the surface [Aga04].
Finally, the suspensions are confined between two glass plates separated by an Oring. The glass object slides form a gap into which UV adhesive is drawn by capillary
forces. The lower glass slip is coated with a PMMA layer to provide a smooth surface,
which prevents sticking of the particles. Alternatively the substrate surface can also be
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a

metal

b

Au

Ni
SiO2

1 µm
Fig. 2.1: Preparation of capped colloids. (a) A 30 µL drop of a 10 % solids stem
suspension of 4.7 µm Silica particles dries on a clean cover slip. The particles arrange into
a monolayer and diverse metals are evaporated on top. After dipping into a water reservoir
the layer of particles detaches from the substrate and floats on the fluid surface. Finally,
stirring breaks the particle bonds and the suspension is enclosed in transparent samples cells.
(b) SEM image of two 4.7 µm Si particles on borosilicate glass object slides that have been
coated with 50 nm Ni, 50 nm Au and 20 nm SiO2 layers.
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coated with SU8 photoresist. The particles are suspended in deionized water, which
has a sufficiently short Debye length to also prevent the adhesion of the particles.

2.2 Threshold Setup
To detach particles from the front side of silicon wafers, a plasma has to be generated
on the back side of the wafer. Because of the high energy densities needed to ignite a
plasma, a pulsed laser has to be directed onto the samples as illustrated in figure 2.2.
In the experiments a frequency doubled Nd:YAG laser with a wavelength of 532 nm
and a pulse duration of 10 ns full width at half maximum (FWHM) is used. The pulse
is approximately Gaussian and has a repetition rate of 10 Hz, but can be adjusted to
1 Hz with a shutter. The laser also allows for single-shot experiments. In either case
it is run at fixed intensity. The laser energy is varied by first fixing the polarization
of the outgoing beam with a polarizing beam splitting cube. With a variable analyzer
behind it, smaller or larger laser powers can be coupled out. With this arrangement,
the intensity can be tuned from about 10 J/cm2 down to virtually zero. The energy of
the Nd:YAG laser varies about 5% from shot to shot.
HeNe laser

lens
plasma
Nd:YAG

photo mulitplier

sample
beam dump
field master

Fig. 2.2: Experimental setup to determine the thresholds for particle detachment.
With the Nd:YAG laser a plasma is ignited at the back of the substrates while the energy is
monitored with a power meter (field master). The front side of the wafer is observed with a
HeNe laser. Adapted from [Zie06].

After the polarizers that adjust the energy the beam is directed to the experiment by 6 mirrors. The samples are mounted to a sample holder, which can be
moved in both directions perpendicular to the beam (y- and z-direction). The
Nd:YAG laser is focussed behind the back side of the sample. The focussing lens
(f = 100 mm) can be moved in the direction of the beam (x-direction) and its
focal point usually lies about 1 cm behind the sample holder. With a shutter
individual or several pulses are selected to hit the surface with a repetition rate of
1 Hz. Usually 10 consecutive shots are focussed on the sample, until it is moved to
the next position. A small part of the energy of each pulse is coupled out with a
glass plate in front of the focussing lens and detected with a power meter (field master).
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2.2 Threshold Setup
Above a threshold in laser fluence, a plasma is excited on the back of the sample.
It creates a shock wave that travels through the wafer and eventually detaches the
particles from the front side. The threshold of plasma ignition behind the sample can
be used to gauge the laser fluence. For each sample the ignition level is recorded and
all data is later normalized by dividing by this value. Since the plasma threshold of the
silicon wafer is a known constant (about 1 J/cm2 ), absolute values for the detachment
thresholds can be given.

Fig. 2.3: Cleaning spot for 4.7 µm particles. At the back of the central region the silicon
wafer has been hit with the Nd:YAG laser to produce an area free of particles. Note that the
size of the scattering spots is not the actual particle size.

Whether particles detach from the front surface is determined in two ways. On
the one hand, the samples are afterwards examined in a dark field microscope. Spots
where the energy was sufficient to remove the particles become visible as dark areas
without particles (compare figure 2.3). On the other hand, a HeNe laser illuminates
the front side of the wafer under an angle of 45 ◦ during the experiment. The light
scattered from the particles on the surface is focussed with a lens (f = 35 mm) on a
photomultiplier. The decrease in scattering signal can be used to determine whether
particles have been detached. The voltage drop on the photomultiplier is measured
with a digital voltmeter. When colloidal particles become detached from the surface,
the density of scattering centers reduces in the center of the HeNe laser’s spot. Since
less light is scattered into the photomultiplier, the voltage decreases.
To increase the sensitivity of this method, the whole setup has been shielded with
black cardboard against light from the surroundings. Thus the influence of other light
sources could be reduced to less than 0,1% of the scattering signal. Cleaned samples
are measured as references to quantify the influence of dirt on the substrates. It could
be shown that thoroughly cleaned substrates produce only 0.3% to 0.9% of the signal
that particle laden samples evoke. Substrates only precleaned with isopropanol in an
ultrasonic bath yield 4% to 8% of the signal of the typical scattering signal. A stream
of pressurized air prevents redeposition of particles on the substrate.
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A HeNe laser and photomultiplier are used to detect the thresholds for particle
detachment in situ. There are two possibilities to employ the laser. In the first case,
illumination by the laser has been done with the direct beam, which covers the whole
cleaning spots on the front side of the substrates. This technique is used to detect the
threshold values for the laser intensity for 10-shot experiments as described in [Zie06].
In the second case, the laser beam is first widened and then focused to a spot. This
spot is small in comparison with the cleaning spots so that only the central region is
observed, where at first particles are detached.

2.3 Time of Flight Setup
Complementary to the threshold values, the velocities of the particles are measured in a
separate setup. They are determined in a time of flight experiment between the sample
surface and a sheet of light from an Ar+ laser [Hab05]. The samples are glued with
AFM gluing pads to a holder in the center of a vacuum chamber. The whole chamber
can be moved in the (y-z)-plane perpendicular to the YAG beam in x-direction. During
measurements the chamber is evacuated to a pressure lower than 10−3 mbar. Directly
in front of its entry window, a 100 mm lens is placed, which focuses the incident YAG
a few mm behind the backside of the sample.
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Fig. 2.4: Width of the sheet of light. It has a constant width for almost 200 µm and a
minimum half width of 13 µm.

For the sheet of light, an Ar+ laser with a power of 800 mW and a wavelength of
488 nm is widened with a telescope and focused to a line with a cylindrical lens. This
leads to a 13 µm thin line focus directly in front of the surface. The line focus is in a
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distance δ from the sample surface and can be varied by a translation stage. The sheet
of light is then aligned vertically and the flight distance for the particles is adjusted.
The distance δ from the sample has been chosen to be 1 mm for most experiments.
When the particles detach from the surface, the scattered light is collected with a
second telescope onto a photomultiplier. The sheet of light, the photomultiplier, and
the cleaning area have to be carefully aligned with respect to each other. The YAG
signal is filtered out with an interference band pass filter for 488 nm and the final the
signal is recorded with a storage oscilloscope and stored on a computer.
To monitor the changes for various incident YAG laser energies, a field master measured the out-coupled energy. The fraction of laser light that is reflected from a glass
plate, transmitted through another one and finally reflected again from a slice of polished silicon (compare figure 2.2) is detected. A filter directly in front of the measurement head further reduced the signal to 11.5%. The linear relation between the
distance δ from the sample to the sheet of light and the time until particles scatter
light shows that the particles indeed move ballistically and their path is not disturbed
by collisions and interactions [Lei05]. On the one hand the dependence of the particle
speed on the incident energy is determined, while on the other hand similar particles
from different materials are compared. Finally, for SiO2 and polystyrene particles the
size dependence of the velocities has been measured.
Ar ion laser
telescope

cylindrical lens

trigger field
diode master

positioning table

sample

vacuum chamber
sheet
of light

interference
filter

mount
particles

telescope

gray
glass
filter

focusing lens

beam dump

photomultiplier

Nd:YAG

glass plates
mirror

Fig. 2.5: Time of flight setup for the determination of particle velocities. Shortly
after the substrate is hit by the Nd:YAG laser, the detached particles pass through the sheet
of light of the Ar+ laser. Their light scattering signal is recorded and thus the velocities of
the particles can be calculated. The position in the z-direction of the vacuum chamber can
also be adjusted.

2.3.1 Extraction of the Velocities
The aim is to extract a characteristic velocity for the particles passing through the sheet
of light. The fastest particles are subjected to no frictional forces and the excitation
energy is fully converted into kinetic energy. They stem from the area of the highest
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intensity of the acoustic wave. For all other particles the velocity is reduced, because
the acoustic intensity was lower at their detachment or they do not fly exactly in
x-direction.
When the scattering signal from the sheet of light is recorded, three velocities can
be calculated: the maximum velocity, the peak velocity and the mean velocity of a
Gaussian fit. The maximum velocity is the flight distance to the sheet of light divided
by the time delay between the Nd:YAG pulse and the first scattering signal. The peak
where the scattering is highest gives approximately the most probable time for particles
arriving at the sheet of light. Finally, the most probable velocity is found by assuming
that the distribution of the velocities is Gaussian. Making this assumption leads to
quantitative agreement with the obtained curves for the scattering signal. The velocity
distribution with a given maximum intensity and standard deviation needs to be folded
with the shape of the light sheet to obtain a calculated scattering signal. The resulting
curve is fit to the measured data and the velocity has been extracted.
In contrast to earlier evaluations of the velocities [Lei05], where a dwell time has
been used to correct for the fact that slower particles are longer in the sheet of light
than faster ones, the present analysis makes use of the correct convolution algorithm.
Unfortunately it does not allow for an easy deconvolution. The opening angle of the
particles flying away is not taken into account when particles pass the light sheet.
In general the vertical and second horizontal component of the velocities add to the
measured one.

2.3.2 Energy Gauge
The total energy is measured in the direct Nd:YAG beam with a field master protected
by an absorber that filters out 99.8% of the laser light. For the actual intensities at the
sample, it is important to know the focal spot size. It is determined using burn-paper.
For various incident energies the burn-paper is placed at the location of the samples
and spots are recorded in the single-shot mode. From the increase of the spot size
with energy, one can determine the waist of the Gaussian Nd:YAG laser beam [Fra06].
Assuming a constant threshold for the color change in the burn-paper, the half waist
of the focal spot is determined to be about 216 µm.

