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Chapter 1

Introduction: Towards large-scale assemblies through
micro-precision engineering
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Chapter 1

Introduction: Towards large-scale assemblies

through micro-precision engineering

1.1 General Information

Chromatography is a chemical separation technique that has been around for a long time
and is nowadays extensively used for chemical analysis in both industry and academics.
The term ”chromatography” can be traced back to Tswett’s research concerning the sepa-
ration of plant pigments. Tsvet separated these different plant pigments using absorptive
chromatography. [350] Nowadays, both gas chromatography (GC) and high pressure liquid
chromatography (HPLC) are widely used in different scientific disciplines to separate and
analyze complex mixtures.

Chromatography is a well established analytical technique heavily used in prominent
fields such as pharmaceuticals and oil industry. [22;86] Many other scientific areas, such
as contemporary cell biology, could benefit from an increase in separation speed and/or
efficiency. LC is a powerful technique that is often used in combination with mass
spectrometry (MS) for the analysis of complex biological fluids. Due to its high separation
efficiency and the possibility to separate polar compounds, this technique is often used
for the unraveling of complex biological samples (e.g. urine samples) to gain a better
understanding of the mechanism of diseases at a molecular level. Insights gained from
such analyses could then open up new roads towards the development of more effective
medicines and treatments. There are two main advantages which makes high performance
liquid chromatography (HPLC) a very popular technique for separating mixtures, especially
biologically complex samples. First, HPLC is capable of dealing with relatively polar
compounds. Secondly, this technique is able to deal with non-volatile compounds. [333]

Recently, several research groups have described specialised protocols for the separation
and analysis of complex biological samples. Recent research has suggested that the addition
of tandem mass spectrometry (MS/MS) for improved detection of the separated compounds
makes this hybrid LC-MS/MS a very useful technique for analyzing biological samples. [36]

In recent years, researchers have described a variety of highly specific protocols for the
analysis of complex biological samples, for example Gleize et al. [108], Srbek et al. [288]
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2 1. Introduction: Towards large-scale assemblies through micro-precision engineering

and Wagner et al.. [320] Although these specialised techniques are effective when used for
the intended application, these protocols are expensive and labor-intensive. A general
improvement in the separation efficiency attainable with LC could possibly replace these
specialised protocols completely.

The complexity of (biological) samples can only be resolved when a greater separation
efficiency is achieved in LC processes. Several improvements have been developed for
increasing the separation efficiency of LC. The three most noteworthy are the introduction
of monolithic columns, [120] the use of smaller particles as packing material leading to the
development of ultra-high performance liquid chromatography or UHPLC[294] and the use
of core-shell particles as packing material. [146] The use of sub-2 μm particles in UHPLC
has led to significant improvements, but it also requires higher working pressures (up to
1500 bar). When working under such high pressures and with even smaller particles, some
new practical engineering challenges arise, such as the design of appropriate pumps and
packing of the column. [119] A scientific breakthrough im the field of LC is still needed to
unravel the most complex biological samples.

A novel approach to achieve these higher separation efficiencies in LC would be to leave
the randomly packed bed paradigm and work towards getting perfectly ordered and open
structures for column packing (Figure 1.1). In other words, the particles available today for
packing a column for LC would be in a perfectly ordered and open-structured geometry.
Advances in micro- and nano-fabrication could allow for this new kind of packing to be
fabricated and tested. The structures that deal best with the remaining disorder of the
system need to be identified by testing different geometries and rationally optimising
them. The outcome of this project may contribute to unraveling of complex biological
samples, while the developed micro-fabrication and micro-manipulation techniques for
particle assembly could also lead to breakthroughs in other areas such as the production of
photonic crystals.

1.2 Project Aim

The main objective of this thesis is to use state-of-the-art microfabrication techniques
to improve the separation efficiency of current column technology used nowadays in
chromatography for both gas chromatography (GC) and LC. By using microfabrication
techniques to make miniaturised columns with an innovative design, we set out to improve
the current efficiency of traditional chromatography columns. In the following paragraphs,
the focus is mainly put towards the novel LC columns formats, the reader is referred to the
last paragraph of section 1.3 for further explanation concerning the GC microcolumns.

The principal idea behind the novel approach for packing a LC column is to keep
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1.2. Project Aim 3

Figure 1.1: A schematic representation of a traditional HPLC column with randomly packed
bed (A) and possible configurations to produce an ordered and open-structured packing of
the particles as proposed in the printpack project (B).

the current commercially available particles but arrange them in a perfectly ordered and
open-structured geometry. This is completely different from previously mentioned routes
of improvement in the field of LC, such as pillar array columns, monolithic columns, 3D
printing, ... These routes often require chemical changes in the material of the bed, so
they could not compete with highly optimised particles available today. The following
hypothesis supports the idea to arrange the particles in an ordered and open-structured
configuration: if a packing can be assembled wherein all flow-through paths are identical
to each other, all molecules would flow through the column at the same speed, much like a
flow of molecules through an open tube. It is important to mention that, in practice, the use
of single tubes in LC chromatography is very seldom seen since it does not provide enough
separation due to lack of interaction surface. On the other hand, it is well-established,
based on gas chromatography (GC) research, that a mesoporous coated open tube (with
optimised diameter) can yield a 100 times faster separation compared to randomly packed
beds. [246] This section has attempted to state that even higher efficiencies could could be
attained when a perfectly ordered packing of spherical particles is used, since there will be
less dispersion in such ordered configurations when compared to open tubes. [80]

The arguments presented thus far support the idea that the strategy proposed here is
innovative since the device can be manufactured layer by layer with a vacuum-driven micro-
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4 1. Introduction: Towards large-scale assemblies through micro-precision engineering

Figure 1.2: A schematic representation of the particle pick and place device: a) picking up
particles from a tray (blue) and b) placing them with nano-precision on a substrate (green).
Source: Berneman N. (2017) [224]

structured collecting and depositing tray, also referred to as ‘pick and place device’ (Figure
1.2). This tray should be capable of collecting a layer of particles and then depositing
it on a substrate layer by layer to finally obtain a perfectly ordered and open-structured
sphere array. The layers of arranged particles itself are then kept together in the final
structure by means of photo-curable glue. Another feasible production route towards to
obtain the structured sphere array is to assemble particles on a patterned rigid substrate
that is designed to hold the particles in a pre-determined position. A simple sieve plate
configuration would be a possible geometry that allows the fabrication of particle-filled
microfluidic devices, as discussed in 1.3.

Currently used micro- and nano-LC applications often make use of a wall-coated
open tubular format or capillary tubes filled with different materials, such as particles
or monolithic structures. [214;225] Another popular format for micro-LC are pillar array
columns which have been commercialized for use in biological applications. [334] Our
proposed chromatographic device with an ordered and open-structured sphere array is
innovative because it keeps the particles in an ordered state, as opposed to the random
packing of particles capillary tubes. Next to this, the device is also open-structured, much
like the pillar array micro LC columns, however the use of commercially available HPLC
particles in the proposed device could still attribute to an increase in separation efficiency.

With regard to column packing, the creation of a perfectly ordered and open-structured
array of spheres embedded with 1 to 5 μm spherical particles becomes possible due to
recent advances in the field of nanotechnology. [184;204;215;291] The production of defect-free
nano- and/or microsphere arrays over large areas is a very challenging problem.[90;316]

For the application of LC, the arrays have to meet even more demanding requirements
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1.3. Project approach 5

because LC is immensely sensitive to any kind of disorder. [27] This novel type of columns
offers the potential to aim at obtaining the same elution speed in all parallel flow paths
inside the column. Having a same elution speed also means a comparable flow resistance
is needed and also requires that all the molecules will be subjected to an equal amount of
interactions the column packing. Unfortunately, no production technique is completely
perfect and defects are often present. However, it could be argued that diffusional cross
talk can compensate for the velocity differences resulting from fabriction errors. Next to
that, it is important to identify the sphere geometry (type of sphere array) that can best cope
with the velocity differences stemming from fabrications errors. Even with the inevitable
production errors, the field of LC could hugely benefit from the use of this novel column
type.

1.3 Project approach

In this project, there is mainly focused on finding an appropriate particle assembly method
that can be used to fill a simple micro-machined sieve plate column (Fig. 1.3 A). Although
many particle assembly strategies exist, many of them are labor-intensive, require expensive
set-ups and often produce packing errors. [238] In this thesis we aim towards developing
a simple, cheap, fast and error-free method for particle assembly on our patterned rigid
substrates. The sieve plate pattern was chosen as it is the simplest form to achieve a
single-layered LC micro-column and its microfabrication process is straightforward. This
device has the potential to be scaled up because it can be easily adapted to hold multiple
layers of particles. The sieve plate pattern possesses overlapping circular pockets that are
each designed to hold one particle. The circular shape of the pockets will ensure that the
particles are kept in place, as opposed to a straight channel configuration where particles
do not really have a predetermined position within the channel and consequently assembly
errors can arise. Particle assembly methods are tested on these overlapping circular pockets
(also called microgrooves, Fig. 1.3 B) as well as for other geometries of the pockets.
Assembly methods were tested for 10 μm particles with varying properties (polystyrene
and silica) to check the influence of the particle properties on the tested assembly methods.
There was chosen to use silica and polystyrene as model particles, since commercially
available HPLC C18 particles [189] are very expensive and this would be very wasteful
to use for the optimization of the particle assembly methods. If the particle assembly
was successful, attempts were made to close the system with a top plate via a bonding
technique to obtain a column that can be used for (liquid) chromatography. Ofttimes,
particle assembly is not completely error free and the device needs to be cleaned from
unwanted particles prior to bonding.
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6 1. Introduction: Towards large-scale assemblies through micro-precision engineering

Figure 1.3: Panel (A) shows a schematic view of a sieve plate configuration with particle
packing. Panel (B) shows such a sieve plate structure where the particles are kept in place
by circular pockets.

For the miniaturised GC columns, we have fabricated columns with a pillar array
design, which is an established format for GC microcolumns. [107] Recent findings of our
group have shown that radially elongating these pillars yields an even better performance of
these pillar array columns. [151] In the presented work we have attempted to improve these
microGC columns by tackling current pitfalls of the device and examining the possible
applications of the device.

1.4 Impact of the project

1.4.1 Fabrication of novel HPLC microcolumns

The arrangement of particles inside the column has a major influence on separation
efficiency. While the separation speed of columns has only tripled over a period of 5
years [35], we estimate that the envisioned type of LC columns will possibly reduce the
separation time with a factor 100 to 150. This factor can be explained by looking at the
following formula for the retention time:

tR = (ΔP/μ)∗h2 ∗φ ∗N2 (1.1)

with tR the retention time, P the pressure, μ the mobile phase velocity, h the reduced plate
height, φ the flow resistance of the bed and N the number of plates. With the novel type
of LC columns h can be reduced with a factor 2.5 because of the order in the packing,
while φ can be reduced easily by a factor of 50 by resorting to more open structures. The
fabrication of these columns could lead to unseen separation efficiencies that are nowadays
not attained. This research could have a major impact in other areas of science and/or
industry that make use of sensitive chemical analysis. Even the simplest design, namely
the single layered column, could already result in groundbreaking progress, since it paves
a way to single cell analysis. The analysis of such a column would allow for the detection
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of more components and at a lower concentration, which could aid in the discovery of
new biological species. If the number of layers of the device can be increased, these
columns could replace the current columns used in LC and completely change the use of
chemical analysis in both industry and research. Especially fields such as pharmaceutical
and chemical industry, where chromatography is a benchmark analysis technique, could
hugely be impacted by reduced analysis times and/or improved efficiency/sensitivity of
the technique. As quite a portion of the work done in this thesis addresses various particle
assembly and removal techniques, other areas that could possibly benefit greatly from
this research are photonics, optics, sensing, energy harvesting, pigments [20;42] and even
more targeted areas of research such as biomedical engineering, [218] particles for drug
delivery[47] and polishing tools. [219] A very common example where particle assembly
is used in a real world application are hydrophobic screen coatings for smartphones to
render them water-resistant. [345] Insights regarding particle assembly in general are of
great interest to particle technologists.

1.4.2 Pillar array GC microcolumns

Most recently, a C18 grafted PAC was commercialized and used for the separation of
complex peptide mixtures in LC.[73;303]. Although the pillar array columns (PACs) is
a popular format for microGC separations, there is still work that needs to be done to
establish this column format in commercial GC applications. In this dissertation, we have
worked towards the commercial implementation of a PAC with elongated pillars for use in
GC.

1.5 Dissertation Overview

After providing the reader with context and motivation about the research project in this
chapter (Chapter 1), the dissertation follows this outline:

Chapter 2 provides the reader with the necessary theoretical knowledge regarding micro-
fabrication as well as chromatographic techniques and basic concepts needed for under-
standing this dissertation are explained in detail.

Chapter 3 encompasses an in-depth study of both dry and wet particle assembly techniques
that were used to fill micro-patterned substrates.

Chapter 4 discusses various particle cleaning techniques and their applicability to the
intended micro-machined device.

Chapter 5 discusses microfabricated pillar array columns for GC, the coating process and
obtained efficiency measurements.
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8 1. Introduction: Towards large-scale assemblies through micro-precision engineering

Finally, in Chapter 6 , general conclusions are made and recommendations for further
research are given.
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Chapter 2

State-of-the-art techniques

Abstract

The following chapter is a short summary of some key concepts and background
information that provide the reader with sufficient context to understand the work
done in the present thesis. In the first part of the following chapter, microfabrication
techniques used for the fabrication of the chromatographic devices are discussed. The
second part discusses state-of-the-art techniques in the field of chromatography.

2.1 Micro- and nanofabrication

The collection of techniques used to fabricate devices in the micro- and nano-metre range
is referred to as microfabrication. The invention of the transistor in 1947[19] gave rise to
a growing need for microfabrication techniques. This quickly led to the development of
new technologies to fabricate transistors on semiconductor materials and a little later these
transistors were connected to form the first IC. [16;133] Nowadays, a lot of research effort
has been put in the miniaturisation of the technological devices that we use every day. A
common example would be the integrated circuits inside our phones and/or computers,
as mentioned above. But not only the IT world makes use of these microfabrication
techniques, also other fields like medicine, energy and chemistry have invested a lot of
time and effort towards applications fabricated with this novel technology. For instance
the design of a lab on a chip, microdevices are being used in drug discovery[85], in the
analysis of biological samples [263] and other scientific research areas. [298]

We would like to suggest the following books for the reader that give a comprehensive
overview of fundamentals of microfabrication: ’Introduction to microfabrication’ by Sami
Franssila [100] and ‘Fundamentals of microfabrication and nanotechnology’ by Marc J.
Madou. [202].

2.1.1 Typical substrate materials for microfabrication

The semiconductor material silicon, together with its corresponding oxide is the most
common substrate used in microfabrication. [96;202] At present, silicon wafers are available
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10 2. State-of-the-art techniques

in a variety of types with varying properties: diameter, thickness, type of charge carriers
(referred to as n- or p-type) and resistivity can vary in a range of 0.001-20,000 Ωcm. A very
attractive quality of silicon substrates is the possibility to control the crystal orientation
and thus introduce a certain directionality during fabrication. [202] Next to that, silicon
has excellent mechanical properties and for this reason is often used in micro-mechanical
applications, e.g. fabrication of cantilevers, flexible beams and membranes. [15] Silicon is
still the most commonly used substrate in micro-fabrication as it is smooth, flat, relatively
cheap and mechanically strong. [332] Microelectromechanical devices (MEMS) have been
extensively developed over the last decade for numerous applications in varying fields
such as microfluidic devices, DNA microarrays, optical devices, sensors, etc. [30;324] It
often happens that very specific applications need to make use of very specific substrate
materials. Examples of other single-crystalline substrates used in microfabrication are:
quartz (crystalline SiO2), gallium arsenide (GaAs) and silicon carbide (SiC) and sapphire
(Al2O3). [37;216;321] Amorphous substrates like glass, fused silica (SiO2), and alumina
are common substrates used in micro-fluidics [45], micro-optics [358] and in microwave
circuits [223], respectively.

2.1.2 Multi-layered device fabrication

Most of the microfabrication processes use the deposition of thin films to give the substrate
a certain functionality. The thin film can be made of a variety of materials with conducting,
semiconducting, insulating, piezoelectric, transparent or other properties. Metals like
alumina, copper and titanium are often used in microfabrication. Once the thin filn has
been deposited, it can undergo further processing with chemical, physical or thermal
processes. The thin layer should remain stable during these processes to protect the
underlying layer from thermal or mechanical stress. If necessary, the substrate can be
provided by a barrier layer for protection of the underlying layers. By adding several
thin layer films and selective removal of the materials with a micrometre-scale pattern, it
becomes possible to fabricate multi-layered functional devices. [60;171;202]

Processes used in microfabrication often can be categorized into one of these four
types: (1) deposition of thin films, (2) layer transfer in underlying layers or bonding,
(3) introducing a micrometre pattern in thin films or substrate and (4) high-temperature
processes to alter the substrate. For each of these types of processes, there is a wide
range of technologies available to choose from depending on design requirements and cost
efficiency. Often, cleaning steps and surface preparation of the substrate is referred to as
the fifth type of basic process. This category is very hard to define as there are a lot of
cleaning techniques depending on the type of contamination. [202] For example, surface
preparation before an oxidation process requires the elimination of metallic and organic
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2.1. Micro- and nanofabrication 11

traces, while for a bonding step the surface preparation consists of removing any particle
large enough to leave voids. These basic operations are explained further on in this thesis
in more detail.

In a cleanroom (in this case the NanoLab at the University of Twente), strict rules exist,
and certain conditions must be maintained to ensure the lowest possible risk of contamina-
tion of the microdevices with dust or other particles. [304] As most of the contamination
issues can be retracted back to a human source, the people working in the cleanroom have
to wear a protective suit that prevents their skin cells from contaminating the samples. But
even with all these preventive measures and rigorous control of external influences like
temperature and humidity, there is still a probability that some devices will be defective
due to various types of contamination. [148]

2.1.3 Thin film deposition methods

Thin films may have a varying function in the fabrication process: they may constitute a
final component of the device, or serve as a protective layer, etch barrier, diffusion mask
or sacrificial layer. The thickness of the film is usually smaller than its other dimensions,
hence the name ‘thin film’. Thin films can be deposited by means of several methods
and this will have an influence on the properties of the thin film.[54;281] In the following
paragraphs, several commonly used deposition techniques and their working mechanism
will be discussed in more detail.

2.1.3.1 Physical vapor deposition - PVD

In Physical Vapor Deposition (PVD) a thin film is deposited to the substrate by ejection of
a material from a solid target, followed by the transport and condensation of the ejected
material to the substrate surface in vacuum. Ejection of the material can be achieved by
several methods such as resistive heating, electron beam heating, ion bombardment or laser
beam bombardment (also known as laser ablation). [203;281] PVD is most often used for
the deposition of alumina thin films but is also compatible with other materials like metal
alloys, ceramics, inorganic and certain polymeric compounds. [202]

Evaporation of metals can be achieved by resistive heating or use of an electron beam.
The deposition process is very slow and has a speed in the range of 0.1-1 nm/s. The
evaporation is carried out ih a high vacuum (HV) or ultrahigh vacuum (UHV) to ensure
a line-of-sight route taken by the evaporated molecules. This in combination with a low
temperature regime will result in uncoated sidewalls of holes and ridges present on the
substrate. Substrate heating can be executed if the quality of the film is low due to two
favourable effects: impurities will desorb from the substrate and the adsorbed atoms
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are able to find an energetically favourable lattice position more easily. Evaporation by
resistive heating can only be applied for low melting point metals like gold and aluminium,
while localised heating methods such as an electron beam are necessary for the evaporation
of refractive metals. [100;103;203;266]

Among the various PVD methods, sputtering is the most commonly used one. In
sputtering, a plasma will provide positively charged argon ions that will trigger the ejections
of material from the target upon impact. The high energy ejected atoms are then transported
in vacuum to the substrate. Due to the high energy of the ejected atoms that collide with
the substrate sputtering rates are significantly higher than for evaporation methods and
deposition rates may vary between 1 and 10 nm/s. [202] Since the sputtering pressures are
relatively high, the sputtered/ejected atoms will not take a line-of-sight route and will
collide with each other before reaching the substrate. This will result in both favourable
and unfavourable effects: a film with very good density can be obtained while on the other
hand the use of plasma increases the risk of damage to the films or substrates. [103;203;266]

2.1.3.2 Chemical vapor deposition - CVD

In chemical vapor deposition, the material for deposition is supplied to the reactor in the
gas phase. In plasma-enhanced chemical vapor deposition (PECVD), the gas molecules
are activated by a plasma, in thermal CVD they are heated up to their decomposition
temperature, and in both cases the activated species diffuse to the substrate surface where
several molecules will react with each other and form a thin film.[100] The reactions in
a CVD process are temperature dependent processes, and can be described by the well-
known Arrhenius equation. [174] CVD is most often used for the deposition of mixed oxides,
nitrides and carbides and can reach rates from 0.1 to 10 nm/s[100].

Some materials are not compatible with the extremely high temperatures in CVD. The
need for new deposition methods with a lower temperature has led to the development
of several new methods. [289] One of these methods makes use of a plasma to help the
decomposition of the source gas and to enhance the surface reactions. Plasma-Enhanced
Chemical Vapor Deposition (PECVD) can achieve a comparable deposition rate as CVD
(0.1-10 nm/s) but at lower deposition temperatures of about 300°C. [53] The main disadvan-
tage of using PECVD is that deposited films are less dense compared to films obtained
with thermal CVD.[208]

2.1.3.3 Spin coating

Spin coating is one of the most common techniques used to deposit a thin layer of material
on a substrate because of the reproducibility and ease with which this technique can be
used. Although this technique is most often used for the deposition of photoresist layers on
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a substrate, nowadays it is also compatible with several other materials, e.g. spin-on-glasses
(SOGs) and a variety of polymers. [100;126] A few drops of the material, dissolved in a
suitable solvent, are added to the substrate prior to spinning at high speed, ranging from
1000 to 10000 rpm. During the spinning, the material is spread out evenly over the entire
substrate while the excess will simply fall off. Any gaps or cavities on the substrate, will
be filled by this liquid and will be made plain after the spin process. After the coating, the
deposited layer still contains some solvent, which can be removed by baking the substrate
at an elevated temperature for a certain amount of time on a hotplate (often referred to as
soft baking or pre-baking). Spin coating allows for the deposition of films with a typical
thicknesses ranging from 1 to 1000 μm, while CVD is only capable of reaching a film
thickness of a few micrometres. In spin coating, the film thickness is dictated by the solvent
concentration and the spin speed (slower spinning will yield thicker layers) and it yields a
uniform film thickness except at the edges of the substrate. Often, the manufacturer of the
spin coating materials will provide a spinning curve to determine the film thickness for a
certain spin speed. This technique is not suitable when there is a need for highly uniform
thicknesses all over the substrate, as the material accumulates at the border of the substrate
during spin coating. Other similar methods that are used for deposition of these organic
materials are spray coating, dip coating or electrostatic spraying. [32;48;270;279]

2.1.4 Substractive techniques

As opposed to thin film deposition techniques, also called additive techniques, substractive
techniques will remove material from the wafer, often in a selective manner. [100] The depo-
sition of films in combination with the selective removal of patterns created with patterning
techniques allows for the construction of complex multi-layered microdevices. [60;171]

Materials can be removed either by isotropic wet etching with chemicals or by anisotropic
dry etching with gaseous species. Dry etching methods have several advantages compared
to wet etching, namely less degradation of metal features already present on the substrate
and the resulting structures will have more straight sidewalls. [111;140]

2.1.4.1 Wet etching

Wet etching techniques are divided into categories depending on the energy source used,
and therefore are referred to as chemical etching, photochemical etching, electrochemical
etching or combinations of the aforementioned. [202;310;357] If the method used is purely
chemical (i.e. it only depends on heat input or extraction), one refers to the process as
chemical milling (CM). [84;307] In CM, chemicals are used to carve into a masking layer
and to open up underlying patterns. If the energy source used is light, the process can be
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either photochemical milling (PCM) or photofabrication. [13;44;269] PCM is a process often
applied when the micro device contains metals and in these photofabrication processes
UV-exposure through a photomask will result in an altered solubility of the UV-exposed
areas (see paragraph 2.1.5). [202] Finally, if the energy source used is electricity, one speaks
of electrochemical milling (ECM). [161;254]

During anisotropic wet etching, e.g. etching of silicon oxide or silicon nitride by HF,
the chemical reactions occurs in a preferred direction. These wet etching techniques exploit
the crystalline structure of the substrate and the etching will mainly happen in the preferred
crystallographic orientation (usually perpendicular the substrate). [202] There will always
be some etching in the other crystallographic orientations as well, and this will lead to a
certain undercut profile, leaving the pattern in the etched layer slightly bigger than the
one on the mask. [356] A mask used during etching can consist of a polymer or another
organic material (soft mask), as well can it be made of a more strong and resilient material
(hard mask). The choice between these types of masks depends on the etch times as long
etch times often require more hard masks. Furthermore, this choice is also determined
by the etch technique as a hard mask is better capable of enduring the combination of
chemical and physical bombardment used in dry etching (see paragraph 2.1.4.2). [177;229]

