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Chapter 1

Introduction

1.1 General Information

The perpetual curiosity and dedication of scientists to unravel mechanisms of
processes on the molecular or sub-cellular level affecting both science and industry
have contributed to the advances in the field of analytical chemistry. Analyti-
cal techniques have played a pivotal role in separating components of complex
samples retrieved from a wide range of applications. Sample testing involves
the separation of drug compounds, [71;124] measuring traces of toxic contaminants
present in water or aquatic species, [128] determining the level of impurities (e.g.,
caffeine and drugs residue) contained in human serum, [35] measuring microp-
ollutants produced by plastic debris in seawater. [254] Other applications are in
rapid detection of bacterial and viral infectious diseases to contain the spreading
of the pathogen obviating an outbreak. [2;3] The global community still witnesses
the detrimental repercussions of the pandemic outbreak of the COVID-19 virus on
our healthcare system, economy, and social life.

Liquid chromatography (LC), an analytical technique, has revolutionized test-
ing of the chemical composition of complex samples found in human tissue, the
environment as well as the food industry. [107;169;250] In High Performance Liquid
Chromatography (HPLC) systems (shown in Figure 1.1), the injected sample di-
luted with a solvent (mobile phase) is pumped under high pressure through a
packed bed of micro-particles (the HPLC column). Each constituent of the sam-
ple interacts differently with the packing of the column (stationary phase); for
example, the component having the strongest interaction will move the slowest
through the column. Subsequently, a detector registers the separated components
of the complex sample after which the data is visualized as a chromatogram. The
separation efficiency is sensitive to the slightest inhomogeneity of the column
packing that usually consists of randomly packed silica particles. [18] HPLC is
preferred to analyze sophisticated biological samples due to its ability to separate
polar compounds and compatibility with non-volatile components. [227]
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Figure 1.1: A schematic representation of a typical HPLC setup that separates
samples into its constituents.

In recent decades, the pace of the improvement of the separation efficiency
of LC processes followed a trend similar to Moore’s law and has been enhanced
by means of improving the column packing using three key concepts: firstly,
introducing monolithic columns; [112;161] secondly using core-shell particles; and
finally, using smaller particles, while simultaneously increasing the operating
pressure up to 1500 bar. [250] However, this third strategy to improve the separation
efficiency will soon be depleted, as doubling the separation speed would require
a pressure of 3000 bar, which would escalate into new practical challenges, such
as: designing suitable pumps and demanding more robust materials of the col-
umn that could withstand such high pressures. [142]Therefore, a paradigm shift is
required to achieve a quantum leap in the separation efficiency of LC-columns.
For instance, the daunting complexity of samples of the human body, which can
contain more than 10,000 species, can only be unraveled when higher separation
efficiencies are attained in the LC process. [28;250] The data obtained through the
detailed analysis of such samples could be beneficial in terms of shorter clinical
diagnostics of diseases, e.g. cancer, as well as personally targeted therapeutic
plans to cure diseases with medicine and molecular biology.

1.2 Project Aim

To accomplish the paradigm shift in upgrading the column packing of randomly
ordered silica particles, we propose an innovative idea, in which the current
particles remain to be used but are optimally arranged in an ordered open structure.
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This novel approach stems from the following hypothesis: if each flow-through
path in an ordered and open packing arrangement is identical, all molecules would
travel through the packing at equal speed, analogous to plug flow through a single
tube. However, this is unprecedented in standard practice for LC devices, as
single tubes with an optimal diameter of approximately 0.3− 1.5 µm, provide less
surface interaction due to their low surface to volume ratio, resulting in moderate
separation. Furthermore, the loading of a single tube column would be very low,
causing problems with the dynamic range (very low concentration of components
will then no longer be visible, depending on the sensitivity of the detector used).

On the other hand, in gas chromatography (GC), mesoporous coated open
cylindrical tubes produce up to 150 times greater efficiencies than their randomly
packed counterpart. [180] Based upon the former, it is proposed that an ordered
packed bed in LC systems resembles multiple single tubes through which the
molecules will flow at equal speed. Consequently, this will most likely contribute
to less dispersion, leading to faster and more efficient performance in the order of
the GC systems. [48]

1.3 Assembly of Particles

The proposed novel design of the column can be pursued by precisely assembling
a three-dimensional (3D) packing of particles along with exploiting the latest
advances in micromachining technology and nanometer-precision positioning.
The particle assembly can be obtained in a passive manner by spontaneous or
controlled self-assembly of the particles, or by stacking them. One could also
consider a more active approach to obtain a packed assembly of particles: a time-
consuming particle-by-particle assembly strategy, or a more rapid layer-by-layer
assembly method. In this project, the latter strategy is investigated.

Self-assembly is the transition of a chaotic system of particles into an ordered
structure under the influence of surface and interfacial forces or external forces
induced by an electric or magnetic field, or fluid flow. Processes prevailing on
a ubiquitous scale in nature such as crystal structure of a ribosome, assembly of
cells during mitosis, bright iridescent colours on feathers, bacterial swarm, and
fish school, have inspired scientists across all disciplines to study the fundamen-
tals and industrial applications of these assembling phenomena. [178;225] Over the
course of the last decades, a series of landmark papers have been published on
the (self-) assembly of particles. [21;55;129;215;234] Ordering of particles obtained by
exerting mechanical forces, such as rubbing, is classified as the directed assembly
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4 1. Introduction

of particles. [21;225]

The assembly of particles may be classified into three distinct categories: one-
dimensional (1D), two-dimensional (2D), and 3D. [200] 1D assemblies comprise
long chains of particles which may lead to the formation of, e.g., nanowires or
particle chains. [67;73;74;122] A vast majority of researchers engaged in studying the
2D and 3D wet assembly of particles have developed different techniques such as
spin-coating of a suspension of particles, fluidic deposition, droplet evaporation,
coffee stain effect in sessile droplets, sedimentation of particles in tubes, elec-
trostatic and electrophoretic deposition, electromagnetic deposition, and surface
functionalization. [211;215;234] A major drawback of the wet assembly method is its
dependency on the particle as well as the solvent properties. However, only a
limited number of studies focused on the dry assembly of particles, using mechan-
ical rubbing [108;109;175] or electric field-driven assembly. [218;228] Open packed 3D
assemblies of particles have been attained, e.g., by selectively etching the shell of
closed-packed core-shell particles. Owing to their low cost and time efficient fab-
rication process, micro- and nanoparticles assembled in either a (closed) packed
monolayer formation, or a hierarchical open structure are deployed in ample
industrial applications, such as photonic crystals, colloidal lithography, biologi-
cal and chemical sensors, surface wetting, self-healing structures, and electronic
devices. [182;211;215;218;241]

A few studies exploited the evaporation induced self-assembly method to
obtain closed crystal packings of sub-micrometer silica particles inside confined
channels of microfluidic devices used for DNA and protein separation. [176;249] The
endeavours of the Wirth-group to manufacture state-of-the-art columns for elec-
trochromatography purposes resulted in a novel technique to fabricate packings
inside capillaries reported in the work of Malkin et al.. [135;136] In this method, a
fused silica capillary was dipped into a colloidal suspension comprising 330 nm
silica particles, enabling the suspension to wick into the capillary, followed by
drying of this capillary inside the furnace for a few days. As a result, a polycrys-
talline packing of hexagonal symmetry (111) and square symmetry (100) crystal
faces was achieved. The polycrystallinity of the packing across the length of the
capillary is an improvement as in conventional columns ordered structures solely
exist near the walls. These capillary packed columns are applied in capillary
electrochromatography [128;222] or ultrahigh performance liquid chromatography
(UHPLC). [187;223]
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1.4. Project Approach 5

1.4 Project Approach

In our quest of manufacturing an ordered packing for HPLC columns, this research
is set out to explore the concept of dry-assembling silica particles using vacuum-
force. In the pursued approach, a micromachined membrane is positioned at the
top of the vacuum-driven assembly (VDA) setup shown in Figure 1.2 with silica
particles placed on the bottom part of the setup. During the operation of the con-
nected vacuum pump, the pressure difference can be expected to exert an external
vacuum force on the particles, driving them to the membrane. Consequently, it is
assumed that a monolayer of precisely positioned silica particles will assemble on
the membrane such that in a subsequent step, the monolayer can be transferred
on a different substrate. A layer-by-layer deposition strategy can then be used
to produce a perfectly ordered and open-structure particle packing. Resulting
from the generic nature of the vacuum-driven force it is expected that the particle
assembly will be largely independent of both particles and solvents properties,
which is not the case for wet assembly methods. Therefore, other application areas,
including fabrication of photonic crystals, optical sensors, anti-reflective surfaces
and ordered metallic structures, [211;215;234] would supposedly also benefit from the
novelty of this project.

Figure 1.2: Schematic representation of the vacuum-driven assembly (VDA) setup
to assemble particles using a vacuum-driven force.
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6 1. Introduction

1.5 Dissertation Overview

After providing contextual information and motivation in this chapter (Chapter 1)
on the topic, the dissertation proceeds as follows:
Chapter 2 first touches on the underlying mechanism of interaction forces con-
cerning the silica particles. Subsequently, these interaction forces are measured
using the colloidal probe technique. The findings of this study are reported in full
extent.
Chapter 3 summarizes the fabrication of various devices using micromachining
technology. Several types of silicon membranes have been fabricated, and were
either employed to assemble the monolayer of particles, or as a micromachined
sieve blocking the supply of large clusters towards the membrane during the
assembly process. Furthermore, profiled membranes comprising of funnel-like
through-pores were fabricated to improve the quality of the assembled monolayer.
Additionally, devices were fabricated on which the particles could be offered to
the VDA setup.
Large clumps of agglomerated particles may pose a challenge during the lift of
particles by the vacuum-force, impeding the assembly of a particle monolayer on
the micromachined membrane connected to the VDA setup. Therefore, Chapter
4 presents different strategies to break large clusters before offering them to the
VDA setup. These strategies are also investigated to obtain a dry assembly of
particles on the micromachined membranes as well as inside micromachined
grooves. Furthermore, a number of methods are proposed and tested to address
the challenge of removing excess particles from surfaces.
Chapter 5 describes the study of particles subjected to a high electric field interact-
ing with the target electrode. It was found that under some conditions, particle
clouds form between the electrodes, while rebounding from the surface.
Chapter 6 reports the results of an in-depth study on the mechanism behind
the serendipitous observation, i.e., the rubbing-induced spatial segregation of
particles on patterned substrates. Using Kelvin probe force microscopy (KPFM)
measurements, the study revealed that the tribo-charged states of the surfaces
drive the electrostatic assembly of particles. A number of conditions, such as the
ambient humidity, substrate materials, as well as particle type, were varied to
study the effect on the rubbing-induced segregation of particles.
Chapter 7 explores assembly of a monolayer of particles using a droplet of dis-
persed particles, in contrast to the initial dry assembly objective of the project. In
addition, the effect of the pitch distance, as well as the particle properties (silica or
polystyrene) and dispersant properties (water or ethanol), amongst other is inves-
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1.5. Dissertation Overview 7

tigated to determine the optimal process conditions to attain a perfect monolayer
assembly.
Finally, conclusions are drawn, and recommendations for further research are
discussed in Chapter 8.
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Chapter 2
Particle Interaction Forces
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Chapter 2

Particle Interaction Forces

Abstract

Various types of interactions may cause particles to form agglomerates. Therefore, this
chapter highlights the different interaction forces among microparticles. To understand
the contributions of these forces, colloidal probe measurements have been performed
between a silica particle and various substrates at different relative humidity (RH)
levels. The study revealed that the adhesion force between a silica particle and a
hydrophilic substrate increases when RH > 45%, which can be attributed to a domi-
nating capillary force. Furthermore, an electrostatic attraction force exists between a
silica particle and hydrophobic fluorocarbon (CFx) layer. However, at higher humidity
levels, the electrostatic force decreases.

2.1 Introduction

Colloids and fine powder particles received considerable interest from scientists
when a new era of miniaturized industrial devices emerged. Colloids and fine
particles are key functional elements, albeit usually hidden from the naked eye,
in microfluidics and nanotechnology applications, paints, ceramics, paper, and
biotechnology. [1;129;138;244;251] These particles exhibit a relatively large surface to
volume ratio, leading to significant surface forces over body forces (e.g. grav-
ity) among these particles or with other surfaces, e.g., a wall. [185] Therefore, a
comprehensive study of surface forces on the single-particle level is imperative
to enable a controlled manipulation or flow of dry bulk powders. Understand-
ing of the particle adhesion is essential for a vast majority of applications, e.g.
pharmaceutical powders, cosmetics, colloidal lithography for semiconductor fab-
rication, mining separations, surface coating, food processing, aerosols treating
pulmonary diseases, adhered dust particles impeding the efficiency of solar panels,
airborne pollutants, and clustering of cosmic dust particles at the onset of planet
formation. [13;61;75;77;99;119;164;237;238;248]

In terms of particulate systems, we distinguish between particle-particle and
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10 2. Particle Interaction Forces

particle-wall interaction forces. The interaction forces between two approaching
bodies are classified as either cohesive or adhesive. Cohesive forces are exerted
among similar particles, whereas adhesion relates to interactions between bodies
of different materials. In powders comprising particles smaller than 10 µm, the
cohesive and adhesive forces could become significant. [214] Characterizing the
nature and measuring the strength of these forces can support us in predicting and
controlling the cohesion or adhesion of particles. [100] The latter is crucial because
the existence of these attractive, cohesive forces makes that particles in powders
tend to form agglomerates or clusters. [77;99;100;119]

Particulate interactions are dictated by a sophisticated competing mechanism
of different acting forces, such as van der Waals, capillary forces and electrostatic
forces. The intrinsic properties of the particles determine the dominance of these
forces, e.g., size, roughness, porosity, material, chemical groups, among others,
distance between the particles and relative humidity regarding fine powders in
the air. [13;99;185]

2.2 van der Waals Forces

Intermolecular forces act between all atoms and molecules. These are non- electro-
static interactions but originate from electromagnetic interactions between neutral
molecular dipoles. In general, the non-uniform distribution of electric charge in
molecules generates a dipole moment. We can distinguish between three differ-
ent dipole interactions: permanent-permanent dipole interactions, permanent-
induced dipole interactions, and oscillation-induced dipole interactions, that give
rise to the Keesom force, the Debye force, and the London dispersion force, respec-
tively. Collectively, these three dipole interaction forces are considered as the van
der Waals forces. [26;87] Therefore, the van der Waals interaction potential can be
expressed as:

VvdW = −
CKeesom + CDebye + CLondon

l6
= −CvdW

l6
(2.1)

where C is the constant referring to the respective Keesom, Debye and London
forces, and l is the distance between the interacting molecules. These three in-
teractions contain the same distance dependency, with the London dispersion
interaction usually being dominant. [26]

To calculate the total van der Waals force between two macroscopic bodies
in a vacuum, Hamaker proposed the concept of pairwise summation of all the
intermolecular forces between the molecules of those two bodies. [26;87] If the
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2.2. van der Waals Forces 11

distance D between two particles is substantially smaller than their respective
radii R1, R2 � D of the particles, the van der Waals force between two particles is
given by:

FvdW = − A

6D2

R1R2

R1 +R2
(2.2)

where A is the Hamaker constant. If A > 0, the force is attractive, whereas, in the
case of A < 0, the interaction is repulsive. The measured van der Waals force often
deviates from the predicted value owing to surface roughness. [105]

Provided that the distance D between a particle with radius R and a planar
surface is sufficiently small R� D, the van der Waals interaction force between
these two bodies can be obtained with:

FvdW = − AR
6D2

(2.3)

In the case of two touching bodies, the distance D is equal to the equilibrium
separation distance z0 ≈ 0.3 nm. [87] However, in practice, the surfaces of particles
are rough, which decreases the van der Waals force between the two contacting
bodies significantly. [70;123;243] An adequate estimation of the van der Waals force
(FvdW, r) between a spherical particle with radius R and a planar surface with a
root mean square roughness (rms, measured in nm) is expressed by the Rumpf-
Rabinovich model: [123;183;183;188]

FvdW, r = −AR
6z20

(
1

1 + R
1.48rms

+
1

(1 + 1.48rms
z0

)2

)
(2.4)

A prerequisite for estimating the Hamaker constant is the knowledge of the
intermolecular constant C (cf. Eq. 1) between the molecules of the two bodies,
which is generally unknown. Another limitation of Hamaker’s approach in de-
termining the van der Waals force is the fact that a third intervening medium
is not considered. [26] To remedy this, and instead of using a pairwise additive
approach, Lifshitz predicts the van der Waals interactions based on quantum
electrodynamics by treating the bodies as a continuum and including a third inter-
vening non-vacuum medium. [13] This approach is convenient since we measure
the forces at a continuum level. The Hamaker constant for material i interacting
with material j across medium k, can be estimated using: [26;87]

Aikj ≈
√
AikiAjkj (2.5)

where Aiki denotes the Hamaker constant of material i interacting with itself



556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar
Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021 PDF page: 28PDF page: 28PDF page: 28PDF page: 28

12 2. Particle Interaction Forces

across medium k. The Hamaker constant of material i surrounded by medium k

can be calculated from:

Aiki =
3

4
kBT

(
εi − εk
εi + εk

)2

+
3hνe

16
√

2

(ni
2 − nk2)2

(ni2 + nk2)
3
2

(2.6)

where kBT is the thermal energy, ε is the permittivity of the respective medium,
hνe is the ionization energy, and n is the refractive index of the corresponding
medium. In Eq. 2.6, the first term comprises the Keesom and Debye interaction
and the second term corresponds to the London dispersion interactions. Eq. 2.6 is
convenient to estimate the Hamaker constant since it only requires to measure or
look up tabulated values of refractive indices, dielectric permittivities and the UV
absorption frequency.

From Eq. 2.6, it can be inferred that the Hamaker constant is positive for
particles of the same material; thus an attractive van der Waals force will be
exerted on the particles. Since the nature of the van der Waals force is attractive for
the same particulates, it will enhance the cohesion of particles situated very close to
each other, leading to the formation of agglomerates. The Hamaker constant in air
is higher than in liquids, e.g., the Hamaker constant for silica in air is 6.5× 10−20J,
and for silica in water is 0.7× 10−20J, [26;185] which reduces the van der Waals force
in liquids. Hence, fine particles can be easier dispersed in liquid than in air. [185]

2.3 Capillary Forces

Most of us may remember that water is an indispensable ingredient for building
rigid sandcastles from dry sand on the beach. By pouring water into the dry sand,
the wet sand can be sculptured with some extra equipment into sophisticated
statues. The added water forms a liquid meniscus around the contact area be-
tween two neighbouring particles. Consequently, this liquid meniscus exerts a
capillary force between the particles, establishing a firm cohesion between wet
sand particles. [26;203;224]

Water vapour in the ambient air inevitably condensates or adsorbs on solid
bodies, in particular on hydrophilic materials. The liquid meniscus formed be-
tween a particle and another surface may enhance the adhesion between these
two bodies in humid air (cf. Fig. 2.1). The relative humidity of air can therefore
significantly affect the particle-particle and particle-wall interactions, and thus the
capillary force should be taken into account for particulate systems. [13]

Two equations are fundamentally important to understand the capillary force.
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2.3. Capillary Forces 13

The Kelvin equation relates the actual vapour pressure P to the curvature of the
capillary condensation, and the Young-Laplace equation relates the curvature of
the liquid meniscus interface to the pressure difference ∆P between the two fluid
phases. In equilibrium, the curvature of the meniscus is related to the relative
vapour pressure by incorporating the Laplace pressure PL to derive the Kelvin
equation: [26;87]

rK = (
1

x
− 1

r
)
−1

=
γLVm

RgT ln( p
psat

)
(2.7)

where rK is the Kelvin radius, r is the radius of the concave liquid (water) meniscus,
x is the convex radius of the meniscus, γL the surface tension of the liquid, Vm

is the molar volume of the liquid, and p
psat

is the relative vapour pressure. The
capillary force acting on the particle depicted in Fig. 2.1 can be expressed as: [25]

Fcap = 2πγR

(
cos(θ1 + α) + cos(θ2)− D

r

)
(2.8)

where R is the radius of the particle, α is the filling angle describing the position
of the three phase contact line, θ1 is the contact angle of the liquid meniscus on the
particle, and θ2 is the contact angle of the liquid meniscus on the substrate.

Figure 2.1: The capillary bridge formed over a distance D between a hydrophilic
silica particle with radius R and another hydrophilic planar substrate. θi is the
contact angle on the respective surfaces, α is the filling angle of the liquid bridge
with radii of curvature x and r. Adapted from Fukunishi et al.. [63]

To calculate the capillary force between a hydrophilic smooth particle adhered
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14 2. Particle Interaction Forces

to a flat hydrophilic planar surface (D = 0), it can be assumed that x � r, thus
the Laplace pressure is PL ≈ γL

r acts upon a cross-sectional area πx2, resulting in
PLπx

2 being constant. [100] Then, the capillary force between a smooth spherical
particle on a flat planar surface (D = 0) is given by: [26;87;100]

Fcap, sphere-planar = 2πγLR(cos θ1 + cos θ2) (2.9)

where θ1 and θ2 are the contact angles of the liquid meniscus on the particle and
planar surfaces respectively. For two identical hydrophilic smooth spherical parti-
cles with radii R1 and R2 respectively the adhesion force due to solely capillary
interactions can be expressed as: [26;87]

Fcap, sphere-sphere = 2πγL
R1R2

R1 +R2
(cos θ1 + cos θ2) (2.10)

where θi is the contact angle of the liquid meniscus on respectively particle 1 and 2.
Note from Eqs. 2.9 & 2.10 that if the material of equally-sized particles is identical
to the flat substrate, e.g., the silica particles and native oxide on the flat silicon
substrate, the capillary force between the particles is a factor 2 lower than the force
between the particle and flat substrate. Thus, the adhesion with an identical flat
substrate is stronger than with an identical neighbouring particle.

However, Eqs. 2.9 & 2.10 fail to include any effect on the capillary force result-
ing from a change in relative humidity (RH). As the relative humidity increases,
more vapour will condensate on the substrate. Studies have shown that the capil-
lary force is approximately constant over a wide range of humidity levels, while
strong deviations are apparent at extremely low or high humidity levels. [58;100;238]

The geometry of the contacting bodies has a strong effect on their mutual meniscus
force. [25]

2.4 Electrostatic Forces

Apart from van der Waals and capillary forces, the Coulomb force could lead to
attractive or repulsive interaction between particles. Two charged particles in close
proximity of each other experience an electrostatic force Fe that is described by
Coulomb’s law: [248]

Fe =
q1q2

4πεd2
(2.11)

where q1 and q2 are the charges on the two particles respectively, ε is the permit-
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2.4. Electrostatic Forces 15

tivity of the medium in which the particles are dispersed, and d is the separation
distance between the particles. If the polarity on the charged particles is the same,
the force will be repulsive, whereas the force is attractive between oppositely
charged particles. In general particles are insulators that carry charges on their
surface. The charge on their surfaces could emerge from collisions, friction or
sliding, which is often referred to as tribocharging. [248]

Tribocharging is a ubiquitously present phenomenon that may cause nuisances
in our daily lives, e.g. dust storms, electrical shocks from touching doorknobs
in dry weather, electrostatic adhesion of particles on lenses or computer screens.
The mechanism in which the surfaces of two solid materials, e.g. metals, semi-
conductors, insulators, inorganic materials, polymers, are charged when they
are brought into contact and then separated, is called tribocharging or contact
electrification. Within the industry, tribocharging is detrimental when it inflicts
deficits, e.g. agglomeration of particles in the pharmaceutical industries, explosive
hazards when tribocharged surfaces discharge, fouling or inefficient heat transfer
due to particles adhering on surfaces. [10;17;30;34;81;226;256] Nevertheless, tribocharging
is advantageous in some industrial operations, such as electrophotography, electro-
static powder layer, separation of materials in the recycling industry, lithography,
and triboelectric nanogenerators (TENG). [34;133;148;173;226]

In particular, the underlying mechanism of tribocharged insulators and poly-
mers motivated an increasing number of scientists to devote their work on study-
ing this complex phenomenon. However, to date, the scientific community is still
debating the origin of contact electrification. [115;126;232] Over time, different charge
transfer mechanisms, such as electron transfer, ion transfer, and material trans-
fer, have been proposed. [11;34;49;64;114;154;173] The empirically established triboseries
rank the tendency of insulating materials to acquire positive or negative charge
subsequently after contact. [114;253] In general, hydrophilic insulators like glass, are
placed at the head of the series and charge positively, whereas most hydrophobic
ones like PTFE, are placed at the tail of the series and charge negatively after
contact (cf. Fig. 2.2).

It is well-known that under ambient conditions water molecules adsorb on a
hydrophilic surface and form a water layer. This layer around the hydrophilic par-
ticle increases the conductivity of the particle and the surrounding atmosphere. [248]

The water layer improves the distribution of charges on the particle but simultane-
ously enhances the dissipation of static charge from the surface of the particle. [78]

Regarding the latter, Coulomb interactions may not impose a sufficiently dominant
attractive or repulsive force for distances less than 20 nm compared to the van der
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16 2. Particle Interaction Forces

Waals interactions or capillary bridge formation between particulates under hu-
mid air conditions. [185;248] A caveat here is that Coulomb interaction could become
stronger provided that particles can respond to an electric field or opposite charge
of opposing surfaces. [13]

Figure 2.2: An empirically established triboelectric series that shows an ordering of
materials based on direction of charge transfer. A material closer to the top of the
series contacted with a material closer to the bottom will charge positively (while
the other material charges negatively). Adapted from Lacks and Sankaran. [114]

2.5 Contact Mechanics

Two solid bodies in contact will deform their surfaces at their contact area due to
their finite elasticity. The surface forces acting in this contact area may be a source
of adhesion between the two bodies. In the case of particulate systems, contact
mechanics forces between particles and walls may become dominant at low RH
(up to ±40%) and on hydrophobic materials. [77;100]

Hertz [79] performed pioneering work to describe the contact mechanics forces
for elastic bodies in contact under an external load but neglected any attractive,
cohesive or adhesive forces. Afterwards, Johnson, Kendall and Roberts (JKR) ex-
tended Hertz’ theory by including attractive surface forces acting exclusively over
the contact area. On the other hand, Derjaguin, Muller, and Toporov (DMT) state
that these surface forces also manifest in the vicinity of the contact zone. Therefore,
the DMT model predicts a slightly larger force to separate two contacting bodies.
These two theories are predominantly used to predict the adhesion force, as well
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2.5. Contact Mechanics 17

as the contact area between two contacting solid bodies. The work of adhesion
wadh between the two solid bodies is a key parameter to account for the adhesive
interaction between the two solids, and is defined as:

wadh = γ1 + γ2 − γ12 (2.12)

where γ1, γ2, γ12 are respectively the surface energies of bodies 1 and 2 and their
interface. When the two contacting bodies are composed of the same material, the
work of adhesion simplifies to wadh = 2γ. In general, the JKR model is suitable
to model the adhesion of large, soft bodies with relatively high surface energies,
whereas the DMT model is more appropriate to describe the adhesion of small,
hard solid particles. To predict which of these models should be applied, a non-
dimensional parameter relating the ratio between the elastic deformations and the
adhesive force was introduced by Tabor, and the Tabor parameter µT is defined
as: [26]

µT =

(
w2

adhR
∗

E∗2z30

) 1
3

(2.13)

in which R∗ is the reduced radius of the contacting bodies, z0 is the equilibrium
separation between the two solid bodies, and E∗ is the effective Young’s modulus
given by:

1

E∗ =
1− ν21
E1

+
1− ν2

2

E2
(2.14)

where E1, E2, and ν1, ν2 are respectively the Young’s modulus and Poisson’s ratio
of the contacting solid bodies 1 and 2. The reduced radius R∗ between the two
contacting bodies 1 and 2 with undeformed radius R is defined as:

1

R∗ =
1

R1
+

1

R2
(2.15)

For a particle with radius R (= R1) on a flat surface (R2 =∞), the reduced radius
is equal to R∗ = R, and for two touching particles with equal radii R, R∗ = R

2 . If
the Tabor parameter µT > 1 the JKR should be applied, while for µT < 1 the DMT
model is valid.

The adhesion force described by the JKR model for a sphere with radius R in
contact with another particle or solid body is given by: [26]

FJKR =
3

2
πwadhR

∗, (2.16)
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18 2. Particle Interaction Forces

whereas the DMT model predicts an adhesion force expressed as: [26]

FDMT = 2πwadhR
∗. (2.17)

Both theories show that the adhesive force depends on the interfacial tension and
the curvature of the undeformed smooth particle. Notice from Eqs. 2.15 & 2.17
that the adhesion force between two equally sized silica particles is a factor of two
smaller than the adhesion between the silica particle and silicon substrate.

2.6 The Colloidal Probe Technique

Since its invention by Binnig et al. [19], the atomic force microscope (AFM) has
become the workhorse for imaging the topography of surfaces with high resolu-
tion, force-distance measurement curves, and controlled cell or particle manipu-
lation. [24] During the past two decades, the colloidal probe technique combined
with the AFM has become an established and powerful method to measure the
adhesion of single particles on planar surfaces or other particles. [77;104]

Ducker et al. [51;52] and Butt [23] pioneered to apply the colloidal probe technique
for measuring adhesion forces of a single particle on planar surfaces in aqueous
solutions. AFM probes commonly comprise a cantilever with a sharp tip of a few
nanometres to perform high-resolution measurements. However, in terms of the
colloidal probe technique, a particle is tediously attached to the AFM cantilever.
With the increased contact area, it is feasible to determine the pull-off force of
a specific single particle from another surface. The advantage of this method,
compared to the centrifuge method and the electrostatic detachment method, is
the fact that the adhesion force of a single particle is measured rather than an
adhesion distribution of multiple particles. Moreover, the same probe can be
employed in a series of experiments and subsequently, the surface roughness
of that specific particle can be examined. [82;104] Additionally, the colloidal probe
technique enables us to measure the local adhesion, friction or surface stiffness.

To measure the interaction of the colloidal probe with a substrate, force distance
measurements are performed using the AFM. The force acting on the probe as
a function of the separation distance between the probe and substrate should
result in a so-called force distance curve. However, the force on the probe is
not directly measured. A schematic representation of a direct measurement is
shown in Fig. 2.3. The substrate is mounted on a piezoelectric translator which
moves up and down, while the deflection of the cantilever is being monitored
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by a position sensitive detector. When a force acts on the probe, the cantilever
will bend and a reflector light-beam moves on the detector. Therefore, the results
of these measurements is the signal on the photodiode in volts versus the piezo
position (cf. Fig. 2.3). To obtain an actual force distance curve the photo diode
signal should be converted to an actual force. The photodiode signal can first be
related to the cantilever deflection using a conversion factor called the deflection
sensitivity. [104] The deflection of the cantilever can eventually be converted into a
force by multiplying the deflection with the spring constant of the cantilever. [104]

Figure 2.3: Schematic of a deflection signal versus piezo position curve. If the
approaching colloidal probe is still far from the surface, no deflection will occur
(1). When the probe gets close to the substrate, the attractive surface forces will
cause a bending of the cantilever towards the surface (2). The probe jumps in
contact with the surface as soon as the attractive force gradient becomes larger
than the spring constant of the cantilever. The probe and sample will move
jointly until a predetermined force limit is reached (3). When the sample is being
retracted, adhesion forces hinder the withdrawal of the probe from the surface
(4). Eventually the bending force will become larger than the adhesive or pull-off
force, and the cantilever will snap off the surface into its equilibrium position (5).
Adapted from Kappl and Butt. [104]
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2.7 Experimental Section

2.7.1 Setup

To explain the behaviour of the silica particles during our applications, it is im-
portant to understand the interfacial interactions of these particles. To that end,
a Bruker Icon Atomic Force Microscope is employed to measure the adhesion
force between a silica colloidal probe and various substrate samples. The samples
are positioned on a stage of a closed chamber. A closed chamber is used such
that the adhesion measurements can be performed in a controlled environment.
The relative humidity (RH) is controlled by supplying a flow of nitrogen through
the chamber. To adjust the humidity inside the chamber, either a stream of pure
nitrogen (to let the RH drop) or a stream of saturated vapour (increasing the RH)
is injected into the chamber. The latter is achieved by bubbling a second stream of
nitrogen through a beaker with water. Then the outflow is usually significantly
more humid than the surrounding air. To measure the RH and temperature inside
the chamber, the outflow of the chamber runs through a tube past a humidity
sensor (Senserion Evaluation Kit EK-H4, Switzerland). It was observed during the
experiment that a RH between 10− 80% could be obtained inside the chamber.