2.4 Evanescent Light Scattering Setup
The setup is depicted in figure 2.6. The Ar+ laser is focused on the hypothenuse
surface of a prism, where it is reflected totally. A beam dump blocks the reflected
light of the Ar+ laser. The colloids arriving on the surface of the prism scatter the
light from the evanescent field. This light is focused with a lens (f = 50 mm) on
an aperture which is located above the forward direction of the reflected beam. It
is detected with a photomultiplier behind a bandpass filter which is mounted directly
behind the aperture. A glass fiber guides the light to the multiplier. The fiber entrance
together with the filter and the aperture is mounted onto a (x,y,z)-translation stage.
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The diameter of the aperture in front of the bandpass filter is the same as the diameter
of the fiber. This facilitates the alignment of the setup.

Ar+ laser

photo
diode

lenses

glass
fiber
bandpass
filter
aperture

z
x
y
beam
dump

photomultiplier
oscilloscope

prism
Trigger
Si wafer
hypotenuse surface
particles in the
particles left on
evanescent field
the wafer surface
Nd:YAG

silicon surface

Fig. 2.6: Setup for evanescent light scattering. The enlarged detail illustrates the
position of the silicon wafer opposite to the hypotenuse surface of the prism. Some particles
are detached and landed on the prism surface, where they scatter the light from the Ar+
laser. Other particles remain on the wafer surface.

Prior to the experiment it is important to clean the glass prism so that scattering
from the surface is reduced to an absolute minimum. To adjust the setup for the
measurements, the Nd:YAG laser has to be focused exactly on the spot where the
Ar+ laser is totally reflected. Thereafter the Ar+ laser has to be aligned to obtain
the maximum intensity through the glass fiber. Usually three spots are visible. The
first one stems from scattering at the entrance surface of the prism, the second from
the spot, where the light is totally reflected and the third from the exit surface. All
three are imaged onto the aperture in front of the bandpass filter and glass fiber. The
scattered light from the second spot contains the signal and has to be isolated.
Then the silicon samples are glued to the hypothenuse surface of the prism with AFM
gluing pads or several layers of double-sided sticky tape. The thickness and number of
sticky tape layers determines the distance between the prism surface and the surface
of the sample. Several shots are possible on the same sample by vertically shifting the
prism perpendicular to the beam directions. Then the optical path and the alignment
stay intact, while fresh uncovered areas can be seeded with particles.
When the particles detach from the sample, they pass the gap between the silicon
and the prism and start to scatter light as soon as they enter the evanescent light field.
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After all detached particles have landed on the prism’s surface, the scattering signal
reaches a plateau. The whole signal is recorded on a storage oscilloscope and stored
on a computer. To determine the velocities of the particles, the first increase in the
scattering signal is interpreted to stem from the fastest particles. These particles are
not perturbed by external forces, collisions with other colloidal particles or convection.
Dividing the separation between the two surfaces by the time of flight of the particles
yields their velocity.

2.5 Millikan Setup
One important point for the experiments is to judge the influence of the various forces
(compare section 1.2). To estimate charge effects in our setup, colloidal particles are
introduced into a Millikan experiment, where the typical charge of a detached particle
can be determined. Through a tiny hole the particles can arrive in a capacitor with
a controllable voltage. This voltage can be adjusted so that particles stay in a plane
above the lower capacitor plate. When particles are introduced from dry samples of a
particle laden microscope objective, it becomes visible that they can be positively or
negatively charged. By changing the direction of the electric field, the particles change
their direction of motion. Only a few particles with similar charge can be stabilized
at a defined height in the capacitor at a time. In addition, horizontal motion occurs.
When particles are injected with a puff of pressurized air, turbulence in the capacitor
can strongly hinder the measurements.
The equations for the force balance in the Millikan setup simplify for colloidal particles, since the radius of the charge carriers is already known and does not need to be
inferred from the measurements. Further on, a steady state for a particle floating in the
capacitor can be used, where no friction forces need to be considered. In equilibrium:
Fstokes = Fel − Fg = 0

(2.1)

Hence the charge q can be derived from equating the electrostatic and gravitational
forces:
q = 4/3 · πR3 ρgd/U.

(2.2)

When tuning the voltage in the capacitor to a state, where the particle is floating
at a constant height, the charge thus can easily be extracted. For a typical particle in
the capacitor the charge turns out to be about 20 e = 3.2 · 10−18 C. The particle has
been blown off the surface with a puff of air, so that the detachment mechanism is not
directly comparable to laser cleaning. Therefore one has to consider this only a rough
estimate of the actual charges.
From [Der68] it is known that the charge decreases rapidly, if the particle contacts
a neutral plate. Whether this really gives any good approximation for the charge of a
particle in the laser assisted detachment is questionable.
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2.6 Video Microscopy Setup
The colloids in the sample cells are examined in an optical tweezers setup that is
depicted in figure 2.7. A frequency doubled Nd : YVO4 laser (λ = 532 nm) generates
a Gaussian shaped laser beam. To guide the light from the laser to the experimental
setup, it is coupled into a single-mode fiber. The light leaving the fiber is reflected by
a mirror. A lens corrects the beam to achieve a parallel bundle which passes a beamsplitting cube and illuminates the upper microscope objective. The light is collimated
through a 20x objective placed directly above the sample cell and focused into the
field of view of the CCD camera. The spot has a size at full width at half maximum
(FWHM) of about 2.8 µm. The position of the objective leads to an opening angle of
about 25◦ . When a particles is illuminated by this focussed beam, light forces can trap
it in the horizontal plane, while in the vertical direction it is pushed somewhat closer
to the repulsive substrate. The objective and the focal spot of the laser tweezer can
be moved across the field of view in the (x,y)-plane with two translation stages. It can
also be adjusted in the perpendicular direction by displacing the microscope objective.
The background of the image is illuminated with a fiber-coupled cold-light reflector
lamp, which is introduced into the optical path with a beam splitter. Color filters in
front of the beam-splitting cube and directly in front of the CCD camera guarantee
that the Nd : YVO4 laser is blocked while the background is sufficiently bright. An
electromagnetical coil can produce a magnetic field perpendicular to the field of view.
Particles can be observed during the manipulation with the optical tweezer and the
magnetic field. A second microscope objective serves to adjust the magnification and
images the plane of the particles onto an inverted CCD camera. The signal of the
CCD camera is read out at a rate of 1 Hz. The particle position is determined with a
lateral accuracy of 100 nm. From these data the particle movements and the relative
orientations of the caps of the capped colloids are obtained.
The scattered light of the capped colloids can also be used to learn more about the
rotation of the particles. The rotation rates are determined with a photodiode mounted
at one side of the sample cell by recording the sequence of light pulses. Whenever the
light of the optical trap is reflected into the direction of the photodiode, the increase
in intensity leads to a spike in the photodiode signal on the screen of an oscilloscope.
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Fig. 2.7: Capped colloids under an inverted optical tweezer microscope. The
capped colloids are enclosed in a sample cell sealed with an O-ring with a thickness of 1 mm.
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3 Results on Particle Detachment
Three phases can be separated during the process of detachment and subsequent landing of particles. Primarily the particles are excited and detach from the surface. Then
they fly across an open space. In the end they hit another substrate and potentially
stick to it.
In order to reveal the details of the interactions between the particles and the surface
during these steps, the experimental setups described in chapter 2 are used. The
initial detachment process is characterized by the detachment thresholds presented in
the following section. Thereafter the particles have a velocity, which is measured in
the time of flight setup and the evanescent light scattering setup (see section 3.3).
Finally the travel of the particles ends at the surface of another substrate, illustrated
in section 3.4.
The results of this section have in part been achieved together with Florian Ziese
during his work for his diploma. Where this is the case and the results have already
been described in his diploma thesis, this is indicated in the related figure captions.

3.1 Threshold Values
The thresholds in laser fluence at which particles detach lead to an estimate of the adhesive forces between micron-sized spheres and flat surfaces. Silica particles of 0.16 µm
to 20 µm in diameter have been investigated in the threshold setup described in section 2.2. A comprehensive summary of the the detachment thresholds for silica and
polystyrene particles can be found in [Zie06]. There also different environments such as
water vapor atmosphere or vacuum and their influence on the detachment thresholds
are discussed.
According to the various adhesion models discussed in section 1.3, the diameter of
the particles has a decisive influence on their adhesion forces to flat surfaces. The
detachment thresholds for various sizes of silica particles have been measured at a
constant laser spot size of 1.7 mm2 . All samples are prepared by spin-coating following
the recipe in section 2.1.1.
The shape of the curve in figure 3.1 is similar to the one in figure 1.9 for dry laser
cleaning from the front side. This demonstrates that generally small particles are
harder to remove from surfaces than larger ones. For back side laser cleaning, however,
the detachment fluence is always higher than the plasma threshold at 1 J/cm2 . This
lower boundary for the thresholds results, because a shock wave is necessary to clean
the front surface. It has to be generated on the back side through plasma ignition and
thus requires such an intensity.
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Fig. 3.1: Detachment fluence of colloidal silica particles with diameters ranging
from 0.16 µm to 20 µm. Adapted from [Zie06].

.

detachment fluence (J/cm2)

.

.
polystyrene

.

.

silica

.