Efforts have been made in making soft (polymeric) masks that are suitable for dry etching
methods. Because the deposition of hard masks often involves extreme conditions and
high investments in processing equipment (e.g.. high temperatures during CVD), the use
of soft masks is preferred as it simplifies the number of steps in the fabrication process and
ultimately increases the overall throughput. [70]

2.1.4.2 Dry etching

Subtractive techniques that use no solvents or rinsing steps are referred to as dry etching.
The substrate enters and leaves the etching system in a dry state. Several techniques can be
categorised as dry etching: the substrate can be physically etched by ion bombardement
in the gas or vapour phase, chemically etched at the surface via reactive species or a
combination of the previous mentioned mechanisms also known as reactive ion etching
(RIE). The use of plasma plays an important role in dry etching processes. [202]

Etching processes are categorised based on the type of energetic interaction in the
etching process. In ion-beam milling (IBE) the etching of the substrate is accomplished
physically by the momentum transfer between the Ar+ ions. For chemical plasma etching
(PE) the etching occurs chemical as a result of the evaporation of chemical species. In PE,
chemical species like chlorine and fluorine atoms are generated in the plasma, diffuse to
the substrate and then the plasma-generated chemical species react with the substrate to
form volatile products. Lastly, a combined physical and chemical etching process, often
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referred to as Reactive ion etching (RIE) where etching is achieved by the combination of
both the above-mentioned etching methods. Line-of-sight ions will damage the surface
on impact and simultaneously plasma neutrals will induce a highly anisotropic chemical
reaction of the surface. [202]

Especially, RIE has received considerable attention in the scientific community as it
combines aspect of both PE and IBE. Where RIE techniques can only achieve limited etch
depth (a few micrometers), the modified Deep Reactive Ion Etching (DRIE) can achieve
etching depth of up to a few hundreds of micrometers, which is a highly desirable property
for bulk micro-machining. [101] The most widely known technology is the inductively-
coupled plasma (ICP) DRIE etch system in which a magnetic field generates a plasma and
an electrical field is used to guide the reactants from the plasma to the substrate. Another
commonly used technology is the cryogenic DRIE process, oxygen gas is injected to form
reactive oxygen species that will oxidize the silicon surface and thus forming a passivation
layer. At the same time, etching will occur continuously with fluorine radicals from sulfur
hexafluoride gas (SF6). [139] In another DRIE process, the famous BoschTM process, the
etch and passivation steps are separated from each other into two different cycles. [173] In
this case, the passivation is performed with a fluorocarbon layer and etching is performed
in a separate cycle with SF6. The BoschTM process has been intensively studied and
optimised and is now a go-to technology for bulk micro-machining. [147]

2.1.4.3 Thermal oxidation of silicon

Oxide layers are commonly integrated in the fabrication processes of microdevices. The
silicon oxide layer can be used as a protective layer, a sacrificial layer or most often as an
etch barrier during dry etching. Thermal oxidation of silicon will yield a uniform silicon
oxide layer. [100;202] The process of thermally oxidizing silicon has been extensively studied
by several research groups. [76;141;157;209] The growth of the oxide layer can be either
square-root or linear in time, and can be done under dry conditions or with pressurised
steam.[87] The formation of dielectric films can cause stress build-up in the substrate. Too
much stress on the substrate may result in cracking of the dielectric films. [62;285] Due to a
difference in thermal expansion coefficient between silicon and silicon oxide, after cooling
down from the oxidation temperature, the oxidation layer will always experience some
stress at room temperature. [88]

2.1.5 Lithography

Lithography has been the backbone for the revolution of micro- and nanofabrication. Opti-
cal lithography or photolithography has been used extensively for the manufacturing of
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state-of-the-art chips and it still is today. The main reason of the success is the reasonably
low cost and high throughput of this technique. [38] Other, more expensive forms with higher
resolution, are grouped under the name Next Generation Lithography (NGL). [34] Some ex-
amples of NGL processes are: e-beam lithography, [50] nanoimprint lithography, [24;242;273]

X-ray lithography, [301;305] ion beam lithography and many more. [325] Lithography is key
to providing the thin film layers on the substrate with their unique pattern and thus cre-
ating multi-layered micro-devices. In the coming paragraphs, the most commonly used
lithographic techniques will be discussed in more detail.

2.1.5.1 Optical lithography

Optical lithography, also called photolithography or UV lithography, has been the workhorse
for microfabrication for several decades for pattern transfer with a resolution of about
1 μm.[267] This technique is widely used in the field because it is fast, cheap and has
a high reproducibility. [38;202] The purpose is to transfer a pattern from a stencil to the
substrate and create spatial variation in the x- and y-direction of the photoresist layer. The
technique consists of a few, fairly straightforward steps (see Figure 2.1). First the substrate
is provided with an organic layer, or photoresist, that will undergo chemical changes upon
UV-exposure. Most of the time, a photoresist layer is provided to the substrate by spin
coating, although alternative methods are available, such as dip- or spray-coating. [202] The
advantage is spin coating is that it does not require expensive equipment and that the layer
thickness after spin coating is relatively uniform. Next, the photomask is placed above the
substrate and this whole system is UV-exposed and an additional baking step is performed
to make sure the UV-induced reactions are running to completion. The photomask is a
quartz plate with a chromium pattern on it. The regions of the mask that are coated with a
chromium layer, will be impenetrable for the UV-light. Thus, the photoresist layer on the
substrate will only be exposed in the regions under the mask where no chromium is present.
Depending on the type of photoresist that is used, a photochemically induced reaction will
take place. [181;199] For negative type photoresist, a cross-linking reaction will be induced
in the regions that are exposed to UV-radiation and for positive type photoresist a polymer
chain scission reaction is triggered by the UV-exposure [91] (see Figure 2.1). Development
of the photoresist can be done with dry (plasma) and wet (immersions and sprays) methods.
After developing, the substrate is subjected to a final baking step, referred to as post baking
or hard baking, to remove any remaining solvent or developing solution from the substrate
and at the same time improving the hardness of the photoresist film. A possible downside
is that this post bake procedure induces stress in the film or shrinkage of the photoresist.
Finally, after several processing steps, when the photoresist layer has served its purpose
and is no longer needed on the substrate, the resist can be stripped (wet or dry). [199;202]
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2.1. Micro- and nanofabrication 17

Figure 2.1: A schematic showing the two types of photocurable resin that can be used
during optical lithography, with on the left a positive type photoresist and on the right
negative type photoresist. Source: Singh et al. (2019) [284]

The UV exposure is usually performed automatically by a mask aligner which allows the
mask to be accurately positioned above the projection lens. Positioning the mask correctly
above the substrate is of great importance as correct alignment is key to ensure that the new
patterned layer overlaps correctly with the previously deposited layers of the device. Errors
in alignment often lead to non-functioning microdevices and is therefore a major variable in
product failure. [199] The diffraction of the UV-light on the substrate also plays a major role
in the exposure process. A phenomenon that has significant impact on UV-lithography are
standing waves. As the light travels through the photoresist layer, it will undergo a phase
shift. The light is reflected in the other direction by the substrate and the interaction of the
incoming and reflected light give rise to standing waves. If the phase shift is 0°, the light
will have its maximum intensity. Average intensity of light can be discerned at both 90°
and -90°. However, if the phase shift is 180°, destructive interference will take place and a
minimal amount of light will reach the resist-substrate interface. This will then in turn lead
to a reduced UV-dose at this interface, often leading to major problems with the adherence
of the photoresist to the substrate or unwanted UV-exposure. A solution to circumvent this
problem is the use of anti-reflective coating (ARC) which leads to a decreased reflectivity
of the substrate and therefor reduces/eliminates the standing waves. [58;181;199;227]

2.1.5.2 Next-generation lithographic processes

Photolithographic methods, like described in the previous paragraph, do not provide
the necessary resolution for the fabrication and other industrial applications with a high
throughput. To meet these higher resolutions, NGL technologies have been developed.
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NGL equipment is a lot more expensive than the standard photolithographic equipment
because of the need for complex optics and energy sources, e.g.. lasers. [291] Although its
exceedingly high costs, these techniques have shown very promising results in applications
for micro- and nanofabrication. [34;325]

The development of higher resolution lithography methods has been approached
by shifting to light sources with a shorter wavelength to bring feature sizes down to
the nanoscale. [99;230] The development of electron beam lithography has allowed for
fabrication of features with resolutions down to the sub-10nm region. [136] In EBL, an
accurately focused electron beam is used to expose a radiation sensitive polymer on the
substrate by deflecting the beam over the surface. Electrostatic and magnetostatic lenses
are used to focus the beam of electrons. Since the electrons are accelerated at voltages
up to 100 keV, the wavelength of the electrons is in the range of an Angstrom. For this
reason, the electron beam diameter is not diffraction limited but rather the deviations are
due to deviations induced by the lenses. The EBL system consists of an electron source
or cathode, a set of condenser lenses that shape and align the electron beam, apertures
that allow for further constrain the beam and a final lens that reduces the beam size and is
capable of deflecting the beam over the substrate (see Figure 2.2). Because of the limited
deflection range of the beam, the substrate stage should be able to precise translations to
be able to write an entire wafer. The translations often lead to stitching problems where
two adjoining fields on the substrate are misaligned due to the stage movement. [14;99]

The applications that this technique enables are numerous. First of all, this technique
plays a key role in the fabrication of the masks used in photolithography, the moulds
used in nanoimprinting lithography and etching masks for nanoscale RIE. Particularly in
the field of optical metamaterials, this technique has been essential for the fabrication of
chiral structures and photonics crystals. Although the many applications of EBL and the
extremely good resolution attainable, this technique has some drawbacks. Because this
technique requires to scan the entire surface of the substrate point-by-point, it becomes a
very slow process. Next to that, the diffraction of the electron beam on the substrate can
lead distortion of adjacent features negatively affecting the precision and resolution of the
pattern. Lastly, the high energy electron beam could damage the substrate. [104]

Another NGL process that is regularly is two photon polymerisation (2PP). With 2PP,
it is possible to fabricate of three-dimensional microstructures with a resolution of about
100 nm that can not be achieved with single-photon processes. [179;355] In single-photon
processes, a monomer absorbs the laser light linearly to initiate the cross-linking reactions.
Because of the linear absorption behaviour, the resolution will only be limited by the
wavelength of the laser. Therefor the spatial resolution of this single-photon process will be
quite big since the photons cannot penetrate the monomer layer deep enough, only inducing
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Figure 2.2: Schematic overview of an E-beam lithography set-up in which an electron
bundle is focussed through several lenses and apertures to structure a resist layer on the
substrate with nano-precision. Source: Pimpin et al. (2012) [244]

a localised polymerisation reaction. To be able to make three-dimensional structures with
this technique, this technique is used in a layer-by-layer mode. In a two-photon process, a
photo-initiator absorbs two near-infrared photons concurrently in a non-linear fashion. [340]

Polymerisation will start once a certain threshold of intensity is reached and the cross-
linking reactions will occur very close to the focal point of the laser. The absorbed photons
are converted by the photo-initiator molecules to form higher energy photons. These
high energy secondary photons will induce several types of photo-chemical reactions,
in particular photo-polymerisation. The energy that is transferred from two photons of
wavelength λ to the resin coincides with the energy of a single photon at wavelength λ /2.
In this manner 2PP allows for the use of a longer wavelength which in turn allows for the
resin to be penetrated deeper and thus enable three-dimensional patterning. [179;292;343;355]

Two photon polymerisation, which is essentially a 3D printing technology, has been applied
in the fields of photonics, micro-electromechanical systems (MEMS), microfluidics and
other microdevices. [178;204] The technique has proven to be quite powerful in the area of
tissue engineering and drug delivery because of its capability to fabricate microstructures
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with spatial resolution. [343]

Finally, nanoimprint lithography is a general term used for NGL techniques that use
embossing techniques to transfer nano-scale patterns. The technique was developed by
Chou et al. [55] in the 1990’s and showed promising results with resolutions down to 25
nm.[56] At the advent of NIL, the maximum resolution that could be attained was estimated
to be in the sub-10nm region. [273;319] In contrast with previously discussed more advanced
lithographic techniques such as 2PP and EBL, nano imprinting is a bottom up process
making it a good candidate to be used in high throughput nano-patterning applications. [205]

In NIL a stamp is used to replicate the pattern in a layer of polymer on a substrate.
The stamp itself is fabricated by using time-consuming but high-resolution patterning
techniques, such as EBL. These moulds should be very durable to allow for repeated
use. [319] There are two main categories of nano-scale embossing or NIL depending on
the process conditions and materials used. In the first method (see Figure 2.3), often
referred to as hot embossing, the polymer is cast onto the substrate and heated above
its glass transition temperature Tg so the polymer is able to flow.[55] The hard mould
with the nano-pattern is then pushed down onto the substrate with high pressure. After
quenching and allowing the system to cool down, the stamp is removed and the negative
pattern of the one on the stamp will be present in the polymer layer. Often there is
still some residual polymer left between the printed features is removed via wet or dry
etching. The embossed structure can then be further be processed via etching, metallisation
or lift-off. [205;274;319] The second method, is often referred to as step and flash imprint
lithography, is a technique derived from the more general UV-NIL. In UV-NIL, it is not a
thermoplastic polymer but a UV-sensitive photoresist that is used for the imprinting. S-FIL
was developed as a response to alignment problems. In S-FIL a low viscosity, organic,
silicon rich photoresist solution is dispensed onto a field on the substrate with an ink
jet and then compressed with a transparent nano-patterned mould before UV-exposure.
Finally, the mould and substrate are separated and the substrate is left with organo-silicon
pattern that is ready for further processing. [205;274;319] This whole process of dispensing-
moulding—UV-exposure—demolding can subsequently be repeated on other areas of the
substrate. This method has some advantages over other techniques as there is no need for
elevated pressure or temperature, leading to less stress and damage on the already existing
layers on the substrate. More importantly, this technique has been successfully applied to
obtain a molecular-scale resolution in the sub-2 nm region. [137] On the other hand, NIL
imposes some additional challenges such as bad adhesion of the polymer to the stamp,
nanovoids due to bad filling of the stamp[275] and difficulty with nano-alignment. [205;319]

Also, the high initial cost of the equipment and the expensive polymers are often reasons
this technique is often a stalling factor for the use of NIL in industrial applications. It can
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Figure 2.3: A schematic of the hot embossing process in which (a) a mold is first pressed
on top of a thermoplastic organic layer on the substrate, subsequently (b) the mold is
released and the substrate is left with the negative of the pattern of the mold and (c) finally,
if desired, the residual layer that is left can be etched further down by etching techniques.
Source: Pimpin et al. (2012) [244]

be concluded that further improvements are needed to realise the widespread adoption of
NIL and S-FIL in the field of nanotechnology. [202]

2.2 Chromatography

Chromatography is the general term for a range of widely used chemical analysis tech-
niques. They have in common that a separation is achieved based on the difference in
affinity of the analyte molecules for two phases, one stationary and the other mobile.
Chromatography comes in many variants: thin-layer chromatography (TLC), gas chro-
matography (GC), liquid chromatography (LC), high-performance liquid chromatography
(HPLC), ion chromatography (IC), ion-exchange chromatography (IEC), supercritical
fluid chromatography (SFC), and capillary electrochromatography (CEC). Techniques
such as liquid-liquid extractions and distillation are in essence simplified chromatographic
separations. [142;326]

Nowadays, after decades of development, this powerful chemical analysis technique
is used extensively in both research and industry. It is commonly used for analysis in
research activities in the field of genomics, proteomics, metabolomics and other fields
related to drugs discovery. [213;329;354] Current state-of-the-art nano-liquid chromatographic
devices are even capable of separating and detecting molecules at the sub-femtomole level
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in only a few seconds. [10] In industry, chromatography is used as a tool for quality control
in the pharmaceutical industry[52;79;92;191] and it is also employed on a preparative scale in
bioprocessing. [66;234;255;256] The growing demands of pharmaceutical and biotechnological
sectors as well as the need to fully unravel the immense biological diversity has given a
huge boost to the market and will continue to do so in the future, showing the immense
potential that lies within this technology.

As the focus of this thesis is put more towards the two main types of chromatography
(HPLC and GC), we will focus the following sections mostly on these variants.

2.2.1 High performance liquid chromatography (HPLC)

Liquid chromatography is the general term for a separation performed in a column packed
with particles and a liquid mobile phase. This technique was first described as a means
to separate plant pigments in the early 1900’s by Tswett. [93;350] The first HPLC system
was brought to the market by Jim Waters, and his company still plays a big role in the
chromatography industry. [95] The earliest description of a column based separation in
industry is the purification of petroleum with Fuller’s earth (a type of clay). [326] Another
early example of chromatographic separations, still used in industry today, is the separation
of fructose and glucose with a simulated moving bed (SMB) reactor, which was first
introduced in the 1950’s. [155]

2.2.1.1 Working principle

A HPLC system consists of the column, additional fluid connectors, pumps and detectors
(see Figure 2.4). In HPLC, the stationary phase is the packing of the column where
the actual separation takes place, and the mobile phase is the solvent used to generate a
flow through the column. In a typical HPLC set-up, the sample is injected at the inlet
of the column and pushed through the column by the flow of mobile phase under high
pressure. [326]

Separation inside the column is achieved based on the different molecular interactions
that components of the sample have with the mobile and stationary phase. The packing or
stationary phase is generally a random stacking of silica particles inside a stainless-steel
tube. The particles can be chemically coated to gain interactions with the sample and/or
mobile phase. If the component interacts strongly with the stationary phase, it will go
more slowly through the column and thus have a higher retention time (RT). In contrast,
if the molecule has no interaction with the column, it will move with the same speed as
the mobile phase/solvent. The time it takes for the solvent to pass through the column
is often referred to as the dead time. The difference in retention times of the different
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Figure 2.4: A schematic representation of a typical HPLC set-up. The sample is injected
with the injector while a pump pushes solvent through the column. At the end of the
column a detector detects the eluent fractions and the data can be visualized as peaks on a
chromatogram. Source: Töppner et al. (2014) [302]

components is a consequence of their specific interactions with the column and this results
in a separation at the end of the column where each component eludes after a specific time
(RT). At the end of the column, a detector will identify the different components and their
respective concentration. [142;326;330]

2.2.1.2 Separation efficiency

Efficiency of chromatographic columns is usually described by the number of theoretical
plates and was first described by van Deemter et al. (1956). [306] An empirical formula was
deduced for the Height Equivalent to a Theoretical Plate (HETP) and this parameter is
still used to this day to describe the efficiency of chromatography columns. The empirical
formula is better known as the ‘van Deemter equation’ and gives the relationship between
the linear velocity (flow rate of mobile phase) and the plate height (Fig. 2.5):

HET P = A+
B
μ
+Cμ (2.1)

with μ1 the mobile phase velocity and A, B, C are factors that influence the band broad-
ening. [246] Band broadening is a general term for the widening of a sample peak due
to dispersion and other phenomena as it passes through a separation column. The first
term A stems from the eddy dispersion and accounts for the band broadening due to the
difference in lengths of tortuous paths that solutes experience while traveling through a
column. Secondly, the B-term represents longitudinal diffusion in the column. If a solute
resides for a shorter amount of time inside the column, less longitudinal diffusion will
occur and consequently band broadening is reduced. Finally, the C-term is a measure for
the resistance to mass transfer originating from the (slow) diffusion of the solutes inside the

1or p the pressure of the carrier gas in the case of GC
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Figure 2.5: A plot of HETP versus the mobile phase velocity (u). The different contributing
factors for HETP are represented with different lines on the plot: the A term represents
eddy dispersion, the B term represents the longitudinal diffusion and finally, the C term
stems from the resistance to mass transfer. The optimal flow velocity is where the HETP is
at its lowest value, as indicated on the plot. Figure adapted from referred dissertation[318].

pores of the packing material. This term is most determining in the choice of an optimal
flow rate as higher flow rates lead to increased band broadening. [322] The Printpack project
aims to achieve a better separation efficiency of LC columns by lowering both the A- and
B-term. The eddy dispersion or A-term is low due to the completely ordered packing that
allows all molecules to flow through the column with an equal velocity and path length.
The B-term is lowered due to the directionality of the pattern of the LC that promotes
diffusion in the transversal direction and ultimately lowering the longitudinal diffusion.

2.2.1.3 Recent developments in HPLC

After the first introduction of HPLC systems to the market by Jim Waters [94], these systems
barely changed up until the year 2000. Traditional chromatography columns consist of
a stainless steel tube filled with chemically modified silica particles with a diameter of
5-10 μm. At the beginning of the 21st century, the field of chromatography was changed
drastically by the introduction of an alternate column packing: monolithic columns. From
2003 on, smaller particles made their debut to the world of HPLC. The use of sub 2 μm
fully porous particles as well as sub 3 μm core-shell particles have greatly improved the
resolution and analysis speeds of HPLC.[113]
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Figure 2.6: A schematic drawing that compares the structure of: (a) a traditional column
packed with particles and (b) a monolith column. Source: Oberacher and Huber (2002) [228]

2.2.1.3.1 Monolithic columns

The structure of monolithic columns is in contrast with the traditionally used chro-
matography columns. Monolithic columns consist of either a single block (silica) or
porous material (usually a polymer) (see Figure 2.6). These columns are manufactured
by means of a polymerisation process referred to as sol-gel synthesis or first generation
hybrid chemistry. [51;226] Monolith synthesis can be done with both inorganic or organic
precursors (polymethacrylates, polystyrenes, . . . ) to yield silica based or polymer-based
monolithic columns, respectively. [40;146;196;241;341]

The synthesis for the production of polymeric monolith columns is based on the
polycondensation and polymerisation of small organic molecules. [187] This synthesis
method allows for simultaneous and independent control of the pore size, giving monolithic
structures a unique advantage compared to traditional column packing with particles.
Monolithic structures are highly porous materials and therefor experience less backpressure
than traditional columns. Ultimately this means a lower pressure will be required which
allows for the columns to be operated at higher flow rates and reach higher separation
speeds. The efficiency of a silica monolithic column is about the same as that of a traditional
column packed with 4 μm particles. [40;41]

Another advantage that rises from the unique structure of monoliths is the accessible
surface area, which is bigger than for columns packed with particles. [114] A drawback is
the limited loading capacity of monolithic columns, poor mechanical stability and their
tendency to swell when exposed to solvents.
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Figure 2.7: The van Deemter curves for different particle size throughout the evolution of
HPLC. It can be seen that smaller particles, as used in UHPLC systems, perform better than
larger particles, especially for higher flow rates. Source: Cielecka-Piontek et al. (2013) [59]

2.2.1.3.2 Smaller particles lead to UHPLC

Column efficiency is inversely proportional to the particle diameter of the packing and
directly proportional to the length of the column. [294] For this reason, developments in
HPLC have led to the use of smaller particles for packing the column. As can be seen
from Figure 2.7, not only is the gain in efficiency significant for particles smaller than 2.5
μm, the efficiency barely decreases at higher flow rates. The use of sub-2 μm particles in
combination with mobile phases at high velocity has led to the invention of Ultra High
Performance Liquid Chromatography (UHPLC) which has a significant improvement in
resolution, sensitivity and speed of analysis compared to traditional HPLC.

Smaller particles also mean shorter column lengths and ultimately faster separation
speeds. The packing of these sub-2 μm particles posed some challenges as it was very
hard to obtain a highly uniform packing with them. This uniform packing is crucial in
UHPLC columns because of the limited length of the columns. Finally, the hardware of the
LC systems needed some alterations, such as special pumps and fittings that can withstand
the high pressures required in UHPLC.[59;200;201;338]

2.2.1.3.3 Core-shell particles

In the search for improved efficiency in LC, superficially porous microparticles or
core-shell particles have received quite a bit of consideration as well. Because of the
high pressure required in UHPLC columns and the impracticalities it brings along, [35]

researchers have introduced the use of superficially porous particles as a stationary phase
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Figure 2.8: van Deemter curves (H in μm) for different types of columns: columns packed
with traditional particles (2 and 3 μm), monolithic columns and columns with core-shell
particles (2.6 μm solid core). Source: Hayes et al. (2014) [128]

that can be used at moderate pressure. The concept was first proposed in the late 1960’s by
Horváth et al. [135] where glass beads coated with an ion exchange resin and other phases
were used as stationary phase to seperate nucleotides. Reducing the core-shell particle size
has shown to improve the separation efficiency even further to allow for the separation of
biological molecules like peptides and proteins. [97;146]

It has been shown that core-shell particles have superior efficiency when compared to
conventional packings in the same size range. [97] Comparative studies have shown that the
improved efficiency of core-shell particles in comparison with monolithic columns and
fully porous sub-3 μm or sub-2 μm particles (UHPLC), [112;128] as can be seen in Figure
2.8. The better efficiency can primarily be attributed to better values for the A- and B-term.
The A-term is determined by the packing quality and size of the particles. Core-shell
materials present with better A-values because of their superior packing qualities due to
their external roughness. [109] Next, the solid-core particles will lower the longitudinal
diffusion because the dense core allows for the fabrication of smaller columns than with
fully porous particles. [112] Finally, it should be mentioned that the back pressure is not as
small as with monolithic columns, core-shell particles still require less pressure than fully
porous sub-2 μm particles.