2.7.2 Materials and Methods

The colloidal probe measurements were conducted on samples of various sub-
strates: silicon wafers covered with 2 nm native oxide, Mempax®(borosilicate)
wafers, and samples of the two types of wafers completely coated with a fluoro-
carbon (CFx) layer. The deposition of the CFx layer on the wafers is described
in Chapter 6. It should be noted that the CFx coating renders the surfaces of the
wafers hydrophobic. The values for the contact angle (CA) on the different surfaces
are listed in Table 2.1 (cf. Chapter 6 for measurement details). The samples were
diced in pieces of ±1 cm2 from the different uncoated and coated wafers. Prior
to each experiment the samples were sonicated for 10 min. in acetone followed
by an additional 10 min. of sonication in IPA, to eliminate any traces of organic
contaminants or dust particles from their surfaces. Finally, the samples are blown
dry with nitrogen.

The adhesion force measurements are performed using a hydrophilic SiO2

colloidal probe (sQube CP-NCH-SiO-D, NanoAndMore GmbH, Germany). A
scanning electron microscope (SEM) image of the used silica colloidal probes is
shown in Fig. 2.4. The measurements are performed in the Force Volume mode.
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Material E [GPa] ν γ [Nm−1] A [J] CA [◦]

CFx 0.44 0.46 0.02
[87]

62·10−21 [87]
107

SiO2 73 0.15 0.05
[26]

68·10−21 [26]
36

Mempax® 64 0.2 0.28
[14]

115·10−21 [210]
10

Table 2.1: The Young’s modulus E, the Poisson’s ratio ν, the surface energy γ, the
Hamaker constant A, and the measured contact angle of the materials used in the
experiments.

In this mode, force distance curves are automatically taken with a defined load of
200 nN within a square grid of 20× 20 measurement points spanning over an area
of 500× 500 nm2. This would make up 400 force distance curve per measurement
session in total.

Figure 2.4: A silica particle attached to a cantilever, the colloidal probe, used to
perform the adhesion measurements on the various substrates. Scale bar= 2 µm.

The cantilever is calibrated on a sapphire (Al2O3) sample (SAPPHIRE-12M).
The probe is tapped multiple times on this sample. The AFM software is then
pre-programmed to give the deflection sensitivity out from the contact regime
of the curve. At last, the spring constant of the cantilever should be determined.
This is done by thermally exciting the cantilever over a range of frequencies. The
power spectral density of the cantilever should point out a peak at its resonant
frequency. The area below this peak is then a measure of the power of the cantilever
fluctuations. The peak is fitted by the instrument software from which it calculates
the spring constant.
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2.8 Results and Discussion

To predict the magnitude of the different forces contributing to the adhesion force
between the silica colloidal probe and specific substrates, each of these forces is
computed using the theoretical models described in the preceding sections. To
this end, the values listed in Table 2.1 are substituted in respectively Eq. 2.3 (FvdW),
Eq. 2.4 (FvdW, r), Eq. 2.9 (Fcap, sphere-planar), Eq. 2.16 (FJKR), and Eq. 2.17 (FDMT)
The surface tension for water is set to γwater = 72 mN m−1, and a roughness of
rms = 1.5 nm is assumed to calculate the forces listed in Table 2.2. It is important
to know which of the contact mechanics models should be applied under the
low humidity or “dry contacts” conditions. Using Eq.2.13, the Tabor parameter
is computed by substituting the values listed in Table 2.1 to determine which of
the contact mechanics models is applicable in these cases, for a silica particle with
radius R = 5 µm. Since the silicon samples have a native oxide layer on top,
the same properties are taken as that of the silica particle to calculate the Tabor
parameter. The computed values show that the JKR model should be applied in
the case where a silica colloidal probe is pressed on the CFx coating, whereas the
DMT model should be applied when the probe touches on either a bare silicon or
Mempax®sample.

Material FvdW [nN] FvdW, r [nN] Fcap [nN] FDMT [nN] FJKR [nN]
CFx 574 5 - - 1200
SiO2 629 6 3600 3200 -

Mempax® 1260 12 4100 - -

Table 2.2: Theoretically predicted van der Waals, contact mechanics forces, and
capillary forces.

The values listed in Table 2.2 elucidate that the surface roughness has a sig-
nificant effect on the van der Waals force. Consequently, the predicted van der
Waals force accounting for the surface roughness (FvdW, r) is at least three orders of
magnitude lower with respect to the adhesion type forces. Therefore, the van der
Waals force is discarded as a contributor to the total adhesion force between the
colloidal probe and various substrates. Furthermore, the values predict a stronger
adhesion force of the hydrophilic silica colloidal probe on the hydrophilic samples.
The absolute values obtained during the measurements on the various substrates
should be interpreted with caution, as it is well-known that the adhesion force
between similar substrates or probes deviate. Typically, a wide distribution of
adhesion forces exists, varying between a factor of 2 up to 10. [58] Therefore, in our
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discussion we will compare the relative values of the measured adhesion forces in
the different cases.

Figure 2.5 a typical force separation curve obtained with a silica colloidal
probe on the silicon sample. The adhesion force Fad is measured from the point
where the cantilever deflection is maximal and snaps out of the surface to a zero
deflection, i.e., zero force. The measured adhesion force varies during a force
volume measurement, and as can be observed from the inset in Fig. 2.5, the
adhesion forces are Gaussian distributed, albeit with a few outliers. Therefore, we
will discuss the average results of a force volume measurement.

Figure 2.5: A force separation curve obtained with a silica colloidal probe on a
silicon chip at RH = 45%. The inset shows a histogram of the Gaussian distributed
adhesion forces obtained during a force volume measurement.

The first set of experiments involved measuring the adhesion force between
a hydrophilic silica colloidal probe and the hydrophilic silicon sample or the
hydrophobic CFx-coated silicon sample at varying relative humidities (cf. Fig. 2.6
a1&a2). It should be noted that the measured values show a significant deviation
from the predicted values in Table 2.2, which can most possibly be ascribed to
surface roughness decreasing the effective contact area between the particle and
substrate. [58;100] Nevertheless, clear trends can be observed from the data of the
measured adhesion forces.

Fig. 2.6a3 shows that, as predicted (cf. Table 2.2) the silicon probe experiences
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24 2. Particle Interaction Forces

Figure 2.6: Colloidal probe measurements performed at different relative hu-
midities (RH), with a silica colloidal probe on (a) a silicon substrate and (b)
Mempax®substrate. Force separation curves obtained when measuring the adhe-
sion force on (1) a bare substrate and (2) CFx-coated substrates. The blue rectangles
in (2) highlight the attractive long-range force between the probe and CFx layer.
(3) The average of the adhesion force obtained for each force volume measurement
at a specific RH.

a stronger adhesion force on the silicon surface compared to the constant force
on the CFx-coated sample at all measured humidity levels. Presumably, as the
humidity inside the chamber increases (RH > ±45%), vapour condensates on
the hydrophilic silicon substrate, forming a liquid bridge between the probe and
substrate. Consequently, a stronger force is required to pull the silica probe from
the substrate, i.e., the silica probe experiences a larger adhesion force. On the
other hand, due to the hydrophobic nature of the CFx coating, the humidity has
little effect on the retraction of the hydrophilic silica probe from the substrate.
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Therefore, an approximately constant adhesion force is measured.

Next, colloidal probe measurements were also performed on samples of a
Mempax®wafer, which is more hydrophilic than the silicon wafer (cf. Table 2.1). It
can be inferred from Fig. 2.6b1-3 that also in this case, the adhesion force on the
Mempax®sample gets stronger, while it remains constant on the CFx-coated sample
with increasing relative humidity levels. However, a few obvious differences can
be noticed compared to the data obtained with the silicon sample. Owing to its
more hydrophilic nature, the adhesion force on the Mempax®sample shows a
steeper positive slope when the humidity level increases. The results highlight
that the contact angle affects the liquid bridge, and thus the capillary force between
the contacting bodies. Presumably, this will also affect the distance over which
the bridge will rupture during the retraction stage. [239] However, this is out of the
scope of the current study.

On the other hand, it is striking to observe from Fig. 2.6b3 that, unexpectedly
(cf. Table 2.2) the adhesion force on the hydrophobic CFx-coated surface is stronger
than on the uncoated Mempax®sample at low humidity levels. This observation
corroborates our findings presented in Chapter 6, where consistently a pronounced
segregation of silica particles was observed on the CFx-coated areas of a patterned
Mempax®wafer inside a glove box (RH = 0%). The latter implies that the adhesion
force between the silica particles and the Mempax®wafer is lower compared to
the CFx-coated areas under these low humidity conditions. Supposedly, the
lower adhesion force under lower humidity conditions originates from a lower
work of adhesion, i.e., interfacial surface energy, between the silica particles and
Mempax®wafer. Further research is required to measure the surface energy of the
Mempax®wafer and the CFx surface. In particular, the interfacial tension between
the silica probe and Mempax®wafer should be determined.

Studying the force separation curves of the silica probe and the CFx-coated
surface in more detail (cf. blue rectangle in Fig. 2.6a2&b2), reveals that an attractive
long-range force acts on the silica colloidal probe when retracted from the CFx

layer layer regardless of the underlying sample. This long-range force can be
attributed to the Coulomb force as it is the only surface force acting over this range
in air. [24;100] In the conducted experiments, the radius of the colloidal probe R is
larger than the distance D between the probe and flat substrate, i.e., R� D, thus
the Coulomb force Fel can be expressed as: [24;100]

Fel = πε0(∆V )2
R

D
(2.18)

where ε0 is the permittivity in free space, and ∆V is the potential difference
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between the probe and flat substrate.
To determine the potential difference between the probe and the CFx-coated

surface, the attractive long-range part of the force separation plot is fitted to a
curve of the form Fel = aD−1 (cf. Fig. 2.7a1&b1), with a = πε0(∆V )2R. Fig.
2.7a2&b2 shows that the potential difference between the probe and the CFx-layer
decreases as a function of the relative humidity. We attribute the origin of this
electrostatic force to the tribocharging mechanism in which charge transfer occurs
during contact between the CFx-coated layer and the silica colloidal probe, similar
to the rubbing induced tribocharging of the CFx-coated layer and silica particles
(cf. Chapter 6). The lower potential difference at higher humidity levels can be
explained by the fact that charge is rapidly discharged in a humid atmosphere. [100]

Figure 2.7: The electrostatic interaction acting on the silica colloidal probe when
retracted from a CFx-coated (a) silicon substrate and (b) Mempax®substrate. The
dashed rectangles highlight the attractive long-range force between the probe and
CFx layer. The attractive long-range part of the force separation curves are fitted
(1) to determine (2) the potential difference ∆V as a function of the RH.

Another significant and counterintuitive observation that can be made from
Fig. 2.7a2&b2 is the higher potential difference between the silica probe and
the CFx layer present on the Mempax®substrate compared to the CFx coating on
the silicon substrate. Supposedly, the underlying substrate affects the contact
electrification between the two contacting bodies, which agrees with the results
discussed in Chapter 6.
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To sum up, as a consequence of the capillary force the adhesion force be-
tween a hydrophilic silica particle and a hydrophilic substrate increases when
the RH > 45%, while the adhesion force with a hydrophobic sample remains
constant. Based on these observations, it is expected that the adhesion between the
silica particles will increase in more humid environments. In the future, colloidal
probe measurements can be performed between a silica colloidal probe and other
silica particles. Furthermore, a long-range electrostatic force acts on the colloidal
probe if measurements are conducted on the hydrophobic CFx-coated samples,
with a higher potential difference ∆V between the probe and the CFx-coated
Mempax®substrate. Even though the Mempax®is more hydrophilic than silicon, it
shows lower adhesion with the silica particle than the hydrophobic CFx coating
under low humid conditions.
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Chapter 3
Fabrication of Micromachined Devices
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Chapter 3

Fabrication of Micromachined Devices

Abstract

This chapter presents an overview of the fabrication processes employed to manufacture
the different devices employed within this project. These devices include, among others,
perforated membrane devices, profiled membranes and particle presentation trays.
All of the micromachining procedures were performed in the NanoLab of the Mesa+
Institute.

3.1 Introduction

Within this project, as stated in Chapter 1, we strive to obtain a monolayer assem-
bly of microparticles using the vacuum-driven assembly (VDA) setup (cf. Figure
1.2). A key part of the VDA setup is the micromachined membrane on which
particles are firmly captured to attain a large-scale monolayer assembly. To that
end, a sequence of different micromachining techniques typically used in the
fabrication of microelectromechanical (MEMS) devices [134] has been applied to
fabricate the membrane as well as other devices employed in the project. The
process technology of MEMS systems stems from the integrated semiconductor
circuit industry, [68;117;159] and over the course of the last era it has paved the way for
devices employed in various applications, such as pressure sensors, inkjet printers,
bio-reactors, micropumps, medical instruments, microactuators, nanoelectron-
ics. [4;31;167;233] Owing to its favourable mechanical properties, such as its broad
elastic region, silicon is abundantly used for the fabrication of MEMS devices,
where it is the preferred choice for the fabrication of cantilevers, flexible beams
and membranes.

The fabrication process of the different micromachined devices encompasses a
few standard processes, which are briefly described in the upcoming sections.
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3.1.1 Patterning of Masking Layer

Photolithography

The shaping of the desired structures with a specific aspect ratio (AR = ratio of
width to depth) on a silicon wafer demands a patterned masking thin film to
remove the exposed areas through etching. In this thesis, the mask is patterned
by means of photolithography, in which the resist is brought in contact with a
photomask using a mask aligner. All of these photomasks were drawn in CleWin
and ordered at the MESA+ institute. The photomasks are a flat quartz plate on
which the desired features are patterned on a thin layer of chromium.

As the first step of the lithography process, the wafers are primed by spin
coating (4000 rpm, 30 s) a thin layer of HexaMethylDiSilazane (HMDS, Merck,
112186, Germany)) to promote the adhesion of the photoresist. Hereafter, a positive
photoresist (Arch Chemicals, Inc., USA) is spin-coated on the silicon wafers (4000
rpm, 30 s), followed by a “soft bake” (95 ◦C, t1) to remove the residual solvent in
order to prevent stiction of the resist on the photomask during illumination. The
time t1 for the soft bake process is adjusted depending on the thickness d1 of the
photoresist. For the photoresist with variable thickness, d1 = 1.2 µm (Olin OIR
906-12), d1 = 1.7 µm (Olin OIR 906-17), d1 = 3.5 µm (Olin OIR 906-35) the soft
bake time is respectively set to t1 = ±60, 90, 120 s.

The lithography process is continued by copying the pattern from the pho-
tomask on the photoresist, which is obtained using UV-illumination (λ = 350−450

nm, t2) through the photomask using a mask aligner (EVG®620 Mask Aligner).
The time of illumination was also adjusted depending on the thickness of the
resist.

In the case of a positive photoresist, the illuminated area has become soluble,
and thus the resist patterning is completed by immersing the wafer in the devel-
oper (Olin OPD462, Arch Chemicals, Inc., USA) for 1 min. (last 30 s in a beaker
with fresh OPD4262). Finally, the wafers are rinsed in DI water and dried using
nitrogen.

Hard masking layer

When fabricating structures with a relatively high aspect ratio (HAR), the photore-
sist usually does not suffice as a masking material during etching. The reason for
this is the fact that the selectivity (= ratio of the etch rate of silicon to the etch rate of
the masking layer) between the masking material and silicon wafer is inadequate,
i.e., the etching rate of the photoresist is of the same order as that of the substrate
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(silicon wafer) or even higher. In the latter case, the photoresist would be eroded
entirely before reaching the desired depth of the structure. [32] To prevent this issue
during fabrication, it is opted to transfer the pattern of the photoresist on a “hard
mask” to increase the selectivity during etching. Therefore, the silicon wafers are
oxidised through a wet thermal oxidation process at 1150 ◦C. After the lithography
process, the formed silicon oxide masking layer is etched in the PlasmaTherm
790 system, resulting in a patterned masking layer to etch the exposed area of the
silicon wafer subsequently.

3.1.2 Etching

The patterning of the masking material allows to etch the structures with the
desired depth on the bulk material (silicon wafer). This can be done in an isotropic
or anisotropic manner. The former is usually performed by immersing the wafer
in a solution (wet etching), while anisotropic etching is performed in a plasma
system (dry etching). However, owing to its single-crystal structure, silicon can
also be etched anisotropically when immersed in a solution. For instance, these
anisotropic silicon structures can be obtained by immersing silicon in a potassium
hydroxide (KOH) solution in which, due to the different crystal planes, a difference
in etching speed is accomplished. Note that etching in KOH yields a fixed taper
angle of 35.5◦ of the structure. [8]

Wet etching of silicon is predominantly used e.g., for cleaning, shaping 3D
structures (removing large parts of the substrate), and removing of masking
layers, while providing a higher degree of selectivity than the dry etching tech-
niques. [134]The etch rate during isotropic etching is the same regardless of the
orientation. As a result, an undercut of the masking material equal to the same
distance as the etching depth is observed. Consequently, this artefact broadens the
exposed area of the fabricated microstructure and should therefore be accounted
for during the design phase. [134]

Owing to the tremendous progress, e.g. higher selectivity, higher etching speed,
made in the last decades, dry plasma etching has become indispensable when
etching high aspect ratio (HAR) structures. [32;229] As the name suggests, a plasma
(a mixture of atoms, ions, electrons, photons) is generated from the feed gas inside
the etching system. Then, the etching could be of either a chemical nature (driven
by reaction) or a physical nature (impacting ions on the surface will sputter), or a
combination of both, e.g., Deep Reactive Ion Etching (DRIE). Due to directional
physical bombardment by the ions, dry etching enables anisotropic etching of
structures, as it is independent of the crystallinity of the material [4;8;69] In contrast
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to the wet KOH anisotropic etching, dry etching is more versatile as it enables
tuning of the taper angle of the etched structures. [8] In HAR silicon etching, it is
critical to control the lateral etch rate and simultaneously enhance the vertical etch
rate of the structure. [229]

The well-known and most applied plasma etching method, or an adaptation
of it, is the Bosch process [116] alternating continuously between two modes: the
etching mode and the deposition mode. [233] The process starts with the etching
step, in which the SF6 gas isotropically etches the exposed part of the silicon
wafer. Immediately after the etching step, the trench is passivated by conformal
deposition of a fluorocarbon polymer, [184] e.g., C4F8 on these sidewalls and the
bottom of the trench. At the onset of the next cycle, the SF6 gas is ionised, pro-
ducing SF+

x ions and F∗ radicals in the plasma chamber. The produce SF+
x ions,

being accelerated towards the etched surface by a suitable electrical potential,
rapidly remove the polymer at the base of the trench, locally exposing the silicon
to be chemically etched by the radicals. However, the polymer on the passivated
sidewalls is only partially removed, preventing lateral etching of the structure
during the etching step. In short, an ongoing competition exists between the ions
removing the fluorocarbon layer and the radicals removing this passivation layer.
The alteration between these two steps continues during the subsequent cycles
until the desired depth of the etching step is reached, with each step lasting for a
few seconds.

As a consequence of the isotropic etch during the Bosch process, characteristic
scallops are formed on the sidewalls of the structure (cf. Figure 3.1). Intuitively one
might already conclude that shorter cycles with lower etching times will result in
less isotropic etching, thus smaller scallops and smoother walls, while the etching
rate is low. Figure 3.1 shows the result of the same structure etched using two
different Bosch-based recipes, with clearly larger scallop sizes present in Figure
3.1a compared to the smoother walls in Figure 3.1b obtained with a shorter etching
cycle than the former.

The quality of etched structures fabricated using dry plasma etching systems
depends on a vast number of parameters, e.g., etch times, polymer thickness, flow
rate and composition of the mixtures, pressure and RF power. [4] Hence, tailoring
a recipe to fabricate structures is a rather sophisticated process. When doing
so, one should keep in mind that it is imperative that the right balance exists
between the etching and passivation steps. [4] Changing a single parameter may
require adaptation of others as well to obtain the desired shape of a structure, i.e.
a universal recipe to etch structures using plasma etching techniques is absent.
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Figure 3.1: Scanning electron microscope (SEM) images of structures etched with
two different Bosch process-based recipes with varying etching times: (a) tetch =
1.75 s with larger scallops, and (b) tetch = 0.45 s with smoother walls. Scalebar = 3
µm.

However, Jansen and de Boer have addressed this issue in their studies [43;89–92;94;95]

in which they present several algorithms to optimise the fabrication of structures
using different RIE processes. The recipes used in this work were all developed at
the MESA+ Institute and adapted to improve the yield of the device fabrication
processes.

3.2 Fabrication of Membranes

The perforated membrane on which the particles are captured to obtain a mono-
layer consists of an ordered array of through-pores with diameter d and pitch p
spanning over an area A on a silicon chip of 14×14 mm2. Different geometrical
patterns were designed for the array of pores. Figure 2 depicts the pivotal steps of
the perforated membrane fabrication process. In essence, this fabrication process
can be split into two parts: firstly, the fabrication of the pores on one side of the
silicon wafer (cf. Figure 3.2a-c), and secondly, the fabrication of the back chamber
on the other side of the silicon wafer (cf. Figure 3.2d-f).

In the first part, a silicon wafer is thermally oxidised to form a 500 nm thick
hard masking layer. The desired geometrical designs of the membranes are trans-
ferred from the first photomask into the photoresist (Olin OIR 906-12) using
photolithography techniques (see Fig. 3.2a). To define the array of pores on the
hard mask, the exposed silicon oxide masking layer is subsequently dry etched
(cf. Fig. 3.2b) in the PlasmaTherm 790 by directional reactive ion etching (RIE) (27
sccm CHF3, 3 sccm O2, 350 W, 20 mTorr, 25 min., electrode temp. 20 ◦C). Hereafter,
the membrane pores are etched within the plasma etcher Oxford PlasmaPro 100
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Figure 3.2: Schematic representation of the most essential fabrication steps of the mem-
branes used in different applications of this project. In (a-c) the fabrication of the through-
pores is illustrated, while (d-e) depict the fabrication steps of the back chamber, and (f)
shows the final structure of the perforated membrane with pitch p between the pores.

Estrelas until they reach a depth of 50–60 µm in the bulk silicon material (cf. Fig.
3.2c). This is realised by applying a Bosch process to etch these pores with an
AR = 7− 8. The chosen recipe of the process continuously alternates between the
following settings for the two modes: the deposition mode (120 sccm C4F8, 5 sccm
SF6, 1150 W, 20 mTorr, 40 min., electrode temp. 10 ◦C) and the etching mode (5
sccm C4F8, 360 sccm SF6, 2500 W, 60 mTorr, 40 min., electrode temp. 10 ◦C). The
process flow is followed by stripping the photoresist in the Tepla300. The process
flow is followed by stripping the photoresist in the Tepla300. The first part of the
process flow is completed by wet etching the oxide masking layer by immersing
the wafer in 50 wt% hydrofluoric acid (HF) for 2 min to remove the oxide layer
from the silicon wafer.

Prior to etching the back chamber—a large cavity at the backside of the
pores—on the chip, the wafer is thermally oxidised to form a silicon oxide layer
all around the wafer. This oxide layer serves a dual purpose during the etching of
the back chamber: first, it is used as a hard masking layer, and secondly, it protects
the structure of the membrane through-pores. The fabrication process continues
as follows: photolithography (cf. Fig. 3.2d) is performed, and the structures of the
second photomask are transferred on the positive photoresist (Olin OIR 906-35).
The oxide masking layer is exposed by employing the same RIE-recipe as the first
part of the process flow. Hereafter, the large cavity with AR = 3− 4 is etched in
silicon on the backside of the wafer using a Bosch process until the oxide layer is
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reached (cf. Fig. 3.2e). Since the AR of the cavity is smaller compared to AR of the
through-pore, a different recipe is chosen for the Bosch process, and the settings of
the two modes are adjusted for the deposition mode (200 sccm C4F8, 10 sccm SF6,
2500 W, 90 mTorr, 40 min., electrode temp. 10 ◦C) and the etching mode (10 sccm
C4F8, 800 sccm SF6, 3500 W, 120 mTorr, electrode temp. 10 ◦C). Finally, as in the
first step, the resist is stripped and the oxide masking layer is etched in 50 wt% HF
(cf. Fig. 3.2f), obtaining the final structure of the membrane with through-pores.

By varying the pore diameter d and the pitch distance p between the adja-
cent pores, the membranes could be employed within omnifarious applications
throughout the project. Fig. 3.3a shows a cross-section of a perforated membrane
employed to capture 10 µm silica particles in a close-pack monolayer assembly.
On the other hand, Fig. 3.3b shows a different perforated membrane with the same
pore size, but with a larger pitch, that is included in the VDA setup as a microsieve,
blocking the transport of large agglomerates (in this case 5 µm particles) towards
the particle assembly membrane (see Chapter 4 for details).

Figure 3.3: SEM image of (a) a perforated membrane (d = 7.5 µm and p = 4.25 µm) to
capture 10 µm silica to attain a monolayer assembly in a hexagonally ordered array, and
(b) a perforated membrane (d = 7.5 µm and p = 60.0 µm) serving as a microsieve for large
agglomerates comprising of 5 µm particles in the VDA setup. The back chamber of the
perforated membranes is shown in the cross-section image of (b). Scale bar: white = 20 µm
and green = 100 µm.

Perforated membranes are more flexible compared to their unperforated coun-
terparts. As a consequence, the former will display a stronger deflection when
applying the same pressure difference. [113] The total stress σtotal is the sum of the
tensile and bending stress and reaches its maximum at the edge of the membrane
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and is given by: [212]

σtotal =
3

√
q2l2E

h2
(3.1)

where q denotes the pressure difference, l the shortest side length of the mem-
brane, h is the thickness of the membrane, and E is the Young’s modulus. Con-
sidering we are dealing with a perforated membrane requires a correction for
the presence of the pores. Therefore, the Young’s modulus in Eq. 3.1 needs to be
adapted by taking into account the pore distribution with a pore diameter d and
pitch p using the ligament efficiency η: [190;220]

η =
p

d+ p
(3.2)

For a perforated membrane with a hexagonal array of pores with diameter d =

7 µm and pitch p = 4.25 µm, the ligament efficiency is equal to η = 0.37, resulting
in an adjusted Young’s modulus (= η ×E) for silicon of 69 GPa. Using Eq. 3.1, the
maximum pressure when a membrane, with this pore distribution spanning over
an area of 1× 1 mm2 and with a thickness of 40 µm is ruptured, is approximately
q ≈ 510 bar. One should however keep in mind that the total stress a perforated
membrane can withstand will be at least 3-4 × smaller than the unperforated
case, [7;113;212] which results in a pressure of approximately q ≈ 64.5 bar before
rupturing occurs. This pressure is significantly higher than the maximum pressure
qmax = 0.95 bar applied across the membranes in our applications. As such, none
of the fabricated membranes (running in the hundred copies) ever ruptured during
application in our experiments.

3.3 Fabrication of Membranes with a Profiled Surface

With the fabrication process described in the previous section, membranes were
fabricated with a pore size d = 7.5 µm and a pitch p = 4.25 µm. Note that for
the 10 µm captured particles on two of these adjacent through-pores the pitch
p1 = 1.25 µm. These membranes were employed in the VDA setup to capture
a close-packed monolayer of 10 µm silica particles. From the SEM images of
the silica particle assemblies shown in Figure 3.4, it can be noticed that particles
assemble on the orifices of the through-pores array. However, it can readily be
observed that in the case of the membranes with the smallest pitch, particles get
stuck between adjacent membrane pores, leaving the underlying pores open (blue
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circles). This results in a persistent flow which keeps on locally attracting more
particles, eventually forming a massive cluster on the assembled monolayer of
particles (see Chapter 7 for a more detailed explanation).

Figure 3.4: SEM images of 10 µm silica particle assemblies attained on the hexagonal array
of the through-pores on the perforated membrane with an area (a) 500 × 500 µm2 (b) 1 × 1
cm2. On both membranes, the pitch p = 4.25 µm and pore diameter d = 7.5 µm. The blue
circles indicate particles that are imprecisely captured on the membrane. Scale bar = 200

µm.

The fact that particles are trapped between the pores implies that the flow induced
by the vacuum force does not sufficiently draw all particles to the orifices of
the pores, consequently resulting into defects in the assembled monolayer by
imprecise positioning of the particles. The imprecise positioning of the 10 µm
silica particles may originate from the fact that due to their inertia, they are
unable to follow the airflow streamlines on their course towards the through-
pores. Furthermore, these results suggest that the area between adjacent pores
may be too large, providing adequate contact area for particles to remain stuck
between these pores. To that end, it has been investigated whether utilizing
profiled suction holes could eliminate the problem of the imprecise positioning of
particles.

To this end, the surface of the perforated membrane is profiled by introducing
a funnel-like structure with its top part resembling the geometry of a bowl. These
funnel structures are assumed to better guide the particles towards their final
position blocking off the entire pore opening. In addition, as the etching of these
funnel-like structures also decreases the pitch between the pores, less surface
area is available for particles to get trapped between adjacent funnel structures.
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Moreover, particles that accidentally end up between the pores will tip over
into the bowl. Consequently, it is anticipated that the probability of precisely
capturing particles on the open pores will increase. Figure 3.5 provides a schematic
representation of the most relevant fabrication steps of the profiled membranes,
which can be divided into two parts as well: firstly, (a-c) etching of the funnel
structures, and secondly, (d-f) etching of the back chamber on the other side of
the silicon wafer which is precisely similar to those of the membranes described
in the previous section. Therefore, a detailed discussion of the second part of the
fabrication process is omitted here.

Figure 3.5: Schematic representation of the pivotal steps for the fabrication of the profiled
membranes with funnel structures to improve the quality of the assembled monolayer
of particles using a vacuum-driven force. In (a-c) the fabrication of the through-pores is
illustrated, while (d-e) depicts the fabrication steps of the back chamber, and (f) shows the
final structure of the profiled membrane.