.
diameter (µm)

Fig. 3.2: Comparison of the detachment fluences for silica and polystyrene particles. The data from 3.1 are depicted together with the thresholds from PS particles. Adapted
from [Zie06].
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For diameters above 2 µm the detachment threshold is almost constant. There is
only a slight increase above 4 µm, which can be explained by the uncertainty of the
measurement technique. As the particles grow larger, the gaps between the particles
also increase. The bigger the gaps, the harder it is to determine the threshold value,
because fewer particles have left the surface. In some sense the minimum detectable
cleaning spot size increases with increasing particle diameter.
Below 2 µm the detachment threshold strongly increases with decreasing particle
size. Here the size of the cleaning spot also decreases with decreasing particle diameter,
since the adhesion forces get stronger and the particles are only detached in areas
opposite to the highest incident laser intensity.
When the detachment thresholds for polystyrene (PS) particles are compared to the
values for the SiO2 particles, one finds a similar size dependence. Figure 3.2 depicts
the thresholds for both types of particles. For larger PS particles, the detachment
threshold increases even more than in the case of the SiO2 particles. Since the areal
density of the particles is smaller for the PS particles, this might be due to difficulties
in the determination of the threshold for large PS particles as described above.
There could, however, also be a physical explanation for the increase of the thresholds
for the larger radii as depicted for the PS particles in figure 3.2. In a simulation of
silica particles based on the JKR model [Sch08], the thresholds increase with increasing
radius for diameters larger than 3.6 µm (compare figure 3.3). While for particles with
diameters below 1 µm there is a steep decrease with increasing radius, particles with
sufficiently larger diameters require larger surface elongations. In figure 3.3, the critical
elongation for the detachment is given as the fraction of the plasma peak signal shown
in figure 1.12, which is sufficient to detach a silica particle of the respective radius.
The expected increase of the thresholds for silica particles with increasing radius may
be hidden in figure 3.2 because of the error of the measurement.
A simple energy balance equating the elastic energy gained when the surface elongates and the adhesion energy confirms this picture [Sch08]. It leads to thresholds
1
proportional to R 3 for the large particle regime. From the same approach, it follows
5
that for smaller particle radii the thresholds decrease as R− 6 . With these theoretical
considerations a comparison with the measured curve in figure 3.2 yields qualitative
agreement. Although the decrease in the small particle regime sets in at a smaller
diameter of about 0.25 µm, the general shape of the curve is similar. To be able to
compare the experimental and theoretical graphs in figures 3.2 and 3.3, it is assumed
that the height of the plasma peak is proportional to the laser fluence above the ignition
threshold. This is in line with the results from a nanosecond-interferometer [Gel06].
The number of detached particles depends on the number of shots on the surface.
In the present experiments 10 shots on each spot are necessary to unambiguously
determine threshold values for polystyrene and silica particles. In the region far above
the threshold the largest fraction of particles is detached in the first shot. Thereafter
the fraction, which leaves the surface, decreases continuously (compare figure 3.4).
Normally the center of the spots cleaned with 10 successive laser shots are free of
particles, whereas in the single-shot mode, particles are often observed to remain inside
the spot.
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particle radius
Fig. 3.3: JKR simulation of the critical elongation necessary to detach silica
particles. Adapted from [Sch08].

3.2 Estimate of the Adhesion Forces
In order to study the removal of particles by means of laser-induced acoustic pulses
in more detail, exemplary results for 840 nm polystyrene particles are described. The
inset in figure 3.5 represents a dark field image of a surface exposed to an acoustic
pulse generated at the back side of a 3.05 mm thick silicon slab. The dark area in the
center clearly indicates that particles can be detached even from such a thick sample.
The few particles, which stick to the surface inside the spot, are an indication for some
scatter in the adhesion forces, which is in line with the AFM measurements described
in section 1.4.
From figure 3.5 one can see that the scattering intensity I of the HeNe laser decreases
after increasingly strong Nd:YAG laser pulses. This in turn means that the cleaning
spot size increases with increasing incident fluence. The reduction of I/I0 ∼ 1 − ∆n/n
at laser fluences above a threshold value Fc = 2.5 J/cm2 is a measure for the number
of detached particles ∆n. It is normalized by the total number of particles n in the
area irradiated by the HeNe probe laser. Thus for increasing fluence the size of the
spot with sufficient acoustic intensity to remove particles gets larger.
Comparing the fluence of the onset of particle detachment with figure 1.14 reveals
that the maximum deceleration at threshold is 0.87 · 108 g. In this simple deceleration picture, one can assume that the adhesion force is overcome by the inertial force
Fin = ma when the surface maximally retracts. In this case 282 nN are received for
840 nm PS particles, which agrees reasonably well with the AFM data of 150 nN for
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Fig. 3.4: Fraction of detached particles in a series of 10 successive shots. The
fraction of detached particles is determined from a light scattering experiment. After each
shot the intensity of the scattered light is recorded. The drop in intensity is divided by the
total drop between the untreated surface and the last shot. The light scattering signal is
approximately proportional to the number of particles detached.

the adhesion force.
A closer inspection of such a model, however, leads to the conclusion, that a comprehensive theory needs to be more sophisticated. In section 3.3 the velocities of various
silica and polystyrene spheres have been measured with an optical time of flight technique (compare section 2.3). They provide evidence for a ”trampoline effect” so that
the previously discussed model needs to be modified. It is in question whether this can
be explained by taking into account that during the initial acceleration phase of the
surface the particle is elastically deformed. The elastic energy stored in the particle
is partially converted into kinetic energy during the detachment process. Nevertheless from considerations in section 3.9, a theoretical upper boundary for the velocities
is found at twice the maximum surface velocity when one assumes a purely elastic
process.
In [Zie06] the thresholds in laser fluence have been converted into critical surface
accelerations for the detachment with the help of figure 1.13. Since the adhesion force
Fad ∼ R in the JKR theory and DMT model and the mass m ∼ R3 , it follows that
the acceleration at the threshold a ∼ Fad /m ∼ 1/R2 . It is found, however, that
the threshold accelerations do not fit a 1/R2 -dependence as expected from the simple
deceleration model.
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Fig. 3.5: Decrease of scattered light intensity with increasing laser fluence. A
clear threshold of 2.5 J/cm2 is found for the particle detachment in the light scattering setup
after single shots (compare section 2.2). The inset shows a cleaning spot for a laser fluence
3 J/cm2 on a 3.05 mm silicon slab covered with 840 nm polystyrene particles.

3.2.1 Biofunctionalized Samples
After the measurement method for plain polymer spheres has been established, the
aim has been to probe the strength of biological binding sites. Therefore in addition to
silica and polystyrene particles, also laser detachment experiments have been carried
out with biofunctionalized samples.
A KrF excimer (λ = 248 nm) laser serves to detach particles with biofunctionalization from polyethylenglycol (PEG) surrounded islands (compare figure 3.6(a)). Avidincoated agarose beads of up to 50 µm in diameter have been attached to streptavidinfunctionalized Au islands on glass substrates. The adhesion sites are restricted to the
streptavidin-avidin-binding, since the glass surface is passivated with PEG.
However, it turned out that the threshold of such biofunctionalized spheres is hard
to determine with the laser. The particles unbind even under the vibrations during
the transport to the laser laboratory. When one carefully transports and images the
sample directly before and after the laser incidence, one can see from figure 3.6(b) and
(c) that the particles detach for arbitrarily small laser intensities.
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b

a

c

Fig. 3.6: Schematic of the sample and video microscopy images of biofunctionalized spheres before and after laser irradiation (a) Schematic of the geometry of the
biotin-streptavidin binding from [Sel06]. (b) Surface covered with agarose beads bound to
the surface with biotin-streptavidin bonds. (c) Several spheres have detached after a laser
pulse.

3.2.2 Gravity Threshold
From the observation that a glass marble does not stick to a wall, but falls off, it is
clear that macroscopic objects have lost the ability to adhere to surfaces strong enough
to prevent falling. Thus for every combination of materials there must be an upper
size limit above which particles no longer stick to a vertical or to an inverted horizontal
surface. Since the mass of particles increases with R3 , while the adhesion forces in the
DMT and JKR models (compare section 1.3) only increase linearly with the radius R
of the particle, the influence of gravity becomes stronger as the particle size increases.
At some point, the particles roll or fall off the surface just when it is tilted or put
upside down.
To pin down this point, various highly polydisperse powders for sandblasting machines have been utilized. The particles have diameters between several tens of µm and
a few hundreds of µm. Samples consist of RCA cleaned substrates which have been
seeded with particles in a dry process. Together with the silicon substrates a spatula
full of particles is put into a beaker which is closed with a stopper. Through a hole in
the stopper, puffs of nitrogen or argon have carefully been applied so that the particles
are swirled and stick to the polished front side of the wafer. Such samples are clamped
in an sample holder that can be rotated under a microscope. By comparison of the
images before and after the samples have been tilted and put upside down, the size at
which particles detach due to gravity is determined.
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before tilting

after tilting

a

100 mm

b

Fig. 3.7: (a) Glass particles with diameters ranging from several to 140 µm are applied
to a silicon wafer. When the biggest particles detach, they cause avalanches of particles
and thus remove particles from the surface which would not lift otherwise. (b) When glass
particles with diameters of 10 to 50 µm are dispersed on a silicon substrate clusters can
be observed. Only such clusters are big enough to migrate on the surface due to gravity.
Individual particles are too small to detach. The horizontal line is a scratch which serves as
a marker of the specific position on the sample.

It is found that for glass particles there is a size threshold of 80 − 90 µm where the
first particle start to move. On the other hand particles up to a diameter of 120 µm still
stick to the samples. This demonstrates that the threshold is highly dependent on the
quality of the particles, especially the roughness of their surfaces and the cleaning of
the surface to which the particles stick. To better determine the threshold for particle
detachment through gravity, monodisperse particles would be necessary.

Most likely particles on tilted substrates start to roll off the surface before they fall
off. This can be explained in the following picture. Rolling particles only have to shift
the bonds at the surface, whereas falling ones have to break all of them simultaneously.
Nevertheless 80 − 120 µm is a good estimate for the detachment thresholds due to
gravity. Since the biggest particles, whose detachment threshold have been measured
by laser cleaning, are smaller than 20 µm in diameter, gravity is negligible for their
threshold determination.
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3.3 Velocities of the Particles
After the particles are detached from the surface they fly away from the sample. Their
velocities can reveal further details of the detachment process. Therefore, the particle
velocities have been determined in vacuum in the time of flight setup as depicted in
figure 2.5. They are investigated depending on the incident laser energy, the size of
the particles (0.52 µm to 8 µm) and their material (silica versus polystyrene). The
distance δ between the sample surface and the Ar+ laser light sheet is set to 1 mm.
The particles are prepared by spin-coating using the recipe described in section 2.1.1.
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Fig. 3.8: Typical scattering signal from the time of flight setup (black). Times
that correspond to characteristic velocities are indicated by arrows. The velocity vmax is the
maximum velocity of the particles. From the maximum scattering intensity the velocity vpeak
is extracted and the mean velocity vmean is derived from the calculated signal (red).

