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Introduction

3 Small enough?

Microtechnology and nanotechnology are terms being frequently used in
these days and the boundary between them is not always clear. 
One leaves the scales in which objects can be grasped by direct sensory
perception. Microscopes have to be used to get a visual impression from
such small structures. The behavior we can observe at these scales is
sometimes in conflict with our intuition. This happened already when
microelectronics was developed but electronics is by itself already
abstract. The conflict with everyday experience became even stronger
when micromechanical structures were fabricated and studied. One has
to learn how to work with the opportunities given by these new
technologies. Should we try to copy, on a smaller scale, the construction
principles that have been successfully used to design machines and
engines at human scales? Or, should we try to copy nature, which offers
design models for working systems at virtually any scale? Fabrication
techniques may be a downscaling from classical methods but may also be
based on concepts that only work on these scales. Miniaturization is the
central theme and the fascination of exploring physics at ever decreasing
scales is unbroken. This does not preclude that for any intended
functionality the question: ‘what is small enough?’ may receive a
different answer. 

It is the aim of my research to investigate novel micro- and
nanostructuring processes and novel device concepts which can be used
to add functionalities to systems like portable healthcare devices or
flexible microelectronic systems. In particular, I am interested in
fabrication processes that offer alternatives to the cleanroom-based
silicon fabrication processes. Examples are laser beam and ion beam
structuring and novel system integration processes. 



Historical steps
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Surprises in science often arise from new tools rather than from new
concepts, Freeman Dyson 1999
Freeman Dyson (1923) theoretical physicist and mathematician, also
known for his serious theorizing in futurism and science fiction concepts, 
a lifelong opponent of nationalism and a proponent of nuclear
disarmament and international cooperation. 

A number of scientific and technological breakthroughs made it possible
that the fields of microengineering, and later nanoengineering, could
develop to complete new disciplines of very active research as they are
today. Among the many that could be mentioned I will explicitly name
three which belong in my opinion to the most important. They have the
character of inventions rather than discoveries. The first incident to be
named here is the invention of the electron microscope by Ernst Ruska in
1931, for which he was awarded the Nobel Prize in Physics in 1986. 
For the first time objects with details beyond the diffraction limit of light
could be precisely pictured. Later the knowledge about electron optics also
led to techniques using electron beams to write micro- or nanostructures.
Another breakthrough was the invention of the integrated circuit in the
years 1958 and 1959. Independently from each other Jack Kilby from
Texas Instruments and Robert Noyce, the later co-founder of Intel,
developed the integrated circuit. This was the start of a tremendous and
still ongoing effort to develop microstructuring techniques to produce
microelectronic chips with ever increasing complexity and decreasing
feature sizes. Most of the micro- and nanofabrication technologies have
their origin in microelectronics fabrication. The third breakthrough that 
I want to highlight is the invention of the scanning tunneling microscope
in 1981 by Gerd Binnig and Heinrich Rohrer. This invention led in the
following years to a family of derived scanning probe techniques which
still are essential tools in the field of nanotechnology. These microscopes
offer imaging of structures and materials down to atomic resolution.
Moreover, the interaction of a scanned tip with a surface can be used to
manipulate materials at the nanoscale, ultimately to atom by atom
construction of materials.



