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1. Preface
1.1 Motivation and goals

Recently, the role of microfluidics in biomedicines is steadily increasing. Due to
latest progress in micro- and nanotechnology potential clinical applications are expected
to be fulfilled in the near future. In my work, microfluidic research focuses on the areas
of neuroscience and medical diagnostics, where my investigation on both
microfabrication and physical principles can further improve reliable design of
microcomponents and devices in these promising fields.

Neuroprosthetics

By aging of the society, brain-related clinical cases like paralysis, epillepsy or
Parkinson diseases are remarkably increasing acting as critical issues to be solved for
today medicine. Medical attendance and rehabilitation of such diseases is very
challenging for both patients and their relatives. The aim of modern neurophysiology is
to improve their quality of life. Processing of signals generated by brain neurons is of
great importance in neurophysiology, since a large amount of information can be gained
about the dynamics of the nervous system and the relationship between brain and motor
function activity [1.1]. As a result of efforts in this field, a wide range of structural
material like silicon has been used to fabricate probes, which is applicable to record the
activity of brain cells in non-human experiments extending our knowledge about the
above issues.

Researchers have used pharmacologic intervention (e.g. systematic injection) anti-
inflammatory agents can be transported via microfluidic systems into the tissue around
the microprobes, and noticed that the response of neighbouring cells and neural tissues
changed. Drug delivery in acute experiments can be easily implemented, however,
during chronic implantation, the local injection of drugs is more critical. The advantages
of the latter is that smaller amount of biological sample is necessary, cells can be
directly excited, while peripheral metabolism and the reactive response of neural tissue
is excluded increasing the long-term stability of the device [1.2].

My goal in the field of neural microdevices was to design and realise multi-
functional microprobes integrating a parallel system of electric sensing or excitation and
local drug delivery functions into a single substrate. Since the characterisation of the
mechanical and fluidic properties of microprobes fabricated by the proposed technology
are essential for future application, and a number of in vivo experiments has been
carried out to evaluate microprobe performance.

Diagnostics of blood

Currently, cardiovascular diseases are among the leading reasons of casualties
worldwide. Almost every third fatal occasion originates from such illnesses. Fast
diagnostics are essential to anticipate the deterioration of several diseases. Therefore,
the research and development of microanalytical systems (Lab-on-a-chip, pnTAS —
micro-Total-Analysis-System) are increasingly heading toward the downscaling and
cost-effective fabrication of today’s medical microdevices [1.3]. Such systems are able



to complete complex analytical tasks or perform personalized diagnosis that demanded
the presence of serious hardware or professional personnel before. In the microscale not
only the adaptation of analytical principles means great challenge, but the transport and
preparation of biological samples are still relevant issues. Since hydrodynamic
phenomena are often different than in the macroscopic world, the solution of sample
manipulation (extraction, dilution, separation, and transport to the active region) is a
great challenge for microengineers of micro- and nanofluidic systems [1.4].

The aim of the vast majority of clinical tests is the detection of the presence and
quantity of several proteins, ions, crystalloids or diluted gas in blood plasma. Since the
cell components of blood are not desired during measurements, the first step is
removing these particles from the blood plasma. If the measurements are to be
embedded in a microsystem, the integration of separation is important [1.5].

The presence of proteins can be efficiently identified by solid-state nanopore
membranes as sensing elements. Nanopore sensing is an extremely sensitive analytical
method due to the nanoscale pore geometry (shape and surfaces), which makes the
interactions between pore surface and molecules of analytes to contribute to the control
of ion or molecule transport [1.6]. The detection principle is based on the selective
interaction of pores and the analysed component which reduces the permeability of
nanopores for the measured marker ions or molecules, and therefore produces a flux
change equivalent to the analytical signal. Sensitivity is outstanding, since extremely
small immobilized component causes apparent modulation in ion or molecule flux.

My goal in the field of diagnostics of cardiovascular diseases was to design and
realise a silicon based microfluidic system, which contains the functions of sample
preparation as well as the sensing element. To prepare whole blood, plasma separation
and dilution has to be optimized in the microscale and the integration of a detection unit
highly sensitive to blood proteins has to be implemented in a single microsystem. This
way a rapid diagnosis can be set up in the case of diseases demanding fast intervention
(e.g. stroke) in situ [1.7].

1.2 Structure of dissertation

In my thesis, I will give a deeper insight into novel scientific results in
microfluidics and related issues. I achieved my work in the MEMS Laboratory of the
Institute for Technical Physics and Material Science. This PhD thesis is organized as
follows.

In Chapter 2, I introduce the reader to the background of my motivation in the
fields of neural implants and Lab-on-a-chip systems.

Chapter 3 contains a brief description on state-of-the-art fabrication principles and
technology in microengineering sciences. A general overview of literature on the
advanced technologies of silicon based microfluidic components and devices support a
better comprehension of following chapters on microfabrication.

In Chapter 4, my proposed fabrication technology and integration of sealed
microfluidic channels in silicon into silicon probes are presented, followed by fluidic
and mechanical characterisation of the realised microprobes.

In Chapter 5, the principle, characterisation and optimization of a microfluidic
sample preparation function is described, and integration concept into Lab-on-a-chip
devices is presented.



2. Microfluidics and biomedical applications

2.1 Introduction to microfluidics

By definition microfluidics is the science and engineering of systems in which fluid
behaviour differs from conventional flow theory primarily due to the small dimensions
of the system. According to other explanations, microfluidics generally deals with the
behaviour, precise control and manipulation of fluids that are geometrically constrained
to a small, typically sub-millimetre scale. Microfluidics is undoubtedly a
multidisciplinary field intersecting engineering, physics, chemistry, microtechnology
and biotechnology, with practical applications to the design of systems in which such
small volumes of fluids will be used. Microfluidics emerged in the beginning of the
1980s and is used in the development of inkjet print heads, DNA chips etc.
Besides small device size, in this regime typical system parameters results in smaller
volume of fluids to be handled and lower energy consumption is needed, however, the
physical effects typical of the micro domain emerges and should be considered during
the design of individual components. Most of the applications include passive
microfluidic control like capillary forces, while a number of other devices are equipped
external or integrated actuators (e.g. microvalves and micropumps) for providing fluid
transport. Latter ones are called active microfluidic systems.

Microfluidic components and systems have several advantages which are attributed
to miniaturization:

Small volume of analyte is necessary

Speed of reaction is increased

Precise manipulation (mixing, separation, heating etc) is available
Other devices can be integrated (Lab-on-a-chip - LOC)
Disposable assays and cartridges can be used

Cost of reagents are reduced

High surface to volume ratio

Dead volume s minimized

More parameters can be monitored simultaneously

As mentioned above, micro level brings dramatic changes in the impact of several
physical effects [1.8]. Analyzing the physical properties of microsystems is expressive
if the concept of scaling laws is applied. A scaling law describes the variation of
physical quantities with the size of the given system or object, while keeping other
quantities such as time, pressure, temperature, etc. constant. As an example, consider
volume forces, such as gravity and inertia, and surface forces, such as surface tension
and viscosity. The basic scaling law for the ratio of these two classes of forces can
generally be expressed by
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This scaling law implies that when scaling down to the microscale in lab-on-a-chip
systems, the volume forces, which are very prominent in our daily life, become largely
unimportant.

At the microscale some other interesting and sometimes unintuitive properties also
appear. In particular, the Reynolds number, which described in more details in Chapter
4.4.1., can become very low. A key consequence of this is that fluid flow is generally
laminar, and do not necessarily mix in the traditional sense (see Fig. 2.1); molecular
transport happens often through diffusion. High specificity of chemical and physical
properties (concentration, pH, temperature, shear force, etc.) can also be ensured
resulting in more uniform reaction conditions and higher grade products in single and
multi-step reactions.

l Sheath flow

Focused beam

R

Main stream
Sheath flow T

Figure 2.1: Laminar flow of water (buffer) and fluorescently labelled human serum
albumine (HSA) in a T-type micromixer (a.) and hydrodynamic particle focusing with
three flow stream (b.) produced in the MEMS Lab of TTK MTA MFA.

The basis of most LOC fabrication process is photolithography. Initially most of
the processes are in silicon, as these well-developed technologies are directly derived
from semiconductor fabrication. Because of demands for e.g. specific optical
characteristics, bio- or chemical compatibility, lower production costs and faster
prototyping, new processes have been developed such as glass, ceramics and metal
etching, deposition and bonding, polydimethylsiloxane (PDMS) and SU-8 processing
(e.g., soft lithography - see Fig. 2.2), thick-film- and stereolithography as well as fast
replication methods via electroplating, injection moulding and embossing. Furthermore
the LOC field more and more exceeds the borders between lithography-based
microsystem technology, nanotechnology and precision engineering. My work focuses
on some highlights of silicon based microfabrication.



Figure 2.2: Moulding form in SU-8 for Rapid Prototyping (a.) and moulded PDMS
based Lab-on-a-chip (b.) produced in the MEMS Lab of TTK MTA MFA.

2.2 Drug delivery in neural applications

The development of pharmacological functions in neural applications is definitely
inspired by Deep Brain Stimulation (DBS) techniques [2.1]. Since blood-brain barrier is
not penetrable for most proteins, localised delivery of e.g. growth factors is preferred.

The idea of treating neurologic disorders with chronic stimulation began to emerge
in the 1960s, but stimulation was largely used for targeting surgical lesions. At the end
of 1960s a method of chronic implantation of a bundle of multiple electrode wires deep
in the brain was developed. The goal of the stimulation was to delineate the “best”
target for a subsequent lesion. Although the goal was initially the lesion guidance only,
the period of chronically implanted electrodes started. Since then, DBS has become
increasingly used for treating a variety of disorders. As a result of progress in the field
of microengineering, implantable neural electrodes with the ability of simultaneous
chemical stimulation and electrical recording have been fabricated and applied. They
offer interesting perspectives for a variety of common and severe health problems e.g.
hearing loss [2.2], chronic pain [2.1, 2.3], essential tremor [2.1], Parkinson [2.1]
diabetes [2.3], Alzheimer [2.4], depression [2.5] or epilepsy [2.6]. Simultaneous
chemical and electric interactions with the very same groups of cells of an active brain
might induce a huge progress in these studies. Moreover, the long-term stability of
electrophysiological implants is to be enhanced. With the help of continuous dosage of
anti-inflammatory drugs, delaying or reducing the response of the surrounding tissue
might be also possible [2.7-2.8]. Currently, the development of microsystems for neural
application focuses on the solution of the above issues to maintain the dynamics of
progress in this discipline.

As far as the implantation apparatus is concerned, wire electrodes for recording and
stimulation of electrical signals [2.9] as well as glass or steel capillaries used to deliver
pharmaceutical substances directly into the brain [2.10] are the established tools in
neuroscience research. However, the rapid development of micro-electromechanical
systems (MEMS) within the last decades has opened completely new technological
perspectives with respect to system integration of advanced functions [2.11]. A detailed
description of recent progress on microprobe technology is presented in Chapter 4.



The application and optimization of microfluidic principles in neural drug delivery
system 1is still in its infancy. Novel techniques could take further roles in biomedical
devices, if their comprehensive characterisation took place after preliminary
demonstrations. The mission of microtechnology regarding neural implants is now to
review, optimize and integrate the latest developments of microfluidic researches in
order to make reliable and efficient physiological and pharmacological measurements
through neural implants. My aim is to develop and optimize a microchannel fabrication
technology and integrate it into a neural microprobe. Since the fluidic and mechanical
performance of a hollow microprobe is significantly affected by the integrated channel
system, these issues are also addressed experimentally in later chapters.

2.3 Sample preparation in microfluidic systems

The entire volume of human blood is recirculated throughout the body in every
minute. It delivers oxygen and nutrients to every cell and transports products from and
toward tissues. During this recirculation, cells of the immune system are also
transported quickly and efficiently through blood performing specific immuno-
surveillance functions where necessary. As a result, blood can give large amount of
information on the actual state of all tissues and organs. This implies that blood
sampling and analysis are of great interest for both medical and science applications,
and hold a central role in the diagnosis of many physiologic and pathologic conditions.

Progress in technology facilitated several breakthroughs in extending our
knowledge on biology and inherently blood itself [2.12]. Advances in microscopy by
the seventeenth century allowed the observation of individual cells in blood. Later, in
the nineteenth century, the development of tissue-staining techniques facilitated the
characterisation of the first blood cell populations. The most common and yet the most
informative examination in haematology is performed by Wright-Giemsa staining
procedures and full blood count [2.13]. Staining procedures utilize histological stain that
facilitates the differentiation of several blood cell types, while counting methods are
based on flow cytometry techniques.

Flow cytometry techniques represent nowadays the golden standard in cell
identification and separation producing finer details and higher throughput than
previous techniques. However, as complexity of these latest techniques is getting
higher, they require increasingly higher levels of skill of users. The analysis of the
cellular component in particular has been affected by restricting it to highly specialized
and strictly regulated laboratories, to the detriment of point-of-care diagnostic tools. In
spite of strict regulations, a large number of blood handling is still performed manually,
even in relatively well automated laboratories, or in conditions that may significantly
alter the results of subsequent analysis. Efforts to reduce the chance for emerging errors,
to reduce time blood is exposed from collection until analysis and to increase
availability of state-of-the-art analysis techniques on the premises and at low cost
requires a completely new approaches.

As new technologies emerge in biological applications, microfluidics and
microscale lab-on-a-chip-type devices are getting into the focus of blood analysis
development [2.14]. Availability of health care and diagnostics at the bedside is often
referred to as point-of-care testing (POCT). Through POCT analysers clinical
diagnostics will certainly be revolutionalised. New devices for convenient use at home
or in doctors’ offices would allow for rapid and accurate diagnostic and prognostic,
based on blood cells, of infectious diseases, cancers, and inflammatory responses. As a



result, a better matching between drugs and patient pathophysiology is expected,
reducing side effects and improving efficiency of therapy.

In the field of drug discovery, microfluidic devices can redefine the entrance
criteria for clinical trials and examine for these criteria sparing time and costs.
Moreover, microfabricated devices for sample preparation would open up new
possibilities by facilitating comprehensive genomic and proteomic analysis from even
small homogenous subpopulations down to single cells. Generally, blood sample
preparation in lab-on-a-chip systems may result more gentle, fast, and consistent
manipulation of living cells, and therefore produce better quality of gained information.