Initially, (cf. Fig. 3.5a) the lithography process is performed by transferring
the same features of the first photomask mentioned in the previous section, into
the photoresist (Olin OIR 906-35) masking layer on the silicon wafer. After the
resist is patterned, the fabrication process is continued by performing plasma
etching processes in the Pegasus, SPTS system on the exposed areas on the silicon
wafer. Firstly, the bowl geometry of the funnel structure is introduced by isotropic
etching of a first big scallop using pure SF6 gas (400 sccm SF6, 2000 W, 10 mTorr,
19 s, electrode temp. 20 ◦C), without passivisation by C4F8. This process is similar
to the wet etching, as etching of silicon in fluorine-based plasma is spontaneously
obtained without requiring the damage by ion bombardment. [8] Immediately after
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the isotropic etch, the directional etching of the pore continues by switching to a
Bosch process, which starts with a deposition mode (150 sccm C4F8, 2000 W, 20
mTorr, 0.5 s, electrode temp. 10 ◦C), followed by the etching mode (275 sccm SF6,
2200 W, 26 mTorr, 1.75 s, electrode temp. 10 ◦C). The Bosch process starts with
the deposition mode to protect the isotropically etched bowl geometry, and the
process lasts until a depth of ±40 µm is reached.

Fig. 3.6a-c shows the SEM images of the fabricated funnel structures, and it
can be observed that the masking photoresist layer remained intact, justifying the
omission of an oxide masking layer. As a consequence of the intrinsic nature of
isotropic etching, an undercut is visible on the bowl structure (cf. red rectangle in
Fig. 3.6b-c), reducing the contact surface to volume ratio of a captured 10 µm silica
particle on the pore, i.e., a captured particle would have less contact area with the
bowl of the funnel structure. It can also be observed that the pitch between two
pores is ±2 µm, providing enough space for particles to be trapped between the
two pores. Both these issues can be resolved by thermal oxidation of the silicon
wafer, after removal of the masking photoresist layer in the TEPLA 300. The
formed oxide layer serves as a hard masking layer as well during etching of the
back chamber of the membrane. After the thermal oxidation step, we continued
with the second part of the fabrication step, which ends with the wet etching of
the silicon oxide layer in 50 wt% HF.

Figs. 3.6d-f display top-view SEM images of the profiled membranes with
different geometrical patterns to capture the particles (5 and 10 µm). In addition,
it can be inferred by comparing the inset of Fig. 3.6c with that of Fig. 3.6d, that the
thickness of the formed silicon oxide layer formed during the thermal oxidation
process is critical in controlling the ultimate shape of the bowl geometry. In the
former case, an oxide layer with thickness of 856 nm was formed, while in Fig.
3.6d, the silicon oxide layer was 501 nm thick. Furthermore, the undercut has been
removed, such that the 10 µm particles are firmly captured inside the bowls as the
contacting surface area to volume ratio between the particle and bowl increases.
The thermal oxidation process indeed yields a smaller pitch between the through-
pores (p < 500 nm), allowing particles that accidentally end up between the funnel
structures to tip over into the bowls.
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40 3. Fabrication of Micromachined Devices

Figure 3.6: SEM images (a-c) of the result after completing the first part of the
fabrication process of the profiled membranes. The red rectangle highlights the
clear undercut visible due to the isotropic etching. Top-view images of profiled
membranes with different geometrical arrays that can be employed to capture
(d-e) 10 µm particles and (f) 5 µm particles. In the second part of the process,
a silicon oxide layer of (d) 856 nm and (e) 501 nm was formed, resulting in a
different bowl geometry. Scale bar: white = 100 µm and green = 4 µm.
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3.4 Fabrication of Particle Trays

The particle trays shown in Fig. 3.7f were initially fabricated to be employed as a
particle feeding device in the VDA setup. At a later stage during the project, these
devices were used to perform particle shaking experiments aimed at breaking
massive particle clusters (cf. Section 4.2). These trays consist of a circular plateau
with diameter 18 mm separated by a wall (thickness = 1 mm) from a larger cavity
with depth = ±300 µm and width = 4 mm. Amid the oscillating movement of the
tray, the deposited particles on the plateau may collide with the wall, resulting in
excess particles spilling over the wall and being collected inside the large cavities.
The pivotal fabrication steps of these particle trays are illustrated in Fig. 3.7.

Figure 3.7: Schematic representation of the pivotal fabrication steps of the particle
trays used during particle shaking experiments. In (a) the silicon oxide mask of
the plateau is first opened, while (b-c) a second lithography process is performed
to protect the plateau and open the oxide masking layer of the large cavity. In (d)
the cavity is first etched, followed by removal of the photoresist masking layer to
etch both the plateau and cavity in (e). (f) shows the final structure of the particle
tray consisting of a plateau surrounded by a larger cavity.

The fabrication process commences by thermal oxidation of the silicon wafer. A
silicon oxide layer with a thickness of 500 nm is formed serving as a buried mask-
ing layer. Hereafter, the photolithography process is performed on the photoresist
(Olin OIR 90617), exposing the area of the plateau on the oxide masking layer.
The exposed area is etched (see Fig. 3.7a) within the plasma system PlasmaTherm
790 (27 sccm CHF3, 3 sccm O2, 350 W, 20 mTorr, 25 min., electrode temp. 20 ◦C).
Subsequently, the photoresist is stripped from the surface in the TEPLA300, with
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the area of the plateau being exposed on the bulk silicon wafer. Next, another
photoresist (Olin OIR 906-35) is spin-coated and patterned, exposing the area of
the large cavity on the oxide masking layer, while the exposed area of the plateau
on the silicon wafer is masked by the resist (cf. Fig. 3.7b). Just as before in part (a),
the silicon oxide layer is etched in the PlasmaTherm 790 (cf. Fig. 3.7c). Hereafter,
the cavity is etched (cf. Fig. 3.7d) in the SPTS Pegasus plasma system by applying
a Bosch-based recipe: deposition mode (400 sccm C4F8, 3000 W, 2 s, electrode
temp. 0 ◦C), followed by the etching mode (800 sccm SF6, 300 W, 5.7 s, electrode
temp. 10 ◦C). After the cavity reaches a depth of ± 200 µm, the photoresist is
stripped, exposing the area of both the plateau and large cavity on the silicon
wafer. Since it is necessary for the shaking experiments that the bottom of the
plateau’s surface is “smooth”, the process continues by etching the particle tray
using a different recipe as in step (d) within the SPTS Pegasus plasma system until
the plateau reaches a depth of about 50 - 100 µm. The recipe that is used in these
steps is as follows: a deposition mode (150 sccm C4F8, 2000 W, 20 mTorr, 0.5 s,
electrode temp. 10 ◦C), followed by the etching mode (275 sccm SF6, 2200 W, 26
mTorr, 1.75 s, electrode temp. 10 ◦C). At the end of the process, the silicon oxide
masking layer is immersed in a beaker with 50 wt% HF to remove the oxide from
the structures (cf. Fig. 3.7f).

Figure 3.8a-b presents cross-sectional SEM images of a preliminary fabrication
test, showing the formation of micro grass, also known as black silicon, on the base
of the plateau. The micro grass originates from the fact that the polymer is not
entirely removed on the bottom part of the structure at the end of the etch cycle.
The residual polymer layer then acts as a masking material, preventing etching of
the silicon surface in the vertical direction. [90;229] Therefore, after consulting with
Meint de Boer (MESA+ NanoLab, University of Twente), the recipe of the Bosch
recipe has been adapted to longer etch cycles (t = 5 s) in conjunction with a higher
RF power (= 60 W). The longer etching cycle ensures that all the base polymer
is removed while increasing the RF power promotes the acceleration of the ions
towards the exposed area. These adaptations to the recipe resulted in a plateau
with a relatively smooth bottom surface, but as a result of the longer etching cycles,
rather rough walls with large scallops (cf. Fig. 3.8c-d).
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Figure 3.8: SEM images of (a-b) a preliminary test of the particle tray structure with
micro grass clearly present on the bottom of the plateau. By adjusting the process
parameters, this issue has been resolved and resulted in (c-d) the final structure of
the particle trays. In (d) the bottom of the plateau shows less roughness, while the
inset of the sidewall shows a rather rough surface, with larger scallops. Scale bar:
green = 5 µm; white scale bar = 100 µm

3.5 Fabrication of Particle Belt

To control the supply of particles to the membrane connected to the vacuum force
within the VDA setup, a particle feeding device with pockets and slits is fabricated.
A schematic representation of this device is shown in Figure 3.9, demonstrating
its working principle inside the PAP setup. Following a preliminary study, it was
observed that particles could be rubbed inside pockets using a PDMS sheet (cf.
Chapter 4.1). Using this principle, particles are supplied onto the feeding device,
rubbed and trapped inside the pockets, and subsequently lifted from the pockets
by the vacuum force applied through the perforated membrane. The slits are
incorporated in the design to limit the effect of a lateral airflow which would result
in the attraction of an excess number of particles. The chip with the perforated
membrane is moved along the feeding device, ensuring that the vacuum induced
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flow draws particles to the orifices of the membrane pores. Notice that the pore
density on the membrane is lower than the pocket density to limit the attraction of
multiple particles to the same orifice on the membrane. This should result in an
improvement of the quality of the monolayer attained on the membrane.

Figure 3.9: Schematic representation demonstrating the working principle of the
feeding device. The captured particles inside the pockets of the moving feeding
device are lifted in a controlled manner by the vacuum-force induced through the
perforated membrane. The lifted particles assemble on the through-pores of the
membrane.

Just as in the case of the fabrication process of the particle trays, an oxide
layer serving as a buried masking layer is formed on the silicon wafer by thermal
oxidation. In general, the fabrication process of these feeding devices is similar
to the particle trays, with some differences in recipe and system details. First, the
lithography process is performed on the photoresist (Olin OIR 906-17) to transfer
the array of circular pockets from the photomask, hence exposing the area of the
pocket design on the oxide masking layer. The exposed area is etched (see Fig.
3.9a) within the plasma system PlasmaTherm790 (27 sccm CHF3, 3 sccm O2, 350 W,
20 mTorr, 25 min., electrode temp. 20 ◦C). Subsequently, the photoresist is stripped
from the surface in the TEPLA300, with the area of the pockets being exposed on
the bulk silicon wafer. In order to mask the exposed area of the circular pockets, a
photoresist (Olin OIR 906-35) with a larger thickness is spin-coated and patterned
with the array of the air slits (cf. Fig. 3.9b). Just as before in part (a), the silicon
oxide layer is etched in the PlasmaTherm (cf. Fig. 3.9c). Hereafter, the air slits are
etched in the Oxford PlasmaPro 100 Estrelas system until a depth of ±35 µm is
reached (cf. Fig. 3.7d) by applying a Bosch-based recipe: the deposition mode (120
sccm C4F8, 5 sccm SF6, 1150 W, 20 mTorr, 40 min., electrode temp. 10 ◦C) and the
etching mode (5 sccm C4F8, 360 sccm SF6, 2500 W, 60 mTorr, 40 min., electrode
temp. 10 ◦C). The next step in the process is the stripping of the photoresist from
the wafer to expose the area of circular pockets as well. Subsequently, both the air
slits and circular pockets are etched (d) within the Oxford PlasmaPro 100 Estrelas
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system until the pockets reach a depth of about 11 µm. Ultimately, the silicon
wafer is immersed in a beaker with 50 wt% HF to remove the oxide from the
wafer (cf. Fig. 3.9d). The third part of the fabrication process of these devices, i.e.,
the etching of the back chamber, is identical to the second part of the membrane
fabrication processes described in section 3.2 and is therefore solely illustrated in
Figure e-f.

Figure 3.10: Schematic representation of the fabrication steps of the particle feeding
device comprising of circular pockets and air slits. In (a) the silicon oxide mask
of the pockets is etched, while in (b) a second lithography process is performed
to protect the pockets and open the oxide masking layer of the air slits. In (c) the
air slits are first etched, followed by removal of the photoresist masking layer to
etch both the air slits with circular pockets in step (e). In (e) the back chamber is
fabricated by first removing the oxide mask from (d) and forming a new oxide
mask all around the silicon wafer. The lithography process is performed, and the
oxide mask is opened to etch the back chamber of the feeding device. (e) shows
the final structure of the particle feeding device.

A top view SEM image of a preliminary fabrication test of the feeding device is
shown in Fig. 3.11, where the circular pockets have a diameter of 12 µm, with the
air slits having a size of 3.5 × 9 µm2. Due to misalignment during the fabrication
process, the air slits inside the circular pockets are off-centre. After testing the
performance of this device in the VDA setup, this issue will be resolved by using
smaller air slits in the next generation of feeding devices.
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46 3. Fabrication of Micromachined Devices

Figure 3.11: SEM images of the particle feeding device comprising of circular
pockets to capture the particles and air slits to generate less lateral flow towards
the assembly membrane of the VDA setup. Scale bar: green = 200 µm; white = 10
µm.
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Chapter 4

Handling of Microparticles

Abstract

Large clusters of microparticles may pose several challenges during dry handling
operations. In case of the present project, these agglomerates reduce the quality of
the assembled array of particles on the micromachined membrane. Therefore, this
chapter presents various methods to disrupt the agglomerates. In this respect, the
particle rubbing, and particle levitation using a strong electric field have been employed
successfully. On the other hand, the large silica particle clusters remained intact after
agitation. The former two methods have proven to be a suitable alternative to assemble
an array of silica particles on the micromachined membranes connected to the vacuum-
driven assembly setup. Next to this, the directed dry assembly of silica and polystyrene
particles on micromachined groove structures have been performed using the rubbing
and agitation method. In a preliminary study, the majority of the excess particles
resulting from these experiments could be removed by applying a tailor-made polymer
brush.

4.1 Introduction

Utilizing dry particles in applications can be a daunting task as the interparticle
forces discussed in Chapter 2 tend to cluster these particles into agglomerates.
In some instances, the agglomeration of particles might be detrimental. With
respect to industrial applications, airborne pollutants accidentally adhered onto
equipment prompt excessive maintenance periods, whereas clustering of particles
is used to coagulate powders. [141;199] Notably, the agglomerates inflict challenges in
solid pharmaceutical dosage and dry powder inhalation formation. [248] However,
from a scientific perspective, clustering of fine particles was indispensable at the
onset of planet formation. [20;106;119;257] In our case, the particle assembly process is
performed under standard lab conditions, and hydrophilic silica particles are prone
to adsorb water molecules that could form capillary bridges between the particles
inducing the formation of agglomerates. However, working under zero humidity
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conditions would decrease the conductivity of the particles, thus increasing the
particle surface charge and electrostatic interactions. [78;248]

Similarly, liquid dispersions may also contain aggregated particles, but can be
better controlled or prevented by taking the Derjaguin, Landau, Verwey, Overbeek
(DLVO) theory into account. [45–47;213] The DLVO theory models the sophisticated
interplay of the attractive van der Waals force and the repulsive electrostatic
double-layer force among the dispersed particles. Thus, the van der Waals force
promotes the aggregation, while the double-layer force stabilizes the particle dis-
persion. The former usually dominates at short distances, and is always attractive
between identical particles, regardless of the dispersant (cf. Chapter 2). By select-
ing solvents with a relatively low Hamaker-constant, the strength of the van der
Waals force among the particles can be tuned. On the other hand, the electrostatic
repulsion between particles can be enhanced by functionalizing the surface of
particles, while it may be significantly reduced by increasing the salt concentration
of the solvent. The ions in the dispersion contribute to the screening of the surface
charge, thus weakening the electrostatic repulsion. [26]

With regard to the application studied in the present thesis, the presence
of agglomerated particles could compromise the assembly of a perfect particle
monolayer in different manners. If large agglomerates are offered to the vacuum-
driven assembly (VDA) setup, the generated vacuum force may be insufficient
to lift these large agglomerates, consequently reducing the supply of particles
towards the perforated membrane. Next to this, smaller levitated clusters could
block the orifices of the pores resulting in poorly assembled particles. Hence, it is
an absolute requirement that individual, non-agglomerated particles are attracted
by the VDA setup to attain a correctly assembled monolayer of silica particles on
the perforated membrane.

Figure 4.1 shows scanning electron microscopy (SEM) images of the as-received
(a-b) (9.98 ± 0.31) µm hydrophilic silica particles and (c-d) (10.14 ± 0.12) µm
hydrophobic polystyrene (PS) particles from the supplier microParticles GmbH
(Germany). The mentioned standard deviation (SD) values were specified by the
supplier. These particles are used in the experiments described in the upcoming
sections. It can be readily observed from Figs. 4.1a&c that particularly the silica
particles contain massive clusters, even resembling a crystal structure.

As a matter of fact, this observation justifies our concerns that, if lifted by the
vacuum force, these large clusters could block the through-pores, thus reducing
the quality of the assembled monolayer on the membrane. Furthermore, the PS
particles (cf. Fig. 4.1d) have an apparent larger surface roughness compared to
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the silica particles (cf. Fig. 4.1b). Presumably, the latter will result in a stronger
interaction between the particles.

Figure 4.1: SEM images of the 10 µm (a-b) silica particles and (c-d) PS particles
directly scooped from the bottle of the supplier microParticle GmbH (Germany).
Scale bar: green = 30 µm; white = 1 µm.

This chapter explores various methods of handling dry microparticles ranging
from the disruption of massive particle clusters to the removal of excess particles
from surfaces. The methods to break relatively large agglomerates include the
application of a mechanical force through either rubbing or shaking of the parti-
cles, or the use of a strong electric field to levitate single particles from a pile of
agglomerates. In view of this project, a few of these methods are investigated as
an alternative route to obtain a monolayer assembly of particles on the surface
of the profiled membrane using the VDA setup. Additionally, the directed dry
particle assembly on other devices, and the removal of excess particles, e.g., using
polymer brushes, is comprehensively examined.
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4.2 Rubbing

In a previous study, Khan et al. [108] obtained a dry-assembled monolayer of sub-
micrometre (6 1 µm) silica particles by rubbing these particles on an array of
micromachined grooves using a poly(dimethylsiloxane) (PDMS) sheet. Prior to
rubbing the particles, an array of micro-grooves had been coated with a polymer
such that the particles’ position inside the grooves could be retained.

Figure 4.2: SEM images of 10 µm silica particles trapped (a-c) inside micromachined
circular pockets (diameter = 13 µm; depth = 15 µm) on a silicon wafer. (d) A quasi
monolayer of particles is formed on the PDMS sheet after the rubbing process.
Scale bar in all images is 10 µm.

Inspired by their work, we adapted their method by manually rubbing 10.0
µm silica particles on an array of uncoated micromachined circular pockets with a
PDMS (10:1 w/w) sheet. The circular pockets with diameter 13 µm and depth 15
µm were micromachined on a silicon wafer using the same technology described
to fabricate the pores of the perforated membrane in Chapter 3.2. The applied
mechanical force induces a shear force on the large clusters, breaking the agglom-
erates during the rubbing process into single particles. Consequently, the particles
are trapped inside the pockets, as shown in Figure 4.2a-c. The quickly assembled
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particles inside these pockets can be offered to the VDA setup.
An additional advantage of the rubbing process is that also a quasi-monolayer

of silica particles is formed on the employed PDMS sheet, shown in Figure
4.2d. [174;175] However, due to the strong adhesion force between the silica par-
ticles and the PDMS sheet, this layer cannot be used as a feed to the VDA-process
because the vacuum force is insufficiently strong to lift the particles from the
PDMS sheet when offered to the VDA setup.

4.3 Agitating Particles

Next to the previously described rubbing process, the concept of applying a
mechanically generated force to disrupt agglomerates is explored by agitating the
particles in the horizontal direction. Figure 4.3 shows the schematic representation
of the experimental setup, in which either silica particles or PS particles are gently
deposited on an oscillating silicon chip which is mounted between two alumina
blocks connected to a shaker. The shaker’s horizontal sinusoidal vibration is
driven via a function generator at frequency f and with an amplified amplitude
A. The silicon chip used in the following experiments is either the particle tray
(cf. section 3.4) or a chip with micromachined groove structures. All experiments
were performed under ambient conditions (T = 21.5◦C; RH= 40− 54%).

Figure 4.3: Schematic representation of the experimental setup consisting of a fixed
silicon chip with silica or PS particles agitated by an electromechanical shaker. An
amplified signal of the function generator provides sinusoidal vibrations in the
horizontal directions.

4.3.1 Agitating Particles on a Micromachined Tray

It was already mentioned that the as-received silica particles consist of large
agglomerates (cf. Fig. 4.1a), because of the strong, cohesive interactions between
the particles. Therefore, the micromachined particle tray with inner diameter
D = 18 mm, wall thickness w = 1 mm, and depth h = 105 µm is employed
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to disrupt the massive particle clusters during the horizontal oscillations of the
system. The energy supplied to the system should break the bond between the
agglomerated particles and move the clusters on the surface, such that these
clusters might collide with the wall, separating them into non-agglomerated
particles.

Preliminary experiments were performed with (22± 1) mg of the 10 µm silica
particles agitated at a frequency of f = 250 Hz (cf. Fig. 4.4a) and f = 500 Hz
(cf. Fig. 4.4b). During each of these experiments, it was observed that the solid
particle cluster was slowly spreading on the particle tray reminiscent to a fluid-like
behaviour. [111;186] It can be noticed from Fig. 4.4a that the massive cluster is still
intact, with dense layers comprising smaller clusters present on the tray’s surface
(cf. Fig. 4.4a-b). These results imply that the applied shaking force is insufficient
to break the strong interactions among the silica particles under these conditions.
Consequently, the number of individual particles is minimal.

Figure 4.4: SEM images of the 10 µm silica particle distribution agitated at a
frequency of (a&c) f = 250 Hz and (b&d) f = 500 Hz for t = 32± 4 min. on the
particle tray. The experiments were performed with silica particles (a&b) without
pretreatment (c&d) dried inside a furnace. Scale bar in all images is 100 µm.
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A potential explanation for the strong adhesion is the presence of the am-
bient water vapour which may inevitably condensate on the hydrophilic silica
particles under ambient conditions, giving rise to a capillary force between the
particles. To reduce the interaction forces between the silica particles, they were
hence stored for at least 15 hours in a furnace at 110◦C to alleviate any traces of
moisture from the particle’s surface. The aim of the drying process is to break the
massive agglomerates similar to the one in Fig. 4.4a. However, even in this case,
no individual particles are observed, implying that the strong interaction among
the silica particles has a different origin than the potential capillary force. Further-
more, segregated bands of smaller particle clusters (cf. Fig. 4.4c-d) are apparent
on the particle tray surface, which are formed perpendicular to the oscillating
direction. [131] This phenomenon is observed in other studies for larger particles
(mm-sized) and can be classified as a stratification phenomenon. [62;111;162]

Prior studies report that the particles’ mass and friction coefficients affect the
dynamics of shaken granular systems, e.g., of binary mixtures of particles. [39] To
investigate if the particle properties would affect the dynamics of the agitated
particles, we also conducted experiments with the 10 µm PS particles. It should be
mentioned that the PS particles weigh less than the silica particles. Furthermore, it
can be inferred from Fig. 4.1 that the surface of the PS particles is slightly rougher
than that of the silica particles. In addition, the cohesion between the PS particles
is presumably weak, as the PS particles are present in a non-agglomerated form
(cf. Fig. 4.1c-d). Given all these differences between the PS particles and silica
particles, agitating PS particles may result in another particle distribution on the
tray.

In contrast to the silica particles, a more active movement of PS particles was
indeed observed on the surface. Figure 4.5 shows that the PS particles tend to
form a quasi-monolayer of particles, with spatial variations in the particle density
on the tray. Also, some large clusters of PS particles can be observed on top of
the monolayer and surface, implying that the applied shaking force is not strong
enough to break these large clusters of particles. Seemingly, when the number of
particles m0 deposited on the oscillating tray increased, more broader regimes of
PS particle arrangements can be observed (compare Fig. 4.5a vs Fig. 4.5c-d). In the
latter case, local density variations in the PS particle can be observed with some
regions densely occupied with ordered structures. These results highlight the
onset of a gas-crystal phase transition observed in granular systems comprising
of mm-sized beads. [202] Furthermore, on top of the monolayer arrangement of
PS particles, small stripes of PS particles appear. These results indicate that, as a
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consequence of the higher provided energy to the system, the particles lose contact
with the bottom of the surface during the collisions with the wall or other particles,
such that the particles can expand in the vertical direction. [76;202]

Figure 4.5: SEM images of the 10 µm PS particle distribution on the particle tray
agitated at a frequency (a&c-d) f = 250 Hz and (b) f = 500 Hz for t = 27± 3 min.
The number of particles deposited on the oscillating tray varies: (a) m0 = 15.3 mg,
(b) m0 = 17.4 mg, and (c-d) m0 = 18.6 mg. Scale bar: 100 µm.

These results demonstrate distinct differences in dynamics between the agi-
tated silica and PS particles, originating from a difference in particle properties and
initial state. Under these conditions, agitating PS particles leads to the formation
of densely packed monolayers, while in the former case stripe arrangements of
smaller particle clusters perpendicular to the oscillating direction are observed.

4.3.2 Agitating Particles on Micromachined Groove Structures

Taking into account that the PS particles are present in a non-agglomerated state,
and the observation that agitated PS particles move across the oscillating surface,
it was also investigated whether these particles can be assembled within micro-
machined groove structures (cf. Fig. 4.6) with a negative pitch. As the pitch
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corresponds to the distance of the area that is etched between two intersecting
circular pockets, a negative pitch refers to the case where the pockets drawn on
the mask are partly overlapping, thus forming a continuously connected groove
structure. In this section, the experiments are conducted on groove structures in
an attempt to trap the PS particles as they are forced to move on the surface. These
silicon chips were provided by Sandrien Verloy (MCS, University of Twente &
CHIS, Vrije Universiteit Brussel) and were fabricated with the same technology
employed for the fabrication of the membrane pores described in Chapter 3.2 (cf.
Fig. 3.2)

Figure 4.6: SEM image of micromachined groove structures with diameter = 12
µm, pitch = −1 µm, and depth = 11 µm. Scale bar: 10 µm.

The PS particles (m0 = 17±1 mg) were deposited on the silicon chip oscillating
at a f = 250 Hz frequency. Figure 4.7 shows that as anticipated, the agitated
PS particles assemble inside various designs of the groove structures. At least
90% of the grooves are occupied with the PS particles (cf. Figs. 4.7a-c), while
inevitably ample particles remain on top of the assembled layer and the silicon
chip. These results suggest that agitating particles is a viable method to assemble
PS particles. However, the excess particles are undesirable and should be removed,
which is studied in section 4.6. The proposed assembly method might appeal to
scientists and engineers working in, e.g., photonic crystals, structural coloring,
photovoltaics, antireflection coatings, and soft electronic devices. [84;85;109] One of
the silicon chips carried, apart from the groove structures, also a cavity with an
area of 12×12 mm2. Similar to the experiments performed with PS particles on the
micromachined trays, Fig. 4.7d shows the formation of a close-packed monolayer
of PS particles inside this cavity. The trapped PS particles inside the cavity are
touching and show a locally ordered structure. Altogether, these results confirm
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the presence of non-agglomerated PS particles as a significant fraction of the single
moving particles get trapped inside the groove structures.

Figure 4.7: SEM images of PS particle distribution agitated at a frequency of f = 250
Hz and for t = 27 ± 3 min. on silicon chips carrying micromachined groove
structures with various designs: (a) diameter = 13 µm; pitch = −1.5 µm, (b)
diameter = 11.5 µm; pitch = −1 µm, (c) diameter = 11 µm; pitch = −0.5 µm, and
(d) a cavity spanning over an area of 12× 12 mm2. Scale bar: 100 µm.

To explore whether agitated silica particles can be assembled within the mi-
cromachined groove structures, experiments using 5 µm as well as 10 µm silica
particles were conducted on oscillating silicon chips carrying these structures.
These experiments have been performed under several conditions, e.g., by chang-
ing the oscillation frequency or by using dried silica particles. In contrast to the
experiments performed with the particle trays, here a more pronounced movement
of silica particle clusters was observed leaving traces of particles on the chip’s
surface. Regardless of the various experimental conditions, it is striking to observe
from Fig. 4.7 that a (quasi) monolayer of silica particles is formed with locally
an ordered structure on the silicon surface surrounding the groove structures. In
particular, even within the cavity (cf. Fig. 4.7c) an ordered quasi monolayer state of
the silica particles is observed. This result contradicts our previous findings on the
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Figure 4.8: SEM images of the (d) 5 µm and (a-c&e-f) 10 µm silica particle distri-
bution agitated at a frequency of (a, d&f) f = 250 Hz and (b-c&e) f = 500 Hz
on silicon chips carrying micromachined groove structures with various designs:
(a) diameter = 13 µm; pitch = −2 µm, (b) diameter = 13 µm; pitch = −1.5 µm,
(c) a cavity spanning over an area of 12 × 12 mm2, (d) diameter = 13 µm; pitch
= −2 µm, (e) diameter = 11 µm; pitch = −0.5 µm, and (f) diameter = 11.5 µm;
pitch = −1 µm. Particles were agitated for t = 27± 3 min. Other conditions: (a,
c-d) without pretreatment; (b, e-f) dried in the furnace; m0 = 24 ± 3 mg (10 µm
particles) & m0 = 15.7 mg (5 µm particles). Scale bar: 100 µm.

particle trays, where no monolayer arrangement of silica particles was observed.
Seemingly, these results imply that the friction between the silica particles and the
oscillating surface affects the dynamics of the agitated particles. [172] Note that the
etched particle tray has a larger surface roughness than the silicon surface and
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etched cavity.

In the present case on the other hand, bands consisting of smaller silica particle
clusters were formed parallel to the oscillating direction on top of the microma-
chined groove structures, while the majority (> 85%) of the groove structures
remained empty. Supposedly, the particles of the monolayer on the surrounding
surface stick onto the oscillating surface. Consequently, the individual particles do
not move across the groove structures, leaving a significant part of these structures
unoccupied. This hypothesis is supported by the results shown in Figs. 4.7a & d),
where a monolayer of silica particles can be readily observed next to empty groove
structures. Thus, these results clearly indicate that this method is flawed to assem-
ble silica particles within the micromachined groove structures but promising to
assemble PS particles

4.3.3 Discussion of the Observed Results

To address the observations made in the preceding sections, a simplified model
based on friction laws is proposed. The model will provide sufficient insight to
interpret the collective behaviour of the ensemble of particles in our system (cf.
Fig. 4.9).

We consider the case of a single particle positioned on a surface subjected to a
harmonic oscillation with amplitude A and frequency f :

x = A sin(2πft) (4.1)

Consequently, the particle with mass mpar experiences a tangential driving force
Fvib that can be expressed as:

Fvib = mparA(2πf)2 sin(2πft) (4.2)

A key parameter dictating the dynamics of the particle on the surface is then the
peak driving force Fvib, peak = mparA(2πf)2. When this peak force exceeds the
friction force Ffric between the particle and surface (Fvib, peak > Ffric), the particle
will change from the sticking state to a sliding motion, i.e., the particle will slide
with respect to the surface. The tangential driving force inevitably produces a
torque on the particle changing the angular velocity ω of the particle. Thus, the
particle may either slide or rotate or a combination of both on the oscillating
surface. The friction force of the microparticles can be modelled using a modified
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Coulomb friction law and is given by: [26;66;157;208]

Ffric = µ(Lload + Ladh) (4.3)

is either the rolling or sliding friction coefficient depending on the particle motion,
Lload denotes the loading force, typically the particle’s weight, and Ladh is the
adhesion force between the particle and surface. The latter depends on the effective
contact area between the particle and touching surface, which may also be affected
by the loading force. [60] A larger loading force may increase the effective contact
area, and thus the adhesion force between the touching bodies. In the cases studied
here, the adhesion force of a single particle with the silicon surface (cf. Chapter
2) is at least five orders of magnitudes larger than the weight of a single particle,
hence only the adhesion force dominates the friction force. In general, due to the
low rolling friction coefficients µrot compared to the sliding friction coefficients
µsliding, a rotating motion of the particle on the surface is easily induced. [26;60;61]

To determine the peak acceleration of the oscillating chips, a side-view video
of the moving stage was made using a high-speed camera, allowing to measure
the corresponding amplitude A at a set frequency f of the stage. Since the silicon
chip is firmly fixed between the two alumina blocks, it can be assumed that the
silicon chip has the same oscillation parameters. A dimensionless form of the peak
acceleration Γp is defined as: [202]

Γp = 4π2Af
2

g
(4.4)

where g denotes the acceleration of gravity. Table 4.1 shows the peak driving force
applied on a single 10 µm silica particle (mpar, silica = 9.7 · 10−13 kg) and PS particle
mpar, PS = 5.5 · 10−13 kg during the oscillating movement of the chip.

f [Hz] A [µm] Γp Fvib, peak, silica [nN] Fvib, peak, PS [nN]
250 82 21 0.20 0.10
500 34 34 0.33 0.18

Table 4.1: The measured amplitude A of the stage at a set frequency f to compute
the dimensionless peak acceleration Γp, and the peak vibration force for a single
10 µm silica particle and a PS particle.

