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1 Introduction

Microsieves are quite different from other
microfiltration membranes. Their unique properties
open the way to new separation possibilities. In this
chapter an effort is made to explain what makes
them so special. In order to illustrate the differences
with other filtration membranes, an analogy is drawn
between microsieves and filters we use in our daily
lives.
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1.1 History of the microsieve

Filtration processes play a very important role in our lives. Each cell in our body has a semi-
permeable membrane that determines which substances can pass and which are retained.
Moreover, in several organs cells are placed close together in the form of thin films that
function as macroscopic membranes. A well-known example is the kidney, which can filter
several litres of blood each day. From the very turbid blood a crystal clear yellow liquid is
obtained: the ‘permeate’. Our body also filters material that enters via the mouth, in general
filtration terms called ‘feed’. The useful material passes through the thin semi-permeable
walls of the intestines and useless or even dangerous material like fibres and micro-organisms
are retained and leave the body as a concentrated substance: the ‘retentate’.

Filtration processes do not only occur inside our body. An illustrative example can be
found in our kitchen: the coffee filter. A suspension of grinded coffee beans in water is
usually led through a piece of filter paper to obtain a clear coffee. Certain coffee-filter
systems utilise a woven stainless-steel sieve instead of filter paper. Although used for the
same purpose, they have some quite remarkable differences. The most striking difference lies
in the shape and distribution of the pores. Whereas the paper is irregularly perforated, the
sieve contains perfectly uniform pores that are evenly distributed over the surface. Also the
paper is disposable, as it absorbs coffee and is hard to clean. Though relatively expensive, the
sieve may live for years, as it can easily be cleaned and is highly resistant against wear.
Another difference is observed when the two filters are held under running tap water. The
water seeps through the paper, whereas the sieve hardly forms any obstruction. One of the
reasons for this difference lies in the ratio of filter thickness and pore size: for a sieve this
ratio is usually smaller than one, which means that the length of the pores is smaller than their
diameter. This small ratio is also the main reason for the simplicity of the cleaning process.

Outside our kitchen there is a vast field of filtration processes. The current worldwide
membrane/equipment market is estimated at several billion dollars annually and is rapidly
increasing. Many processes require much smaller pores than our coffee filter. The required
pore size is usually on the order of micrometres or smaller. Most available filters with such
small pores look more like the filter paper than the sieve, as one has not been able to
downscale the sieve to a micrometre scale. A consequence is that membrane cleaning is a
major problem in filtration technology. Many membranes have a sponge-like structure, which
makes it difficult to clean the inside of the membranes. Moreover in certain cases, like
clarification of beverages, the cleaning agents must be removed completely after cleaning to
prevent contamination of the beverage. However, it is nearly impossible to remove cleaning
agents that are left behind in dead-end pores.

Various attempts have been made to downscale the sieve-shaped coffee filter. One of
the most successful attempts is the track-etched membrane. By subjecting a polycarbonate or
polyester film to high-energy particle radiation, small ‘tracks’ are formed in the film. These
tracks are etched in an acid or alkaline solution to form cylindrical channels. Like the sieve
the pores have a uniform size. However, that is about the only resemblance. The ratio of
membrane thickness and pore diameter is usually much larger than one and the distribution of
the pores over the surface is rather irregular. Moreover, several particle tracks may appear to
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lie so close together that during etching the resulting channels interconnect to form a large
pore.

In 1994 Dr. Cees van Rijn came up with a new idea: with techniques used in
semiconductor technology it should be possible to make thin membranes with perfectly
uniform pores. Flat substrates, thin-layer deposition techniques, photolithography and high-
resolution etching methods were the main tools for his idea to downscale the sieve. He went
to the University of Twente and started collaboration with the Micromechanics Group of the
MESA-research institute. With a silicon wafer as a support and a silicon nitride layer as the
sieving layer, he fabricated his first so-called ‘microsieve’. The pores in the 1-µm thick
membrane had a diameter of 5 µm. He funded the company Aquamarijn and together with his
employee Ir. Wietze Nijdam he managed to decrease the pore size close to 1 µm. In 1996 he
presented a research proposal for a Ph.D. position in order to further develop the microsieve
technology. The proposal was granted by the STW (Dutch Technology Foundation) and the
Ph.D. position fulfilled by the author of this thesis.

1.2 Research objective

As the first microsieve was made only two years before the start of this Ph.D. research,
numerous subjects in diverging fields could be investigated. The two main fields are
construction and application of the sieves.

An important issue regarding construction is the formation of the pores. A method
should be found to decrease the pore size down to 0.2 µm. Such small pores are important, as
they can be used to retain the smallest known bacteria (Pseudomonas Diminuta). In this way
an absolute sterile filtration can be performed.

Another issue regarding construction of the sieves is their strength. It is desirable to
make stronger sieves in order to withstand higher pressure differences. This may be done by
choosing other materials, fabrications methods and sieve designs.

When using the microsieve for microfiltration applications it is important to prevent a
cake-layer build-up in front of the pores, as such a layer can easily increase the total flow
resistance with several orders of magnitude. In order to filter without cake-layer formation it
is important to place the sieves in well-designed modules and apply appropriate
hydrodynamic conditions. Knowledge of these conditions may be obtained by developing a
model for filtration with microsieves.

Another issue regarding the use of microsieves is to find applications in the
biotechnological field. The proposal mentions that in particular filtration of lager beer may be
investigated, with the accent on filtering without cake-layer formation.

The overall objective of the work was to do directly-applicable research in order to
further develop the microsieve, rather than completely study and understand individual
processes. This thesis describes therefore more a development process for a novel membrane
rather than a scientific investigation.
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1.3 Outline

Most theses have the structure of a book, both for the lay-out as for the number of pages.
During his Ph.D. work a researcher usually publishes several papers and in the end he writes a
thesis that has a significant overlap with these papers. In order to gain time for more research,
an increasing number of researchers take their papers and ‘staple’ them together.

The structure of this thesis is based on the ‘staple’ method: it is a collection of papers
written during the research. In-between the papers there is some text to ‘glue’ them together.
As microsieves are new and therefore not widely known in filtration technology, every paper
starts by explaining what a microsieve is. This repetition may get boring for the reader. To
ease this disadvantage of the staple method, an effort was made to formulate the introductions
differently and use as many different pictures as possible. Four of the eight presented papers
have not been published yet, as a patent had to be written concerning the findings in these
papers.

At the start of this Ph.D. work there had been some publications on microsieves in the
proceedings of micromechanics conferences, but not yet in a membrane journal. Our first
publication in such a journal has therefore become a general overview article on what had
been done so far by Aquamarijn and the University of Twente. In addition, it presents some
new developments like the creation of submicron pores with laser-interference lithography
and the release of membranes containing such pores by plasma etching with cryogenic
substrate cooling. The overview article is presented in chapter 2. More detailed descriptions of
laser-interference lithography and plasma etching are presented in chapters 3 and 4.

Chapter 5 deals with a new method for the construction of strong microsieves. The
method is based on the use of silicon wafers with a different crystal orientation. In chapter 6
two methods are presented for the fabrication of polymer microsieves and in chapter 7 the
influence of pore shape and distribution on flow resistance and membrane strength is
discussed. In chapter 8 is described under what conditions obstruction of the pores during
filtration can be prevented and chapter 9 deals with the filtration of lager beer.
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2 General overview of microsieves

As mentioned in the introduction, the fabrication
process of the microsieve had not yet been published
in a membrane journal at the start of this research.
After we succeeded in obtaining sub-micron pores, it
was obvious that the results would be published. But
how to write a paper on a new method for making
pores in a microsieve when almost no one knows
what a microsieve is? The resulting paper has
therefore become an overview of the development
and application of microsieves so far (which was
early 1998), including new methods for the
fabrication of sieves with sub-micron pores and the
release of membranes containing such pores. These
new methods are described more extensively in
chapters 3 and 4.
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Development and applications of very high flux
microfiltration membranes

S. Kuiper, C.J.M. van Rijn, W. Nijdam and M.C. Elwenspoek
MESA+ Research Institute, Department of Electrical Engineering, University of Twente,

P.O. Box 217, 7500 AE Enschede, The Netherlands

Abstract

Inorganic microfiltration membranes with a pore size down to 0.1 µm have been made using
laser-interference lithography and silicon micromachining technology. The membranes have
an extremely small flow resistance due to a thickness smaller than the pore size, a high
porosity and a very narrow pore-size distribution. They are relatively insensitive to fouling,
because they have a smooth surface, short pore channels and because they can be operated in
crossflow configuration at very low transmembrane pressures. Experiments with yeast-cell
filtration of lager beer show a minimal fouling tendency and a flux that is about 40 times
higher than in conventional diatomaceous earth filtration. The uniform pore distribution
makes the membranes suitable for many other applications like critical cell to cell separation,
particle-analysis systems, absolute filtrations and model experiments.

1.  Introduction

In crossflow microfiltration one of the major problems is membrane fouling. The use of lower
transmembrane pressures is known to diminish this problem. However, filtering at lower
pressures generally gives lower fluxes due to the flow resistance of the membrane itself. To
compensate for this flux decline, a larger membrane area is necessary. Replacing the
membrane by one with a smaller flow resistance might be a good alternative.

The most important features that determine the resistance of a membrane with a certain
maximum pore size are its thickness, porosity and pore-size distribution. A membrane with a
very small flow resistance should have a thickness smaller than the pore size, so that the pores
are in the shape of holes instead of channels. The porosity should be as high as possible
without weakening the membrane too much and the pore sizes should deviate as little as
possible from the size of the largest pore, because unnecessarily small pores give a lower flux.

Keeping in mind the features above, we developed a microfiltration membrane with a
very small flow resistance. In this report we describe its design, fabrication and performance
and we will give some of the first test results.

2.  Design and fabrication

As a thin microporous membrane is very vulnerable it should be reinforced by attaching it to a
macroporous support. For this construction we use silicon micromachining technology
because of its possibilities to make thin layers and to etch very small structures.
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2.1  Pore size > 1 µm: standard mask lithography

For the membrane we choose low stress silicon nitride that is deposited on a 380 µm thick
polished silicon wafer by means of LPCVD (Low-Pressure Chemical Vapour Deposition). On
this 1 µm thick silicon nitride layer a photosensitive lacquer layer is formed by spincoating.
This layer is patterned with small holes (>1 µm) by exposing it to UV light through a photo
mask and subsequently developing it. The pattern in the photosensitive layer is transferred
into the silicon nitride membrane by means of RIE (Reactive Ion Etching) with a CHF3/O2-
plasma. Now the silicon underneath the membrane is partially etched away with a KOH-
solution (25%, 70°C) in such a way that support bars arise. The fabrication process is
schematically given in Fig. 1. Because the result (Fig. 2) looks more like a sieve than a
filtration membrane, we will call it a microsieve.