Why small?
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MEMS (micro electro-mechanical system) products can already be found
in our everyday life. The market is still dominated by applications as hard
disk drives and ink jet print heads. But, biomedical and automotive
applications are expected to play an increasing role. Miniaturization has
already become a trend in many engineering fields. Still, we have to
reflect the motivations of exploring micro- and nanoengineering
technologies. In other words: what are the advantages over large scale
conventional devices, and what degree of smallness is required to
optimally grasp these advantages? As soon as a device can be designed
smaller but still offers the same functionalities the amount of material
that is consumed for its fabrication is reduced. Moreover, a small device
will in most cases need less power during its operation. This will help to
conserve our natural resources to the benefit of the environment.
Miniaturized devices often become mobile and autonomous and can be
carried with us while we move to different places. Typical fabrication
processes for micro-devices allow for highly parallel manufacturing. 
The driving force for the rapid progress of information technology is the
desire of mankind to communicate, to shape the environment and to
memorize and store information. In particular the data storage
technology has seen a tremendous development in the last decades [1].
Increasing amounts of information can be stored in systems that become
ever smaller. Micro- and nanotechnologies are used to facilitate ultra-
high density storage in hard disk drives. The miniaturization of
biomedical instruments allows new applications. Minimally invasive
surgery is a trend in medicine and small implantable chips could in the
future support the targeted release of drugs into the body, being
controlled by on-chip measured health status parameters. Materials of
dimensions in the micro domain can have improved mechanical
properties and can be very robust [2]. Micromechanical devices for
automotive applications like acceleration sensors and gyroscopes are very
reliable. In contrast to other mechanical parts in a car they do not have to
be exchanged after a certain mileage. The downscaling of devices also
implies that the mechanical, electromagnetic and thermal response time
constants are smaller. High frequency devices such as HF mechanical
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switches can be designed and the cooling at reduced scales is much more
efficient. If the dimensions are even reduced to the nanoscale completely
new effects can be observed. An example is given by the GMR (giant
magneto resistive) effect which can be observed in special magnetic thin
film structures where film thicknesses are in the nanometer range. 
This type of sensors allows detecting and measuring very small magnetic
fields and finds application as read sensors in magnetic hard disk drives
[1]. Besides all the mentioned advantages also new difficulties arise with
the miniaturization. The fact that surface effects dominate over volume
effects leads for instance to problems in the conventional assembly.
Microparts tend to stick to surfaces and new assembly concepts are
needed. Depositing electronic devices on flexible substrates allows
assembling flexible systems in a reel-to-reel fashion. The entire system
will be flexible if only thin structures are deposited on top of metal or
polymer foils. Most flexible systems are based on structures which are on
micron or sub-micron scales only in one dimension. Flexibility allows to
roll up devices which otherwise occupy large areas or adapt them to a
shape that is advantageous for a specific design of the final product.
Moreover, flexibility leads to mechanical robustness and in most cases
light weight.



Ion beam nanopatterning
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While the resolution of optical techniques is diffraction limited, particle
beams (like energetic ions or electrons) have an extremely small particle
wavelength and allow to locally modify materials at nanometer scales.
Energetic ions colliding with a solid target experience elastic and inelastic
collisions with the atoms and electrons in the solid. This leads to
electronic and atomic interactions. Depending on the energy of the
incident ion numerous interaction events such as backscattering,
sputtering, implantation occur whereas nuclear reactions only occur at
much higher energies. At relatively low energies the incident ion can be
backscattered by the target. If energy transfer to the target is sufficient it
can lead to an atomic displacement or even an ejection from the solid
which is called sputtering or ion milling. Above this threshold the sputter
yield rises to a maximum and eventually decreases at even higher
energies because the ion penetrates into the solid and dislocated atoms
cannot reach the surface. The ion looses energy to the atoms and
becomes trapped. As a consequence the ion is implanted and atoms
around the ion path are dislocated from their original lattice sites. 
The implanted ions and displaced atoms can alter the properties of the
solid. The depth of penetration decreases as the ion mass or the solid
density increases. In summary, this type of elastic interaction leads to
implantation, atom displacement, sputtering and formation of defects.
Sputtering, implantation and displacement events can be simulated by
Monte-Carlo methods. The incident ion can also interact with the target
electrons. The momentum transfer is very small and does not cause any
appreciable scattering of the ion. This interaction creates electron
excitation and ionization and is termed as inelastic. In addition to elastic
and inelastic interaction with the target material the energy of the
incident ions can also lead to chemical reactions which can be used for
ion-assisted etching or ion-induced deposition and also to a change of the
surface potential. We can distinguish between two types of ion beam
nanofabrication systems. One type is using a focused ion beam which
can be scanned over the surface to be structured. Such instruments use a
liquid metal ion source and can achieve a resolution below 10 nm. 
The other type is a projection system in which a stencil mask is
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illuminated by a broad ion beam and projection optics are used to project
a demagnified image of the mask onto the surface of the sample [3,4,]
(see figure 1). In both cases ions with energies of tens of keV up to
hundred keV penetrate and interact with the material. The ion beam can
be used to expose a resist layer which in the following steps allows
pattern transfer similar to any other lithography technique. Also a
resistless and direct interaction with the material can be used to locally
induce material modification such as sputtering, ion implantation, ion
beam induced intermixing, ion assisted etching and ion induced
deposition. Patterns are directly transferred onto materials without major
forward- and backscattering. The feature size is given by the beam shape
and is not influenced by the proximity effect of backscattered electrons.
The lateral exposure in an ion beam is very low and very narrow shapes
can be written. In practice, features of 50 nm size were demonstrated
using ion projection techniques [5]. The first practical ion projection tool
was developed at IMS - Ionen Mikrofabrikations Systeme in Vienna and
is still operated by the Fraunhofer Institute for Silicon Technology. In
1997, a European project was formed to build an process development
tool (PDT) working at 4 x image reduction from mask to substrate and
offering an exposure area of up to 17 mm in diameter.
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A major challenge of the ion projection technique is the stencil mask. 
In contrast to the absorption and transmission of photons which is
determined by the band structure of the mask material virtually any
material can cause absorption or scattering of ion beams. Therefore, ion
projection systems cannot use transparent mask blanks but rely on open
stencil masks for pattern transfer. Letzkus et al. [6] developed a stencil
mask process allowing a membrane thickness of 3 mm and mask sizes of
up to 126 mm in diameter. The mask is fabricated on a silicon-on-
insulator (SOI) wafer where the insulator layer is used as an etch stop. 
A deep RIE (reactive ion etch) process provides the steepness of the
vertical sidewalls. The silicon membrane is coated with a thin carbon
layer to protect the mask from ion damage thereby extending the lifetime
of the mask. 