As the majority of PS particles are in a non-agglomerated state, the model
described above applies to the individual present PS particles. These single
particles could originate from the Coulomb force, which is repulsive between
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particles having the same polarity. [5] This implies that the PS particles carry an
electric charge of the same sign on their surface. Presumably, due to the PS
particles’ hydrophobic nature, less water vapour condensates to screen the surface
charge on the PS particle. [78]

The active movement of the PS particles across the particle tray or the microma-
chined groove structure observed during the experiment implies that the particles
were at least rolling over the surface, if not sliding. As the PS particles move across
the surface, they collide, eventually forming monolayers that stick on the surface.
This can be explained by a mechanism in which the particles dissipate their kinetic
energy during the collisions. The energy dissipation may originate from the inelas-
tic nature of the collisions, and also from additional frictional contacts between the
colliding particles. When two particles collide, apart from the frictional contact
with the substrate, another frictional contact emerges at their mutual contact point.
This results in suppressing their rolling motion and decreasing their angular veloc-
ity ω, leading to a situation of rotational frustration. [110;111;171;172] Consequently, in
densely occupied regions, particles are less mobile with respect to their neighbours.
If in this case the sliding friction with the substrate is sufficiently strong, these
layers of PS particles will remain in their position on the substrate.

Owing to the contact electrification mechanism, charge transfer may be induced
due to the PS particle collisions and their movement on the oscillating chip. [78]

Colliding particles attaining opposite charges will attract each other, which could
be another plausible explanation for the formation of densely occupied particle
regions.

A single silica particle may have multiple frictional contacts in the agglom-
erated state, resulting in a rotational frustration state. For the particle layer on
the bottom of the surface, this includes frictional contact with the substrate and
other particles (cf. Fig. 4.9). Owing to their strongly agglomerated state, it can be
intuitively argued that the silica particle clusters will not rotate on the substrate in
contrast to the individual PS particles. In the silica particles’ case, two opposing
observations were made in distinct cases: bands comprising of smaller particle
clusters were observed on the particle trays, whereas monolayers of particles were
formed on the silicon chips carrying the groove structures. In the former cases, the
agglomerated particles were sliding, albeit slowly, on the tray, while in the latter
clusters moved faster, leaving traces of particles on the chip carrying the groove
structures. These results suggest that the friction force between the substrate and
agglomerate affects the agitated silica particles’ dynamics, as it is well-known that
etched structures exhibit a larger surface roughness compared to a polished silicon
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chip.
Figure 4.9 depicts an agglomerate comprising of silica particles with the first

layer of particles in contact with the oscillating substrate. To understand the
distinct observations, it is required to study the friction force between the first
layer of particles and the oscillating silicon chip using Eq. 4.3. Previous studies
report respectively a sliding friction coefficient µsliding = ±0.3, [56;60;61] and rolling
friction coefficient µrot = ±0.0008 [60] for silica particles on polished silicon surfaces.
Substituting these values into Eq. 4.3 for an adhesion force Ladh ∼ µN proves that
for a silica particle the sliding friction force (Ffric, sliding is three orders of magnitude
larger than the vibration force (cf. Table 4.1). Consequently, a single silica particle
will not slide or may even not rotate on the silicon surface. Taking these strong
friction forces between the silica particles and silicon surfaces into account, we
postulate that the first layer of silica particles sticks on the oscillating chip carrying
grooves, while the remaining part of the agglomerate slides over the first layer.
Presumably, the friction force between the second and first layer is lower, leading
to a difference in friction force across this first layer of particles. Similar to the
rubbing motion using a PDMS sheet, the difference in friction force resembles
the application of a shear force necessary to break the clusters. The hypothesis
that the monolayer of particles is not sliding with respect to the silicon surface is
supported by the presence of a monolayer on the silicon surface next to the empty
groove structures (cf. Figs. 4.8a&d).

Figure 4.9: Schematic representation of the 10 µm agglomerated silica particles on
an oscillating silicon chip. i is the layer in contact with the substrate, and ii the
second layer of the particle clusters.

Owing to the etched particle tray’s surface roughness, it can be assumed that
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the effective contact area between the silica particles and tray is smaller, hence
reducing the adhesion force significantly. [60;61] As a consequence the friction force
is weaker, leading to the agglomerates sliding, albeit slowly, on the surface. Since
the movement of the first layer is slower in this case, the difference in friction
force across the first layer is lower, i.e., the shear force is insufficient to break the
agglomerates. Therefore, the agglomerates move as a whole on the particle tray.
However, it appears that smaller clusters of particles slide or roll-off from the
massive agglomerates. Presumably, this happens on positions where particles
have a limited number of frictional contacts. Heim et al. [77] reported a rolling
friction force of Ffric, rot = 0.85 nN between silica particles, which has the same
order of magnitude as the applied vibration force, supporting the observation
that smaller clusters may rotate if they have a single frictional contact. On the
other hand, a monolayer of particles was observed inside an etched cavity (cf. Fig.
4.8c) on the silicon chip carrying groove structures. This result can be attributed
to the lower surface roughness of the cavity compared to the particle tray. As a
consequence, the adhesion and inherently the sliding friction force between the
cavity and first layer of silica particles are larger, such that a shear force is applied
across the first layer.

Frictional contact is imperative to transfer momentum from the oscillating tray
to the particles. The vibration force is sufficient to rotate the non-agglomerated
PS particles on the surface, while due to the rotational frustration state of the
agglomerated silica particles, they are unable to rotate on the surface. However, if
the friction force between the silica particles and underlying surface is sufficiently
strong, particles from the agglomerate stick on the surface.

4.4 Electric Field Setup

4.4.1 Electrostatic Cloud

It is well-known that single particles can be levitated from a dense particle layer
when subjected to a strong electric field E. [29;144;196] To explore the potential use of
this effect, silica particles were scooped on a silicon wafer, acting as the electrically
grounded lower electrode of the experimental setup shown in Fig. 4.10. Imme-
diately after the application of a positive voltage V to the top electrode, a strong
electric field E > 1 MV m−1 is generated between the two electrodes. This moves
the negatively charged, albeit weakly attached, particles first to the top electrode
and then back down as a so-called “particle cloud” in which silica particles are
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levitated and suspended between the two electrodes (cf. Chapter 5 for a more
detailed description of this phenomenon). Switching on the vacuum-pump con-
nected to the VDA setup generates a pressure difference ∆P across the perforated
membrane (cf. Fig. 4.10). Consequently, silica particles from the particle cloud
between the electrodes can be aspired through a small capillary and fed to the
VDA setup.

Figure 4.10: Silica particles are deposited on silicon wafer which is the grounded
electrode and at the top electrode a positive voltage is applied to generate a strong
electric field E. The suspended particles from the cloud are supplied through
the capillary towards the assembly membrane (2) connected to a vacuum-pump.
At some instances a sieve membrane (1) is positioned between the capillary and
assembly membrane.

For this purpose, the vacuum pump of the setup was switched on for 10
seconds. Two different pressure differences, ∆P = 0.1 bar (Fig. 4.11a) and
∆P = 0.5 bar (Figure 4.11b), were considered. While in Fig. 4.11a particles on the
membrane are scarce, a monolayer with clusters is assembled on the membrane in
Fig. 4.11b. This result implies that a sufficiently large pressure difference ∆P is
necessary to draw particles away from the cloud and feed them to the membrane.
A larger pressure difference ∆P induces a stronger flow carrying particles inside
the capillary from the cloud to the membrane. As can be inferred from Fig. 4.11b,
a monolayer of silica particles is assembled on the micromachined array on the
membrane. However, the colossal clusters formed on the assembled monolayer on
the membrane are a real drawback of this process. Presumably, these clusters are
resulting from an abundant supply of single particles or even small agglomerates
to the membrane.

To rule out that small agglomerates would reach the receiving membrane, a
micromachined sieve was incorporated (shown in Fig. 4.10) between the capil-
lary and the membrane to eradicate the supply of smaller agglomerates to the
membrane, allowing only single particles to pass through. Thus, the sieve acts
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Figure 4.11: SEM images of the 10 µ silica particle assembly on a membrane with
pressure difference (a) ∆P = 0.1 bar and (b-d) ∆P = 0.5 bar across the membrane.
The operating time of the vacuum-pump was (a-c) t = 10 s and (d) t = 5 s. In (c-d),
a micromachined sieve was incorporated between the membrane and capillary.
Blue-coloured circles indicate the imprecisely positioned silica particles.

like a filter, blocking small clusters originating from the “particle cloud”. At a
pressure difference of ∆P = 0.5 bar across the membrane, the vacuum-pump has
been operated for t = 10 s (Fig. 4.11c) and t = 5 seconds (Fig. 4.11d), respectively.
From both figures, it can be concluded that still particle clusters are formed on the
assembled monolayer, despite the presence of the micromachined sieve. However,
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the shorter operating time of the vacuum-pump reduces the number and size of
these clusters tremendously. Since the clusters can no longer originate from the
particle cloud supply, the observations on Figs. 4.11c-d imply that the clusters
must be formed due to an excess of particles reaching the same orifice of the
membrane pore at the same time. Seemingly, a longer operating time enhances
this competing mechanism. Therefore, in terms of the quality of the assembled
monolayer, both the operating time of the vacuum-pump as well as the pressure
difference ∆P across the membrane are significant.

Another observation that can be made from Fig. 4.11 is the fact that a few
particles are not precisely captured on the orifice of the membrane pores, but are
instead trapped between adjacent pores. This locally results in a persistent flow
from the underlying partially open pores, thus continuing to attract ever more
particles, eventually leading to the formation of clusters on the particle monolayer.
Therefore, as discussed in Chapter 3.3, the standard membranes were substituted
by profiled membranes to circumvent this issue.

4.4.2 Removal of Particle Clusters

The concept of levitating particles using an external electric field can potentially
also be exploited to remove the clusters on top of the assembled particle monolayer
on the membrane. To investigate this, a membrane already covered with a layer of
particles and clusters (Fig. 4.12a) was placed between the two electrodes of the
electric field setup (cf. Fig. 4.10.1).

During the application of the electrical field, the vacuum-pump remains
switched on such that the assembled particle monolayer maximally adheres to the
membrane which is firmly attached to a vacuum-chuck. As can be noted from Fig.
4.12b, applying a positive applied voltage to the top electrode results in removal
of most of the excess particles on the assembled monolayer, while simultaneously
a minority of vacancies appears in the organized monolayer on the membrane.
Nevertheless, the attained result shows the use of a strong electric field to remove
the undesirable clusters on top of the assembled monolayer is promising.

These experiments could be repeated on a profiled membrane on which the
assembled particles will experience an enhanced suction force of ≈ 4.5 µN. Given
that the applied electric field strengths are of the order of MVm−1, a particle would
need a charge of a few nC to be removed by the electric field. However, under
these applied field conditions particles typically attain a charge of fC (cf. Chapter
5), thus the excess particles would be removed, while the assembled particles
would remain in their position.
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Figure 4.12: SEM images (b) after applying an electric field E to remove (a) the
large clusters on top of the organized particles on the membrane.

4.5 Monolayer Assembly Using the VDA Setup

In our quest to assemble a monolayer of silica particles on a perforated membrane
using the VDA setup, some of the methods described in the preceding sections
were investigated on their suitability to accomplish this goal. To this end, the
concept of the electric field particle levitation and rubbing, resp. introduced in
Section 4.2 and 4.4 were applied to attain a monolayer assembly of particles on the
fabricated profiled membranes with the funnel structures described in Chapter
3.3. The following experiments were performed in collaboration with Ward Van
Geite (CHIS, Vrije Universiteit Brussel).

The formation of a particle cloud between two electrodes is already discussed
in section 4.4.1 (cf. Chapter 5 for a more detailed study). Here, instead of using a
silicon wafer as the lower electrode, a silicon chip carrying a profiled membrane
on top of the electrically grounded vacuum-chuck is employed as the lower
electrode. The silica particles are deposited close to the through-pores and are
subjected to an electric field ~E = 1.2 MV m−1. Immediately after the electric
field is generated, the vacuum force is applied, attracting the suspended particles
from the formed cloud between the electrodes. Consequently, this leads to the
in-situ capturing of the silica particles on the unoccupied membrane pores. From
Figs. 4.13a&b it can readily be observed that the silica particles assemble on
the though-pores of the membrane, but with a large number of excess particles
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Figure 4.13: SEM images of the 10 µm silica particle assemblies attained on the
profiled membranes under different conditions: (a-b) in-situ capturing of particles
subjected to an electric field ~E = 1.2 MV m−1, (c) after the removal of excess
particles from b using a brush; (d) after sequentially subjecting the particles to an
electric field ~E = 1.2 MV m−1 and removal of the excess particles using a brush for
three instances. In all of these conditions, the vacuum force is maintained, while
removing the excess particles using the brush. Scale bar: red = 100 µm; green
= 200 µm

covering the assembled monolayer. The latter can be explained by the excessive
and uncontrollable supply of particles from the formed particle cloud between the
two electrodes, i.e., the levitated particles are continuously rebounding towards
the membrane after impacting on the upper electrode. A commercial brush was
applied to attempt to remove the excess particles from the assembled monolayer
while applying the vacuum force to precisely hold the assembled particles inside
the bowl of the funnel structure on the membrane. Fig. 4.13c shows that the
brush is suitable to remove a substantial number of the excess particles, with a
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few particles remaining on top of the assembled monolayer. Another defect that is
revealed is the presence of vacant pores (< 0.1%) on the assembled monolayer. To
attempt to fill these empty pores, the sequence consisting of subjecting particles to
an electric field ~E = 1.2 MV m−1followed by removal of the excess particles using
the brush, was repeated three times. However, even after performing these three
sequences, some trough-pores remain empty (cf. Fig. 4.13d).

Another approach, the manual rubbing process, is adopted to assemble 10
µm silica particles on the profiled membrane by scooping the particles on the
silicon chip covering the area of the profiled membrane pores. Subsequently, the
vacuum force is applied through the pores and using a PDMS sheet the particles
are rubbed in a circular motion on the silicon chip. Even in this case, particles,
albeit a scarce number, remain on top of the assembled monolayer (cf. Fig. 4.14a).
Therefore, the brush is used to remove the few excess particles. It is striking to
observe from Fig. 4.14 that the rubbing process yields a particle assembly with
less empty pores (< 0.03%) after just a single sequence in comparison to the case
of the in-situ capturing of particles from the cloud.

Figure 4.14: SEM images of the 10 µm silica particle assemblies attained on the pro-
filed membranes after rubbing the particles on the through-pores of the membrane
using a PDMS sheet. (a-b) are the results of a single sequence, and the vacuum
force is maintained, while removing the excess particles using the brush in (b).
Scale bar: red = 100 µm; green = 200 µm.

Due to the nature of the rubbing motion, particles are manually directed onto
the through-pores during each stroke. In contrast, capturing particles from a
particle cloud relies on the generated flow transporting particles towards the pores.
In the latter case, the flow gradually becomes weaker as the pores get occupied
with particles. Eventually, a reduced number of particles is drawn towards the
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membrane, hence, decreasing the probability of particles specifically reaching an
empty pore. Therefore, even after three sequences, vacant pores are visible on the
monolayer assembly attained using the in-situ capturing of particles suspended
in the particle cloud between the electrodes (cf. Fig. 4.13d). The rubbing process
on the other hand initially requires a substantially larger amount of particles (cf.
Chapter 6) compared to the case of levitating particles subjected to a strong electric
field, which is a waste of resources.

On the whole, these methods serve as alternative approaches for the assembly
of a particle monolayer on the profiled membranes using the VDA setup. However,
considering the flaws of these two distinct methods observed from the preliminary
experiments, it can be proposed to combine both methods in future experiments.
In this approach, the electric field would first be applied to form a particle cloud
such that the suspended particles are captured on the profiled membrane. Then,
while the vacuum force is still being applied, the excess particles on the assembled
monolayer can be removed by the rubbing motion using a PDMS sheet. In addition,
the manual rubbing motion also enhances the probability of filling the empty pores.
To ensure that all excess particles are removed from the surface of the assembled
monolayer, a brush can be applied as a last step of the particle assembly process.
Also, notice that there are no particles trapped between adjacent pores of the
profiled membrane (cf. Figs. 4.13&4.14), justifying the switch from standard
perforated membranes to profiled membranes as postulated in Chapter 3.3.

As the assembled particles on the membrane are readily available for transfer,
e.g., on polymer devices, they may be advantageous to applications involving
soft electronic devices, wearable healthcare devices, strain sensors, lithography
masks. [84;85;109] On the other hand, a significant drawback of assembling particles
using the dry methods is the fact that the particles are supplied in an uncontrollable
way and with a large excess, which can be considered as a waste of resources.
Therefore, in Chapter 7 it is explored how to attain a monolayer assembly via a
dispensed droplet method using the VDA setup.

4.6 Removal of Excess Particles Using Polymer
Brushes

Removing micrometre or sub-micrometre sized contaminants from solid surfaces
is rather challenging, but important in a vast majority of applications including
microelectronics, aerospace, optics, semiconductor technology, and adhesive bond-
ing. [88;205;235] Larger particles (>10 µm) are commonly removed by blowing them
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off a solid surface using a gas jet, while wet cleaning techniques are the preferred
choice for small particles. However, for smaller particles (< 0.3 µm) the residue
of solvents may reduce the efficacy of the wet cleaning method as the adhesion
between the particles and the surface is enhanced. To solve this issue, dry cleaning
methods, such as the removal of particles using laser pulses, or dry CO2 snow jets,
have emerged in the past decades. [163;195;205] Although these dry cleaning methods
do not share most of the flaws of the wet cleaning methods, they have one major
drawback in common: they may damage the substrate during the removal of con-
taminated particles. [163;205] Another approach that might be effective in removing
particles, without damaging the surface, are soft adhesive surfaces. Only a limited
number of studies engage in the removal of micro-and nanoparticles from surfaces
using soft adhesive surfaces/coatings. In principle, the concept is based on the
fact that the soft polymer surface should apply a net force on the particle in order
to obtain a particle-free surface. When pressing soft polymer surfaces, they have
the advantage of increasing the contact area with the particles, attributing to a
more extensive interaction force. [53] Izadi et al. [88] employed PDMS micropillars
to remove silica particles from PMMA surfaces, while Duncan et al. [53] used soft
bottlebrush networks to remove particles from soft textured surfaces.

A high density of long macromolecules anchored with one end to the solid
grafting surface and the other chains stretching away from the surface are clas-
sified as polymer brushes. [158;165] Owing to the fact that their properties can be
tailored with ease, polymer brushes are employed in various applications, e.g., as
antibacterial or antifouling surfaces, cell adhesives, lubricants, oil recovery, col-
loidal stabilization. [42;158;247] The properties of the brushes depend on the polymer
type, the length of the polymer chains, their grafting density, and the interactions
between polymer chains and their environment. [140] In the case of good solvents,
the polymer brushes are stretched and found in a coil conformation, whereas
in poor solvents or dry conditions, the macromolecules form a dense layer at
the grafting surface, called a collapsed globule state. [42;246] In the latter case, the
direct interaction between the brush and the particle is enhanced, consequently
increasing the adhesion between the brush and the particle. [245] In recent stud-
ies, [140;245–247] researchers have demonstrated that polymer brushes are susceptible
to adsorb micro-and nanoparticles dispersed in solvents. However, to date, studies
showing the application of polymer brushes capturing particles under ambient
dry conditions are absent.

Using a liquid or gas flow to remove the excess particles from the surrounding
surface of micromachined grooves (cf. section 4.3.2), may inevitably also drag the
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assembled particles out of these grooves. To that end, in collaboration with Maria
Brió Pérez and Sissi de Beer of the Material Science and Technology of Polymers
(MTP) group it has been investigated whether the application of polymer brushes
is a viable method to remove excess particles from the surfaces successfully. In
particular, as illustrated in Fig. 4.15, the polymer brushes are pressed on the surface
to specifically target the excess particles, while keeping the correctly assembled
particles inside the micromachined grooves. We distinguish between two types
of excess particles: (a) excess particles present on the silicon chip surface next to
the groove structures, and (b) excess particles remaining on top of the assembled
particle array within the groove structures. Since polymer brushes are firmly
attached via an anchoring film to a silicon substrate, they even might reduce
staining effects on the surface.

Figure 4.15: A schematic representation of the application of a polymer brush aimed
at removing the two types (a and b) of excess particles from the chip carrying
the micromachined groove structures. The a indicates the excess particles on top
of the silicon chip, while b depicts the excess particles on top of the assembled
particle array.

In the following experiments, a poly(3-sulfopropyl methacrylate) (PSPMA)
brush anchored on a film of 3-aminopropyltriethoxysilane (APTES) grafted on a
silicon substrate is used. A complete protocol of the synthesis of the hydrophilic
PSPMA brush is described in the work of Brió et al.. [22]. The brush has a gradient
thickness between ±100− 120 nm, with a calculated grafting density of 0.5 chains
nm−2. [22] The brush is pressed against the silicon chip with particles by placing
calibration weights (300 ± 50) gram on the silicon surface of the brush. After
each experiment, the brushes were rinsed with ethanol and water to remove the
adsorbed particles, and dried using nitrogen gas, such that the brush could be
employed for multiple times. Note that some chains will cleave off after usage
and rinsing, thus compromising the thickness of the brush and deteriorating its
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performance. All experiments have been performed under ambient conditions
(T = 21.5◦C; RH = 40− 50 %).

4.6.1 Removing PS particles

Similar to the results obtained in section 4.3.2, it can inferred from Figs. 4.16a1&b1
that we are able to assemble the agitated (f = 250 Hz; A = 82 µm) 10 µm PS
particles inside the micromachined groove structures. However, the grooves and
surrounding silicon surface are abundantly covered with these particles. Fig. 4.16d
demonstrates that after being pressed against the silicon chip, the PSPMA brush is
densely saturated with the adsorbed excess PS particles. As a consequence of this
overload, a significant amount of the excess PS particles still remains on the surface
of the silicon chip (cf. Figs. 4.16 a2&b2). To remove these remaining particles, the
brush is rinsed and pressed for a second time on the silicon chip. From the result
shown in Figs. 4.16 a3&b3, it can be clearly observed that a substantial amount
(> 96 %) of the initially present excess particles have been removed after pressing
the brush twice on the surface of the silicon chip.

However, the observation in Fig. 4.16 highlights another significant result: the
PSPMA brush shows a higher efficacy to remove particles from the silicon surface
(cf. type a in Fig. 4.15) compared to the particles stuck on the assembled array of
particles (cf. type b in Fig. 4.15). Seemingly, the interaction force among the PS
particles is stronger than that between the PS particles and the silicon surface. This
hypothesis is supported by the fact that in some cases both the excess particle and
the underlying particle were removed from the groove structures (cf. red circles in
Fig. 4.16). Altogether, these results imply that the adhesion force between the PS
particle and brush is sufficiently strong, resulting in a pronounced removal of PS
particles from the silicon surface, but suboptimal in removing excess particles on
top of the assembled array of PS particles.
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Figure 4.16: SEM images of (a1&b1) 10 µm PS particles covering and filling an array
of micromachined grooves (diameter = 11.5 µm; pitch = −1 µm) after agitating
(f = 250 Hz; A = 250 µm) them on a silicon chip. A PSPMA brush has been
pressed sequentially ((2-3) to remove the excess PS particles from the surface and
the assembled array of particles. (c) Optical microscopy images of the PS particles
adsorbed on the PSPMA brush. Scale bar in all images is 100 µm.
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4.6.2 Removing Silica Particles

Next, we investigated if the PSPMA brush can also easily pick up silica particles.
From section 4.3.2 it was concluded that only a limited number of silica particles
assemble inside the grooves after performing a shaking experiment. In contrast
to that, section 4.1. shows that the PDMS rubbing method yields a high fraction
of silica particles occupying the circular pockets. Therefore, in this case, PDMS
rubbing was applied to assemble either 5 or 10 µm silica particles particles inside
the micromachined groove structures.

In these experiments, silica particles were scooped on the silicon chips of the
micromachined grooves and rubbed in a circular motion using a PDMS sheet. Fig.
4.17(a1, b1 & c1) shows that the majority of (> 85%) the 5 and 10 µm silica assemble
inside the micromachined grooves, and as anticipated, ample particles remain on
the surface. Similar to the test with the PS particles, the PSPMA brush is pressed
twice on the silicon chip to remove the excess silica particles. It can be observed
from Fig. 4.17d that the PSPMA brush strongly adsorbs the silica particles as it
is saturated with the silica particles, implying a strong interaction between the
brush and the particles. As a consequence, a significant number of particles is
removed from the silicon chip. Also, in this case, a few of the excess particles still
stick on the assembled particles inside the grooves. However, considering that the
chemical nature of the silicon wafer (native oxide) is the same as that of the silica
particle, it is expected that the adhesion force between two silica particles is at
most a factor of two smaller than the force between a silica particle and the silicon
surface (cf. Chapter 2). [26] Based on the latter, particles stuck on the assembled
particles should have been removed by the brush. Supposedly the brush was too
saturated with particles, such that limited space was available on the brush to
remove these particles. Another explanation for this observation might be that
these type b excess particles (cf. Fig. 4.15) are stuck between the narrow parts of
the groove structures, such that the polymer brush can not remove these particles.
At this point, we can only speculate about this observation, and further study is
required.
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Figure 4.17: SEM images of the assembled (a1 & b1) 10 µm and (c1) 5 µm silica
particles within the micromachined groove structures on a silicon chip after per-
forming a PDMS rubbing experiment. A PSPMA brush has been pressed twice
((2)) to remove the excess silica particles from the surface. The dimensions of the
micromachined groove structures are: (a) diameter = 11.5 µm; pitch = 1.5 µm,
(b) diameter = 13 µm; pitch = −1 µm, (c) diameter = 6 µm; pitch = −0.5 µm. (d)
Optical microscopy images of the 10 µm (left panel) and 5 µm (right panel) silica
particles adsorbed on the PSPMA brush. Scale bar: green = 100 µm; red = 50 µm.
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4.6.3 Recommendations

These findings suggest that the application of polymer brushes is a promising
method to remove particles from surfaces under ambient conditions. To some
extent, the employed PSPMA brush is able to adsorb excess 5 µm silica particles
and 10 µm silica or PS particles from the surface of the silicon chip with the
micromachined grooves. A significant fraction of the particles on the silicon
surfaces is removed, whereas removing the excess particles sticking on top of the
assembled array of particles within the micromachined grooves (cf. Fig. 4.15, type
b) is less satisfactory.

The efficacy of the particle removal method using a polymer brush can poten-
tially be enhanced by first characterizing the interaction forces of various polymer
brushes with the silica and PS particles. To this end, it is proposed to perform
colloidal probe measurements (cf. Chapter 2) [23] on different polymer brushes with
varying grafting density and chain length. [42] The effect of the relative humidity
on the polymer brushes could also be tested with the colloidal probe technique.
These measurements will contribute to the understanding and enhancement of
the performance of the polymer brush under ambient conditions. It is known
that, under ambient conditions, the relative humidity results in swelling of the
polymer brushes, [22] which may affect the interaction of the brush with the particle.
Therefore, it is proposed to test the performance of the brush against the removal
of hydrophilic silica particles and the hydrophobic PS particles by tuning the
hydrophilicity of the brush.

The particle assemblies attained with the shaking or rubbing method in con-
junction with the removal of particles using a polymer brush may be beneficial
to a wide range of applications, e.g., photonic crystals, structural colouring, pho-
tovoltaics, antireflection coatings, soft electronic devices. [85;109] In particular, the
silica assemblies in the micromachined grooves can be employed in liquid chro-
matography applications.
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Chapter 5

A Detailed Study of the Interaction Between
Levitated Microspheres and the Target
Electrode in a Strong Electric Field

Abstract

In this chapter, we report on an in-depth study of how 10 µm silica and polystyrene
particles interact with a target electrode after they were levitated by applying a strong
electric field. The results show that, under these conditions, silica particles unexpect-
edly have a higher tendency to adhere on a fluorocarbon coated electrode compared
to a bare, non-coated silicon electrode. Relative adherence ratios Γ up to Γ = 4.7

were observed. Using the colloidal probe technique, atomic force microscopy (AFM)
and Kelvin probe force microscopy (KPFM), the observations can be explained by a
mechanism where particles dissipate their energy through adhesive forces combined
with permanent surface deformations during impact and charge transfer through
the contact electrification phenomenon. All these processes attribute to increasing
the probability that levitated particles attain velocities that are lower than a sticking
velocity. 1

5.1 Introduction

A profound description of the electrostatic interaction and charge transfer between
particles and bodies of finite sizes is critical to model a variety of fundamental
processes in science and engineering. [114;149] For this reason, the electrification of
particles remains significant to date. Relevant scientific and industrial application
of charged particles includes cloud formation in the atmosphere, like-charge attrac-
tion in colloidal systems, ion-mediated interactions and self-organization in nucleic
acids and proteins, charging of interstellar dust grains, planet formation, toner
particles in xerophotographic techniques, dry powder coating, pharmaceuticals,
fluidized beds and pneumatic conveying systems. [20;132;150;189;201;209]

1Published as: Ignaas S. M. Jimidar, Kai Sotthewes, Han Gardeniers, and Gert Desmet, Powder
Technology 2021, 383C, 292-301.
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In laboratory experiments, researchers apply strong electric fields to levitate
particles between electrodes, [170;196;198;209] resembling sand/dust storms and dust
devils or fluidized bed configurations. If the grains inside the formed particle
cloud collide during these natural events, electrical charges accumulate or deplete
on these grains as a consequence of contact electrification. Contact electrification
or tribocharging is a phenomenon, already discovered by the ancient Greek, in
which bodies are electrified upon contact and release. Despite the endeavours
of accomplished scientist to unravel this phenomenon, the scientific community
remains inconclusive on the exact fundamental mechanism lying at the heart of
contact electrification. [114;115;148;149;173] In addition to the occasionally catastrophic
natural phenomena it may cause, contact electrification is also important in science
and technology, as it excites charged particles to adhere to walls in fluidized beds
and pneumatic conveying processes, or stiction of extraterrestrial particles on
spacesuits of astronauts or spaceships. Overall, these adhered particles may inflict
tremendous damage to all these applications. [114]

It is well known that the application of a sufficiently strong electric field in
a parallel plate electrodes setup may levitate particles from the lower electrode
towards the target electrode. The particles inevitably impacting against the target
electrode may rebound and form a particle cloud between the electrodes. [37] A
multitude of studies has reported on the instantaneous electrostatic phenomena
occurring amid the collision of mostly (sub)millimetre-sized particles against
metal target plates, [83;102;145;149;152;153] while only a few studies have focused on
the impact of microparticles on polymer targets. [118;121;143;147;150;151] The amount
of charge transferred during impact depends on the mechanical and electrical
properties of the colliding bodies, [147] while the empirically established triboseries
predicts the direction of charge transfer. [114;251]

In the present study, we made an in-depth study of the mechanism of 10 µm
powder beads impacting, rebounding and sticking on the target electrode when
generating a cloud of microparticles by subjecting them to a strong electric field ~E

between two electrodes. Several parameters are varied, such as the direction of the
electrical field and the top layer material of the target electrode. Surprisingly, the
counterintuitive observation is made that the presence of a CFx-layer (26x63) [96]

on a silicon electrode leads to a stronger adhesion of silica particles than is the
case on a bare silicon electrode, whereas in many areas of technology, surfaces
are coated with fluorocarbon layers to decrease the adhesive forces. [204;231;236] The
results obtained in the present study may hence be advantageous to surface clean-
ing applications in preventing recontamination [40] or the projection of abrasive
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particles on surfaces. [191]

5.2 Experimental Section

5.2.1 Setup

Fig. 5.1 shows a schematic representation of the employed in-house built exper-
imental setup, which consists of two electrodes connected to the terminals of
a high-voltage power supply (UltraVolt 15A12-P4 & 15A12-P4, Advanced En-
ergy, USA). An adjustable air gap (distance d) separates the electrodes with a
potential difference V applied between the two electrodes, such that an electric
field ~E = V

d can be applied that is high enough to levitate the particles from the
lower electrode. In the experiments, a pile of powder (16 ± 3) mg was scooped
on the lower electrode, which was grounded at all times during the experiment.
The upper electrode, further referred to as the target electrode of the setup, was
normally connected to a +V terminal but could also be switched to a -V termi-
nal to reverse the electric field ~E. The experiments were performed at ambient
conditions (T = 21 − 22◦C, RH = 40 - 52%; measured with Digital Professional
Thermo-Hygrometer KLIMA BEE, TFA®, Germany).