The scattering signals typically look like the black curve shown in figure 3.8. When
the first particles arrive at the sheet of light, they start to scatter light, which leads to
a steep increase in the measured signal. Since these particles are the fastest ones, they
are assumed to be unperturbed by any effect that slows particles down. Such effects
could arise from charges on the sample surface and the particle, collisions between
particles or a finite detachment angle deviating from the surface normal. The fastest
particles would be expected to have no charges, not to collide with other particles
and to fly perpendicular to the sample surface. When the particles stem from regions,
where the surface acoustic wave does not reach the maximum elongation, they are also
slower than the particles with the maximum velocity vmax .
The time when the highest fraction of particles is in the sheet of light defines another typical velocity vpeak . At this instance the light scattering is strongest. At later
times even a few particles can cause high levels in scattering intensity, since slower
particles stay longer in the light sheet. If one assumes a Gaussian distribution of the
velocities, a mean velocity can be extracted by use of the simulation of section 2.3.1.
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For this measure the whole signal is calculated starting from a Gaussian distribution
of the velocities and a Gaussian intensity profile along the surface normal in the light
sheet. Accordingly the number density of the particles depends on time and position
(x/t−v0 )2

1
as n(x, t) = √2πdv
· e− 2dv2 . To derive the expected scattering signal, both curves
t
are convoluted and the result is fitted to the measured scattering data with the average
v0 and the waist dv of the velocity distribution as fit parameters.

For 1 µm PS particles at a laser intensity of 15 J/cm2 , the waist of the velocity
distribution is 0.65 · vmean with vmean = 17.6 m/s. Therefore, many particles with high
velocities and slow velocities are present. Slight deviations between the calculated
and measured signals occur for larger times around 100 − 120 µs and above 140 µs.
The steep increase of the signal at 20 − 40 µs and the shape of the curve around the
maximum can be fitted well. Thus the assumption of a Gaussian velocity distribution
for the particles, on which the calculation is based, is justified by the experiment.
detachment
threshold

v max

v peak
v mean

2

Fig. 3.9: Velocities of 1 µm polystyrene particles versus incident laser fluence.
The detachment threshold for the particles is also marked.

One example of the energy dependence of the escape velocity is given in figure 3.9.
The maximum velocity, the peak velocity, and the mean velocity are shown. All velocities increase almost monotonically with the incident laser power. The detachment
threshold is given by the value, at which, after 10 laser shots, a cleaning spot can be
detected on the surface. Whether there is a jump to a finite velocity directly above
the detachment threshold is uncertain. In any case there is a small range of fluence, in
which the velocity strongly increases. This can be understood by comparison with the
simulation of the sphere’s detachment in section 3.9. Since the detachment occurs as
a sudden fracture of the bonds between the sphere and the flat surface, small values of
the escape velocity are unlikely. To achieve that a particle just escapes from the sur-
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face with negligible velocity requires special fine tuning of the excitation. Even small
deviations in the excitation signal are observed to have a dominant influence on the
velocity.
d = 0.52 µm
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Fig. 3.10: Velocities for various diameters d of silica particles. The saturation
behavior becomes most evident for the smaller particles.

The saturation of the velocities for higher laser intensities might have its origin in
the sphere’s excitation process. When the bulk acoustic wave (BAW) generated by the
laser pulse arrives at the surface, it induces a surface velocity [Gel06] as depicted in
figure 1.13. From the particle velocities, which are much higher than the maximum surface velocity, it can be inferred that there has to be a trampoline effect. Elastic energy
that has previously been stored in the particles may be converted into kinetic energy
of the particles. Since the deceleration of the surface elongation saturates [Gel06], the
energy that the particle can get from the surface motion is limited. The total kinetic
energy of the particle would then be given by the sum of the elastic energy originally
stored in the sphere (compare section 1.3) and the kinetic energy it gets from the
surface motion. For larger particles the ratio between inertial and adhesion forces is
more favorable for the detachment. Potentially, the detachment might occur before
the surface elongation can saturate. When the whole energy above a certain threshold
would be converted into kinetic energy, the velocity should become
r
v=

2(E − Ethres )
.
m

(3.1)
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Here E is the total energy input through the laser pulse, Ethres is the energy threshold
related to the critical elongation that is necessary to detach a particle and m is the
mass of the particle. Although this dependence seems to be a good approximation
for particles of 840 nm [Lei05], the behavior of larger particles cannot be described by
such a simple law. The bigger the particles are, the more does the increase approach a
linear relation between the laser fluence and the particle velocity (see figure 3.10). For
some particle sizes only the maximum velocity could be extracted. In most of the cases
five curves have been measured, the velocities have been evaluated and their mean has
been calculated.
detachment
thresholds

max

polystyrene

silica

2

Fig. 3.11: Velocities of 3 µm polystyrene (PS) and 3 µm silica particles. PS particles
are faster because of their lower mass density. Again the detachment thresholds are indicated
by vertical lines.

In figure 3.11 the velocities for PS and silica particles, both 3 µm in diameter, are
compared. In general the PS particles are faster than the heavier silica particles. Only
near the threshold, both particle types have equal velocities. None of the curves shows
a saturation behavior.
The dependence on the diameter of the particles is more complicated. For large sizes
there is a decrease of the detachment velocity for all incident laser energies. The more
intense the laser light gets, the more a hump develops at intermediate sizes (compare
3.12). This is the case for both SiO2 and PS particles.
Complementary to the time of flight setup, the light scattering setup depicted in
figure 2.6 has been used to determine the velocities of the particles. An advantage of the
evanescent light scattering is that very small flight distances between the sample and
the prism surface (on the order of 100 µm) become accessible. In the sheet of light setup
one is restricted to distances of 1 mm or more. Additionally the distribution of particles
can also be seen directly after the experiment under the microscope. A disadvantage
is that the prism surface could be charged and thus influence the trajectories of the
particles. There is also a large background signal. Only deviations from the scattering
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max
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b

Fig. 3.12: Velocity of various sizes of silica spheres versus the diameter of the
spheres. (a) The velocities have been measured at an constant laser intensity of 15 J/cm2 for
which the surface acceleration saturates. (b) The lower graph shows the maximum velocities
measured slightly above the detachment threshold at an intensity of 1.9 J/cm2 .
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signal can be measured. The maximum velocities measured with the evanescent light
scattering technique are smaller by a factor of 2 compared to the sheet of light method.
At present the reason is unknown.
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Fig. 3.13: Evanescent light scattering signal for landing particles. The curve has
been measured for a flight distance of 0.25 mm and silica particles of 0.9 µm diameter.

A typical curve from the light scattering experiment is depicted in figure 3.13. The
first particles arrive after about 15 µs. In this case, they stay inside the evanescent
light field and scatter the light continuously. As more and more particles arrive, the
signal increases monotonically until no further particles become attached to the prism.
The background level from the usual scattering of the nominally clean surface has been
subtracted.

3.4 Landing Particles
To learn more about the angle dependence of the particle velocity distribution, two
RCA cleaned silicon wafers, one seeded with particles and a bare one, are glued together
in a definite distance. This sample is positioned in the time of flight setup (compare
section 2.5). From this arrangement more information about the angular distribution
in vacuum can be inferred. In the following experiment the flight distance is 0.5 mm,
the diameter of the SiO2 particles is 0.9 µm and the substrates are cleaned with RCA
cleaning. It seems that all detached particles get stuck on the opposite substrate. As
can be seen from figure 3.14 the particles are uniformly distributed over the second
substrate until at some distance from the center of the spot, the density decreases
almost linearly. From a comparison with the spots on the primary substrate, one
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can deduce an opening angle of about 45◦ . This is in contradiction to the theoretical
expectation that particles should fly away under small angles to the normal of the
surface [Sch08].
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Fig. 3.14: Radial distribution of particles landed on a second substrate. The
zero of the density distribution is opposite to the laser spot on the primary substrate. The
fluctuations at small distances from the center are due to the small areas involved close to
r = 0.

To elucidate how gravity (compare section 1.2.1) affects the trajectories of the particles, several shots on particle laden samples are compared. In one case the laser hits
the sample from above (compare figure 3.15), while in the second case it illuminates the
silicon from below. In both cases the experiments are conducted in air and in vacuum.
All measurements are carried out at the highest laser power available.
Again the sample consists of a silicon wafer seeded with SiO2 particles 0.9 µm in
diameter but is covered with a glass object slide instead of a silicon wafer. The glass
plate is fixed to the wafer by double-sided sticky tape, which results in a gap of ≈ 70 µm
between the two opposing surfaces. The positions where the particles stick to the glass
after their flights can be observed under a microscope. Exemplary images of the silicon
and glass surfaces are shown in figure 3.16.
For the detachment in air, the Nd:YAG is focused immediately behind the sample
surface with a f = 50 mm lens. To determine the influence of gravity for the detached
particles under vacuum conditions, the samples are inserted into a cross-shaped piece
of vacuum tubing. The cross has four flanges. Two of them contain the entrance
windows, whereas the other two are sealed with the sample holder and connected to
the vacuum pump respectively. This small vacuum chamber is evacuated to a pressure
smaller than 10−3 mbar. The f = 50 mm lens is placed directly in front of the entrance
window such that the conditions remain comparable to the measurements in air. At

53

3 Results on Particle Detachment
Nd:YAG
lens
entrance window
gravity

to vacuum
pump
sample

sample holder

Fig. 3.15: Setup for the determination of the influence of gravity.

any rate the energy of the laser pulse is reduced by ≈ 8% due to the reflections on the
two perspex surfaces of the entry window.
In all cases some particles are found on the glass surface above regions on the silicon
that have not been cleaned. This indicates that the particles fly away under a finite
angle. Most particles have traveled away from the center. Especially in air, it seems
as if the particles have preferentially accumulated in rims around the cleaned spot on
both substrates. It is remarkable that regions of higher density can be found on the
original silicon wafer as well as on the glass object slide. The estimate in section 1.2.1
has yielded a total traveling distance s of about 27 µm. Hence, convection has to play
a key role in the transport of particles from one surface to the other that are separated
by a distance of 70 µm.
Otherwise there are only minor differences between the two geometries in vacuum.
Some clusters of particles can be seen inside the cleaned area on the silicon where
the laser incidence has been from below. Whether these accumulations are a sign of
redeposition or whether the laser intensity in these regions has been lower and therefore
unable to detach the particles in the first place is uncertain. In all cleaning spots a
fraction of the particles remains undetached.