2.2.2 Gas chromatography (GC)

In GC, an inert gas is used as a mobile phase and a non-volatile component as a stationary
phase. Gas chromatography is an excellent technique to achieve high efficiency separations
provided that all the compounds of the sample can be vaporised. The idea of using gases
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as a mobile phase was proposed in the early 1940’s, but at that time the detectors were
not capable of analysing small vapours inside a carrier gas yet, so the idea was put on
hold. About a decade later, when detection techniques had advanced enough, GC-methods
were being rapidly developed and commercial gas chromatographs were being put on the
market. [68;265] Gas chromatography is also heavily present in both research and industry.
Researcher have used this technique for the analysis of air pollution composition[131]

and in olfactory research[308]. The petroleum industry has greatly benefited from GC
as this technique has proven to be an essential tool to analyse the complex petroleum
fractions. [22;243;296]

2.2.2.1 Working principle

The mobile phase used in GC is typically an inert gas, e.g. hydrogen or helium, and the
column is often a capillary coated with a stationary phase. [117;149] The choice of stationary
phase is determined by the chemical composition of the sample. [125;250;253;337] The sample
is injected with a manual or automatic syringe into a heated evaporation chamber. [248]

Here, the sample is evaporated, and a portion of the evaporated gases will be injected in
the column. To prevent the column from overloading, only a small portion of the sample
is injected. [77] The sample will be separated during its residence in the column, which
consists of a support structure coated with a stationary phase. [68] Finally, the separated
products will be identified by a detector. Detectors that are often used in combination with
GC are mass spectrometer (MS), thermal conductivity detector (TCD) or flame ionisation
detector (FID). [4;127]

2.2.2.2 Column types in GC

Typical column formats that are being used in GC separations are: packed columns, open
tubular columns or capillary columns and micro-structured columns. Packed columns are
steel tubes from 1 to 5 meters long and an internal diameter of a few millimeters. Small
particles of about 100 micrometers (glass, metal, polymer, . . . ) are coated with stationary
phases like poly(ethylene glycol), polysiloxanes or porous solids like molecular sieves. [236]

Variations of these packed columns are often used in supercritical fluid chromatography
(SFC). [245] Another more commonly used type of column in GC, are open tubular columns
or capillary columns. The column consists of a 5 to 200 meter long capillary with an
internal diameter between 50 and 500 micrometers that is coated with a stationary phase
(polymer or a porous solid layer). Capillary columns have less heterogeneity in flow paths
and a higher permeability giving them a superior separation efficiency compared to packed
columns. [156;339] Open tubular columns have a much lower flow resistance and less eddy
diffusion effects, ultimately leading to fewer band broadening effects.
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Finally, microstructured columns have received considerable attention for applications
in chromatography. [6;11;124;175;221;260] Contrary to the above-mentioned column formats,
these columns are not made up of cylindrical tubes but rather out of a network of microchan-
nels. Microfabrication allows for a vast number of possible geometries for (silicon-based)
microstructured columns and the dimensions of these geometries are only limited by the
resolution of the used microfabrication techniques. A possible advantage of using these
microcolumns to perform GC, is the possibility for other functionalities, like detectors, mix-
ers, filters, injectors and so on, to be incorporated into the microdevice. [162;176;192;259;336]

The use of perfectly ordered pillar array inside microchannels as a support structure for
stationary phase was first introduced in 1998. [130] This pillar array structure is the equiva-
lent of a packed bed column, although the perfectly ordered pillar arrays do not give rise to
flow path heterogeneity like packed columns do (more detailed explanation in paragraph
2.2.2.3.3).

2.2.2.3 Recent developments in GC

2.2.2.3.1 Comprehensive GC systems (GCxGC)

Since the first 2D chromatogram of an oil sample was published in 1991[188], the
interest in 2D-GC or GCxGC was growing rapidly and a lot of research effort was put
into the optimisation of multidimensional GC. From the many variants of chromatography,
GC is the one with the highest peak capacity. Modern one-dimensional GC columns are
able to separate 100 to 150 peaks in one run, nonetheless this is still not good enough
for the analysis of complex (biological) samples. In multidimensional chromatography,
more specifically 2D-GC, two columns are coupled to each other and the fractions that
were separated in the first column are then introduced into the second column for further
separation. [3;65]

The type of two-dimensional GC wherein the entire sample is introduced to the second
column via a modulator goes by the name of ‘Comprehensive 2D-GC’. The modulator is
present between the two columns and refocusses the fractions from the first column before
introducing them to the second column. [3;130;188] To achieve a satisfactory separation
with 2D-GC, it is important to choose the two columns so that they have orthogonal, i.e.,
maximally different, separation mechanisms. [65;69;232] Benefits that are offered by the use
of 2D-GC are enhanced sensitivity and a superior resolution due to the enhanced peak
capacity for the analysis of complex samples. [232]
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2.2.2.3.2 GC-MS

For the analysis of complex samples, like biological, environmental or foodstuff
samples, GC is often combined with mass spectrometry. The combination of these two
powerful techniques is a method that has been used successfully to analyse the chemical
composition of complex samples in the past. Examples of such combined protocols have
been used for the analysis of bromazepam levels in human blood, the examination of
contaminants in sediment samples and the concentration determination of fish oil in dietary
supplements. [5;8;61;98;331]

2.2.2.3.3 MEMS-based GC systems

Gas chromatography also is a recognised tool for trace analysis, but the size of the
current GC equipment is too big to be employed as a portable device. Portability of
screening tools is necessary when analysis needs to be done as fast as possible, for example
screening for explosives or other dangerous substances. Microfabrication techniques have
made it possible to fabricate analytical devices that have the size of a coin. [6] Next to their
convenient size, MEMS-based chromatographic columns, also called micro-GC (μGC),
pose several other advantages over regular GC column. A reduction in analysis times can
be achieved because the thermal mass of the devices is small and direct heating can be
applied. [175] By replacing other parts of a chromatographic system, like heaters [176] and
pumps[162] by their micro-sized equivalents, the device becomes even more practical for
portable use as well as it will consume less power. [257;336]

An enormous amount of research have been done regarding the design and fabrication
of chromatographic devices with MEMS-based techniques. [7;193;260;280] Usually, the fab-
rication involves the anisotropic deep reactive ion etching step to create microchannels
in the silicon substrate, followed by a bonding step to a glass or pyrex substrate to seal
the column. Another possible fabrication route applies the LIGA2 principle to create the
microchannels. [26] After fabrication, the column is provided with a stationary phase via a
coating procedure.

A novel type of micro-GC column was introduced as semi-packed columns a little
over a decade ago. [12] A semi-packed column contains micropillars inside the rectangular
channel as a way to increase the overall surface area and the sample capacity of the
column. [221] The absence of significant eddy diffusion effects and pressure drops make
these semi-packed columns attractive to use in micro-GC. Next to this, the presence of
these micropillars reduces the mass transfer distances so the separation efficiency improves

2LIGA is the German acronym for lithography, galvanoformung, abformung which translates to lithography,
electroplating, molding
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without altering the flow path like in multi-capillary columns3. In 2009, these columns
achieved a separation efficiency of about 10,000 plates/m, which is an excellent value for a
MEMS-based column. [11] Since the first introduction of semi-packed columns, a lot of
research has been done with respect to this column configuration. Simulations results have
shown the effect of the configuration of the micropillars can have an enormous effect on the
flow path. [9;251] If the pillars are arranged symmetrically and have a spacing with about the
same size as the pillar itself, multi-path flows are being suppressed which ultimately results
in less band broadening. [9] Another variant of semi-packed columns uses radially elongated
pillars (REPs). [151] REPs are pillars that are stretched out perpendicularly to the flow
direction and create interconnectivity of the different flow paths. Additional advantages
these REPs pose over round micropillars have been investigated and described. [81;233] First,
the introduction of pillars brings about very high flow path tortuosity that will suppress
the effective axial diffusion, which is an important contributor to band broadening at the
optimal flow rate. [81] A second advantage is the reduced side-wall induced dispersion
because the difference in flow resistance between the wall of the column and that of the bulk
liquid can be eliminated almost completely by using a REP configuration. [233] Another
variant of the semi-packed column that has shown to be promising is a microcolumn where
the channels are arranged in a wavy configuration. [346]

Another popular design for chromatographic microdevices are pillar array columns
(PAC) for use in both liquid[43;129;233] and especially gas chromatography. [107;124;197;221;299]

The use of PAC in liquid chromatography (LC) was first proposed as a means of minia-
turisation of the column so this could be incorporated on small devices like chips. [129]

For GC, the introduction of the PAC design allows to increase the loadability and the
retention capacity of the column which often remains problematic for standard capillary
columns because of their low surface area to volume ratio. [150;151] The last few years, it
has been shown that the perfectly ordered pillar array columns have exceptional dispersion
characteristics, which is one of the many reasons why this design could be advantageous
for use in gas chromatography columns. [72]

After fabrication, the column needs to be coated with a stationary phase. The two
most frequently used methods for the application of open-tubular round walled capillary
columns are static and dynamic coating. [260] In dynamic coating, the stationary phase
component is dissolved in a solvent and pushed through the column by a non-reactive
gas flow. Afterwards the remaining solvent in the column is evaporated by the gas flow,
leaving a thin film of stationary phase behind on the walls of the column. In the static
coating the column is filled with a coating solution after which one end of the column
is sealed while at the other a vacuum is applied. This causes the solvent to evaporate as

3Multi-capillary columns are a variant of open tubular columns where the column consists of multiple parallel
capillaries.
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a liquid-vapour transition front, resulting in the precipitation of the stationary phase on
the capillary wall. This front moves away from the low-pressure end of the column. The
coating is final when the front has reached the sealed end of the column and all the solvent
has evaporated. Usually, the static coating procedure is preferred over the dynamic coating
for two reasons. First, the expected film thickness of the stationary phase can be easily
calculated with the surface area of the column and the concentration and density of the
stationary phase solution. Second, the coating obtained is highly uniform since no axial
movement of the stationary phase is present during deposition. [31;115] Based on the values
of the inner diameter of the capillary and the concentration of the coating solution, the film
thickness after static coating can be calculated through a simple formula, as described by
Grob in his handbook[116].

As these coating techniques have been designed and optimised for obtaining a uniform
coating on the rounded walls of the capillary columns, it is not surprising that they do
not produce the same results on the side walls of rectangular channels. The equation
mentioned above for calculating the layer thickness of the stationary phase after static
coating was derived for round and does not make accurate predictions for the rectangular
channels. Next to that, the stationary phase is often accumulated in the sharp corners
of the rectangular channels. This uneven distribution of stationary phase, often referred
to as ‘pooling’, leads to excessive peak broadening. [260] For this reason, specialised
protocols have been developed to obtain a highly uniform coating of a stationary phase in
a microcolumn. One of the proposed techniques, as patented by Sandie Corporation, for
obtaining a uniform coating in microcolumns uses onium salts chemistry. The advantage of
this method is that it works for both non-silicon based and silicon-based microcolumns. It
is a two-step process: an organic layer is formed on the column sidewalls by the reduction
of an onium salt (diazonium, iodonium or sulfonium salts) and then a stationary phase
(polysiloxane of polyethylene glycol) material is bonded to this organic layer. [328] Another
alternative MEMS-based coating procedure has been developed for single and multi-
capillary microcolumns. A uniform layer of stationary phase is achieved by depositing
a thin functionalized gold layer with varying thickness (150 nm-2 μm) in a wide single
or multiple capillary microcolumn and subsequently functionalising this gold layer with
the actual stationary phase by means of a chemical reaction. It is a four step coating
process: The thin layer of gold is electrodeposited on a highly phosphorous doped silicon
wafer, then the excess gold is removed with a piece of tape (patterning), the gold layer
is thermally stabilised as well as bonded and finally the gold layer is functionalised by
self-assembly by pushing a solution of octadecylthiol through the capillary channels for
6 hours. [348;349] Yet another solution that was proposed, is to perform the coating prior
to sealing the microcolumn with a glass top plate. By means of PECVD, a thin layer of
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SiOCH is deposited with a porogen approach. [262] Because the coating is done before the
bond step with glass, there is a possibility to inspect - and if necessary, redo - the coating
before sealing the microcolumn. Most of these techniques use a similar mechanism: first a
thin layer is deposited and secondly this thin layer is funtionalised with the stationary phase,
usually through a chemical reaction of some sort. In yet another example of this technique,
they deposited silica nanoparticles (SNP) and then performed a coupling reaction on
these SNP. [323] The most recent example given here, uses a slightly different method than
previously mentioned techniques, as it is only a one-step process. The stationary phase,
in this case the amorphous polymer parylene-E, is directly deposited on both the silicon
microchannels and the glass top plate before thermally bonding them to each other. [222;260]

The microchannels etched in the silicon need to be covered at their open side to form
a sealed channel that is needed to perform GC. Both the sealing or bonding, as well as
the fluidic connection from and to the microcolumn should be chosen carefully to avoid
excessive dead volume, leaks or blockages of the channels. The most commonly used
sealing method is the anodic bonding of silicon to glass. [262] For fluidic connections either
a press-fit contact based connector (nanoport) or adhesives are used. [298] Most of the early
designs have nanoport-type connectors to ensure that the microcolumn can be connected to
the other components. NanoPort™ connectors are microfluidic ferrules that can be readily
inserted, are reversible and allow for multiple connections. To improve the NanoPort™
connectors ability to withstand higher pressure, an adhesive is often used to glue it to the
surface of the GC-chip. [164] The use of adhesive can be time consuming as well as it poses
significant problems with clogging the tubes as well. Another possible way of creating
connectors, is by glueing the capillaries directly into a cavity that has been drilled in the
chip. This method was first proposed by at the end of the 20th century, as an alternative
method to connect capillaries to microfluidic devices with minimal dead volume. [28;286]

Further advancements in the connectors for microfluidic devices, together with a solu-
tion for the pooling problem, are still needed to implement μGC devices on a large-scale.
Especially, the development of novel micro-engineering techniques for the fabrication and
coating of the μGC devices seems very promising to achieve the needed improvements.
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Chapter 3

Wafer-scale particle assembly in connected and isolated
micromachined pockets via PDMS rubbing
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Chapter 3

Wafer-scale particle assembly in connected and

isolated micromachined pockets via PDMS

rubbing

Abstract

The present contribution reports on a study aiming to find the most suitable rubbing
method for filling arrays of separated and interconnected micromachined pockets with
individual microspheres on rigid, uncoated silicon substrates without breaking the
particles or damaging the substrate. The explored dry rubbing methods generally
yielded unsatisfactory results, marked by very large percentages of empty pockets
and misplaced particles. On the other hand, the combination of wet rubbing with a
patterned rubbing tool provided excellent results (typically < 1% of empty pockets
and < 5% of misplaced particles). The wet method also did not leave any damage on
the silicon substrate, or the particles. When the pockets are aligned in linear grooves,
markedly the best results are obtained when the ridge pattern of the rubbing tool
is moved under a 45-degree angle with respect to the direction of the grooves. The
method was tested for both silica and polystyrene particles. The proposed assembly
method can be used in the production of medical devices, anti-reflective coatings as
well as for chemical catalysis and/or analysis.

This chapter was submitted as a manuscript and accepted at Langmuir ACS Publications
(2 May 2022). DOI: 10.1021/acs.langmuir.2c00593
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3.1 Introduction

The large-scale assembly of spherical particles into a closely packed, hexagonal monolayer
or in any other desired two-dimensional (2D) configurations has been of particular interest
in many scientific studies. Manufacturing such controlled configurations of micro- or
nanoparticles paves the way to a wide range of possible applications. [238] Particle arrays
can, for example, be used in micro-engineering as a lithographic mask, allowing for the
fabrication over a large area of micro- and nanostructures, such as three-dimensional
inverse woodpile photonic crystals. [190;283] Next to this, the periodicity in the monolay-
ers is an essential key feature in a vast number of applications, such as photonics, light
manipulation devices, optical and biological sensors, wearable medical devices, chemical
catalysis, super hydrophilic, superhydrophobic or self-cleaning antireflective surfaces
and many more. [182;238;287;317] Finding generic particle assembly methods that are inde-
pendent of the size and the material of the particles is hence of paramount importance.
Over the last few decades, various techniques have been developed to find a reproducible
and cheap way to assemble particles on a large scale in monolayers on flat substrates
or in structured arrays on patterned substrates. [153;160;165] Most studies exploit wet as-
sembly techniques, such as Langmuir-Blodgett, [190] evaporative slope self-assembly, [82]

dip-coating, [83] drop-casting, [172;249] spin-coating, [152] techniques involving the applica-
tion of an electric field[352;353] and many more. [138;195;264] Recent research has shown
that the surface wettabillity has an significant effect on the self-assembly of spherical
particles from colloidal suspensions upon evaporation. [240] Alternatively, a large-scale
dry particle assembly process has been proposed by the Jeong group. [165;238] This was
successfully applied for the formation of large-area colloidal monolayers on flat, curved as
well as pre-patterned substrates by means of unidirectional rubbing of dry powder using an
elastomeric material. Nevertheless, wet assembly methods are in literature still generally
preferred over dry methods as the interaction forces between particles in suspension are
noticeably weaker than in a dry state. [25;143]

Whereas the aforementioned studies mainly focused on the production of particle
arrays and layers on flat or weakly structured surfaces, the present study focuses on the
possibility to assemble microspheres (5 and 10 μm diameter) in arrays of micro-machined
pockets wherein the particles can be completely sunk into the substrate (depth pocket �
diameter particle). Particle assembly is achieved using PDMS rubbing. Both dry rubbing
(Fig. 3.1 A), as introduced by the Jeong group[237;238] is used, as well as a novel wet
rubbing variant, i.e., by applying the particles in the form of a wet suspension rather than
in the dry state (Fig. 3.1 B). A comparison between both methods is made. Four different
geometries are considered: individually separated (Fig. 3.1 C) and linearly connected
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pockets (Fig. 3.1 D-E), as well as straight channel geometries (Fig. 3.1 F). The linearly
connected pockets, also referred to as microgrooves, are of particular interest as this is a
design allowing to keep the particles in a fixed location while a flow of liquid or gas is sent
past them. The other geometries are extreme cases where the geometry of the pockets is
varied, either loose pockets or no pockets at all (for straight channels), to test the effect on
the assembly process. This form of fully-sunk particle entrapment potentially enables the
use of stringent cleaning methods (to remove misplaced or excess particles) and allows to
put the particles in a sealed liquid or gas environment. [185] Possible applications are in rapid
screening assays, catalytic microreactors or liquid chromatography separations. Inspired by
the work of Izadi on the development of a soft cleaning method for micro-fabrication, [145]

we also considered the use of patterned elastomeric rubbing substrates as an alternative
to the flat PDMS substrates used in most other particle rubbing studies. [165;237;238] To
investigate the versatility of the technique, the developed techniques have been applied for
both silica and polystyrene microspheres. The focus is on their ability to assemble 5 to 10
μm particles into arrays of micro-pockets (either connected or disconnected) designed to
receive individual particles (Fig. 3.1 C-F).

Particle assembly is greatly influenced by inter-particle forces such as Van der Waals,
electrostatic forces, and so on. As a comprehensive overview of these forces falls outside
the scope of this thesis, we would like to refer the reader to the handbook of ’Intermolecular
and Surface Forces’ by Israelachvili. [143]

3.2 Experimental

3.2.1 Materials

The particles were dispersed in solvents (Sigma Aldrich) with � 99% purity and filtered
with a 0.2 μm PTFE syringe filter (Thermo Scientific™) to avoid particulate contaminants.
Filling of the silicon microgroove patterns with particles was performed under ambient
conditions. Experiments were performed with hydrophilic silica particles (diameters
10.02±0.32 μm and 4.64±0.14 μm) and hydrophobic polystyrene particles (diameters
10.14±0.12 μm) that were purchased from Microparticles GmbH. Standard deviations on
the particle diameter were supplied by the manufacturer. The manufacturer uses different
measuring techniques like scanning electron microscopy, Differential Sedimentation (CPS
disc centrifuge), Coulter-devices, and optical microscopy.
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Figure 3.1: Schematic representation of the adopted dry (A) and wet (B) rubbing procedures
for the assembly of particles into micromachined pockets and grooves. Rubbing is carried
out with a PDMS tool (brown). The arrows indicate the motion of the rubbing tool: circular
for the dry conditions and unidirectional for the wet conditions. (C-F) Schematic top-
views of the considered pocket and groove structures: unconnected (C), interconnected by
channels (D), directly connected to form a microgroove pattern (E) or straight channels
(F).

3.2.2 Fabrication of patterned silicon substrate

Microfabrication processing has been performed at the MESA+ nanotechnology institute
of the University of Twente. A variety of designs of the microstructures was tested
and incorporated on a single silicon substrate. The design consisted of freestanding
circular pockets with varying distance in between (diameter was varied from 10 to 13
μm), connected microgrooves with varying overlap of adjacent circular pockets and
straight channels. The microstructures were fabricated on 4-inch silicon substrates (one
side polished, (100), p-type) by standard lithographic patterning[181] followed by a Deep
Reactive-Ion Etching (DRIE) process to transfer the pattern into the bulk silicon. A three-
step DRIE recipe, capable of achieving nearly vertical sidewalls with scallop size of 30 nm,
was used. [186] The recipe is based on the use of C4F8 and SF6 gas and was implemented
on a PlasmaPro 100 Estrelas machine (Oxford instruments). The pattern was etched 12
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to 13 μm deep into the silicon. Prior to the particle assembly experiments, the substrate
was thoroughly cleaned by O2 plasma (Tepla 360) to remove fluorocarbon and photoresist
residue and finally with HNO3 to remove any remaining organic residue.

3.2.3 Fabrication of master molds and the PDMS rubbing tool

Both flat and patterned polydimethylsiloxane (PDMS) rubbing tools were used for the
particle assembly. To produce the flat rubbing tools, flat PDMS sheets were made by
pouring PDMS (SYLGARD™ 184 Silicone Elastomer Kit - Dow Inc.) in a petridish and
crosslinking it in an oven at 60°C for at least 4 hours. After curing, this PDMS slab was
cut into the desired size and shape with a sharp blade, e.g. a scalpel. To produce the
patterned PDMS tool, master molds were fabricated on regular 4-inch silicon substrates by
patterning in a negative photoresist (MicroChem NANO™ SU8). The negative image of
the desired pattern for the PDMS rubbing tool was transferred to the SU8 layer by means of
standard optical lithography. Different patterns were considered, involving both pillars and
ridges of different size in a range from 10 to 400 μm. The rubbing tool is made by pouring
PDMS (ratio silicone elastomer:initiator 10:1) on top of the master mold substrate and
crosslinking it in an oven, in the same manner as described above for the flat sheets. The
resulting PDMS rubbing tool was obtained by separating the PDMS from the mastermold
and cutting it into the desired size and shape.

3.2.4 Dry and wet particle assembly through rubbing

3.2.4.1 Experimental set-up

The particle assembly via rubbing occurs very similar for the dry and wet procedure: the
silicon substrate was secured, particles were supplied to this substrate before rubbing the
flat or patterned PDMS piece manually with either a circular or a back-and-forth movement.
The number of strokes performed is in most cases in the range between 10 and 20. For extra
support and to ensure a uniform contact of the PDMS with the substrate, the PDMS was
taped or glued to a 3D-printed plastic holder. All the rubbing experiments were conducted
in triplicate.

3.2.4.2 Dry method

A scoop of about 50 mg of silica or polystyrene particle powder was weighed and supplied
to a silicon substrate containing micro-pockets. The dry assembly process depicted in
Fig. 3.1A starts by performing a circular rubbing motion for about 30 seconds to a minute
(corresponding to 10-20 strokes) with the PDMS rubbing tool on top of the silicon substrate
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and this is defined as a single rubbing step. Subsequent visual inspection with an optical
microscope was used to determine whether additional rubbing steps are needed to achieve
the desired filling ratio of 99-100%.

3.2.4.3 Wet method

The particles were suspended in a solvent at the desired concentration (standard rubbing
solutions were 20 and 50 mg/mL), before thorough mixing with a vortex mixer along
with half an hour in the ultrasonic bath at maximum power. A drop of known volume
(20-100 μ l) of the particle suspensions was supplied to the substrate for particle assembly.
The drop was left to evaporate for at least one minute, which is defined as the waiting
time, to allow the dispersed particles to sediment toward the underlying substrate. The
wet assembly procedure was initiated by placing the PDMS rubbing tool on top of the
previously deposited drop. Subsequently, the rubbing motion was initiated, either a
unilateral motion or circular motion depending on the size of the substrate. For full-size
wafer substrates, circular motions can be performed. This is not possible for very small
substrates, for which the rubbing movement was only executed unilaterally. The rubbing
motion was continued until all the solvent had evaporated or preferably even a little before.
A single wet rubbing procedure as defined above could be repeated multiple times until
the attained filling ratio (see below) was nearly 100%.