Figure 5.1: Schematic representation of the experimental setup comprising a bottom
and target electrode, both connected to a high voltage power supply. The powder
is deposited on the bottom electrode, and an applied electric field levitates particles
to the target electrode.

5.2.2 Materials and Methods

The lower electrode was a 4 in. boron-doped p-type silicon wafer (Si-Mat; Ger-
many). The target electrodes were diced in pieces of 20 × 20 mm from either
the CFx-coated or the uncoated silicon wafers. The coated electrodes were fully
covered or patterned with the CFx-polymer. The details of the fabrication process
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of the CFx-coated wafers is described in our recent work [97]. The native oxide
layer, typically of ca. 3 nm, on uncoated silicon wafers was not removed, as it
is known that such a layer does not affect experiments with fields as applied in
this study. The coated electrodes were uniformly covered or patterned with the
CFx-polymer (thickness = 50 - 75 nm). Prior to each experiment the electrodes were
sonicated for 10 min. in acetone followed by an additional 10 min. of sonication in
IPA, to eliminate any traces of organic contaminants or dust particles from their
surfaces. Experiments were performed using monodisperse hydrophilic silica par-
ticles (9.98± 0.31) µm as well as hydrophobic polystyrene particles (10.14± 0.12)
µm. The indicated standard deviation values are provided by the supplier mi-
croParticles GmbH (Germany). Table 5.1 lists the relevant physical properties of
the materials (i.e., the Young’s modulus Y , the yield stress pyield, the Poisson’s
ratio µ, the density of the particle ρp, the relative permittivity εr, and the electrical
resistivity ρres) used in this study.

Material Y [GPa] pyield [GPa] µ ρp [kg·m−3] εr ρres [Ω·m]
Silicon 700 7 0.28 - 11.7 0.1

CFx 0.44 0.02 0.46 - 2.1 1016

Silica 73 8.4 0.15 1.85·103 3.9 1014

PS 3.25 - 0.34 1.05·103 2.5 5·1014

Table 5.1: Physical properties of the materials used in the experiment.

After switching off the high voltage power supply, the target electrodes were
inspected using a Zeiss MERLIN HR-SEM to take scanning electron microscopy
(SEM) images. To calculate the particle density (mm−2) on the target electrodes,
the SEM images were post-processed using ImageJ (NIH Image) [193] to count the
number of particles N .

Contact angle measurements were performed on the OCA15+ goniometer
(DataPhysics Instruments GmbH, Germany). Microliter water droplets were
created by employing a computer-controlled syringe. A camera was used to
characterize the droplet shape in terms of dimensions and contact angles. [93]

We performed colloidal probe measurements [104] to measure the adhesive force
of a silica colloidal probe (CP-NCH-SiO-D-5, NanoAndMore GmbH, Germany)
on the CFx-layer and on the silicon surface. The Kelvin probe force microscopy
(KPFM) experiments were conducted in a Bruker Icon atomic force microscope
(AFM) at ambient conditions with RH = 50 – 55% (measured with a Digital Pro-
fessional Thermo-Hygrometer KLIMA BEE, TFA®, Germany). A heavily doped
n-doped Si-cantilever (resistivity= 0.01− 0.02Ωcm) ) with a resonance frequency
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of 75 kHz and a force constant of 2.8 Nm−1 (SSS-FMR, nanosensors) was used. The
FM-KPFM mode was used, using the frequency shift of the cantilever oscillation
to detect the electrostatic force gradient. As the tip was grounded during the
KPFM-measurements, the contact potential difference (VCPD) is determined by:

VCPD =
φs − φtip

| e |
(5.1)

with e the elementary charge and φs and φtip the work function of the sample and
tip, respectively. This equation also shows, that a positive (negative) shift in VCPD

corresponds to a negatively (positively) charged surface. [156]

5.3 Theory

When particles collide with a target electrode, the surfaces of the bodies may
mechanically deform, depending on the nature of the impact and the material
properties. In the case of elastic collisions, the surfaces deform elastically, whereas
if the impact is inelastic the surface of mechanically the most vulnerable material
deforms plastically, i.e. the deformation is permanent.

The threshold velocity vtres characterizing the onset of plastic deformation
is related to the mechanical properties of the involved materials and has been
derived in the work of Thornton and Ning [206] as:

vtres = 1.56

√
k4p5yield

ρp
(5.2)

where pyield denotes the yield stress of the weakest material, and k is the reversed
modified Young’s modulus given by :

k =
1− µ2

p

Yp
+

1− µt
2

Yt
(5.3)

where Y and µ are the elastic moduli and Poission’s ratio of the particle and
target material respectively. If the normal impacting velocity vy of a particle with
diameter Dp exceeds the threshold velocity, i.e., vi > vtres the corresponding area
of permanent surface deformation Sper

[143] can be calculated using:

Sp = 0.41πDp
2

√
ρp

pyield

vy − 0.4

√
k4p5yield

ρp

 (5.4)
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The energy Wsep that is dissipated to separate the surfaces after the impact yields
the particle rebound velocity vreb < vi that can be determined from:

1

2
mp(v2i − v2reb) = Wsep (5.5)

Next to the plastic surface deformation, attractive adhesive forces between
surfaces may also contribute to the energy dissipation during impact. It is well-
known that the adhesive forces between microparticles and plane surfaces are
substantial, [100] such that even in the case of elastic collisions the rebound velocity
can be significantly smaller than the impact velocity. In case the impacting velocity
is so small that the impact force does not transcend the adhesive surface forces,
the particle will stick onto the target electrode (vreb = 0). Following the rationale
discussed in the work of Thornton and Ning [206] the upper limit of the sticking
velocity vstick is equal to:

vstick = 1.37

(
3F 5

pullk
2

16m3
pRp

)1/6

(5.6)

where Fpull is the pull-off force between the particle and the planar surface,mp and
Rp are the mass and the radius of the particle, respectively. Particles with impact
velocity vi 6 vstick will immediately stick onto the target electrode, regardless
whether the collision is elastic or inelastic.

5.4 Results and Discussion

5.4.1 Experiments Performed Using Silica particles with a CFx-
Patterned Target Electrode

The first set of experiments was performed with a pile of powder (18 ± 1) mg
comprising 10 µm silica particles deposited on the lower electrode with the CFx-
patterned silicon target electrodes. The power supply was set to V = +6 kV for a
time of t = 10 s, and the distance between the electrodes was adjusted to d = 5

mm. After applying the electric field, a significant fraction of the particles levitated
and formed a cloud between the two electrodes. After switching off the power
supply, it was observed that the CFx-coated parts of the target electrode were
clearly covered much more intensely with irreversibly adhered silica particles than
the non-coated parts (Fig. 5.2). The particle densities on the respective surfaces
were measured to quantify this observation.
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Figure 5.2: SEM images of the 10 µm silica particles adhered onto the CFx-patterned
target electrode after applying a potential of V = 6 kV and air gap of d = 5 mm ( ~E
= 1.2 MVm−1). All the target electrodes were silicon electrodes patterned with an
array of CFx- (a) circles with diameter 1 mm and spacing 500 µm (Γ = 4.7 ± 0.1),
(b) squares of 500×500 µm with a spacing of 50 µm (Γ = 3.0 ± 0.2), (c) squares of
500×500 µm with a spacing of 100 µm (Γ = 4.0 ± 0.7), and (d) squares of 1×1 mm
with a spacing of 2 mm Γ = 2.8 ± 0.3. Scale bar 100 µm.

The particle density on the surface of the target electrode can be quantified
using the following equation:

σ =
N

A
(5.7)

where N denotes the counted number of particles on a surface with area A. The
ratio Γ between the particle density on the CFx-coated areas σCFx , and the density
on the non-coated silicon area σSi is then defined as:

Γ =
σCFx

σSi
(5.8)

The ratio Γ for the different cases displayed in Fig. 5.2 varies (see caption of
Fig. 5.2 for exact values and their standard deviation), but is in all cases clearly
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significantly larger than Γ = 1, representing the case of an unselective attraction.
One possible explanation for the fact that Γ > 1 could be that the patterned target
electrode induces a spatial distribution of the particles within the particle cloud,
leading to a higher number of particles reaching the CFx-coated vs. the non-coated
areas. This is not expected as the thickness of the CFx-layer is significantly less
than the air gap between the electrodes.

5.4.2 Experiments Performed Using Silica Particles with Uncoated
Silicon Target Electrodes and the Uniformly-Coated (with
CFx) Target Electrodes

Hence, to investigate that the higher particle density measured on the CFx-patterned
areas is not merely an effect of the spatial distribution of particles approaching
the target electrodes, experiments were performed separately on a silicon target
electrode and a silicon target electrode uniformly-coated with the CFx-polymer.
Fig. 5.3 compares target electrodes after an experiment with (a) a uniform silicon
electrode and (b) a uniformly-coated CFx-electrode, both conducted at the same
field strength (E = 1.2 MVm−1 for t = 10 s). Similar to the patterned electrode case,
the surfaces of these uniform target electrodes were also significantly covered with
silica particles. The ratio between the measured particle density on the CFx-coated
and the non-coated silicon target electrode averaged after three experiments is Γ =
2.7 ± 0.8.

Figure 5.3: SEM images of the silica particles adhering onto (a) the silicon tar-
get electrode, and onto (b) the CFx-coated target electrode. Experiments were
performed with an electric field ~E = 1.2 MVm−1. Scale bar 20 µm.

Thus, even in this case, there is a significantly higher tendency for the silica
particles to adhere to the CFx-patterned electrode compared to the uncoated
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silicon wafer electrode. Within the large measurement variability, the Γ-ratio
measured here is of the same order as the values obtained on the patterned
electrodes considered in Fig. 5.2, such that the hypothesis that the observed
particle segregation is caused by a spatial distribution of the particles within the
cloud can be largely rejected (within the confidence limits of the measured data).

Another hypothesis that can be formulated to explain the observations is that
the silica particles have a higher tendency to adhere to the CFx-coated surfaces
compared to the non-coated silicon surfaces. This is counterintuitive, as sur-
faces are commonly coated with fluorocarbon layers to decrease the adhesive
forces. [204;231;236] To investigate this hypothesis, we measured the pull-off force of a
silica colloidal probe from the surface of a silicon sample and a CFx-coated sample.
The results are shown in Table and prove that the pull-off force of the hydrophilic
silica colloidal probe is indeed stronger on the hydrophilic silicon surface than
on the hydrophobic CFx-coated surface, which is in good agreement with pre-
vious studies [100]. The colloidal probe measurements imply that the interaction
forces between the hydrophilic silica particles and hydrophilic silicon surface are
stronger than the forces between the particle and the hydrophobic CFx-coated
surfaces. Following the rationale to reduce particle adhesion, the silica particles
would preferentially stick onto the silicon surfaces, whereas in the present study
consistently the opposite is observed. We believe the clue to this observation
can be found in our recent study, [97] where we have shown that rubbing-induced
tribocharging leads to a preferential adherence of silica particles to CFx-coated
surfaces (cf. Chapter 6). As stated before, contact electrification could occur during
the collisions between the particles and the target electrode, hence the impact of
the particles on the target electrodes was studied in more detail.

Target Plate Fpull [µN] contact angle [◦] vtres [ms−1] vstick [ms−1]
Silicon 7.9 ± 1.4 36 ± 1 49 0.12

CFx 3.5 ± 0.3 107 ± 1 0.23 0.28

Table 5.2: Computed and measured properties of the silica particle on the silicon
target electrode and on the CFx-coated target electrode.

5.4.3 Silica particle Impacting on Different Target Electrodes

To characterize the nature of the particle impact on the target electrode both the
elastic velocity vtres and the sticking velocity vstick between the silica particle and
the silicon target electrode or the CFx-coated target electrode were estimated
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respectively by substituting the values presented in Table 5.2 in Eq. 6.1 and Eq.
5.6. The outcome is presented in Table 5.2. Presumably, the silica particles found
on the surface of the electrodes are those that attained impacting velocities lower
than the sticking velocities. The sticking velocity vstick on the CFx-coated target
electrode is higher than on the silicon electrode due to the lower Young modulus
Y of the CFx-polymer. Owing to the lower computed sticking velocity vstick of the
silica particles on the silicon electrode compared to the CFx-coated target electrode
(cf. Table 2), there is a higher probability of impacting silica particles adhering
onto the CFx-coated electrode. Additionally, the computed velocities suggest that
the impact between the silica particle and the CFx-coated target electrode may be
inelastic, but that the impact with the silicon electrode is definitely elastic.

To confirm that the assumptions hold, it was attempted to record the exper-
iment with a high-speed camera setup. However, due to poor resolution it was
difficult to measure the impact velocity of the particles. Therefore, another strategy
was followed to estimate the impact velocity. The adhered silica particles have
been blown off the target’s surface to inspect the surfaces of both the silicon and
the CFx-coated target electrodes with the atomic force microscope (AFM). The
surfaces of the target electrodes were scanned with the AFM before and after
performing the experiment with silica particles that were subjected to an electric
field E = 1.2 MVm−1 for t = 10 s. It was observed from the topography scans that
the impact inflicted clearly distinguishable craters on the CFx surface, whereas
in the case of the silicon electrode, no surface deformations were visible. Fig.
5.4a clearly shows one of the observed craters on the topography scans of the
CFx-coated electrode with its corresponding depth-profile plotted in Fig. 5.4c.
Therefore, it can be concluded that the impact between the silica particle and the
CFx-coated target electrode is indeed inelastic. It can be noticed from Fig. 5.4c
that the depth-profile of the crater slightly deviates from the ideal case in which
the maximum deformation should occur in the crater’s centre. It is plausible that
the impacting particle was not perfectly spherical or that it reached the surface
with a small incident angle with respect to the normal. A third reason is a fact that
the particle has been rotating either during its impact with the surface or during
subsequent manipulations of the sample. The schematic cross-section of a crater is
displayed in the inset of Fig. 5.4d with contact diameter a and depth h. For each
crater, the surface area Ac is computed and using Eq. 5.4, we have calculated the
impact velocities vi of the particles. The values of the measured surface area are
within a range of 0.13 - 0.5 µm2. According to Eq. 5.4, these values respectively
correspond to impact velocities between vi = 0.25−0.52 ms−1. These values imply
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that the impacting velocities of the particles on the target electrode are higher or
lower than the sticking velocity vstick (= 0.28 ms−1) of the silica particle on the
CFx-coated surface. It should be noted that in the case of the 5 µm impacting
silica particles, no apparent surface deformation was measured on the CFx-coated
surface using the AFM. However, similar to the results of the 10 µm silica particles,
a higher particle density of 5 µm silica particles was measured on the CFx-coated
surface.

Figure 5.4: (a) Topographic image (1.5 x 1.5 µm, scale bar 400 nm) and (b) the
simultaneously obtained potential map of an impact crater created by an impacting
silica particle. (c) The height (left, black) and contact potential (right, red) profile
measured along the dashed line in (a) and (b). (d) The contact potential difference
as a function of the paraboloid area (Ac). The inset depicts the diameter a and
depth h of the crater.

To inspect if any charge is transferred between the particle and the target
electrode, KPFM measurements have been conducted on the CFx-coated target
electrode and the silicon electrode to measure the contact potential difference
VCPD. No change in the VCPD value was measured on the surface of the silicon
target electrode. However, from Figs. 5.4b-c it is noticed that the VCPD value
on the CFx layer increased at the impact area with the particle. An increase of
the VCPD value indicates that charge is transferred from the silica particle to the
CFx-coated target electrode during impact. Therefore, the CFx-coated electrode
locally charges negatively, while no charge is transferred to the non-coated silicon
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parts of the target electrode, which is in agreement with our previous study. [97]

It could be argued that based on the electrical time constant τ = ρV × ε0εr these
results are expected, where ε0 denotes the vacuum permittivity. The silicon wafer
has a much lower electrical time constant than the CFx layer (compare τsilicon = 10

ps vs. τCFx = 2 days). Consequently, in contrast to the CFx layer, the silicon wafer
would have been completely discharged, such that no difference in VCPD-value
can be measured. However, in our previous study, [97] it is concluded that even for
silicon wafers with thicker oxide layers, no change in VCPD-values on the wafers or
the silica particles could be measured, despite the higher electrical time constant
of silica τsilica = 1 hour. Therefore, it is assumed that as the silicon wafer has a
native oxide layer, limited charge is transferred between the silica particles and
the silicon wafer during impact. On the other hand, owing to their position on the
triboseries, a significant amount of charge is transferred from the silica particle
to the CFx-coated surface. Fig. 5.4d shows that the VCPD values increase with the
surface area of the craters on the CFx-coated target, signifying that charge transfer
is intensified during impact with higher velocities. [147]

5.4.4 Theoretical Model

With the observations made in the previous sections, we can now propose the
following theoretical model. Fig. 5.5 illustrates how the applied potential differ-
ence +V over the two electrodes generates an electric field ~E that induce a large
electrical charge on the top layer of a pile of silica particles occupying the lower
electrode. [6;170;196] Consequently, depending on the permittivity and resistivity of
the particles [230] a high number of particles at the top layer of the pile attain a net
negative charge and are levitated (e.g. particle #1), after which they impact on the
target electrode. Particles having a velocity that is lower than the sticking velocity
will immediately stick onto the target electrode, while particles with an excess
velocity will rebound from it. These particles (particle #1, 2, and 4) will return to
the bottom electrode where they can be (partly) recharged after which they can
be levitated again, thus leading to the formation of a particle cloud comprising
levitated and rebounding particles between the electrodes.

The trajectory of the levitated particles is predominantly affected by the elec-
trostatic force, drag force and the gravitational force. For simplicity, the equation
of motion of a single particle in the y-direction is considered:

mp
dvy

dt
= qE − 3πηDpvy −mpg (5.9)
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where q is the electrical charge on the particle, η is the dynamic viscosity of air, Dp

is the diameter of the particle and vy = vi cos θ is the instantaneous velocity of the
particle.

Figure 5.5: Schematic representation of silica particles levitated from the pile of
powder impacting on the CFx-patterned (in black) silicon (in grey) target electrode
where they either stick to or rebound of the target electrode.

With the computed impacting velocities vi, the acquired charge on the silica
particle before impact was estimated by solving Eq. 5.9. The estimated values
attained by the silica particles are within a range of 0.2− 0.8 fC, which are well
below the saturation charge qs = 3.6 fC silica particles may acquire when placed
in an electric field E = 1.2 MVm−1. [230] Under these conditions, the electrostatic
force on the particle and the image force [101] between the particle and the target
electrodes are∼10−9 N (at least 103× smaller than the measured pull-off force Fpull

in Table 2). Moreover, reversing the electric field to E = -1.2 MVm−1, subsequently,
after the experiment, did not result in the removal of the adhered negatively
charged silica particles from the target electrodes. Hence, it can be interpreted that
the adhesive forces between the particles and the electrodes are truly dominant in
comparison to the electrostatic and gravitational forces.

The observation that silica particles adhered to the target electrodes (particle
#3-4 in Fig. 5.5) can be explained by a mechanism, where due to the substantial
adhesive forces, energy is progressively dissipated during subsequent collisions.
As a consequence, the velocity of the rebounding particles gradually decreases
until some eventually reach an impact velocity vi 6 vstick, upon which they are
irreversibly arrested at the top electrode. The mechanism resembles a bouncing
tennis ball that finally comes to rest on a gravel tennis court. On the silicon
electrode energy is dissipated, albeit the elastic nature of the collision (particle
#4), by means of the adhesive forces until the impact velocity vi 6 vstick ≈ 0.12

ms−1 which causes particles to stick onto the silicon electrode (particle #5).
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The higher silica particle density observed on the CFx-coated electrode can
hence be understood from the fact that the probability of having an impact velocity
vi 6 vstick is higher on the CFx-coated electrode than on the silicon electrode. Next
to the adhesive forces, particles are also slowed down and brought in the range vi 6

vstick ≈ 0.28 ms−1 by the fact that during the inelastic collision between the silica
particle and the CFx-electrode, the CFx-surface is locally permanently deformed
(particle #1-2 in Fig. 5.5) and their kinetic energy is dissipated. Furthermore,
because of the contact charge transfer mechanism (particle #1-3) occurring during
the impact with the CFx-coated electrode, the silica particles rebounding from the
CFx-coated target can be expected to lose part of their negative charge (particle #1
in Fig. 5.5), while a few of the silica particles may even carry a net positive charge
after impact (particle #2). Consequently, particles attaining a lower negative
charge during the impact will reach lower consecutive impact velocities, while the
positively charged particles will move in the direction of the electric field towards
the other electrode. As a consequence of the former, the probability of particles
having impacting velocities lower than the sticking velocities increases. As can
be inferred from Fig. 5.4d, the charge transfer between the silica particles and the
CFx surfaces increases with the area of surface deformation (compare particle #1,
3 with #2 in Fig. 5.5).

5.4.5 Silica Particles Levitated at Varied Electric Field Strengths

To test the validity of the proposed model, experiments were performed with silica
particles and two different target electrodes subjected to other electric fields ~E for
a time of t = 10 s. Fig. 5.6a gives an overview of the measured particle density
on the non-coated silicon target electrode (open symbols) and the CFx-coated
target electrode (closed symbols) for varying electric field strengths E. The latter
were achieved by changing the applied voltage V for a specific air gap distance d
( ~E = V

d ). The breakdown voltage and the specification of the high-voltage power
supply limit the applied voltage V for a specific gap distance d.

In agreement with the previous data, the obtained results show that, in all
considered cases, the number of silica particles adhered onto the CFx-coated
electrode is substantially higher compared to the non-coated silicon electrode. In
addition, these results confirm our proposed mechanism as the particle density on
the electrodes decreases when the electric field strengths are intensified, resulting
in a considerable amount of silica particles attaining velocities that exceed the
sticking criterion vi > vstick. Consequently, a significant number of particles
rebound from the target electrodes. The data presented in Fig. 5.6b supports
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Figure 5.6: (a) Measured density σ of silica particles on the target electrodes as a
function of the different electric field strengths E. Experiments were performed
for three different electrode gaps d. Error bars correspond to n = 3 measurements.
(b) Particle density of the adhered silica particles as a function of the time interval
t. Open symbols correspond to the silicon target electrode, and closed symbols
correspond to the uniformly CFx-coated target electrode.

the latter, as the particle density on the target electrodes is consistently higher
for E = 1.2 MVm−1 compared to E = 2.5 MVm−1. For the inelastic collision
between the silica particle and CFx-coated electrode, this result is not so trivial,
as higher impacting velocities lead to larger surface deformations, more energy
dissipation during impact, and lower rebound velocities. [206] However, these
results suggest that these larger surface deformations do not outweigh the effect of
higher initial impacting velocities of the silica particles attained at stronger electric
field strengths. Hence, the probability of having velocities lower than the sticking



556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar
Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021 PDF page: 114PDF page: 114PDF page: 114PDF page: 114

92
5. A Detailed Study of the Interaction Between Levitated Microspheres and the Target

Electrode in a Strong Electric Field

velocity decreases.

We also reversed the direction of the electric field ~E, by applying a voltage V =
-5 kV to a system with a gap d = 5 mm (E = -1 MVm−1). It was remarkable to see
that, even under these conditions, silica particles were levitated after t = 4− 5 s
from the pile. This implies that the particles acquired a net positive charge. When
the electric field is reversed, the polarization vector is also reversed aligning in
the same direction as the electric field. Consequently, owing to their dielectric
properties, a net positive charge may be induced on the top layer of the pile, while
the particles in the lower part of the pile are screened from this effect. [170;196] It
should be noted that the number of silica particles levitated in this reversed field
is much smaller because the silica particles carry an intrinsic net negative charge,
and only those at the top layer of the pile can gradually attain a net positive charge,
due to their resistivity. This also explains why in this case particles were not
immediately levitated and why no stable particle cloud was formed between the
two electrodes. Furthermore, it can be observed from the data in Fig. 5.6a that the
density of particles on the target electrode is significantly lower when the electric
field is reversed (E = −1 MVm−1) compared to the case when the same electric
field strength is applied in the positive y-direction (E = 1 MVm−1). This can be
readily assessed by comparing the closed data point at E = −1 MVm−1 with the
closed data points for positive E = 1 MVm−1, and repeating this for the open data
points.

It was determined from experiments that the duration of the stable particle
cloud that is obtained when applying strong electric fields ~E in the direction of the
+~y is limited by two factors. Firstly, particles with an impacting velocity lower than
the sticking velocity will not rebound from the target electrode, and are hence no
longer available to form a stable particle cloud. Secondly, weak convective flows
in the systems were perceived as another source for the depletion of particles to
maintain the particle cloud. This was evidenced by the fact that particles were
also found outside the boundaries of the projected area of the target electrode on
the lower electrode. Experiments performed with (20.3 ± 0.2) mg silica particles
showed that a stable particle cloud existed for t = 12 s and t = 16 s for E = 1.2

MVm−1 (d = 5 mm) and E = 2.5 MVm−1 (d = 2 mm), respectively.

To study the temporal evolution of the particle density on the target electrodes,
experiments were performed at respectively E = 1.2 MVm−1 and E = 2.5 MVm−1

during different time intervals t. It is expected that, as time progresses, the applied
electric field will slightly induce more charge on the particles occupying the lower
electrode, in turn leading to higher impacting velocities of the particles with the
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target electrodes. The measured density of the particles adhered on the silicon
electrode (open symbols) and the uniformly CFx-coated electrode (closed) symbols
are presented as a function of the time interval t in Fig. 5.6b. This figure shows
that the particle density on the CFx-coated electrode gradually increases, whereas
the density on the bare silicon electrode is approximately constant after t = 2
s. The former is in agreement with the proposed model, as the silica particles
dissipate a significant amount of their kinetic energy during each collision with the
CFx-coated electrode such that gradually more and more particles reach a velocity
that is lower than the sticking velocity. Hence, the time-dependency of the upper
two curves in Fig. 5.6. This gradual energy dissipation does not occur, at least
not to a significant extent on the silicon electrode, as in this case the collisions are
of a more elastic nature. According to the proposed model, particles rebounding
from the silicon electrode can gain extra velocity as these particles have a longer
time-of-flight compared to the ones rebounding from the CFx-surfaces, causing
the applied electric field ~E to induce more charge on the particles. Consequently,
as the velocity of the particles increases, the probability of particles having an
impacting velocity that is smaller than the sticking velocity decreases with time,
explaining why in this case the particle density on the silicon electrode remains
constant after t = 2 s.

5.4.6 Experiments Performed Using Polystyrene Particles with
the Silicon Target Electrodes and the Fully CFx-Coated Tar-
get Electrodes

To study the effect of the nature of the particles on the impact with the target
electrodes, experiments were also performed with polystyrene (PS) particles. Pre-
liminary observations revealed that, compared to the silica particles, stronger
electric fields are needed to levitate particles from the pile of powder contain-
ing polystyrene particles. Moreover, when the electric field was applied, the
polystyrene particles were only levitated after t = 4− 5 s, whereas silica particles
are almost instantaneously levitated. We postulate that due to the lower permit-
tivity of polystyrene (εr, ps < εr, silica), in conjunction with the higher resistivity
(ρres, PS > ρres, silica), equally applied electric fields ~E induce less charge on the
polystyrene than on the silica particles for equivalent time-intervals ∆t, [230] with
τPS ≈ 3τsilica.

Fig. 5.7 shows an example of the results of the polystyrene particles sticking
on the silicon and the CFx-coated target electrode after applying an electric field
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E = 2.5 MVm−1 or E = −2.5 MVm−1. Within the investigated domain of the
electric field strengths E, the density σPS of the irreversibly adhered PS particles
was, on both electrode surfaces, significantly smaller than the density σsilica of the
silica particles (σPS ∼= σsilica

1.5 on the silicon target electrode and σPS ∼= σsilica
4 on the

CFx-electrode). Considering the ratio between the PS particle densities on the
two different surfaces, this was found to lie around unity (Γ = 1.2± 0.3) for each
electric field strength between E = 1.5 − 3 MVm−1. These observations can be
explained by the fact that, in contrast to the silica particles, only a small fraction
of PS particles is levitated. Furthermore, as a consequence of the small induced
charge on the PS particles, their corresponding impacting velocity is lower than the
lowest sticking velocity vstick on either the silicon or CFx-coated target electrode,
such that the rate of adhesion is only determined by the rate of particle levitation
which is similar in both cases.

Figure 5.7: SEM images of the polystyrene particles adhering on (a-c) the silicon
target electrode, and on (b-d) the CFx-coated target electrode. Experiments were
performed with an electric field (a-b) ~E = 2.5 MVm−1 and the reversed field (a-b)
~E = −2.5 MVm−1. Scale bar 20 µm.

The observed absence of a formed particle cloud between the two electrodes
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supports this argument, as no particles are rebounding from the surface of the
target electrodes. Furthermore, it can also be observed from Fig. 5.7 that more
clusters of PS particles are visible on the target electrodes compared to the silica
particle case (cf. Figs. 5.2 & 5.3). Presumably, the charge is insufficient for single
PS particles to be levitated, due to their lower resistivity. Consequently, mostly
larger particle agglomerates that are levitated from the pile in the PS particle
case. [196] However, it can not be excluded that a stronger adhesion force exists
between the PS particles compared to the silica particles. [77;165] The former could,
in conjunction with the higher electrical time constant of the PS particles, explain
the stronger electric fields and longer times required for levitating the PS particles.
The particles are only levitated when the electrostatic force is higher than the
adhesion force (the weight can be neglected with respect to the adhesion force).
However, a stronger cohesion is expected between the silica particles than the PS
particles (cf. Fig. 4.1 in Chapter 4).