Due to the rapid development of microfabrication principles, a large number of
manipulation technique come to exist, however, only a few of them has been
extensively characterised regarding performance, feasibility or possible integration into
lab-on-a-chip systems. My aim is to provide a deeper insight into blood plasma
separation techniques, and describe the experimental characterisation and optimization
of the so-called Zweifach-Fung particle separation method, which will be explained in
details in Chapter 5.

24 Blood as sample analyte

In this section, I give a brief overview on the physical properties of blood, focusing
on characteristic phenomena essential to have knowledge of in order to see the issues
during manipulation of blood.

Composition of blood

Approximately eight percent of the total weight of human body is composed of
blood. Its average density is 1060kg/m® and dynamic viscosity is 0.005Pas, which is
very close to that of water (1000kg/m’ and 0.001Pas respectively). An adult person
generally has a volume of blood of 51, which eventually the mixture of plasma, proteins,
lipids and several cell components. Traditionally the separation of plasma from cells
takes place by centrifuging. This way, the produced plasma consists of 90% water, 7%
plasma proteins, 2% organic and 1% inorganic materials. Cell components are mainly
erythrocytes or red blood cells (RBC), leukocytes or white blood cells (WBC), and
thrombocytes or platelets (see Fig. 2.3). White blood cells responsible for
immunological mechanisms and platelets responsible for thrombosis constitutes only
1/600 and 1/800 part of the whole cell quantity respectively. RBC constitutes almost
45-50% of whole volume of blood. Approximately, there is 5¥10° RBC per mm’.
Besides, the average number of WBC is 5-8 thousand per mm’®, while the number of
platelets is between 250-300 thousands per mm’.



Figure 2.3: A three-dimensional ultrastructural SEM image of a T-lymphocyte
(right), a platelet (centre) and a red blood cell (left) made in The National Cancer
Institute at Frederick.

Characteristic hydrodynamic and rheological properties of blood can attributed to
RBC because of their dominant presence in whole blood. RBC can be considered as
biconcave discs. Their diameter is around 7-8um, their thickness is ~3umat the
circumference and 1um at the centre. This special biconcave shape is responsible for
the little change in surface area even during considerable deformations.

Dilution of blood

Particle concentrations of blood samples are often referred as haematocrit value,
which is the volumetric density of RBC. The average haematocrit value is 40-52% and
35-47% in case of adult men and women respectively.

In case of blood samples at rest, RBCs and platelets start to coagulate. This
mechanism is called as thrombosis, which is caused by fibrinogen proteins in blood
plasma. Since coagulation is an unwanted phenomenon during rheological experiments,
blood samples are generally diluted by heparin, EDTA or citrate in order to avoid
thrombotic reaction. This way the natural composition of blood is inherently modified,
therefore it is essential to carry out blood separation and analysis as fast as possible.

J Zhang et. al. [2.15] have tested how the haematocrit value affects the separation
efficiency (more detailed in Chapter 5). Their results are shown in Fig. 2.4. They
proposed that separation efficiency increases significantly at low haematocrit value;
therefore a preliminary dilution is recommended and eventually used in my
experiments.

10
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Figure 2.4: Separation efficiency plotted against the sample haematocrit value [2.15]
Viscosity of blood

Fluids, in which the relationship between velocity gradients and shear forces is
directly proportional, are called Newtonian fluids. Because of its hydrodynamic
properties, blood plasma is also considered as Newtonian fluid [2.16]. However, cells
definitely increase blood viscosity (see Fig. 2.5), which depends on flow velocity,
microchannel cross-section parameters, density of cells and temperature as well. Whole
blood (plasma and cells altogether) therefore shows non-Newtonian behaviour, which
finally contributes the easier flow through small capillaries or vessels than plasma itself.
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Figure 2.5: The diagram shows the relationship between capillary diameter (x-axis)
and viscosity (y-axis). It is clear that at low haematocrit value almost no change in
viscosity can be noticed when the tube diameter decreases.

As it is illustrated on Fig. 2.5, blood viscosity is also influenced by microcapillary
geometry (e.g. tube diameter). In small capillaries viscosity decreases significantly
when decreasing tube diameter. In literature this phenomenon is also referred as
Fahraeus-Lindqvist effect.

11



In the case of small deformations, blood viscosity is constant. When increasing
shear velocity (gradient of flow velocity), viscosity is decreasing until a constant plateau
is reached. Materials are called pseudoelastic, if increasing deformation causes lower
viscosity. This property is triggered by the presence of RBC and physical explanation is
based on their flexibility and orientation in flow direction.

Haemolysis

Cells cannot be exposed to arbitrary shear forces, since above a critical value
cell membrane is damaged, and intracellular content can enter the plasma. This so-
called haemolysis is a negative effect in experiments. Cytoplasm alters the composition
and ion concentration of blood plasma. Additionally, such proteins can get into blood
flow that is usually observed in the plasma only in diseased cases. This way an artefact
in analytical measurements can be present. By a precise design of device operation
parameters, haemolysis can be avoided. Fig. 2.6 shows the haemolysis index (derived
from photometric plasma-haemoglobin measurements) plotted against shear stress and
exposition time. Exposition time is the period of time until the cells were exposed to a
certain shear load. Damage of RBC is negligible in a wide range, however in case of t <
425Pa and tep, > 620ms, it can be significant [2.17]. Microchannel sizing and initial
flow velocity of blood should be chosen such that shear stresses stay below these
experimentally defined critical values.
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Figure 2.6: Haemolysis index plotted against shear stress and exposition time [2.17].
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3. Fabrication of silicon microfluidic systems

3.1 Introduction to MEMS technology

MEMS (Micro-electro-mechanical systems) are referred as integrated devices or
systems that combine electrical and mechanical components. They range in size from
the submicrometre level to the millimetre level. The construction of MEMS devices
extends the fabrication techniques developed for the integrated circuit industry to add
mechanical elements such as beams, gears, diaphragms and springs to devices.

The three characteristic features of MEMS fabrication technologies are
miniaturization, multiplicity and microelectronics. Miniaturization enables the
production of compact and rugged devices with quick response times. Multiplicity
refers to the batch fabrication inherent in semiconductor processing which allows
thousands or millions of components to be easily and concurrently fabricated.
Microelectronics provides the intelligence to MEMS and allows the monolithic merging
of sensors, actuators and analogue circuitry to build closed-loop feedback components
and systems. IC fabrication technology or microfabrication has so far been the primary
enabling technology for the development of MEMS. Advances in IC technology in the
last decade have brought corresponding progress in the MEMS fabrication processes.
Manufacturing processes allow for the monolithic integration of MEMS structures with
driving, controlling and signal processing electronics. This integration promises to
improve the performance of micromechanical devices as well. The primary enabling
technology for the development of MEMS is based on IC fabrication technology or
microfabrication.

The major steps in IC fabrication technology are film growth, doping, lithography,
etching, wafer bonding, dicing, and packaging.

e Film growth: Usually, a polished Si wafer is used as the substrate, on which a
thin film is grown. The film, which may be epitaxial Si, SiO,, silicon nitride
(S13Ny), polycrystalline Si (polysilicon), or metal, is used to build both active or
passive components, masking, dielectric or passivation layers as well as
conduction bands or interconnections between circuits.

e Doping can be used to modulate the physical properties of the device layer. Low
and controllable level of an atomic impurity may be introduced into the layer by
thermal diffusion or ion implantation, which is also useful as etch-stop layer for
selective chemical etching of the substrate.

e Lithography: A pattern on a mask is transferred to the film by means of a
photosensitive (i.e., light sensitive) chemical known as a photoresist. The
process of pattern generation and transfer is called photolithography. A typical
mask consists of a glass plate coated with patterned chromium (Cr) film and
positioned above the wafer by mask aligning systems.

e FEtching is the selective removal of unwanted regions of a film or substrate for
pattern delineation. Wet chemical etching or dry etching may be used. Etch-
mask materials are used at various stages in the removal process to selectively
prevent those portions of the material from being etched. These materials
include SiO,, Si3Ny4 or hard-baked photoresist.

13



e Wafer bonding is applied to form closed microsystems by attaching silicon
and/or glass substrates to one another.

e Dicing: The finished wafer is sawed or machined into small squares, or dice,
from which individual microchips can be made.

e Packaging: The individual sections are then packaged, a process that involves
physically locating, connecting, and protecting a device or component. MEMS
design is strongly coupled to the packaging requirements, which in turn are
dictated by the application environment. The concept of System-in-Package
facilitates to integrate a wide range of functions into the same microcomponent
as well.

A more detailed description of process steps of MEMS technology is presented in [3.1].

3.2 Role of MEMS technology in microfluidics

In the 1970s when integrated circuit technology has been adapted for the
fabrication of physical sensors e.g. force or pressure sensors initiating the advent of
MEMS era, there was no technical obstacles in making the first simple microfluidic
systems as well. The first miniaturized gas chromatography system was realised around
1975 [3.2]. The proposed device circulated gas through microchannels etched in silicon
and also contained electromagnetic injection as well as thermal detection, all on a single
chip just a few centimetres wide. However, the needs of such developments have not
been in the focus of those involved in silicon technology, therefore this achievement
was individual attempt in that period [3.3]. Only at the beginning of the 1990s got the
advantages of miniaturization into the spotlight. Once again all started with
chromatography applications [3.4], and then all sorts of microfluidic systems began to
be fabricated in a quick pace. Just a few examples from the many almost in
chronological order were electrophoretic separation systems, [3.5], electroosmotic
pumping systems [3.6], diffusive separation systems [3.7], micromixers [3.8], DNA
amplifiers [3.9-3.10], cytometers [3.11], and chemical microreactors [3.12].

In parallel, microfluidics was being used to answer fundamental physical questions,
e.g. first experiments involving the stretching of DNA [3.13] in 1993 and molecular
level investigation has been triggered and lasts even today.

The first microfluidic products commercialized on a large scale were inkjet printer
heads. By parallelizing ejection heads, droplet dispensers can also be constructed and
can be successfully used for chemical or biological analyses. Droplet dispensers at this
time constitute a substantial part of commercial activity in the field of microfluidics
[3.14].

Today’s microfluidics chips are produced by the millions for chemistry and
biology. The advantage of these chips is that they allow a massive number of tests to be
run in parallel, and also provide large amounts of data, which is essential to precisely
characterise a product. This kind of development is inevitably in the search for new
types of medical treatments.

Due to the relative ease and accessibility of many of silicon based technologies, it
has become possible to integrate several elements on the same chip and to create Lab-
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on-a-chip devices. The rapid expansion of the field of microfluidics seems to be driven
in part by the possibility of integration. The ultimate goal is to be able to detect
biological molecules, and transport, mix and characterize a raw sample, all with one
device. In traditional genomic analyses, it was necessary to purify and amplify a DNA
fragment prior to analysis. This pre-treatment required complex laboratory and
highlights the advantage of being able to integrate all these procedures on one chip to
make it possible to directly analyse a raw sample, such as a drop of blood. Achieving
this would require miniaturizing systems such as cytometers, separators, and
bioreactors, and then together. The domain of integrated analysis systems has been
designated as pTAS (micro-total analysis systems) [3.14], or also Lab-on-a-chip (LOC)
systems. The two terms are essentially synonymous. Lab-on-a-chip devices or pTAS
delineate an abundant field that includes analysers of air and water quality, diagnostics
of illnesses, and medical implants etc. The economic possibilities of this field have been
estimated at tens of billions of dollars per year

3.3 Deep Reactive Ion Etching

Deep reactive ion etching (DRIE) is a key technology of recently fabricated
microfluidics and a deeper insight into the physical phenomena is essential to
understand ideas in later paragraphs, therefore in the following section a detailed
description is provided.

Dry or plasma etching is a group of chemical processes, where the etching medium
is produced by the dissociation and ionization of stable molecules or atoms, or through
the formation of chemically active particles. The chemical manner of the process is
determined such that the etching medium and the etched substrate constitute a volatile
reaction product. This etch process has two significant advantages compared to wet
etching. The generation of extremely reactive components (see Fig. 3.1) in the plasma
(chemical etch), the etch rates are remarkably higher and due the possibility of
directional etching, more complex 3D microstructures can be formed.

e
o OFg e =
2 CF3 +F+e-

: lonization:

© CFy #e = CFy*42e~

" Excitation: W
CFy +e —tCl"4'+ i

Dissociative ionization: -
_. EF“ +ET =h 2
CFy*+F+2e— 7

Figure 3.1: Main phenomena taking place in plasma [3.1]

The directionality of etching (referred to as physical etching) is resulted by the
presence of ionized particles in the plasma, which are moved towards the wafer surface
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through controlled electric field in the system. In special cases, chemical etching and
anisotropic physical etching are performed in a synergetic manner intensifying the
effect of one another. Therefore, etch rates higher than the sum of etch rate of individual
components can be achieved.

Currently the most important dry etching process is the reactive ion etching (RIE),
where the following sub-processes take place respectively.

e (Generation of active particles from gas phase by ionization and dissociation
of molecules in plasma glow. Active particles can be neutral species,
electrons, protons, photons, free radicals or ions.

e Evolution of DC self-bias. Silicon wafer is placed on a capacitively coupled
electrode driven by radiofrequency source. Since electron mobility is
greater than that of ions, the electrode becomes negatively charged, also
called as DC self-bias (see Fig. 3.2).

e Transport of neutral active radicals and positive ions from the plasma to
wafer surface. Transport of radicals take place through diffusion, and ions
are driven by DC-bias.

e Adsorption. Reactive species are immobilized on the surface of silicon
wafer. Adsorption can be enhanced by ion bombardment, which removes
the reaction product passivating Si surface.

e Reaction. Chemical reaction is to happen between adsorbed radicals and Si.

e Desorption. By-product should be volatile in order to transport into gas
phase (high partial vapour pressure on substrate temperature). In some
cases, additional ion bombardment can be carried out to remove them.

e Venting. Desorbed reaction product are diffused from the etched surface
into the plasma, therefore they should be removed.

Electrode
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Figure 3.2: Potential distribution in plasma [3.1]

Etching of silicon takes place in halogen-based plasma because of the higher
available etch rate. Gases generally used in DRIE systems are bromine, chlorine or
fluorine. In the system I have worked with (Oxford Plasmalab 100 — see Fig. 3.3)
fluorine based chemistry is used, which guarantees high etch rate, but limited anisotropy
compared to bromine or chlorine. To increase the directionality of etching mechanism,
ion-inhibitor techniques are applied. Etch stopping by-products deposited on the wafer
surface are called inhibitors.
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Most of today’s DRIE systems are equipped by two energy source, one dedicated to
generate plasma, and one used for controlling the translation of generated ions toward
the wafer surface. The first source is usually inductively coupled (ICP), while later one
is capacitively coupled. This way the density of free radicals and ions in plasma, and
energy of ion bombardment can be tuned in independent manner.