Photo mask

Photo sensitive layer

Silicon nitride

Silicon

Exposure to UV-light

Development

CHF3/02-etching

KOH-etching

Small support bar

Membrane

380 µm
30 µm

150 µm

1 mm

Large support bar

Fig. 1. Fabrication process of a microsieve with pores larger than 1 µm.
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Fig. 2. SEM micrograph of the surface of a microsieve.

2.2  Pore size < 1 µm: laser interference lithography

In standard mask lithography the smallest possible dimensions are about 1 µm because of
diffraction of the 400 nm UV light at the holes in the photo mask. Smaller holes are possible
using a wafer stepper and deep UV light, but for large surfaces interference lithography [1] is
an economically more interesting alternative. Fig. 3 gives a schematic representation of a
typical exposure set-up, known as ‘Lloyd’s mirror configuration’.

UV-laser

Lens

Pinhole
Mirror

Substrate

Substrate holder
Fig. 3. Interference lithography set-up used to produce submicron gratings.

Part of an incoming plane wave is reflected by the mirror and interferes with the undisturbed
part of the wave to form an interference pattern (grating) on the substrate surface. To produce
the plane wave, TE polarized light of an argon laser with a wavelength λ=351.1 nm is
spatially filtered and expanded by focusing it onto a pinhole. The period Λ of the generated
grating is defined by the relation:

θ
λ

sin2
=Λ (1)

where θ is the angle of incidence of the waves. The smallest period that can theoretically be
obtained with our configuration is Λ=λ/2=175 nm.

After exposure the substrate is rotated over 90° and exposed again. Now the gratings
cross each other and after development a square array of lacquer dots remains (see Fig. 4).
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Fig. 4. SEM micrograph of laquer dots that remain after a double exposure in the laser interference set up.

These dots are transferred into holes by evaporating 15 nm of chromium onto the substrate
and removing the dots in an ultrasonic acetone bath (lift-off method). The pattern in the
created chromium layer is transferred into the 0.1-1 µm thick silicon nitride layer by means of
RIE. With this method pores down to 0.1 µm can be produced. Interference lithography is
applicable for large areas as Spallas et al. [2] reported the fabrication of uniform photoresist
pedestals on a 50x50 cm2 glass substrate.

The second problem in making pores smaller than 1 µm is the etching of the silicon
underneath the membrane with a KOH-solution. To make the support bars we have to etch the
silicon through the pores while the hydrogen bubbles that are formed escape through the
pores. However, to escape through a pore the hydrogen pressure has to exceed the bubble-
point pressure, which will be around a few bar for a pore size of 1 µm. For pore sizes below 1
µm the pressure gets so high that the membrane might break during etching. To solve this
problem we etch the support bars partly from the front side of the wafer through the pores
using an SF6/O2-plasma (see Fig. 5) and then we finish etching the support bars with a KOH-
solution from the back side of the wafer.

Fig. 5. SEM micrograph of a microsieve after etching with an SF6/O2-plasma through the pores, showing a
free hanging perforated membrane supported by vertical walls.
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The process of making sieves with pores smaller than 1 µm is given in Fig. 6. Fig. 7
shows an SEM photo of the resulting membrane.

CHF3-etching

Development

Photo mask

Photo sensitive layer

Silicon nitride

Silicon

Chromium layer

UV-laser interference

KOH-etching

Exposure to UV-light
through photo mask

Chromium lift off

SF6-etching

Back side

1 mm

100 µm

20 µm

380 µmLarge support bar

Small support bar

+

Fig. 6. Fabrication process of a microsieve with holes smaller than 1 µm. The third step is shown on an SEM
micrograph in Fig. 4 and the fifth step in Fig. 5.
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Fig. 7. SEM micrograph of the perforated membrane of a microsieve made with interference lithography.

3.  Properties of the microsieve

3.1  Shape and distribution of the pores

When using a photo mask the pores can be given almost any shape, size and distribution. In
the case of circular pores that are distributed in a square array with a pore size of half the pore
period the porosity of the membrane can be calculated at 20%. After subtracting the dead area
of the support bars (about one quarter), the porosity of the entire sieve will be 15%. If the
ratio of pore size over pore period is increased, the porosity will also increase. However, an
enlargement of the porosity will cause a decrease in the strength of the membrane. The
applied pressure during filtration will therefore be an important factor in determining the
maximum allowable porosity.

The pattern definition with a photo mask is very accurate. The standard deviation in
pore sizes is less than 1% for holes larger than 10 microns but rises to about 5% for 1 µm
holes. The pattern definition of the interference method is less accurate (about 20%
deviation), because the light intensity during the exposure varies over the substrate as a result
of the Gaussian distribution in the intensity of the laser beam. This accuracy can easily be
improved by increasing the distance between the pinhole and the substrate or by expanding
the beam over a larger angle. However, these adjustments would lead to longer exposure
times, which are already in the order of minutes for our 30 mW laser.

If the sieve is used to retain nondeformable spherical particles, an interesting option
would be to create pores in the shape of slits. A slit with a width of the same size as the
diameter of a circular pore should have an equal particle-retention capability, but has a much
smaller flow resistance. As we have not yet tested membranes with slit shaped perforations,
we will discuss this type of membranes in a next report.
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3.2  Strength

The strength of the sieve is determined by the strength of the membrane and the support bars
together. If the sieve is attached to a macro-perforated stainless-steel support, the strength of
the sieve will be limited by the strength of the membrane. This strength is mainly dependent
on the physical material properties, the thickness, the intrinsic tensile stress, the shape and
distribution of the pores and the distance between the silicon support bars. If the intrinsic
tensile stress is much smaller than the yield stress σyield, the pressure pmax above which an
unperforated membrane breaks can be estimated with [3]:

2/1

2/3

max 58.0
lE

h
p

yieldσ
= (2)

where h is the thickness of the membrane, l the distance between the support bars and E
Young’s modulus. If some typical values for an unperforated low stress silicon nitride
membrane are substituted in Eq. (5) (h=1,0 µm,  l=1,0 mm, σyield= 4.0·109 Pa and E=2.9·1011

Pa), the calculated pressure above which the membrane breaks is 2.7 bar. Destructive tests
with the microsieve show a value of 2.5 bar [3]. Furthermore, they show that for a perforated
area (porosity) of 25% the membrane breaks at half the pressure of an unperforated
membrane. This pressure is still more than enough for the low-pressure applications that the
sieve has been designed for. However, to prevent the membrane from breaking by the bubble-
point pressure during etching, we etch small additional support bars underneath the
membrane, which increases the maximum allowable pressure up to 5 bar.

3.3  Flow rate

The resistance Rc of a circular pore in a membrane with a finite thickness h is given by [4]:

)(}
3
16

1}{
24

{
3

κ
π

η
f

d

h

d
Rc += (3),

with η the viscosity of the liquid and

∑−=
∞

=

+

1

2/11)(
i

i
iaf κκ  (4),

with a1=0.344, a2=0.111 and a3=0.066.
The first term in Eq. (3) denotes the resistance of the pore in an infinitely thin membrane [5],
the second term is a correction for a finite wall thickness [6] and the third term corrects for the
synergetic effect of pores lying in a square array on a membrane with porosity κ [4].

If we take κ=0.20, h=d, η=1.0·10-3 P·as and N=4κ/πd2 the number of pores per m2, the
water flux is given by:

pd
R

pN
Q

c

∆=∆= 3.4 (5)
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where Q is the flow rate in m3/s and ∆p the pressure difference over the membrane in Pa. If
the flow rate is calculated in l/bar·m2·hr, the graph in Fig. 8 is obtained. For pores with a
diameter of 1 µm, the clean water flux of 1.5·106 l/bar·m2·hr is about a factor of 30 higher
than for the best polymeric asymmetric membranes.

0.1 1.0 10

0.1

1.0

10

Pore diameter (µm)

C
al

cu
la

te
d 

flu
x 

(1
06

l/b
ar

·m
2 ·

hr
)

Fig. 8. Calculated water flux at room temperature for a membrane with a square array of circular perforations,
a porosity of 20% and a thickness equal to the pore diameter.

3.4  Other properties

Silicon nitride is one of the hardest materials known and is therefore well resistant against
wear. The material is biocompatible, hydrophilic, inert to almost any chemical and can stand
temperatures up to 800 °C. The membrane is flat with a surface roughness smaller than 10
nm.

4.  Applications

4.1  Yeast-cell filtration of beer

Common yeast-cell filtration systems are still based on kieselguhr, although the exploitation
costs of these systems are rather high. Tubular ceramic and polymeric membrane systems are
being developed as an alternative for kieselguhr filtration. Complications in using these types
of filtration membranes are yeast-cell clogging and protein adsorption leading to a fast flux
decline and subsequent elaborate in-line cleaning procedures.

The combination of a very smooth surface and low transmembrane pressures make the
microsieve less sensitive to these fouling problems. Experiments at the Grolsch breweries in
which a microsieve was used for the filtration of beer [8,9] show a permeate flux of 4·103

l/m2/hr during a period of at least 5 hours without any increase in transmembrane pressure
(see Fig. 9).
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Fig. 9. Behaviour of flux and pressure in yeast-cell filtration of lager beer with a microsieve.

This flux is one to two orders of magnitude higher than typical fluxes obtained with
diatomaceous earth or other membranes. In the experiments the formation of a cake layer was
diminished by using a crossflow configuration in combination with backshocking techniques
and a transmembrane pressure of only 20 cm H2O (0.02 bar).  As the sieve is made of an inert
material it can be cleaned with aggressive chemicals or by steam sterilization. After cleaning
the new permeate still has the tendency to foam. Many other membranes may give problems
on this point, as it is difficult to remove cleaning agents from the large inner surface and from
dead-end pores. An additional advantage is the absoluteness of the filtration: the uniform
pores do not permit a single yeast cell to pass through the sieve.

4.2  Leukocyte depletion of blood-cell concentates

Because of its smoothness and biocompatibility the microsieve might be used for the filtration
of blood. Experiments show no activation of blood platelets. The narrow pore-size
distribution allows separation of cells that differ in size or deformability, for example
erythrocytes and leukocytes. It is important that such a separation is done at very small
transmembrane pressures, otherwise hemolysis will occur and leukocytes will be deformed
and pushed through the pores. Using a sieve with 5 µm small pores in a crossflow
configuration, a leukocyte depletion of more than 99% was found at a transmembrane
pressure of only 3 cm H2O [10].