After scanning the CFx-coated and the bare silicon target electrode with the
AFM, apparent surface deformations were absent. However, since polystyrene
is the most vulnerable material, surface deformations could be present on the
particles themselves. [145]

5.5 Conclusions

Studying the interaction of microparticles levitated by subjecting them to a high
electric field strength ~E running between two electrode plates, it was found that
not all particles rebounded from the target electrode and that silica particles have
a much higher probability to adhere irreversibly to a CFx-coated target electrode
than to a bare silicon target electrode, with ratios 2.7 6 Γ 6 4.7 . On the other
hand, the measured particle densities on the two different electrode surfaces were
similar (Γ ∼= 1.2) when using PS particles. The PS particle density was at least
1.5× lower on the silicon electrode, and even > 4× lower on the CFx-electrode
compared to the measured silica particle density. Presumably, the PS particles gain
less charge owing to their low permittivity and resistivity, which results in lower
velocities causing particles to instantly stick regardless of the target electrode.

To study the impact process in more detail, AFM and KPFM measurements
were performed. These revealed that, in the case of the silica particles, permanent
surface deformations (ineleastic collisions) were present on the CFx-electrode and
that during impact charge had been transferred from the silica particle to the
CFx-coated target electrode. On the silicon targets, no surface deformation (elastic
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collision) or charge transfer was measured. Furthermore, due to the adhesive
forces between the particles and the electrodes, in conjunction with the inelastic
nature of the impact and possible charge transfer mechanism, particles dissipate
their kinetic energy upon impact, resulting in more particles obtaining a velocity
that is lower than the sticking velocity. Hence, more particles stick onto the
CFx surface than on the bare silicon surface. The impact of the PS particles on
the two different electrodes did not result in any surface deformation observed
on the target electrodes. Since PS is the most deformable material, any surface
deformations would be present on the particle itself.

It was also found using the data of the measured surface area deformations
present on the CFx-electrode, that due to the insufficient charge on the impacting
particle, the electrostatic force between the particles and the target electrodes was
at least three orders of magnitude smaller than the other adhesive forces. Thus, the
electrostatic force can be discarded as a contributor to the adhesion of particles on
the surface. When the particles are subjected to higher electric field strengths, more
charge is induced on their surface, such that they reach higher impacting velocities.
Consequently, it was observed that the density of particles on the target electrodes
decreased, implying that a greater number of particles rebounded from the surface.
In addition, the particle density on the CFx-coated target gradually increased in
time, whereas on the bare silicon target the particle density remained constant.
The results presented in this work may benefit applications based on surface
patterning of particles or surface cleaning applications. In particular, the CFx

surfaces promotes the adhesion of the silica particles, which is unexpected given
coating surfaces with fluorocarbon polymers is a common practice to prevent
particle adhesion.
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Chapter 6

Spatial Segregation of Micro-Spheres by
Rubbing-Induced Tribo-electrification on
Patterned Surfaces

Abstract

Particle (monolayer) assembly is essential to various scientific and industrial applica-
tions, such as the fabrication of photonic crystals, optical sensors, and surface coatings.
Several methods, including rubbing, have been developed for this purpose. In this
chapter, we report on the serendipitous observation that microparticles preferentially
partition onto the fluorocarbon-coated parts of patterned silicon and borosilicate glass
wafers when rubbed with polydimethylsiloxane slabs. To explore the extent of this
effect, we varied the geometry of the pattern, the substrate material, the ambient
humidity and the material and size of the particles. Partitioning coefficients amounted
up to a factor 12 on silicon wafers, and even ran in the 100’s on borosilicate glass
wafers at zero humidity. Using Kelvin probe force microscopy, the observations can be
explained by tribo-electrification, inducing a strong electrostatic attraction between
the particles and the fluorocarbon zones, while the interaction with the non-coated
zones is insignificant or even weakly repulsive. 1

6.1 Introduction

The quest for modern miniaturized devices has driven both science and industry
to study the (self-)assembly of particles into 2D and 3D colloidal crystals, with
applications in various fields, e.g. optics, photonics, soft electronic and sensing
devices, surface coatings. [85;215] 2D spherical particle assemblies have, for example,
been successfully employed as a mask in colloidal lithography for the fabrica-
tion of micro- or nanostructures. [125;255] A multifold of studies have focused on
achieving self-assembled monolayers of particles dispersed in a liquid medium
(wet assembly), whereas very little has been reported on assembly under lab

1Published as: Ignaas S. M. Jimidar, Kai Sotthewes, Han Gardeniers, and Gert Desmet, Langmuir
2020, 36,24, 6793-6800.
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or dry conditions (dry assembly). Compared to the former, which relies on the
evaporation rate of solvents, dry assembly is usually quick and highly effective to
obtain monolayers. [108]

One of the techniques for the assembly of particles that has been widely ap-
plied is agitation. Tien et al. [207] immersed charged gold particles and chemically
patterned surfaces simultaneously in a solvent contained in a glass tube. By shak-
ing this tube, electrostatic interactions directed the self-assembly of those particles
on patterned surfaces. Conversely, Wang et al. [216] agitated millimeter-sized nylon
beads in a container and subsequently deposited these particles on a separately
charged electrification layer on which the particles assemble precisely on sequen-
tially ordered sites. Collectively, these and other studies [27;30;72;127;155;228] highlight
the ability of tribocharging to direct the self-assembly of particles. Tribocharg-
ing or contact electrification is one of the most straightforward experiments in
physics and known for more than 26 centuries, yet the scientific community is
still debating its underlying mechanism. [115;126;173;232] The surfaces of two solid
materials, e.g. metals, semiconductors, insulators, inorganic materials, polymers,
are charged when they are brought into contact and then separated. Rubbing
is particularly known to induce electrical charge on surfaces, e.g. a balloon is
charged after rubbing it on the hair of humans or animals. [115] Different charge
transfer mechanisms, such as electron transfer, ion transfer, and material transfer,
have been proposed for insulators and polymers. [11;34;49;64;114;154]

Iler [86] obtained monolayers and multiple layers of particles by rubbing silica
particles ranging from 50 - 200 µm on glass substrates with bare fingertips. Like-
wise, Dimitrov et al. [50] achieved amorphous monolayers of silica particles up to 1
µm in size by rubbing with an oiled silicon rubber piece. Park et al. [175] rubbed
1 µm and smaller polystyrene particles between two flat polydimethylsiloxane
(PDMS) slabs to rapidly obtain a large-scale packed monolayer. Additionally, they
painted surfaces with their dry assembled colloidal crystals to mimic color struc-
tures observed in nature. [174]. Considering these and other studies, [84;85;103;108;109;242]

clearly, rubbing of dry particles over surfaces is a viable method that rapidly leads
to large areas covered with dry assembled colloidal crystals.

In the present study, we repeated the earlier PDMS slab rubbing study of Park
et al. [175], but now using silicon and glass wafers coated with a patterned plasma
polymer fluorocarbon CFx-layer (26x63). [96] The observed effect, preferential
assembly of hydrophilic silica particles on the hydrophobic CFx-zones, is counter-
intuitive and has therefore been investigated in-depth by changing a multitude
of parameters (the pattern of the CFx-layer, the substrate material, the humidity
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conditions, the particle properties). Detailed measurements of the surface potential
prior and after rubbing have been conducted using Kelvin probe force microscopy
(KPFM) [156] to investigate the tribocharging states in our system. [219]

6.2 Experimental Section

6.2.1 Materials

Different types of substrates, all with a diameter of 4 in., were used for the exper-
iments: boron-doped p-type silicon (Si) wafers covered with 2 nm native oxide
(Si-Mat; electrical volume resistivity = 0.05 – 0.1 Ωm), the same Si-wafer type
with an oxidized layer (by means of wet thermal oxidation at 1150 ◦C) with a
thickness of 500 nm, p-type Si-wafers with an 8 µm thick silicon oxide layer (KST
World Corp.; electrical volume resistivity = 0.01 - 1 Ωm), and borosilicate glass
(MEMpax®) wafers (Schott; electrical volume resistivity = 0.1− 1× 10−7Ωm).

The Si-wafer was placed in a beaker with 1wt.% HF for 2 min to remove the
native oxide layer of the Si-wafer. After the oxide layer had been etched, the wafer
was rinsed thoroughly with DI water. Subsequently, within 15 min. the rubbing
experiment was performed on this substrate. It has been reported that in this
period under ambient conditions, no monolayer of silicon oxide will form. [160]

Polydimethylsiloxane (PDMS) slabs with a size of around 1.5× 1.5 cm2 were
diced from a prepared PDMS disk in a petri dish. Once the pre-polymer and
crosslinker (Sylgard 184, Dow®) were mixed at a ratio of 10:1 (w/w) inside a cup,
the PDMS liquid was cast onto a petri dish. The petri dish was then placed inside
a desiccator to eliminate trapped air bubbles from the mixture, after which the
PDMS liquid in the closed petri dish was cured for at least 4 hours at 80 ◦C.

6.2.2 Patterning of Substrates

All wafers were patterned with a set of different geometrical designs (each design
covering an area of 1 × 1 cm2, surrounded by a 0.5 × 1 cm2 non-coated zone)
using standard photolithography. First, the wafers were primed by spin coating
(4000 rpm, 30 s) HexaMethylDiSilazane (HMDS), followed by spin coating (4000
rpm, 30 s) a positive photoresist (Olin OIR 906-12) on the wafer. Hereafter, using
a UV light source (350 - 450 nm), the photoresist on the wafer was illuminated
through a mask with the geometrical patterns (EVG ®620 Mask Aligner). After the
exposure, the resist was developed by placing the substrate for 60 s inside a beaker
with the developer (OPD4262). The substrate was rinsed with DI water until the
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conductivity of the water reached 10 MΩ to remove all residues of chemical agents.
Once the substrates had been dried, the CFx-layer (26x63) [96] was deposited on
the substrate by plasma polymerization of CFx in a reactive ion etcher (RIE) system
(25 sccm CHF3, 11W, 130 mTorr, 8 min., electrode temp. 20 ◦C). [96] Finally, using
a lift-off process (substrate submerged in acetone sonicated for 15 min, followed
by 15 min of sonication in IPA), all residues of the resist were removed from the
substrates. Subsequently, the wafers were again rinsed with DI water to remove
all chemical agent residues from the substrates, until the conductivity of the water
reached 10 MΩ.

6.2.3 Methods

Prior to each experiment, all wafers were sonicated for 10 min. in acetone followed
by another 10 min. of sonication in IPA. Variable amounts of particles were rubbed
over the entire surface of different CFx-patterned substrates using a PDMS slab at
ambient conditions with RH = 40 - 55 % (measured with TFA®Digital Professional
Thermo-Hygrometer KLIMA BEE), as well as inside a glove box (< 0.5 ppm H2O
molecules). Before each glove box experiment, the particles, substrates, and the
PDMS slab had been all stored for at least six hours inside a load lock under
vacuum conditions to alleviate any traces of moisture from their surface.

The Kelvin probe force microscopy (KPFM) experiments were conducted in a
Bruker Icon atomic force microscopy (AFM) at ambient conditions with RH = 50 –
60 % (measured with TFA®Digital Professional Thermo-Hygrometer KLIMA BEE).
A heavily doped n-type Si-cantilever with a resonance frequency of 65 kHz and
a force constant of 0.6 N/m (HQ:NSC36, micromash) was used. The FM-KPFM
mode is used, where the electrostatic force gradient is detected by the frequency
shift of the cantilever oscillation. The tip was grounded in the KPFM-measurement,
and therefore, the contact potential difference (VCPD) is determined using:

VCPD =
φs − φtip

| e |
(6.1)

with e the elementary charge and φs and φtip the work function of the sample and
tip, respectively. From this equation, it is derived that a positive (negative) shift in
VCPD is a negatively (positively) charged surface. [156]

We measured the contact angle (CA) of water droplets on different surfaces.
Initially we used a standard Si-wafer with a native oxide layer of 2 nm thick. Once
the native oxide layer is stripped from the wafer by wet HF-etching, the contact
angle measurements are repeated. The results are summarized in Table 6.1.
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Table 6.1: Contact Angle Measurements for various surfaces
Sample CA before CA after
Silicona 36.2◦ 77.9◦

Siliconb 80.6◦ 103.0◦

CFx 107.0◦ 107.7◦

PDMS 106.5◦ -
a with native oxide layer; b after HF dip.

6.3 Results

6.3.1 Initial Experimental Observations

Figure 6.1: Schematic representation of the experiment (a) before and (b) after
rubbing silica particles with a PDMS slab over a silicon or glass wafer carrying
a patterned CFx-layer (indicated in black). Charges on the particles and the
patterned CFx-layer are represented by the red + and – signs, respectively.

Initial experiments were carried out using silica particles on CFx-patterned sili-
con wafers at ambient conditions. Figure 6.1 shows a schematic representation of
the generic experiment and the obtained result. Prior to rubbing, a certain amount
(about 0.025g in most experiments) of non-porous silica particles was scooped on
the wafers. Rubbing typically consisted of ±10 circular manual rubbing strokes
covering the entire wafer surface in a smooth circular motion.
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Figure 6.2 shows that this rubbing process clearly segregates the particles
according to the geometry of the patterned CFx-layer. The CFx-coated regions are
densely occupied with a (quasi) monolayer of particles, while only a scarce number
of particles remains on the intermediate, non-coated surfaces. The nature of this
particle segregation is not a priori straightforward. According to literature [100]

and the measurements performed in chapter 2, hydrophilic silica particles can be
expected to adhere preferentially to the hydrophilic non-coated regions, whereas
here the opposite is observed. On the other hand, the fact that the rubbing of
particles against polymer surfaces produces a particle monolayer is well-known
from literature. [84;86;103;109;174;175;242]

Figure 6.2: SEM images of the silica particle distribution after rubbing on (a) an
array of CFx-squares (500 µm×500 µm; spacing = 50 µm), (b) an array of CFx-
circles with a diameter of 1 mm and spacing of 50 µm, (c) an array of CFx-squares
(200 µm×200 µm; spacing = 50 µm) and (d) an array of CFx-squares (1 mm×1 mm;
spacing = 500 µm. Scale bar in all images is 100 µm. Particle size: 5 µm in (a-b)
and 10 µm in (c-d). Conditions: ambient humidity, silicon wafer.

Presumably, the segregation depicted in Figure 6.2 is not perfect partly due to
the following steric effect: since the process preferentially leads to a monolayer,
the removal of any local excess of particles will inevitably also shift particles back
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onto the non-coated areas, thus reducing the degree of segregation. This process is
possibly enhanced by the geometrical mismatch between the pattern of the circular
rubbing motion and the rectilinear pattern of the non-coated areas.

The strongest segregation typically occurred when applying around 10 consec-
utive strokes. Fewer strokes led to incomplete segregation and more strokes led to
a gradual depletion of particles as the movement of the PDMS slab also induces
a net transport of particles to the rim of the wafer. In addition, as the layer of
particles gets progressively more and more smeared out, even larger fractions of
the particles tend to irreversibly adhere to the PDMS slab. This constitutes another
important sink of particles.

As shown in Figure 6.3, the particles remaining on the non-coated areas can be
relatively easily removed by blowing pressurized nitrogen gas at 4 bar with an air
gun. This also nonspecifically removes some of the particles from the CFx-layer,
but overall the degree of segregation is clearly enhanced, cf. the increase of the
partitioning coefficient P from P = 7.5 to P = 28 for the example shown in Figure
6.3 (definition of P in Equation 6.2 further on). This suggests the occurrence of a
strong adhesion force between the particles and the CFx-coated areas, while the
presence of the few remaining particles on the non-coated surfaces is clearly more
of an accidental nature.

Figure 6.3: Optical microscopy images of the 10 µm silica particle distribution after
a rubbing experiment under ambient conditions on a CFx-array of circles with
a diameter of 200 µm and a spacing of 200 µm (a) before and (b) after blowing
pressurized nitrogen gas at 4 bar past the wafer using an air gun. Scale bar in both
images is 100 µm. Conditions: silicon wafer.

This strong adhesion force is nevertheless weaker than the adhesion force that
can be exerted by gently pressing a new, unused PDMS slab against the formed
segregation pattern. As shown in Figure 6.4, performing this action allows to
remove most of the adhered particles and transfers the assembled pattern in a
nearly perfectly intact way onto the new slab.
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Figure 6.4: SEM images of (a) a rubbing experiment performed with 10 µm silica
particles under ambient conditions. (b) PDMS slab with silica particles after
pushing the new slab on the substrate with assembled particles. The geometrical
pattern consists of an array of CFx-circles with a diameter of 1 mm and a spacing
of 100 µm. Scale bar in both images is 100 µm.

6.3.2 Effect of Pattern Geometry

The magnitude of the segregation effect has been investigated over a wide range
of the size, shape and spacing of the CFx-coated surface zones. Figure 6.5 gives an
overview of the results as a function of the most important geometrical parameters.
Data are presented for the square pattern case only, but very similar results were
obtained with the circular CFx-patterns. The degree of segregation is quantified
using the partitioning coefficient Γ:

Γ =
σCFx

σSi
(6.2)

wherein P represents the ratio of the particle surface concentration σ on the coated
over the non-coated areas as measured at the end of the rubbing process. To
measure the particle surface concentration on the non-coated areas, a region with
the width of one particle aside of the boundary between the non-coated and
coated zones has been excluded to obtain the purest possible measurement of P ,
devoid of most of the boundary effects. These boundary effects relate to particles
accidentally spilling over from the CFx-coated zones while still being clearly linked
to the layer covering the latter.

The best correlation between P and the complexity of the geometrical parame-
ters was found with the ratio of the area ACFx of the CFx-coated regions over their
perimeter Ω. Although caution is needed given the limited number of experimen-
tal data points upon which it is based, Figure 6.5 shows that, provided the distance
between the CFx-coated zones is large enough (i.e., is at least 100 µm), P increases
nearly linearly with this ratio. Larger coated zones have a relatively larger area
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Figure 6.5: Partitioning coefficient P as a function of the area over perimeter ratio
of the CFx-coated regions (different data point symbols relate to different spacing
between adjacent squares). Error bars represent standard deviation for N = 3.
Conditions: 10 µm silica particles, silicon wafers, ambient humidity. Horizontal
dash-pointed line represents P = 1. Dashed lines added to guide the eye.

ACFx compared to the perimeter Ω. Therefore, more particles can be contained in a
larger area, while fewer particles can spill over the boundary of the coated zones,
thus increasing the P -value. When the distance between the CFx-squares is only
50 µm (red squares) or less (data not shown), partitioning coefficients remain low
(P 6 2 to 3), regardless of the size of the CFx-zones. This appears to be in line with
the fact that, when the interspacing becomes too small, the non-coated areas are
relatively much more rapidly filled with particles coming in a nonselective way
from the CFx-zones (note that the 50 µm inter-zone distance is only 5 particles
wide in the present 10 µm particle case). Comparing the P -values for the same
CFx-zone size (i.e., comparing the data points in Figure 3 in the vertical direction)
further emphasizes the importance of the distance between the non-coated zones,
as the achievable P clearly increases with the interspacing.

Within the investigated range, there was no significant effect of the particle
size on the value of P . Comparing the partitioning coefficient P for 5 µm vs. 10
µm silica particles for the same CFx-pattern consistently yielded P -values that
deviated less than one standard deviation, e.g. for two designs with equal spacing
of 50 µm, the P -value = 2.6 vs. 3.6 (200 µm x 200 µm), and the P -value = 4 vs. 3.6
(500 µm x 500 µm). Obviously, it is difficult to predict how the P-values would
vary if stronger conditions in particle size would be considered. Experiments
involving much larger (e.g., 50 µm) or much smaller (e.g., 500 nm) particles would
be needed for this.
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6.3.3 Effect of Materials and Conditions

Effect of wafer material and SiO2-layer thickness

To investigate one of our research hypotheses (silica particles lose their charge
acquired above the CFx-coated zones when dragged again onto the intermediate
non-coated surfaces), the initial experiments were repeated with wafers carrying
thermally grown silicon oxide layers in an attempt to suppress or even block the
presumed discharge process.

Figure 6.6: SEM images of the particle distribution after rubbing 10 µm silica
particles over an array of CFx-squares (500 µm×500 µm; spacing = 50 µm) under
ambient conditions: (a) Si-wafer with 2 nm native oxide, (b) Si-wafer with 500 nm
thermally grown oxide, (c) Si-wafer with 8 µm oxide, and (d) a glass wafer. Scale
bar in all images is 100 µm.

The results presented in Figs. 6.6a-c clearly show that an increase of the thickness
of the insulating layer does not affect the segregation process at all. The segregation
process even proceeds with at least the same intensity when using borosilicate
glass wafers (Fig. 6.6d), even though these have a conductivity that is at least eight
orders of magnitude smaller than the silicon wafers. It can hence be concluded
that a local discharge of the particles by conductance through the wafer is unlikely
as an explanation for the very weak local adherence of particles on the non-coated
silicon wafer parts.
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Experiments were also conducted with silicon wafers after removal of the
native oxide layer by wet HF-etching. Subsequently, the rubbing experiments
were performed within 15 minutes after this etching. [160] As can be noted from
Figure 6.7a, the segregation is now significantly weaker: P = 1.9 vs. P = 3.6 when
the native oxide layer is present (data for same geometry, 500 µm × 500 µm, 50
µm interspacing).

Figure 6.7: SEM images of the particle distribution after rubbing 10 µm silica
particles over an array of CFx-squares (500 µm×500 µm; spacing = 50 µm) (a)
using a HF-etched silicon wafer (rubbing carried out under ambient humidity)
conditions and (b) using a regular, non HF-etched silicon wafer inside a glove box
at zero humidity. Scale bar in both images is 100 µm.

6.4 Humidity effects

To verify the contribution of the ambient humidity, experiments were also per-
formed inside a glove box (< 0.5 ppm H2O molecules). Figure 6.7b shows the
segregation in this case is also much weaker, if not insignificant (P = 1.1 vs.
P = 3.6 outside the glove box, data for same geometry as above), implying hu-
midity is a crucial factor in the segregation process of silica particles on the silicon
wafers.

On the other hand, the low humidity conditions do not impede the segregation
effect on the borosilicate glass wafers (Figure 6.8). Even more, the segregation on
the glass wafers was consistently found to be more pronounced inside the glove
box than under ambient conditions (e.g., compare Figure 6.8b with 6.8a). The
combination of borosilicate glass wafers with the quasi-zero humidity conditions
in the glove box in fact produced the highest observed degree of segregation in the
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present study (P = 220 in Figure 6.8c). The segregation on borosilicate glass wafers
in the glove box even proceeds to the extent that a 20 µm distance between the
coated zones is sufficient to achieve P -values as high as 30 (Figure 6.8d), whereas
this spacing was much too small to lead to a significant segregation on silicon
wafers.

Figure 6.8: SEM images of the particle distribution after rubbing silica particles
over patterned borosilicate glass wafers covered with an array of CFx-squares
(a-b) particle size = 10 µm; 200 µm×200 µm squares; spacing = 50 µm (a) under
ambient conditions and (b) inside a glove box at zero humidity. (c-d) Experiments
performed with 5 µm silica particles inside the glove box using (c) 500 µm×500
µm CFx-squares; spacing = 50 µm and (d) 50 µm×50 µm CFx-squares; spacing =
20 µm. Scale bar in all images is 100 µm.
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Effect of particle material: polystyrene particles

To investigate the influence of the hydrophobic/hydrophilic nature of the particles,
the rubbing experiments were also repeated with 10 µm hydrophobic polystyrene
(PS) particles. Figure 6.9 shows that also the PS particles preferentially assemble
on the CFx-surfaces but achieve a packing density that is much smaller than
with the silica particles as the individual PS particles clearly repel each other.
This inevitably limits the available space for the particles on the CFx-surfaces,
explaining the lower observed partitioning coefficients (e.g., P = 2.5 and 2.3 for
PS particle cases in Figure 6.9 vs. P = 3.6 for silica particles on same 200 × 200

µm2 geometry outside glove box). Interestingly, and in contrast with the silica
particles, there was no significant difference between the segregation of the PS
particles inside and outside of the glove box.

Figure 6.9: SEM images of the particle distribution after rubbing 10 µm hydropho-
bic PS particles over an array of CFx-squares (200 µm×200 µm; spacing = 50 µm)
arranged on a silicon wafer (a) under ambient conditions and (b) inside a glove
box at zero humidity. Scale bar in both images is 100 µm.

6.4.1 KPFM measurements

To understand the origin of the above observations, Kelvin probe force microscopy
(KPFM) measurements (cf. Fig. 6.10) were conducted to measure the surface
contact potential difference on the different wafer surfaces and the particles. Figure
6.10 shows the graphical output of the topographical and Kelvin probe force
microscopy (KPFM) measurements conducted on the CFx-coated and non-coated
areas of the silicon wafers, as well as on the silica particles themselves. These
measurements were carried out before and after the rubbing process. Figs. 6.10a-b
show the thickness of the deposited CFx-layers (always between 55 and 75 nm in
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the present study).

Figure 6.10: (a) Topographic image of CFx-coated zone on a Si-wafer (20×20 µm2,
scale bar is 5 µm). (b) Cross-section across the white dashed line marked in panel
(a). (c) Simultaneously recorded KPFM image, scale bar is 5 µm. (d) Potential
(VCPD) profiles of CFx-coated zones on a Si-wafer before (pre) and after (post)
rubbing with silica particles. (e) Topographic and (f) KPFM image of a 5 µm silica
particle after rubbing on a patterned silicon wafer (5×2 µm2, scale bar in (e) and
(f) is 1 µm).

Fig. 6.10c shows the typical graphical output of the KPFM measurement prior
to rubbing. As can be inferred from Figure 6.10d, the local surface potential of
CFx layer becomes significantly more positive (indicating the layer acquires a
more negative charge) after rubbing, whereas the potential on the non-coated
silicon wafer parts remains basically unchanged. Fig. 6.10f shows that also the
silica particles undergo a significant change in surface potential and acquire a
positive charge upon rubbing (cf. colour bar for surface potential in Fig. 6.10f).
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This positive charge was measured on particles taken from the CFx-coated as well
as from the non-coated parts of the wafer. Thus, it can be inferred that the silica
particles and CFx-layer gain opposite charges after rubbing, leading to selective
segregation of the particles on the patterned CFx layer on the silicon wafer.

Similar experiments were also carried out on non-patterned wafers, either
uniformly coated with a CFx layer or uniformly non-coated. The entire set of
results is represented in Figure 6.11. Interpreting the results shown in Figure 6.11,
it should be kept in mind that the sign of the VCPD-values is always the opposite
of the sign of the surface charge (cf. Experimental section [156]). Unfortunately,
KPFM-measurements were only possible under ambient humidity and not under
dry air conditions. A first important observation was that no significant effect of
the CFx-zone size on measured surface potentials was observed (see error bars
on data in Figure 6.11, assembled across a mix of coated zone sizes). The data
for silica on silicon (Figure 6.11a) show that rubbing silica particles against the
CFx-coating charges the CFx-surface negatively (VCPD-value of bar #5 has become
more positive compared to the initial surface state represented by bar #1), while
the silica particles clearly obtain a positive charge (compare bar #6 with bar #2).
This agrees with the position of both materials in the tribo-series and indicates a
strong electrostatic attraction between the particles and the CFx-surface. Bar #5
and bar #9 have a similar height, as is the case for bar #6 and bar #10, showing this
charging process proceeds to the same extent regardless whether the CFx-surface
is interrupted by non-coated silicon wafer zones or not. Figure 6.11a also shows
the rubbing does not have a significant effect on the charge of the silicon wafer
surface (compare bar #3 with bar #7) while the silica particles even tend to lose a
bit of their charge by rubbing (compare bar #4 with bar #8).

The VCPD-values reported on the silica particles found on the non-coated zones
of the patterned wafers after rubbing (bar #12) need to be interpreted with care,
for these were obviously measured on particles that still adhered to the silicon
surface after the rubbing process, while the vast majority of the silica particles
has been removed from this surface and hence might have had another (smaller)
potential and charge, as they could not withstand the rubbing action. Considering
furthermore that the particle charge measured when rubbing the particles against
a uniform, non-coated silicon wafer (bar #8) is much more likely to represent the
intrinsic particle charge state above the non-coated zones, it can be inferred that the
large potential represented by bar #12 relates to particles that have acquired their
charge while being rubbed against the CFx-coating (see also similarity between bar
#12 with bars #6 and #10) and did not have had the opportunity yet to discharge.
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Figure 6.11: Histograms of the contact potential difference (VCPD) measured on
the fluorocarbon-coated (CFx) and non-coated silicon (Si) and borosilicate glass
(M) surfaces (blue) and on the particles (red) before (pre) and after (post) rubbing
for (a) 5 µm silica particles on a uniform CFx-coated and non-coated as well as a
patterned silicon wafer; (b) 3 µm polystyrene particles on a uniform CFx-coated
and non-coated as well as a patterned silicon wafer and for (c) 5 µm silica particles
on a uniform CFx-coated and non-coated as well as a patterned borosilicate glass
wafer. Numbers 1-12 are used for referencing in the text; numbers 1-8 relate to
uniformly coated or non-coated wafers (1-4: before rubbing, 5-8 after rubbing),
numbers 9-12 (gray shaded area) relate to patterned wafers after rubbing. Error
bars represent the minimum and the maximum measured value (N > 4 for the
results in (a-b), and N > 2 for the results in (c)).
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The KPFM-measurements were also repeated for the PS particles (Figure 6.11b).
The main difference with the silica particle case is that the PS particles already
carry a relatively strong (negative) charge in their initial state (cf. bars #2 and #4
in Figure 6.11b). This charge obviously is reversed when rubbed against a CFx-
surface (bar #6 has a sign that is opposite to that of bars #2 and #4). At the same
time, the CFx-surface also acquires a larger (negative) charge (compare bar #5 with
bar #1). The opposite charges acquired by the CFx-surface and the PS particles
is in agreement with their mutual position in the triboseries for polymers. [253]

The charge on the PS particles on the other hand remains unaltered when rubbed
against a silicon wafer surface (bar #8 is very similar to bars #2 and #4). The same
applies to the charge of the silicon wafer surface.

Figure 6.11c summarizes the KPFM-measurements for silica particles on borosil-
icate glass wafers, showing the surface potential on both the silica particles and
the CFx-surfaces is significantly larger than on the silicon wafer (compare Figure
6.11a and Figure 6.11c for bar #5 and bar #6). This signifies the charge is not only
determined by the material of the top layer (CFx in both cases), but also by the
underlying substrate material (silicon vs. borosilicate glass). This finding is in
agreement with a study reported by Siek et al.. [197] Note that the potential on the
particles even exceeded the lower measurement limit of the instrument (bars #6
and #10 are fully saturated).