Recently, a multi ion beam concept has been proposed [7]. The system
combines the high resolution capabilities of a focused ion beam approach
with the throughput advantage of a highly parallel system. Such a system
can be programmed to deliver a specific pattern and does therefore not
require individual masks for each application. An integrated European
sixth framework project (FP6) named CHARPAN (Charged Particle
Nanopatterning) has been started in 2005 in which such a tool is
developed and applications will be investigated. The innovative core of
the system is an ion optical column comprising an ion source, a
condenser system to form a parallel broad charged particle beam, a
programmable aperture plate to structure the beam, and a reduction
optics to reduce the shaped beam to form a high resolution charged
particle beam (see figure 1). This new tool shall offer the flexibility to
process a wide range of materials (metals, silicon, glass, ceramics,
polymers) to sub - 25 nm feature range. The ultimate resolution limit is
envisaged to be below 10 nm. 

Ion beam direct patterning can be used for creating magnetic nanodots
that can be used for future ultra high density magnetic recording. It is
assumed that the conventional continuous magnetic media used in hard
disk drives may in the future be replaced by patterned magnetic media
consisting of a 2D-array of well separated magnetic nano-islands. Resist
based techniques are in this case not preferable because they will not
keep the surface topography unchanged. An unchanged smooth surface
topography is essential in a near contact recording scheme where the
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roughness of the disk surface shall not exceed a few nanometers. The ion
projection technique was used to locally modify the magnetic properties
of Co/Pt multilayers [8,9]. The magnetic contrast is a result of local ion
beam induced intermixing of the thin Co layers with the Pt layers. This
intermixing is already efficient at doses which practically do not lead to
any roughness induced by sputtering effects. Complete recording tracks
consisting of well separated magnetic nano-islands were produced (see
figure 2). The pattern was transferred using Ar+ ions with an energy of
45 keV using the PDT tool. Previously, it was shown already that Xe+ or
Ar+ ions are more effective for the magnetic modification by two orders
of magnitude compared to He+ ions.

Magnetic patterns obtained after ion projection were investigated by Kerr
Microscopy and by magnetic force microscopy (MFM). It was confirmed
that magnetic patterns with smallest dimensions of 70 nm could be
arranged in circular recording tracks. Moreover, atomic force microscopy
(AFM) measurements indicated that the surface roughness of the
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magnetic media which was below 2 nm remained unchanged by the
patterning process. It could also be shown that the nanopatterns can be
magnetically switched between two directions perpendicular to the media
surface without magnetically affecting the surrounding unirradiated thin
film material.

Ion projection is also used to locally create surface damage that allows for
subsequent selective electroplating [10]. The surface damage locally
induced by Ar+ ion irradiation can significantly reduce the Schottky
barrier breakdown potential of a semiconductor. Thereby, electro plating
reactions can be selectively triggered on surfaces previously treated by ion
beam projection. Figure 3 shows copper structures electroplated on 
p-type Si(100) surfaces after ion projection. 

By ion projection direct cross-linking the surface of a stretched polymer
and subsequent annealing above the glass transition temperature, local
surface roughening can be induced [11]. The observed buckling
instabilities are a consequence of a two-layer structure with layers of
different mechanical properties. They occur in the form of surface ripples
having a defined periodicity and height. The rippling periodicity depends
on the thickness of the cross-linked surface layer, formed through
hydrogen vacancies, which are generated by the ion bombardment.
Monte-Carlo Simulations reveal that the thickness of the crosslinked 
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PS layer is strongly dependent on the ion energy and the ion mass. 
For Xe+-ions having an energy of 73 keV a crosslinked layer thickness of
about 40 nm and for He+ of about 600 nm is calculated. Ripples which
appear in the irradiated areas are almost uniaxial and are oriented
perpendicular to the stretching direction. Ripple periodicities as low as
250 nm were fabricated (see figure 3). Since the ripple distance is a
function of the local mechanical properties this technique can be used to
determine the local Young’s modulus in polymer surfaces.
Understanding the mechanical properties and surface morphologies of
these locally crosslinked polymers is important as they may find
industrial applications such as local adhesion or hydrophobicity
improvement or fluidics in micron or sub-micron regimes. 