4.3  Support for gas separation

The microsieve might be used as a support for a gas-permeable layer. Before KOH-etching
(see Fig. 1) a very thin layer of e.g. paladium can be sputtered onto the membrane. The result
after KOH-etching will be a microsieve with a thin paladium layer in its pores. As this kind of
sieve can resist very high temperatures, it might be used as a semi-permeable membrane in
hydrogen separation.

4.4  Particle-analysis system

In very dilute suspensions it might be important to have a fast determination of the kind and
concentration of particles (e.g. liquid contaminated with bacteria). The small flow resistance
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of the microsieve allows a large amount of liquid to be concentrated on a very small surface,
herewith simplifying the analysis of the suspended particles.

4.5  Model experiments

Verification of new theories in membrane research is often complicated by variations in
membrane properties. For example, the formation of a cake layer depends on the size and
distribution of the pores and the flatness and smoothness of the membrane. The verification of
a model that predicts such a cake layer formation would be more accurate using a microsieve
with its well defined properties.

5.  Discussion

The extremely small flow resistance of the microsieve can only be profited from when the
formation of a cake layer is avoided. For instance in the case of beer filtration a monolayer of
yeast cells will already have a larger resistance than the sieve itself. Therefore it is important
to choose the filtration conditions so that no cake layer can be formed. In order to be able to
design a crossflow module in which the membrane surface is kept clean, we developed a
simple single-particle model that predicts under which conditions the formation of a cake
layer can be avoided. We verified the model with an adjustable test module and found that it
gives a good prediction of the formation conditions of a cake layer. Moreover, the
experiments showed that it is possible to avoid a monolayer of yeast cells for realistic values
of the crossflow parameters. They also showed that an increase of the transmembrane
pressure beyond a certain critical pressure leads to a decrease of the permeate flow, herewith
emphasizing the importance of filtering without a cake layer. An attendant advantage of a
clean membrane is that it is easier for small particles (like protein) to pass: they are not
obstructed by smaller pores caused by yeast cells. This reduces the concentration polarization
and thus the chance of formation of a gel layer. We are now building a module for the
filtration of beer in which it should be possible to keep the surface void of yeast cells. We
expect the permeate yield to be significantly higher than described in this report, for until now
we could only diminish the cake layer with the help of backshocking. Moreover, we plan to
do the future beer filtrations with slits instead of circular pores, which should increase the flux
a few times more. The developed single-particle model with experimental results will be
presented in a next paper.

The microsieve has to be fabricated in a cleanroom environment with expensive
machinery. Therefore most of its applications will be in small-scale systems and in the
filtration of precious liquids. However, its long lifetime (in the order of years) and easy
cleanability make it also an interesting option for large scale applications where conventional
filters have to be replaced very often, as in the beer industry. Calculations including
investment and operational costs show that a lifetime of one year already makes it economicly
feasible to replace diatomaceous earth filtration by filtration with microsieves.
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6.  Conclusions

We developed a new microfiltration membrane (microsieve) that is relatively insensitive to
fouling. The extremely small flow resistance allows filtration at very low transmembrane
pressures and the small and smooth inner surface of the membrane reduces the adsorption of
protein. Moreover, the membrane is easy to clean as it is resistant to almost any chemical. The
small flow resistance is obtained by making the membrane thinner than the pore size, the
porosity as high as possible and by giving the pores a uniform size and distribution over the
surface. Experiments with yeast-cell filtration of lager beer show a very high permeate flux of
4·103 l/m2·hr without an increase in transmembrane pressure for at least 5 hours. The very
well defined surface of the microsieve makes it suitable for many other applications like
critical cell to cell separation (e.g. in blood), particle analysis systems, absolute filtrations and
model experiments.
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3 Laser-interference lithography

The method of laser-interference lithography, as
described briefly in the previous chapter, is an
elegant way to expose a photosensitive layer to a
regular light pattern. For the integrated-circuit
industry this regular pattern may not be very useful,
but for the production of microsieves it is the more
so, as a regular pattern offers the highest possible
degree of porosity. The main advantage of the
method is the small feature size that can be obtained
in comparison to other photolithographical
techniques. Using laser-interference lithography the
pores can be made smaller than the smallest known
bacteria, which allows for the fabrication of
microsieves for sterile-filtration applications.



Chapter 3

18

Fabrication of microsieves with submicron pore size
by laser-interference lithography

Stein Kuiper, Henk van Wolferen, Cees van Rijn, Wietze Nijdam,
Gijs Krijnen and Miko Elwenspoek

Department of Electrical Engineering, MESA+ Research Institute,
University of Twente, PO Box 217, 7500 AE Enschede, Netherlands

Abstract

Laser-interference lithography is a low-cost method for the exposure of large surfaces with
regular patterns. Using this method microsieves with a pore size of 65 nm and a pitch of 200
nm were fabricated. The pores are formed by inverting a square array of photoresist posts
with a chromium lift-off process and subsequent reactive-ion etching using the chromium as
an etch mask. The method has wider process latitude than direct formation of holes in the
resist layer and the chromium mask allows for etching of pores with vertical sidewalls.

1.  Introduction

Microsieves are a promising innovation in microfiltration technology. Their unique properties
offer new filtration possibilities, like for instance accurate separation of particles by size. The
well-defined and uniformly distributed pores are made with silicon micromachining
technology [1,2]. Microsieves usually consist of a micro-perforated silicon nitride membrane
that is attached to a macro-perforated silicon support. The membrane is perforated using
photolitography and reactive-ion etching.

Due to diffraction of the UV-light the smallest possible pore size is about 1 µm for
contact-mask lithography. However, many filtration applications require pore sizes below 1
µm. Using a wafer stepper we obtained 0.5 µm pores (see Fig. 1), but for sterile filtration
(removal of micro-organisms with membranes) a pore size below 0.22 µm is required, so that
even the smallest known bacteria (Pseudomonas Diminuta) can be retained.

Fig. 1. The surface of a microsieve with 0.5 µm pores, obtained with a wafer stepper.
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Such small pores may be obtained using a wafer stepper and deep UV-light or electron-beam
patterning. However, both techniques are rather time consuming and require expensive
machinery.

Another method for obtaining very small pores is laser-interference lithography [3-6].
With this method a feature size smaller than the wavelength of the used light source can be
obtained. It may be considered a low-cost method for the exposure of large areas. Despite
these advantages, it has not been widely used in the semiconductor industry, as it can only be
applied for the creation of regular patterns. For microsieve production however, such regular
patterns are perfectly suitable. Earlier we reported the fabrication of 260 nm pores by direct
formation of holes in the resist layer [7]. In this paper we present an alternative method in
which the interference pattern is inverted, whichd offers significantly wider process lattitude.

2.  Theory

When two beams of coherent light interfere, a pattern of parallel fringes will appear. These
fringes can be used for the exposure of a photosensitive layer. Fig. 2 gives a schematic
illustration of this method of exposure.

Photo
resist

Coherent
UV-light

Fringe pattern

z

x

θΛ x

Silicon nitride

Silicon

Fig. 2. Interference pattern created by two coherent beams.

The depth-of-focus of this method is dependent on the coherence length of the light and
can be on the order of metres or more, compared to microns for conventional optical
lithography systems. As a result the demands on substrate flatness and wafer positioning are
not critical.

If the light intensity of each beam is I0, the irradiance on the surface is given by:
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x
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π2sin4 (1),

with Λx the fringe period in the x-direction (see Fig. 2):
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θ
λ
sin2

UV
x =Λ (2).

Here λUV is the wavelength of the laser light in the medium that surrounds the substrate
(usually air) and θ the half-angle between the two beams. The smallest period that can
theoretically be obtained occurs for θ = 90° and is equal to λUV/2.

For the fabrication of microsieves an array of holes is needed. Such an array can be
obtained by a double exposure with an intermediate rotation over an angle α. For α = 90° the
array is square and for α = 60° it is hexagonal [8]. After the second exposure the photoresist
layer is developed, where the sum of the two exposure doses determines whether it dissolves
in the developer. For a positive resist the areas that receive a dose above a certain threshold
dose will completely dissolve. For a certain (short) exposure time only the areas where two
intensity maxima overlapped will have received a total dose that exceeds the threshold value.
These areas will dissolve during development and an array of holes will appear in the resist
layer. An SEM micrograph of such holes is shown in Fig. 3.

Post

Saddle point

Hole

Fig. 3. A photoresist layer after a double exposure and development.

The picture shows that the resist between the holes forms so called ‘saddle points’, due
to the overlap of a minimum and a maximum. For increasing exposure times these saddle
points will also dissolve. The result is then an array of posts on the places where two intensity
minima overlapped. The transition from holes to posts occurs quite rapidly, as the difference
in received dose between the centre of a hole and a saddle point is only a factor of 2. The
formation of posts is less critical. In theory the posts will never disappear for increasing
exposure times, as the received dose in the centre of a post is always zero. The exposure
process for a double-exposed resist layer for α = 90° is explained in Fig. (4).
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Fig. 4. Contour plot of the received dose of UV-light in photoresist exposed twice to a fringe pattern with an
intermediate rotation over 90°.

The contour lines in Fig. 4 are iso-dose lines and have been plotted on a logarithmic
scale. This implies that, going from a bright region towards a dark region, the difference
between two contour lines represents a decrease in received dose by a constant factor (in Fig.
4 this factor is √2). Suppose the first contour in a bright region (where a hole is formed)
indicates the threshold dose. The photoresist within this contour line will dissolve and an
array of holes will appear. If the exposure time is increased by a factor of √2, the next (square
shaped) contour line will indicate the threshold dose. An array of large square holes will
appear that are almost interconnected (the result will be similar to the picture in Fig. 3).
Another increase in exposure time leads to the next contour line, which represents the contour
of a post. A further increase in time leads to smaller posts, but the line density shows that the
change in size of the posts is less dependent on a relative increase in dose than the change in
size of the holes. In other words: the process latitude for the formation of posts is wider than
for the formation of holes. This is important for the uniformity of the array, as in practice the
laser light varies in intensity over the surface due to the gaussian profile, the distance to the
source, imperfect filtering, drift of the beam and laser noise. In order to overcome the
limitations of the hole-formation process, the post-formation process can be used in
combination with an image reversal method. Decker et al. [9] used exposure doses for the
creation of posts, but applied before development a base-catalysed method to make the
exposed areas insoluble. A subsequent flood exposure with a UV lamp made the previously
unexposed parts soluble. The result was an array of holes in photoresist produced with the
wide process latitude of the post-creation method.