3.2.5 Particle counting method

To quantify the quality of the assembly processes, a filling ratio (FR) and an error ratio
(ER) were defined for the silicon substrates after rubbing. The filling ratio is defined as
the proportion of available pockets which has been filled with particles. The error ratio is
defined as the number of particles deposited on unwanted locations divided by the total
number of pockets. In between consecutive rubbing experiments, the filling ratio was
visually checked with optical microscopy. The FR’s and ER’s were obtained by analyzing
Scanning Electron Microscopy (SEM) pictures with the particle counting tool of the image
processing program ImageJ. [2;63;277] The FR- and ER-values have been determined on a
sub-set of smaller areas as calculating the ratios across the entire silicon substrate was
a very laborious and time-consuming task due to the required image stitching and the
number of particles per sample (depending on the pattern, this is in the range from 190,000
to 360,000 particle pockets per sample). The sub-areas used to determine the filling and
error ratios were at least 300×300 μm2 and contained a minimum of about 1000 pockets
and were all chosen randomly.
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3.3 Results and discussion

3.3.1 Dry rubbing

It is well-known that microparticles tend to aggregate due to substantial cohesive interac-
tions, particularly under dry conditions. [315] This highlights the necessity of applying a
sufficiently strong shear force during the rubbing motion to separate agglomerates into the
single particles required to assemble 2D particle arrays. The initial dry rubbing experiments
were performed with a flat PDMS sheet using 10 μm silica or polystyrene particles on
silicon chips containing microgroove patterns (Fig. 3.1 A). After a single rubbing run,
the filling of the microgrooves with silica particles was relatively poor (filling ratio FR
= 25%±6%), as can be seen in Fig. 3.2 A-1. Repeating the dry rubbing process at least
three times allows to attain a considerably higher FR (80%± 9%), as can be witnessed
from Fig. 3.2 A-2. The FR that can be achieved with this repeated procedure is how-
ever still far from satisfactory. Especially because it was also found that the FR varies
immensely along the substrate and consequently the reproducibility for larger samples is
poor. It is assumed that the relatively high rubbing forces needed to separate the strongly
agglomerated microspheres into single particles cannot easily be maintained at a constant
level during the rubbing process. This inevitably leads to a maldistribution of the assembly
quality.

For polystyrene particles on the other hand, it was found that a single dry rubbing run
was sufficient to obtain an FR of 95%±3%, as is shown in Fig. 3.2 B-1. In many instances,
repeated rubbing with polystyrene particles even led to near-complete filling (100%±9%)
of the arrays (Fig. 3.2 B-2). The error ratio ER (=fraction of particles at undesired places)
was for both type of particles within a range of 1 to 10% for a single rubbing experiment
but could attain values of up to 50% after consecutive rubbing experiments. The dry
rubbing particle assembly for 5 μm silica particles (Fig. 3.2 C-D) yielded similar results
as those obtained for the 10 μm silica particles.

It is assumed the large ER-values are due to the large particle excess that is needed
to start-up the process. In a dry process, one scoop of particles corresponds to about 50
million particles (corresponding to an excess ratio of about 100:1 compared to the number
of empty pockets), which are directly scooped onto the substrate. This massive number of
particles is needed for a smooth rubbing motion as the particle layer formed between the
silicon substrate and the rubbing tool acts as a lubrication layer.

The different behaviour of the silica and polystyrene particles can potentially be
ascribed to their initial state. When taking a closer look at the surface of the particles
(of SEM pictures in Fig. 3.3), it can be concluded that the polystyrene particles have a
relatively large surface roughness compared to the silica particles, implying that there are
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Figure 3.2: SEM pictures of typical dry assembly experiments carried out with 10μm
silica (A) and 10 μm polystyrene (B) particles. Arrays have been either been filled by
applying a single (A1,B1) or at least 3 consecutive (A2,B2) rubbing runs. (C,D) Typical
result obtained with 5μm silica particles in straight and wavy channels. Color code in
A2: broken particles (red circles), debris from the rubbing tool (blue circles) and particles
forming a second layer or at unwanted locations (green circles). Scale bar: blue = 10 μm,
green = 1 μm, white = 20 μm.

fewer cohesive interactions among the polystyrene particles than among the silica particles.
In addition, due to the silica particles’ hydrophilic nature and humidity, a capillary force
may act between them, leading to a strongly agglomerated state. On the other hand, due
to the hydrophobic surface of polystyrene particles, it is expected that a water layer is
absent on their surface, and concomitantly the PS particle surfaces may carry a significant
electrical charge, leading to a repulsive Coulomb force among the polystyrene particles
with the same polarity. [143] As the rubbing motion is applied on the particles, they can
either slide or roll across the substrate, provided the applied force surpasses the friction
force restraining the movement of the particles. Considering that the dry silica powder
comprises large and densely packed aggregates at the start of the rubbing process, it can
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Figure 3.3: The silica particles in powder form, aggregated in a structure that resembles a
crystal (A1) and a close-up of the silica particles surface (A2). Polystyrene particles cluster
together in smaller groups (B1) and present with more nano-roughness on their surface
(B2). Scale bar: green = 30m, white = 1m

be intuitively argued that these will slide in one piece across the substrate. A sufficiently
strong force is required to separate the agglomerates into individual particles before they
can get trapped inside the micro-pockets. The polystyrene particles, on the other hand, are
mostly present as single particles, except for a few small aggregates. Consequently, the
external force needed for the PS particles to move across the substrates is smaller than for
the silica particles. As such, the polystyrene particles can be more easily assembled within
the microgroove patterns.

The dry rubbing experiments have been carried out on a variety of geometrical patterns.
The filling results are very similar on geometries where the pockets are interconnected
(Fig. 3.2 B-1) as well as where they are not connected (Fig. 3.2 B-2). Interestingly, when
using straight channels (Fig. 3.2 C), or channels with a mild wavy pattern (Fig. 3.2 D),
the filling process appeared to go much smoother for silica particles, and significantly
higher filling ratios were observed (roughly 20% for isolated or partially connected pockets
versus roughly 70% for straight or wavy channels). Our hypothesis is that the assembly
of the particles in the microgrooves is hindered by the sharp edges that are a result of the
overlapping circular pockets. We also suspect these sharp edges might also explain the
increased particle breakage that we observe for these samples.

It should be noted that, although the filling ratios obtained for dry rubbing polystyrene
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could in some cases attain nearly 100%, there was always some local variation in the
number of unwanted excess particles (0−10%) deposited aside of the pockets. Some minor
defects, such as a second layer or slightly misplaced particles (Fig. 3.2 A-2), are quite
commonly observed phenomena in case of dry rubbing, regardless of the pocket or channel
geometry. Although dry particle assembly methods have been successfully employed
in the past to achieve assembled arrays comprising colloidal polystyrene particles on
2×2 cm2 stretchable substrates [165] as well as on rigid 10×10 cm2 PDMS-coated silicon
substrates, [237] it proved difficult for us to obtain perfect assemblies on the wafer-scale,
especially in case of the silica particles (Fig. 3.2 A-2). One explanation could be that
we employed very rigid silicon substrates, while the Jeong group[238] mentions that the
template flexibility possibly aids to alleviate some of the steric-induced elastic stress on
particles in a closely packed structure.

To improve the quality of the dry rubbing method, we made use of an idea mentioned
in a study of Izadi et al., [145] who proposed to use patterned instead of flat PDMS sheets
for the dry removal of contaminating particles during microfabrication processes. They
showed that the use of an elastomer cleaning tool which is patterned with pillars or ridges
can effectively remove particles without damage to the underlying surface. The main
advantage of the patterned surface is that the attracted particles get transported away from
the contact interface, along the sidewalls of the patterned structures. This prevents the
removed particles to re-contaminate the substrate. Inspired by this work, we investigated
whether the use of a patterned rubbing tool would lead to higher quality rubbing assembly
results than obtained with flat rubbing surfaces. For this purpose, patterned PDMS sheets
marked by either rectangular bars or a pillar array geometry have been tested. The key
idea behind the use of the patterned PDMS sheet is that this approach would allow to
combine the particle assembly as well as the removal of the excess particles in a single
step. However, the results obtained with a patterned PDMS rubbing tool are in case of
dry assembly rather poor, with FR’s not higher than 20%±10%. Inspecting the patterned
PDMS rubbing tools after rubbing revealed that the upper parts of the patterned structures,
i.e., the parts that came in direct contact with the pocket substrate, were covered by partial
monolayers, while the regions in between the ridges are fully loaded with silica particles.
These particles are no longer available to fill the pockets on the silicon substrate. The
patterning of the PDMS rubbing tool also led to a distortion of the tribological behavior of
the rubbing tool. The presence of the ridges reduces the contact area between the PDMS
and the silicon and prevents the formation of a lubrication layer covering the entire surface.
This appears to hinder the movement of the particles, which no longer move swiftly over
the silicon wafer surface and remain very close to the point where they first made contact
with the patterned rubbing tool, making less particles available for the assembly.
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Collectively, these results show that dry assembly performed with either a patterned
or non-patterned PDMS sheet gives poor results. Typical FR values after a first rubbing
procedure are in a wide range between 20 and 90% (depending on the geometry of the
pocket array) and the typical percentage of misplaced particles is on the order of 20-30%.
Repeating the rubbing process increases the FR, but at the same time also leads to an
increase of the number of excess particles (either present as a second layer of particles
resting on top of the particles inside the pockets or next to them (see green circles in Fig.
3.2 A-2). In addition, it also increases the contamination by PDMS debris detaching from
the rubbing tool during the rubbing (see blue circles in Fig. 3.2 A-2). Finally, the dry
method requires a vast overload of powder particles (excess ratio 100:1), rendering this a
very inefficient process. Next to that, the dry rubbing motion increases the probability for
particles to break (see red circles in Fig. 3.2 A-2).

3.3.2 Wet rubbing

Given the observed limitations of the dry processes and considering that the strong interac-
tion forces, e.g., the capillary forces 1, van der Waals forces, and the tribocharging-induced
electrostatic forces can be alleviated under wet conditions, we moved to testing the pocket
and groove-filling process under wet conditions. One advantage of the wet method is that
the solvent separates the particles from each other by the presence of a solvation shell
around the particles (discussed later in this section). In addition, the van der Waals force is
reduced, and concomitantly the electrostatic force reduces, as the solvent will allow for
an easy and fast dissipation of rubbing-induced tribocharges on the particle’s surface. A
particular advantage for the present purposes is that the solvent lubricates the surface of
both the silicon substrate and the particles, thus significantly reducing the friction force
between the particles and the two substrates. Especially for the case of the pockets, less
force will be required to push the particles inside the pockets due to the lubrication layer
and the risk, of the particles getting stuck halfway inside the pocket by capillary or other
forces, is diminished by the presence of this liquid layer. Consequently, the particles can
move more freely over the rubbing substrate than in a dry state, thus minimizing the risk
of particle breakage or damage to the silicon support structure.

All wet assembly experiments started by supplying the particles through a liquid
suspension on the (patterned) substrate (Fig. 3.1 B), followed by a short evaporation time
before initiation of the rubbing motion. The liquid suspensions used in this work are
common solvents (acetone, ethanol, water, iso-propanol), optionally with 5%vol added
surfactants (f.eg. dimethyl sulfate). Using wet rubbing (Fig. 3.4), the filling ratio observed

1The relative humidity will have an influence on capillary forces. Especially for dry rubbing this can cause
varying results for particle assembly.

https://f.eg/
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for the silica particles after a single wet rubbing experiment was in most cases nearly
perfect and consistently reached 100%±0.5% or higher combined with ER below 1% (Fig.
3.5), which is in strong contrast with the dry process where the filling ratio obtained after
one rubbing iteration was approximately 25%. To ensure the observed high filling ratios
are not the result of an evaporation-driven assembly process and that the rubbing motion
is essential, a single drop of particle suspension was supplied to the silicon substrate and
left to dry without rubbing. Inspection with SEM revealed that some pockets were filled
with particles, although not nearly as much as for the case where the silicon substrate was
rubbed with the PDMS tool. The results show that the rubbing motion indeed aids the
particle assembly into the micro-pocket array (Fig. 3.6). The wet rubbing process also
differs from the dry process in the way the particles are supplied to the substrate. In the
wet assembly process, the particles are supplied by transferring a small volume (30−100
μL) of suspended particles with a micropipette to the pocket regions of the substrate.
Under wet conditions, considerably fewer particles need to be supplied than under dry
conditions, where a high excess is needed for lubrication purposes. By controlling the
concentration, the number of particles supplied to the silicon substrate was typically around
4 to 10 million, corresponding to an excess ratio of 3:1 to 9:1, i.e., considerably less than
in the dry method (100:1). Furthermore, the micropipette-dispensed particles are more
evenly distributed at the start of the rubbing process. Additionally, as the solvent strongly
promotes the break-up of the agglomerates, considerably less rubbing force is needed
compared to the dry rubbing process where the agglomerates first need to be separated into
single particles to be able to position themselves in the pockets on the silicon substrate. It
is also easier to maintain the smaller required rubbing force uniform over the entire silicon
wafer, leading to a much more evenly distributed assembly quality. A closer inspection of
the used patterned PDMS rubbing sheet reveals that the rubbing tool looks quite different
after a wet rubbing process than a dry rubbing process as there are noticeably fewer
particles present and in monolayer formation (Fig. 3.7). The straightforward explanation
for this observation is the fact that considerably fewer particles were supplied under wet
conditions. As the PDMS tool is no longer overloaded with particles, the number of excess
particles that were deposited on unwanted locations decreased significantly. The PDMS
tools that were patterned with circular pillars did not yield adequate results as often the
substrate was left with stripes of particles, a direct consequence of the fact that the pillar
pattern does not have enough vertical surface area that can lead the excess particles away
from the silicon wafer.

Subsequently, several parameters of the wet rubbing process were varied to find the
optimal conditions. It is possible that, for other geometries than those presently studied,
the optimal parameters might slightly differ from what is discussed here, but in general we



576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy
Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022 PDF page: 71PDF page: 71PDF page: 71PDF page: 71

3.3. Results and discussion 47

Figure 3.4: Schematic overview of particle (gray) assembly via wet rubbing with a patterned
PDMS rubbing tool (light brown) on a silicon substrate with microgrooves (blue).

have found that the selected conditions work for a variety of patterns and particles.
Since the success of the wet assembly technique depends highly on solvent parameters

such as the evaporation rate and polarity of the solvent, several solvents were tested (Fig.
3.8). Especially polar solvents with a high evaporation rate like ethanol and isopropanol
seem to be very suitable for the wet assembly procedure (Fig. 3.8 A-B, C-D). It should be
noted that ethanol yields a more uniform filling over large-scale areas when compared to
isopropanol, most likely because of the very high evaporation rate of isopropanol. Acetone
was dismissed as this is well-known for leaving traces upon evaporation (Fig. 3.8 E-F).
Other solvents with a reasonably low vapour pressure, e.g. 1-hexanol and water, were
found to be less suitable (Fig. 3.8 G-H). The solvent used should have a weak to very
polar character to facilitate the suspension for polar particles in a solvent, such as silica or
sulfonated polystyrene particles. Due to the polar nature of the solvent molecules, they
can position themselves in a stabilizing configuration around the particles, forming what is
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Figure 3.5: SEM pictures at different scales (A-B-C) of typical wet assembly experiments
carried out with 10μm silica particles by means of a single wet rubbing run with a
patterned PDMS rubbing tool under optimal conditions. Sample dimensions: 10×10 mm2.
Experimental conditions: applied amount of particles = 30 μ l of a 20 mg/mL suspension in
ethanol; 1 minute waiting before a circular rubbing motion was initiated with a patterned
PDMS substrate with 50 μm grooves. Scale bar: blue = 3 μm, white = 20 μm.

Figure 3.6: SEM pictures of a microgroove pattern (A-B) that has been filled with particles
by means of evaporative driven assembly (a drop of particle suspension was supplied to
the substrate and left to dry). Filling ratios for sample A were around 84%± 7% with
local variations. Filling ratios for sample B, were around 20%± 9%, with the exact
same experimental conditions as for sample A, showing the highly variable filling results.
Around the edges of the substrate, large aggregates of particles have been deposited as a
result of the so called coffee ring effect. Scale bar: white = 100 μm

referred to as a solvation sheath or shell. This solvation shell will stabilize single particles
to stay in suspension by electrostatic repulsion (cf. the DLVO-theory) and prevent the
formation of aggregates by creating a distance between the particles. Further, we noticed
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Figure 3.7: SEM pictures of the patterned PDMS rubbing tool after a dry (A) and a wet B)

rubbing assembly process with 10 μm silica particles. The ridge pattern on the tool is 50
μm wide as well as deep. Evaporative fronts are indicated in red. The quasi monolayers
that have been formed on the sidewalls and bottom of the grooves in the PDMS rubbing
tool can be seen in the right bottom corner of A. Scale bar: blue = 30 μm, green = 10 μm,
white = 100 μm

that it is highly desirable that the solvent evaporates quickly enough as we want the final
state to be dry. On the other hand, the evaporation rate should not be too fast as this leaves
the experimenter with insufficient time to ensure an adequately uniform rubbing motion
over the entire silicon substrate. As the solvation of the particles weakens and eventually
vanishes upon solvent evaporation, the particles become more likely to stick to the PDMS
rubbing substrate than they are to enter the pockets.

Experiments were also performed to assess the effect of the particle suspension concen-
tration as well as of the timing of the different steps of the wet rubbing process. In previous
experiments, the particle suspensions were allowed to settle for approximately a minute
before rubbing. This appeared to be highly critical, because the obtained filling ratios did
not reach higher values than 38%±4% without allowing for this waiting time, i.e., when
the rubbing motion was initiated immediately after depositing the suspension in ethanol
(Fig. 3.9). This was probably because the particles inside the deposited drop did not get
the chance to sediment to the bottom of the liquid layer, i.e., towards the patterned silicon
substrate. When starting the rubbing motion immediately, most of the particles in the
suspension get swept off to the sides of the silicon substrate without having had a chance to
come in contact with the silicon substrate. By using Stokes’ Law, [290] the time it takes for
10 μm silica particles to sediment to the bottom of a ethanol droplet with a height of 1 mm
(empirically determined height for a 40 μL drop) on a on 1×1 cm2 sample was calculated
to be around 20 seconds.2 Sedimentation rates and times of the different solvents are
given in table 3.1. Thus, it can be concluded that waiting times of approximately one
minute allow ample time for sedimentation of the particles and accordingly yielded a more

2Stokes law is used to calculate the sedimentation rate of silica particles in the solvent. The time it takes to
sediment to the bottom of the droplet is calculated for the ideal case where there is no evaporation of the droplet.
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Figure 3.8: SEM pictures at different magnifications showing the result of several wet
assembly experiments wherein different solvents were used for the 10μm silica particle
suspensions with (A-B) ethanol, (B-C) iso-propanol, (D-E) acetone and (G-H) water. The
FR achieved were: 100%± 0.6% for ethanol (A-B), 95%± 3% for iso-propanol (C-D)
and 74%± 10% with large, local variations for acetone (E-F) and 4%± 20% for water
(G-H). The ER obtained were: 8%±3% for ethanol (A-B), 28%±20% for propanol (C-D),
1%±20% for acetone (E-F ) and 6%±10% for water (G-H). Experimental conditions:
applied amount of particles = 30 μl of a 20 mg/ml suspension in the selected solvent; 1
minute evaporation time before initiating a circular rubbing motion with a patterned PDMS
substrate with 50 μm grooves. Scale bars: blue = 20 μm, green = 50 μm, white = 10 μm
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Solvent Viscosity at 20°C (cP) Sedimentation rate (μm/s) Sedimentation time (s)
Ethanol 1.1 51 20

Isopropanol 2.4 24 42
Acetone 0.36 161 6
Water 0.89 52 19

Table 3.1: Some calculated values of the sedimentation rates and times of 10 micron silica
particles in different solvents via Stokes Law for a 1mm high liquid droplet (corresponding
to a volume of 40 μL) on a 1×1 cm2 sample.

Figure 3.9: SEM pictures showing the result of several wet assembly experiments where
the time between deposition of the suspension on the substrate and initiation of the rubbing
motion was varied (suspension: 20 mg/ml of 10 μm silica particles suspended in ethanol;
volume deposited on the substrate was 60 μl). The different waiting times (in minutes)
were varied between 0 and 4 minutes. The FR achieved were: 38%±4% for 0 minutes,
100%±1% for 1, 2 and 4 minutes. The ER achieved were: 0.5%±0.1% for 0, 1 and 2
minutes and 13%±3% for 4 minutes. Scale bar = 40 μm

satisfactory filling ratio (90% and up).

It was found that another crucial aspect of the method was keeping enough liquid
present during the whole rubbing procedure. The presence of a solvation layer around the
particles throughout the procedure can be expected to provide sufficient lubrication to re-
duce friction as well as an easier dissipation of charges consequently reducing electrostatic
forces. For ethanol, waiting times of up until 4 minutes were tested in case of the presently
considered silicon substrates (volume of 100 μL spread out along a sample of 0.5×50
mm). Much longer waiting times resulted in too advanced evaporation and insufficient
lubrication for rubbing. For longer waiting times, parts of the wafer already start to dry
up and particles become prone to be picked up by the rubbing tool. For this reason, it is
essential to stop the rubbing motion shortly before all the solvent has evaporated in order to
achieve a high FR. This leads to the conclusion that a trade-off exists between starting the
rubbing process soon enough to maintain sufficient lubrication and waiting long enough
for the particles to settle towards the microgroove substrate. These observations could
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possibly be explained by thin film entrainment, first described when studying particle
assembly by dip coating. [64] This regime occurs at a critical withdrawal speed during the
dip coating process, i.e., when the thickness of the liquid film is about the same as the
particle diameter. For the present purposes, where it is attempted to deposit the particles
inside the pockets or microgrooves with as little as possible particles or aggregates on top
or on the side, this theory suggests that the optimal liquid film thickness can be expected
to be of the same order as the particle diameter. It can be expected that, analogous to the
simulations made for the dip-coating process, [64] the particles would be forced to assemble
into a structured configuration inside the liquid layer. If the liquid layer is much thicker
than the particle diameter, drag forces (and other forces that are potentially also active) can
still move particles within this liquid layer on top of each other, thus risking the deposition
of a second layer and/or aggregates on the substrate.

After deposition of the droplet, the concentration inside the droplet increases as evapo-
ration occurs throughout the rubbing procedure. The influence on the particle assembly
of the initial concentration of the particles suspensions was thus investigated. Different
concentrations, ranging from 5 to 50 mg/mL, for the suspensions were tested (Fig. 3.10).
The best results for the samples with the connected pockets (FR = 100%, ER < 1%)
were obtained for a 20 mg/mL concentration for a drop of 60 μL, which corresponds to
an excess ratio of about 3:1. For lower concentrations, filling ratios became inadequate
(24%±8%) and very non-uniformly distributed. In the experiments conducted at a higher
concentration (50 mg/mL corresponding to an excess-ratio of about 7:1), the FR obtained
were 100% but many extra particles and even aggregates were deposited on top of or next
to the pockets (ER = 15%±10%). The presence of these extra particles suggests that this
excess ratio is too high and the patterned PDMS rubbing substrate can no longer remove
all excess particles which are then left on random locations on the micro-pocket substrate.
The thin film entrainment concept also provides a possible explanation for the increased
number of unwanted particles present for longer evaporation times (Fig. 3.9). As the
solvent in the particle suspension evaporates over a certain time, some areas of the silicon
substrate will start to become dry and particles or aggregates present in these areas will no
longer be suspended in solvent, resulting in the deposition of unwanted particles on the
silicon substrate.

We also investigated the design of the line pattern on the PDMS rubbing tool. This
pattern can be viewed as a set of small parallel micro-blades, similar to a doctor blade
coating set-up, albeit that here the “blades” are made from an elastomeric material. [344]

More specifically, we investigated the effect of the orientation of the ridge pattern on
the PDMS tool with respect to the main directions in the microgroove arrays where the
pockets are connected linearly (Fig. 3.11). It was found that the filling occurred in a



576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy
Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022 PDF page: 77PDF page: 77PDF page: 77PDF page: 77

3.3. Results and discussion 53

Figure 3.10: SEM pictures showing the effect of a suspension concentration variation study
(wet assembly with 10 μm silica particles): 5 mg/mL A), 10 mg/mL (B), 20 mg/mL (C)

and 50 mg/mL (D). Other conditions: deposition of a 30 μ l drop of suspension in ethanol
to the substrate (corresponding to a 3:1 excess of particles for the number of pockets); 1
minute evaporation time before initiating a unidirectional rubbing motion with a patterned
PDMS substrate with 50 μm ridges. Scale bar = 20 μm

preferential direction in these geometries (Fig. 3.11, direction 1 and 2). When the ridges
of the PDMS tool are oriented perpendicular or parallel to the main axis (y), the ridges
will be parallel to the pockets along the x-axis and y-axis, respectively. The FRs achieved
for direction 1 were 90%±3%. In this scenario (Fig. 3.11, direction 1), where the PDMS
tool is repeatedly moved in the axial direction along the whole microgroove pattern, it
is plausible that, due to the elastic properties of the PDMS material, particles get easily
picked up again by the PDMS tool even when these particles are already residing in a
pocket. This removal of particles by the patterned PDMS tool is highly dependent on
the pressure that is applied manually during rubbing, showing the importance of finding
an automated, and hence more reproducible way of executing the rubbing process. This
becomes imperative when (almost) all the liquid has evaporated. As long as some liquid
remains present, capillary bridges can be formed between the particle and the sidewalls
of the pockets, anchoring the particle in the pockets through capillary bridge formation.
If all the liquid has evaporated, the particles can get picked up again by the rubbing tool.
Almost instantly after contact between the PDMS rubbing tool and the deposited particle
suspension on the silicon substrate, the space between the ridges on the PDMS are filled
with the particle suspension by capillary action. In the case where the ridges of the rubbing
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Figure 3.11: Effect of the rubbing and PDMS pattern orientation on the achieved filling
quality (wet assembly): ridges of the rubbing tool parallel to the microgrooves on the
substrate (1-a,b); ridges of the rubbing tool perpendicular to the microgrooves on the
substrate (2-a,b); ridges of the rubbing tool under a 45 degree angle with respect to the
microgrooves on the substrate (3-a,b). Scale bar: blue = 10 μm, white = 20 μm.

substrate are oriented perpendicular to the microgroove pattern (Fig. 3.11, direction 2), the
perpendicular direction of the rubbing process leads to a situation wherein some regions
of the substrate are in constant contact with the PDMS ridge alternated with regions in
contact with the particle suspension inside the ridge. FR values achieved for direction 2
were 66%± 3%. The parts of the silicon substrate that are in constant intimate contact
with the ridges of the PDMS have no means of supplying extra particles to the pockets
underneath, while on the other hand some regions are in constant contact with the particle
suspension and excess particles will be deposited there due to evaporative behaviour of
the suspension. The 45-degree method (Fig. 3.11, direction 3) seems to provide an ideal
balance between intimate contact of the ridges with the underlying substrate and a steady
supply of particles from the suspension in the ridges to the underlying substrate to fill up
the remaining empty pockets. This method gave noticeably better results (> 99% filling in
nearly all cases) than for any other orientation of the ridges in the PDMS with respect to
the connected microgrooves (Fig. 3.11).