Laser beam microstructuring
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Machining with lasers is already used routinely in many industries for
instance for sheet metal cutting and welding. But, lasers also offer novel
approaches for microfabrication including material modification,
material removing as well as additive processes. Examples are local
thermal treatment, ablation of materials, laser assisted material
deposition, chemical assisted etching, lithography and
photopolymerisation. 

Laser micromachining can be carried out using continuous wave
operation, or with long, short and ultrashort pulses. It is a noncontact
method and does not suffer from any tool wear. Material is removed in
an ablation process where the target material absorbs laser energy and
transforms into the liquid or gas phase. The liquid is expelled from the
interaction region and the vapor removes itself directly. The absorption
mechanisms depend on laser wavelength and intensity which can be
controlled by the pulse width. The laser drilling of via holes (see figure 4)
for stacked printed circuit boards and flexible circuitry is an application
of laser processing which is also suitable for reel-to-reel processing of
thin and flexible devices. Electrical interconnects are formed if the micro-
vias are filled with conductive material using processes like ink-jetting or
stencil printing.

Ultrashort laser pulses can be even shorter than the electron-phonon
coupling time which is in the picosecond order hence shorter than the
thermal diffusion time. In that case, laser energy can be very precisely
deposited within the material without heat transfer. Femtosecond laser
pulses also induce nonlinear processes. For ultrashort pulsewidths where
the photons are highly confined in space and time, nonlinear absorption
processes through laser-induced breakdown can occur. It leads to
absorption also in otherwise transparent materials. The nonlinear
processes that cause breakdown are avalanche ionization induced by
impurities and multiphoton ionization. Fused silica glass substrates
which are locally exposed to femtosecond laser radiation and
subsequently etched by liquid chemistry show a selective etching of the
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exposed areas. If in a first step a volume sampling method to generate
three-dimensional irradiation patterns and as a second step etching in an
HF bath is used, high aspect ratio structures can be fabricated. [12]. 
This allows producing high aspect ratio micro-channel structures (see
figure 4). 

Left: Via opening in

PEN foil prepared by

YAG laser (source

Holst Center)

Right: High aspect

ratio microfluidic

channels by femto-

second process fol-

lowed by chemical

etching. From [12]. 

figure 4
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Microfluidic systems