During ion-inhibitor procedures, the inhibitor film is necessary to control
directionality of etching. The sidewall of etched structures are less exposed to the effect
of ion bombardment, therefore the film is only removed form the bottom of the
trenches, where Si etching is preformed further. There are several ways of making
inhibitor layer:

e Non-oxidant, silicon.oxihalogen gases (like O,) entering in the reaction
chamber.

e Freezing of non-volatile reaction products on the surface (e.g. cryogenic
cooling).

e Injection of gases producing carbon-halogen polymers in the reaction chamber
(C4Fs in case of fluorine based chemistry).

e Redeposition of etched mask materials (e.g. metal.halogens, resist by-products).

Injection of inhibitor gases can take place in parallel (mixed mode) or alternating
(pulsed mode) way (Fig. 3.4).

CF,molecules

Figure 3.3: Oxford Plasmalab 100 equipment used in Figure 3.4: Schematic of
MEMS Lab in MTA TTK MFA Bosch process
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Pulsed mode is often referred as Bosch process, since Robert Bosch GmbH has
patented [3.15].

In mixed mode usually oxidant gases are used and wafers are cryogenically cooled
in order to reinforce the inhibitor layer. In pulsed mode fluoro-carbon gases responsible
for polymer deposition are initiated into the reaction chamber. This way a highly etch
resistant layer is formed even at room temperature.

3.4 Microchannels in silicon MEMS

In silicon MEMS technology surface and bulk micromachining techniques can be
used to fabricate microchannels utilizing conventional clean lab processes such as thin
film depositions, photolithography, wet & dry etching techniques.

Silicon surface micromachining refers to different techniques using etching of
sacrificial layers or underetching a substrate to form partially released or freely movable
structures [3.16]. The term surface micromachining was originally defined for processes
using sacrificial layers to form thin film microstructures. Recently polymeric surface
micromachining has been introduced, however, in my work I only focus on silicon-
based technologies.

A general surface micromachining process for microchannels starts with deposition
of the sacrificial layer. The channel material is then deposited over the structured
sacrificial layer. After opening etch accesses through the channel wall, the sacrificial
layer is etched to hollow the channel. A subsequent deposition of channel material seals
the hollow channel.

PSG is deposited as a sacrificial layer over a ground silicon nitride layer. The
structured sacrificial layer is then encapsulated by LPCVD silicon nitride. Etch access is
opened with RIE of the nitride wall. After removing the sacrificial PSG, a second
LPCVD process seals the empty channel with silicon nitride. In a similar process, the
channel is underetched resulting in a suspended nitride channel [3.17] (Figure 3.5.a).
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Figure 3.5: Surface-micromachined channels [3.16]: (a) polysilicon channel; (b)
moulded silicon channel; (c) oxide/nitride channel; and (d) metal channel.
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Using the HexSil method [3.18], polysilicon channels can be fabricated with a
silicon mould [3.19]. The mould is fabricated in silicon using bulk micromachining.
Before depositing the channel material, a sacrificial oxide layer is deposited on the inner
wall of the mould wafer. Polysilicon deposition defines the channel wall. Etching away
silicon dioxide releases the polysilicon channel. The moulding approach overcomes the
thickness limitation of the standard surface micromachining process, where the channel
height is constrained by the thickness of the sacrificial layer (Figure 3.5.b).

The moulding approach can be further developed with the silicon substrate as
sacrificial material. Similar to the process of [3.20], the mould is fabricated in a handle
wafer with bulk micromachining. The channel wall is defined by deposition of
nitride/oxide double layer. With silicon dioxide on top, the silicon wafer is bonded
anodically to a glass wafer. Etching away the silicon handle wafer releases the
nitride/oxide channel on glass. If the channel wall is too thin for certain applications, the
surface of the structure on glass can be coated with a thick polymer layer (Figure 3.5.c).

Besides the above moulding approaches, microchannels with reasonable heights
can be fabricated with the process described in [3.21] (Figure 3.5.d). The process starts
with deposition of a metal seed layer on the substrate (e.g. Ni). A subsequent
electroplating process defines the bottom wall of the channel. Next, a thick film
photoresist such as AZ4620 is deposited and developed to form the sacrificial structure
for the channel. Gold is then sputtered on the resist structure as the second seed layer.
Electroplating on this seed layer forms the side wall and top wall of the channel.
Etching the gold layer exposes the sacrificial photoresist. Removing photoresist with
acetone creates a hollow metal channel.

Because of the limited dimension only low throughput microfluidics — even better
to call them nanofluidic systems - can be realised by surface micromachining methods.
Contrarily bulk micromachining methods offer a more reasonable exploitation of
substrate materials, and therefore give a larger freedom for tuning channel profile and
hydrodynamic resistance.

Both isotropic and anisotropic etching can be used to fabricate microchannels in
bulk material such as glass or silicon [3.16]. A variety of cross-sectional channel shapes
can be achieved by combining different micromachining techniques. Since glass is a
familiar material in chemistry and life sciences, microchannels in glass attract attention
of applications in these fields [3.22-3.23]. Glass consists mainly of silicon dioxide and
therefore can be etched with conventional oxide etchants. Channels can be etched in
fused silica wafers using a polysilicon mask [3.22]. The two glass wafers are bonded
together at high temperatures. Channels in other glass types can be etched in fluoride-
based solutions [3.24-3.25].

Isotropic etching in silicon results in channel shapes similar to those of glass
etching. Figure 3.6 show channels formed by anisotropic etching of (100) - [3.26] and
(110)-wafers [3.23] respectively. A glass wafer or a silicon wafer covers the channels
using anodic bonding or silicon fusion bonding. By combining two etched wafers,
different channel shapes can be achieved (Figure 3.6).
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Figure 3.6: Bulk micromachined channels [3.16]: (a) glass-glass; (b) silicon-silicon;
(c) glass-silicon; (d) glass-silicon; (e) siliconsilicon, (f) silicon-silicon; (g) glass-
silicon, and (h) glass-silicon.

The microchannels described in Figure 3.6 have drawbacks of wafer-to-wafer
bonding. For channels shown in Figures 3.6(a—h), misalignments and voids trapped
during bonding processes can change the desired shapes and consequently the device
function. Therefore, fabrication of covered channels in a single wafer is increasingly
important. The general concept of these methods is to fabricate a buried channel in a
single substrate and to cover the etch access with a subsequent deposition process.

Figure 3.7 describes the basic steps of making a buried channel in (100) wafer. To
start with, a highly boron-doped silicon layer with a doping concentration higher than
7x10" cm is used as mask layer for the subsequent wet etching process. Etch accesses
are opened by RIE through the highly boron-doped layer. The buried channel is etched
by EDP, which does not attack the boron-doped layer. After anisotropic etching, the
access gaps are sealed by thermal oxidation. The final deposition of silicon nitride
covers the entire structure [3.27]. The burying depth of the channel described above
depends on the thickness of the highly boron-doped layer, which is a maximum 5-10
pm due to limits of diffusion processes.
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Figure 3.7: Buried channel with highly boron-doped silicon layer as cover [3.27]: (a)
boron doping; (b) opening etch access, anisotropic wet etching, and (c) deposition of
silicon oxide and silicon nitride.

As Deep Reactive lon Etching techniques appeared in the middle of the 1990s, dry

etching has gone through revolutionary change in microtechnology. As a result,
combination of anisotropic and isotropic dry etching techniques has been developed to
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fabricate microfluidics. In this field a milestone was established the concept of buried
channel technology [3.28] using highly anisotropic dry etching techniques. The
advantage of the method is that the entire volume of the substrate can exploited, which
is a key property regarding the decreasing size of today’s neural implants. Since then
several applications has been proposed in the literature [3.29-3.32], however, attempt to
optimize the original process flow in order to utilize it in devices with complex
functionalities has not been made. Appendix A describes the concept of this technique.

In my work, an optimized fabrication process of the original channel formation
concept is presented, which eventually results in superb surface planarity above the
sealed microchannel. My proposed technology is suitable for being integrated into
hollow silicon microprobe containing electrodes of small feature size.
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4. Development and characterisation of drug delivery system
for Si microprobes

4.1. History & advances in silicon microprobe technology

The initial use of microelectrodes in neural investigations dates back to the 1950s.
Since then, single wire metal microelectrodes have been extensively applied in field of
electrophysiological measurements mainly in extracellular environments. Metal
electrodes generally contain an insulated metal wire except for the tip of the wire which
serves as the recording site for electrical signal collection [4.1-4.2]. By 1970s, a
breakthrough in fabrication technology emerged when Wise and his group took
advantage of integrated circuit microfabrication techniques and reported the use of the
first silicon-based microprobe to interface neural tissues [4.3]. Since this pioneering
work, silicon micromachining techniques has become a leading fabrication technology
to realise and develop neural probes and probe arrays in the microscale [4.4-4.8] and
eventually contributed to the establishment of the field of Neural MEMS or
NeuroMEMS. Recently, polymer based microprobes have received more attention
because of the emerging of simple and inexpensive fabrication process, flexibility and
biocompatibility [4.9-4.10], however, the reign of silicon based probes is sustainable
due to reproducibility and large scale integration of several functions such as read-out
electronics, fluidic or optical systems [4.8].

The fabrication of silicon neural probes is based on thin film deposition (including
deposition of a metal layer on an insulated substrate) and subsequent patterning of the
deposited layers by photolithographic techniques to form recording sites or read-out
pads for interfacing external signal processing units. An insulating thin film is finally
deposited over the realised microstructure and patterned providing open access to
recording sites and bonding pads. The role of the substrate is definitely to provide
mechanical support during surgical implantation.

The introduction of MEMS technology including both surface and bulk
micromachining techniques significantly standardized the fabrication of microprobes
with well defined probe shafts and precise placement of recording sites [4.11]. The
issues of manual or non-automated microprobe production have diminished by silicon
microtechnology featured by high accuracy, repeatability and batch production at a low
unit cost. Inherent property of silicon micromachining is the possibility to integrate
signal processing circuitry [4.12] or microactuators driving the electrode shaft in order
to track the neuron movement [4.13]. The use of silicon photolithography process allow
excellent control over the recording site size, shape and spacing enabling multiple
recording sites to be placed at variable heights on a single electrode shank. Such ability
allows insertion of a large number of recording sites in a small volume which is not
possible with metal wire arrays or bundles. Inclusion of integrated circuits can be
performed directly on the probes and offers benefits in terms of better signal
acquisition, reducing power line interference, and ultimately reducing the overall probe
size by reducing the electrical cable sizes [4.14].

A silicon-based in-plane probe used widespread in the detection of neural activity is
the Michigan probe [4.15] (also see Fig. 4.1). The fabrication process of Michigan
probes is based on anisotropic etching with ethylene diamine pyrocatechol (EDP)
utilizing a boron-etch-stop. The process takes advantage of the fact that the etch rate for
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p-type silicon is much slower than for un-doped silicon. Boron doping is first performed
on silicon by ion implantation or diffusion to define the shaft thickness in the substrate
and followed by EDP wet etching to release the probe shafts by having a rounded cross-
section and a rounded sharpened tip.

4
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Figure 4.1: Single and multi-shaft Michigan probes [4.15]

Metal recording sites can be formed by gold, platinum, or iridium deposition. The
final insulation on the top is made with triple layers of silicon dioxide, silicon nitride,
and silicon dioxide. Finally, the interconnection is made with a 4-5um thick polysilicon
cables which are reported as weak cables and easy to break leading to lower yield for
long lengths because of the high aspect ratio and lack of robustness [4.15]. Michigan
probes have been successfully used in a number of neuroscience applications, but they
also suffer from some disadvantages related to probe thickness and durability.
Mechanical weakness of the probes may lead to crack and shatter and may cause severe
damage and disturbance to the brain tissue during insertion.

Another well-known silicon based-probes incorporating multiple-electrode arrays is
the Utah type microelectrodes [4.16-4.17] (Figure 4.2). The Utah electrode arrays are
usually micromachined from 1.83mm thick boron doped silicon substrates. First, a
diamond dicing saw is applied to make a grid pattern of several hundred micrometer
deep grooves on the surface of the substrate. The electrode bases are sealed by
deposited glass. Electrode columns are then formed by additionally sawing a grid on the
other side of the silicon wafer and also separated by glass insulation. Wet chemical
etching provides smoothes pillars and creates sharpened probe tips. Tips are then coated
with metals (Au, Pt tor Yr) for recording. At the end, polyimide is used to cover probes
as insulation layer. The Utah electrode arrays are out-of-plane electrodes as opposed to
all other silicon neural probes which are in-plane (horizontally oriented) electrodes. As
a result, the probe length of the Utah electrode arrays is quite limited by the thickness of
the silicon wafer.
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Figure 4.2: Microscopic view of Utah electrode array (a.) and its tip shape (b.)
[4.16].

Recently, SOI (Silicon-on-Insulator) wafers have become popular, which are
produced by placing a thin, insulating layer such as silicon oxide (Si0O,) sandwiched
between a thin layer of silicon (device layer) and the silicon substrate (also called as
handle wafer). SOI based neural probes employ the buried SiO, layer as an etch-stop
layer. Both wet [4.18] and dry [4.19] chemical etching process exist, where etch rates
for SiO, are much lower than for silicon. The handle wafer is etched through from the
backside in order to release the probe shaft. This means that the probe shaft thickness is
limited by the thickness of the device layer of SOI wafers. Different techniques have
been used to develop neural probes using SOI wafers starting with the use of backside
wet-etching using potassium hydroxide (KOH) solutions. Plasma etching technology for
silicon was also employed which led to the establishment of new fabrication processes
to develop neural probes. Plasma etching is a physical-chemical dry etching technique
which offers several advantages over traditional wet etching including more reliability
and yields a smoother and cleaner etched surface. The plasma etching also has other
advantages including relative insensitivity of the etch rate for silicon to its electrical
conductivity, less corrosion problems for metal features in the recording sites, and less
undercutting and broadening of the photoresist features. Therefore, the use of SOI
wafers combined with plasma etching technique provides a good control over the final
probe thickness compared to using wet etching with a boron etch-stop.

More recently, novel approaches of fabrication microprobe arrays have appeared
embedding single silicon shafts in a matrix [4.20-4.21].