As in the silicon wafer case, the charge on the particles adhered to the CFx-
surfaces on the patterned borosilicate glass wafer is very similar to that on a
uniformly CFx-coated glass wafer (cf. bars #6 and #10 in Figure 6.11c). The surface
potential of the particles on the pure borosilicate glass wafer (bar #8) as well as
on the non-coated parts of the patterned wafer (bar #12) is in both cases very
small. This is a clear difference with the silicon wafer case in Figure 6.11a. A
moderating remark in this respect is that it proved to be difficult to measure the
charge on the particles after rubbing them on the borosilicate glass wafer. The
few particles remaining on the non-coated zone on the wafer could not be held
in place when scanning the surface with the AFM-tip, i.e., the silica particles are
much less strongly adhered to the borosilicate glass wafer surface than they are to
the silicon wafer surface.

It could be remarked that, when rubbing a borosilicate glass wafer with just a
PDMS slab (no particles), the surface of the uncoated glass wafer charges nega-
tively. On the other hand, performing the same experiment on Si-wafers does not
produce any significant charge on the wafer surface (see Figure 6.12). It was also
observed that the uncoated surface of glass wafers charges with opposing polarity
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when rubbed with (cf. Fig. 6.11c) or without (cf. Fig. 6.12) silica particles (resp.
negatively versus positively charged). The latter shows that the tribocharged state
of the wafer obtained after rubbing with silica particles is not determined by the
PDMS slab, but by the silica particles.

Figure 6.12: Potential (VCPD) profiles of a patterned silicon wafer and a borosilicate
glass (M) wafer before (pre) and after (post) rubbing with only a PDMS slab. The
grey shaded area indicates the CFx-coated zone on the respective wafer.

6.5 Discussion

To rationalize the observed effects, hydrophilic/hydrophilic attraction effects
based on capillary forces [100] can be discarded because in this case the hydrophilic
silica particles would adhere preferentially to the hydrophilic non-coated silicon
or borosilicate glass wafer surfaces and not to the hydrophobic CFx-coated zones,
as is consistently observed here.

On the other hand, the observations made for the silica particles are consis-
tent with a mechanism wherein, given their position in the triboelectric-series,
the silica particles acquire a large positive charge by tribo-electrification when
rubbed against the CFx-surfaces, which in turn acquire a large negative charge
(cf. Fig. 6.1b). Due to these opposite charges, a strong electrostatic attraction force
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establishes between the silica particles and the CFx-surfaces. The CFx layer is
characterized in the literature [253] as the most negatively charging polymer in the
triboseries, thus enhancing the segregation effect. The non-coated wafer surfaces
on the other hand either do not significantly charge (silicon wafers), or acquire
a negative charge which, combined with the small negative charge on the silica
particles, even leads to a repulsive electrostatic force (borosilicate glass wafers),
albeit a weak one (at least under ambient humidity).

The net result of the above is that the mechanical force exerted by the rubbing
surface can much more easily transport particles across the non-coated wafer sur-
faces than across the CFx-surfaces, where they are withheld by a strong electrostatic
attraction, thus explaining the observed segregation effect.

Considering that the KPFM-measurements were found to be independent of
the size of the coated zones while the partitioning coefficient P clearly varies with
the coated zone sizes (cf. Fig. 6.5), the measured P -values must also be influenced
by an important geometrical effect. Larger coated zones have a relatively larger
area compared to the circumference Ω along which particles can spill over to
the non-coated areas under influence of the mechanical rubbing process, hence
explaining the inversely proportional relation P -value with Ω in Fig. 6.5. The
opposite holds for the effect of the area of the coated zones: the larger this area, the
smaller the probability that particles come close to the zone boundary where they
can be swept onto the non-coated zones by the rubbing motion. This geometric
effect is more pronounced on silicon wafers than on glass wafers. This is in turn
most probably a consequence of the stronger electrostatic forces exerted on the
patterned glass wafers, leaving less room to the nonselective action of the rubbing
motion.

Since the segregation of silica particles on patterned silicon wafers is signif-
icantly weaker than under zero humidity conditions (P = 3.6 under ambient
humidity vs. P = 1.1 within the glove box), we also postulate that the segrega-
tion process is in this case enhanced by a local discharging process experienced
by the silica particles when moving from the CFx-surfaces onto the non-coated
silicon wafer surfaces. This could be explained by the fact that, under ambient
conditions, water vapor inevitably condensates into a thin surface layer on the hy-
drophilic non-coated silicon wafer parts, thus allowing the formation of a capillary
bridge between the silica particles and the silicon wafer surface through which
the particles can discharge, following a mechanism already described by Pence
et al.. [177] Contrary to one’s intuition, higher humidity levels might not de facto
enhance the degree of segregation. Tribocharged surfaces contain less charge due
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to higher surface conductivity, reducing the electrostatic interactions. [166;177;192]

Particle discharge by conductance through the wafer can be discarded given the
undiminished persistence of the particle segregation effect on substrates with a
reduced electrical conductivity (thermally oxidized Si-wafers, borosilicate glass
wafers).

The contribution of an adsorbed water layer is also consistent with the fact that
the particle segregation is clearly weaker when the native SiO2-layer covering the
silicon surface was removed (P = 3.6 with the native layer present vs. P = 1.9

with the layer removed). HF-etching renders the silicon surface more hydrophobic,
therewith reducing the presence of a bound water monolayer, [33] which in turn
lowers the silica particles’ opportunity to discharge.

The stronger segregation effect on the borosilicate glass wafers can be attributed
to the stronger induced electrostatic attraction between the silica particles and
the CFx-surfaces, in turn resulting from the fact that both the CFx-surfaces and
the silica particles acquire a larger (opposite) charge on borosilicate glass surfaces
than on silicon surfaces. The stronger segregation is also consistent with the
significantly higher hydrophilicity of borosilicate glass vs. silicon (contact angle
10◦ vs. 35◦), thus providing an enhanced opportunity for local particle discharge
via a bound water layer. This might also explain the very low charges measured
on the (few) particles found on the non-coated borosilicate glass wafer areas.

The observation that the segregation process on the borosilicate glass wafers
also occurs within the glove box, whereas this is not the case for the silicon wafers,
is more difficult to explain given the lack of KPFM-measurements under glove box
conditions. At present we can therefore only speculate that this is due to the fact
that the electrostatic forces (attractive above the CFx-coated zones and repulsive
above the non-coated zones) are even more pronounced at zero humidity, as it can
be expected that the charge decay will be weaker under these conditions. [12;192;197]

The fact that the silica particles can assemble in a very close packing on the
CFx-coated zones on both the silicon and especially on the borosilicate glass wafers
implies they do not exhibit any significant mutual repulsion, despite the particles
carry the same charge sign. It is assumed this is because the electrostatic force
attracting the particles to the CFx-coated zones outweighs the mutual repulsion
forces between the particles. Another contributing factor might be, as described
in literature for charged dielectric particles, [59;146] that the dielectrophoretic force
induced by polarization between silica particles is larger than the mutual Coulomb
repulsion, resulting in an attractive electrostatic force between the particles.

The segregation observed for the hydrophobic polystyrene (PS) particles can
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be explained using the same tribocharging mechanism as described for the silica
particles, given that the trend of the KPFM-measurement are very similar (cf.
Fig. 6.11a and 6.11b). The most striking difference, however, is the clear mutual
repulsion of the individual PS particles, as opposed to the dense packing formed
by the silica particles. A potential explanation for this mutual repulsion is that
in contrast to the silica particles, the polarization induced dielectrophoretic force
does not lead to an electrostatic attraction between the PS particles. This is justified,
since the permittivity of PS is at least 2× smaller than that of silica, resulting in
less polarization and mutual electrostatic attraction. [16] The fact that the humidity
conditions have a much smaller effect on the segregation for PS particles than with
silica particles can be attributed to the hydrophobic nature of the PS particles. [192]

Apart from the equilibrium between electrostatic and mechanic forces and
the charging and discharging processes, the observed P -values are certainly also
influenced by the motion pattern of the manual rubbing process as well as by the
amount and initial distribution of the particles. Both factors were poorly controlled
in the present study, given the manual nature of the employed procedures. Possi-
bly, the reproducibility and quality of the segregation effect could be enhanced
by moving to automated and motorized processes to obtain a better control over
the pressure and motion of the rubbing process and the initial distribution of the
particles.

6.6 Conclusions

Silica and polystyrene (PS) particles rubbed with a PDMS slab past silicon and
borosilicate glass wafers carrying a patterned fluorocarbon (CFx) coating strongly
segregate and self-organize in quasi-monolayers matching the geometrical pattern
of the coated zones (e.g., cubic grid of squares or equilateral triangular grid of
circles), despite the circular pattern of the rubbing motion. Partitioning coefficients
up to Γ = 12 were measured on patterned silicon wafers, while Γ-factors on
patterned borosilicate glass wafers can even easily run in the 100’s. These numbers
were found to be independent of the investigated particle size (5 µm and 10 µm),
but for further research a broader range of particle sizes is preferable to determine
the limit of the segregation effect. KPFM-measurements support the hypothesis
that the segregation is induced by tribocharging of the particles and the CFx-
coated zones, acquiring opposite charges and thus inducing a strong electrostatic
attraction force between the CFx-surfaces and the particles. On the non-coated
zones on the other hand, there is either no significant tribocharging (silicon wafers)
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or even a repulsive tribocharging (borosilicate glass wafers), such that the rubbing
motion can induce a net transport of particles from the non-coated to the coated
zones.

For silica particles on silicon wafers, the process appears to be critically sup-
ported by the presence of air moisture stimulating the particles to discharge when
moving from the CFx-coated zones to the non-coated zones. On borosilicate glass
wafers, both the silica particles and the CFx-coated zones charge more strongly.
This might render the presence of air moisture less critical.

The segregation effect is also observed when using hydrophobic PS particles
instead of hydrophilic silica particles, albeit that in this case the segregation is
not as pronounced (Γ-factors on the order of 2.5) and that the particles do not
assemble in a dense packing but appear as isolated individual particles.

Despite its exploratory nature and limitations, the present study provides a
rapid method to electrostatically self-assemble closely packed silica particles on
patterned borosilicate glass wafer surfaces (segregation on silicon wafers is not
perfect). A drawback is that the method only works well, provided that the number
of particles is sufficiently high to cover the entire wafer with a quasi-monolayer. If
the number of particles drops below this critical level, the movement of the PDMS
slab is no longer sufficiently lubricated. The existence of a lower limit on the
number of particles implies that the process is inevitably carried out in a regime
that is close to an overload of the monolayer saturation capacity of the CFx-coated
zones. This in turn creates a situation wherein the realized partitioning coefficients
are inevitably affected by the interplay between the geometrical pattern and the
rubbing motion, causing excess particles to spill over from the coated onto the
non-coated zones.
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Chapter 7

Rapid Vacuum-Driven Monolayer Assembly
of Microparticles on the Surface of
Perforated Microfluidic Devices

Abstract

On the cusp of a miniaturized device era, a number of promising methods have been
developed to attain large-scale assemblies of micro- and nanoparticles. In this chapter,
a novel method is proposed to firmly capture dispersed microparticles of nominal sizes
of 10 µm on a two-dimensional array (1.0×1.0 mm2) of through-pores on a surface.
This is obtained by dispensing a droplet of the particle dispersion on the pores, which
drains by applying a vacuum-driven force at the backside of the pores. The assembled
particles are captured on the surface in a reversible way, making them available
for direct manipulation and inspection, or subsequent transfer of the particles to a
second surface. The relevant process parameters dispersant concentration, dispersant
type, particle properties, and pitch distance d, are optimized to obtain (near-)perfect
particle monolayers. Furthermore, to significantly improve the quality of the particle
assembly, washing steps are added to remove excess particles from the surface. Silica
or polystyrene (PS) particle assemblies with an error ratio (ER) as low as 0.2% are
obtained, demonstrating the universality of the proposed method. For the smallest pitch,
d = 1.25 µm, even with optimal process parameters, higher ER-values (= 1.1%) are
obtained. 1

7.1 Introduction

The construction of functional structures and devices accomplished by positioning
spherical microparticles in large ordered two-dimensional (2D) arrangements has
attracted much interest in the scientific community and has demonstrated its poten-
tial as a platform for the development of applications in numerous fields, ranging
from colloidal lithography to biomolecular assays. [38;57;65;80;85;120;130;179;194;217;240;252]

1Submitted: Nathaniel Berneman, Ignaas S. M. Jimidar, Ward Van Geite, Han Gardeniers, and Gert
Desmet, Powder Technology.
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A multitude of existing techniques uses physical boundaries, in the form of
wells, walls or confined microfluidic chips, as a strategy to trap particles or cells
onto a designed grid. [9;36;38;168] However, these techniques limit the accessibility of
trapped particles or their potential manipulation or transferability. Some methods
depend on particle specific-properties, for instance, applying an electromagnetic
field for directed assembly of microparticles is restricted to the use of polarizable
particles. [15;54;98;221] Additionally, the ability to firmly secure the particles or cells in
their ordered positions when exerting external forces (e.g., a liquid flow), and to
release them if needed (e.g., for transfer) in a controlled manner, is a prerequisite
for broad applicability and versatility. Koh et al. [109] have shown the benefit of
transferability of particles as they developed a dry rubbing method to produce
large areas of ordered particles onto rigid patterned substrates, which can then
be transferred on a flexible rubber substrate. These large-area flexible substrates
have been utilized as photomasks to produce various photoresist patterns. Py et
al. [181] have developed a grid of patch-clamp traps integrated inside a microfluidic
chip, to trap neuronal cells onto specific position recreating neural networks. This
technique enabled them to study the effect of applied physicochemical stimuli,
such as a flow of dissolved drugs, on cells. However, if the patch-clamp system
did not vigorously hold the cells in-place, the dynamic flow would displace the
cells and disturb the cellular network.

In the present work, we propose a novel rapid, universal and scalable method
to assemble spherical microparticles on 2D micromachined arrays of membrane
pores. By applying a vacuum-driven force across a suction membrane perforated
with an ordered array of through-pores, microparticles dispersed in a solvent
can be rapidly assembled and reversibly captured in ordered arrangements on a
(flat) surface. As the vacuum force can be controlled at all time, the assembled
microparticle array is readily available for subsequent manipulation, release and
transfer. The assembly technique has been demonstrated using different particle
types and dispersants, making it suitable for a wide variety of microparticle, or
possibly also cell-based, applications.

7.2 Experimental Section

7.2.1 Materials

Experiments were performed with monodisperse hydrophilic silica (1.85 g cm−3)
particles with diameter (9.98 ± 0.31) µm and hydrophobic polystyrene particles
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(1.05 g cm−3) with diameter (9.98 ± 0.11) µm, both purchased in a 50 mg mL−1

aqueous dispersion from microParticles GmbH. The mentioned standard deviation
(SD) in particle size was specified by the supplier and taken for granted. The
suction membranes were fabricated using a sequence of different techniques used
in developing MEMS devices (cf. fabrication details for perforated membranes in
Chapter 3). The pores of the micromachined membrane were distributed over an
area of 1.0×1.0 mm2 on the silicon chip with a size of 14×14 mm2. The diameter
of the membrane pore is 7.5 ± 0.2 µm. The SD in the pore sizes originates from
the non-uniformity of the wafer-scale etching process. The pore-to-pore distance,
pitch d, was varied. The micromachined pores are arranged on a hexagonal array.
To change the chemical nature of the surface of the silicon membranes, they were
coated with a hydrophobic CFx-layer (26x63). [96]

7.2.2 Setup and Operating Principle

Figure 7.1: Representation of the dual-channel vacuum system with a three-way
valve used to hold the chip in place and generate a vacuum-driven suction flow
through the membrane pores. Red arrows represents the direction of the air flow
in the system. Owing to the dual-channel vacuum system, the particles can be
released, while the chip is firmly maintained in its position. The fluid trap in the
figure corresponds to a cold finger device.

In order to apply the vacuum-driven suction-force through the membrane
pores, a tailored setup was built (cf. Figure 7.1). Optomechanical parts were pur-
chased from Thorlabs GmbH to create the supporting structure of the setup, while
a vacuum chuck was designed in-house and outsourced for production through
3D Hubs B.V. The vacuum chuck includes a dual-channel design, providing one
channel to hold the chip in place using vacuum, and a separate channel allowing
the control of the suction-force passing through the particle trapping pores. A set
of two synthetic rubber Viton®o-rings, with internal diameters 6.0 and 12.0 mm



556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar
Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021 PDF page: 148PDF page: 148PDF page: 148PDF page: 148

122
7. Rapid Vacuum-Driven Monolayer Assembly of Microparticles on the Surface of

Perforated Microfluidic Devices

respectively and thickness of 1.0 mm, were purchased from ERIKS NV, to assure a
leak proof vacuum seal between the chip and vacuum chuck. A cold finger device
was positioned between the chuck and vacuum pump such that pump can not be
damaged by fluid vapour.

7.3 Results and Discussion

Figure 7.2: Schematic representation of the experimental setup placed in (a) hori-
zontal position and (b) vertical position. (1) A droplet of a particle dispersion with
volume V and concentration c is dispensed on the chip using a micropipette. Due
to the applied vacuum force, the droplet is sucked through the pores with particles
assembling on the pores (2). Potentially formed clusters in (2) are removed by
dispensing a sufficiently large droplet (3) of liquid dragging any excess particles
off the chip.

Figure 7.2 schematically represents the proposed method, using a suction
membrane chip that can be either placed in a horizontal (Figure 7.2a) or vertical
direction (Figure 7.2b). In both cases, a specified volume (ranging from 25.0 µl
to 1.8 mL) of the particle dispersion is manually dispensed on the chip using a
micropipette. In the present study, the diameter of the droplets varied between 4
and 18 mm, corresponding to a width that is at least 3 up to 11 times larger than
the suction membrane’s diagonal.
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In the horizontal mode, the droplets were deposited directly on top of a 1.0
× 1.0 mm2 membrane (cf. Figure 7.2a1). In the vertical mode, the droplets were
dispensed close to the top edge of the membrane, leading to the formation of
a narrow stream of liquid flowing across the membrane (cf. Figure 7.2b1). The
width of the stream is approximately 1.1 mm, determined by the diameter of the
pipette tip opening. In the horizontal mode, the vacuum channel connected to
the pores was opened immediately after the deposition of a droplet (cf. Figure
7.2a1), whereas in the vertical position the vacuum was applied while the droplet
was being dispensed (cf. Figure 7.2b1). As illustrated in Figures 7.2a2 & 7.2b2,
particles assemble on the pore orifices while the droplet is vanishing through the
pores, with a few excess particles remaining on the chip. The typical timescale
for the droplets to be completely or partially sucked into the pores was 5 – 8 s,
depending on the volume of the droplet. As the particles are held firmly in place,
a flow of water or ethanol (1 mL) can be applied across the chip’s surface to wash
away excess particles or dust contaminants, while still applying the vacuum-force
to the pores (Figures 7.2a3 & 7.2b3). If needed, the loading and washing step can
be repeated to assemble particles on the remaining open pores of the membrane.

To relate the number of particles present in the droplet to the number of
membrane pores, a relative loading RL is defined:

RL =
number of particles in the dispersion droplet

number of membrane pores on the chip
(7.1)

To aim for a given RL, the volume V of the dispensed droplets was adapted
according to the concentration of the particle dispersion c.

7.3.1 Initial Observations and the Effect of Particle Concentra-
tion

The first set of experiments was performed by dispensing water droplets contain-
ing silica particles (c = 0.005 mg mL−1, RL ∼= 1.0) on chips with a through-pore
pattern with a pitch d = 35 µm (diameter through-pores = 7.5 ± 0.2 µm). As
can be observed in Figure 7.3 this leads to the formation of a monolayer of silica
particles. The formed particle assembly is however not perfect, neither in the
horizontal nor the vertical mode. Figure 7.3 show the occurrence of three distinct
types of defects: particle clusters of various sizes (blue-colored circles), empty
pores (red-colored circles), and dust contamination (green-colored circles). Some
orifices inevitably draw more than one particle, due to the random distribution of
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the particles in the liquid. This explains the formation of the clusters. Similarly,
the uneven distribution of the particles also leads to several pores remaining open
after the entire droplet has vanished.

Figure 7.3: SEM images of the assembled 10 µm silica particles on the orifices of
membrane pores on the CFx-coated chips placed in (a) the horizontal or (b) the
vertical position. The blue circles indicate particle clusters, the red circles indicate
empty pores, and the green circles indicate dust contamination. Conditions: silica
particles dispersed in water with concentration c = 0.005 mg mL−1, RL ∼= 1.0,
membrane area 1.0 × 1.0 mm2 and pitch = 35 µm. Scale bar = 200 µm.

To quantify the occurrence of these defects, the error ratio ER was defined as:

ER =
number of empty pores + number of clusters

total number of membrane pores - dust blocked pores
(7.2)

In this definition, pores blocked by occasional dust particles are excluded, as
we consider the interference of dust particles as random, unpredictable contamina-
tions which would be absent when working under 100% dust-free conditions. As
a matter of reference, the ER ratio’s of the particle assembly displayed in Figure
7.3 correspond to ER = 3.8% vs. incl. dust ERdust = 4.1% (Figure 7.3a) and ER
= 1.9% vs. incl. dust ERdust = 2.7% (Figure 7.3b).

To investigate to what extent the particle concentration c affects the error ratio
ER, experiments were performed with water droplets carrying different silica
particle concentrations, keeping the same RL = 1.0. Figure 7.4 presents the ER of
the particle assemblies obtained after a single loading step in either the horizontal
or vertical mode (no washing step). It is striking to observe that a significantly
higher ER was obtained in case of the most diluted droplets (c = 0.0025 mg mL−1)
in the vertical mode (cf. bar #2 in Figure 7.4) compared to the other cases. As can
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be observed from the internal coloring of bar #2 in Figure 7.4, this higher ER was
mainly caused by a very high fraction of empty pores. This can be explained by
the gravitational flow of the droplets, which inevitably transports a fraction of
the particles away from the membrane pores (cf. Figure 7.2b1), bringing them too
far away for the suction pores to become sufficiently attracted. Under the present
condition of droplets with RL ∼= 1.0, this inevitably leads to a fraction of pores
remaining unoccupied.

In the horizontal mode, on the other hand, all particles are eventually attracted
towards the membrane. Due to the random distribution of the particles in the
dispersion, this inevitably leads to the formation of clusters (see e.g., bar #1 in
Figure 7.4). In addition, there is no flow that may remove the formed clusters
as is the case in the vertical mode. Comparing bar #1 and #2, it can be readily
observed that the presence of this flow leads to a trade-off between the formed
particle clusters and the number of empty pores.

At higher concentrations, the number of empty pores in the horizontal and
vertical position is significantly lower, while the number of particle clusters on the
membrane gradually increases. This can be explained from the fact that, in order to
keep the RL constant (∼= 1.0), lower volume droplets were needed. Consequently,
the local concentration of particles in the vicinity of the membrane pores is higher.
Because of this, the probability of particles colliding against each other increases,
thus promoting the formation of particle clusters in the horizontal (e.g., compare
bars # 1, 3 and 5 in Figure 7.4) and vertical mode (e.g., compare bars # 2, 4 and 6 in
Figure 7.4). Because of the smaller droplet volume, there are also fewer particles
that can escape the applied suction force in the vertical mode. This might explain
why the obtained ER’s from the assemblies in the horizontal or vertical position
at higher concentrations c are comparable. As physically expected, the highest
number of clusters is observed at the highest concentration c = 0.025 mg mL−1.

The results in Figures 7.3 & 7.4 show that two major issues should be addressed
in order to improve the quality of the assembled particle monolayers: avoiding the
presence of clusters and decreasing the number of empty pores. Intuitively, the for-
mation and presence of clusters can be minimized by avoiding high concentrations
or high RLs combined (possibly combined with a washing step after the loading
step), while the number of empty pores could be reduced by either dispensing
droplets with RL > 1.0 on the chip or repeating the loading and washing sequence
with droplets at low concentration and/or with an RL < 1.0.
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Figure 7.4: Bar chart of the error ratio ER observed when depositing single water
droplets with different particle concentrations cand RL ∼= 1.0 on CFx-coated mem-
branes with pitch d = 35 µm in either the horizontal or vertical mode (no washing
step). The error bars of the ER represent the standard deviation for n = 3. Each
bar contains the fraction of particle clusters (filled part of the bar) and empty pores
(empty part of the bar).

7.3.2 Effect of Relative Loading and Use of Washing Steps and
Repeated Additions

To investigate this in more detail, the total number of supplied particles has been
varied by changing the number of subsequent droplet additions N at two different
concentrations (c = 0.0025 and 0.005 mg mL−1). Using multiple droplets, there is a
difference between the relative loading RL of a single droplet and the total relative
loading TRL of the ensemble of applied droplets. Two distinct sets of experiments
were performed: one with RL = 0.6 (N = 2, 3), the other with RL = 1.2 (N = 1).
Notice that TRL = 0.6 ·N when RL = 0.6, and that a single loading step (N = 1) is
pointless when RL < 1. Although showing large standard deviations, the results
in Figure 7.5 show that the quality of the assembly is not necessarily improved by
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supplying particles in subsequent steps with RL = 0.6 (c = 0.005 mg mL−1), but
may even be deteriorated by these multiple sequences. This holds in the horizontal
operating mode both without and with washing step. Whereas the deteriorating
quality is obvious without washing step, it is less expected when a washing step
is added. On the other hand, in the vertical operating mode when c = 0.0025

mg mL−1, the number of empty pores is significantly reduced in the TRL > 1.0

case (cf. bars #7-9 in Figure 7.5d) with respect to the RL ∼= 1.0 case (cf. bar #2 in
Figure 7.4). Hence, the quality of the assembly in the former case is considerably
improved (ER = 2− 4% vs. ER = 8%).

Figure 7.5: Bar chart of the error ratio ER observed when depositing droplets
comprising 10 µm silica particles with concentration c = 0.0025 mg mL−1 (b&d),
and 0.005 mg mL−1 (a&c) on CFx-coated membranes with pitch d = 35 µm placed
in either (a-b) horizontal or (c-d) vertical position as a function of the total number
of cycles N . The RL has been varied with the addition of washing steps (1 mL of
water) after some cycles. The error bars represent the standard deviation for n = 3.
Each bar contains the fraction of particle clusters (filled part of the bar) and empty
pores (empty part of the bar).

While the use of droplets with RL < 1.0 inevitably leads to a high number
of empty pores, Figure 7.5a shows that, by adding multiple loading steps, the
number of empty pores is significantly decreased with each step (cf. bars #5, 6 and
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9 in Figure 7.5a) in the horizontal mode, while in the vertical mode more pores
remain unoccupied due to the gravitational flow transporting the particles past
but also away from the suction membrane (cf. bars #5, 6 and 9 in Figure 7.5b).
However, in the most diluted case, even a TRL = 1.8 did not resolve the problem
of the large number of vacant pores in the vertical mode (cf. bar #9 in Figure 7.5b).
This result suggests that, when only a few pores are left open, the available suction
force becomes too weak to capture the particles that are being transported along
the membrane by the induced flow.

On the other hand, the results also show that the fraction of clusters in the
vertical mode remains relatively low. To take advantage of this observation, a
washing step was added after each loading step to remove the formed particle
clusters regardless of the operating mode. The ER-values in Figure 7.5 indeed
confirm that the addition of a washing step after each loading step substantially
decreased the fraction of particle clusters on the membranes and the difference
between the ER obtained with the RL = 0.6 case and the RL = 1.2 case becomes
insignificant.

A caveat should be added here: subsequent loading steps increase the chance
of dust particles blocking the pores, thus hindering the monolayer assembly of
particles on the membrane. Therefore, single droplets with RL > 1 seem to be
more appropriate to obtain high quality assemblies than multiple additions of
RL < 1-droplets. The results in Figure 7.5 support our hypothesis that a high RL
around the membrane decreases the number of empty pores, but promotes the
formation of particle clusters significantly. Therefore, the addition of a flow is
imperative to remove these formed clusters.

7.3.3 Effect of Hydrophobic/Hydrophilic Nature of the Surface

In addition to utilizing hydrophobic CFx-coated silicon chips, experiments were
also performed on non-coated silicon chips to test if the hydrophilicity of the
surface affects the quality of the particle assembly. Figure 7.6 displays the ER-data
obtained after a single loading and washing sequence on the two different chip
surfaces. The results show that the average ER’s on the CFx-coated chips are
lower and more reproducible compared to what is obtained with the hydrophilic
non-coated silicon chips.

In the horizontal mode, it seems that particles may have a higher tendency to
form clusters on the silicon membranes compared to their CFx-coated counterparts.
This observation can be explained from studies published on the coffee-ring effect
(CRE). In the CRE, particles dispersed in sessile droplets are driven by the capillary
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flow towards the contact line of evaporating droplets. [44;137;139] At this contact line,
the particles are deposited and form clusters. In our setup, this capillary flow is
eclipsed by the applied vacuum force. However, when the droplet is near to its
complete vanishing point, the CRE could become pronounced on the non-coated
silicon chip while the effect will always be less on the CFx-coated chips. For it
is well-known that hydrophobic surfaces may suppress the CRE due to a lower
contact angle hysteresis. [41;137]

In the vertical mode, a large fraction of pores remains empty on the non-coated
silicon chips. Owing to the hydrophilic nature of the silicon chip (contact angle
= 35°), the droplet wets a larger area around the membrane than is the case for
the CFx-coated chip (contact angle = 107°). [97] Hence, a larger number of particles
is transported away from the membrane as the droplet spreads, thus explaining
the large fraction of unoccupied pores.

Figure 7.6: Bar chart of the error ratio ER observed when depositing single water
droplets comprising 10 µm silica particles with concentration c = 0.005 mg mL−1

and total RL = 1.2 deposited on CFx-coated or non-coated silicon chips in either
horizontal or vertical position. A washing step with 1mL of water was added after
each loading step. The error bars represent the standard deviation for n = 3 . Each
bar contains the fraction of particle clusters (filled part of the bar) and empty pores
(empty part of the bar).

Considering both the wetting properties as well as the suppression of the
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CRE, it can hence be concluded that higher quality monolayer assemblies can be
obtained with the CFx-coated chips compared to the non-coated silicon chips.

7.3.4 Effect of Dispersant and Particle Properties

While the preceding experiments were carried out with aqueous silica dispersions,
particles are also often dispersed in solvents with a lower electrical permittiv-
ity than water to reduce the van der Waals forces or, if applicable, to reduce
their hydrophobic-hydrophobic interactions. To examine the universality of the
proposed method, we therefore dispersed the hydrophilic silica or hydrophobic
polystyrene (PS) particles in either ethanol or water. The obtained results are
presented in Figure 7.7. Note that, since the density of the PS particles is lower
than that of the silica particles, the droplets containing PS particles are adapted
to lower volumes (= 56% of the volumes taken for the droplets containing silica
particles) to keep RL constant.

The results for the silica particles show that the quality of the assembly ob-
tained with ethanol after one cycle is inferior compared to that obtained with
water, especially in the vertical mode. These observations can be explained by
the fact that, owing to their lower contact angle, ethanol droplets disperse more
laterally and hence also wet the surface next to the membrane. This lateral dis-
persion transports the particles away from the membrane, resulting in a lower
effective RL, in turn leading to a substantially higher number of empty pores.
This holds for the horizontal mode, but is most prevalent in the vertical mode.
The results obtained with the PS particles dispersed in ethanol after one cycle in
the horizontal mode (cf. bar #7 in Figure 7.7a) support this hypothesis, as the
effective loading near the membrane pores is significantly increased because of
the lower volume ethanol droplet in the PS case. As a result, the number of vacant
pores is substantially decreased. On the other hand, when the PS particles are
dispersed is water, more pores remain empty compared to the silica particles after
one sequence (compare bar #2 vs. #6 in Figure 7.7a). Presumably, the hydrophobic-
hydrophobic interactions in water drives the formation of PS particle clusters
within the droplet/solution, resulting in a depletion of single particles available to
occupy the empty pores.