15 Small enough?

To describe flow in devices having dimensions ranging from millimeters
to micrometers and capable of handling volumes of fluid in the range of
nano- to microlitres the term microfluidics is used. In the last years there
has been an explosion of work in this area. There are several reasons for
this interest. One aspect is the confluence of technologies, for example,
microfluidics and MEMS; another is the number of fields that share an
interest in this area: analytical chemistry, high throughput synthesis,
microbiological analysis systems and the many applications that come with
portability and field use of the ‘lab-on-a-chip’ concept. The key aspect about
microfluidics is smallness. And smallness brings new elements which are
not only quantitative, but also qualitative [13] as for instance, the role of
interfaces becomes dominant. Mixing, or the lack of it, is often crucial to
the effective functioning of microfluidic devices. Mixing in a classical
sense involves interdispersing of two streams. In macrofluidic regimes
mixing is promoted by turbulent flows occurring at high Reynolds
numbers. In microfluidics Reynolds numbers are typically in the order of 
1 or below and flows in microfluidic channels are typically viscous-
dominated. The typical values of convective to diffusional time-scales can
be quantified in terms of the Peclet number which ranges between 101 and
105. It indicates that convection is much faster than molecular diffusion. 
In spite of the small dimensions, molecular diffusion is not sufficient to
homogenize a fluid mixture at reasonable time scales. But, biochemical
sensing techniques such as immunoassays and hybridization techniques
require a rapid, homogeneous mixing of macromolecular solutions such as
DNA or proteins. Producing mixing of fluids by molecular diffusion alone
is even at the typical scales of microfluidics a slow process in the order of
hours instead of seconds or minutes. Clearly, one has to find suitable ways
to mix fluid streams in small scale geometries in acceptable time scales.
Another basic function that is needed in lab-on-a-chip devices is pumping.
Microfluidic pumps can be just a down-scaled version of a classical pump
but not all classical pumping principles are feasible in miniaturized
systems. Centrifugal pumps will not work in viscous dominated regimes.
On the other hand, the increasing influence of the fluid/solid interface can
facilitate other approaches like electro-osmotic pumping [14].
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Magnetic microbeads have recently attracted a lot of attention in research
due to their potential applications in lab-on-a-chip devices where they can
facilitate mixing, pumping and selective transport. They can for instance
be functionalized by binding antibodies on their surface to separate
biological entities [15] or form part of a biosensor [16]. Superparamagnetic
beads are small polymer spheres (diameters range from tens of
nanometers to several micrometers) with iron oxide grains dispersed
throughout their volume. When they are inside a magnetic field they
become magnetized but they exhibit no magnetic remanence. The force
applied on them is proportional to the gradient of the square of the field.
In the presence of magnetic fields these beads cluster in chains [17] 
that can be rotated to enhance mixing in microfluidic devices [18]. 
A continuously rotating homogeneous field can be used to actuate the
chains that respond by realigning to the field direction. That means that
even in the absence of a field gradient, a torque can act on the beads
given that they are assembled in a configuration that has magnetic
anisotropy, which in this case arises as a result of the aggregates’ shape.
The chains are formed reversibly and hence, the constituent beads can
also serve other functions in the device. Hence, mixing using chains of
superparamagnetic beads is an attractive option for lab-on-a-chip devices.
A key parameter when considering chain rotation is the dimensionless
Mason number which expresses the ratio of hydrodynamic to magnetic
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forces. Magnetorheological systems having the same value of Mason
number will behave similarly regardless of the actual geometrical
dimensions [19]. In order to investigate the potential applications of
magnetic microbeads for transport and mixing in microfluidic systems, 
a pin-jointed mechanism model that allows analyzing the behavior of
rotating superparamagnetic bead chains was developed [18]. This
computer model revealed the response of the chains on a rotating
magnetic field over time. The Mason number and the number of beads
in the chain are the governing parameters.

The modeled chains develop an anti-symmetric S-shape that is stable, if
the Mason number for a given chain length does not surpass a critical
value (see figure 5). Above that value, rupture occurs close to the chain
centre. However, variations in bead susceptibility can shift the location of
rupture within the chain. Simulations do successfully predict the
observed transient chain shape and the time for chain rupture. The
model can be used to evaluate chain stability regimes for microfluidic
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mixers and design parameters like bead size and mixing chamber
dimensions can be optimised. In general, actuated beads can fulfil a
number of tasks in microfluidic systems for instance the pumping fluids
through micro-channels which is currently studied in experiments and
with simulations [20] (see figure 6). An overview of the many
functionalities that beads can fulfil is given in figure 7. With suitable
biochemical functionalization techniques, microfabrication and system
integration concepts complete lab-on-chip systems can be designed based
on bead actuation techniques.

Further scaling down of fluidic container and channel dimensions
towards nanofluidics can lead to even new phenomena and device
properties, for instance if Navier-Stokes continuum assumptions do no
longer hold. Depending on the functional context, smallness may only
have an advantage up to certain limits. For analytical applications, the
molar concentration of the material to be detected or measured
determines the minimum fluid volume (and therefore the size of the
fluidic structures) that needs to be analyzed to have sufficient statistics.
Some of these problems can be overcome if suitable up-concentration
techniques are used before the sensing takes place. 
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Flexible microsystems
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Electronics on thin substrates such as foils will create a revolution in the
electronics industry [21], enabling ultra light and ultra thin, flexible, easy-
to-wear electronic products such as lighting and signage devices, reusable
and disposable sensor devices, foldable solar panels and displays. 
Flexible systems-in-foil often have a larger surface area which is required
for interaction with outside world (display, keyboard, large area sensor
arrays) and smallness often reduces to the scaling of layer thicknesses.
Polymers are widely used in electronics since many years but
traditionally only as passive materials. Examples are photoresists for
etching and soldering, dielectrics, boards, materials for encapsulating,
under-filler and coating, electrically and thermally conductive adhesives
for electronic interconnecting. Moreover, conductive and semi-conductive
polymer materials and even fully functional polymer ICs have been
demonstrated even though the mobility of charge carriers in polymers is
not yet comparable to silicon. In the last years the material properties of
conductive and semi-conductive polymers were improved and progress
has been made regarding higher mobility and with respect to stability
against water and oxygen. Spin casting and printing technologies are the
most favorable fabrication methods for low cost electronics. Organic and
inorganic electronic and optoelectronic circuits have to be integrated in
system combining different functions and technologies such as displays,
processors, power supplies, memory and I/O-circuits, sensors and