Pattern transfer from a photoresist mask into a silicon nitride layer usually gives rise to
tapered walls due to lateral etching of the mask. As tapered pores affect the filtration
performance of membranes, we developed an alternative process. We create the posts and
invert the pattern with a chromium lift-off process. 15 nm of chromium is evaporated onto the
posts, which are then removed in an ultrasonic acetone bath. The remaining chromium forms
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a perforated layer. This layer serves as an etch mask for plasma etching. Pattern transfer into
the silicon nitride improves in comparison with a photoresist mask, as the plasma hardly
attacks the chromium.

During exposure the laser light partly reflects from the substrate and interferes with the
incoming light. This causes the creation of an interference pattern in vertical direction. The
period Λz of this pattern is given by:

resres
z n θ

λ
cos2

=Λ (3),

where nres is the refractive index of the photoresist layer and θres the angle of incidence in the
resist. As a result of this vertical pattern, the posts will have a rippled sidewall, which makes
the lift-off process more effective.

3.  Experimental set-up

We built two well-known exposure systems. The easiest system is known as ‘Lloyd’s mirror
configuration’ (see Fig. 5) [10].

UV-laser

Lens

Pinhole
Mirror

Substrate

Substrate holder

Fig. 5. Interference-lithography set-up (Lloyd’s mirror configuration) for the creation of regular sub-micron
structures.

Part of an incoming plane wave reflects on the mirror and interferes with the
undisturbed part of the wave to form an interference pattern (grating) on the substrate surface.
To produce the plane wave, TE polarised light of an argon laser with wavelength λ=351.1 nm
is spatially filtered and expanded by focusing it onto a pinhole. For large θ (small fringe
periods) the system works satisfactory, but for small θ the image of the mirror on the substrate
becomes so small that most of the substrate is not exposed to the interference pattern. An
increase in mirror size is expensive, as the demands on smoothness and flatness are high.
However, the set-up is very useful for research purposes, as it is simple and θ can be changed
easily by tilting the substrate holder.

For the exposure of large surfaces we built a second set-up (see Fig. 6). In this set-up
the laser beam is split, after which both beams are expanded separately.
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Fig. 6. Interference-lithography set-up for the exposure of large areas.

As both beams travel long separate paths, the effects of vibration and air turbulence can easily
disturb them. Therefore a fringe-locking system is necessary. Fringes are detected by a
photodiode, after which the signal is used by fringe stabilising electronics to actuate a piezo
element. Using a similar set-up, Spallas et al. [11] reported the fabrication of uniform
photoresist posts on a 50×50 cm2 glass substrate. The set-up is less sensitive to dust particles
than Lloyd’s mirror configuration, as there are no mirrors after filtering of the beams.
However, it is time consuming to change θ, because this requires movement of a spatial filter
after which the beam has to be aligned on the pinhole again.

4.  Fabrication

A silicon wafer was coated with a 0.5 µm thick silicon-rich nitride layer to obtain a low-stress
membrane [12]. On top of this a 250 nm thick positive-photoresist layer (1 part Shipley 1805
diluted with 1 part Microposit thinner) was spun at 4000 rotations per minute. Using Lloyd’s
mirror configuration with θ=20.55° a post pattern with period Λx=500 nm was obtained.
Various exposure times led to posts of different diameters. The smallest posts obtained are
shown in Fig. (7). A further increase in exposure time led to posts falling over. The rippled
sidewalls show about two periods of the vertical interference pattern in the 250-nm thick
layer. Calculation with Eq. (3) and nresist=1.7 gives a period of 106 nm.

After chromium lift-off, the pattern was etched into the silicon nitride membrane. Fig 8
shows that the lift-off process works well, even for posts that have fallen over.
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Fig. 7. SEM micrograph of 80 nm wide posts with rippled sidewalls caused by the vertical interference
pattern.

Fig. 8. SEM micrograph of a membrane after plasma etching through the holes in the chromium layer. The
curious hole in the centre is the image of a post that has fallen over prior to the lift-off process. The
rippled sidewall of the image is clearly visible.

The holes in the membrane are significantly larger than the 100 nm holes in the
chromium mask. Apparently, an aspect ratio of 5:1 is not possible with our etch recipe.
However, microsieves are usually made with a pore size larger than the membrane thickness
in order to obtain a small flow resistance and a membrane that is easy to clean. Etching with
an aspect ratio of 1:1 would be sufficient for such membranes.

In order to make 100 nm pores, a membrane thickness of about 100 nm is needed. If the
grating period is set at 200 nm θ has to be adjusted to 61.37°. Such a large angle gives a
higher reflection from the resist/membrane surface. Moreover, the 100 nm thick silicon nitride
membrane absorbs less UV-light than the 500 nm thick membrane used in Figs. 7 and 8,
which increases the reflection from the membrane/silicon surface. The increased reflection
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causes a stronger vertical interference pattern, which hinders the formation of posts. The
‘waists’ of the posts get so thin that the tops fall off. Only the ‘foot’ formed by the first
intensity minimum near the surface remains. Fig. 9 shows that the lift-off process on such a
foot is problematic.

Fig. 9. Unsuccessful lift-off due to badly formed posts caused by reflection of the UV-light on a 120-nm thick
membrane.

The intensity minimum near the resist/membrane surface is caused by the 180° phase
shift that arises during reflection on this surface. The incoming and reflected beams are
always in antiphase at the surface. In order to reduce the total reflection, the reflected light
from the silicon/membrane surface should have the opposite phase of the light reflected from
the resist/membrane surface. Reflection measurements show this is the case for a membrane
thickness around 100 nm. We covered such a membrane with a 160 nm thick photoresist layer
(1:2 resist/thinner mixture at 5000 rotations per minute) and repeated the exposure conditions
used in Fig. 9. The SEM micrograph in Fig. 10 shows that the resulting posts have a relatively
thin foot, which implies that there has been an intensity maximum near the surface. The lift-
off process on such small-footed posts is fairly easy. The vertical period for the posts in Fig.
10 is 121 nm according to Eq. (3). As the resist thickness is only 160 nm, the posts do not
show a ripple like in Fig. 7.
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Fig. 10. SEM micrograph of posts created on a membrane with an anti-reflection thickness (100 nm).

After lift-off and plasma etching a regularly perforated membrane is obtained. The
diameter of the pores in the chromium is approximately 65 nm, but the pores in silicon nitride
membrane are approximately 100 nm wide due to underetching. Depending on the application
the chromium layer can be left on the surface or be removed by wet etching. An SEM
micrograph of the etched membrane with the chromium layer on the surface is shown in Fig.
11.

Fig. 11. Overview of the pore pattern in an etched membrane. The chromium layer has not been removed.

With our double-beam set-up we successfully fabricated microsieves using 3-inch
wafers. A quality check shows that sometimes a pore is missing due to removal of a post
during the development process. For filtration purposes this is not a problem. Dust particles
form a more serious problem. During exposure a dust particle keeps part of the resist in its
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shade. This part will not be removed during development and might form a large hole after
lift-off. However, a successful lift-off on such a spot is unlikely, as it will probably not have
suitable sidewalls (i.e. with a vertical or negative slope). This is confirmed by the fact that we
could not find any pores larger than the desired pore size, despite the fact the exposure was
not carried out in a cleanroom environment.

The method of laser-interference lithography is less suitable for the production of
microsieves with high porosities. Creation of large pores gives irregular results due to the
rapid transition from holes to posts. An example of an attempt to produce a high-porosity
membrane with the lift-off process is given in Fig. 12. The SEM micrograph shows the
irregular square pores that arise after plasma etching.

Fig. 12. SEM micrograph of a high-porosity microsieve made with the lift-off method. The small process
latitude causes irregular results.

5.  Conclusions

Microsieves with pore sizes down to 65 nm were fabricated using double-exposure laser
interference lithography. The pores are obtained with an inverse process, as the direct process
of hole formation in photoresist has narrow process latitude. An array of posts is transferred
into an array of holes by evaporating chromium onto the posts, followed by a lift-off in
acetone. The resulting patterned chromium layer is used as an etch mask for plasma etching of
the silicon nitride membrane. The method is fairly robust, as the lift-off process exploits the
rippled sidewalls of the posts to allow the acetone to dissolve the photoresist. Underexposed
areas (underneath dust particles) do not have such rippled sidewalls and will therefore in most
cases not lead to a large hole. And if a post is removed during development due to a poor
adhesion, this will only lead to the missing of a pore.
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4 Membrane release

A critical step in the fabrication process of
microsieves is the release of the perforated
membrane from the silicon support. The pressure
resulting from hydrogen formation occurring during
wet etching may rupture the membrane. As
mentioned in chapter 2 the release problem can be
solved by plasma etching with cryogenic substrate
cooling. In this chapter the release step will be
investigated more thoroughly.
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Abstract

For the production of microsieves we studied the release of perforated silicon nitride
membranes from the silicon substrate. During the release by KOH-etching the pressure build-
up due to hydrogen-gas formation can be quite large and cause rupture of the membrane. We
explored the use of anisotropic etching with an SF6/O2-plasma to replace KOH-etching. For
sub-micron pores excellent results were obtained.

1.  Introduction

Microsieves are a promising innovation in filtration technology. Silicon micromachining
allows for the fabrication of microsieves with well-defined pores of arbitrary shape, size and
distribution [1,2]. Fig. 1 shows an example of a sieve with 0.5 µm pores.

Fig. 1. Surface of a 0.8 µm thin microsieve with a 0.5 µm pore diameter.

The base material of a microsieve is a <100> oriented silicon wafer. The wafer is coated
with a silicon-rich nitride layer (intrinsic stress 108 Pa [3]) by means of LPCVD (low-pressure
chemical vapour deposition). This layer is perforated using photolithography and reactive-ion
etching with a CHF3/O2-plasma. Finally the silicon underneath the perforated layer is partially
removed by anisotropic KOH-etching to form a support.
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This last step is crucial for the production of microsieves. If the silicon is etched from
the backside with a KOH-solution, a substantial part of the membrane will not be released due
to the oblique {111} crystal planes in the <100> wafer. A much better result is obtained when
etching takes place from the backside as well as through the pores on the front side. An
additional advantage of this method is the possibility to etch extra support bars underneath the
membrane (see Fig. 2).