3.5 Scanning the Surface with the HeNe Laser
When the threshold for particle detachment shall be determined, the spot size of the
cleaned area decreases drastically, especially for single-shot experiments. The problem
that arises here is the definition of the threshold value. If it is assigned to the value
where the first particle detaches from the surface, it can hardly be determined. The
only exception may be for particles large enough, so that the scattering signal of an
individual particle contributes significantly to the overall scattering light of the HeNe
laser (compare section 2.2). Therefore for smaller particles, one must adapt another
measure for the threshold definition. Generally the distribution of adhesion forces will
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Fig. 3.16: (a) Colloidal particles on the primary silicon substrate after a laser shot. (b) After
adjusting the focal depth, colloidal particles landed on the glass substrate in front of the silicon
wafer become visible.
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show a steep rise and later saturation when the fraction of detached particles is plotted
over the incident laser energy. This is due to the variation in adhesion energies of the
particles. By fixing a specific fraction of detached particles in a certain area, a reliable
threshold can be defined.
In previous experiments the detachment threshold was determined in two ways. The
first method relies on the decrease in scattering signal that is read off a multimeter
connected to the photomultiplier. When it dropped by a significant fraction, e.g. 5%, it
indicated that particles left the surface (compare figure 3.5). The second determination
was ex situ under the dark field microscope. Since both measures agree well, they can be
used interchangeably. It turned out useful to first consider the in situ measurements
with the HeNe laser. Thereafter, in cases where it was hard to decide, whether a
significant drop in the voltage at the photomultiplier has occurred or not, a visual
inspection under the dark field microscope followed. A combination of the two methods
allowed reproducible measurements of the threshold.
To monitor the spot where the first particles leave the surface, the HeNe laser is
focused down to a spot size of tens of µm. By scanning the surface with such a
spot, the minimum in scattering intensity in the vicinity of the initial position can be
found. When the original coverage of the surface is sufficiently homogeneous, this spot
corresponds to the area, where the laser detached the first particles. Difficulties can
arise for larger particles, where the coverage is not homogeneous enough. In this case
the whole area needs to be scanned twice and the difference between the two values
before and after each laser pulse must be determined.

scattering intensity (a.u.)

In figure 3.17 a scratch on the surface is used to demonstrate this principle. Since
the scratch is only 15 − 20 µm wide, the apparent width of the scratch is close to the
size of the laser spot of the HeNe laser. From figure 3.17 it can be inferred that the
size of the HeNe spot is about 50 µm.
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Fig. 3.17: Profile of a scratch made with a diamond cutter on a clean silicon
surface.

With the HeNe laser also profiles of cleaning spots can be mapped out. As can be
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scattering intensity (a.u.)

seen from figure 3.18 the scattering intensity strongly decreases in the center of the
spot and stays on the background level as long as there are no particles. When the
scanning spot encounters particles, the scattering signal increases until the signal of
the initial coverage is reached again. In figure 3.18 the step size is comparable to the
size of the HeNe spot.
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Fig. 3.18: Profile of a cleaning spot mapped out with the HeNe laser.

3.6 Cleaning by Surface Acoustic Waves
In addition to acoustic laser cleaning, particle detachment due to surface acoustic waves
(SAW) can be achieved with our samples. It is special in so far as it is a non-local
cleaning method and cleans areas that are not directly hit by the laser beam. After
laser illumination SAW travel along the front surface of the samples. Due to the
concomitant elongation of the surface particles are removed.
For these experiments the nanosecond pulse Nd:YAG is focused with a 100 mm lens
directly onto a dusted surface. Due to phonon focusing the particles detach and leave a
pattern behind which exhibits a sixfold symmetry shown in figure 3.19(a). This reflects
the (111) orientation of the silicon surface (compare section 1.6). The experiment can
also be performed with femtosecond pulses which is illustrated by figure 3.19(b).
In order to demonstrate that the particles are indeed detached by SAW, other mechanisms have to be ruled out. For this purpose a glass plate is glued on top of the
silicon wafer. This glass plate is a distance of about 0.25 mm above the sample surface. Shooting the laser directly next to the edge of the glass plate evokes SAW and a
shock wave from the plasma ignition. In the region where the glass covers the silicon,
the shock wave from the plasma is blocked. It cannot enter the half space beneath the
glass because the distance to the silicon wafer is too small for the shock wave to enter
the gap between the glass and the silicon. Since also in the glass covered region the
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a

b

Fig. 3.19: Patterns arising from the detachment of particles from Si(111) surfaces.
(a) Detachment of SiO2 particles with a diameter of 4.7 µm with a nanosecond Nd:YAG pulse.
(b) Pattern of Al2 O3 particles detached with a femtosecond Ti:sapphire laser.

patterns are retained, one can conclude that the particles are indeed detached due to
the SAW.

3.7 Caustics Visualized with Colloidal Particles
Caustics of bulk acoustic waves can be visualized with the help of colloidal particles
on the opposite side of the laser incidence. Due to phonon focussing in preferred
directions in the crystal, the bulk acoustic wave traveling through the wafer generates
spatially resolved elongations at the opposite face of the crystal. Usually this phonon
focussing effect is measured by bolometers on the back side of monocrystalline samples.
They absorb the phonons propagating through the wafer as a bulk acoustic wave and
measure the heating of the detector. In the case of figure 3.20(a) the pattern has been
recorded for three successive times on a Si wafer with an aluminum bolometer. The
sample is scanned with a laser so that spatially resolved images are generated. For each
laser incidence, the phonon flux is concentrated in certain regions which correspond
to singularities in the slowness curve (compare section 1.6). The heat-flux intensity
is converted into brightness on a video screen. In particular, folds in the wavefront
appear that are characteristic for the ballistic propagation of phonons along certain
directions in the crystal.
In figure 3.20(b) the surface elongation due to the arrival of a bulk acoustic wave
selectively detaches particles in regions with the highest elongation at the surface. The
resulting pattern is only visible for high incident laser energies far above the threshold.
For laser energies close to the particle detachment threshold, the shape of the cleaning
spot simply reflects the symmetry of the laser ablation spot. In addition the laser
has to be focussed directly behind the sample so that the full width half maximum is
about 200 µm on the backside of the sample. In cases where the incident laser beam
profile was not circular, the symmetry of the laser spot on the backside determines the
cleaning spot on the front side of the sample. This means that in general the cleaning
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a

b

100 mm
Fig. 3.20: Caustic patterns visualized with bolometers and colloidal particles. (a)
The vibrational wavefronts on a crystal of silicon have been superimposed for three different
times to produce the image. They were generated from an ultrasonic point source at the back
of the observed surface. Taken from [Wol95]. (b) The detachment pattern of SiO2 particles
with diameters of 0.9 µm reveals the threefold symmetry of the (111) surface of the silicon
crystal. At the back side of the sample the ablated spot is perfectly circular with a diameter
of about 700 µm.

spot is smeared out or that hotspots in the beam profile become visible on the front
side.

3.8 Detachment by Electrostatic Interaction
During the preparation process of capped colloids as described in section 2.1.2 metal
layers are evaporated onto the particles. These layers allow one to observe the particles
under a scanning electron microscope (SEM). Bare insulator particles on glass cannot
be imaged because excessive charging of the samples deflects the electron beam which
samples the surface.
Accidentally particles have been detached most likely due to charging of the caps
during the exposure. The caps may accumulate charges, because they are insulated
from the surface covered with the metal films. The surface charges and thus the
electrostatic forces may become sufficiently strong to detach particles.
In figure 3.21 a particle can be seen that has jumped away from its original location
and left rings of the metal layers behind as a footprint. In the center of the footprint,
a bright spot due to charging is visible. One can hardly distinguish the shadows of the
Ni and Au layers which have been evaporated.
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4.9 mm SiO2
20 nm Au

20 nm Ni

Fig. 3.21: SEM image of a capped colloid lying close to the location from which
it has been detached.

3.9 Discussion of Particle Detachment
To understand the model underlying the simulation, imagine a sphere in front of a flat
surface without contact. The sphere is virtually undeformed as it gets closer and closer
to the surface. At the point, where it first touches the substrate, adhesive contact is
made and the particle begins to change its shape. This process ends, when the gain
in adhesive energy is not sufficient to provide the elastic energy needed for a stronger
deformation. In the equilibrium position, the sphere has a contact radius r0 and is in a
stressed state, comparable to a loaded spring (compare figure 3.22). The center of the
sphere is a distance R − x0 away from the surface, where R is the radius of the sphere
and x0 is the virtual indentation of the substrate. In practice both the sphere and the
substrate are indented depending on their elastic moduli. Since the sphere is usually
softer than the substrate, it deforms stronger than the surface. Although this can be
taken into account by a combined elastic modulus, the qualitative result of this simple
model stays the same irrespective of whether the sphere or the substrate deforms.
When the particle is elongated by a distance (x − y), where x describes the motion
of the base point of the sphere and y the elongation of the surface, the area of the
adhesive contact is assumed to change as A = πr02 (1 − (x − y)/x0 )2 . This alters the
adhesion energy, which shall be proportional to the contact area like in the JKR model
(compare section 1.3). Thus the sphere is considered to be an harmonic oscillator,
which is externally excited by the motion of the surface. The potential is cut off at a
distance x0 = r02 /(2R), at which the particle starts to fly away from the surface. To
calculate the response of the sphere to a perturbation of the surface, its eigenfrequency
in the potential is estimated. A bar with density ρbar , elastic modulus
p Ebar and length
Ebar /(ρbar · (2R)2 )
d = 2R serves as a model for the sphere. Its eigenfrequency ω =
for the longitudinal stretching mode can be converted into a spring constant, so that
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Fig. 3.22: Schematic of a sphere on a flat surface. The sphere indents the surface
up to an indentation depth of x0 . At this point the sphere is in equilibrium. The deviation
from the equilibrium is described by the difference (x − y), where x is the elongation of the
lowest point of the sphere and y the elongation of the surface. With increasing (x − y) the
contact radius r0 decreases until it vanishes for (x − y) = x0 . For still larger values the sphere
detaches.