Flexible electronics, 
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actuators and microfluidics. For flexible electronics manufacturing
processes have to be developed which have a potential for high
throughput mass production. Continuous processes, based on the reel-to-
reel (R2R) flexible substrate technique seem to have the highest potential.
Due to the nature of process conditions and for fabrication yield reasons
it is not feasible that systems based on organic or hybrid electronics will
be fabricated on one and the same foil based substrate. It is much more
likely that various manufactures will produce different functional foils
that are in the end integrated into the final product by yet another party.
In order to make such a supply chain work, generic processes have to be
developed for the integration of the functional foils. Thereby, it seems to
be possible to add functionality to microelectronic circuits and systems to
be applied in information and communication but also in life science and
medical systems.

Such integration implies more than adhering to the other. For a working
system a number of functionalities (i.e. devices) have to be assembled,
and these functionalities have to be able to communicate with each other.
Integration can only become successful if the functional foils have
common interconnection sites and are able to withstand comparable
process conditions (temperature, pressure, bending). Precision is
especially important since a large number of interconnects per functional
foil will reduce the size and pitch of the contact sites. It is therefore
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important to have a profound understanding of the way systems-in-foil
behave under the process conditions, especially concerning dimensional
stability. In this context, energy and heat management, reliable and fast
interconnection methods, and highly precise lamination processes have
to be considered. It should be noted that interconnection does not only
mean electrical connection. Also optical and even fluidic paths between
various devices are becoming an increasingly important topic. Hybrid
integration of silicon or compund semiconductor optoelectronic
circuitries will require high accuracy on foil substrates. There is no
fundamental limit for the precise positioning but it requires high
precision robots and motion of considerable masses including a high
precision measurement feedback. Such approaches may be too slow and
too ineffective for future high speed R2R system fabrication. It remains a
challenge to arrange microparts with fine interconnect structures
(electrical, optical) at micron or sub-micron scales. In that context, 
a bio-inspired approach is of particular interest. The principle is to use
microfluidic transport of components targeted by biomolecular
recognition mechanisms such as DNA hybridisation or antibody-antigen
reactions defining assembly matching-pairs and inducing self-assembly
in pre-selected locations. In other words, parts to be assembled would
carry themselves the assembly information i.e. the assembly site and the
part orientation. This approach is a new paradigm in micro-/nano-
assembly. It can potentially revolutionize the way the systems are built at
micro- or meso-scales [22]. 

A smart bandage

monitoring wound

healing is one of the

future applications for

sensoric systems-in-

foil (source Holst

Center).

figure 10
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The reliability of flexible systems-in-foil will be the result of many
parameters including design, materials and processes. The ability of the
adhesive bond and the interconnects to withstand thermo-mechanical
loads largely determines the lifetime of the system. 

A potential future system-in-foil application is a ‘smart bandage’ (see
figure 10). Such a device laid out as pulse-oxymeter will be able to
monitor the healing of a wound without removal of the bandage and can
be integrated into wound bandages. 
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It will need integration among and across several disciplines such as
material science, physics and mechanical engineering to fully explore the
opportunities of micro- and nanosystems. As movable, flexible and fluidic
parts are often essential components of such systems, the role of
mechanics - or rather micromechanics - is growing. We also see that
chemistry and biology are becoming more and more important for
intelligent systems that combine electronic, sensory and actuator
functions to grasp information from the environment and react to it.
New materials and phenomena will play a major role in the development
of new systems. 

The large variety of application areas calls for a new type of engineer who
is still an expert in a specific field but also ready to interact with and
operate in quite different worlds. Not only with respect to the different
disciplines that are involved but also with respect to the different levels of
integration that have to be considered from atoms or molecules to
functioning systems.

‘Moore’s Law’ from 1975 describes the pace of miniaturization of the
entire microelectronic world and in practice still applies today. Even
though miniaturization is crucial in micro- and nanosystems technology,
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the miniaturization associated with has a different motivation than that
behind the strong development microelectronics has experienced and
continues to experience. Miniaturization is not primarily aimed at
reduction of lateral device dimensions but rather to increase
functionality, to increase intelligence. It is becoming increasingly evident
that multifunctionality will be the key to the future. Increase in
functionality requires creative thinking, a broad and multidisciplinary
knowledge, and an intense cooperation among scientists and engineers
within an organization, and even among organizations and across
borders (illustrated in figure 11).The cooperation between the Holst
Center and the Eindhoven University of Technology may just be one
example. An integral approach must be taken as miniaturization will
expand rather than reduce the number and variety of functions: 
by employing miniaturization, more functions, other functions, new
functions are possible. Future systems are likely to comprise components
and structures on different scales. The functionality will determine
whether device dimensions are well chosen in other words, whether they
are small enough. 