In the following chapters my contribution to the buried microchannel development
both in fabrication and integration technology is detailed. A preliminary characterisation
on channel geometry as well as my experimental investigation on mechanical behaviour
of hollow probes and fluidic functionality is also involved.
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4.2 Development of drug delivery system in silicon microprobes
4.2.1 Fabrication of buried microchannels

The advantage of the concept of buried channel technology is that a network of
sealed microchannels can be formed at different depths in bulk silicon. A summary of
the currently known and applied technology can be found in [4.22] and also presented in
Appendix A. The process starts with a DRIE step of a narrow trench. After the trench
wall is protected by SiO, or SiNy deposition, the protective layer at the bottom of the
trench is removed by a RIE process to allow the formation of the channel by either
anisotropic or isotropic wet or dry etching step.

Major properties considered for improvements or simplifications are as follows:

* All alternative process flows demonstrated used thermal SiO, (or LPCVD
SiNy) + Cr double layer as a mask in the first step.

* All of the process flows required protection of the coating layer using a
combination of an additional pre-etch step and a sacrificial layer etch, which
also limits surface planarity above the microchannels.

* Inall cases costly cryogenic ICP-SF¢ plasma etching was used for the Si DRIE
of the trench.

*  Si0O,, SiNx etch were performed by a RIE, which resulted in greater mask
erosion.

In Appendix A my simplified process flow is compared to the traditional
technology proposed by de Boer et al [4.22]. Several steps of Scheme 1 (a combination
of Cryogenic DRIE and isotropic dry RIE-SFs recipe), have been enhanced. Detailed
process parameters of the applied etch recipes are shown in Table 4.1.

In my work, all the etching step (including both Si0, & Si etch) was performed in
an Oxford Plasmalab System 100 ICP 300 type DRIE.

Initial substrate is a (100) single-crystalline silicon wafer. It should be noticed that
the crystallographic orientation and resistivity of the silicon substrate are not critical
(step 1). As a masking material for Si etching, thermally grown wet oxide and SPR220
photoresist are used. Since a highly selective ICP process is applied for pattern transfer,
no additional Cr layer is necessary (step 2). Pattern transfer is completed by a dry etch
of S10, masking layer in C4Fg + O, plasma was used for pattern transfer (step 3). In my
optimized process no under-etching or sacrificial layer etch is needed, in contrast with
Step 3 of the traditional BCT process. In the next step a room temperature Bosch-
process is used for deep trench etching (step 4), which is more robust and cheaper than
the cryogenic DRIE of the traditional technology. Aspect ratio better than 1:25 can be
now achieved using the Bosch-process [4.23]. The surface roughness of the walls,
originating from the sequential passivation/etch steps, is approximately 150nm.
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Deep Si etch — Bosch Highly anisotropic

SiO; etch process (passivation/etch) SiO, etch Isotropic Si etch
Process step Step 3 Step 4 Step 7 Step 8
Pressure 8mtorr 30mtorr / 40mtorr 30mtorr 40mtorr
ICP power 2000W - 750W - 750W
'('SFSBmS - W / 8W - 8w
RF power 100W - 200w
C4Fs flow rate 36sccm 100sccm / - -
O, flow rate 4sccm - -
SFg flow rate - -/ 150sccm - 150scem
Ar flow rate - - 20sccm
gt-'er flow - - 30sccm
Etch time - 4sec / 9sec (cycle time) 5min 5min

Table 4.1: DRIE etch parameters. A standard cubic centimetre (sccm) is defined as the
volumetric flow rate at calibration reference conditions of 1013.25 hPa and 0°C.

As Fig. 4.3 presents, this roughness causes no problems in the following etching
steps. After preliminary trench etch a 100nm thick thermal SiO, is grown on the
substrate (step 5), which also removes the residual fluorocarbon-polymers from the
passivation step of sidewalls during Bosch-process.

Figure 4.3: Open channels after the isotropic etch of Si.

Electron beam evaporation of a 100nm thick Al layer follows the oxidation (step 6),
which will act as a protective coating not only for the planar surfaces, but also for the
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trench edge and the rough sidewall as well (Fig. 4.4). The beneficial effects of the Al
layer are detailed later in this chapter.

Figure 4.4: Aluminium step-coverage in the close vicinity of the trench opening

In order to remove the SiO; protection layer from the bottom of the trench, an
anisotropic etch recipe using CHF; + Ar plasma chemistry is utilized (step 7). The
formation of microchannels (isotropic Si etch) is carried out in SFs plasma (step 8).
During the isotropic Si etch step, the thermally grown 100nm oxide becomes partially
free standing, but still mechanically stable. No bending of the material occurred, which
could otherwise close the trench and reduce the etch rate. Wet etching of the sidewall
protection in BHF for 10 minutes removes both Al and SiO, protection layers (step 9).
Fig 4.3 shows a cross-sectional image of the channel before filling. After dehydration of
the wafers at 300°C, an LPCVD process is applied for closing and sealing of the
trenches by poly-Si deposition (step 10). An additional annealing of the poly-Si layer at
1000°C reduces the stress in the deposited layer. A cross section SEM image of a sealed
channel is shown on Fig. 4.5.

v
Microchannel “

Figure 4.5: Cross-section of a buried microchannel after the sealing by LPCVD poly-Si
deposition is completed.
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The 100nm thick aluminium masking layer was deposited in order to protect the
edges of the trench during both the anisotropic dry SiO, etching and the isotropic Si
etching steps. Since the step-coverage of electron beam evaporation is poor in case of
trenches with a small feature size, the bottom of such structures (width close to the
micron range) is left almost uncovered, so anisotropic dry oxide etching is not affected
significantly [patent pending — 4.24].

The analysis of the step coverage of the evaporation process was carried out using
the planetary evaporation model of SILVACO Virtual Wafer Fab [4.24a]. Model
parameters were adjusted according to the experimental setup of the Varian 3120
vacuum chamber. Al coverage versus aspect ratio at various trench widths was
simulated by the Elite module and is presented by Fig. 4.6.

0.35 T T T T T T T
& —&—w= 500nm
03k —H—w = 1000nm |
\ —G— w = 2000nm
05 | 3
02t lll -
d,/d. \
otsp XK |
'II. \_\.
4
01 \ N .
QB L
\ e —
005k N . — 4
B B ~ —_—
— T T
0 _\;.‘_‘—_‘—\_—.L—.____‘_E 4
_DDS 1 1 1 1 1 1 1
0 10 20 K1 40 50 60 70 80 a0
aspect ratio

Figure 4.6: The thickness of Al layer deposited at the bottom of the trench strongly
depends on the width (w) and the aspect ratio of that — Al thickness on the plane wafer
surface and at the bottom of the trench is denoted by dy (100nm) and d), respectively.

Images on the step-coverage in the close vicinity of the trench edges are shown on Fig.
4.4.

The Al passivation of the trench edges also modifies the characteristics of the
subsequent etching steps. Different masking layers in DRIE processes can influence not
only the etch profile but the etch rate as well [4.25-4.26]. Al can easily heat up due to
eddy currents, so local rising of temperature might cause increasing etch rate as well as
directional changes.

The aspect ratio of the trenches also influences the etch rate. If the aspect ratio is
increasing, a thinner Al layer will be present at the bottom of the trench, which affects
the anisotropic oxide etch cycle significantly. On the other hand, due to the physical ion
depletion and bowing, the effect of diffusion on the supply of reactants to the bottom of
the trench, and consumption of reactants at the trench sidewalls is limited [4.25, 4.27],
therefore smaller openings are etched slower. These two phenomena are supposed to
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result in a compensation of aspect ratio dependent etching during the isotropic Si etch
(channel formation). The above statements are still being thoroughly investigated in
order to determine safety margins of the proposed technology.

The final microstructure after isotropic Si etch of the sample is shown on Fig. 4.5.
Some unique features of the proposed method of edge passivation can be concluded as
follows:

* Due to the step-coverage of e-beam evaporation, trenches, channels or reservoirs
of larger feature size (aspect ratio < 5) on the wafer are substantially protected
by the aluminium layer from being etched during isotropic Si etch in SF¢ plasma
(step 8). The effect is apparent on Fig. 4.7. That property enables to form the
fluidic inlets simultaneously with the channels using the same lithography step.

» Further advantage of the proposed edge-protection method is that wafers can be
exposed to long Si and SiO; etch cycles due to the high selectivity of both the
anisotropic dry oxide etch and the isotropic dry Si etching [4.28] to the Al +
SiO, masking double-layer. As a result, the formation of microchannels buried
deeply below the surface (aspect ratio > 30, at a depth of even 150um) of the
silicon substrate is possible.

» The most apparent benefit of the modified technology is not only the optimized
process flow, but the protection of the surface planarity. While under-etching has
practically disappeared from the vicinity of the edges, the poor quality of the
surface topography above the filled trenches is reduced as well below the
micrometer range (see Fig. 4.8). Average depth of the orifices is in the
200-300nm range, while the depth realized by de Boer et al. was approximately
5-10pm.

Figure 4.7: Profile of the isotropic Si etch
of a fluidic reservoir (the Si etch is
practically inhibited on the surfaces
covered by the evaporated aluminium
layer).

Figure 4.8: Close SEM view on the
surface profile of a sealed trench. It is
apparent that the size of the orifice is well
below the micron range.

Fig. 4.9 shows a cross-sectional view of a fluidic channel fabricated by the new
planar process (a.), and one realized by the traditional technology, while no protection
of the coating layers is performed at all (b.). In the first case, the reproducibility and
controllability of the process is not reliable. My enhanced process results in a well-
controlled, planar poly-Si surface, which enables the further CMOS processing after
buried channel formation is complete.
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Figure 4.9: Sealed microchannels fabricated by the improved technology with mask
protection (a.), and by the original technology, but without mask protection (b.). On the
right SEM picture, the collapse of the under-etched masking oxide layers around the
trench opening can be clearly seen.

In my work, it was aimed to make improvements and simplifications in the
microfabrication technology of silicon buried microchannels. The edge protection of the
trenches before the anisotropic dry oxide etch was achieved by a simple aluminium
evaporation step, which finally resulted in excellent surface planarity above the sealed
microchannels. In my enhanced process flow, an additional Cr mask is not necessary,
and both pre-etch cycles and sacrificial layer etch steps can also be omitted. Moreover,
the applied ICP etch recipes results in less damage of the masking layer [4.29].
Introducing a room temperature Bosch process instead of cryogenic or mixed mode
DRIE the whole process flow becomes more cost-effective.

The sealing properties of the microchannels can be improved further by testing
some emerging technology development including tapering [4.30] or sidewall
smoothness [4.31] of Bosch-process.

The proposed development contributes to the integration of the buried
microchannel technology into the fabrication scheme of hollow silicon neural
microprobes with high-density electrode system for deep-brain stimulation applications
[4.32].

4.2.2 Fabrication parameters vs. microchannel shape

Etching mechanisms

When etching high aspect ratio (AR) trenches into silicon with reactive ion etching,
it 1s observed that the etch rate is depending on the feature sizes. Therefore smaller
trench openings are etched slower compared to wider ones. This effect is known as RIE
lag or ARDE (aspect ratio dependent etching) and is caused by the depletion of etching
ions and radicals or inhibiting neutrals during their orbit in a trench [4.25-4.27, 4.33].
We can use the RIE lag to create trenches with different depth, e.g. buried channels
defined by narrow (1-2pum) openings can be placed shallower, while fluidic inlets with
larger feature sizes will be etched much deeper, which can be useful to establish the
fluidic connection to an outer interface. This effect is also shown on the schematic
illustration of the process flow in Appendix A.
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Channel formation takes place in SF¢ plasma. The SF¢ etch can be described as a
highly chemical and radical-dependent etching mechanism [4.34]. Since the pure SFs
plasma lacks any passivation mechanisms above room temperature, the final etch
profiles are almost isotropic. The etch process is generally considered to be chemical,
where the rate-limiting step is desorption of the etch products. In this process the ion
flux to the surface enhances the etch rate by assisting desorption. Since the ion flux
works upon the etch rate, Si etch in SFs will be influenced by shadowing effects at the
bottom of a trench. This shadowing effect depends on the ion angular distribution
caused by ion collisions [4.26] and the AR of the trench.

Dry etch profiles

Based on the above discussed etching mechanisms the following observations are
made about the channel etch and geometry.

AR dependent etch rate: using cross sectional SEM profile analysis we observed
decreasing average etch rate with increasing aspect ratio. I suppose that this is the same
mechanism that causes the RIE lag, the depletion of etching ions and radicals. Fig. 4.10
shows the tendency that we observed in my experiments.
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Figure 4.10: Change of etch rate vs. final geometry of the trenches.

AR dependent anisotropy: Fig. 4.11 shows two cross sectional SEM image of the
microchannels before the trench-filling step. Etch rate in the horizontal direction slows
down with increasing AR because of the shadowing of the ionic flux component. The
deeper the trench is, the more anisotropic the channel will be while using the same
plasma conditions.
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Figure 4.11: Profile of DRIE etched buried channels before trench-filling in case of
aspect ratios 4 (a.) and 14 (b.).

Fig. 4.12 shows the vertical and horizontal etch rate versus the AR. Both etch rate
slow down with increasing AR. The vertical component is influenced mainly by the
depletion of the radicals. The horizontal etch rate is decreasing faster than the vertical,
causing a more anisotropic profile of the channel with increasing depth. I suppose that
the horizontal etch rate is influenced not only by the depletion of the radicals, but a
highly decreasing horizontal ion flux is superposed, originating from the shadowing
effect of the trench wall [4.27]. Since the ion flux to the surface enhances the etch rate
by assisting desorption, reduced ion flux will cause lower etch rate.
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Figure 4.12: Change of etch components vs. final geometry of the trenches. Trench
width is 2um.
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4.2.3 Integration into neural microprobes

Probe layout

Mask layout was designed as individual probes attached to a silicon frame
contained single shafts capable of penetrating the brain, and the bonding pad area. The
overview of an entire silicon wafer with the probes and frames is shown in Fig. 4.14.

Shafts were 15-70mm long with several widths (200um, 400pum) and thicknesses
(200pum, 400um). On the shaft there are 4 and 16 square-shaped (30umx=30um) exposed
Pt contact sites for extracellular potential recording with equal centre to centre distances
of 100 um. Each recording site is electrically connected to a bonding pad, via 6pm-wide
conductive wires with Spm-wide gaps between them.