the model is analogous to a mass on a spring.
In this model, it is assumed that the particle deforms only elastically. Then the whole
adhesive energy is transferred to elastic energy. SEM images indeed confirm that there
is no detectable plastic deformation of the particles in the current experiments even
when they have landed on a second substrate. Although particles in general will deform
plastically [Rim89, Rim90], the influence in our experiment is negligible. The model
must also consider that only a small fraction of the apparent contact area is responsible
for the adhesive contact. To be more precise only a fraction of less than ≈ 15% of the
area π · r02 contributes as true contact area [Pod96]. The model takes the whole history
of the surface displacements into account and yields times of detachment which are
in different phases of the surface excitation. It is remarkable that the velocities in
this simple model can exceed the surface velocity as it is observed in the experiments
(compare figure 3.10). Here it turns out to be advantageous to know the surface
expansion from interferometer studies [Gel06]. It makes the simulation of back side
laser cleaning possible, which is in contrast to dry laser cleaning (DLC). Also other
effects like ablation due to near-field effects do not emerge with back side illumination
and hence have not to be considered in the model.
As a test for the model, the surface is elongated only by the slow thermal component
of the surface elongation as measured by Geldhauser [Gel06]. The resulting trajectory is
depicted in figure 3.23. The sphere oscillates around its center point and thus slightly
deforms periodically. The amplitude of the oscillation is, however, not sufficient to
detach the particle. It stays stuck to the surface.
To understand why in the case that the particles detach they cannot have more than
double the maximum velocity of the surface, consider a ball with a small finite mass
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Fig. 3.23: Oscillation of a 5 µm sphere around the thermal excitation of the
surface. The thermal signal alone is insufficient to detach the particle.

hitting an infinitely heavy wall. When the ball impinges on the wall and is reflected
elastically, it is accelerated until it has the same velocity as its initial velocity but in the
opposite direction away from the wall. When this process is considered in a reference
frame, in which the ball initially is at rest and the wall moves, the reason for the upper
limit in escape velocity becomes obvious. In this frame, the ball has double the velocity
of the wall after an elastic interaction. All dissipative processes can only decrease the
momentum transferred to the ball. Thus, in the case of a totally elastic process, the
particle velocity is maximal and limited by twice the maximum velocity of the surface.
In the present experimental system, the particle sits directly on top of the surface.
If the velocity at detachment is close to the maximum velocity of the surface, the
detachment process has to be quick in comparison to the total duration of the surface
elongation caused by the plasma peak as depicted in figure 3.24. In fact the detachment
occurs during the initial rise of the surface and the conditions of the an elastically
reflected ball are almost met. The velocity of the particle approaches double the
maximum velocity of the surface.
If the detachment occurs at later times, the velocity of the particle is smaller. This
is a consequence of the deceleration of the particle due to the surface motion, when
it is still bound to the surface. The highest velocity is achieved for the case that the
particle detaches exactly at the time, when the surface velocity is highest. The results
of a self-consistent calculation [Sch08] are depicted in figure 3.25. Also in this model
(compare figure 3.26) the velocity of the particle exceeds the maximum velocity of the
surface, but does not rise above twice this value.
To first order the shape of the sphere is unaffected by the detachment process. For
a more exact analysis, however, one has to take into account that there is a change
of the shape in the contact area. The elastic energy stored in the particle due to the
deformation in the contact area has to be overcome by the forces in the detachment

62

3.9 Discussion of Particle Detachment

100

x (nm), y (nm), v (m/s), a (109 m/s 2)

90
80
70
trajectory of the particle x(t)
60
50
40

point of detachment

30
elongation of the surface y(t)

20
10
0
−10
0

10

20

30

40

50
t (ns)

60

70

80

90

100

Fig. 3.24: Detachment of a 5.06 µm sphere from a silicon surface. The red line gives
the surface excitation due to the plasma peak as already depicted in figure 1.12. Its derivatives
are the surface velocity (blue) and the surface acceleration (green). In the trajectory of the
particle (black), the point at which the particle leaves the potential of the surface is marked
with a circle.

rest position of
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Fig. 3.25: Elongation of the surface and trajectory of a 0.9 µm SiO2 particle in a
self-consistent simulation. The dashed line corresponds to the surface elongation ζexp (t).
The velocity is the derivative of the trajectory of the particle. Adapted from [Sch08].
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Fig. 3.26: Dependence of the velocity vK on the elongation of the surface. The
function ζexp describes the surface elongation during the plasma peak. To obtain the velocities
for differently strong excitations, simulations like the one in figure 3.25 have been conducted
where the function ζexp (t) is multiplied by a factor f . Here vK is the escape velocity of the
colloidal particle and vO the maximum velocity of the surface. Adapted from [Sch08].

process. One can imagine that in the first step the particle is detached from the surface
until it just looses contact. The particle is then undeformed and sits directly in front
of the surface. In a second step, it is accelerated by the surface like in the example
above. In reality both processes take place at the same time. In summary the kinetic
energy of the particle after detachment is reduced in comparison to the case where no
initial deformation is present.
There are also other processes that can diminish the final velocities of the particles.
The particles tend to fly outward under an angle, so that the normal velocity is only
one component of the total velocity. In addition oscillations and rotational excitations
of the particles can reduce the kinetic energy and thus their velocity. Since the speed
of sound in the silicon is much faster than the velocity of the particles, all particles
detach at the same time. Because they also start in the same plane, collisions of the
particles might occur. They are most likely between neighboring particles of similar
velocities. However, since the relative velocities of such particles are small, the particles
cannot accelerate one another significantly. In fact, particles of equal mass limited to a
one dimensional motion only exchange their velocities upon elastic collision. Thus the
fastest particle determines the maximum velocity even after collisions. Finally there
is internal friction, because the particle behaves not strictly elastically but deforms
viscoelastically.
The spring model predicts that smaller particles need higher accelerations and velocities until they detach, which is in accordance with the thresholds observed (compare
figure 3.1). For this analysis the contact radii of silica particles from [Web] have been
used. It is improbable to achieve small detachment velocities in the simulation, because
all the energy left after detachment is converted into kinetic energy. This is true for
the simple spring model as well as for the self-consistent approach [Sch08] as can be
seen from the steep increase in the velocities with increasing incident laser fluence in
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figure 3.9 and surface excitation in figure 3.26.
While it is possible to achieve velocities higher than two times the maximum surface
velocity in simulations where the excitation is periodical, it is impossible to excite a
particle to such high velocities with a single pulse as used in the experiments. In selfconsistent simulations where the excitation is due to an individual pulse, which has a
single elongation maximum, the detachment velocity of the particles does not exceed
1.5 times the maximum surface velocity. This is true even for unrealistically large
surface elongations, which cannot be achieved experimentally. For the simple spring
model, the velocities can at maximum reach a value slightly below twice the maximum
surface velocity. In this case, the sphere detaches exactly at the instant, where the
surface velocity is maximal.
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Starting from spherical particles, which are commercially available in sizes ranging
from 10 nm to 20 µm, special particles can be designed. It is possible to modify the
particles to change their optical and magnetic properties. One possibility is to coat
them with a metallic cap. For example they can be made magnetic by adding caps of Ni
or Co/Pd multilayers. Such particles have been named capped colloids. They appear
as half-moon like objects under a microscope. One part is opaque while the other one
is transparent. Surprisingly, it is found that these asymmetric particles spontaneously
rotate in optical tweezers. Additionally laser tweezers offer a range of manipulations
to move and combine the particles.

4.1 Coated Beads in Interaction with a Laser Tweezer
After the preparation process (compare section 2.1.2) the capped colloids are suspended
in liquid however not as single particles but as agglomerations of many particles. To
study single particles, they have to be separated from each other. Only then can one
work with the unique features of these specially designed colloidal particles. Compared
with opaque particles they have the advantage that they have a transparent part, where
an optical tweezer can act on. Most importantly, however, magnetic capped colloids
can be aligned with an external magnetic field. Furthermore, it is an advantage that
the exact orientation of capped colloidal particles can be determined in the video microscopy setup (compare section 2.6). Also the optical asymmetry, which is introduced
by the cap, opens various possibilities for their manipulation.
Particles can be separated from each other and mixed by ultrasound. At a sufficiently
large concentration, magnetic capped colloids form chains in an external magnetic field.
After 30 s of mixing, images of the colloidal particles as the one shown in figure 4.1
can be obtained.
One can see that the colloidal particles aggregate in a controlled way and form chains
instead of clusters of random size and shape. The particles show an antiferromagnetic
order with neighboring caps pointing into opposite directions (see inset of figure 4.1).
This configuration reduces magnetic stray fields and thus minimizes the total energy of
the system. At later times the chains diffuse and interconnect into a web of particles.
When the density is too low to allow the formation of a web, the colloidal particles
arrange in clusters after several minutes.
Colloidal particles in a fluid can be manipulated with optical tweezers (compare
section 1.8). The usual way is to move the optical trap to the location of a particle.
The particle is then sucked into the region of highest laser intensity and can be moved
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Fig. 4.1: Chains of magnetic capped colloids. When the symmetry is broken by an
external magnetic field, magnetic capped silica colloids of 4.7 µm diameter arrange in chains.
Here a magnetized microscope is sufficient to induce chain formation. The typical distance
between the chains is given by twice the range of action of the magnetic forces. The inset
shows the antiferromagnetic order of the caps. Opaque parts of the spheres are coated and
transparent parts are uncoated.

around. This works with bare uncoated particles of sizes of several hundred nm to
several µm. It is also possible to move capped colloids around. They are held at the
transparent part and can be dragged through the liquid. The capped colloids can be
kept in the tweezers of the video microscopy setup described in section 2.6 for laser
powers of 2 mW to 4 mW.
In addition clusters of particles can be cut into pieces with the help of a laser knife
(see figure 4.2). To generate the laser knife, a beam is deflected by an oscillating mirror.
This creates a line of light. The light spot moves back and forth a distance of about
25 µm at a velocity much faster than the particle can react on the laser. The light line
can exert light pressure on the particles. Especially it repels the opaque side of capped
colloids. When the laser intensity is suddenly increased from a level where it could
drag individual particles around, it can destroy clusters of magnetic capped colloids as
demonstrated in figure 4.2(b).
Another application of the optical tweezers is the deliberate transport of particles
by the repulsive forces between the laser knife and the particles. As can be seen from
figure 4.3 the particles can be hit with the side of the laser knife so that they effectively
move in one direction.
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Fig. 4.2: Capped colloids in the video microscopy setup. (a) When treated with a
laser knife about 25 µm in length, small chains of particles can be cut into pieces. (b) By
increasing the laser intensity, clusters of particles can be exploded. The ring-shaped bubble
in the underlying PMMA film is an artifact in the background and serves as a landmark.