Acknowledgements

25 Small enough?

Finally, I would like to address a couple of people and express my gratitude.

I have all reasons to thank Prof. Dick van Campen, the previous dean of
our department, for his continuous support during my start at TU/e. I also
received and still receive a lot of support from Prof. Anton van Steenhoven.
He gave me a lot of very valuable advice and I hope I can continue to
benefit from his experience. I thank our new Dean Prof. René de Borst for
continuing the support for the group and our vice-Dean Prof. Koos Rooda
for his cooperation and integrity. I want to thank my group members, in
particular Erik Homburg and Yves Bellouard. It is a pleasure to work with
them and they helped me a lot shaping our team. I want to thank our
secretary Marianne Meves who is a great support in all the administrative
tasks also for this event and who contributes a lot to the cohesion of the
group. I want to thank my promotion supervisor Prof. Dietrich Harder for
guiding me in my first self-standing scientific work at University of
Goettingen. Thanks also to many of my former colleagues at IBM Mainz
and Zürich who are too many to be named here but with whom I shared
much of my professional life and so many experiences I like to remember. 

I have to thank Jaap Lombaers, director at the Holst Center, who gave me
the opportunity to work in the vivid atmosphere of this new research
organization and to combine it with the position at TU/e. Of course, also
thanks to the new colleagues at the Holst Center who offered me a
warmhearted welcome. 

I want to thank my parents for their unconditional love and support. They
supported a university education for each of us four children. 
A considerable financial burden but they never complained. I want to thank
my brother and my two sisters with whom, despite of the distances of our
residences, I could keep a network of helping each other whenever needed.
Finally, I want to thank my wife Manuela and my daughters, Jana and
Corinna. Together we have experienced many good times and also the
challenges of difficult phases. I thank you for your love and for being part
of my life. 

I thank you for your attention.



References

26 prof.dr. Andreas Dietzel

1 A. Dietzel, Chapter 24 in Nanoelectronics and Information
Technology; Editor: R. Waser, WILEY-VCH Weinheim, 2003.

2 J.N. Ding, Y.G. Meng, S.Z. Wen, Size effect on the mechanical
properties of microfabricated polysilicon thin films, J. of Mat. Res.
16,: 2223-2228, 2001. 

3 Tseng A.A., Recent developments in nanofabrication using ion
projection lithography, Small 6, 594-608, 2005. 

4 W.H. Bruenger, A.H. Dietzel and H. Loeschner, Ion projection
surface structuring with noble gas ions at 75 keV, Surf. and Coat.
Techn. 201, 8437-8441, 2007.

5 W.H. Bruenger, M. Torkler, K.N. Leung, et al., Resolution
improvement of ion projector with a low energy spread multicusp ion
source, Microelectr. Eng. 46, 477-480, 1999.

6 R.F. Letzkus, J. Butschke, B. Hoefflinger, M. Irmscher, et al., Dry
etch improvements in the SOI Wafer Flow Process for IPL stencil
mask fabrication, Microelectr. Eng. 53, 609-612, 2000.

7 H. Loeschner, G. Stengl, H. Buschbeck, et al., Large-field particle
beam optics for projection and proximity printing and for maskless
lithography, J. of Microlith. Microfab. And Microsys. 2, 34-48, 2003.

8 A. Dietzel, R. Berger, H. Grimm, W.H. Brunger, et al., Ion projection
direct structuring for patterning of magnetic media, IEEE Trans.
Magn., 38, 1952-1954, 2002.

9 A. Dietzel, R. Berger, H. Loeschner, G. Stangl, W.H. Bruenger, 
F. Letzkus, 
Nanopatterning of magnetic disks by single-step Ar+ ion projection,
Adv. Mater. 15, 1152-1155, 2003.

10 A. Spiegel, W.H. Bruenger, C. Dzionk, P. Schmucki, Ion projection
sensitized selective Cu electroplating on uncoated p-Si, J. Vac. Sci.
Technol. B 65, 153-161, 2002.