To investigate the effect of wetting properties of the substrates on the assembly process,
both the hydrophilicity of the rubbing substrate and the PDMS rubbing tool were altered. A
very thin layer of fluorocarbon was deposited conformally on the patterned silicon substrate
and it was found that after wet rubbing the FR were equally good as for the uncoated
substrates. Initially, when depositing the drop of particle suspension on the hydrophobic
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silicon substrate, it will not spread out as easily but rubbing with the patterned PDMS
tool will ensure that the suspension is spread out over the entire substrate during rubbing.
Increasing the hydrophilicity of the PDMS rubbing tool did not result in any change in
outcome of the rubbing experiments. The size of the ridges of the rubbing tool were
varied and it was determined that a width about 5 times as large as the particle diameter is
sufficient to have enough space in the tool to capture the excess particles. Larger widths of
the ridges lead to the increased bending of the PDMS tool and yield slightly worse FR due
to non-uniform contact with the underlying substrate during rubbing.

It was also observed that both the size and the depth of the pockets are crucial parame-
ters. Obviously, the fit of the pockets should not be too tight as slightly oversized particles
can get stuck before reaching the bottom of the pockets. On the other hand, if the diameter
of the pockets is too large, multiple particles can enter a single pocket, which in turn can
lead to excess particles adhering to the primary trapped particle. Optimal size ranges were
found to be 1.1 to 1.3 times the particle diameter for both the depth and diameter of the
pockets. Particle assembly yielded good FR (≈ 99%) when the depth of the pockets was
somewhere in a range from 0.5 to 1.3 times the particle diameter for a single layer. Lower
depths smaller than the particle radius R resulted in bad FR (< 60%) due to the particles
being able to roll out of the pocket again during the rubbing motion (Fig. 3.12 A-C). If
desired for the application, even multiple layers of particles can be assembled within the
microgrooves or pockets (Fig. 3.12 D).

To explore the influence of the pitch between the micro-machined pockets on the
filling ratio obtained via rubbing, we tested several patterns where the distance between
the pockets (defined here as the pitch) was varied within a range of 1.5 μm (lower limit
conventional lithographic techniques) to 20 μm. These experiments were conducted to
verify whether the distance along which the particles can move as a single lubrication
layer along the substrates surface might influence the particle assembly. No noticeable
correlation between the FR and pitch could be detected under wet as well as dry assembly
conditions: all silicon substrates tested under wet conditions all had an excellent FR of
99% or higher, regardless of the pitch (Fig. 3.13 and Fig. 3.14). Under dry rubbing
conditions, no significant pitch effect was observed either, as now all experiments led a
low FR below 25% (Fig. 3.11 and Fig. 3.14). Possibly there might be a pitch effect for
distances smaller than 1.5 μm, but this would require an alternative sub-micron patterning
technique, such as e-beam lithography to produce the pocket substrates needed to test
this hypothesis. [202] To further investigate the pattern-independency of the proposed wet
particle assembly method, a variety of patterns were tested for 10 μm silica (Fig. 3.15) and
10 μm polystyrene particles (Fig. 3.16). These experiments were performed wafer-scale
on 4-inch wafers, yielding uniform filling ratios on a large scale with very little to no
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Figure 3.12: SEM pictures showing the result of several wet assembly experiments on
separated micro-machined pockets with varying depth of the pockets (A: 4 μm, B: 8 μm,
C: 12 μm, D: 24 μm). After wet assembly, samples with a depth of 4 μm were the only
without satisfactory FR. Panel D shows a scenario with multiple layers of particles. Scale
bar: white = 10 μm, blue = 5 μm

errors. For all the tested geometries, the particle assembly was nearly perfect (at least 99%
filling ratio or higher) and ER remained very low (< 1%). This small number of remaining
particles on unwanted locations generally causes difficulties for removal, as the particles
are tightly adhered to the silicon substrate, often through capillary bridge formation or
adhesion to an underlying particle. If desired for the application, the very few particles that
remain on top or next to the pockets can be (partly) removed by scraping a microscope
glass very slowly over the substrate. Applying a wet rubbing particle assembly followed
by this simple and straightforward cleaning method, the ER ratio’s could be reduced from
1 to about 0.1% and thus practically achieving an error-free method for particle assembly
on patterned silicon surfaces.

Although this technique has been developed and tested with particles in the micrometre
range (5 and 10 μm), it could also possibly be employed for the assembly of sub-micron and
even nano-particles. For this purpose patterned substrate with nanometre sized pockets need
to be fabricated with next generation lithographic techniques (e.g. e-beam lithography) and
this could possibly be an interesting topic for future research. We envision that the rubbing
process will be able to overcome the Brownian motion of colloidal particles. However,
some fine-tuning of parameters such as evaporation time, suspension concentration, solvent
type, may be required.
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Figure 3.13: A graph showing the average values for the FR and ER after dry (left) and wet
(rubbing) experiments for varying geometries of the patterned silicon substrate (connected
pockets, freestanding pockets and channels) filled with 10 μm silica particles. Experimental
conditions; for dry rubbing (left): deposition of a 10 mg scoop of dry particles to the
substrate, followed by unidirectional or circular rubbing motion with a flat PDMS rubbing
tool; for wet rubbing (right): deposition of a 30 μl drop of a 20 mg/mL suspension
in ethanol to the substrate; 1 minute evaporation time before initiating a unidirectional
rubbing motion with a patterned PDMS substrate with 50 μm ridges.

3.4 Conclusions

Attempting to uniformly fill micro-machined pocket arrays on silicon wafers with single
particles using manual rubbing, markedly better results can be obtained by working
under wet conditions instead of under dry rubbing conditions. This is in contrast with
similar assembly studies conducted on elastomeric substrates, where dry rubbing provides
excellent results. Another difference with these studies is that the recesses in the substrate
were but a fraction of the particle diameter deep, whereas in our case the particles can
completely sink into the recessed pockets. Working under wet conditions has two main
advantages: firstly, the number of particles that is supplied to the substrate can be better
controlled by means of particle suspensions and secondly, van der Waals forces together
with electrostatic forces are greatly reduced in a liquid environment, such that the particles
move much more individually instead of in larger agglomerates. The assembly quality
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could also be significantly enhanced by introducing a ridge pattern on the PDMS rubbing
tool, as allows to combine the rubbing process with the instantaneous removal of excess
particles. By optimizing the direction of the pattern on the rubbing tool with respect
to that of the pattern on the silicon substrate, this wet rubbing technique delivered very
good assembly results on varying patterns for both silica and polystyrene particles on a
wafer-scale. Other parameters such as depth of the micro-pockets and pattern did not seem
to have a noticeable impact on the obtained assembly results.
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Figure 3.14: Optical microscope pictures showing the result of several wet (1) and dry (2)

assembly experiments on separated micro-machined pockets with varying distance/pitch
between them (A: 1,5 μm, B: 2,5 μm, C: 5 μm, D: 10 μm and E: 20 μm). After wet
assembly, all samples were filled equally good with high FR (>99%) while after a dry
assembly method all the samples were filled equally bad or clogged by PDMS debris.
Scale bar: white = 20 μm
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Figure 3.15: SEM pictures of particle assembly on substrates with different geometries
(wet assembly, 10μm silica particles). Experimental conditions: deposition of a 30 μ l drop
of a 20 mg/mL suspension in ethanol to the substrate; 1 minute evaporation time before
initiating a unidirectional rubbing motion with a patterned PDMS substrate with 50 μm
ridges. Scale bar: blue = 20 μm, green = 5 μm, white = 40 μm

Figure 3.16: SEM pictures of particle assembly on substrates with different geometries
(wet assembly, 10 μm polystyrene particles). Experimental conditions: deposition of a 30
μl drop of a 20 mg/mL suspension in ethanol to the substrate; 1 minute evaporation time
before initiating a unidirectional rubbing motion with a patterned PDMS substrate with 50
μm ridges. Scale bar: black = 5 μm, blue = 40 μm, green = 20 μm, red = 10 μm, white =
100 μm
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Chapter 4

Removal techniques for particle aggregates and

unwanted particles in flow device fabrication

Abstract

The presence of unwanted particles is a known problem in microfabrication and is a
common pitfall of anodic bonding in microfluidic chips. Micro-machined sieve plate
columns, that have been filled with 10 μm particles, are attempted to clean from
excessive particles to ensure the success of the following bonding step. In the present
study, several wet and dry cleaning techniques have been tested on the presented
sieve plate column to get rid of unwanted particles and make the substrate suitable
for anodic bonding. Electron and optical microscopy are used to visually check the
obtained results. The key challenge is to find a technique that can clean the unwanted
particles selectively, without affecting the particles previously deposited particles in
the sieve plate column device. Selective removal of particles can possibly be achieved
by applying a certain directionality to the cleaning method, but thus far we have not
found a cleaning technique that results in satisfactory for the presented device. Finally,
we have anodically bonded a few of the columns and examined the achieved bonding
quality. Selective removal of particles remains a challenging obstacle and further
investigation into cleaning techniques is still required.

Contributions to the work done in the present chapter:
Concept and design Gert Desmet, Han Gardeniers, Sandrien Verloy
Fabrication Sandrien Verloy
Removal experiments Sandrien Verloy
Data analysis and writing Sandrien Verloy
Reviewing Gert Desmet, Han Gardeniers, Sandrien Verloy
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4.1 State-of-the-art cleaning technologies in semiconduc-

tor industry

4.1.1 Introduction of contaminants during fabrication and possible

problems in critical processing steps

It is well established that the presence of unwanted particles or dust, on micro-devices
is detrimental for the fabrication yield of these devices. Such contaminations often are
much bigger than the actual features of the micro-device and therefore will have a dispro-
portionate effect on the yield and performance of the devices, even if low concentrations
of contaminants are present. [29] Some examples where the presence of dust and/or con-
taminants hinders the fabrication are the following: dust on the lithographic mask can be
incorporated during the pattern transfer in lithographic processes; dust and/or other parti-
cles may act as a mask and will result in errors such as non-uniform etching speed during
dry etching steps, particles may introduce defects in a wafer-to-wafer bond interface, and
generally the presence of particles has the potential of clogging micro- or nano-channels in
a microfluidic device.

This yield-issue is the reason why all micro- and nano-fabrication processes are carried
out inside a specialised dust-free laboratory, often referred to as ‘cleanroom’, and why the
people working inside have to wear protective clothing to prevent contamination from skin
cells and clothes. Particle contamination does not solely stem from human sources but is
often introduced by other sources such as gas streams or liquids, the (outside) environment
and certain deposition processes. For this reason, a lot of attention has been given to the
removal of (particulate) contamination within semiconductor industry to achieve a more
satisfactory yield of the fabrication process. A summary of the most noteworthy cleaning
techniques used nowadays for semiconductor devices are given in the two following
paragraphs.

4.1.2 Some common cleaning techniques often used during microfab-

rication

Cleaning of contaminants that have been introduced from the surroundings or in earlier
processing steps, e.g., fluorocarbon residue from DRIE or salt residue from KOH etching,
can be executed with a wide variety of techniques. In the past, extensive research has been
done towards wet cleaning processes, [261] in the last decade leading to procedures that have
been established as the standard in semiconductor industry: Piranha1 or HNO3 for organic

1Piranha is a 3:1 mixture of conc. sulfuric acid (H2SO4) with hydrogen peroxide (H2O2)
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residue, RCA-12 for organic residue and particles, RCA-23 for metal ions and HF for
stripping oxide layers. In general, the substrate is in these methods completely submerged
in an acidic or alkaline solution or solvents to remove the contaminants. Depending on
the substrate topology and composition (presence of e.g., a deposited metal), the cleaning
procedure is chosen. For example, stripping of photoresist can be done through a wet
cleaning process with HNO3, acetone or piranha while it may also be removed by a
dry plasma process with oxygen, or even a sequence of plasma and wet cleaning. In
the following paragraphs, some commonly used cleaning approaches in semiconductor
industry, aside from standard wet methods, are outlined.

4.1.2.1 Ultrasonic and megasonic cleaning

Ultrasonic cleaning has been a widely used cleaning technique for several decades in
various applications ranging from medical devices, automotive components, cleaning of
jewelry to microelectronics. When ultrasonic energy (high frequency sound waves in the
range 40 to 200 kHz) is supplied to a substrate submerged in cleaning liquid, cavitation
bubbles will form which can scrub the surface clean. This technique is widely used
because it is powerful enough to remove firmly attached particles from a surface, even
in the smallest crevices, and at the same time gentle enough not to damage most of the
substrates. In semiconductor industry, ultrasonic cleaning is often used for the removal of
large particles present after dicing/sawing of substrates or to remove polish layers. Its use
is rather limited because of surface damage risks for substrates that contain fragile parts,
such as lever structures on the micro/nanoscale. [17;220]

Megasonic cleaning is essentially the same as ultrasonic cleaning except that this
process occurs at frequencies above 800 kHz and up to 1 MHz, hence the name. This
technique is capable of removing submicron particles and other contaminants effectively
from surfaces by mechanisms of cavitation and acoustic streaming and for this reason it is
often applied in semiconductor processing. [106;212;351] The mechanism of detachment is a
combination of two phenomena: interface sweeping of particles that are in the oscillation
range of a bubble in radial motion and by vortices/jets that are the result of a pressure
gradient. [163] The removal efficiency of this technique can be increased by altering several
parameters, e.g., increasing the power/frequency or use RCA-1 instead of water as a more
powerful cleaning agent. [39] The main difference in mechanism of removal for megasonic
and ultrasonic cleaning is the way cavitation occurs: random for ultrasonic frequencies
and controlled for megasonic frequencies. Megasonic cleaning does not cause turbulent

2RCA-1 or standard clean-1 is a 1:1:5 mixture of ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2)
and water (H2O)

3RCA-2 or standard clean-2 is a 1:1:6 mixture of hydrogen chloride (HCl), hydrogen peroxide (H2O2) and
water (H2O)
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cavitation effects and makes it possible to clean substrates which otherwise would have
been damaged by ultrasonic cleaning. [75]

After years of extensive research and empirical knowledge, it can be concluded that ul-
trasonic and megasonic cleaning are both versatile and effective for removal of (sub)micron
particles from surfaces. However, their use is limited to substrates that do not contain
fragile parts (levers or other delicate micro/nanoscale features) as the ultra- or mega-sonic
energy supplied could possibly damage these.

4.1.2.2 Gas-phase cleaning

In the early ‘90s, a first so-called ‘dry’ cleaning technique was introduced to semiconductor
industry as an alternative for wet cleaning techniques. Wet cleaning techniques pose
several inconveniences, such as the substantial chemical waste, incompatibility with certain
materials, cost, and drying difficulties. To circumvent these disadvantages, a ‘dry’ cleaning
technique was proposed with gas phase chemistry that requires energetic excitation to drive
the chemical reactions needed for cleaning. [75] Energy may be added through a variety of
sources, e.g., thermal, plasma, radiation, and particle beams. Only a few years later, an
actual dry cleaning technique was introduced as a pre-furnace cleaning step that uses a
combination of UV-light and oxygen flow.[158]

4.1.2.3 Plasma cleaning

A dry-cleaning technique with a much more established presence in semiconductor industry
is the use of plasma in combination with oxygen and/or hydrogen as a cleaning procedure
for organic residues. As wet chemical cleaning methods have the risk of contaminating
the surface with trace chemicals and other (often harmful) residues, researchers started
looking into plasma-assisted dry cleaning methods. [300] After a first initial implementation
by Mitsubishi in an industrial process, plasma procedures very quickly dominated over
the use of wet chemical cleaning methods. [1;211] Nowadays, many modes of operation are
available for which the reader is kindly referred to this summary paper. [23]

4.1.2.4 UV-ozone cleaning

Ultraviolet (UV) light has been long known to decompose organic material but only since
the 70’s has been explored as a cleaning technique. [314] The UV cleaning method is
attractive for many reasons as it is fast and can remove a variety of organic contaminants
from surfaces, it is dry and at ambient temperature, along with an easy set-up and operation
mode. Surfaces could be cleaned within a matter of minutes after being placed within
a few millimeters of the highly oxidative atmosphere created by a UV-ozone producing
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source. [311–313] This has been proven to be a successful cleaning routine for the removal
of both process and airborne organic contaminants and it can be applied pre- or post-
process. [347] Nowadays, UV-ozone cleaning systems are standard equipment available
in most cleanrooms and have become indispensable in certain applications, e.g., for
improving adhesion in multilayered systems, cleaning of microcantilevers or altering the
surface hydrophilicity of PDMS.[123;166;167;198]

4.1.3 Cleaning techniques specific for particulate matter

Predominant cleaning techniques employed are often of a physical nature and chemically
assisted. In contemporary semiconductor manufacturing processes, the particles are most
often removed either by ultrasonic cleaning in a liquid or by purely chemical methods
using cleaning solutions. In many cases, the design of the device (presence of certain
types of materials and/or fragile structures) will dictate the possibilities regarding cleaning
procedures, and specialised protocols are developed, if necessary. Examples of more
complex and targeted cleaning methods are the use of surfactants to enhance particle
removal, micro-abrasive cleaning for targeted cleaning, the use of high-speed impinging
jets, carbon dioxide snow cleaning and argon/nitrogen cryogenic aerosols. [168;169] In
the following section, some relevant techniques in the field of micro-fabrication will
be discussed in more detail. It should be noted that there is a vast amount of cleaning
techniques which will not be discussed here, and for which the reader is kindly referred to
refs. [159;231;261] For relatively large particles (diameter greater than 10 μm), the removal
can be executed rather easily by blowing the particles off the surface using a gas or liquid
jet. [217] For microparticles, and even more so for nanoparticles, removal by gas and/or
liquid jets is often not successful because of the strong adhesion forces between the particles
and the surface as well as amongst the particles themselves. In semiconductor industry,
wet cleaning techniques or more advanced (acoustic) cleaning techniques have been widely
implemented to get rid of (sub)micrometre range particulate contaminants. [145]

4.1.3.1 Wet cleaning techniques

Wet cleaning procedures have been developed for the removal of particulate matter in
semiconductor manufacturing. Both the use of alkaline and acidic solutions has been tested
for their particle removing efficiency and it was determined that alkaline solutions perform
better. The alkaline solutions remove particles with the following mechanism: the solution
chemically etches the surface resulting in lift-off of the particles, which are subsequently
electrically repelled by the freshly-etched surface. [144] A similar method was developed
with an ultra-diluted HF/nitrogen jet spray system, which has been designed to remove
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particles efficiently and with minimized damage to fragile device features while in addition
reducing wasteful consumption of chemicals. [134] Other methods have been developed that
do not require full immersion of the substrate in a chemical solution, rather is a nozzle used
to spray a liquid on top of the substrate while it is spinning at high speed, also referred to
as the spin rinse method. [351]

4.1.3.2 Liquid jets

By using nozzles that combine a gas and liquid stream, high-velocity micro-droplets can
be generated, and these can clean contaminants from surfaces upon impact. The droplet
speed and diameter may be varied within a certain range and this allows for the tuning
of the impact energy to the requirements of the particles that need to be removed. [170;231]

This physical cleaning method removes particles by applying a hydrodynamic shear along
the substrate surface so that the particles experience a drag force large enough for removal.
A practical example of this technique is the removal of biofilms by impinging them with
water droplets. [46]

4.1.3.3 Directional flows

Physical cleaning methods such as the liquid jets that apply a shear stress to the substrate to
achieve particle removal impose the risk of damaging the underlying fragile structures on
the device, if present. For fragile device cleaning, a particle cleaning concept was developed
that uses an engineered non-Newtonian liquid, capable of entangling the particles, in
combination with a hardware installation that allows for normal-directed rinsing flow for
which the stress is directed away from the substrate. [231] Such devices show real potential
as they would be easy to incorporate in situ into a variety of processes for the fabrication
of semiconductors.

4.1.3.4 Bubbles as cleaning agent

Similar as to what was explained in paragraph 4.1.2.1, soft bubbles that are the result of
acoustic cavitation have been long known to clean particles with a diameter down to 1
μm from surfaces. Oscillation, pulsation and collapse of these bubbles on the surface,
together with acoustic streaming explain the removal mechanism of particles in ultrasonic
cleaning. [17;105;231] A similar method as above that uses a focused laser pulse to induce
bubbles which then acts as cleaning agent capable of removing submicron particles. This
laser set-up allows for very accurate control of the location and intensity of the bubble
formation. The mechanism of removal is similar to acoustic cavitation, as in this case the
laser-induced bubbles will collapse on the surface and induce vortices capable of cleaning
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the surface. The velocity of the created vortices is one order of magnitude smaller than
that for jets and acoustic cavitation, making this a very mild cleaning technique. [231]

4.1.3.5 Dry cleaning techniques

Conventional wet cleaning techniques have several disadvantages such as limited removal
efficiency for submicron particles, possible conflicting interactions with chemical-sensitive
materials on the substrate or even liquid residue promoting adhesion of the remaining parti-
cles. [145;169;217] An example of a dry technique would be carbon dioxide snow cleaning in
which high purity carbon dioxide is expanding through nozzles and the resulting high veloc-
ity stream is capable of removing particulate and hydrocarbon contaminants. [282] Another
well-known example of a dry-cleaning technique is by means of a laser set-up. [194;295]

Whilst these dry-cleaning techniques are often capable of cleaning surfaces with a similar
efficiency and without leaving any trace, they still pose one huge disadvantage and that is
that they often damage the underlying surface upon removal of contaminants. Dry cleaning
techniques have been mostly implemented if wet cleaning methods are incompatible with
the substrate or as a complementary technique to standard wet cleaning methods. [132]

A simple dry-cleaning technique that has been used for particulate contaminants is by
blowing them off the surface using a high-speed air jet. The removal mechanism is due
to the resuspension phenomenon, which is not well understood yet and thus the removal
efficiency due to resuspension cannot be established theoretically, leaving only empirical
knowledge to make predictions. [110] An experimental study has shown that air jets effec-
tively remove particles with a diameter of 5 μm or larger from surfaces if these are in a
so-called high efficiency removal area. Such areas are located in the near vicinity of the
contact point of the jet and the surface and depending on the contact angle being larger
or smaller, the removal region can be narrower or wider, respectively. [210] Even though
the air jet-method is an adequate way of removing micron-sized particles and specifically
in cases where mechanical methods are not possible, this method still does not attain the
same removal efficiencies as other methods and hence little research on this subject has
been done. Most recently, the removal of liquid droplets by air jet impingement has been
studied. [180]

Another new and promising dry cleaning technique for removal of particles capable of
preventing damage to the underlying substrate is the use of polydimethylsiloxane (PDMS)
substrate patterned with micropillars. [145] With this method, particles can be effectively
removed without any risk of damage on the underlying substrate, making this method
very attractive for use in semiconductor devices with flexible and/or fragile structures.
Once the micropillars are brought into contact with the particle-contaminated surface,
they will develop intimate contact with it due to their flexible and soft structure. The
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strong interfacial interaction between the PDMS and particles allows for the particles to be
detached upon subsequent separation of the micropillar PDMS away from the surface.

4.2 Use in the presented chromatography application

4.2.1 General requirements for the cleaning technique

A few requirements for the cleaning technique are defined in the following section to
achieve a working chromatographic flow device as proposed in the Printpack project (for a
more detailed description of the device, see Chapter 1, section 1.3).