Another effect originates from the fact that ethanol is more volatile than water.
As the ethanol film evaporates much more rapidly, the time slot during which the
vacuum force can attract the particles towards the membrane pores is significantly
reduced. Because of the rapidly evaporating ethanol film the deposition of particles
outside the membrane area may be promoted, which results in another depletion
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Figure 7.7: Bar chart of the error ratio ER when dispensing single water or ethanol
droplets comprising 10 µm (a&c) silica particles or (b&d) PS particles with con-
centration c = 0.005 mg mL−1 (RL = 1.4) on the non-coated silicon chips with
pitch = 40 µm (silica particles) or pitch = 35 µm (PS particles) placed in either
(a-b) horizontal or (c-d) vertical position as a function of the total number of cycles
N . Washing steps were added (either water or ethanol) after each loading step.
In figure (b) the data for ethanol has been cut-off. The * represent a value of
ER = 45%, i.e. off the scale of the graph. The error bars represent the standard
deviation for n = 3. Each bar contains the fraction of particle clusters (filled part
of the bar) and empty pores (empty part of the bar). A SEM image of one of
the assemblies obtained with (e) silica particles in the vertical mode, and (f) PS
particles in the horizontal mode, after three steps. Scale bar = 200 µm.
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of particles.
To reduce the substantial number of empty pores observed in the discussed

ethanol droplet cases, a refill sequence comprising multiple loading and washings
steps was established for the two different dispersant and particle types. In the
horizontal mode, the quality of the silica particle assembly with ethanol droplets
is significantly improved after three cycles, whereas the quality attained with the
water droplets deteriorated (Figure 7.7a-b). The latter can be explained by the fact
that, in this case, the majority of the pores is already occupied after a single step.
As a consequence, the formation of clusters is promoted when subsequent steps
are added. For the PS particles on the other hand, the quality of the assembly is
improved after three steps (e.g., Figure 7.7f), while the ER obtained with ethanol
shows a slight, but insignificant, increase (Figure 7.7b).

In the vertical mode (Figure 7.7c-d), the quality of the assembly significantly
improved with increasing N for both the silica as well as the PS particles. The
results obtained for N= 3 for silica particles in water droplets in the vertical mode
(e.g., Figure 7.7e) show the importance of the induced flow as the fraction of
clusters is substantially decreased (Figure 7.7c). Thus, in this case (cf. bar #4 in
Figure 7.7c), the quality of the assembly is almost perfect, confirming the result
shown in Figure 7.5c (cf. bar #6) within the error margin.

From the results in Figure 7.7a, it can be inferred that in the case of the silica
particles a single loading step with water droplets (cf. bar #2) is sufficient to obtain
the same assembly quality compared to the three steps with ethanol droplets
(cf. bar #3). However, in the case of the PS particles, a more perfect assembly is
obtained after a single cycle with ethanol than with water. Consequently, water
droplets are preferred for the assembly of silica particles, whereas ethanol is the
preferred dispersant for the assembly of the PS particles.

7.3.5 Effect of the Pore Pitch

In many applications, [85;179;215;218;252] scientists and engineers strive to assemble
particles in configurations with smaller pitches. Experiments have therefore
been performed on membranes with a shorter pore-to-pore distance (= pitch
d). Figure 7.8 shows the ER of the particle assemblies obtained after a single
loading (RL = 1.2, c = 0.005 mg mL−1) and a single washing step (1 mL) on
membranes with pitches ranging from 1.25–35 µm. What immediately stands out
are the significantly higher ER-values obtained for the smallest pitch d = 1.25

µm with respect to other cases (ER = 25± 6% both in the horizontal and vertical
operating mode). These high ER-values stem from the fact that the high pore
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density inevitably leads to a situation where the probability of multiple particles
hindering each other when approaching their destination pore is greatly increased.
As illustrated with a blue circle on the inset of Figure 7.8, this leads to a situation
wherein particles get more easily trapped between adjacent pores. Due to their
size (D = 10 µm > d = 1.25 µm), these trapped particles inevitably partly block
the adjacent pores such that other approaching particles are unable to assemble
on those pores. Therefore, these poorly positioned particles leave the underlying
pores open, which results in a persistent local suction flow, consequently serving
as a nucleation seed for the formation of massive clusters.

Figure 7.8: Bar chart of the error ratio ER of the obtained particle assembly with
varied pitches d on various CFx-coated membranes. The bars with a * represent
an ER-value = 25 ± 8%, i.e. off the scale of the graph. Conditions c = 0.005 mg
mL−1, RL = 1.2, single loading and washing step. The inset shows the SEM image
of particle assembly on a membrane with pitch d = 1.25 µm. The blue circled area
shows that the 10 µm particles are trapped between adjacent pores, leading to the
formation of large clusters on the membrane. Scale bar on SEM image (inset) = 50
µm. Each bar contains the fraction of particle clusters (filled part of the bar) and
empty pores (empty part of the bar).

The data presented in Figure 7.8, together with the inset image, show that a
single washing step was insufficient to remove all the formed particle clusters. For
all the other pitch values, the ER-values are consistent with previous observations,
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with a large fraction of empty pores mostly observed in the vertical mode, and
larger fractions of clusters mainly in the horizontal mode.

Subsequently, the effect of the pore pitch distance was investigated using the
most optimal conditions evolving from the preceding sections. I.e., all experiments
were performed with single water droplets comprising dispersed silica particles
with RL = 1.2 and c = 0.025 mg mL−1 on the CFx-coated chips. This concentration
allows the supply of lower volume droplets, which raises the effective RL near
the pores. After the disappearance of the droplet, four consecutive washing steps
were added to ensure that the majority of, if not all, the clusters were removed.

Figure 7.9 displays the SEM images of the particle assemblies obtained for
varying pitch distances in the (a) horizontal or (b) vertical operating mode. For the
cases (1-3), where the pitch d > 12.5 µm, the obtained ER’s were < 0.34%, with
a perfect monolayer assembly attained on the membrane with pitch d = 35 µm
placed in the horizontal mode. The inset of Figure 7.9a4 reconfirms the result in
Figure 7.8. Figure 7.9a4 and 8b4 demonstrate that the application of four washing
steps removed the majority of the large clusters forming excess layers on top of the
bottom layer, thus significantly improving the quality of the assembled monolayer
in case of the minimal-pitch array (compare ER ≈ 1% in Figure 7.9a4 & b4 vs. ER
= 25% in Figure 7.8). The quality of the particle assembly could in this case be
further enhanced by sequentially adding more loading steps to fill the unoccupied
pores, provided enough washing steps are added to remove the large clusters.
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Figure 7.9: SEM images of the monolayer assemblies attained on membranes with
varying pitches: (1) 35 µm, (2) 23.75 µm, (3) 12.5 µm, and (4) 1.25 µm, placed in
(a) the horizontal or (b) the vertical mode. Single water droplets with RL = 1.2,
c = 0.025 mg mL−1 were deposited on the CFx-coated membranes. Four washing
steps with 1mL water droplets were performed after the loading step. The ER-
values for the different cases are: (a1) = 0%, (a2) = 0.34%; (b1) = 0.10%, (b2)
= 0.19%; (c1) = 0.10%, (c2) = 0.04%; (d1) = 0.66%, (d2) = 1.14%. The stripes
visible in (b1) and (a2)are artifacts due to frequent cleaning of the chips in the
ultrasonic bath. They were found to have no effect on the assembly process. White
scalebar = 200 µm; green scalebar = 20 µm.
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7.4 Conclusion

In this study, a universal method is proposed to assemble a monolayer of mi-
croparticles on the surface of a micromachined grid of membrane pores. Droplets
containing either silica particles (9.98 ± 0.31 µm) or PS particles (9.98 ± 0.11 µm)
are dispensed on membranes connected to a vacuum pump. As the applied vac-
uum force sucks the dispersant through the membrane, the particles are captured
on the array of pores. In general, the quality of the monolayer is impaired by
three apparent defects: particle clusters, empty pores, or the interference of dust
contamination. Occurrence of dust particles is random and will eventually be
minimized in a dust-free working environment, therefore it is neglected in the
interest of this study. We have studied the effect of various parameters on the
quality of the obtained particle monolayer with the proposed method.

The experiments were performed in a horizontal or vertical operating mode,
each with its own advantages and disadvantages. In the horizontal mode, the
number of vacant pores is minimized, but the formation of clusters is promoted,
while in the vertical mode, the gravitation force-induced flow removes the particle
clusters but transports particles away from the membranes, thus prompting a
higher fraction of empty pores.

For the particles dispersed in water, we have varied the concentration c, the
relative loading RL, and the wetting properties of the chips, amongst others.
Altogether these studies highlighted that a high effective RL near the pores is
required to decrease the number of empty pores with the addition of a crucial
washing step to remove the particle clusters.

In addition, we have demonstrated that the proposed method is universal, as
monolayer assemblies were attained with silica as well as PS particles dispersed
in both ethanol or water, reporting promising ER’s as low as 0.3 ± 0.1% for silica
and 0.2 ± 0.1% for PS particles (pitch d = 35 µm).

A drawback of the proposed method was pointed out when experiments were
performed to assemble particles in a configuration with the smallest pitch d = 1.25

µm. In this case, the quality of the particle assembly can be significantly deterio-
rated, as particles can more easily compete for the same pore and some get trapped
between adjacent pores, resulting in ER-values up to at least 25%. However, by
using the optimal process parameters in conjunction with the addition of multiple
washing steps, the overall quality of the formed monolayer could be improved
substantially leading to ER-values 6 1.14%.

Owing to the reversible nature of the applied vacuum force, the method po-
tentially allows to manipulate, release, and subsequently transfer the assembled



556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar
Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021 PDF page: 163PDF page: 163PDF page: 163PDF page: 163

7.4. Conclusion 137

microparticle array. This makes the proposed method attractive for applications
such as (soft-) electronic devices, cellular assays, sorting of (nonvolatile aerosol)
particles, colloidal lithography, and fabrication of microsieves.
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Chapter 8

Final Remarks

The “PrintPack” project embarks on a journey to achieve a paradigm shift in
improving the separation efficiency of HPLC systems. In particular, the aim is to
change the random packing of HPLC columns to an ordered state. It is proposed to
manufacture this ordered packing of silica particles using a layer-by-layer particle
assembly strategy. To this end, it was attempted to capture 10 µm and 5 µm silica
particles on the pores of a micromachined perforated silicon membrane using a
generated vacuum force.

Over the course of the project, it was inferred that the strong interaction forces
of the silica particles pose challenges as they tend to agglomerate or stick onto sur-
faces during handling operation, i.e., the assembly process in this case. Therefore,
the work in this thesis focuses on understanding the particle interaction forces of
these silica particles and the application of various methods to disrupt the agglom-
erates. A variety of different approaches to obtain two dimensional (2D) arrays
of either silica or polystyrene (PS) particle assemblies has been comprehensively
studied. Various devices were fabricated in silicon using micromachining tech-
nology. Using an atomic force microscope (AFM), colloidal probe measurements
(CPM) were performed with a silica probe on substrates with varying hydrophilic-
ity at different humidity levels. These results showed that the adhesion force
between a silica colloidal probe and bare silicon substrate increases when the
relative humidity (RH) exceeds ±45%.

This observation can be attributed to a stronger capillary force between the
two hydrophilic surfaces. Extrapolating from these results, it can be assumed that
for the 10 µm sized silica particles, the capillary force will dominate, increasing the
cohesion among the particles under ambient conditions. This can be confirmed by
performing colloidal probe measurements in the future with a silica probe and the
particles. The study also revealed a lower and constant adhesion force between
the silica probe and a hydrophobic CFx-coated silicon substrate.

The investigated dry assembly processes were generally plagued by the occur-
rence of particles that get trapped between adjacent pores, resulting in a persistent
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local attraction of particles. In turn, this led to the formation of massive clusters
and defects in the assembled particle array. To improve the quality of the parti-
cle assemblies, perforated membranes with profiled funnel-like structures were
fabricated using micromachining technology. These funnel structures ensure that
particles are better guided towards the pores blocking off the entire pore opening.
Employing these profiled membranes enhanced the quality of the assembled par-
ticle arrays significantly, with error ratios improving from at least 15% to < 0.1%.
After removing the excess particles, occasionally a few vacant pores are present on
the obtained assembled array of particles on the surface of the profiled membrane.

Based on the CPM results, it was proposed to use the hydrophobic CFx coating
to prevent hydrophilic silica particles sticking on the perforated membranes or
other substrates. However, when performing rubbing and particle impact exper-
iments, the opposite was observed. The silica particles consistently showed a
tendency to adhere to the CFx coating. These two distinct observations revealed
that the CFx coating promotes the adhesion when the silica particles are rubbed
against or are impacting on the coating. The particle impact experiments also
revealed that the mechanical properties, as well as the adhesive forces between
the impacting bodies, are essential to determine a characteristic sticking velocity
between the particle and flat surface. Owing to their higher sticking velocity on
CFx-coated surfaces, the silica particles have a higher probability of sticking on
a CFx-coated surface than a bare silicon substrate. Taking all these results into
account, the membrane surfaces were not coated with the CFx coating to prevent
sticking of the silica particles during the assembly process.

An in-depth study performed on the manual rubbing method using a PDMS
sheet showed a strong segregation of silica or PS particles on the CFx coated areas
of patterned substrates. Using Kelvin probe force microscopy (KPFM) measure-
ments, it is shown that particles and coating attained opposite charges, leading to
the electrostatic attraction between the particles and CFx coating. These oppositely
charged surfaces originate from the tribocharging mechanism. Another signifi-
cant, albeit counterintuitive, result of the PDMS rubbing study is the pronounced
segregation of silica particles on the CFx-coated areas on a borosilicate wafer, for
which it was observed that the particles experienced a stronger interaction force
on the CFx-coated areas under glove box conditions. This observation corrobo-
rates with the CPM measurements, in which a weaker adhesion was measured
on the hydrophilic borosilicate sample compared to the hydrophobic coating at
lower humidity levels (RH < 45%). In addition, with the CPM measurements,
an attractive long-range electrostatic force decreasing with the RH was observed
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when retracting the silica probe from a CFx-coated surface.

To present the particles in the best possible conditions to the vacuum-assembly
station, two different routes (manual rubbing method and particle shaking) were
explored for their ability to disrupt the silica agglomerates by applying a mechani-
cal force. Using the rubbing method, the agglomerates could be disrupted into
single particles, while we were unsuccessful in obtaining individual particles by
applying the shaking device. These results highlight that a shear force is needed
to break the agglomerated silica particles into single particles. Another strategy
followed to disrupt the agglomerates is the application of a strong electric field
to form a particle cloud between two electrodes. The suspended particles inside
the cloud can be attracted toward the perforated membrane using the generated
vacuum force. In view of the “PrintPack” project, all these three distinct methods
were adopted to assemble particles on the perforated profiled membranes and
within micromachined groove structures (cf. Table 8.1). Using the rubbing method,
ordered silica particle assemblies could be obtained on perforated membranes,
including so-called micromachined groove structures (i.e., structures of connected
particle pockets with a depth exceeding the particle diameter). Considering PS par-
ticles, it was observed that these could be assembled inside the groove structures
by mere agitation. It can be observed from the overview presented in Table 8.1
that excess particles remain on the assembled array of particles and the substrate.
It was attempted to remove the excess particles from the assembled array on the
perforated membranes using a commercially available brush, while a tailor-made
polymer (PSPMA) brush was employed to remove the excess particles from as-
semblies within the groove structures. The latter’s performance can be improved
by studying the interaction forces of the brush and the particles using the colloidal
probe method. The rubbing and electric field method serve as suitable alternatives
either alone or combined, in conjunction with the commercial brush, to attain an
ordered array of particles on the profiled membrane surface.

However, a downside of assembling particles using the dry methods is the
uncontrollable supply of particles, which can be considered a waste of resources.
Therefore, it was attempted to obtain an ordered assembly of particles via a droplet
dispensing method, which allows controlling the supply of particles. The few
excess particles were successfully removed using multiple washing steps, while
the vacuum force was still being applied. This implies that using a liquid jet
is a suitable approach to remove the excess particles obtained with the above
described dry methods. However, even with the droplet dispensing method,
assembly defects (i.e., particles that are trapped between adjacent pores) still
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occurred. Therefore, it is proposed to employ the profiled membrane surfaces that
already proved successful for the dry assembly methods to improve the droplet
dispensing method’s assembly quality.

Due to the vacuum force’s generic nature, the vacuum-driven assembly setup
has proven to be universal to obtain a non-closely packed array of particles.
However, to date, experiments have solely been performed using non-porous par-
ticles to demonstrate the proof-of-concept of the“PrintPack” project. Experiments
should be performed to assemble the type of hydrophobic functionalized silica
particles used in HPLC columns in the immediate future. For this purpose, the
dry and dispensed droplet assembly method could be employed to produce or-
dered array of chromatography particles. Extrapolating from the results obtained
with the hydrophobic PS particles, it can be expected that this should indeed be
possible.

As the assembled particles are readily available for subsequent manipulation
or transfer to other devices, an important next step would also be to develop
a method and investigating the optimal conditions for successfully transferring
ordered arrays of particles onto other surfaces. Moreover, transferring the particles
is imperative to achieve the desired ordered packing for the HPLC columns. In
particular, attention should be given to polymers that are compatible with the
samples and solvents typically used in HPLC.

Finally, extending the assembly process to smaller particles and conductive
particles, in conjunction with a successful transfer of the non-closely packed array
of particles on, e.g., polymer surfaces might be relevant for many applications such
as soft electronic devices, wearable healthcare devices, strain sensors, fabrication
of photomasks. For all of these applications, including the HPLC column, the
adhesion force between the particles and polymer surface should be sufficiently
strong to hold them in their position firmly. Furthermore, the polymer surface
should have excellent elastic properties, such that any surface deformation caused
by the particles can be neglected. In collaboration with other research groups, a
few of these applications could be investigated. Thus, although the “PrintPack”
project specifically aims to enhance the separation efficiency of HPLC systems, it
may contribute to a broader range of various applications.
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etch selectivity and optimized scallop size distribution with conventional
photoresists in an adapted multiplexed bosch drie process. Microelectron.
Eng., 191:77–83, 2018.



556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar
Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021 PDF page: 176PDF page: 176PDF page: 176PDF page: 176

148 BIBLIOGRAPHY

[33] L. Chen, X. He, H. Liu, L. Qian, and S. H. Kim. Water adsorption on hy-
drophilic and hydrophobic surfaces of silicon. J. Phys. Chem. C, 122(21):11385–
11391, 2018.

[34] L. Chen, Q. Shi, Y. Sun, T. Nguyen, C. Lee, and S. Soh. Controlling surface
charge generated by contact electrification: Strategies and applications. Adv.
Mater., 30(47):1802405, 2018.

[35] L. Chen and R. B. van Breemen. Validation of a sensitive uhplc-ms/ms
method for cytochrome p450 probe substrates caffeine, tolbutamide, dex-
tromethorphan, and alprazolam in human serum reveals drug contamina-
tion of serum used for research. J. Pharm. Biomed. Anal., 179:112983, 2020.

[36] X. Chen, T. F. Leary, and C. Maldarelli. Transport of biomolecules to bind-
ing partners displayed on the surface of microbeads arrayed in traps in a
microfluidic cell. Biomicrofluidics, 11(1):014101, 2017.

[37] A. Cho. Contact charging of micron-sized particles in intense electric fields.
J. Appl. Phys., 35(9):2561–2564, 1964.

[38] J. S. Choi, S. Bae, K. H. Kim, and T. S. Seo. A large-area hemispherical
perforated bead microarray for monitoring bead based aptamer and target
protein interaction. Biomicrofluidics, 8(6):064119, 2014.

[39] M. P. Ciamarra, A. Coniglio, and M. Nicodemi. Phenomenology and theory
of horizontally oscillated granular mixtures. Eur. Phys. J. E: Soft Matter Biol.
Phys., 22(3):227–234, 2007.

[40] D. W. Cooper, H. L. Wolfe, J. T. Yeh, and R. J. Miller. Surface cleaning by
electrostatic removal of particles. Aerosol Sci. Technol., 13(1):116–123, 1990.

[41] L. Cui, J. Zhang, X. Zhang, Y. Li, Z. Wang, H. Gao, T. Wang, S. Zhu, H. Yu,
and B. Yang. Avoiding coffee ring structure based on hydrophobic silicon
pillar arrays during single-drop evaporation. Soft Matter, 8(40):10448–10456,
2012.

[42] S. de Beer, L. I. Mensink, and B. D. Kieviet. Geometry-dependent insertion
forces on particles in swollen polymer brushes. Macromolecules, 49(3):1070–
1078, 2016.

[43] M. J. De Boer, J. G. Gardeniers, H. V. Jansen, E. Smulders, M.-J. Gilde,
G. Roelofs, J. N. Sasserath, and M. Elwenspoek. Guidelines for etching



556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar
Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021 PDF page: 177PDF page: 177PDF page: 177PDF page: 177

BIBLIOGRAPHY 149

silicon mems structures using fluorine high-density plasmas at cryogenic
temperatures. J. Microelectromech. Syst., 11(4):385–401, 2002.

[44] R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A.
Witten. Capillary flow as the cause of ring stains from dried liquid drops.
Nature, 389(6653):827–829, 1997.

[45] B. Derjaguin, N. Churaev, and V. Muller. The der-
jaguin—landau—verwey—overbeek (dlvo) theory of stability of lyophobic
colloids. In Surface Forces, pages 293–310. Springer, 1987.

[46] B. Derjaguin and L. Landau. The theory of stability of highly charged
lyophobic sols and coalescence of highly charged particles in electrolyte
solutions. Acta Physicochim. URSS, 14(633-52):58, 1941.

[47] B. V. Derjaguin. Acta physicochim. USSR, 14, 1941.

[48] G. Desmet and K. Broeckhoven. Equivalence of the different c m-and c
s-term expressions used in liquid chromatography and a geometrical model
uniting them. Anal. Chem., 80(21):8076–8088, 2008.

[49] A. Diaz and R. Felix-Navarro. A semi-quantitative tribo-electric series for
polymeric materials: the influence of chemical structure and properties. J.
Electrost., 62(4):277–290, 2004.

[50] A. S. Dimitrov, T. Miwa, and K. Nagayama. A comparison between the opti-
cal properties of amorphous and crystalline monolayers of silica particles.
Langmuir, 15(16):5257–5264, 1999.

[51] W. A. Ducker, T. J. Senden, and R. M. Pashley. Direct measurement of
colloidal forces using an atomic force microscope. Nature, 353(6341):239–241,
1991.

[52] W. A. Ducker, T. J. Senden, and R. M. Pashley. Measurement of forces in
liquids using a force microscope. Langmuir, 8(7):1831–1836, 1992.

[53] T. T. Duncan, E. P. Chan, and K. L. Beers. Maximizing contact of supersoft
bottlebrush networks with rough surfaces to promote particulate removal.
ACS Appl. Mater. Interfaces, 11(48):45310–45318, 2019.

[54] N. V. Dziomkina, M. A. Hempenius, and G. J. Vancso. Symmetry control of
polymer colloidal monolayers and crystals by electrophoretic deposition on
patterned surfaces. Adv. Mater., 17(2):237–240, 2005.



556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar556738-L-bw-Jimidar
Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021Processed on: 26-2-2021 PDF page: 178PDF page: 178PDF page: 178PDF page: 178

150 BIBLIOGRAPHY

[55] N. V. Dziomkina and G. J. Vancso. Colloidal crystal assembly on topologi-
cally patterned templates. Soft Matter, 1(4):265–279, 2005.

[56] S. Ecke and H.-J. Butt. Friction between individual microcontacts. J. Colloid
Interface Sci., 244(2):432–435, 2001.

[57] A. Esmanski and G. A. Ozin. Silicon inverse-opal-based macroporous ma-
terials as negative electrodes for lithium ion batteries. Adv. Funct. Mater.,
19(12):1999–2010, 2009.

[58] M. Farshchi-Tabrizi, M. Kappl, Y. Cheng, J. Gutmann, and H.-J. Butt. On
the adhesion between fine particles and nanocontacts: an atomic force
microscope study. Langmuir, 22(5):2171–2184, 2006.

[59] J. Q. Feng. Electrostatic interaction between two charged dielectric spheres
in contact. Phys. Rev. E, 62(2):2891, 2000.

[60] R. Fuchs, J. Meyer, T. Staedler, and X. Jiang. Sliding and rolling of individual
micrometre sized glass particles on rough silicon surfaces. Tribol.-Mater.,
Surf. Interfaces, 7(2):103–107, 2013.

[61] R. Fuchs, T. Weinhart, J. Meyer, H. Zhuang, T. Staedler, X. Jiang, and S. Lud-
ing. Rolling, sliding and torsion of micron-sized silica particles: experi-
mental, numerical and theoretical analysis. Granular matter, 16(3):281–297,
2014.

[62] M. Fujii, A. Awazu, and H. Nishimori. Segregation-pattern reorientation of a
granular mixture on a horizontally oscillating tray. Phys. Rev. E, 85(4):041304,
2012.

[63] A. Fukunishi and Y. Mori. Adhesion force between particles and substrate
in a humid atmosphere studied by atomic force microscopy. 2006.

[64] F. Galembeck, T. A. Burgo, L. B. Balestrin, R. F. Gouveia, C. A. Silva, and
A. Galembeck. Friction, tribochemistry and triboelectricity: recent progress
and perspectives. RSC Adv., 4(109):64280–64298, 2014.
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Summary

Analytical techniques are essential in detecting components within complex sam-
ples retrieved from a wide range of applications, e.g., measuring micropollutants
produced by plastic debris in seawater. Amid the COVID-19 pandemic, it has
turned out that rapid and highly sensitive detection of pathogens is crucial to
contain the spreading of the contagious disease. High Performance Liquid Chro-
matography (HPLC), is an analytical technique, in which a sample is pumped
under high pressure through a packed bed of microspheres (the HPLC column).
Within this column, the components of the injected sample interact differently with
the beads, hence leaving the columns at different time intervals. These separated
components are visualized on a chromatogram. Improving the efficiency of the
HPLC separation process could benefit the clinical diagnostics and treatment of
diseases, e.g., cancer.

One approach to increase the efficiency of the HPLC process is by changing the
packing of microbeads in the HPLC column from a random to an ordered state.
We propose to obtain this ordered structure by a layer-by-layer assembly of these
beads. This strategy is pursued by exploring the concept of a vacuum-driven force
to capture a monolayer of precisely positioned beads on a micromachined device.
As simple as this may sound, it suffices to say that it has been a challenging task
to assemble this monolayer of particles. The main challenges originated from
the aggregation of these beads and uncontrollable supply of them under dry
conditions.

We have applied various techniques, such as rubbing, high voltage power
supply systems, and shakers, to break the large cluster of microspheres, prior
to offering them to the experimental setup. Furthermore, we have studied the
interaction forces of silica or polystyrene beads on several surfaces to understand
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the mechanism of why they would stick on surfaces. It was observed that after
rubbing, the beads unexpectedly had a preference to stick on a Teflon-like material.
This result was explained by the tribocharging mechanism, which is the same
mechanism responsible for the charging of a balloon while rubbing it on your
hair. A key part of the project involved the design and fabrication of devices using
micromachining technology. These devices were deployed in several domains of
the projects: to break the clusters, to control the supply of single particles with
a filter, and to capture the particles with the vacuum force firmly. Our studies
revealed that droplets carrying the beads enhance the supplement as well as the
quality of the obtained particle assembly. Moreover, funnel-like structures on
which the microspheres are captured on the device have proven to improve the
quality of the closely packed assemblies significantly.
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Samenvatting

Scheidingstechnieken zijn essentieel bij het analyseren van complexe mengsels
die worden aangetroffen in verschillende applicaties, bijvoorbeeld het meten van
verontreinigingen die worden geproduceerd door plastic afval in zeewater. Gedu-
rende de COVID-19 pandemie is gebleken dat snelle en zeer gevoelige detectie
van ziekteverwekkers cruciaal is om de verspreiding van de besmettelijke ziekte
tegen te gaan. High Performance Liquid Chromatography (HPLC) is een scheidings-
techniek, waarbij een vloeistofmengsel onder hoge druk door een gepakt bed
van bolvormige microdeeltjes wordt gepompt (de HPLC-kolom). In de kolom
wordt het geı̈njecteerde mengsel als gevolg van selectieve interactie met de pak-
king gescheiden in de verschillende bestanddelen. Deze bestanddelen verlaten
de kolom binnen verschillende tijdsintervallen en worden gevisualiseerd op een
chromatogram. Het verhogen van de efficiëntie van het HPLC-scheidingsproces
zou de klinische diagnostiek en therapie van aandoeningen, bijvoorbeeld kanker,
ten goede kunnen komen.

De efficiëntie van het HPLC-proces kan worden verbeterd door de stapeling
van microbolletjes in de kolom te wijzigen van een wanordelijke naar een ordelijke
toestand. Deze geordende structuur kan worden gebouwd door steeds een enkele
geordende laag van de microbolletjes op elkaar te stapelen. De enkele laag van
microbolletjes wordt nauwkeurig gepositioneerd op een membraan door gebruikt
te maken van een vacuüm kracht. Hoe eenvoudig dit ook mag klinken, het volstaat
om te zeggen dat dit een zeer uitdagende onderneming is. Deze uitdagingen
worden met name gevormd door het agglomereren van de microbolletjes en de
ongecontroleerde aanvoer van deze bolletjes onder droge omstandigheden.

In het kader van dit project is het noodzakelijk om losse microbolletjes aan
te bieden aan de experimentele opstelling. Hiervoor zijn een verscheidenheid
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aan technieken, zoals het wrijven van de bolletjes, het inzetten van hoogspan-
ningsvoedingssystemen, of het uitvoeren van schudexperimenten, toegepast om
de grote agglomeraten op te breken in losse microbolletjes. Daarnaast zijn de
interactiekrachten tussen silica of polystyreen microbolletjes en verschillende op-
pervlakken bestudeerd om het mechanisme te verklaren waarbij de bolletjes op
oppervlakken blijven kleven. Geheel contra intuı̈tief werd waargenomen dat de
microbolletjes na het wrijven een sterkte voorkeur hadden om op een Teflon-achtig
materiaal te kleven. Dit resultaat werd verklaard door het tribo-elektrisch effect.
Ditzelfde mechanisme is verantwoordelijk voor het opladen van een ballon als
deze langs het haar wordt gewreven. Een belangrijk onderdeel van het project
behelsde het fabriceren van microsystemen door middel van microfabricatie tech-
nologieën. Deze systemen zijn voor verschillende toepassingen binnen het project
ingezet: om de agglomeraten te breken, om de aanvoer van losse microbolletjes
met een filter te regelen en om de deeltjes stevig te positioneren door middel
van de vacuümkracht. Onze studie heeft aangetoond dat het toedienen van een
druppel uit een dispersie de aanvoer van de microbolletjes beter controleert. Dit
zorgt ervoor dat de kwaliteit van de enkele laag op het membraan wordt verbeterd.
Bovendien hebben trechtervormige structuren op het geprofileerde membraan
bewezen de kwaliteit van de dichtgepakte enkele laag van microbolletjes op het
membraan sterk te verbeteren.
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