Small support bar

Large support bar

Silicon nitride Silicon

Double sided KOH-etching
(result after 3 hours)

Continued KOH-etching
(result after 6 hours)

Silicon wafer with perforated silicon nitride layer

Fig. 2. Release of the perforated membrane by anisotropic KOH-etching from both sides of the wafer.

The hydrogen bubbles that arise from KOH-etching (25%, 70°C) cause a pressure build-
up underneath the membrane. This pressure may cause rupture of the membrane. We
investigated under what conditions KOH-etching through the pores is still applicable and we
explored the possibilities of dry etching to release the membrane.

2.  Wet etching through the pores

During KOH-etching hydrogen gas is formed. To push the liquid out of the pores, the gas has
to overcome the capillary forces. The required pressure pb for this is given by: [4]

d
pb

θγ cos4=    (1),

where γ is the surface tension of the KOH-solution, θ the liquid-solid contact angle and d the
diameter of the pores. After the hydrogen gas has pushed the liquid out of a pore it will form a
bubble on top of this pore. When the contact angle of the bubble with the pore wall becomes
0°, the gas pressure reaches a maximum value. For our KOH-solution with an estimated value
for γ of 0.075 N/m [5] Eq. (1) then reduces to:
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d
pb

30.0=    (2).

The bubble-point pressure increases for smaller pores. If the pore size is below a certain
value, the gas can break the membrane. The maximum pressure pmax that an unperforated
membrane can stand can be calculated [6]:

2/1

2/3

max 58.0
lE

h
p

yieldσ
=  (3).

Here h is the thickness of the membrane, σyield the yield stress, l the distance between the silicon
support bars and E the Young’s modulus. Insertion of some typical values for an unperforated
low-stress silicon nitride membrane into Eq. (3) (h=1.0 µm, l=200 µm, σyield=4.0×109 Pa and
E=2.9×1011 Pa) leads to a calculated maximum pressure of 14 bar. Our experience is that
during etching the membranes break for pores below about 1 µm, which should give a bubble-
point pressure of only 3 bar according to Eq. (2). The observed difference has several causes.
A significant weakening is caused by the perforations [6,7]. Furthermore, the irregular release
of the membrane during etching causes membranes to break far below the maximum
allowable pressure for a released membrane. Just before the membrane is entirely released, it
will be attached to the silicon by only a few points (besides the sidewalls). Around these
points huge stress concentrations will occur, which can cause the membrane to break. This is
in agreement with the observation that the ruptures usually occur during the release process.

Eq. (3) shows that a decrease in size of the membrane field leads to a stronger
membrane. In this way membranes with pores below 1 µm may be released without damage.
However, besides that the effective filtration area decreases, another problem arises. For pores
around 1 µm we observe that the etch rate of the silicon underneath the membrane decreases
and varies strongly over the wafer surface. Several channels are so shallow that the total sieve
resistance increases. We do not know the exact mechanism behind this effect. Possibly the
small pores in combination with the resulting large hydrogen pressure hinder the supply of
fresh KOH into the channel. The KOH underneath the membrane continuously creates
hydrogen gas, which causes an increasing pressure. This pressurized gas pushes most of the
KOH through the pores out of the channel, which reduces the etch rate and thus the rate of
pressure build-up. Only after the gas exceeds the bubble-point pressure it can escape and fresh
KOH can enter the channel. Obviously this cycle takes much longer for smaller pores and is
therefore more sensitive to small variations in pore size. We also observe that for small pores
the channels reach a certain maximum depth, after which the etching almost stops. This effect
is possibly caused by the fact that the pressure build-up in a deeper channel takes more
hydrogen and thus more time. If, during this time, all the KOH has been pressed out of the
channel, the etch process will stop.

3.  Dry etching through the pores

In order to overcome the problems of wet etching, we investigated the possibility of releasing
the membrane with the use of dry etching through the pores. The basic idea is given in Fig. 3.
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Small support bar

Large support bar

Plasma etching (front side)

KOH-etching  (backside)

Etch mask Silicon nitride

Fig. 3. Process scheme for the release of perforated membranes by plasma etching.

A patterned etch mask (photoresist or chromium) is used to perforate the silicon nitride layer
by CHF3/O2-etching. The mask is not removed from the nitride layer, as it will serve again as
a mask for the silicon dry etching. The use of an isotropic etch gas is not satisfactory, because
the small support bars would be etched away. Therefore an anisotropic-etch recipe is required,
with just enough undercut to remove all the silicon between the pores. Plasma etching gives
such an anisotropy, as the ions can be accelerated into a vertical direction by an electric field.
We chose an SF6/O2-mixture, as SF6 etches silicon isotropically while O2 gives an anisotropic
profile by passivating the silicon sidewalls of the trenches. Unfortunately the silicon nitride
showed a poor etch resistance to the plasma. It was attacked from the inside of the pores (see
Fig 4).

          

Cr

SiNx

Si

membrane

mask

Fig. 4. Silicon etching with an SF6/O2 plasma at room temperature through a 100 nm thin silicon nitride
membrane covered with a chromium mask. Already after the removal of 1 µm of silicon the membrane
shows a significant underetch.

In order to obtain a higher etch selectivity between the silicon support and the silicon
nitride membrane, the etch step was repeated in an apparatus with cryogenic substrate cooling
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(Plasmalab 100, Oxford Plasma Technology [8]). Using this apparatus we attempted to
release a membrane with a pore diameter of 1.5 µm and a pitch (pore-to-pore distance) of 4
µm by etching with an SF6/O2-plasma at different temperatures. The SEM micrographs of the
results after 15 minutes etching are given in Fig. 5.

        
a. 15 min., -90°C                             b. 15 min., -110°C                       c. 15 min., -130°C

Fig. 5. Results after 15 minutes etching with an SF6/O2-plasma at different temperatures

The micrographs show a vertical profile for a temperature of -110 °C. For -90 °C the
profile is positively tapered, for -130 °C it is negatively tapered. Addition of O2 is not
necessary to obtain anisotropy, as the quartz reaction chamber provides for the O2 while being
eroded by the plasma. Bartha et al. [9] explain the changing profile by a temperature-
dependent sidewall passivation. Fig. 6 shows a schematic illustration of the mechanism that
provides a vertical profile. The silicon is attacked by radicals (F* and O*) and forms volatile
SiF4 molecules and a passivating SiOxFy layer [10]. On the bottom of the trench this layer is
removed through sputtering by accelerated plasma ions. A more extensive description of the
temperature dependent profile is given by Jansen et al. [11].

SOxFyS
iO

xF
y

SFx
+

F*,O*
Mask

Membrane

SiF4

Fig. 6. Schematic illustration of the process of etching with an SF6/O2-plasma and cryogenic substrate
cooling. Erosion of the quartz reaction chamber creates the oxygen.

The samples in Fig. 5 do not show enough lateral etch (undercut) of the silicon to
connect the trenches. After a second etch of 30 minutes the membranes are still attached to the
silicon, although the one in sample 5c has almost been released. However, until so far our
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experiments were merely tests to find the right settings of the process parameters. In practice
membranes with large holes like these can still be released by KOH-etching.

For sub micron pores −where KOH-etching gives problems− the release of the
membrane by plasma etching is much easier, as less undercut is required to remove all the
silicon between the pores. We applied the -130°C recipe on membranes with pore sizes of 400
nm and 70 nm. Fig. 7 shows that the results are excellent: the membrane is released entirely
and the support bars have an acceptably vertical profile. Even the membrane with the 70-nm
pores does not show any etch attack by the plasma.

      
a. 45 min.,  -130°C, 400 nm pores           b. 45 min., -130°C, 70 nm pores

Fig. 7. SF6/O2-etching through very small pores.

  In contrast with KOH-etching the depth of the channel underneath the membrane does
not seem to be influenced by the pore size. The porosity will play a much more important role
in the silicon etch rate, as it determines the amount of plasma that can enter the channel.

4.  Discussion

Anisotropic plasma etching seems to be a useful tool to replace KOH-etching for the release
of perforated membranes with small pores. For pores below 1 µm −where wet etching causes
pressure problems− good results are obtained for plasma etching with cryogenic cooling. The
reproducibility is good and the membrane is not attacked. However, at this moment plasma
etching with cryogenic cooling can only be done in small batches: the apparatus used is a
single-wafer etcher and the whole process takes about one hour. For mass production of
microsieves this is still a problem. Therefore it would be worthwhile trying to attack the wet
etching problems from a different angle.

An option might be the addition of a surfactant to the etch solution to decrease the
surface tension and thus the bubble-point pressure. Also the etch conditions may be changed
in such a way that no gas is formed. If the etch rate is lowered by lowering the temperature
and/or KOH-concentration, the created hydrogen may remain in solution. However, one must
keep in mind that these changes will effect the anisotropic profile, which may not be in the
best interest for the fabrication of microsieves.
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Another way to avoid the problems is to etch gas escape holes from the back side of the
wafer. This is difficult for <100> wafers as the etch planes are oblique, which requires large
holes on the back side. We are currently investigating the fabrication of microsieves on <110>
wafers, as they allow for the etching of vertical escape holes which require only a very small
space on the back side. The first results are promising and will be presented in a next paper.

5.  Conclusions
The release of perforated membranes by KOH-etching is difficult for small pores, as pressure
build-up by hydrogen gas may break the membranes. Anisotropic etching with an SF6/O2-
plasma can solve the problem. During etching cryogenic substrate cooling is necessary to
protect the membrane against lateral etching under the mask. For sub-micron pores excellent
results are obtained. An important finding is that the anisotropy of the etch recipe is
maintained despite the in-between hanging perforated membrane.
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5 <110> silicon

Most micromechanical devices, including
microsieves, are fabricated on silicon wafers with a
<100> orientation. However, the oblique {111}
planes that arise during KOH etching prevent a high
packing density of etch pits. For microsieves −where
the entire wafers are etched through− this results in
large and therefore weak membrane fields. For
<110> silicon several {111} planes lie perpendicular
to the wafer surface, which allows for the possibility
to etch vertically through the wafer. As a result the
membrane fields can remain small and thus strong.
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Abstract

Pressure build-up of hydrogen gas created during KOH-etching can cause problems when
releasing perforated membranes for the production of microsieves. We investigated the use of
silicon wafers with a <110> orientation as an alternative for the conventionally used <100>
silicon. The possibility of creating vertical channels in <110> silicon by KOH-etching allows
for the formation of small and therefore strong membrane fields. Build-up of a hydrogen
pressure does no longer occur, as the gas can escape through the channels. Furthermore the
vertical anisotropy makes it possible to construct very thick and thus strong microsieves. For
the new fabrication process a chromium etch mask is used instead of photoresist. This
chromium mask has an additional advantage of giving better-defined pores, herewith
improving the filter performance. Using the new method we successfully released 0.1 µm thin
membranes with 0.1 µm diameter pores.