4.2.1.1 Selective removal of second layer particles

First and foremost, we want to have absolute control over the positions where particles are
present on the device, and especially regarding the anodic bonding step in the fabrication
process where particles in the wrong locations could deteriorate the bonding quality. The
desired control can be achieved by a combination of an appropriate groove filling strategy
(see Chapter 3), which does not leave the substrate with a large number of redundant
particles, and a selective particle cleaning method, that only removes the particles on
specific locations. In this thesis, particles are deposited into connected pockets or holes of
the device to achieve a sieve plate structure filled with particles by means of forced assembly
through a rubbing motion with an elastomeric substrate (see Chapter 3). Unavoidably,
even after fine-tuning of the rubbing procedure, some particles remain on the surface of
the device outside the grooves or stick on top of the particles within the grooves. It must
be noted that the optimisation of the assembly technique for our specific configuration has
led to a better starting point, or in other words a smaller initial number of contaminating
particles, for the final cleaning step. The key challenge we are faced with in this case is
that the particle cleaning technique needs to be selective towards the redundant particles
and does not affect particles inside the predetermined pocket structures. As most of the
cleaning techniques developed for semiconductor fabrication, but also other fields such as
jewelry cleaning and ceramics, are non-selective for specific particle locations, this was
one of the main challenges of the present work.

4.2.1.2 Leaves no (chemical) traces or damage

An additional requirement of the cleaning technique is that it leaves no traces of any kind
which could possibly contaminate the chromatography column and/or obstruct flow in the
device. Next to this, the technique should also not damage the surface, to ensure a smooth
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Figure 4.1: SEM pictures of the various parts of the inlet section of the device that need to
be free of particles prior to closing the chip. Panel (A) represent a typical situation at the
end of the distributor, just before the beginning of the actual column area; (B) shows an
example of particle breakage (red circles) induced by the sharp wedges that were arranged
in the corners of the flow distributor to prevent particles entering these corners; (C) shows
a capillary connection channel. Scale bar: white = 20 μm, blue = 50 μm

interface of the substrates prior to anodic bonding, nor should it damage or contaminate
the particles of the column.

4.2.1.3 Fast and applicable on a large-scale (wafer-scale)

A final requirement is that the cleaning technique should be fast, without the use of
expensive equipment or set-ups and it should be easy to upscale the process so it could
be readily implemented for industrial fabrication. For instance, if the process can be
performed wafer-scale, it would be easy to implement this on a large production scale.

4.2.1.4 Effective and complete removal of particles in other parts of the device

While particles need to be selectively removed from the column part on the device, complete
removal of any type of contaminant (chemical or particulate) is desired on other parts of the
device as well. The device contains, next to the microgrooves for holding the particles, also
some other features such as connection channels from and to the device and an injection
box. In the present device, the deposition of particles in these areas is circumvented as
much as possible by incorporating features in the design that prevent particles to enter. An
example of such a structure is the arrangement of channels connecting the injector box
to the inlet of the column (Fig. 4.1), where pillars have been placed in the flow-through
channels so that particles no longer have sufficient space to enter. To avoid particle-induced
clogging in these parts of the device, they must be thoroughly cleaned. By creating a
spatial separation in the device between the column part and the connection channels,
it becomes possible to implement different cleaning techniques on different parts of the
device, depending upon the cleaning requirements.
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4.2.2 Specific requirements for the proposed chromatography device

To avoid any kind of introduction of disorder to the column, albeit by chemical residues or
particles on unwanted locations, the fabrication of the chromatographic chips is executed
in a dust-free environment and chips are extensively cleaned in between processing steps
to avoid introduction of contaminants from processing such as DRIE or deposition of
materials. As the chip will consist of several parallel flow channels, these cannot be clogged
and/or obstructed for evident reasons. After particle assembly in the pre-determined
locations on the final device, it is important to remove the particles on unwanted locations
before wafer bonding with a glass top plate. If there are any particles present on the bonding
interface, they will either result in a broken top plate or in local leaks due to imperfect
bonding. Inspection of the silicon substrate after rubbing often shows that the number of
excess particles on unwanted locations can vary strongly (Fig. 4.2). The unwanted particles
may present themselves as single particles, aggregates next or on top of the sample or single
particles that adhered to a particle inside a pocket. The amount of undesirably deposited
particles is the result of the way the particle assembly method has been executed and
may vary locally. Even with a highly optimised particle assembly procedure, as discussed
in the previous chapter, the presence of these misplaced or excessive particles on (some
parts of) the sample is virtually unavoidable. Excess particles most often appear as (a
few) single particle(s) positioned right on top of a particle inside the pockets (Fig. 4.3).
Interparticle interactions, mainly due to van der Waals forces, will cause the particles to
stick on top of a particle inside the grooves/pockets. The removal technique needs to be
sufficiently strong to overcome particle adhesion. This can pose a possible problematic
situation for the removal method as there will be a chance that upon removal of the second
layer particles, the first layer will be removed as well from the pockets due to inter-particle
adhesion. Ideally, the interaction between the particles is weakened or broken during the
removal method, e.g. by applying a force or adding surfactants to the removal solution.
Although the quality of the assembly method will determine the starting situation, it is still
important to have an appropriate cleaning method to get rid of the unwanted particles on
the device to achieve successful bonding of the device.

4.2.3 A few common cleaning techniques and why they are ineffective

in the proposed application

Based on the previously discussed requirements of the cleaning technique needed in the
present case, we have selected a few techniques that were considered suitable. An overview
of these techniques and their significant characteristics can be found in Table 4.1. The
cost of the equipment is labeled low if below 1.000 $, medium when in the range of
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Figure 4.2: SEM pictures showing commonly encountered types of excess particles: (A)

large amounts of particles deposited at the edge of or next to the pocket pattern; (B) clusters
or aggregates appearing on top of the micro-pocket areas and (C) particles that adhered to
particles inside the pockets and are positioned right above them. Scale bar: white = 50 μm,
blue = 20 μm, green = 100 μm

Figure 4.3: SEM pictures of microgroove pockets that have been filled with silica particles
by wet rubbing, displaying some commonly observed types of excess particles. (A) shows
single excess particles positioned right above a particle residing inside the pockets and (B)

shows a chain of particles that is adhered to the underlying particles residing inside the
pockets. Scale bar: white = 10 μm, blue = 20 μm

1.000-10.000 $, high if above 10.000 $ and without including manual labor hours in the
calculation.

Although many contemporary cleaning techniques are highly effective and have become
standard cleaning steps in many fields, such as UV-ozone or wet cleaning in semiconductors
industry, they are not all applicable for the present application. In most cases, to achieve
complete filling of the pockets in the sieve plate column design, a serious overload of
particles has to be supplied to the substrate. This results in an excess number of particles
compared to the number of pockets on the substrate, and a second layer of particles or even
big aggregates on certain locations of the substrate can be seen. In the end, it is necessary
to close the chip with a method that will allow the chip to withstand pressures commonly
used in HPLC and that will not damage the particles in the pockets. Because of the high
temperatures used in thermal bonding processes, these processes are not compatible with
the particles deposited inside the columns (glass transition temperature of silica particles is
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around 900°C and for polystyrene around 85°C) and therefore anodic bonding is preferred.
The extra particles, deposited during the filling of the column, need to be removed prior
to anodic bonding, as the smallest particle contamination on the bond surface leads to
breakage or bad adhesion of the substrates during bonding. In the following section, some
of the cleaning techniques most used nowadays will be discussed for our application (Table
4.1). As a first and most apparent choice for particle cleaning wet ultrasonic cleaning in a
solvent was considered, e.g. isopropanol, acetone or ethanol, as this is known to remove
particles from submerged surfaces effectively. Regrettably, ultrasonic cleaning and other
wet chemical cleaning methods such as RCA-1 cannot be applied selectively to specific
areas on a substrate and would hence remove all particles in a non-selective manner, as
well as those in the micro-grooves. Whilst these types of techniques cannot be used for our
device to remove the excess particles after groove filling selectively, they can be used to
fully clean the device prior to particle assembly or even for re-use of the substrates. On
the other hand, dry methods in general pose a rather large risk of damaging the surface
and this would prohibit the subsequent anodic bonding step. Dry methods such as laser
cleaning often require rather expensive and extensively large installations. Finally, such
methods are often difficult to implement on a large scale because of the extremely high
initial investment and low throughput.
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4.3 Results and discussion of the tested cleaning tech-

niques

In the following section, various existing dry and wet cleaning techniques are discussed,
together with their applicability in the present application. This application poses some
strict requirements for the cleaning technique that needs to be applied after the rubbing
process and before bonding, as discussed in detail in paragraph 4.2.2. In the last part of
the section, some initial results obtained by anodically bonding a MEMpax top plate to a
microgroove column device filled with particles are discussed.

For clarity, we have categorised the tested removal techniques in to one of the following
3 scenarios 4.4: the removal technique had little to no effect (1), was too vigorous (2) or
yielded irreproducible results (3). Figure 4.4 shows example pictures of these 3 different
scenarios.

4.3.1 Dry cleaning techniques

Various common dry cleaning techniques have been tested for the removal of particles
that have been incorrectly deposited during groove filling via wet rubbing (Table 4.1).
One of the main reasons why dry techniques seemed an appropriate choice for removal
of the excess particles on the device, was that it has a lesser chance of introducing
new contaminants through chemicals and DI water rinsing needed during wet cleaning.
Additionally, it is arguable that we would like to avoid fully submerging the device after
groove filling as this could possibly lead to the removal of the particles from the grooves
as an effect of particle resuspension in the liquid.

4.3.1.1 Gas streams

For particles with a diameter bigger than 10 μm, the use of gas and liquid jets is usually
enough to blow the particles right off the substrate. [168] Unfortunately, for our device,
where the grooves are filled by particles with a diameter of 10 μm or even smaller, the use
of gas jets (f.eg. common nitrogen guns available in most laboratories) is often insufficient
(Fig. 4.4, scenario 1). Aiming a nitrogen gas stream on the substrate does not remove the
silica particles used in this study from the substrate, except for the large aggregates. Particle
aggregates can be considered as a new and larger entity which in turn can be removed by
the gas stream because of the higher total mass and surface area of the aggregate compared
to that of a single particle.

https://f.eg/


576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy
Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022 PDF page: 101PDF page: 101PDF page: 101PDF page: 101

4.3. Results and discussion of the tested cleaning techniques 75

Figure 4.4: SEM and OM pictures of samples that illustrate the three possible scenarios
obtained after applying the tested cleaning techniques to the chromatographic device.
These effects can be categorised in 3 scenarios: the removal technique had little to no effect
(Scenario A), was too vigorous (Scenario B) or yielded irreproducible results (Scenario

C). Scenario 1 and 2 show before and after cases, while scenario 3 shows two after cases
for different locations on the same sample. Scale bar: white = 50 μm

4.3.1.2 Polymer brushes

Polymer brushes have been a topic of interest for many years and consequently a wide
range of applications has been developed, for instance lubrication of surfaces, molecular
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switches, biological sensors, in drug delivery and considerably more. [239] They are inter-
esting because the brushes can be fine-tuned to a specific application, by tailoring their
chemical composition and mechanical and surface properties. The use of highly charged
amphiphilic or zwitterionic and other types of polymer brushes have been proven to pro-
vide surfaces and/or membranes with anti-bacterial, anti-fouling and even self-cleaning
properties. [49;71;247] Although the cleaning properties of polymer brushes have not yet been
extensively researched, the possibility of using them for cleaning with a roll-to-roll method
after chemical mechanical polishing (CMP) has been recently explored. [102] Since there is
a vast number of possibilities for the chemical composition of the polymer brush, it can be
a rather time-consuming process to find a suitable composition for the intended application.
Next to that, the removal of particles by polymer brushes will occur in a non-selective
manner and thus equally remove previously deposited particles from their position/pockets
in the proposed device. Particle removal with polymer poly(3-sulfopropyl methacrylate)
(PSPMA) brushes, removal with polymer brushes occurs in a non-specific manner. [154]

Although some of the bigger aggregates have been broken, removed or displaced to other
locations, most often the second layer particles that need to be removed are still present
on the samples after the removal. Multiple consecutive removal procedures did remove
some additional second layer particles but simultaneously particles were also picked up
again from their pockets leading to a diminished filling ratio. Although this method was
sometimes applied successfully, it was found to yield irreproducible results (Fig. 4.4,
scenario 3).

4.3.1.3 Tape

Another dry method, not necessarily derived from semiconductor industry but rather an
intuitive method, is the use of common household (scotch) tape. The logic behind this is
as follows: the tape can be applied to the substrate in such a manner that it only comes
into contact with the top of the grooves and particles located thereon. If the grooves are
sufficiently deep, they will encapsulate the particles in their entirety and consequently
contact of the particles with the tape can be avoided.

Regrettably, the use of tape has often led to the (complete) removal of particles from
the device, both inside the grooves as next to them (Fig. 4.4, scenario 2). Next to that,
particles often get redeposited elsewhere on the sample upon retraction of the tape. Another
downside of using tape is that it leaves rather a large amount of residual glue behind upon
retraction. Most of this residue could be removed by rinsing with a solvent like ethanol,
but often small amounts remained even after rinsing. As a consequence, this method was
abandoned as it is not selective and leaves traces behind on the substrate.
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Figure 4.5: SEM picture showing the degree of particle breakage commonly observed after
removal by scraping a thin blade-like object across the surface. Scale bar: white = 20 μm

4.3.1.4 Mechanical techniques

Mechanical methods were tested because such methods could often be tested immediately
and without expensive equipment. Some of the methods that were tested in the present
thesis are scraping with blades, various types of brushes and a range of polymeric materials.

4.3.1.4.1 Scraping with a thin blade-like object

Scraping a thin blade, e.g. a Duridium blade, along a surface could possibly remove
particles from the surface by means of physical displacement created by the moving blade.
In the past, doctor blades have been successfully employed for particle assembly, thus
it is logical to assume it could correspondingly be exploited for the removal of particles.
The thin blade could be one of the following options: doctor blade, Duridium blade,
microscope glass, credit cards, and other objects with a long and sharp edge. Removal
methods involving the use of doctor blades or plastic objects with a long and sharp edge,
were found to be inutile as they often result in the breakage of the particles (Fig. 4.5).

To avoid the breakage of the particles by the edge of the blade during the scraping
motion, the blade was coated with PDMS. Removal with the PDMS-coated blade often
resulted in large quantities of PDMS residue over the entire sample and therefore this
method was found to be not profitable for our device. As most of the blades tested in this
section were made of hard metal and able to scratch the silicon substrate and/or particles,
it was noticed that both the patterned surface and particles were often severely damaged
(Fig. 4.5). Contrastively, the use of a standard microscope glass slide resulted in almost
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Figure 4.6: Measured values of the filling ratio (FR) (left) and the error ratio (ER) (right)

before and after removal by sliding a microscope slide across the substrate for connected
as well as alone-standing pockets.

no breakage of particles and/or surface, as the glass material is not hard enough to make
scratches in the silicon surface. It should however be noted that cleaning by sliding a
microscope slide across a substrate is only possible if the number of particles that needs to
be removed is very low (below 1%), as agglomerates and large groups of particles could get
crushed and break when the microscope glass slides across them 3.13. Another problem
that arises if the number of particles to be removed is too high, is that they have a higher
chance of getting redeposited on the substrate again somewhere along the removal process
as all removed particles are entrained by the moving blade and hence pass over the regions
that still need to be cleaned. And also the geometry of pockets seems to play an important
role. For this purpose, the FR and ER before and after removal with a microscope slide
were analysed for both the connected and alone-standing pockets and can be found in Fig.
4.6. For the freestanding pockets, it was possible to bring the ER down from values of 1%
to values well below 0.5% and in some cases even reducing it to zero, while at the same
time retaining an excellent value for the FR (larger than 99%). In the case of connected
pockets, the ER often increased slightly and simultaneously the FR decreased with a few
percent, leading us to believe that particles have been removed from their pockets and then
became redeposited on other locations during the removal.

4.3.1.4.2 Various brushes

Several types of small brushes were tested such as paint, animal hair and (silicone)
make-up brushes. The mechanism of removal was for all brushes similar: the brush is
swept gently along the surface that needs to be cleaned. In most cases, the main problem
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with this method was contamination of the sample by hairs from the brush or by other
particles which were picked up along the way. Another problem that came to notice was
the removal of the particles inside the grooves by the hairs, as they penetrate the grooves
very easily (Fig. 4.4, scenario 2). Most results obtained with brushes showed very little
promising results, as they often revealed that particles which were picked up during the
removal method, often get redeposited elsewhere on the substrate and thus we are only
shifting the problem.

4.3.1.4.3 Polymeric materials

Using a flat sheet of a polymeric material to rub or dab along the surface is another
feasible method to accomplish a selective cleaning method. This sheet could be applied in
a few different ways as a cleaning agent, like sliding over or dabbing onto the substrate
(possibly with some added weights for increased pressure).

Initial testing was done with a commonly used silicone materials. Silex40 and Silex70,
with varying hardness, were tested. These types of synthetic elastomer materials are often
used in an industrial setting as an (electrical) insulator or as a type of sealant. It was
reasoned that a silicone sheet could create intimate contact with the substrate interface
because of its elastic properties, and thus gives a high likelihood of removing the excess
particles from the interface upon its retraction. The assumption that the elastomeric
material would make intimate contact with the surface interface turned out to be correct
and in addition also the grooves on the substrate could be penetrated by the silicone
material. If the silicone material penetrates the particle grooves, regrettably this leads to
the unwanted removal of these particles. Furthermore, the commercial material is only
supplied with a powdered coating layer and this often contaminated the substrate, leading
us to the conclusion that Silex sheets of this type cannot be used successfully for cleaning.

Another silicone type polymer, namely PDMS was tried because it is very heavily used
in all kinds of scientific areas like biomedical devices and lab-on-a-chip devices. This
material is delivered as a two-component system that allows for mixing of different ratios
for a more, or less, sticky substrate which can be poured into any desired shape before
solidifying. Results obtained with a flat sheet of PDMS as a removal tool were in many
cases non-optimal (Fig. 4.4, scenario 3). In some cases, quite satisfactory removal results
were obtained, but in no case did we achieve a similar result upon repeating the experiment,
possibly due to local variations of the pressure applied to the PDMS. This led us to believe
that an increase in the local pressure applied to the elastomer sheet will lead to a local
deformation of the sheet into the microgrooves and thereupon removal of particles from it.
Hence, there was a custom-sized holder created by 3D printing to be able to approach the
silicon substrate as level as possible and with even pressure distribution of the flat PDMS
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sheet. Even with the use of this holder, there were problems with the reproducibility of the
technique. To achieve a more even pressure distribution along the sheet of PDMS, varying
weights were placed on top of the holder with the PDMS sheet. Oftentimes this led to an
increased difficulty with which the PDMS slides over the silicon substrate, at least in a dry
state. With regards to the above mentioned, the removal of redundant particles which are
situated on the connection and distributor channels is much simpler. This can be done by
firmly pressing a flat sheet of PDMS on top of the substrate where the particles need to be
removed. Executing a pressure on the PDMS sheet, f.eg. by pressing a fingertip on it, is
in most cases enough to make the PDMS material come into intimate contact and even
penetrate trenches on the substrate. Upon retraction of the PDMS material, the particles
will stick to it and the substrate is left free of particles. A bonus of this method is that it
also works well for other types of contaminants, not just particulate matter.

4.3.1.5 Patterned PDMS with varying pressure

Cleaning a surface from particulate contamination with a soft polymeric material such
as PDMS has been previously described by Izadi et al.. [145] A mold patterned with holes
or ridges can be used to create a PDMS sheet with a 3D pattern of pillars or ridges. By
moving/sliding this sheet over the substrate, the PDMS will pick up particles it encounters
along its way. Given our specific groove pattern, we opted for a ridge pattern as this is
more compatible with the groove pattern designed for holding the particles. The pillars
have more freedom to move and bend when compared to a ridge structure and thus it could
potentially penetrate the grooves on the substrate.

The size of the pattern on the PDMS sheet was varied. The width and spacing of
the grooves was stepwise varied along a range from 10 to 400 μm. The optimal width
for the groove pattern on the PDMS tool for filling (see Chapter 3) was determined to
be 50 μm and arguably the optimum for removal should also lie around this value. The
experiments were performed by performing a manual sliding motion with the PDMS sheet
glued onto a holder to make sure the PDMS surface is as flat as possible when it comes
into contact with the underlying silicon substrate. Treatment with the patterned PDMS
tool in a dry state will remove a lot of particles from their designated pockets/grooves.
Curiously, other experiments conducted in a comparable manner revealed little or no
change in the number of unwanted particles that had been removed. Many parameters
have been varied, such as altering the initiator-polymer ratio of the PDMS to adjust its
stickiness, plasma treatment of the PDMS to modify the surface hydrophilicity, but none
of them showed a recurring relationship with the removal efficiency. The strongly varying
results obtained during the large number of removal experiments led us to believe that the
removal is dependent on the pressure that is applied by the operator. In some cases, little
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to no change was observed, while in other cases almost all the particles were removed
from their pockets (Fig. 4.4, scenario 3). If the PDMS sheet is pressed a little harder
locally onto the substrate, it will penetrate the microgrooves. The pressure application was
varied by using weights. Although we saw some improvement in the reproducibility of the
technique, it was insufficient for effective removal. Another possible manner of improving
this procedure would be to place the PDMS sheet onto a moving stage as to have a better
control of the movement of the PDMS removal tool over the substrate. Arguably, if the
PDMS removal tool approaches the silicon substrate perfectly parallel, it should only come
into contact with the excess particles and not the ones inside the microgrooves. As already
addressed in the previous chapter (Chapter 3), particles in a liquid environment will be
easier to remove from the substrate because of reduced forces in a liquid state. Since the
shift from a dry rubbing to a wet rubbing procedure was very fruitful for the assembly
of the particles, the use of solvents during the removal was thoroughly examined in the
present work (paragraph 4.3.2).

4.3.2 Wet cleaning techniques

Capillary forces between the particle and the substrate are a result of moisture condensation,
which always occurs under atmospheric conditions, and these particles are often very hard
to remove from the surface. Dry removal methods are not sufficiently strong to overcome
these forces and therefore wet cleaning methods have been tested. If the particles are fully
submerged into a liquid, the capillary forces will be easier to overcome compared to a dry
state.

4.3.2.1 Liquid jets

Simple liquid jets were tested: safety venting wash bottles, syringes and capillaries. In all
cases it was concluded that the removal of the excess particles was ofttimes incomplete,
even after several repeats (Fig. 4.4, scenario 1). Also, after several repeat rinses with the
liquid, particles inside the grooves started being removed as well. All things considered,
the use of liquid jets is not ideal for use in the present device.

4.3.2.2 Spin-rinse method

Spinning the substrate and simultaneously spraying it with a liquid is what is referred to
as ‘spin rinse’. This method works extremely well for the case where the particles have
been assembled with a dry rubbing method. On the other hand, if the particles have been
assembled via a wet rubbing procedure, ofttimes the particle adhesion to the substrate is
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stronger due to capillary effects and as a result these particles will be very hard to remove
with a simple spin rinse method.

For the particles deposited via dry particle assembly, a spin rinse procedure of a minute
at 3000 rpm with a constant supply of ethanol resulted in very clean substrates, whereas
the same method did not remove a lot of particles from the substrate if the particles were
deposited via wet assembly, possibly as a result of capillary forces. A few things were
tested to improve upon the spin rinse method for the removal of wet assembly particles,
such as putting the substrates in the oven at 400°C overnight to evaporate any remaining
liquid molecules that possibly form a capillary bridge between the particle and the substrate
before applying a spin rinse procedure with ethanol. The results obtained were similar
to the previous ones and particle removal was too vigorous (Fig. 4.4, scenario 2) or very
limited (Fig. 4.4, scenario 1).

4.3.2.3 PDMS in a liquid environment

From all our tested dry removal methods, the use of a flat or patterned PDMS sheet seemed
to be the best option for use on the present device. The use of an analogous method, with
as only difference the execution in a liquid environment, could possibly aid the particle
cleaning process by reducing friction. In the dry scenario, it could often be sensed that the
PDMS removal tool became suctioned to the substrate while sliding over it. To continue the
movement of the PDMS removal tool, extra force needs to be applied, which will lead to
emptying of particle grooves due to the bendi- and stickiness of the PDMS. Unfortunately,
the result with patterned PDMS in a liquid environment gave similar results as the ones
obtained in the dry scenario (see paragraph 4.3.1.5)

4.3.2.4 Microscope slide in a liquid environment

The removal method using a microscope slide (cf. paragraph 4.3.1.4.1) was repeated
under wet conditions as well. The removal method can be converted to a wet state method
by applying a drop of solvent to the substrate right before the actual removal with the
microscope slide. Interestingly, the results obtained with the aforementioned wet removal
technique were very similar to the ones obtained in the dry process, i.e., the removal
efficiency together and the risk of damage are mostly influenced by the geometry of the
particle pockets.