Figure 4.14: Through-wafer etched microprobe before complete release (a), realized
silicon deep-brain probes with 15-70mm shaft length (b).

Overview of the fabrication process

Four photolithography masks were used to define the planar microstructure and the
shape of the probe. All masks served for front side micromachining and defined the
buried microchannels, the conductor and passivation layers, and the shape of the probe
shafts. The formation of microchannels has been detailed in Chapter 4.2 and illustrated
by Appendix A, therefore in this section the steps of the proposed microprobe
technology are continuously explained after channels have been sealed by LPCVD
poly-silicon.

After deposition of the initial insulation by thermal oxidation and by LPCVD of
low-stress silicon nitride, the conductor layer was deposited by sputtering and patterned
by lift-off technology. TiOx and Pt sputtering were used to form the adhesion and
conductor layers [4.27a]. This was followed by depositing and patterning of the
insulation and protection layers, which define recording sites and bonding pads. Probe
shafts and microfluidic inlets were formed and released by through wafer etch using
deep reactive ion etching through metal mask.
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Formation of the insulator and conductor structure of the probe

Silicon wafers containing the buried microchannels (Step 1, Appendix B) were
oxidized in wet atmosphere at 1100 °C in order to grow a 1000nm thick thermal SiO,
layer on the substrate (Step 2). A 300nm thick low-stress silicon nitride (SiNy) film was
then deposited by LPCVD at 830 °C (Step 3). Note, that each layer is removed by
buffered HF and phosphorous acid from the backside before further processing.

A sacrificial Al layer was used to define the pattern of the TiO,/Pt conductor path
via a standard lift-off process (Steps 4-6). First, the 300nm thick sacrificial Al layer was
deposited by electron beam evaporation. This was followed by the first
photolithography and etching steps defining the negative pattern of the conductor path.
In the next step, the photoresist layer was left in situ. The conductor layer consisted of a
15nm thick adhesion layer of TiOx formed by reactive sputtering of Ti in an Ar/O,. In
the same vacuum cycle, 270nm thick Pt was sputtered on top of TiOy. The photoresist
together with the overlying TiO,/Pt layer was removed using acetone. The Al layer was
etched away as before, to complete with the lift-off process. In the next step, 300nm
thick SiO, and SiNy layers were deposited using LPCVD at 430 °C and 830°C
(Step 7-8) respectively. Contact and bonding sites were defined by additional
photolithography step followed by selective S10, and SiNy wet etching process in NH4F
buffered HF and phosphorous acid until the total removal of the oxide and nitride layers
(Step 8).

Formation of microprobe shaft

The probe shaft and inlet reservoirs were micromachined by dry etching using
Bosch recipe in a DRIE chamber. Masking layer was standard photoresist on the front
side, while the etch stop layers were electron beam evaporated aluminium and
subsequently spin-coated photoresist (step 10), which provided good thermal and
mechanical distribution along the etch process.

The final microstructures have been analysed by SEM and optical microscopy.
Results are illustrated by Fig. 4.15 & Fig. 4.16.

One can conclude that the integration of microfluidic and electric functions in the
probe shaft has been successfully completed. The proposed process is the first
demonstration of a hollow silicon microprobe fabricated by DRIE in a single substrate.
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Figure 4.15: Hollow silicon microprobes realised by deep reactive ion etching and
containing both fluidic ports and electrical recording sites
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Figure 4.16: a) Optical microscopy image of the Pt wiring and the silhouette of the channel
closures b) Cross sectional SEM image of the monolithically integrated drug delivery channels
4.3 Mechanical performance of Si microprobes
4.3.1 Impacts during medical implantation

During medical implantation, the puncture of dura mater makes great demands on
the microprobe itself [4.35]. The possible removal of dura is not preferred since
regeneration or local infectious reactions may cause inserted probes to fail. Therefore it
1s essential to design probe geometries that can withstand the mechanical impact during
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insertion and can provide precise drug delivery and/or electrophysiological detection
simultaneously as well.

Based on the requirements for puncturing, it seems obvious to design as robust
probe as possible to avoid buckling during insertion. This is not as simple, since another
dominant implantation parameter dimpling occurs. Dimpling is generally defined as the
distance what is covered by the microprobe’s tip from touching the surface of dura
mater until puncturing that. Dimpling can be considered as a significant issue because
of the so-called TBI (traumatic brain injury). TBI leads to cell death in case of traumatic
impacts on brain tissue (e.g. compression). When dimpling is relatively great, transport
through capillary vessels to cortical cells stops. Since these cells do not have any
supplementary resource to function, but only blood, even a short period
(1-2min) of circulation disorder results in irreversible damages and poor gain of
neuronal activity during electrophysiological measurements [4.36].

If penetration force and dimpling parameters are to be measured, one should know
about how the circumstances of measurement affect the collected data.

Conditions of surgery are of key importance regarding the quality of tissue
microprobes are facing during insertion. One can conclude that realistic measurements
are likely to be resulted from in vivo experiments. In situ and ex vivo implantation
significantly decrease force values, giving false impression on the insertion mechanics
of microprobes [4.37]. Experiments have also proved that the removal of dura and pia
mater also reduces tissue resistance [4.38]; however, because of the above detailed
physiological reasons, these layers are left intact during my measurement. As Noort
[4.39] and Gefen [4.40] has demonstrated in case of human and rat respectively, the
biomechanical behaviour of dura mater is age-dependant. Even one order of magnitude
can be the difference in measured force data in rat surgery.

Microfabrication of microprobes can also advantageously affect the implantation
parameters [4.41]. The cross-section and tip are the key geometric properties of any
realised probe. Generally larger cross-sectional area induces larger penetration
resistance of the tissue [4.42], and smaller tip angle makes the insertion easier [4.43],
however, mechanical responses show a great variety for different fabrication
technologies. Tip angle on the other hand cannot be reduced arbitrarily, since the
asymmetry makes the probe deflect as being implanted reducing necessary load to
fracture [4.44].

In many cases manual insertion of microprobes is performed, however, a controlled
way of implantation can protect tissue from harsh impact [4.45]. Pneumatic [4.46] or
spring-loaded [4.47] inserters can provide small load on dura, but they cannot offer
further and controlled movement inside the tissue after insertion.

Silicon as structural material is still in the focus of microengineers of neural probes
(for more details see previous chapters), however, in spite of the significance of the
above issues during insertion, only a few attempt has been made to thoroughly
characterise single-shaft silicon probes from the point of view of mechanical loading in
vivo [4.38, 4.48].

In my work, silicon microprobes were designed and fabricated with a length
covering the possible mammalian applications of the near future. The integration of
drug delivery is based on the fabrication method detailed in previous chapters. The
mechanical response to axial loading of non-hollow and hollow DRIE etched
microprobes and discussion on experimental results is presented in the following
chapters.

36



4.3.2 Experimental methods

Fabrication parameters

The length (1.5-3-5-7cm), width (200 um & 400um) and height (200 um &
400um) of the sample probes were systematically varied (Fig. 4.17), while the angle of
inclination of the tip was kept at 30°. Probe tip of a typical DRIE etched sample is
illustrated by Fig. 4.18.

However, the fabrication process is independent from the selection of
crystallographic orientation, in order to take advantage of the substrate material
regarding the mechanical robustness of the probe as much as possible, all probe shafts
were positioned parallel to <100> crystallographic direction along the silicon wafer
resulting in maximal Young-modulus [4.49].
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Figure 4.17: Silicon microprobes of several Figure 4.18: SEM view of the tip of the
dimensions; length: 1.5-7cm, width: 200- realized microprobes.
400um.

Notation Probe width Probe thickness
(pm) (nm)
200x200 200 200
200x400 400 200
400x200 200 400
400x400 400 400

Table 4.2. Description for sample notations.

Fracture test method

The response of the microprobes to axial loading was tested by the experimental
setup shown in Fig. 4.19. Probe base was clamped in a fixed position, while the tip was
placed in a V-trench fabricated in a PMMA fixture which conveys the force to the
measurement system and does not facilitates the sliding of the tip, but allows torsion. In
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all direction, micrometer precision racks supported the maintenance of eccentricity
during experiments. Loading was monitored by an Andilog CENTOR Force Gauge
[4.50] providing 1mN resolution. The final fracture values were derived from the
average of at least three consecutive fracture force measurement of probes bearing the
same geometric features.

In order to investigate the influence of the integrated microchannels on the
mechanical stability of the probe, both non-hollow (as reference) and hollow probe

shafts were analyzed.
In order to investigate the influence of the integrated microchannels on the

mechanical stability of the probe, both non-hollow (as reference) and hollow probe
shafts were analyzed. Optical and electron microscopy was also used to evaluate failure

properties.
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Figure 4.19: Experimental setup for fracture test of silicon microprobes

In vivo method

Seven 3-4 months old Sprague Dawley rats were used for in vivo mechanical
experiments. All procedures were conducted according to the Animal Care Regulations
of the Institute of Cognitive Neuroscience and Psychology, Research Centre for Natural
Sciences, Hungarian Academy of Sciences. A mixture of 37.5 mg/ml ketamine and
Smg/ml xylazine at 0.2 ml/100 g body weight injection volume was applied as initial
anesthesia via intraperitoneal injection. Body temperature was maintained at 37 °C
throughout the penetration experiments. Animals were mounted in a stereotaxic frame
and a 4 mm diameter craniotomy was performed in order to have access to cortex. Dural
surface was cleaned by sterile saline and was left intact, and it served as reference point
for calculating the penetration depth, which was 3mm throughout all the experiments.
We used Bregma for the determination of the anterioposterior and mediolateral

locations of the implantations. Implantation sites were chosen such that ventricles were
avoided along the implantation tracks. Both left and right hemispheres were used, since
both of them are considered similar, regarding tissue mechanics. A maximal number of
six insertions from at least Imm from one another were performed per hemisphere in
order to minimize parasitic phenomena. When a depth of 3mm was reached, inserting
motion was stopped, and after 1 minute probes were retracted with the same speed as
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used for insertion. At the end of each experiment, animals were sacrificed by
overdosing the above mixture of ketamine/xylazine.

Microprobes were fixed in a custom-designed holder, which was attached to an
Andilog Centor Easy type force gauge (measuring limit: 10N, resolution: ImN). Finally
this setup was mounted on a stereotaxic frame. The vertical position of the probes was
adjusted by a Gamma type stepper motor (1.8° step angle). The measurement setup for
in vivo insertion is shown in Fig. 1. Stepping units of the motor was 10um, while
stepping precision was 1pm. Data acquisition was performed by a Labview controlled
measurement system through a NI digital I/O card by a sampling rate synchronised to
the actual stepping frequency of the linear motor. Noise level of the thereby constructed
insertion system was found to be approximately ImN. This noise level is too high to
make reliable evaluation in the retraction phase; however, it is sufficiently low to
analyze penetration force during tissue puncturing. Insertions were performed at
constant speed. Penetration speeds were determined as 1.2, 3, 5.25, 7.5 and 10.5
mm/min. Before each insertion, the probes mounted on the load cell were lowered by
Imm until getting contacted with the tissue surface for baseline recording. The probe tip
was considered to reach the surface of dura, when the measured force values exceeded
the noise level. Dimpling was measured from this point until the maximal force was
applied (penetration force). Buckling of the probes was not observed in the case of any
insertion experiments. In each case of geometric variation and insertion speed, at least
two insertions were carried out (except for sharpened samples), recorded and evaluated
by descriptive statistical methods.

<—— Force gauge

Figure 4.20: Experimental setup for in vivo testing of penetration mechanics

4.3.3. Fracture test results

Characterisation of non-hollow microprobes

Non-hollow microprobes of given cross-sections were tested to see the effect of contour
parameters on mechanical behaviour independently from the case involving an
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integrated microchannel. The measured fracture forces belonging to the realised probe
geometries are shown in Fig. 4.21.
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Figure 4.21: Measured fracture plotted against probe length in the case of several
cross-sections (width x thickness). The y axis is illustrated by a logarithm (base two)
scale.

The measured set of data suggests that increasing one of the cross-section
dimension of the probe shaft by n times, the fracture force reduces by approximately n’
times. Obviously, smaller cross-section means reduced mechanical stability, however,
larger amount of measured values are required to make established statements in this
regard.

On the other hand, it is apparent that boundary conditions (e.g. fixation of the
probes) have an effect on the results, since force values in case of samples *200x200’
and ’200x400’ are in the same range. Moreover, the fracture forces experienced at
samples of the same cross-section (’200x400’ and ’400x200°) differ significantly. The
above observations suggest that surface area perpendicular to buckling dominates the
load bearing properties of the probes.

The measured curves also show that fracture force depends upon the length according to
the function 1/x*. That suggestion is confirmed by the fitted curve on Fig. 4.22.
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Figure 4.22: Fracture forces normalized according to the greatest measured value of
specific cross-section.

Characterisation of hollow microprobes

Hollow probes were also tested under the same conditions as non-hollow ones.
Fracture forces for hollow and non-hollow probes with cross-section of ‘200x400’ are
presented in Fig. 4.23. The integration of a microchannel significantly deteriorates the
robustness of the probe. The micrograph of the microchannel cross-section is illustrated
as part of Fig. 4.23. The differences in the measured values are approximately as much
as 80% in the case of each probe length.

I noticed that the cross-section ratio of the microprobe and microchannel also
affects the results. Microchannels of the same parameters integrated in a microprobe of
400pum x 400pm dimensions cause 2.5-3 times lower deterioration in fracture forces
than in the case presented in Fig. 4.22.
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Figure 4.23: Semi-log representation of the comparison between fracture force
belonging to hollow and non-hollow probe shaft series. The y axis is illustrated by a
logarithm (base two) scale.

A preliminary experiment was carried out to see how the position of microchannel
in the substrate influences the vulnerability of the hollow probe. Fig. 4.24 shows the
schematic representation of test structures A and B with different microchannel
location. According to my results (Table 4.3.), further improvement can be made if the
axis of microchannels is moved from the central axis of the probe (by 100um in my
experiment). I suppose that mechanical stresses are concentrated on the edges, therefore
mechanical performance of hollow probes can be enhanced if microchannels are placed
relatively far from critical edges (e.g. tip) of the shaft.

Probe Non-hollow Hollow Hollow /—JT

length probe (mN) probe A probe B T T
(cm) (mN) (mN) i
1.5 1061 233 773 J B

3 504 150 249 c i

Table 4.3: Fracture forces in case of different  Figure 4.24: Schematic

microprobe samples (cross-section is 200 um representation of test
x200um). Hollow probe A and B represent samples structures A and B with
having a single microchannel in and out of the different microchannel
central axis of the probe respectively. location.