Fig. 4.3: Capped colloids subjected to repulsive forces from the optical trap.
When a laser knife is moved, clusters of particles can be kicked into one direction by the
light pressure. Due to heating of the liquid convection drives the particles to the line-shaped
optical trap.
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4.2 Rotation in an Optical Trap
The orientation and rotational motion of capped colloids are clearly visible. This allows
to characterize the system in a controlled and precise way. Figure 4.4 depicts capped
colloids rotating in an optical trap. The laser beam driving the motion of the particles
is reflected by the inner and outer cap surfaces. From these reflections at the cap, the
light-house effect results. It becomes visible in the images because of the scattering of
the reflected light from the substrate surface.

a

b

c

Fig. 4.4: Counterclockwise and clockwise rotation of capped colloids around a
laser focus. (a) 4.7 µm Silica colloids with a 50 nm Au and 20 nm SiO2 cap rotate counterclockwise around the focus of a laser beam of 5.44 mW in an aqueous suspension. The inner
cap surface reflects the light of the optical trap similar to a mirror reflecting a signal fire in
a light-house. (b) Filtering out most of the laser light at 4.25 mW for a clockwise rotating
particle reveals that it is held eccentrically. The transparent half without cap points into the
direction of motion. In both cases, the time difference between successive pictures is approximately 0.3 s. (c) The orientation of a capped colloid in the optical tweezers is visualized at
two different laser powers.

Figure 4.4(a) visualizes this effect. In order to determine the orientation of the cap
in greater detail, the intensity of the laser light in front of the camera is reduced. This
reveals that the motion of the particle is eccentric. It moves on a circle with a diameter
of about 1.5 µm around the focal point. Although the exact orientation of the cap is not
immediately obvious, it is inferred from the images that the plane separating the coated
and uncoated parts lies perpendicular to the substrate. Tilting a cap away from this
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position by an external magnetic field lowers the rotation rate until the particle stops.
There is no preference either for rotation in clockwise or counterclockwise directions
and jumps between them occur spontaneously by Brownian motion.
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Fig. 4.5: Onset and frequency of rotation. Below a threshold of 4 mW of total laser
intensity in the optical tweezers 50 nm Au and 20 nm SiO2 capped colloids can be trapped.
Above this rotation sets in until for intensities higher than 7.5 mW the light pressure expels
the particles from the laser focus.

To induce the rotation of the particles, a threshold value in laser intensity needs to
be overcome. Below this intensity, the capped particles can be trapped and moved,
but do not rotate. As shown in figure 4.5, above this value the rotation rate increases
almost linearly with the laser power. We have observed a large number of individual
particles. Each particle shows a monotonous increase in rotation rate with laser power.
The error bars indicate the distribution of the frequencies for an ensemble of particles.
The standard deviation in rotation rate for one specific capped colloid is approximately
the symbol size. At a certain point (here ≈ 7.5 mW), the light pressure is high enough
to expel particles from the laser focus.
In further investigations, we have studied the influence of the polarization of the
incident light, since one possible origin of the particle rotation might be the transfer
of spin angular momentum of the laser photons [Bet36, Fri98]. The phenomenon,
however, turned out to be independent of the linear direction of the polarization. The
particle still rotated although all circularly polarized light has been filtered out. Hence,
this explanation can be ruled out.
In another sequence of measurements, we have determined the positions of the parti-

71

4 Results on Capped Colloids

2.80 mW

a

Laser power

laser focus
FWHM

5.44 mW

d

particle center

b

e

c

f

cap

Fig. 4.6: Relative positions of laser focus and particle center. (a) For 2.80 mW laser
intensity the capped colloidal particle stays close to the focus of the optical tweezers. (b)
Since the successive positions follow a Boltzmann distribution, a radially averaged effective
potential V (r) can be derived. (c) Seen in the reference frame of the colloidal particle, the
laser spot stays close to the center. (d) At 5.44 mW particles are expelled from the center and
rotate at a finite distance about the beam axis. (e) The potential shows a global minimum
corresponding to rotation, while the small dip identifies normal tweezing. Typical error bars
are estimated. (f) The rotation is counterclockwise for a position of the focus on the left side
and clockwise for positions right to the particle’s center. The limited resolution of the optical
microscope causes the grid-like distribution of data points in panels (a) and (d) as well as
the circular artifacts in (c).
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cle centers relative to the center of the laser tweezers. At first, the position of the laser
focus has been acquired from a picture without a particle. Thereafter the tweezers were
moved to capture a particle. Subsequently, a threshold in brightness was applied to the
images, i.e. darker areas become black and brighter ones white. With this increased
contrast, the rim of the colloidal particles and the orientation of their caps were clearly
visible in the images and their position can be determined as illustrated in figure 4.7.
Dark areas correspond to particles in the pictures, which were identified and located by
their edges between the dark and the bright areas. The position of the cap was found
as the center of mass of the dark region. With this information, the normal vector of
the caps could also be determined. It was given by the relative position of the particle
center and the center of mass of the cap. For each particle the distance to the beam
center was determined. Finally, the coordinates were converted into the coordinate
system of the capped colloid. The resulting distribution of focal positions is depicted
in figures 4.6(c) and (f).

dark pixels
above threshold

laser focus

cap
normal vector
of the cap
Fig. 4.7: Determination of the cap and particle position. When a threshold in
brightness is applied to images like the ones in figure 4.4(b) the circumference and the cap of
the particle become clearly visible as black pixels. The particle position and the position of
the cap are reconstructed. The normal vector of the cap is given by the direction from the
center of the particle to the center of mass of the black area.

In order to illustrate the bistability of the system in more detail, we have derived
effective potentials for the particles in the various regimes. We assumed that the distribution of the particle positions as displayed in figures 4.6(a) and (d) in the potential
landscape V (r) follows Boltzmann’s factor (which, however, could be a rather crude
approximation considering that the role of dissipation in our system still needs to be
clarified). For this purpose, first the particle positions were converted into polar coordinates. The azimuthal angle was dropped and only the radial dependence of the
effective potential was retained. In the next step, the occurrences were sorted into
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19 bins up to the maximum distance between the laser focus and the particle center.
With our assumption, the probability to find a particle at a certain distance from the
center should depend on the potential energy as p(r) = eV (r)/kT . This gives an average
potential of V (r) = −kT ln[p(r)]. As shown in [Man03] a similarly derived potential
for uncapped particles has a minimum at the origin and increases with radius.
For capped particles, the minimum in the radially averaged potential shifts to values
around 0.5 µm as seen in figure 4.6(b). The particles are simply held in the tweezers
at their transparent part and do not rotate. The minimum is the typical distance of
the particle center from the laser spot. Because one half of the particle is opaque, the
tweezers do not act exactly in the center of the particle. The potential further develops
a second minimum for higher laser powers as in figure 4.6(e). For increasing intensity,
the dip at a distance of 1.5 µm from the center of the laser focus becomes more and
more pronounced. When the particles are trapped in this state, they rotate around the
focus.
The orientation vectors for the caps always have a large component against the
direction of the motion. Brownian motion can lead to spontaneous changes in the
sense of rotation from clockwise to counterclockwise or vice versa. In the reference
frame of the particles in figure 4.6(f), this corresponds to a position of the focus which
is more to the left or more to the right of the center, respectively. The points close
to the center of the particle correspond to usual tweezing, i.e. the particles are simply
held, as in the case of lower intensity in figure 4.6(c). The ring-like distribution of
the dots is due to the limited resolution of the camera, which leads to an artificial
discretization of the relative positions of the particles.
Another approach to find out more about the behavior of capped colloids in optical
traps is to use magnetic caps, e.g. Ni or CoPd multilayers [Alb05]. In this case, an
external magnetic field can be used to manipulate the particles in addition to the
laser tweezers. Without a magnetic field being applied, the magnetic colloids align
and rotate in the optical trap like the nonmagnetic particles described above. When a
magnetic cap is, however, tilted into the beam direction by an external field from an
electromagnetic coil, the rotation slows down with increasing magnetic field strength.
The coil has an inner diameter of 4.5 cm and is located 2 − 7 cm below the sample. It
induces a magnetic field up to 20 mT perpendicular to the substrate inside the cells.
Small magnetically stabilized clusters or short chains of particles can be rotated as
well. Often CoPd-covered particles form ensembles of three particles so that their caps
are pointing toward their center. Such clusters rotate more slowly than individual particles. Due to their larger radius hydrodynamic friction is also larger. The reflectivity
of the caps can be tuned by layer thickness and choice of material. A minimum layer
thickness of about 20 nm of metal coating is needed to obtain a significantly reduced
transmissivity of the capped side. Particles with thinner caps do not rotate.

4.3 Driving Forces of the Rotatory Motion
From a comparison with experiments on specially designed particle dimers in [Luo00],
it is assumed that light pressure drives the system. A strict theoretical approach,
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however, also needs to address the role of dissipation and local heating in the system.
Their contributions are hard to estimate, but might be necessary to understand its
nonlinearity. Employing capped colloids as rotators, however, simplifies the geometry
of the scattering object.
For capped colloids, several forces contribute to the proposed rotation mechanism.
Due to the scattering force, their transparent part is drawn into the focus of the laser
tweezers. On the other hand, the momentum transfer from internal and external reflections at the coated surface pushes the cap. Both components balance at an equilibrium
distance from the beam center. This leads to the second minimum in the effective potentials in figure 4.6.
Furthermore, a torque on the particle results because of the asymmetric orientation
of the cap towards the beam axis. Therefore, the angular velocity increases until it
is balanced by hydrodynamic forces. Due to this asymmetric position, higher torques
can be exerted compared to particles rotating about an axis through their center. To
estimate the net torque from the viscous drag on the particle, simplifications in analogy
to [Luo00] yield a value of about
M = rF = r · 6πηrv = 6πηωr3 = 2.4 · 10−18 N m .