4.3.3 Anodic bonding of the particle-filled flow device

A chip containing a microgroove pattern filled with silica particles was closed by means of
anodic bonding to a MEMpax top plate. The bonding was done with a home-made anodic
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bonding set-up consisting of a hot plate, kept at 400 °C, and a high voltage power supply
(kept at 1200V) connected to a pin-shaped electrode. The MEMpax top plate was aligned
manually on top of the silicon microgroove substrate and the pin was placed on top of
the stack, which was on the hotplate. The voltage was applied for about 15 to 20 minutes
to allow the bond between the two substrates to occur. Initially, the bonding procedure
was tested with a silicon substrate with empty microgrooves and results obtained showed
a neatly bonded chip (Fig. 4.7 A). The procedure was repeated with a silicon substrate
with particle-filled microgrooves and the obtained bond appeared strong over about 90
to 95% of the total area of the chip. In some locations, bad adhesions or air gaps were
observed due to second layer particles that remained on the substrate (Fig. 4.7 B), but
the top plate remained fully intact. It was also noticed that excess particles present at
the interface of the bottom and top plate got crushed during the bonding (Fig. 4.7 C).
Furthermore, it was observed that the tolerance for particles at the interface was quite
acceptable and did not lead to breakage as initially suspected, but rather led to small areas
without adhesion between the substrates (Fig. 4.7 D). If these extra particles are present
at the flow distributor or the column, the local bad adhesion can be expected to lead to
local leakage flows in turn leading to an unacceptable degree of band broadening or even
to a leaking column. On the other hand, it the particles are sufficiently far away from the
structure on the chip, about 50 μm, the poor local bonded area around the excess particles
will probably will not affect the bond of the device itself.

4.4 Conclusions and outlook

A large part of the particle cleaning techniques that we tested for our device needed to be
rejected for one of the following four reasons: (1) the cleaning technique was insufficiently
powerful to remove all the desired particles, (2) it damaged the surface or particles, (3) it
could not selectively remove particles or (4) it was found to be too irreproducible. The
techniques that were found unsuitable in the present application are: liquid/air jets (for
reason 1), thin blade scraping (for reason 2), (polymer) brushes (for reason 3), spin-rinse
method (for reason 4), tape removal (for reason 3) and PDMS dabbing or sliding (for
reason 4). An overview can be found in Table 4.2.

Dry techniques, due to the lack of a lubrication layer, often display a high risk of surface
damage, as was clearly the case when the removal was executed by scraping a metal
blade along the surface. In many other cases, the dry techniques were frequently found
to produce irregular and undesirable results, as sometimes little or no change occurred
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Figure 4.7: OM pictures with panel (A) showing an anodically bonded chip with empty
microgrooves. Panel (B) shows how particles at the distributor cause local areas without
proper adhesion between the silicon and MEMpax, panel (C) a close up of crushed particles
that cause a gap in the bond interface. Panel (D) shows how particles that lie far enough
away from the essential parts of the device only cause some small local areas where the
bonding has failed, however without having a significant effect on the bond quality at the
column structure.

during the removal while in other instances a large portion of the particles inside the
pockets had been emptied. A possible future solution, solving both the material hardness
and the irregularity problem, could be obtained by putting a PDMS ridge on a motorized
translation stage that can slide in one direction at a constant speed and for which the height
(z-direction) can be accurately (and, if possible, also adaptively) adjusted. Wet techniques
are advantageous compared to the dry case as the presence of the liquid will reduce the
risk of damage to the substrate. Selective removal of particles can in principle be achieved
with liquid jets and/or spin-rinse cleaning because the external force during removal can
be applied with a certain directionality to the substrate. Despite this, there was no wet
technique that produced satisfactory results. Possible improvements could potentially lead
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Technique Wet or dry Suitable for device Reason for rejection
Air jets Dry No (1) Insufficiently powerful

Brushes (bristled) Dry No (3) Non-selective
Liquid jets Wet No (1) Insufficiently powerful

PDMS Wet and dry Inconclusive (4) Low reproducibilty
Polymer brushes Dry No (3) Non-selective

Thin blades Wet and dry Yes8 (2) Damage
Spin rinse Wet Inconclusive (4) Low reproducibilty

Tape Dry No (3) Non-selective

Table 4.2: Overview of the used particle cleaning techniques and their suitability for the
presented device.

to better results, e.g. including a spray nozzle to a spin-coater with a high maximum speed
(10,000 rpm). The only technique that yielded a lower ER without affecting the FR, was
the mechanical scraping of a glass microscope slide along the substrate. It should however
be noted that this technique only works well for free-standing pockets, and not for the
microgrooves, and only if the ER is already below or around 1%. Finally, it has been
shown that complete bonding of the chip might be possible using standard anodic bonding
techniques, given the substrate does not have extra layer particles at its crucial structures,
such as the flow distributors or the column. Therefor, additional cleaning techniques or
improvements upon the existing cleaning techniques for the device should be explored.
Other means of possibly bonding the chip are the use of dry film photoresist (type SU-8)
or other types of photopolymerizable materials.
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Chapter 5

Micro-fabrication and testing of a radially elongated pillar
array column for gas chromatography
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Chapter 5

Micro-fabrication and testing of a radially

elongated pillar array column for gas

chromatography

Abstract

Miniaturisation of chromatographic columns is highly desirable to improve upon
separation speeds to meet current needs of chemical analysis in industry and research.
For this reasonn, the use of micro-fabricated gas chromatography columns has been
extensively studied in the past and is ongoing. In the present study, pillar array columns
(PACs) with elongated pillars have been fabricated, coated with different stationary
phases and tested for separation efficiency. We found that the application of a pressure
program throughout the evaporation of the coating process, can help improve the
overall coating quality. Nonetheless, the micromachined rectangular channel shape of
the column leads to accumulation of the stationary phase in the corners of the channels,
a phenomenon referred to as ‘pooling’. Finally, we concluded that the PAC is a type of
column that is suitable for use in the second dimension of a comprehensive GC set-up,
due to its large surface area and inherent flow properties.

Contributions to the work done in the present chapter:
Concept and design Gert Desmet
Fabrication Sandrien Verloy
Coating and testing Amel Meziani, Pascal Cardinael
Data analysis Amel Meziani, Sandrien Verloy
Reviewing Gert Desmet, Han Gardeniers, Amel Meziani, Pascal Cardinael, Sandrien
Verloy

5.1 Introduction

In the last few decades, the undisputed column format that has been used in gas chro-
matography (GC) is that of capillary tubes. [21] Although GC is presently already one
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of the most mature separation techniques for chemical analysis, a need for further im-
provement of GC is still a prerequisite for its use in several large industries such as
pharmaceutical, petroleum, food and perfume industry. Furthermore, improving speed
and/or efficiency of GC separations is crucial for keeping up with fields which require a
very high throughput, such as drug discovery where often samples consist of only small
quantities of analytes. [118] Miniaturisation of GC separation systems has two major possi-
ble advantages over conventional equipment: (i) chances of recuperating microfractions
are increased, and (ii) parallel process systems can be constructed to increase the through-
put of analysis. [129] Another benefits would be the possibility for portable devices that
do not require high performance pumps and which can be employed in environmental
analysis at remote locations and in emergency situations such as bomb residue analy-
sis. [297] Since the first introduction of MEMS-based devices for GC,[260] numerous other
research groups have proposed designs, fabrication and coating-procedures for microfab-
ricated GC chips, mostly with the aim to improve the separation speed and/or the mass
loadability. [6;7;11;18;151;162;175;221;222;251;252;280;323;346]

In the past, attempts to solve the problems with the loadability and the detection of trace
compounds in complex mixtures were made by the coupling of multiple parallel capillaries,
but the results of these experiments were not very successful due to the polydispersity
effect. [89;348] The polydispersity effect can have detrimental effects on the obtained plate
height values and should therefor be avoided. [276] Computational fluid dynamics solutions
for liquid chromatography (LC) have shown that the polydispersity effect can be largely
reduced by redistribution of the mobile phase or by ensuring interconnectivity between the
parallel channels. [122]

In this chapter, the design and fabrication of a pillar array column (PAC) chip for
GC is described along with its coating procedures and obtained separation efficiency.
The presented device is a micro-machined PAC with radially elongated pillars (REP)
that is compatible with current GC machinery through simple Nanoport and capillary
connections (See paragraph 5.1.3. The device was coated with three different coatings and
the separation characteristics were compared.The column was both tested in the first and
second dimension of a comprehensive two-dimensional (2D) GC analysis [65;207] and it can
be concluded that PAC performed better in the second dimension because of a very high
load capacity as a result of the large surface area. On the other hand, the device performed
worse than a regular capillary column in the first dimension of a 2D separation.

5.1.1 Use of micro-engineered devices in chromatography

Over the years, micro-engineering techniques have been used frequently to produce
columns for chromatographic separation, [206] f.eg. the use of open tubular semi-rectangular
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channels for GC analysis [335] and more recently, a complete GC device integrated with
column and detector. [293] The main drive behind the miniaturisation of GC columns is the
improvement of analysis times and reduction of the cost of the pneumatic equipment. [26]

Over the years, there are many applications developed for μGC, such as a portable device for
the detection of volatile organic compounds (VOCs)[271] and applications in trace analysis
in aviation security, food safety and toxic waste monitoring[235] and many more. [197] It
can be said that current and future micro-fabrication technologies can lead to ground-
breaking μGC devices in many different scientific areas and therefore they have received
considerable interest in the scientific community.

5.1.2 Coating of micro-machined columns

A major factor determining the performance of capillary separation columns is the quality
of the stationary phase. For capillary columns in GC, the two most common procedures
for applying a stationary phase to a capillary tube are dynamic or static coating. [31;33]

These coating techniques, specifically developed for traditional circular capillary GC
columns, consequently yield inferior results when applied to channels with a geometry that
is different from a round channel, f.eg. micro-columns with rectangular shaped channels.
In such rectangular shaped channels, the coating thickness will often be irregular and
accumulate in the corners of the channels, a common phenomenon that is referred to as
‘pooling’.

Depending on the composition of the mixture that needs to be separated, a variety of
stationary phases can be applied to the column. [342] Stationary phases are often apolar (type
PDMS)[18;268] or polar (type PEG). [258] Novel coating strategies employ the incorporation
of stabilising groups that can increase the thermal stability of the stationary phase as well as
sol-gel processes that allow for in-situ preparation of the bonded liquid phase layer. [74;78]

5.1.3 Design, fabrication and testing of PAC chip for GC

The produced and tested device comprises of a long serpentine channel that consists of 10
segments connected by turns and has a total length of 70 cm, as the complete design must
fit on a standard 4 inch wafer (Fig. 5.1 A). Each segment is 6.195 mm wide and has radially
elongated pillars (REP) with a length of 1.4 mm. For a channel with a depth of 75 μm,
the total volume of the column will be 286 μl. The optimal inter-pillar distance has been
simulated and set to 75 μm.[150] To minimise stagnant regions in the column, corners of the
channels were rounded and the centre of the pillars was provided with a small star-shaped
pattern to direct the flow (Fig. 5.1 A2). For the turns connecting the different column
segments, bifurcating flow distributors were used. [309] The actual fabrication process can
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Figure 5.1: A schematic drawing of the serpentine channel of the PAC together with some
SEM pictures of the radially elongated pillars (A, 1-2) and the bifurcating distributor
channel (A, 3) on the fabricated device. The radially elongated pillars provide a long and
tortuous flow path (white arrows) with anisotropy in the transversal direction (B). The
white circle is an area where channels are interconnected and mixing occurs. Scale bar:
white = 500 μm, blue = 100 μm

be found hereunder in paragraph 5.2.1.

The use of PAC as a type of new support for use in liquid chromatography has been
explored substantially. PACs pose several advantages over regular type column supports,
such as monolithic or core-shell particles columns, inherent due to their geometry and
manner of fabrication. The major benefit stems from the micro-fabrication techniques
used for the realisation of the PAC structure as the precision of the manufacturing process
allows for the fabrication of perfectly ordered very uniform unit cells which results in
a great reduction of eddy dispersions (A-term). [72] More recently, PAC with REP has
been successfully developed and have shown several advantages stemming from their
geometry. [81;233] One such an example is the fact that the longitudinal diffusional B-term
can be suppressed as the elongated pillar pattern introduces a strong degree of anisotropy in
the column (Fig. 5.1 B), where the transversal flow is promoted and axial flow obstructed,
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thus reducing band broadening due to diffusional effects. The pillar pattern splits the flow
in 8 parallel channels, each with a width of 75 μm. As such, the column offers the high
flow rate typical for a standard 250 μm column (thus improving detection sensitivity) with
the fast separation kinetics of a 75 μm column. In essence, the 8 parallel channels can be
thought of as a multi-capillary GC system allowing for regular intermixing. [151] Another
additional benefit of the PAC over regular columns with beds of closely packed particles, is
the reduced flow resistance as a result of the open and uniform structure of the column[233]

(Fig. 5.1 B).
The obtained REP column is connected through capillaries (ID = 250 μm) and flat-

bottomed ferrule connections to the injector and FID detector of conventional GC equip-
ment. The main difficulty in the process is the coating of the micromachined columns.
Due to the square geometry of the channels, we can expect pooling of the stationary phase
in the corners. It is logical to assume that the complexity of the proposed design here will
affect the result of the static coating procedure.

5.2 Materials and methods

The fabrication of the chips was done at the MESA+ institute at the University of Twente
(the Netherlands), and the group of Prof. Pascal Cardinael did coating of the chip at the
Université de Rouen (France) as they are experts in the application of stationary phases to
microdevices.

5.2.1 Fabrication of the chip

The PAC chips were fabricated in standard 4 inch silicon wafers (100 orientation, 525 μm
thickness, p-doped and double side polished). The silicon substrates were grown with a
250 nm thick silicon oxide layer by wet thermal oxidation at 1050 °C before applying a
standard lithography step with 1 μm thick photoresist Olin907/12 to pattern the frontside
of the wafer with the pillar array design. The pattern was transferred into the underlying
silicon oxide layer by reactive ion etching (Plasma-Therm 790, CHF3 and O2 process) and
into the bulk silicon by DRIE (SPTS Pegasus, C4F8 and SF6 process). Next, fluorocarbon
residue from the DRIE process and remaining photoresist were removed by O2 plasma
(Tepla360), followed by RCA-2 and HNO3 cleaning and finally the silicon oxide was
stripped in 50% HF. For patterning of the through holes, the process is repeated starting
by a wet thermal oxidation to grow an oxide layer on the substrates. The backside is
patterned with two through holes for the Nanoport (Idex corporation) connections in the
exact same manner as the pattern on the frontside of the wafer, After DRIE and cleaning
and stripping the oxide layers the substrates will be anodically bonded on the frontside
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to a borosilicate glass wafer (MEMpax, Schott) to seal the channels. Both the silicon
and MEMpax are cleaned in piranha solution prior to bonding. After bonding the chips
were diced in rectangular chips (Disco DAD 321) that fit inside a custom-made aluminum
holder.

5.2.2 Passivation and coating of the chip

The 250 μm deactivated fused silica capillaries used for making the connection to and from
the chip are mounted on the chip by using headless PEEK nuts and flat bottom Nanoport
ferrules (Idex corporation). A vacuum pump (model MVP006-4 - Pfeiffer Vacuum) and
syringe pump (model KDS-200CE - kdScientific) were used to establish a flow through
the chip.

The chips were provided with three different types of stationary phases for comparison:
PDMS (apolar), room temperature ionic liquid (RTIL) (medium polar) and polyethylene
glycol (PEG) (polar). For the chip to be coated with the apolar PDMS solution via a static
method, [272;278] the procedure is as described hereunder. Pre-treatment of the chip consists
of silanisation by pumping HMDS with a syringe pump through the chip which is placed
in an oven at 100°C for 6 hours. Then, a solution of 2 mg/ml of OV-I (Varian, PDMS
liquid stationary phase) in a mixture of 50/50 n-pentane/dicholoromethane was prepared
and degassed in an ultrasonic bath for 1h. To make sure that no particles are present in
the coating solution, the solution was filtered (0.2 μm PTFE syringe filter). The solution
is sent through the chip at a low flow rate to avoid bubble formation. The chips were
regularly submerged into an ultrasonic bath during filling to help mobilise any air bubbles.
The outlet capillary of the chip is tightly fitted with a plastic sleeve and a clip is placed
to seal the system after making sure that no air bubbles are present in the system. The
system is pressurised at 2 to 3 bar overnight to help dissolve any remaining air bubbles
inside the system. After visual confirmation no air bubbles are present in the chip and/or
capillaries, the evaporation can begin. The inlet capillary is connected to a vacuum pump
and the chip is submerged in water to ensure a steady evaporation. It can happen that
local recondensation of the solvent molecules occurs and leads to an irregularly-shaped
evaporation front. In that case, the temperature of the bath can be raised as the increased
thermal energy will keep the solvent evaporated. The final step will be the maturing of the
coating, for which the chip is heated from 40°C to 100°C at a rate of 1°C/min under helium
conditions. This entire process was repeated with a 0.5 mg/ml OV-I solution to obtain
a thinner coating. The coating of the polar stationary phase involves a sol-gel process.
The polymer PEG-1000 is used for the synthesis of a xero-gel as explained in detail in
literature. [78] A 50/50 (v/v) mixture of the sol-gel PEG and pentane/DCM is then used to
fill the chip and perform the static coating procedure as described for the PDMS coated chip.
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The RTIL coating, 1,4-bis[3-triethoxysilylpropyl(diphenylphosphinium)]butane chloride
[BDTESPPphph] [Cl], is also prepared with a sol-gel process.

5.2.3 Evaluation of the separation obtained with the PAC chip

The chip is provided with new deactivated fused silica capillaries (ID = 250 μm) of
about 30 cm on both the in- and outlet to establish the connection with the injector and
the detector, respectively. The plate number of the produced column was determined by
injection of 1 μ l of an iso-octane solution (triplicate) and determining the peak at half width
and the retention time was determined with software (Agilent OpenLAB CDS ChemStation
Edition). The intrinsic plate height of the chip was determined by a series of injections of
a n-alkane mixture (heptane, octane, nonane, decane, undecane) at isothermal conditions
(T=80°C) and varying pressures (ranging from 50kPa to 500kPa) on conventional GC
equipment (Agilent 7890B and Agilent G4513A autosampler). The injector was kept
at 200°C, the detector at 180°C. Nitrogen, hydrogen and air flows were 10, 30 and 300
mL/min, respectively. The split flow was maintained at 100 mL/min. For a more in-depth
description of quantitative analysis principles used in GC (plate numbers, intrinsinc plate
height, . . . ), the reader is kindly referred to the book written by Guiochon and Guillemin
(1988). [121]

The comprehensive two-dimensional GC (GCxμGC) was performed in normal and
reverse mode. In normal mode, the separation was performed with an Equity 1701 column
at a flow rate of 0.15 ml/min in the first dimension, followed by the PDMS-coated chip
at a flow rate 10 ml/min as a second dimension. For the reverse mode, the first column
was an EquityTM-1 column at a flow rate of 0.20 ml/min, followed by the PEG-coated chip
at a flow rate of 15 ml/min as a second column. In between the first and second column,
a microfluidic (fill/flush flow) modulator was used. [188] After optimisation, the injection
time was set to 0.12 sec and the modulation time was set to 5 seconds. A bleed capillary
was placed between the modulator and the thermal conductivity detector. The temperature
during the separation was raised from 50°C to 150°C at 7°C/min and both the start and
end temperature are held for 2 minutes. The mixture (1 μL) that was analyzed here was a
mixture of alkanes and aromatic compounds that can be found in common white spirit.

5.3 Results

5.3.1 PAC design and its merits

As previously discussed in paragraph 5.1.3, the radially elongated pillar array design
gives rise to several advantages compared to traditional capillary GC columns. Both the
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A and B terms in the van Deemter curve of the PAC will be lower due to the inherent
characteristics of the radially elongated pillar design. Due to the long internal flow path
of the column, about 9 times the nominal column length (in this case 70 cm), the internal
travel length of the compounds is high and simultaneously the analytes have more time to
accumulate plates (measure for separation efficiency) throughout the column. The PAC
column is due to its broad and interconnected channels ideal for being used in the second
dimension as the volume of the peaks obtained from a first dimension separation is rather
large for a chromatographic injection. At the same time, it will still maintaining good
separation efficiency as this is only determined by the particle size and not the channel
inner diameter. [67] Due to the high surface area and low flow resistance of the PAC chip,
it is possible to reinject all the effluent from the first dimension to the second dimension
analysis and that’s why the PAC is a very good column to place in the second dimensions
of a comprehensive GCxGC analysis. Next to being a good candidate to be used as a
second dimension in a comprehensive GC system, the chip would also be compatible with
mass spectroscopy (MS) as the optimal flow velocity of the chip is within the ideal range
for coupling to a MS analyzer.

5.3.2 Stationary phase coating results for the PAC chip

Static coating methods have been around for a while, and it is still the preferred method for
applying a stationary phase to columns for GC separations. For micro-fabricated columns,
the channels will often be non-cylindrical. The direct consequence of the shape of the
channels is that stationary phase will accumulate in the corners of the substrate (pooling)
(Fig. 5.2 A). Pooling of the stationary phase will result in excessive peak broadening
as the retention of the compounds will not be uniform throughout the column. Coating
of the column with the apolar stationary phase PDMS (OV-I) was performed via the
static coating procedure. By altering the concentration of the coating suspension, it was
possible to calculate the two obtained film thicknesses of the PDMS via the equation for
theoretical film thickness postulated by Grob[116]; 12.5 and 50 nm. As expected, pooling
could be observed in the rectangular channels of the PAC after coating (Fig. 5.2 A2,
red circles). After coating, there were some noticeable differences in coating quality for
different segments of the chip: In the last segment, where the evaporation starts, coating
was irregular (Fig. 5.2 B) while in the other segments coating was more uniform. It was
observed during the evaporation step that evaporation occurred very fast and irregular in
the beginning segment while it was slower and stable for the following segment. This
is in agreement with previous coating attempts of the PAC where the same irregular
evaporation was observed in the last segment of chips. A possible explanation for this is
the entrapment of an air bubble in the orthogonal capillary connections to the chip. [151]
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Figure 5.2: Panel (A1) shows a schematic view of the pooling effect. The direction from
which the other OM pictures were taken is indicated by the arrows. The focus of the optical
microscope images is at the interface of the silicon substrate and the transparent top plate.
Panels A2, B and C consist of optical microscopy images of the chip after coating on
different locations of the PAC device. (A2) In the first segment, where the evaporation ends,
the film thickness was more uniform but pooling or accumulation of the stationary phase
in the corners was observed (darker coloured areas at the edges of the channel indicated by
the red circles) (B) The final segment of the column, where the evaporation starts, shows
a cracked and uneven stationary phase film thickness as a result of fast and uncontrolled
evaporation during the coating process. (C) The improved coating quality obtained with a
pressure program. The focus of the optical microscope images is at the interface of the
silicon substrate and the transparent top plate.

This effect did not occur for chips with a shorter column length and with no connecting
turns. [151] This leads us to another possible explanation, where pressure drop caused by
the connecting turns in between the segments, could possibly cause the evaporation to
occur irregular in certain segments of the chip. Pooling or accumulation of coating in
the corners was recognised in the last segment of the chip (Fig. 5.2 A2). To improve
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the overall uniformity of the stationary phase, the pressure applied during evaporation
was varied stepwise from 400mbar to 4 mbar to obtain a more steady stationary phase
deposition throughout the entire chip (Fig. 5.2 C). The pressure was altered accordingly
to the observed rate of evaporation in such a manner that the evaporation velocity is the
same for all the segments of the chip. The pressure program used here is as follows: 5
mins at 400 mbar, 10 mins at 200 mbar, 12 mins at 100 mbar, 20 mins at 50mbar and
finally a pressure of 4 mbar was applied until the end of the evaporation. Recent studies
have proposed to fabricate microcolumns with round channels so the pooling effect is
reduced/eliminated. [183] Other possible routes of obtaining a uniform coating involve
micro-engineered deposition of very thin layer, for example use of mono-layer gold as
stationary phase, [348] the use of an intermediate aluminum oxide layer for ionic liquid
coating[259] or the use of plasma-enhanced-chemical-vapor-deposition (PECVD) to deposit
a thin porous SiOCH as a stationary phase. [262] Possibly, the use of an intermediate support
layer to round off the sharp corners, prior to the actual stationary phase coating, could
alleviate the pooling problem.

5.3.3 Separation efficiency for coated and uncoated chips with sta-

tionary phases of varying polarity

The plate number N, or column efficiency, was calculated from a triplicate injection of
iso-octane. The van Deemter curve (Fig. 5.3) was generated for the uncoated and coated
chips by plotting the HETP (observed plate height) for different pressures of the carrier gas.
For the uncoated column, the minimal plate height for iso-octane is 9.70 μm, corresponding
to 72,000 theoretical plates. For the columns with apolar PDMS coating of 47 and 71 nm,
the minimal plate height was 21.20 μm (33,000 theoretical plates) and 14.6 μm (48,000
theoretical plates), respectively. The coated columns have a considerably lower plate
number than the uncoated column. A thicker film of stationary phase leads to a higher
amount of plate numbers. The values obtained for theoretical plates for the PAC are slightly
lower than previously reported. [151] The polar stationary phases, RTIL and PEG-1000,
lead to a lower efficiency as expected. [78] Regardless of the type of stationary phase used
for coating the column the optimal pressure lied around 200 kPa, corresponding to a flow
rate of 3.8 ml/min. This flow rate would be compatible with mass spectrometry (MS) or as
a second dimension in a GCxμGC separation. The van Deemter curves were obtained by
plotting the HETP (observed plate height) versus the pressure of the carrier gas (formula
for the van Deemter curve can be found at the top of Fig. 5.3). The A, B and C term have
been fitted to the experimentally obtained van Deemter curves and are shown at the bottom
of Fig. 5.3. The A-term is nearly zero (or negative) for all cases, which corresponds to a
little eddy diffusion effects. The B-term is determined by the injected component and lies
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Figure 5.3: The experimentally obtained van Deemter curve for triplicate injections of
iso-octane (T= 80°C), representing the reduced plate height (HEPT) as function of the
pressure for the uncoated chip as well as for the chips coated with PDMS-OVI (47 and 71
nm), PEG-1000 and RTIL. A table with fitted values for the A, B and C term of the van
Deemter curve is shown at the top of the graph. Underneath, the 4 graphs show how well
the model curve (red line) fits the experimental data for the coated columns.

for the apolar and medium polar coating around 2000, for the RTIL coating a deviating
value was found. Last and most importantly, the C-term is lowest for the thickest film
thickness of the stationary phase OV-I. These effects can most likely be attributed to the
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Figure 5.4: Chromatogram of a separation of 11 compounds using an PDMS-coated PAC
as the column. Mixture of compounds: 1-propanol (1), 2-butanone (2), trichloroethylene
(3), iso-octane (4), 4-methyl-2-pentanone (5), toluene (6), isobutyl acetate (7), 2-hexanone
(8), octane (9), butyl acetate (10) and chlorobenzene (11).

difference in film thickness due to non-uniform evaporation (thinner coating or pooling in
corners).