Microscopic analysis

Optical microscopy was used to evaluate the typical failure mode during fracture
tests. As expected the fixation of probes did not allow bending caused by lateral or
shear forces. According to my observations, the typical failure mode was buckling.
Since the tip of my samples is inherently symmetric due to DRIE etching, it is assumed
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that conditions would be similar in case of in vivo penetration; however, further
analysis is required to prove this statement.

I also analyzed the failure of the probes by SEM cross-sectional views. A typical
micrograph on the close vicinity of the microchannel integrated in a probe shaft broken
during measurements is illustrated in Fig. 4.25. I noticed that weak points of the system
tend to be concentrated at the bottom of the channel. I assume that the change of
channel profiles (e.g. circular instead of tapering) may alter the mechanical stability of
the hollow probes beneficially. Nevertheless, from the point of view of fluidic
functionality, it is also observed that crack generation or propagation along filled
trenches is not typical during buckling, which proves the feasibility of my drug delivery
integration concept in microprobes even if buckling would occur.

- : | —

Figure 4.25: Typical surface morphology of a broken hollow microprobe around the
sealed channel (SEM view).

Perspectives

Considering the order of magnitude of puncture toughness of the human dura mater
[4.39], we concluded that the axial fracture force of my 7cm long hollow probe with the
above tip and cross-section parameters is in the same order of magnitude (13mN in my
case) as the force necessary to penetrate into the brain tissue through human dura mater.
This means that safety margins are getting closer as one is further decreasing the
characteristic sizes of a probe fabricated by the proposed technique. In order to have
better understanding of the limits of such probes in vivo analysis is recommended.

4.3.4. In vivo results

Apparently, all the tested microprobe geometries are more robust than it is required in
case of rat surgery and implantation, however, larger cross-sections produce larger force
and dimpling values through rat dura mater and therefore a more objective comparison
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can be made well above the noise level of our measurement setup. Nevertheless, it must
be emphasized that the following results and relationships are valid only in the
investigated insertion speed range and in the case of actuation by a stepper motor.

A representative recorded force vs depth curve is shown in Fig. 4.26. Relaxation
phase shows additional small peak loads, which can be attributed to the increasing
interfacial area of the probe being in contact with the surrounding tissue. These rest
forces were consequently experienced, however, not explained here in details, since
they were still detected in the close vicinity of the noise level of the measurement setup.
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Figure 4.26: A representative measured force-distance curve before signal processing
at an insertion rate of 1.2mm/min.

It was observed that the actual mechanical behaviour of the cantilevers is
remarkably sensitive to the stepping frequency of the linear motor and in some cases the
resonant vibrations of the microprobe tip reduces both penetration force and dimpling
during insertion. Due to the presence of resonant modes, a lower mechanical response 1s
experienced, which can be clearly seen in Fig. 6. Tip oscillations of long probes at
certain speeds is inevitable, however, it can be eliminated by the precise selection and
adjustment of insertion speeds (stepping frequencies) which are out of resonant modes
of the microprobe. On the other hand, the geometric parameters of our long probes
show such a great variety that it would be a great deal to avoid the presence of the first,
second or third mode in every single case (insertion speed vs sample cross-section).
Nevertheless, outstanding data points attributed to tip vibration can be clearly
indentified and we found that trends can be still obviously determined.
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Figure 4.27: Error assigned to resonance generated by the stepper motor (probe cross-
section: 400umx400um)

Penetration force was analysed at several probe cross-section (see Fig. 4.28). It
was concluded that increasing the insertion force a gradually increasing penetration
force is acting on the probe tip. Regarding microprobe geometry, samples of higher
interfacial area resulted in higher penetration force. The above experiences are in well
agreement with results published elsewhere [4.42].
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Figure 4.28: Penetration force plotted against penetration speed of the microprobes

Dimpling was also determined from the measured force-depth curves and was
plotted against insertion speed. Data are presented by Fig. 4.29. Characteristic
dependance of dimpling on speed was not observed, however, probes with larger
interfacial area produced higher dimpling. It should be noted that pneumatic [4.45] or
spring-loaded [4.46] insertion devices provide much lower dimpling, but their regime of
implantation speed is far more exceed that of the hereby proposed setup.
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Figure 4.29: Dimpling of microprobes plotted against insertion speed

Since dimpling did not show any consistent relationship with speed in the
analyzed regime, an average value for each probe geometry was derived and compared
(Fig. 4.30). A clear tendency shows that interfacial area of the microprobe has a
significant effect on the expectable dimpling. Difference in behaviour between samples
denoted by 200x400 and 400x200 suggests that length of the cutting edge tailors the
extent of exerted pressure in case of probes of similar cross-section.
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Figure 4.30: Dimpling of microprobes of different cross-section

Finally, a brief comment on the influence of geometric properties on fracture force
and penetration force can be made. Based on fracture tests and in vivo experiments a
relative decrease of forces is illustrated by Fig. 4.31. However, a decreasing size of
probe contributes to a moderately smaller penetration force; the axial load the probe can
withstand decrease more drastically by the cross-section.
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Figure 4.31: Change of penetration force and fracture force at an insertion speed of
Imm/min

4.4. Characterisation of integrated drug-delivery system

4.4.1 Terminology

The pressure-driven, steady-state flow of an incompressible Newtonian fluid
through a straight channel is referred to as Poiseuille flow. It is well known that
constant pressure drop Ap results in a constant volumetric flow rate Q. Relationship can
be summarized in the Hagen—Poiseuille law [1.8], which is analogous to Ohm’s law AV
= R I, relating the electrical current I through a wire with the electrical resistance R of
the wire and the electrical potential drop AV along the wire.

Ap = Rhyd 0 4.1)

The proportionality factor Rpyq 1s known as the hydraulic resistance. The concept of
hydraulic resistance is central in characterizing and designing microfluidic channels in
lab-on-a-chip systems. The mathematical expression for the flow rate through an
arbitrary shaped microchannel derived from Navier-Stokes equation is as follows [1.8]:

0=— .2 (4.2)

where A is the microchannel cross-section, P is the wetted perimeter, L is a length
scale characteristic of the flow, and ) is the dynamic viscosity. Numerical calculations
have revealed that the infinite sum is very close to 1/8 for a wide range of shapes and
exactly equal to this number for the circular cross-section. A factor of 8 is therefore
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introduced and the resulting dimensionless sum is denoted y—1. The flow behaviour in
microchannels is often qualified by the Reynolds number [1.8], which is given by:

Re:p'u'L

(4.3)

where u is some velocity characteristic of the flow, and p is the density. The physical
significance of the Reynolds number is that it is a measure of the ratio between inertial
forces and viscous forces in a particular flow. The different regimes of behaviour are:

* Re <2300: viscous effects dominate inertial effects (flow is laminar)
* 2300 < Re <4000: viscous effect comparable to inertial effects (vortices appear);
* Re > 4000 inertial effects dominate viscous effects (turbulence occurs).

4.4.2 Experimental methods

p-Q measurement setup

The microprobes were validated fluidically by attaching silicone tubing to the in-
plane fluidic ports. The tubes were connected to an isobar-pump, which served constant
flow of deionised water. Pressure range up to 250kPa has been applied, while
microchannel outlet was sampled by micropipettes. The volumetric flow rate was
derived from the collected amount of sample and time required. The microfluidic
interface to the microprobe is illustrated by Fig. 4.33. The leak-free pressure range of
the hollow microprobe was also tested.

pumping

gett!

K'{ —
DI water flow \4\® droplet

Figure 4.33: Pumping DI water through the integrated drug delivery channel

In vivo measurement setup

A 30mm long, 200um thick, 400pm wide probe with a single buried channel along
its shaft has been applied for performing preliminary in vivo measurements in the
Comparative Psychophysiology Lab of the Hungarian Academy of Sciences. All
procedures were conducted according to the Animal Care Regulations of the Institute
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for Psychology of the Hungarian Academy of Sciences. The effect of pyrrolidine-2,4-
dicarboxylic acid (PDC) on neural activity in rat hippocampus has been studied.
Application of PDC can enhance gamma oscillation (25-100 Hz) through such effects as
inhibition of glutamate uptake [4.51] and stimulation of glial glutamate release [4.52].

A 300 g male Wistar rat has been anesthetized with a 0.6 ml mixture of 37.5 mg/ml
ketamine and 5mg/ml xylazine, its sleeping state maintained by 0.2 ml/h updates of the
same solution. The Si-based probe with the buried channel, releasing PDC has been
implanted into the hippocampus, 3.0 mm posterior and 3.2 mm lateral from the bregma,
with an angle of 10°. In the opposite hemisphere, a 16-channel wire electrode (site
distance: 100 um) has been used for signal recording (Fig. 4.34). Rat hippocampi are
strongly connected with each other, therefore changes of their activities can be
monitored from the opposite one. Illustration of the measurement setup during surgery
is illustrated by Fig. 4.35.

d S1BF
bl - CAL S\l I6 At/ Fam
;

v
2 c o caz
/ MoDG b
/ oDG Tz f
oSl b su
o B i
. \ FC
S1lip | ae St PoDG
L . MoDG A : MoDG.
i =i GI0G
' ’ 1 ?

s ;ﬁm_ LooM = ec 52
& Ll " " a ot

pyp /AHbM

g MOL

£ Aub Bt Fo o MG Po Bt AuD

VPL ’ PL
cpu 6P ic ic 6P/ Py

e
| Il
B R - VM 22 4"

st £
ASt Ve ASt
|/ ant S o Ty e LaDl
™ L LavM
-~ opt CeC

mib
oen | LaVL . ; LaVL | pgn
PeFLH N oup " PFH P s ‘MePD /STIA
BLA :1
2 - ) MCLH Pe F:l MCLH - 4
pird, * vEni 1 N Hpre = Plei! /f I 2 ivgn /! Piry
[ VMHSh » TulH i
EMP MePV o Te Arcp) 1 YMHDM Te 7
H MTu M | Tl MTu - H
RAP, P Mol h RAPY
3 PMCo- VML | PMCo :

2= \ Lav
~'DMC
X AreL PLCo1 |

f
MEE i

Interaural 6.00 mm Bregma -3.00 mm

PLCo1

Figure 4.34: Targeted locations of the implants: a Si-based probe with buried channel
(A) with a 16-channel wire electrode (B). Based on Figure 58 of [4.53].
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Figure 4.35: Experimental setup of hollow microprobe testing

4.4.3 Hydrodynamic characterisation

Hydrodynamic characterisation of hollow microprobes has been carried out and
fluidic transport through buried microchannels was successfully demonstrated (see Fig.
4.36).

Figure 4.36: Sequential photograph of a delivery of deionised water through the sealed
microchannels integrated in the microprobes.

A representative measured p-Q function is shown in Fig. 4.37. As expected from
laminar flow theory, the flow—pressure relationship is linear. Measured flow rate values
slightly differ from calculated ones.
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Figure 4.37: Representative pressure-flow rate characteristics. Linear curve is fitted to
calculated valuesderived from Eq. 4.2.

Typical flow rates for neuroscience applications are summarized in Table 4.4
including literature references.

Author Flow rate  Pressure
[pL*min—1] [kPa]

Seidl [4.54] 1.5 1
Chandrasekaran [4.55] 16.7 30
Cheung [4.56] 50 260
Fernandez [4.57] 11.7 60
Ziegler [4.58] 0.2 1

Zahn [4.59] 0.7 137
Own result 1 85

Table 4.4: Hydrodynamic properties of hollow microprobes in the literature
In order to see the extent of laminarity in my system, Reynolds-numbers derived

from Eq. 4.3 were calculated in the investigated pressure range. According to the values
represented in Fig. 4.38, flow is apparently laminar in the whole regime as expected.
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Figure 4.38: Reynolds-number plotted against exerted pressure.

My fluidic microprobes are found to be gas tight up to a pressure of at least
400kPa, which is generally sufficient in neural applications. A typical leakage above
this pressure is illustrated by Fig. 4.39. However, further improvement can be made if
additional thin films (insulation and conduction layers) are also present and considered.

Figure 4.39: Typical leakage through poly-silicon orifice above the critical pressure.

4.4.4 In vivo results

Signal characteristics monitored in sleeping state suggest that channel 7-13 were
located in the hippocampus (Fig. 4.40). Applying fast Fourier transform (FFT) on
channel 10, a slight increase of the amplitudes of gamma waves after PDC injection can
be observed (Fig. 4.41).
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Subject: Neuroscan
EEG file: 05_d.cnt Recorded : 17:27:58 13-Sep-2002 SCAN 43
Rate - 2000 Hz, HPF - 0.1 Hz, LPF - 1000 Hz, Notch - off, Montage - None Printed : 15:53:24 30-May-2012
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Figure 4.40: Hippocampal recordings on channel 7-13, with 25-100 Hz gamma-waves
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Figure 4.41: Frequency analysis of signals recorded before (green curve) and after (red
curve) PDC injection.

The performed in vivo test proved that the fabricated hollow microprobes are
applicable as drug delivery devices in medical implants; however, further studies are
essential to be carried out in order to reveal the parallel use of fluidic and electrical
functionality of my proposed microprobe.
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5.Development of sample preparation microfluidic system
5.1. Recent advances in microscale blood separation
5.1.1. Overview of blood separation methods

A significant number of clinical tests is aimed to quantitatively or qualitatively
analyze the presence of proteins, ions, crystalloids or diluted gases in human blood
[5.1]. In this case, the presence of blood cells in the sample could be a serious drawback,
so the first stage of the tests must be the separation of plasma or serum from the whole
blood [5.2-5.5].

Two significant parameter conventionally used for performance characterization are
separation efficiency (SE) and purity efficiency (PE). These terms are defined as
follows.

Vplasma

plasma cell

where Vplasma 15 the volume of sample liquid flowing through the plasma branch of
a bifurcation, and V¢ represents the collected sample from the main channel.

C o
PE =1——2ame (5.2)

in

where Ci, and Cpjasma are the concentrations of particles in the inlet and plasma branch
respectively. The efficiency of the separation is quantified by Eq. 5.2.