(4.1)

The rotation of capped colloids is robust for various choices of inner cap material (Al,
Au and thin layers of C), given that Au and SiO2 always cover the outer surface. This
supports the intuitive conclusion in [Luo00] that the light pressure due to reflection at
the outside shell drives the motion.
During rotation, irregularities in the particle motion occur. Since Brownian motion
leads to a change in the direction of rotation of the particles, it might also generate
fluctuations in the rotation rates. For constant laser intensity, it is expected that
smaller particles will rotate faster at fixed laser intensity, as is reported for chunks of
glass powder [Yam95]. Contrary to capped colloids, however, the size and shape of
such irregular particles is hard to characterize.
The manipulation of rotating capped colloids with a magnetic field shows that indeed
the scattering geometry determines the rotation rate. It can be used to adjust the
orientation of the particles during rotation. The more the cap is tilted, the slower does
the particle rotate.

4.4 Summary
In summary, capped colloids rotate around the focus of an optical tweezers with tunable
angular velocity. Above a threshold, the particles rotate eccentrically with a rotation
rate proportional to the laser intensity. Rotators can be fabricated by floating the
capped particles off the substrates after the evaporation of metal layers. This prevents
damage due to ultrasound and may facilitate treatments such as biofunctionalization.
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The rotators can be moved around and actuated by a simple optical trap. Light
pressure pushes the particle in an equilibrium distance from the beam center and propels the motion. The contribution of heat transfer, however, is not yet clear. Effective
potentials are derived from the relative positions of the trap and the particle. They
visualize the transition from normal tweezing to rotation.
This design should allow to exert torques for pumps, motors or drills on the micronscale. Making use of the magnetic properties of the particles may become a further
step towards micro-machines. A feedback loop for the laser power could be used to
further control the rotation speed as in [Yam95]. Additionally, a magnetic field can set
the orientation of magnetic caps.
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Two types of nano- to microscopic particles have been examined in this work, spherical
polymer particles and capped colloids. The latter have been coated with metals, which
cover half of the particle’s surface. In particular, their rotation in optical tweezers
has been examined. The focus of the work with the spherical polymer particles is
on acoustic laser cleaning, i.e. surface cleaning with a laser, which hits the back side
of the sample. Especially, the cleaning of silicon wafers is important. Contaminants
of smaller and smaller sizes have to be removed to meet the continuously increasing
standards of the semiconductor industry.
Spherical particles of SiO2 with diameters from 0.25 µm to 20 µm and polystyrene
ranging from 0.3 µm to 5 µm have been detached from silicon wafers. For this purpose
a laser has been focussed on the back side of the samples. There a plasma is ignited,
which evokes a shock wave traveling through the silicon wafer. Due to the resulting
surface elongation, which is on the order of several to tens of nanometers, particles at
the front side can be detached. For diameters larger than 2 µm, a threshold value for
the laser intensity of 1.25 J/cm2 has been found, which is nearly independent of the
particle diameter. For smaller particle sizes the threshold fluence strongly increases
with decreasing particle diameter. All particles depart from the surfaces with velocities in the range between 10 m/s to 60 m/s. In air at ambient pressure, they are
highly susceptible to friction and stop after a distance, which is estimated to be 27 µm
for 0.9 µm-SiO2 particles. After having traveled this relaxation length, convection,
electrical fields, and gravity are most influential for their further trajectory.
For particles with larger sizes, gravity grows to become an important factor in the
behavior of the particles. Therefore, the detachment of glass particles with sizes from
10 µm to 200 µm from silicon wafers has been studied under the influence of gravity.
For particles larger than about 120 µm gravity alone is sufficient to detach them from
a silicon substrate when it is placed upside down.
Since electrostatic forces are important in all these measurements, the charges of
the particles after detachment have been investigated. In particular, the charge of
dry particles as delivered in a plastic bottle or transferred to a glass beaker has been
determined in a Millikan setup. Typically, particles with a diameter of 1.28 µm carry
a charge of about 20 elementary charges. In the Millikan setup, the detachment has
been achieved by pressurized air. It remains an open question, whether during laser
cleaning the charge is similar or even larger and thus leads to strong deflections.
Other forces that are sufficient to remove particles from a surface can be evoked
by surface acoustic waves. When the particles are detached from the surface that is
hit by the laser, surface acoustic waves generate a detachment pattern, which reflects
the symmetry of the substrate. Surface acoustic waves do not seem to play a role in
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acoustic laser cleaning, since we have never observed corresponding patterns on the
front side of the samples. Under carefully chosen parameters, however, bulk acoustic
waves can yield a detachment pattern at the front side of the wafer, which demonstrates
that phonon focussing occurs in the silicon.
Two approaches have been used to better understand the detachment dynamics
of the particles. On the one hand a simple spring model has been considered, which
successfully describes the detachment. However, it can only yield detachment velocities
less than twice the maximum velocity of the substrate’s surface. Thus, the spring
model cannot account for the observed detachment velocities, which amount to two
to ten times the surface velocities. More detailed information is received from a selfconsistent model, which calculates the force on the particle for a given separation from
the surface and accounts for the elastic deformation of the particle. This model has
been developed by Martin Schlipf [Sch08]. While it accounts for the threshold values,
it also fails to explain the high detachment velocities. In conclusion, the theoretical
models can qualitatively explain the threshold values, but a description of the high
detachment velocities yet remains elusive.
The second focus of this dissertation lies on the observation of metal coated particles.
For the studies of these capped colloids, SiO2 particles with a diameter of 4.7 µm have
been used. They have been coated with Ni or Co/Pd multilayers on top of an adhesive
Cr layer and an Au layer. The Au layer with a thickness between 20 nm and 50 nm
enables one to remove the particles from the substrate after the metals have been
evaporated.
Since one half of a capped colloid is still transparent, it can be trapped in optical
tweezers similar to an uncoated particle. Above a critical laser intensity, the particle
starts to rotate with a frequency on the order of 1 Hz. The rotation of the particle is
clearly visible due to the reflected and scattered light. The rotation frequency has been
determined with a photodiode mounted at a side of the sample cell. With increasing
laser intensity the rotation rate increases linearly. At a threshold of about 7 mW the
particle jumps out of the focus. It is assumed that the light pressure is the driving force
behind the motion of the sphere. Due to reflections at the cap, momentum from the
photons of the laser tweezers is transferred to the particle. The role of heat conduction
and dissipation for the motion of the particles is yet unknown.
Laser tweezers have also been used to transport particles in fluids and to detach
them from conglomerates. For example clusters of 5 µm sized SiO2 particles could be
broken apart this way. Again the light pressure is the driving force, which separates
and propels the particles. For magnetic capped colloids self-organization has been
observed and studied. In an external magnetic field the capped colloids form chains in
the direction of the field.
Although a first sketch of the interactions of particles with walls could be given,
many more experiments can be envisioned to learn more about them. One particular
aspect that should be investigated to find out more about the detachment of particles
from silicon wafers concerns the eigenfrequencies of the particles. First experiments
have been conducted with high-speed asynchronous optical sampling (ASOPS) [Tau07].
This method allows to determine the vibrational modes of the spheres and therefore
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sheds light onto the dynamics of the particles. It has already been applied to Au
particles with a diameter of 60 nm. Knowing the exact eigenfrequencies would allow to
more accurately simulate the detachment process. This is especially important since
the elastic modulus is not known on the nanoscale and for nanosecond excitations. So
far the eigenfrequencies only result from a calculation with the bulk and equilibrium
values of silicon and polystyrene.
Additionally it remains crucial to understand the differences in the detachment between the macroscopic and microscopic world. In the macroscopic world spheres like
marbles or bouncy balls do not stick to a wall. In the microscopic world carefully
placed particles stick due to van der Waals forces. If the spheres are elastic and have
a high velocity, however, they should bounce back from the wall. Only when the dissipated energy is large enough, the particles can stick to a surface, because otherwise
the elastic energy is transferred into kinetic energy again. At the moment it is unclear
why particles with high kinetic energies land onto a second substrate instead of being
reflected. To obtain the trajectories of the particles photoluminescence could be used.
With this method sticking coefficients should be obtainable and the reasons for the
sticking in general might be better understood.
One approach to learn more about the adhesive energies is to modify the surface by
adding self-assembled monolayers which alter the surface energy. On such surfaces the
particles should have different threshold values as compared to the usual SiO2 covered
silicon. As surface modifications octadecyltrichlorosilane (OTS) derivatives with different polar and nonpolar end groups are imaginable. OTS themselves have already been
examined and show strongly increased adhesion. Holes in the surface coverage due to
laser induced particle detachment were much smaller than on bare silicon. For this
experiment the particles have previously been transferred to the substrates by acoustic
laser cleaning. Another approach to decrease the particle detachment thresholds could
be the use of different substrates like GaAs or InP. Through their different shock wave
transmission characteristics the particles could be detached at lower incident laser energies.
There are many more suggestions for further research to improve and understand
laser cleaning and particle detachment. To estimate the charges on the particles after
detachment from a substrate, the particles could be deflected in a capacitor. Unlike
in the Millikan setup, the electric field that causes a deviation from linear trajectories
should be directed perpendicular to the detachment velocity. From the magnitude of
its deflection, the charge on the particle could be calculated. A prerequisite are equal
velocities of all detached particles. These could be achieved by a pinhole in front of
the sample’s back side, which leads to a homogenous laser intensity. Then all particles
are excited with the same velocity, which can be measured for example by the time of
flight method or by flash photography. Thus, it should become possible to calculate
the charges of the spheres from the deflection, when the particles have been landed on
another substrate.
When a particle lands on a second substrate, there is a finite probability that the
particle is reflected. The sticking coefficients for various types of particles could be
determined in dependence on the size and the material of the spheres as well as on
the properties of the surface. First measurements on clean silicon slabs indicate that
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all particles stick to the surface when the distance is 70 µm, while they are reflected
with a probability of about 50 %, when the distance amounts to 6 mm. In these
cases the laser intensity has been about 15 J/cm2 . A variation of the incident angle
of the particles showed no significant influence on the sticking probability. It could
further be manipulated by introducing surface modifications, for example by coating the
second substrate with metals or organic molecules like OTS. Generally, the most direct
information on the detachment process and particle’s trajectories could be obtained by
flash photography.
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1.1

Adhesion forces and contact radii for the Hertz, JKR, and
DMT models. Relation between the contact radius a, the sample deformation δ, and the adhesion force Fad for a sphere on a flat surface
according to the Hertz, JKR, and DMT theories. R is the radius of the
sphere and W the adhesion work per unit area. F denotes the external force pressing the sphere towards the surface and Etot the reduced
Young’s modulus. Adapted from [But05]. . . . . . . . . . . . . . . . . .
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