A mixture of 11 compounds with different functional groups and boiling points was
separated to assess the performance of the column in the first dimension. The compounds
were: 1-propanol (1), 2-butanone (2), trichloroethylene (3), iso-octane (4), 4-methyl-2-
pentanone (5), toluene (6), isobutyl acetate (7), 2-hexanone (8), octane (9), butyl acetate
(10) and chlorobenzene (11). After a separation with the PDMS-coated PAC chip in
the first dimension (Fig. 5.3), the mixture was separated in less than 0.6 min. Most of
the compounds were separated, except 3/4 and 9/10 as their boiling points are too close
together to be well separated by the apolar PDMS stationary phase.

5.3.4 Separation efficiency for PDMS-coated PAC in the second di-

mension of a comprehensive GC setup

The PAC chips was also tested in a comprehensive GC setup in the second dimensions
in both normal mode (PDMS coated) and reverse mode (PEG) to separate a mixture of
alkanes and aromatics (commercially available white spirit). The obtained contour 2D
chromatogram (Fig. 5.5 A-B) showed for both modes good selectivity as the alkanes are
separated from the aromatic compounds. For comparison, we plotted a 2D contour diagram
with in the second dimension a capillary column (Equity 1: 1.8m × 0.1 mm × 0.1 μm) with
a similar flow resistance as the PAC from for which it can be seen that there is no separation
in the second dimension of the aromatic compounds for a regular capillary column of such
short length (Fig. 5.5 C). As expected, in the reverse mode there is a reversal of the elution
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order. The void time is rather long and was calculated to be twice the modulation time
which results in wrap around (broad modulated peaks). [327] The long void time can be
explained by the long internal flow path that is intrinsic to the PAC with radially elongated
pillars. For this reason, new PACs with shorter length will be fabricated to reduce the void
time of the column and avoid wrap-around. Next to shorter column lengths, retention times
may also be reduced by increasing the temperature [57], but temperature should not be so
high that it can cause damage to the ferrule connections.

5.4 Conclusions and outlook

Using micro-fabrication techniques, a PAC with radially elongated pillars was fabricated.
The chips were coated with stationary phases with varying polarity via the static coating
method. Efficiencies of the chip were determined by injecting an unretained compound
under isothermal conditions. Surprisingly, the efficiencies achieved were best for the
uncoated chip (N = 72,000) and the 50 nm thick film of PDMS (N = 48,000), most likely
due to differences in the coating quality. The pressure applied during evaporation step of
the coating procedure was varied stepwise to obtain a more homogenous stationary phase
deposition throughout the entire column (Fig. 5.2 C). The PAC was tested in both first and
second dimension of a GC set-up. Using the PAC coated with apolar PDMS in the first
dimension resulted in the separation of most compounds within a minute and the optimal
flow rate was determined to be compatible with MS or for second dimensions separations
in GCxμGC. Testing of the PAC in the second dimensions of a GCxμGC system revealed a
good separation of the alkanes from aromatic compounds but peaks were slightly too wide
due to the long retention times.

In the future, the PAC chip can be used for multidimensional separations with MS
or comprehensive GCxGC set-ups. Since the quality of the coating will hugely have an
effect on the separation efficiency, other routes for stationary phase deposition should
be explored. Possible routes include the in-situ deposition of thin layers as stationary
phase during the (micro-)fabrication of the columns. Simpler would be to vary the vacuum
pressure accordingly to the evaporation rate of the coating solution, but this requires some
empirical fine-tuning. For the PAC to achieve superior separations in the second dimension
of a GCxμGC set-up, the retention times need to be shorter than the modulation time to
avoid wrap-around. Options that would allow for shorter retention times are implementing
a shorter length of the column or performing the analysis at higher temperatures.
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Figure 5.5: Contour 2D chromatograms of a white spirit separation using a standard
capillary GC column (Equity OV1701 - 13 m × 0.1 mm × 0.1 μm) in the first dimension
and using (A) a normal mode second dimension separation with a PDMS-coated PAC
(length L = 70 cm) in the first dimension and (B) a reverse mode separation with a PEG-
coated PAC in the second dimension. For comparison, (C) shows a 2D separation using a
conventional capillary column (length L = 180 cm), with a similar flow resistance as the
PAC, in the second dimension.
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6.0.1 General

The present work aimed at the development of novel concepts to produce ordered support
structures for chromatography or catalytic applications. Two main routes have been
explored. The first one aims at devising structures and, especially filling methods, to
arrange commercially available functional spherical particles in ordered arrays. The
second one directly uses an etched array of rectangular silicon micropillars as the support
for a thin layer of active material dedicated for use in gaseous application such as gas
chromatography (GC).

6.0.2 Microfabrication of ordered LC columns (Printpack project)

The first route explores in the frame of the “PrintPack” project. This is a EU-funded
research effort to replace the random particle packings currently used in chromatography
by an open-structured and ordered configuration. Such ordered packing could also be
a useful tool to be used in chemical catalysis. To this end, several routes have been
proposed and are being investigated by the PrintPack team: particles can be assembled
in a layer-by-layer fashion, particles can be immobilized with photocurable materials
to keep them in a predetermined position. In the present work, a simplified model of
an ordered column structure, a micro-machined sieve plate column, was fabricated and
particles were assembled in this structure through both wet and dry assembly methods.
Finally, the obtained sieve plate structure filled with particles was attempted to close off
with a transparent top plate to achieve a closed system that can serve as a column for
HPLC.

6.0.2.1 Particle assembly strategy

The particle assembly of both silica and polystyrene particles in a predetermined lattice has
proven to be a challenging process throughout the project. Especially the strong interaction
forces between the particles and their tendency to form agglomerates hinder the assembly
process in a dry state. By shifting the assembly process from a dry method to a wet
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method, where particles are provided to the substrate by deposition of a drop of a particle
suspension, interaction forces will be weakened and the particle assembly results are
greatly improved. The particle assembly method was further improved by the addition of a
patterned, rather than a flat, PDMS tool for rubbing. By using a ridge-patterned rubbing
tool in a wet assembly process, we were able to achieve near-perfect assembly of 10 μm
silica and polystyrene particles in a microgroove structure as well as in alone-standing
pockets on silicon substrates. The resulting filling ratios of the wet particle assembly via
rubbing were equal or greater than 99.5% for all the tested pocket geometries. In this study,
we have succeeded in optimising existing particle rubbing assembly methods to achieve
nearly complete and error-free filling of the microgroove pattern of a sieve plate column.

6.0.2.2 Removal of excess particles

Regarding the removal of excess particles, on top of or next to the particle-filled mi-
crogroove pattern, it can be concluded that there is still a need for further investigation to
find a more suitable technique than the ones discussed in the present work. Although some
relatively good results were obtained with techniques such as dabbing of a PDMS sheet
or sliding with a microscope glass, most of the results obtained were not in accordance
with the vigorous requirements of the chromatographic device. Given that the sample
that needs to be cleaned only has a limited number of extra particles (error ratio lower
than 1%), the sliding of a microscope glass across substrates with freestanding pockets
resulted in an error ratio below 0.1% while still maintaining a filling ratio greater than 99%.
Unfortunately, for the microgroove pattern this method did not give good results where an
increase in ER and simultaneous decrease in FR suggested the removal of particles from
the grooves followed by deposition elsewhere along the microgroove substrate. In another
method where a flat sheet of PDMS is dabbed onto the substrate, results obtained were
often good but problems with reproducibility were noticed. Similar to the assembly via
rubbing, a liquid environment is preferred over a dry one during the removal process as the
presence of solvent can help break the adhesion of the particles due to capillary or other
particle interaction effects.

6.0.2.3 Main contributions

The main contribution of this thesis is the development of an improved particle assembly
method via rubbing that is fast, cheap and can be performed wafer-scale. The method is
independent of the particle material. Even though this method was optimised for a specific
pattern, namely connected pockets or microgrooves, it can be used for alone-standing
pockets too and many other geometric arrangements. A downside of the rubbing method is
the possibility of particle breakage, although this can be circumvented by making sure no



576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy
Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022 PDF page: 133PDF page: 133PDF page: 133PDF page: 133

103

sharp corners are present in the design of the pattern to be assembled with particles. Another
problem we encountered is the presence of PDMS debris after the rubbing procedure on
the substrate and even inside the pattern. This origin of this debris is the deterioration of
the PDMS interface due to friction, by which tiny pieces of PDMS material will break off.

6.0.2.4 Future perspectives

Future studies should aim to replicate these results with other types of particle materials
and smaller-sized particles. Possible future improvements to the technique that could be
made involve the automatisation of the rubbing motion with a motorised stage. Finally, the
contamination problem caused by the intense friction of the PDMS tool during rubbing,
could possibly be circumvented by applying a fluorocarbon or other supportive layer to
the tool. Assuming that the aforementioned (minor) issues get resolved, this technique
could be used on a large scale in an industrial environment for particle assembly, e.g. for
cosmetics, photonics, sensors and many more.

Furthermore, we have explored many particle cleaning techniques to remove unwanted
particles from the sieve plate column prior to bonding as these could cause breakage of
the glass cover plate. Finding a cleaning technique that selectively removed the unwanted
particles, but did not affect the particles inside the pockets, was not yet found in the present
study. Many techniques that were tested have a component to it with a certain directionality,
as is needed for selectivity, e.g. applying flow (gas or liquid) as parallel to the substrate as
possible. Regrettably, the techniques used in the present work were either too vigorous, did
not have much effect or were found to have low reproducibility. This is an issue to explore
in future research. Possibly, an automatised version of the method that uses (patterned)
polymeric materials could produce the desired results. Next to that, the spin-rinse method
should be further investigated at higher rotational speeds and with varying solvents. Other
routes, such as megasonic cleaning and mechanical methods should be further investigated
as they can be applied to the substrate with a certain directionality.

Future efforts towards the perfectly ordered particle packings of micro-machined
columns, as proposed by the ‘Printpack’ project, still has many (alternative) routes to
explore. The simple sieve plate column could be further improved upon by perfecting
the current wet particle assembly as well as removal methods. If both of these particle
manipulation processes are fully controlled, it is conceivable to fabricate sieve plate devices
which are able to accommodate more than one layer of particles. Alternative routes to
achieve the perfectly ordered column packing is to apply a layer-by-layer fabrication
method. So far, our team has been able to achieve the picking of particles from a powder
on a membrane connected to vacuum and subsequently transferred the particles from to
membrane to another substrate. Repeating this process, as well as finding a method to fix
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the deposited layers to the previous one, could be a very promising bottom-up approach to
fabricate micro-columns with an ordered packing for HPLC.

6.0.3 Microfabricated GC columns

The second route led to the development of a miniaturized GC system. Miniaturization
of GC columns is advantageous for several reasons and ergo the implementation of
microcolumns has been heavily investigated up to the present moment. Radially elongated
pillars which were found to have superior flow properties were successfully fabricated at
the MESA+ institute, and coating was performed in collaboration with the group of Pascal
Cardinael at the Université de Rouen. Coating the columns proved to be quite difficult
due to the fast evaporation in the last segment of the chip and the pooling of the stationary
phase in the rectangular shaped channels. The quality of the coating obtained with a
standard static coating method is thus subpar and results in a decrease of chromatographic
efficiency of the coated device. The irregular evaporation in the last segment of the column
can be resolved by implementing a pressure program throughout the evaporation, where
the pressure is adjusted in such a manner that the speed of the moving evaporation front
remains constant. This allowed to create a more uniform coating quality over the entire chip,
although some minor irregularities were still observed. Nonetheless, the pooling of the
stationary phase remains a problem that was found not to be solved by the implementation
of the pressure program.

Testing of the separation efficiency in the first and second dimension, revealed that
the use of a PAC is particularly convenient for use in the second dimension of a GCxμGC
set-up. Due to the large surface area of the column, the total volume which can be in-
jected in the column is comparatively large, and thus perfectly compatible with a second
dimension separation in which rather large fractions of effluent, obtained from the first di-
mension/column, need to be reinjected. Finally, it is noteworthy to mention that the optimal
flow velocity of the chip is in the ideal range for combination with mass spectroscopy.

6.0.3.1 Future perspectives

The main limitation that withholds the widespread use of microcolumns in GC is the
accumulation of the stationary phase in the sharp corners of the columns, which ultimately
leads to a poor separation. This was also confirmed as the calculated theoretical plates
for the PAC were lower for the coated than for the uncoated microcolumn. Future studies
could possibly focus on the deposition of a non-retentive intermediate support layer to
round of the sharp corners prior to the actual coating. Finally, other measures that could
be taken to improve the overall coating quality are altering the chip design so no sharp
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turns and/or corners are present, as not to induce uncontrolled and fast evaporation during
coating.
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Summary

The use of analytical techniques, such as gas chromatography (GC) and high pressure
liquid chromatography (HPLC), is indispensable in many scientific areas and in industrial
applications, e.g. pharmaceutical and food industry. Chromatography has a larger impact
on our everyday life than one might originally suspect, e.g. for the rapid detection of
SARS-CoV-2 antibodies during the recent COVID-19 pandemic and for the quality control
of food/beverages in the food industry. In chromatography, a sample is sent through a
column at high pressure, either by a gas (GC) or liquid flow (HPLC), and at the end of
the column the different components will elute at different times. The actual separation
is achieved in the column, usually a round tube (for GC) or a packed bed of particles
(for HPLC), as a result of the varying interaction strengths of the sample components
with the column. Although chromatography has been around for many decades and is a
well-developed analytical technique, it would still greatly benefit from increased efficiency
and/or speed as this would be benefical in the analysis of very complex biological samples
and to achieve a higher throughput as needed in fields such as drug discovery.

A first approach towards this goal is to miniaturise chromatographic equipment while
still maintaining an adequate separation efficiency. The use of microfluidic devices has
gained increasing amounts of interest during the last few decades and notably also in the
field of GC. In this thesis we have described the microfabrication and coating procedure of
a GC chip with superior flow properties. Testing of the chip showed that it is particularly
useful to be used as the second column in a tandem-separation.

Another approach, for HPLC, to achieve higher separation efficiency and/or speed is to
radically change the packing of the micrometer sized particles that constitute the column.
In this research, the goal was to achieve a perfectly ordered and structured packing of
the column particles as opposed to the traditional column format with random packed
beds. Achieving a perfectly structured packing of the microparticles can ultimately be
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accomplished by a layer-by-layer assembly strategy. A first step towards this, was to design
and fabricate a device that is capable of holding one layer of particles, what we refer to
as a sieve plate column. The assembly of particles in such a device was accomplished by
unidirectional rubbing of a polymer along the sieve plate column. Error-free assembly of
the particles on the sieve plate column was proven to be difficult due to the interplay of
forces acting upon the particles, which often results in the formation of aggregates.

We have tried many different techniques to fill a sieve plate column with silica and
polystyrene microbeads. By supplying the microbeads in a liquid environment to the
column, the problem with aggregation of particles is alleviated. The supply of particles in a
wet state in combination with the use of a ridged sheet of elastomeric material as a rubbing
tool led to superior results for our device. Ofttimes, a few extra particles will remain on
the device after the filling step, and these will, depending on their location, hinder the
subsequent sealing of the column by anodic bonding. That being the case, several routes
have been tested to selectively clean the devices to avoid leakages after sealing, such as
PDMS dabbing, jets, scraping and many more. The presented work here is of particular
interest for any scientific areas which require particle assembly and/or cleaning techniques,
such as photonics, sensors, medical devices, cosmetics and considerably more.
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Samenvatting

Het gebruik van analytische technieken, zoals gaschromatografie (GC) en hogedrukvloei-
stofchromatografie (HPLC), is essentieel onderdeel in verscheidene wetenschappelijke
onderzoeksgebieden en in industriële toepassingen, b.v. farmaceutische en voedingsindu-
strie. Chromatografie heeft een grotere impact op ons dagelijks leven dan men aanvankelijk
zou vermoeden, b.v. voor de snelle detectie van SARS-CoV-2-antilichamen tijdens de
recente COVID-19-pandemie en voor de kwaliteitscontrole van voedsel/dranken in de
voedingsindustrie. Bij chromatografie wordt een monster onder hoge druk door een kolom
gestuurd, hetzij door een gas (GC) of vloeistofstroom (HPLC), en aan het einde van de
scheiding zullen de verschillende componenten op verschillende tijdstippen de kolom
verlaten. De daadwerkelijke scheiding wordt bereikt binnenin de kolom als gevolg van de
wisselende interactiekrachten van de componenten van het staal met de kolom, die meestal
bestaat uit een ronde buis voor GC of een gepakt bed van deeltjes voor HPLC. Hoewel
chromatografie al tientallen jaren bestaat en een goed ontwikkelde analytische techniek is,
zou het nog steeds veel baat hebben bij een verhoogde efficiëntie en/of snelheid, aangezien
dit zeer gunstig zou zijn bij de analyse van zeer complexe biologische monsters alsook
mogelijks een hogere verwerkingscapaciteit die kan bereikt worden zoals nodig is bij het
ontdekken van nieuwe actieve componenten van geneesmiddelen.

Een eerste benadering om dit doel te bereiken is het miniaturiseren van chromatogra-
fische apparatuur met behoud van een adequate scheidingsefficiëntie. Het gebruik van
microfluïdische apparaten heeft de laatste decennia steeds meer belangstelling gekregen en
met name ook in de GC sector. In dit proefschrift hebben we de microfabricage- en coating-
procedure van een GC-chip met superieure vloei-eigenschappen beschreven. Uit testen van
de chip bleek dat deze bijzonder bruikbaar is als tweede kolom in een tandemscheiding.

Een andere benadering, voor HPLC, om een hogere scheidingsefficiëntie en/of snelheid
te bereiken, is het radicaal veranderen van de pakking van de deeltjes ter grootte van
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een micrometer die de kolom vormen. In dit onderzoek was het doel om een perfect
geordende en gestructureerde pakking van de kolomdeeltjes te bereiken in tegenstelling
tot het traditionele kolomformaat met willekeurig gepakte bedden. Het bereiken van een
perfect gestructureerde pakking van de microdeeltjes kan uiteindelijk worden bereikt door
een laag-voor-laag assemblagestrategie. Een eerste stap hiertoe was het ontwerpen en
vervaardigen van een apparaat dat in staat is één laag deeltjes vast te houden, wat we een
zeefplaatkolom noemen. De assemblage van deeltjes in een dergelijke inrichting werd
bewerkstelligd door unidirectioneel wrijven van een polymeer langs de zeefplaatkolom.
Het foutloos assembleren van de deeltjes op de zeefplaatkolom bleek een uitdaging te zijn
vanwege het krachtenspel dat op de deeltjes inwerkt, wat vaak resulteert in de vorming van
aggregaten.

We hebben veel verschillende technieken geprobeerd om een zeefplaatkolom te vullen
met silica- en polystyreen deeltjes. Door de deeltjes in een vloeistof omgeving te presente-
ren aan de kolom, wordt het probleem met de aggregatie van deeltjes verlicht. De toevoer
van deeltjes in natte toestand in combinatie met het gebruik van een geribbelde plaat van
elastomeer materiaal als wrijfgereedschap leidde tot superieure resultaten voor assemblage
van micro-deeltjes in ons apparaat. Vaak zullen er na de vulstap nog enkele extra deeltjes op
het apparaat achterblijven, die, afhankelijk van hun locatie, de daaropvolgende afdichting
van de kolom door anodische binding kunnen belemmeren. Daarom zijn er verschillende
routes getest om de apparaten selectief te reinigen om lekkage na het sealen te voorkomen,
zoals PDMS-deppen, jets, schrapen en nog veel meer. Het hier gepresenteerde werk is
van bijzonder belang voor alle wetenschappelijke gebieden die deeltjesassemblage en/of
reinigingstechnieken vereisen, zoals fotonica, sensoren, medische apparaten, cosmetica en
nog veel meer.



576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy
Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022 PDF page: 173PDF page: 173PDF page: 173PDF page: 173

Scientific Contributions

Journal articles

• S. Verloy, B. Vankeerbergen, I.S.M. Jimidar, H. Gardeniers, G. Desmet. Wafer-scale
Particle Assembly in Connected and Isolated Micromachined Pockets via PDMS
Rubbing. Langmuir ACS publications, May 2022, 10.1021/acs.langmuir.2c00593

• A. Meziani, S. Verloy, O. Ferroukhi, S. Roca, A. Curat, S. Tisse, V. Agasse, P.
Cardinael, H. Gardeniers, G. Desmet. Evaluation of GC columns with radially-
elongated pillars as second dimension columns in comprehensive two-dimensional
gas chromatography (GC×μGC). Analytical Chemistry. Manuscript under review
since March 2022.

Poster contributions

• S. Verloy, J.W. Berenschot, H. Gardeniers, G. Desmet. Exploring the limits of
optical lithography with use of conventional technology. 44th Micro and Nano
Engineering (MNE), Copenhagen, Denmark, 2018.

• S. Verloy, B. Vratzov, J.W. Berenschot, H. Gardeniers, G. Desmet. Investigation of
squeeze flow problem on a nano-scal. 45th Micro and Nano Engineering (MNE),
Rhodos, Greece, 2019.

Awards

• 2019 MNE Micro-Nano Graph Contest - Public Price



576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy
Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022 PDF page: 174PDF page: 174PDF page: 174PDF page: 174



576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy
Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022 PDF page: 175PDF page: 175PDF page: 175PDF page: 175

Acknowledgments

Looking back on this special journey in my life, I can say that I have learned a lot
throughout the course of my PhD. A PhD is something you obtain by yourself, but it is
also the product of diverse scientific collaborations.

First and foremost, I want to thank my two promotors, Gert and Han, for granting me
this opportunity and providing me with the needed guidance to successfully complete this
dissertation. I especially want to thank both you for the scientific expertise and critical
questions that were provided to me which allowed me to develop myself as a good scientific
researcher. Secondly, I want to thank both of you for the many hours spent on the reviewing
of results, scientific texts and the many pleasant discussions we had throughout the years.
Gert, you are such an enjoyable person to work with because of your positive views and
encouraging words. Han, you have provided me with clear directions at times were I
needed them and your calmness has always been such a support to me. Together, you have
provided me with extremely good guidance throughout the entire project for which I am
very thankful.

I would like to thank all the members of the graduation committees appointed by the
Vrije Universiteit Brussel and the University of Twente for the time and efforts they spent
on providing me with feedback on my dissertation.

Next, I would like to thank all the MCS groups members who have made my time in the
Netherlands so terrific. I have thoroughly enjoyed all the group outings, discussions, friday
afternoon beers, cakes, BBQs and so on. These are experiences that I will always cherish.
I especially want to thank Ignaas for the pleasant cooperation and the support he has given
me throughout my entire trajectory. Also, I would like to thank the rest of our office crew
for the amazing laughs we had throughout the years. Finally, I would like to thank the
secretary Brigitte for always being such a caring person and making everyone feel at home
in our group. Although I did not spent too much of my time in Brussels, I would like to



576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy576709-L-bw-Verloy
Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022Processed on: 18-5-2022 PDF page: 176PDF page: 176PDF page: 176PDF page: 176

thank the whole CHIS group as well for always being so welcoming whenever I would be
there.

I extend many thanks to the staff of the MESA+ institute for providing such a efficient
and agreeable working environment to the users of the nanolab as well as for the helpful
discussions to overcome production errors. I want to extend a special thanks to Mark
Smithers for the time and dedication he put towards achieving the best possible SEM
images for my thesis.

I would like to thank all the colleagues from the Printpack project (Yoachim, Nathaniel,
Ignaas, Bert and Ward) for the scientific discussions and all the brainstorming sessions we
had over the years.

I would like thank Amel Meziani and prof. Pascal Cardinael for the coating and testing
of the chips presented in chapter 5. Your expertise and knowledge were indispensable in
making the project a success.

Finally, I would like to thank my family and friends for their unconditional support
and encouraging words throughout the years. I could always count on you to support me
during difficult times. I should especially thank my grandmother, of nearly a century old,
who has taught me how to be a strong woman in this world and for the most part, I have
her to thank for my strength and perseverance. Also a special thanks to my mother and
niece, Ann, for all the words of motivation and encouragement.






	Lege pagina
	Lege pagina