The conventional method for blood plasma separation is the centrifugation, a
technique widely applied in the clinical practice. Several researchers have aimed to
integrate this function into the sample preparation cartridge of the bioanalytical devices
via miniaturisation [5.6-5.7]. The centrifugal methods (Fig. 5.1.a) have the advantage of
high separation efficiency and purity(> 90%), but the disadvantage of using moving
parts. A modified version of this method could be adapted at the microscale where the
cells are separated in bending or spiral channels due to the Coriolis-force and diverted
by a junction [5.8]. Disadvantage of this method is the possible haemolysis due to the
high shear-forces or the sharp edges of the junction and the possible mixing due to the
Dean-vortices evolving in case of higher flow rates.

In the literature two different methods were described using conventional filtration:
“dead end” and ““cross-flow” filtrations. In case of the “dead end filtration” (Fig. 5.1.b)
PE is excellent, but the amount of the resulted plasma is weak (~20uL) due to the quick
blocking of the filter [5.9]. The “cross flow filtration” (Fig 5.1.c) can solve the problem
of the blocking, PE (100%) is high, but the SE parameter is around 1%. [5.10].

The combination of the dielectrophoretic (Fig. 5.1.d) and capillary phenomena was
applied by Nakashima for blood plasma separation [5.11]. They demonstrated the
applicability of the method achieving 6% SE and 97% PE during the separation of
300nL plasma from the initial SuL blood drop.
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The blood plasma separation method based on the Zweifach-Fung hydrodynamic
effect was also characterised and 25% SE and 100% PE were achieved applying
adequate flow rates [5.12-5.14]. The basic phenomena could be supplemented by the
axial migration effect which resulted in higher SE (~40%) and moderate PE (~50%)
[5.14]. The relevant literature is summarized in Table 5.1.
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Figure 5.1: Centrifugal method (a.) [5.8], dead-end filtering (b.) [5.9], cross-flow
filtering (c.) [5.10] and dielectrophoretic actuation (d.) [5.11] for particle

separation.
Author Principle PE SE \% Blood | H
[%] [%] | [uL/min] | sample | [%]

Haeberle [5.6] Centrifugal 99 88 N/A| human 45
Zhang [2.15] Centrifugal 90 22 N/A| human 6
Blattert [5.7] Centrifugal 90 3 1200 | human 5
Sollier [5.8] Coriolis force 99 11 100 | human 2
Moorthy [5.9] Dead-end filt. | 100 90 10| rabbit 2
Crowly [5.10] Cross-flow filt. | 100 1 N/A| human 45
Nakashima [5.11] Dielectrophoresis 97 6 N/A| human| 4.5
Yang [5.12] Zweifach-Fung | 100 25 3| sheep 5
Kersaudi- Z-F. + axial migr. 53 40 167 | human 3
Kerhoas[5.13]

Table 5.1: Summary of experimental works on blood plasma separation.
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One can conclude that the most promising methods for on-chip plasma separation
could be the centrifuging (Coriolis-type) or the Zweifach-Fung separation regarding the
purity, efficiency and the possible adaptation at the microscale.

5.1.2 Principle of Zweifach-Fung separation

Utilizing the Zweifach-Fung effect the blood cells can be transported separately
from the plasma. This effect was described by Zweifach [5.15] and Fung [5.16] and
observed in microvascular vessels (see Fig. 5.2). Although the phenomenon has been
successfully used in a wide range of micromachined lab-on-a-chip device, there is still
no consensus on the explanation of the principle in the scientific community.
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Figure 5.2: Original illustration and explanation of the separation phenomenon by
Fung [5.16].

According to the original theory, there is an attraction towards the higher flow rate
branch of a microscale bifurcation, which was first described when investigating the
flow in blood vessels of different diameters. According to the Bernoulli-law the
pressure is lower in the regions with higher flow rates, so the pressure gradient points to
the central line of the capillary. In the close vicinity of the bifurcation, blood cells are
generally forced into the channel of higher flow rate. The shear forces aroused are also
considered as a major component of the Zweifach-Fung effect. The asymmetric
distribution of shear forces on the surface of the cell produces a torque on the cell,
which drives cells towards the higher flow rate branch of the bifurcation. Eventually, it
is supposed that the higher the flow rate ratio between the two branches of the
bifurcation is, the higher the purity efficiency of the sample analyte is. A typical
realization is shown in Figure 5.3.
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Figure 5.3: Schematic view of the blood separation cascade test structure.

Based on the results of recently implemented simulations and experiments, a new
explanation is proposed. The detailed description and arguments are summarized in the
work of Doyeaux [5.17]. According to the novel view the initial distribution of cells in
the inlet channel has the major influence on the purity efficiency of the separation. As
Fung has also reported in his previous work [5.16], a cell-free layer already exists, when
particles get to the bifurcation. In the blood circulation system it is also called as plasma
skimming. Doyeaux et al. has shown that a depletion of cells due to skimming drives
cells to the high flow rate branch at a so-called stagnation point in the bifurcation,
however, a migration towards the low flow rate branch is dominant, when cells are
approaching the bifurcation from the inlet.

5.2. Characterisation of Zweifach-Fung separation method

However, a number of groups have applied the Zweifach-Fung separation method
in a microdevice, none of them has characterised thoroughly the influence of geometric
properties of a single bifurcation experimentally and no suggestion has been made for
microsystem designers.

In my work, different test structures relying on the Zweifach-Fung plasma filtering
method were designed and realised, and the influence of geometric parameters (like
channel width, flow rate ratio and bifurcation angle) on both PE and SE features of
separation was investigated.

5.2.1. Experimental methods

Design

A range of test structures containing various single bifurcations were designed to
evaluate the resulted sample purity and the separation efficiency of Zweifach-Fung
plasma filtering method in Si-glass heterostructures. The geometric parameters such as
channel width, length and depth were sized to eventually adjust the hydrodynamic

57



resistance of each microchannel and form specific flow rate ratios between cell and
plasma branches.

The hydrodynamic resistance, R of a given microchannel can be calculated by Eq.
5.3 [5.18] in the case of a rectangular cross-section, where the channel depth, width are
length indicated by a, b and L respectively, and # indicates the dynamic viscosity of the
liquid.

-1
R=1Z il B L ( 3 192 tanhn'”'b) (5.3)
a’ s’ 2-a

The channel depth is assumed to be 10um. Bifurcation branches of two different
widths is applied. Both of them are comparable with the size of test particles, and
therefore the final hydrodynamic resistance of microchannels can be adjusted on the test
chip by the microchannel length only. Varied parameters are summarized in Table 5.2.

Side channel width (pum) 10 & 15
Main channel width (um) 25 & 37
Hydrodynamic resistance ratio (Rp / Rc) 1:2,1:4, 1:6, 1:8, 1:10
Bifurcation angle (°) 30, 45, 60, 90

Table 5.2: Varied parameters of the filtering structures.

The influence of bifurcation angle was also analyzed experimentally, although only
in the case of a specific hydrodynamic resistance ratio of 1:8. The four different angles

designed are illustrated by the microscopic view of realized microstructures in Figure
50.

Figure 5.4: Filtering test structures with different bifurcation angles (30° - a, 45° - b,
60° - ¢ & 90° - d) fabricated in silicon. The input stream is to be considered from the
top in each microscopic view of the bifurcations.

Fabrication
The microfluidic test chip was realized by silicon & glass micromachining utilizing
conventional steps in MEMS manufacturing. The schematic view of the fabrication

process is shown in Figure 5.5.
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Figure 5.5: Process flow of microfluidic test chip fabrication.

First, a <100> single crystalline silicon wafer is thermally oxidized (thickness: ~
Ium) and patterned by conventional photolithography (step 1). The microfluidic
channel system of the separation chip defined by the masking oxide windows is etched
by the Bosch-process of deep reactive ion etching (DRIE, see step 2). Dry etching
parameters are the same as detailed in the second column of Table 4.1. A subsequent
thermal oxidation and patterning are performed on the backside of the wafer (step 3) in
order to fabricate fluidic bores (inlets & outlets) connecting to the front-side
microchannels by DRIE again (step 4). After the removal of silicon-dioxide in buffered
HF solution (step 5), the front-side of the silicon wafer is anodically bonded to a
borosilicate glass substrate which serves as a sealing layer on top of the microfluidics
(step 6).

A representative SEM micrograph of a DRIE etched bifurcation is illustrated in
Figure 5.6. The small scalloping (~ 100-200nm) of the Bosch-process is apparent,
however, it is ignored during both the design and the simulation phases.
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Figure 5.6: SEM view of a bifurcation (a) and the cross-section of the fluidic bore (b) in
silicon fabricated by deep reactive ion etching.
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Measurement

The silicon-glass microfluidic chips were precisely designed such that they can be
functionally tested in the microfluidic platform of Micronit Microfluidics [5.19]. Inlets
of the filtering test structures were connected to a syringe pump, and a continuous flow
of fungi dispersed in a water-based buffer solution is driven through the microchannel
systems. The average diameter of the slightly deformable fungi is around Sum close to
the dimension of red blood cells. The haematocrit level of the solution is estimated to ~
1%. It was noted by Zhang [2.15] that SE deteriorates proportionally to an increasing
haematocrit level, therefore we applied low concentrations. The plasma concentration of
such diluted sample was applied as initial parameter for calculating PE and SE. The
flow rate of the solution was 30uL/min, which implies a Reynolds number well below
one. A typical stream of dispersed fungi solution is shown by an optical microscopy
view in Figure 5.7.

A simple Biirker chamber was used to evaluate the concentration of solutions in both
inlet and outlet reservoirs. The outlet volume of each branch was measured by
micropipettes of pL resolution.

=
flows direction

100um ‘ .

Figure 5.7: Particle transport in the microfluidic channels, representing the separation

effect.

Modelling

The flow conditions in the vicinity of the bifurcations were analyzed by Finite
Element Modelling using COMSOL Multiphysics [5.20] solving the Navier-Stokes
equation. Boundary conditions on the wall were set to no-slip, and average velocity of
the Newtonian fluid (water) from the inlet was defined as 2m/s. Flow was assumed as
laminar in the channel system. Outlet pressure was 0 Pa. The angle of bifurcation was
varied (30°, 45°, 60° & 90°) and velocity field distribution and pressure conditions were
examined right before the bifurcations. The hydrodynamic resistance of the channel
branches were adjusted such that fixed volumetric flow rate ratio (1:8) between
bifurcation vessels was sustained.
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5.2.2. Performance of single bifurcations

Flow rate characterisation

Before further analysis of each realized test chip, the exact flow rate ratio between
bifurcation branches was measured (see Fig. 5.8). One can conclude that the measured
ratio is definitely greater in each case than the designed values which are getting more
remarkable as the designed resistance ratios are increasing.
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Figure 5.8: Comparison of designed vs. measured flow rate ratio. The black dots
represent bifurcations with 10 um & 25 um wide branches, while white ones refer to
that of 15 um & 37 um wide channels.

The higher flow rate ratios can be explained by the presence of several physical
effects. One is the deterioration of the channel cross-section due to the technological
characteristics of the DRIE process. Loading effect cause narrow trenches to be etched
slower than wider features of the pattern, altering the hydrodynamic resistance of the
fabricated capillaries. On the other hand, the surface properties of the capillary walls are
influenced by a residual fluorocarbon polymer deposited during the Bosch-process. In
the bifurcation branch collecting cells, the hydrophilic surfaces (top and bottom of the
channels) are therefore remarkably greater than that of the plasma branch.

The practical hydrodynamic resistance of the small channels is also significantly
affected by the so-called viscous-capillary phenomena. In my case the influence of the
capillary diameter on the viscosity (Fahraeus — Lindqvist effect) is not considered due to
the low haematocrit level. The saturation in the relationship between the flow rate ratio
and estimated hydrodynamic resistance ratios can be rather assigned to the examined
separation effect itself, since the cell concentration in the higher flow rate branch is
always greater, and therefore the viscosity of the liquid is different from that of the
lower flow rate branch of the bifurcation.
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Performance evaluation

The PE parameters determined for test structures detailed in Table 5.2 are shown in
Fig. 5.9. PE is increasing, when bifurcation flow rate regime is increasing. Previous
experiments by other groups resulted in similar tendency.
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Figure 5.9: Purity efficiency of separation plotted against the designed ratio of
hydrodynamic resistance of the bifurcation branches

SE of test structure strongly depends on the flow rate as well. The measured values
are shown in Fig. 5.10. When the flow rate or resistance ratios are increasing, the SE of
the device is getting lower.
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Figure 5.10: Separation efficiency plotted against hydrodynamic resistance ratio of the
bifurcation.
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Based on Fig. 5.9 and 5.10, it is also obvious, that thinner microchannels can
improve PE, but deteriorate SE of the separation system, so a compromise should be
made during the design. As other groups reported, the bifurcation angle could
significantly affect the purity efficiency [5.17, 5.21]. I have also checked that how PE
changes when the angle of bifurcation varies. Four different angles (see Fig. 5.11) were
investigated. According to my measurements, a larger angle of inclination between
bifurcation branches results in lower PE.
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Figure 5.11: The influence of bifurcation angle on purity efficiency of the separation.

The above statement was also checked by Finite Element Analysis including all
type of bifurcation angles tested experimentally. Figure 5.12.a illustrates the pressure
values in the cross-section of a microchannel (Area = 10 pm x 25um) right before the
fluid enters the bifurcation space. Apparently, at decreasing angle of inclination the
pressure gradient is getting higher as the particle is migrating close to the plasma
branch. This implies that at a critical streamline the particle tends to move into the
daughter vessel rather than into the higher flow-rate channel. This tendency is in good
agreement with the proposed theory detailed in the latest literature [5.17]. The velocity
amplitude in the direction of the plasma vessel is represented by Figure 5.12.b.
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Figure 5.12: Pressure gradient along the main channel before entering the bifurcation
(a.) and distribution of velocity amplitude in the vicinity of a bifurcation with
inclination angle 60° (b.)
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5.3 Optimisation and integration of Zweifach-Fung separation method

5.3.1. Cascade-type bifurcation based separation system

Since the integration of a single bifurcation into a lab-on-a-chip system is usually

inadequate due to the low plasma yield, a series of bifurcation (often referred as
cascade-type) is used instead [5.4].
Before proposing a concept of cascade-type system, conclusion on single bifurcation
analysis has to be drawn. Based on the experimental and simulation results detailed in
previous chapters, the following rule of thumb can be set up for geometric design for
single bifurcations.

Large hydrodynamic resistance ratios should be designed.

Change of viscosity in the main stream should be considered.

Larger daughter vessels produce larger SE and smaller PE

Trade-off between PE and SE is inevitable.

Small inclined angle between main flow and daughter flow is preferable.
Migration of cells towards lower flow rate branch should be avoided.