1.  Introduction

Microsieves made with silicon micromachining offer new possibilities in microfiltration
technology [1,2]. The pores, which are well defined by photolithographic methods and
anisotropic etching, allow accurate separation of particles by size. The membrane thickness is
usually smaller than the pore size in order to keep the flow resistance small (one to three
orders of magnitude smaller than other types of filtration membranes). The SEM micrograph
in Fig. 1 gives an illustration of the flexibility in pattern design that is possible using
technology that was originally developed for the semiconductor industry.

The present fabrication method on silicon wafers with a <100> orientation contains a
critical step, which is the formation of a silicon support underneath the perforated membrane
by KOH-etching. The hydrogen gas that is created during etching can rupture the membrane
due to a pressure build-up. In earlier work we showed that hydrogen-gas creation can be
avoided using plasma etching with cryogenic substrate cooling [3]. However, as this method
is not (yet) applicable for large batches, we investigated a new method that is still based on
the use of KOH-etching. For this method <110> wafers are used instead of <100> wafers in
order to prevent a pressure build-up of the created hydrogen gas.
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Fig. 1. SEM micrograph of a microsieve with slit-shaped pores.

2.  Fabrication of microsieves on <100> wafers

As mentioned in the introduction, up to now microsieves are fabricated using the more or less
standard <100> silicon wafers. These wafers are coated with a 1 µm thick low-stress silicon
nitride layer by means of LPCVD (low-pressure chemical vapour deposition). This layer is
perforated using photolithography and reactive-ion etching with a CHF3/O2-plasma. Finally
the silicon underneath the perforated layer is partially removed by anisotropic KOH-etching
to form a support (see Fig. 2).

In order to obtain a high degree of perforation, KOH-etching must be carried out from
the back side as well as through the pores on the front side. The etch rate on the front side
decreases for smaller pores. For 1 µm pores it is roughly one order of magnitude smaller than
the etch rate on the back side. If the wafer thickness is d, the width w of the openings on the
back side must be approximately d√2 (depending on the etch rate underneath the membrane)
to etch through the wafer, due to the 54.74° angle between the {111} planes and the wafer
surface (see Fig. 2). For a 3-inch wafer with a 375 µm thickness this would result in
membrane fields of approximately 530 µm width. Scaling up to 4-inch or 6-inch wafers with a
thickness of 525 and 675 µm would give fields of 740 respectively 950 µm. As such large
fields are relatively weak [4], usually small additional support bars are etched underneath the
membrane to reduce w (see Fig. 3) [2].



Chapter 5

40
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Silicon nitride
Photosensitive layer
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Development and CHF3/O2-etching
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d

w

KOH-etching from both sides

KOH-etching finished

Fig. 2. Schematic view of the microsieve fabrication on <100> silicon.

However, for pore diameters below about 1 µm problems occur due to pressure build-up
of the hydrogen gas that is created during KOH-etching. Fig. 2 shows that the silicon is etched
through the pores. The gas can only escape through the pores in the hydrophylic membrane if
its pressure exceeds the bubble-point pressure Pb, given by [5]:
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Fig. 3. Top view of a membrane field that has been split up by small silicon support bars. The dashed line
indicates the channel to the back side of the wafer.

d
pb

γ4= (1).

Here γ is the surface tension of the KOH solution (with an estimated value of 0.075 N/m [6])
and d the diameter of the pores. Smaller pores cause a higher pressure and with that irregular
etch results or even rupture of the membrane. For a diameter of 1 µm the bubble-point
pressure is about 3 bar [3].

The hydrogen gas will not build up a pressure if it is able to escape through the large
channels to the back side of the wafer. This is possible if the wafer is etched from the back
side first and after that through the pores on the front side. However, with this method it is
impossible to etch the small support bars, as they will be cut in halves by the channels.
Membranes supported by such half support bars turn out to be very vulnerable as stress
concentrations occur at the corners of the sliced bars. Leaving out the bars is not a good
option, as this would result in large (and thus weak) membrane fields. However, by using
silicon wafers with a <110> crystal orientation the support bars are not necessary. With such
wafers it is possible to create escape channels for the hydrogen gas, while keeping the
membrane fields small.
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3.  <110> wafers

3.1  Gas-escape channels in <110> wafers

If the escape channels had vertical walls, it would be possible to make much smaller fields.
KOH-etching on <110> wafers gives vertical walls but unfortunately two oblique {111}
planes disturb the possibility to make small channels. However, as the shortest width of the
fields determines the membrane strength, long but thin slit-shaped channels would still give
strong membranes. For <110> wafers the walls of such channels have mutual angles of 70.53°
and 109.47°. The walls are vertical, but in the sharpest corners (70.53°) the oblique planes
arise with an angle of 35.26° relative to the horizontal (110) plane. A schematic view of such
a channel is given in Fig. 4. In this figure the silicon nitride on the front side has not been
patterned yet, in order to etch the silicon only from the back side.
 

Cross section over CC’

70.53°

54.74°109.47°

35.26°

Silicon

Silicon
nitride

Vertical walls

l

Back-side view Oblique plane

d

w

30°

C’C

Oblique
 planes

Back-side view

Fig. 4. Schematic view of a slit-shaped hole after KOH-etching of a <110> wafer. The shaded walls inside the
channel on the right are {111} planes. Two planes are oblique and four planes are partly vertical.

The channel length l has been chosen such that the two oblique planes intercept at the
membrane layer on the top of the wafer before crossing each other. The cross section over
CC’ shows that the angle between the oblique planes and the wafer surface is 30° in the
direction parallel to the long vertical walls. This means that in order to etch through the entire
wafer the length of the channel has to be larger than 2d√3. For the channel width w the only
restriction that applies is given by flow-resistance requirements. The width should be chosen
such that the channel resistance becomes much smaller than the resistance of the attached
membrane field. It can be calculated that −even for extremely porous membranes− a width of
100 µm is sufficiently large.

Using the new <110> method the microsieves can be made much thicker –and thus
stronger− than with the conventional <100> method, as the vertical anisotropy makes the
membrane width independent on wafer thickness. We did not fabricate sieves thicker than 380
µm, but since the aspect ratio of the trenches can be as much as 600 it can be expected that
etching of deeper grooves will not cause any problems for the KOH solution (25%, 70°C) we
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used [7,8]. For concentrations above 30% the formation of {311} planes has been reported,
which disturbs the possibility to etch deep trenches [9]. The maximum etch rate of the {110}
planes occurs for a KOH concentration of 25% and is nearly twice the etch rate of the {100}
planes [9,10].

3.2  Fabrication of microsieves on <110> wafers

As the slit-shaped channels can be made very small, they can be placed close together, thus
creating membrane fields with small widths. Fig. 5 gives a schematic illustration of the
fabrication process of a microsieve on <110> silicon.

Silicon nitride

Silicon <110>

Patterned chromium layer

Back-side patterning and KOH-etching

 CHF3/O2-etching (nitride) and HF/HNO3-etching (silicon) 

Second-time KOH-etching and chromium removal
w

Fig. 5. Schematic view of the microsieve fabrication on a <110> wafer.

Instead of a photoresist mask we use a patterned chromium layer as a mask for plasma
etching. This layer is obtained either by a lift-off process on photoresist dots or by wet etching
of the chromium through holes in a photoresist layer. Before plasma etching of the membrane,
vertical escape channels are etched in a KOH-solution. Subsequently the membrane is
patterned by plasma etching, using the chromium as the etch mask. Expected differences in
etch rate due to variation in heat conduction between the released and unreleased parts of the
membrane were not observed: the pores are uniform over the entire surface. For very small
pores or very thin membranes it may be necessary to do an isotropic HF/HNO3-etch to release
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the membrane and make a small space underneath it (third step in Fig. 5). If the HF/HNO3-
solution is chosen in the right composition (less then 1 part 50% HF on 100 parts 69%
HNO3), no hydrogen gas will be formed during this release process. The function of the small
space underneath the membrane is to give the gas an escape route to the vertical channels. In
the discussion we will calculate the required depth for this space.

Using the new method we fabricated a sieve with slit-shaped perforations and a porosity
of 75%. SEM micrographs of this sieve are shown in Figs. 1 and 6. The shortest walls
underneath the membrane should be partly vertical, but instead they are somewhat oblique
with a rough surface. This is probably caused by the presence of the perforated membrane, as
the back side of the wafer does show the vertical walls.

Fig. 6. High-porosity microsieve fabricated on a <110> silicon wafer. Through the slit-shaped pores the
typical etch angles can be recognised.

3.3  Sub-micron pores on <110> silicon

Sub-micron pores are difficult to make with conventional contact-mask photolithography due
to diffraction of the light. Earlier we reported the fabrication of 0.1 µm pores in a 0.1 µm
thick membrane using laser-interference lithography. The membrane was released by etching
with an SF6/O2 plasma and cryogenic substrate cooling [2,3]. We investigated the release of
such thin membranes using the new <110> method.

In the laser-interference method two expanded laser beams form an interference pattern
of lines. The wafer, covered with a photosensitive layer, is exposed to the pattern. After
exposure the wafer is rotated over 90° and exposed again. Development of the layer leaves an
array of dots on the places where two minima overlapped. The array of dots is transferred into
an array of holes by a chromium lift-off process: a 15 nm thick chromium layer is evaporated
onto the surface, after which the dots are removed in an ultrasonic acetone bath. The so
formed patterned chromium layer is the starting point of the <110> process shown in Fig. 5.
Using this method of combining laser-interference lithography with <110> wafers we
successfully fabricated microsieves with 0.1 µm thick membranes and 0.1 µm pores. An SEM
micrograph of such a sieve is given in Fig. 7.



<110> silicon

45

Fig. 7. SEM micrograph of a microsieve with 0.1 µm pores.

4. Discussion

4.1  Space underneath the membrane

As discussed in section 2.2 the small space underneath the membrane, formed by HF/HNO3-
etching, requires a certain depth to give the gas the opportunity to escape to the large channel.
This gas, which is created during the second KOH-step (see Fig. 5), has to push away the
KOH-solution underneath the membrane towards the escape channel. The required pressure
for this can be calculated by making a force-balance analysis. The force Fγ required to remove
the liquid underneath the membrane can be obtained by multiplying the surface tension γ by
the wetted perimeter and the cosine of the contact angle θ between liquid and membrane:

θγγ cos)(2 whF += (2),

where h is the depth of the small space underneath the membrane. The gas exerts a force Fp

on the liquid, equal to pressure times cross-sectional area:

phwFp = (3),

with p the pressure difference between gas and liquid. A balance of the forces in Eqs. (2) and
(3) leads to

hhw

wh
p

θγθγ cos2cos)(2 ≈+= (4).