11 Y. Karade, K.-H. Graf, W. H. Brünger, A. Dietzel, R. Berger, Oriented
nanometer surface morphologies by thermal relaxation of locally
cross-linked and stretched polymer samples, Microelectr. Eng. 84,
797-801, 2007.



27 Small enough?

12 Y. Bellouard, A. Said, M. Dugan, et al., Fabrication of high-aspect
ratio, micro-fluidic channels and tunnels using femtosecond laser
pulses and chemical etching, Optics Express 12, 2120-2129, 2004.

13 T.M. Squires, S.R. Quake, Microfluidics: Fluid physics at the
nanoliter scale, Rev. of Mod. Phys. 77: 977-1026, 2005. 

14 D.J. Harrison, K. Fluri, K. Seiler, et al., Micromachining a
miniaturized capillary electrophoresis-based chemical-analysis system
on a chip, Science 261, 895-897, 1993.

15 K. Smistrup, O. Hansen, H. Bruus, M.F. Hansen, Magnetic
separation in microfluidic systems using microfabricated
electromagnets-experiments and simulations, J. Magn. Magn. Mater.
293, 597-604, 2005.

16 M. Megens and M. Prins, Magnetic biochips: a new option for
sensitive diagnostics, J. Magn. Mag. Mater. 293, 702-708, 2005.

17 R.J.S. Derks, A.H. Dietzel, R. Wimberger-Friedl, M. Prins, Magnetic
bead manipulation in a sub-microliter fluid volume applicable for
biosensing, Microfluid. and nanofluid. 3, 141-149, 2007.

18 I. Petousis, E. Homburg, A. Dietzel, Transient behaviour of rotating
magnetic micro-bead chains in a fluid by external field, Lab On a
Chip, published on line, DOI:10.1039/ b713735b, 2007.

19 S. Melle, O.G. Calderón, G.G. Fuller, M.A. Rubio, Polarizable particle
aggregation under rotating magnetic fields using scattering
dichroism, J. Colloid Interface Sci., 247, 200-209, 2002.

20 R.J.S. Derks, A. Frijns, M. Prins, A. Dietzel, Successive formation of
particle twins by self organization in low Reynolds number flows,
manuscript in preparation, 2007.

21 J. Whitmarsh, Flexible electronics: silicon meets paper and beyond,
Microelectr. Intern. 22, 16–19, 2005.

22 Y. Bellouard, initiator and coordinator of FP6 project GOLEM:
www.golem-project.eu, started in 2007.



Curriculum Vitae

Prof.dr. Andreas Dietzel has been appointed full-time professor at
Eindhoven University of Technology (TU/e) in the department of
Mechanical Engineering as of 1 July 2004. In connection with his
appointment at the new Holst Research Center he switched over to a
part-time professorship for ‘Laminated Systems for Micro-Transport’ 
in May 2007. 

Andreas Dietzel (1960) received his diploma degree in physics from the
University of Goettingen in 1986. He gained a PhD degree in 1990 with
a thesis on radiation induced DNA damage and repair measurements.
From 1990 to 2002 he worked in different functions for IBM, first in the
Structural Analysis Laboratory in Boeblingen, from 1994 to 1996 in the
Zürich Laboratory on materials for high power laser diodes, and from
1996 in Mainz, Germany heading a Laboratory for Magnetic
Characterization and Storage Projects. In 2003 he joined Robert Bosch
leading a project for next generation acceleration sensors. In 2004 he
was appointed professor for the new section Micro- and Nano-Scale
Engineering in the department of Mechanical Engineering at TU/e. 
In May 2007 he was appointed program manager at the Holst Center.
His research activities are micro- and nano-scale fabrication in particular
ion and laser beam processes, new schemes of fluidic actuation suitable
for lab-on-a-chip applications, and micro-fabrication of flexible laminated
electronic and sensor systems. 

Colophon

Production:

Communicatie Service 

Centrum TU/e

Communicatiebureau 

Corine Legdeur

Cover photography:

Rob Stork, Eindhoven

Design:

Grefo Prepress, 

Sint Oedenrode

Print:

Drukkerij Van Santvoort, 

Eindhoven

ISBN 978-90-386-1145-7

NUR 978

Digital version:

www.tue.nl/bib/



P.O. Box 513
5600 MB Eindhoven
The Netherlands
Telephone +31 (0)40 247 91 11

Address:
Den Dolech 2
5612 AZ Eindhoven
The Netherlands

/ department of 
mechanical engineering

/ department of 
mechanical engineering

prof.dr. Andreas Dietzel

Inaugural lecture
2 November 2007

small enough?