To prove how lateral migration influences separation performance, a series of
bifurcation was designed such that only flow rate ratios were determined at each
bifurcation by circuit analogy. The comparison of the performance of a four-step and a
single bifurcation is illustrated by Table 5.3.

Single bifurcation Four: step cflscade
bifurcation
Inclined angle of bif. branches 45 90 45 90
Purity efficiency 72.1% 68% 48.6% 46%
Separation efficiency 14% 12% 37.2% 49%

Table 5.3: Effect of multiple bifurcation in a separation system; flow rate ratio, cell
branch and plasma branch are 8, 37um and 15um respectively.

Although due to the larger number of bifurcation, the separation efficiency of
cascade-type systems are remarkable, purity efficiency is still well below that of a
single bifurcation. This suggests that lateral migration towards daughter vessels is an
increasing issue in case of every subsequent bifurcation. Deflections of velocity
streamlines (Figure 5.12.b) close enough to the plasma branches suggest that a
preliminary sorting particles before each bifurcation is essential in order to have
acceptable purity efficiency.

A possible technique of enhancing PE in cascade systems is structural focusing of
the particles. The proposed concept of this pre-sorting microstructure increasing the
skimming space before the separation microstructure is shown in Fig. 5.13.
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Figure 5.13: Optical microscopic image of cascade type bifurcations with preliminary
cell-sorting designed for high-throughput plasma separation (a.), enlarged view of a
single bifurcation (b.)

The viscosity of separated sample is also changing from bifurcation to bifurcation,
which is not negligible. According to Fig. 5.9 and Fig. 5.10, on purity and separation
efficiency, sample compartment in the main stream after each bifurcation will enrich in
particles and therefore an increasing viscosity is raised. Finally, the performance of each
preceding bifurcation is deteriorated by subsequent change in hydrodynamic resistance.
Consequently, the characterisation of single bifurcations should be always carried out
before applying any in cascade-type separation systems.

5.3.2. Towards the Lab on a Chip

The opportunity of applying the above results was given in the framework of
ENIAC CAJALA4EU platform [5.22]. As the participant of this international project, the
Institute for Technical Physics & Material Sciences is involved in the development of a
nanopore-based solid-state sensor system including the integration of microfluidic
functions as well. My task was to participate in the development of the microfluidic
system which contains both the sensing structure (nanopore membrane) and preliminary
sample preparation functions and can be interfaced through an intermediate microfluidic
platform (developed by Micronit Ltd.) to a measurement system (developed by
77Elektronika Ltd.).

The application of the complex micro- and nanofabricated structures as sensing
transducers becomes more relevant regarding high sensitive chemical or biochemical
sensor systems. With the application of novel and innovative biosensing principles new
possibilities are being revealed in medical applications as well. Based on the pore
through transport modulation phenomena (see Figure 5.14) the chemically modified
nanopore arrays can be successfully applied to the detection of specific biomolecules
selectively binding in the pores. The main subject of the development is the verification
of the applicability of the nanopore based sensors for label-free detection of CVD
related marker proteins.

65



ion flux

N

time

time

target species: biochemically functionalised nanopore analyte bound no analyte bound
@) yt y

Figure 5.14: Representation of ion transport modulation through nanopore
membranes. Target species immobilized in the nanopore contributes to impedance
reduction measured through the membrane. This way a very sensitive detection of

biomarkers can be achieved by simple electrical measurement.

A possible nanopore fabrication method is Focused lon Beam milling of solid-state
membranes by Ga ions [5.23]. Due to this technique nanopore of conical shape can be
realized as is illustrated in Figure 5.15.

Nanopores

Figure 5.15: Representative layer structure containing a nanopore matrix fabricated
by FIB. The platinum layer is sputtered subsequently in order to support the pores
during microcutting.

In my work, I focused on the integration of separation and sample transport
functions as well as nanopore as transducer element into a single autonomous system.
Integration of microfluidic sample manipulation has the following advantages:

e Sample transport to sensor area is included
Microscale separation facilitates the use of whole blood as initial analyte
Disposable fluidic cartridge can be developed
Both fluidic and electrical addressing is included.
Membranes can be functionalised through microfluidics

The schematic representation of the proposed 3D microfluidic system and its
connection to the intermediate microfluidic platform is shown in Fig. 5.16.
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Figure 5.16. Schematic cross-sectional view of the proposed nanopore membrane
structure integrated into the transport microfluidic system. Sample flow is considered
from chamber 1 to chamber 3, while chamber 2 serves as an electrolyte reservoir for

the impedance measurements. Measurement of the analytical signal is performed

through Pt electrodes integrated on the Micronit platform.

The transducer device was fabricated by the combination of silicon
micromachining and subsequent nanofabrication processes considering the chemical,
electrical and mechanical requirements. The vertical fluidic connections, the
microfluidic channels and the multilayer membrane structure were developed by
MEMS technology steps as Low Pressure Chemical Vapour Deposition (LPCVD) of
silicon-dioxide (Si0;), stoichiometric (Si3N4) / non-stoichiometric silicon-nitride (SiNy)
layers, evaporation of titanium-dioxide and gold layers and multistep Deep Reactive lon
Etching (DRIE) of the silicon.

Considering the nanopore based electrochemical metrology high electrical and
chemical resistance of the mechanical layers are crucial requirements, so the
performance of the structural materials were extensively characterized by
electrochemical impedance spectroscopy and fast chronoamperometry to provide a
feedback on the optimal layer structuring. To ensure both chemical and electrical
resistance and low residual stress a Si0, / SiNy stacked supporting membrane with
adequate layer thickness ratio was realised. The realised silicon structure was anodically
bonded to the glass microfluidics in wafer level applying adequate working parameters
(temperature, chamber pressure) limited by the integrated materials (gold) and thin layer
structure. The final stacked structure was bonded onto fluidic connection platform
designed and realised by the Micronit Microfluidics BV. The realised structures are
shown in Fig. 5.17. The solid state nanopores were fabricated by Focused lon Beam
milling, the achieved geometry parameters are presented in Fig. 5.17. The final device
contains an on-chip separator system.
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Figure 5.17: Wafer-scale layout of the proposed microchips (a.) and the
individual sealed silicon-glass structures after micromachining has been
completed (b.). Back side fluidic connections (production of Micronit
Microfludics BV) addressing the nanopores membrane is illustrated in

figure (c.).

The feasibility of the integrated microfluidics for nanopore sensing is characterized
in terms of contingent shunting and proper sealing by impedance spectroscopy. It is
obvious that the impedance through nanopore membrane should not be deteriorated by
electrical parameters of the transport fluidics. Given the high resistance of the nanopore
any leakage or shunting would prohibit the detection of specific pore resistance
changes. The circuit model of the device is illustrated in Fig. 5.18.

R;
—
CD]
R, —C,, R,
Rz C

p2

R i
Figure 5.18: Circuit model of the microfluidic system including the integrated
nanopore membrane. R, represents resistance of the transport microfluidics. R,, and Cm

constitutes the impedance of the nanopore membrane, while R,,; stands for the parallel
resistance through the solid-state substrate. C,; and C,; are bilayer capacities.
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The impedance of transport fluidics and nanopore was evaluated by measuring
between points 1 and 3 (Z), and 2 and 3 (Z,+Z,) respectively (see Fig. 5.16 and 5.18
for detailed description). I noticed that the resistance of the microfluidics connects in

the setup designed is negligible with respect of the pore resistance, which showed clear
dependence of electrolyte concentration (see Fig. 5.19).
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Figure 5.19: Ohmic component of impedance measure in the case of microfluidic
integrated nanopore chips at different electrolyte concentration of KCI. Due to the
difference in impedance values between transport fluidics and nanopore membrane, the
proposed microsystem is a good candidate for the detection of blood proteins in low
concentration analytes.

According to the above results, the integrated microfluidic platform is a promising
candidate for the future detection of biomarkers with high sensitivity.
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6. Overview of scientific results

Thesis Group I: I developed and characterised deep-brain silicon microprobes (up
to 7cm) containing both microfluidic and electrical functions.

I.1. I developed a process sequence based on MEMS process flow, that is feasible
for the integration of drug delivery and electrical functions in a single neural
silicon microprobe.

a) 1 developed the technology of buried microfluidic channels in single-crystalline
silicon by using of deep reactive ion etching and selective aluminum deposition, which
finally resulted in planar surface facilitating subsequent photolithography for further
integration of IC or MEMS components [K1, L1, Sz1].

b) 1 determined how the fabrication parameters affect the shape of the realized
microchannels. I found that anisotropy during SFs etching increases as trench depth (up
to 110um) is increasing. My experiments proved that increasing trench width (between
2-6um) and/or decreasing aspect ratio (between 12-3) causes increase in etch rate of SFe
etching (between 6-25 pm/etch cycle) [L2].

c) I proved that the proposed buried microfluidic channels can be integrated into single
multi-electrodes [K2].

L.2. I performed the mechanical and hydrodynamic characterisation of the realised
microprobes.

a) | experimentally characterised the response of non-hollow and hollow silicon
microprobes having several geometric properties (cross-section, length) to axial loading
and determined the relationship between probe geometry and fracture forces. I found
that fracture force of DRIE etched silicon microprobes is increasing by larger cross-
section (with width and thickness in the range of 200-400um), and the integrated
microchannels may cause deteriorate force values by 80%. 1 also found that
displacement of microchannel axis inside the probeshaft (inclined angle of tip edges is
30°) enhances the robustness of hollow microprobes.

b) I tested the mechanical robustness of non-hollow microprobes by in vivo insertion
into rat brain. I determined the relationship between insertion speed and penetration
force and dimpling in the case of several microprobe cross-section. I found that
increasing the insertion speed in the regime of 1-10.2mm/min causes remarkable
increase in penetration force (between 30-160mN). I also determined that dimpling
(between 1-1.7mm) increases monotone by increasing interfacial area of the probes.

c) I experimentally characterised the hydrodynamic behaviour of buried microchannels
integrated into hollow microprobe shafts between pressure range 0-250kPa. I
determenied that in the investgiated pressure regime leak-free injection can be
performed. I also determined that pressure-flow characteristics through the proposed
microchannels is linear in the analyzed cross-section range (200-405um?). I proved by
in vivo injection that hollow microprobes are feasible to be used for neural drug
delivery in the uL/min range [K2].
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Thesis Group II: I realised and optimized a glass-silicon based microfluidic
separator. Integrating the proposed separation principle into a biochemical sensor,
I developed an autonomous lab-on-a-chip system including nanopore membrane as
transducer element.

IL.1. I realised and carried out the performance characterisation and optimization
of a micromachined particle separation system based on Zweifach-Fung principle.
a) I designed and realised silicon-glass heterostructures to analyse the effect of
geometric properties on the performance of passive particle separator utilizing
Zweifach-Fung principle. I found that inceasing main (of width between 15-37um) and
daughter (of width between 10-25um) channel cross-section improves separation
efficiency by even 20%, but deteriorate purity efficiency by even 10% in case of fixed
hydrodynamic resistance ratios (2-10) between bifurcation branches and fixed channel
depth (10pum). I determined that increasing the angle of bifurcation decrease purity by
7% in average [K3, L3].

b) Besides performance analysis, I performed experiments and modeling which proved
that lateral migration is an inherently dominant effect of Zweifach-Fung separation.
Based on my results, I proposed a concept of cascade bifurcation system which can be
applicable for further enhancement of separation purity by structural focusing of
particles and placing daughter microchannels out of the critical velocity streamlines
[K3, L3].

I1.2. I established a Lab-on-a-chip concept which includes a sub-system for whole
blood manipulation and solid-state nanopore membrane as transducer.

a) I designed and developed the fabrication technology of a silicon-glass heterogenous
microfluidic  system, which includes sample transport and preparation
(dilution/separation) and integrated read-out facilitating biochemical detection based on
solid-state nanopore transducers [K4, K5].

b) I proved the applicability of the system by measuring the electrical performance by
impedance spectroscopy. | found that serial and parallel impedance of microfluidic
environment including sample preparation and transport functions is comparably
smaller than that of the nanopore impedance. Therefore, the sensing principle can be
applied even as part of the proposed integrated microfluidic platform. [K4, K5].
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7. Utilization of scientific results

Results detailed in Thesis Group I contributed to the fabrication of neural microprobes
in the MEMS Laboratory of TTK-MFA, which has been successfully used in
neurophysiological measurements in the Institute of Cognitive Neuroscience and
Psychology and in the Materials Science and Technology Institute of Bay Zoltan
Applied Research Nonprofit Ltd.

Results detailed in Thesis Group II contributed to the improvements of international
consortial grants like P3SENS (Polymer Photonic multiparametric biochemical SENSor
for Point-of-care diagnostics) and CAJAL4EU (ENIAC project on Nanoelectronics-
based biosensor technology platforms) projects.
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12. Appendices

Appendix A

Steps

Original process

Steps

Own planar process

Substrate specification

Mask material
2.

Pattern transfer
kR

Pre-etch

4,

DRIE of trench

Coating of trench

Etching of the coating at the
bottom of the trench

]

Etching of the channel
g

Stripping coating

a.

Filling of the trench

p or n type silicon
resistivity not critical
crystal orientation not
critical

Thermally grown
SiO, + Cr

Lithography,
RIE-CHF;

1. Under-etch DRIE
2. Isotropic etch
3. Sacrificial layer etch

Cryogenic ICP-DRIE,
SFs chemistry,
AR ~25

Thermally grown SiO,

RIE,
SFs chemistry

RIE,
SFs chemistry

SiO, etch in HF, BHF

LPCVD,
poly-Si or SiNy

Substrate specification

Mask material
2

Pattern transfer
Eel

DRIE of trench

o

Coating of the trench

[

Protection of trench edges

& 11 1

Etching of the coating at the
bottom of the trench

T

Etching of the channel

& f—

Removal of protection layers
]

Filling of the trench

n

p or n type silicon
resistivity not critical
crystal orientation not
critical

Thermally grown
SiO, (HyOx)

Lithography,
ICP-DRIE C4Fs+0,

Bosch-process
ICP- DRIE,
SF¢ chemistry,
AR ~ 40

Thermally grown SiO,
100nm

Al evaporation
100nm

ICP-DRIE,
CHF; + Ar

ICP-DRIE,
SFs chemistry

Al and SiO; etch in HF,
BHF

LPCVD,
poly-Si
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Appendix B

Si I SIN,
N Poly-Si I Resist
i Sio, I Pt
Al
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