For the KOH-solution with a contact angle of nearly 0°, it shows that for a depth of 1
µm the pressure underneath the membrane will still be 1.5 bar. For very thin membranes this
may be too high and in that case the depth should be increased by HF/HNO3 etching until a
safe pressure level is reached.
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4.2  Resolution in pattern transfer

The chromium etch mask that is used in the method with <110> wafers, has an advantage
over photoresist regarding the definition of the pores. Chromium is not noticeably etched by
the CHF3/O2 plasma and therefore gives a higher resolution in pattern transfer. A photoresist
mask gives rise to a tapered profile of the pores in the membrane due to non-vertical
photoresist walls and lateral etching of the mask (see Fig. 8). Tapered pores have a negative
effect on filtration performance. Moreover, using chromium higher porosities can be obtained,
which improves the performance even more.

   

      

Fig. 8. Comparison of plasma-etch results for a photoresist mask and a chromium mask. The sieve on the left
was made with photo resist, whereas the one on the right was made with chromium.

5. Conclusions

A new fabrication method for the production of microsieves was proposed and investigated.
The method uses <110> silicon wafers and exploits anisotropic etching behaviour to form
vertical channels. The hydrogen gas that is created during KOH-etching is able to escape
through these channels and therefore can not damage the membrane. Thanks to the vertical
anisotropy a thick silicon support can be used while the membrane fields remain small and
thus strong. For sub-micron pores made with laser-interference lithography the new method of
using <110> wafers appears to be a good and cost-effective alternative for membrane release
with SF6/O2 etching and cryogenic substrate cooling. We tested the method for a 0.1 µm thin
membrane with 0.1 µm pores and were able to release it without problems. For larger pores
(>1 µm) −where direct KOH-etching through the pores can be applied− the method requires
more process steps than the conventional process. However, the quality of the microsieves
improves, as the chromium layer gives a high-resolution pattern transfer with non-tapered
pores. This allows for higher porosities and leads to a better filtration performance.
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6 Microsieves made of polymers

Microsieves are durable filters with an outstanding
chemical inertness. These properties make them
especially suitable for applications where a long
lifetime and an easy cleanable filter are required. An
example is the crossflow filtration of beverages. For
applications where disposible filters are preferred,
the use of high-quality microsieves may not always
be economicly feasible. For such applications a low-
cost sieve would be highly desirable. As most
disposable filters are made of polymers, we decided
to investigate the fabrication of microsieves using
polymer as the construction material instead of
silicon and silicon nitride. In this chapter we present
the results of these investigations.
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Abstract

Microsieves are filtration membranes with well-defined pores of arbitrary shape, size and
distribution. Up to now the sieves are fabricated using high-quality ceramic materials and
technology, making them especially appropriate for applications where durable filters are
required. For applications where disposable filters are preferred, microsieves made with low-
cost materials (like polymers) and easy fabrication methods would be highly desirable. We
investigated two methods that may be used to fabricate polymeric microsieves. The first
method is based on a photolithographic process applied to a negative-tone photosensitive
polyimide. Using a double-layer process a 1 µm thick supported membrane with 4 µm pore
size was obtained. The second method is based on an imprint process. A mould with the
inverse shape of a microsieve was printed into a polycarbonate film that was heated above its
glass-transition temperature. After cooling down the resulting polycarbonate sieve was
released. Using this imprint method we demonstrated the fabrication of a 0.3 µm thick
supported membrane with 0.4 µm pores. The first results are very promising, but more
research on the process conditions is needed.

1.  Introduction

Recently an innovative membrane concept was introduced in microfiltration technology [1,2].
The membrane, a microsieve, is much thinner and more uniformly patterned than
conventional filters. The microsieve is made with high-resolution micromachining methods
originally developed for the semiconductor industry. These methods allow for the fabrication
of membranes with well-defined pores of arbitrary shape, size and distribution down to a sub-
micron level. Fig. 1 shows an example of a microsieve with slit-shaped perforations.

Up to now the materials used are mostly a silicon nitride membrane attached to a silicon
support structure. Microsieves are therefore especially suitable in areas where durable filters
are required. A succesful application is the filtration of lager beer [2-4]. In areas where
disposable filters are preferred, for instance in blood filtration, cost price is an important
factor in the competition with other membranes. For such areas microsieves made with low-
cost materials and fabrication methods would be highly desirable. Polymers are such
materials, as they are inexpensive and can easily be manufactured. Moreover, they are
flexible, which can increase their applicability. In this paper we present two methods for the
fabrication of polymeric microsieves. The first method is based on the conventional
photolithographic process, whereas in the second method an imprinting process is used.
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Fig. 1. SEM micrograph of a silicon nitride microsieve with 1.5×7.5 µm2 slits made with silicon-
micromachining technology.

2.  Photosensitive polyimide

Polymeric microsieves may be fabricated using a negative-tone photosensitive polyimide.
Polyimide is an extremely strong polymer. After curing, the polyimide that was used
(Durimide 7510 [5]) has a yield strength of 215 Mpa [5], which is approximately half of the
tensile strength of steel (1020). A method for the fabrication of microsieves with this polymer
is described below.

A flat and smooth substrate is covered with a 2 µm thin layer of photosensitive
polyimide  by means of spin coating. As a substrate a polished silicon wafer was used, but
other substrates like metals, ceramics or glass may be used as well. The polyimide layer is
exposed to a micro pattern of UV-light. This pattern was obtained using a contact mask, but
alternative exposure methods like wafer stepping or laser-interference lithography [6] will
serve as well. The exposed areas polymerise, so that only the unexposed areas will dissolve in
cyclopentanone. The result is a 2 µm thick perforated polyimide membrane attached to a flat
substrate. This vulnerable membrane must be reinforced in order to be able to withstand
sufficiently high transmembrane pressures. Such reinforcement can be made by spinning a
second polyimide layer over the perforated layer at a lower angular speed. We spun a 50 µm
thick second layer, and exposed it through a photo mask containing a macro pattern for the
creation of the support bars. After dissolving the unexposed areas, a polyimide microsieve is
obtained still attached to the substrate. A schematic illustration of the process is shown in
Fig. 2.
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Exposure to UV-light

MaskPolyimide

Development and extra UV flood exposure

Second exposure

Thick polyimide

Second development

Substrate

Membrane Support bar
Cure and release

Fig. 2. Schematic illustration of the production process for a polyimide microsieve.

The polyimide is annealed for one hour at 350°C in an oxygen-depleted environment to
evaporate the remaining solvent and to increase its strength by crosslinking. During this step
the thickness decreases by a factor of 2 [5], leaving a 1 µm thick membrane. The final step is
the release of the sieve. Depending on the substrate, the polyimide may be peeled off or has to
be released in a stripping solution. Other possibilities are the use of a sacrificial layer
underneath the membrane that can be etched (e.g. aluminium), or the use of an anti-sticking
layer. The etch or stripping solutions should not damage the substrate, as multiple use of the
substrate will decrease the total costs significantly. We did not investigate the release step and
simply released the sieve by etching the silicon substrate in a HF/HNO3 solution.

Using this method of double-layer photolithography a microsieve with a 1 µm thick
membrane and a pore size of 4 µm was obtained. SEM micrographs of this sieve are shown in
Fig. 3.



Microsieves made of polymers

53

    

Fig. 3. SEM micrographs of the back side of a polyimide microsieve with a pore size of 4 µm and a pitch of
10 µm. The membrane thickness is 1 µm.

The resolution of negative-tone photosensitive polymers is usually lower than that of
positive-tone polymers. According to the supplier, the resolution limit of the polyimide used
is approximately 0.5 µm. For applications that require smaller pores, other (high-resolution)
photosensitive polymers may be employed.

Instead of a second polyimide support layer, the macroperforated support may also be
made in the substrate by etching the substrate through the pores in the membrane. Using a
metal substrate the result would be a micro-perforated polyimide membrane attached to a
macro-perforated metal support. For this method a good adhesion of the polymer to the metal
is required.

3. Imprinting

Analogous to the production of compact discs it might be possible to make microsieves with a
moulding process. The pattern in a compact disc contains features on a micrometre scale, and
is obtained with injection moulding. Similar techniques for the replication of an original into a
polymer copy are hot embossing or imprinting. The resolution of such methods is not limited
by the effects of light diffraction, scattering, interference and reflections on a substrate. Chou
et al. [7] investigated the imprinting of nanopatterns for lithographic purposes. They produced
an array of 60 nm deep holes with a diameter of 10 nm and a period of 40 nm. The smallest
hole obtained had a diameter of 6 nm. It is a high-resolution and high-throughput method for
low-cost mass production. During imprinting or hot embossing a thermoplastic polymer is
heated above its glass-transition temperature such that it can be shaped mechanically without
damaging the mould. After conforming to the master, the polymer is cooled down and
subsequently released from the mould. We explored the technical feasibility of the imprinting
process for the production of microsieves.

3.1. Mould fabrication

The mould should contain at least two levels. First a shallow level with approximately 1 µm
tall posts to obtain the perforated membrane, and second a deeper level for the formation of
large support bars. If necessary an intermediate level for small support bars can be made.
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Using silicon micromachining technology it is fairly easy to make such a mould. Anisotropic
etching with an SF6/O2 plasma allows for the creation of structures with vertical or tapered
sidewalls [8]. The fabrication process is shown in Fig. 4. The chromium dots on top of the
substrate were obtained by shadow evaporation [9], although standard lithographic methods
like lift-off or chromium etching may be used as well.

Spinning of photoresist and exposure to UV-light

Photomask

Development

Chromium dots

Silicon

Chromium etch and reactive-ion etching

Second chromium etch

Photoresist removal in acetone
and second reactive-ion etching

Photoresist

Fig. 4. Schematic illustration of the fabrication of a mould for the production of polymeric microsieves.

In order to prevent adhesion of the polymer the mould was covered with a 25 nm thick
fluorocarbon layer by deposition from a CHF3-plasma [10]. Jaszewski et al. [11] have shown
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that such a layer makes hundreds of embossings possible without the need to deposit a new
layer.

3.2. The imprint process

For imprint lithography one usually uses polymethylmetacrylate (PMMA). Other
thermoplastic polymers can also be structured and good results have been obtained with
polycarbonate [12]. As a well known kind of filtration membranes (track-etched membranes)
are also made of polycarbonate, we decided to use this material for our experiments. An
advantage of polycarbonate is the possibility to etch it in a controlled way (which is an
important step in the production of track-etched membranes). This property is useful for
further processing of the imprinted membranes. The fabrication process for imprinting is
schematically described in Fig. 5.

Pressure load at elevated temperature

Thermoplastic polymer

Skin-layer removal by etching

Release

Membrane Support bar

Flat disc

Mould

Fig. 5. Schematic illustration of the imprint process for the fabrication of microsieves.
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A 125 µm thick sheet of polycarbonate (Lexan 8B35 film [13]) is placed in-between
the mould and a flat disc. The whole is placed in a vacuum oven and heated to a temperature
of 250°C, which is 100° C above the glass transition temperature of polycarbonate. A
continuous pressure is applied by placing a weight on the disc. The 1 kg weight on the
0.5×0.5 cm2 mould area gives a pressure of 4 bar. Part of the viscous polymer is pushed into
the pattern and the excess escapes to the sides. After 1 hour the oven is cooled down and the
polycarbonate is released from the disc and the mould.

Most papers on nanoimprint lithography report the remaining of a very thin layer of
polymer (PMMA) on the places where the mould touched the disc. Jaszewski et al. [11] found
a thickness between 20 and 50 nm. Chou et al. [14] deliberately keep the mould from
touching the disc in order to prolong its lifetime. In imprint lithography the thin layer is
usually removed by oxygen-plasma etching while the imprinted layer is still attached to the
substrate. In case of imprinting for microsieve production the thin layer can be removed by
etching the entirely released structure in a strong caustic solution.

3.3. Results and discussion

A mould was fabricated for a microsieve with 0.7×3 µm2 slit-shaped perforations and a
honeycomb-shaped support structure. An SEM micrograph of the mould is shown in Fig. 6.

Fig. 6. SEM micrograph of the mould used for making microsieves with slit-shaped perforations.

The figure shows that not all the posts are perfectly slit-shaped. This was caused by
defects in the evaporation mask. Furthermore the sidewalls of the deep trenches are rather
rough, which is a result of the influence of the chromium posts on the etch process. On places
where no chromium was present, the honeycomb structure had smooth walls.

Despite the rough walls and the rather high aspect ratio of the trenches the imprinted
polycarbonate can be peeled off the mould. An SEM micrograph of the result is shown in
Fig. 7.
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Fig. 7. Released polycarbonate microsieve with slit-shaped perforations.

The imprinted sieve is quite a good replica of the mould, although the membrane
appears to have been stretched and damaged at several places. But regarding the fact that we
did not extensively optimise the process conditions, the results are encouraging. Optimisation
of imprint pressure, temperature and time will probably lead to better results. Also shape and
smoothness of the mould, kind of anti-sticking layer and release temperature need to be
optimised. The latter seems to be quite important, as we noticed a significantly easier release
when the mould and polymer were still hot.

A remarkable observation was the absence of the skin layer that was expected to have
been formed between the top of the mould and the flat disc. This absence can well be seen in
Fig. 8, where an SEM micrograph shows the situation during the release of a membrane with
4 µm wide square pores.

Fig. 8. Release of the polycarbonate membrane from a mould with 4 µm wide square pedestals.



Chapter 6

58

Possibly the skin layer is so thin that it ruptures during the release and remains adhered on top
of the posts. If this true, one might exploit this effect by removing the fluorocarbon layer from
the top of the posts prior to imprinting, thus enhancing the adhesion of the skin layer. After
the release the ruptured layer will simply mingle with new polymer in a next imprint process.
Another explanation may be thermal shrinking of the polycarbonate. With its coefficient of
thermal expansion of 6.8·10-5 °C-1 [13] the polycarbonate will shrink approximately 1.5%
during cooling down. The resulting stress will concentrate at the edges of the skin layer and
may cause rupture. But possibly the layer was not formed at all. The cohesive forces between
the polycarbonate molecules may have caused the viscous polycarbonate to withdraw from
the narrow space between mould and disc. Investigators of  imprint lithography may not have
found this effect because of the absence of an anti-adhesive layer on their substrate, and
because they did not always use vacuum conditions.

From the results it appears to be possible to imprint a microsieve in one step. However,
the presence of a dust particle or a slight difference in height between the posts will cause the
creation of the skin layer. In our experiments this occurred several times (see Fig. 9).

Fig. 9. Cross-section of a released membrane with a thin skin layer covering some pores.

The SEM micrograph shows that in some pores the skin layer is present. The formation
of this layer can be partly prevented by using a flexible disc that conforms to irregularities on
the mould surface. An attendant advantage of such a flexible disc is its positive effect on the
lifetime of the mould. As mentioned earlier, another way to prolong the life time of the mould
is to prevent the mould from touching the disc. The now purposely created skin layer may be
removed by etching. We investigated this possibility by immersing the membrane of Fig. 9 in
a KOH solution (25%, 70°C).  The skin layer could be removed in several minutes, although
the etch solution caused the creation of etch pits in the membrane (see Fig. 10).
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Fig. 10. The membrane of Fig. 9 after KOH etching. The skin layer has been removed, but etch pits have been
created.

The slit-shaped pores in the imprinted microsieves are still two orders of magnitude
larger than the 6 nm holes obtained by Chou et al. [7]. It is not likely that microsieves with
such small pores can be obtained by imprinting, as the resulting thin membranes (membrane
thickness should be of the order of the pore size) would probably rupture during the release.
The smallest possible membrane thickness is therefore mainly dependent on the shape of the
mould (i.e. aspect ratio and smoothness) and the adhesion force between membrane and
mould.

We fabricated a mould similar to the mould in Fig. 6, but replaced the oblong posts by
circular posts with a diameter of 0.4 µm. Fig. 11 shows two close-up SEM micrographs of the
mould and the resulting perforated membrane.

    

Fig. 11.  SEM micrographs of a mould with 0.4 µm diameter posts and the resulting membrane.
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4. Overall discussion

4.1. Membrane strength

The strength of the polymeric membranes is an important issue that was not yet investigated.
The less than 1 µm thick membranes are useless if they can not withstand the required
transmembrane pressures. Regarding the tensile force that was applied during the release
process, it can be speculated that the polymeric sieves are fairly strong. Therefore the issue of
handling does not seem to give any problems. Van Rijn et al. [15] derived an equation that
can be used to estimate the maximum allowable transmembrane pressure pmax for a thin
unperforated ceramic membrane:

2/1

2/3

max 58.0
lE

h
p

yieldσ
= (1),

where h is the thickness of the membrane, l the shortest distance between the support bars,
σyield the yield stress and E the Young’s modulus. The equation is based on the fact that the
largest stress occurs at the edge of the membrane due to bending. If the yield stress of a
ceramic membrane is exceeded, it will rupture. For metals and polymers the calculated
maximum pressure may be used as a lower limit for the really applicable pressure, as the
material will plastically deform at the places of maximum stress, thus redistributing the stress
over a larger area. Suppose we have a 1 µm thick polyimide membrane that is supported by
bars with an intermediate distance of 50 µm. If some values for the cured polyimide are
inserted into Eq. (1) (σyield=215 MPa and E=2.5 Gpa [5]), a lower limit for pmax of 7.3 bar is
obtained. Polycarbonate is significantly weaker, as it does not contain crosslinks like the
cured polyimide. With σyield=63 MPa and E=2.35 GPa [13] a lower limit for pmax of 1.2 bar is
obtained. Experiments show that for metals the pressure at which the membranes break is
approximately one order of magnitude higher than the lower limit estimated with Eq. (1). For
polymers we may expect a similar difference. If we incorporate a 50% strength reduction for
the perforations in the membrane [15], and if we assume that the support bars are much
stronger than the membrane and that the sieve rests on a rigid support, we obtain a very rough
estimation for the maximum pressure of 37 bar for the polyimide and 6 bar for the
polycarbonate membrane.

4.2. Production of large membrane areas

The results of both investigated methods for the fabrication of low-cost polymeric
microsieves are very promising. Concerning scaling-up, the method of exposing
photosensitive polyimide to UV-light is probably the easier of the two. The photolithographic
techniques are well known, so not much further research is needed. However, the fabrication
of polyimide microsieves with submicron pores still has to be demonstrated.

The method of imprinting is quite new for the sub-100 nm feature size. The first article
on nanoimprint lithography was published in 1995 [16]. But already imprinting with
submicron resolution is routinely used for reproducing refractive optical microstructures such
as holograms and gratings [11]. It is even thinkable that the process investigated may be
applied in a continuous way with a roller imprint method. Commercial roller systems achieve
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imprint speeds of up to 1 m/s in polycarbonate foil of up to 2 m width [12]. Using a roller
technique Tan et al. [17] obtained imprints with sub-100 nm accuracy. However, for imprint
depths in excess of about 1 µm  problems occur when using a roller method and a stamping
hot press is advised [12].

Despite the low costs of polymeric microsieves, they will not replace the silicon nitride
microsieves in all filtration areas that they are presently used for. For applications like
clarification of beer the silicon nitride sieves have important advantages concerning
durability, hydrophylicity, particle adsorption, chemical inertness and thermal resistance.
However, for applications where disposable filters are desired, like in blood filtration, the
polymeric sieves may become a good alternative for the present sieves. Moreover, in any area
where polymeric membranes with pore sizes of the order of a micron are presently used,
polymeric microsieves may be a welcome improvement concerning flow resistance and pore
uniformity.

5. Conclusions

Two methods for the fabrication of polymeric microsieves were investigated. The first method
is based on photolithographical techniques applied to a photosensitive polyimide. A 1 µm
thick reinforced membrane with 4 µm pore size was obtained using a double-layer process.
Smaller pores may be possible, but this needs further investigation. The method is fairly easy
to scale up, as the used technology is rather well developed.

The second method is based on an imprinting process. A polymer -in our case
polycarbonate- is heated above its glass transition temperature, after which it is mechanically
shaped with a mould. The mould contains two levels in order to imprint membrane and
reinforcement bars in one step. Using this method a 0.3 µm thick supported membrane was
obtained with a 0.4 µm pore size. The expected skin layer between the posts and the flat
substrate was often not observed. If present, this skin layer may be removed by etching in a
strong caustic solution. The release of the polymer from the mould is the most critical step in
the whole process and needs further investigation.
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7 Membrane strength

and flow resistance

A microsieve with an increased porosity generally
produces an increased water flux. Even higher fluxes
can be obtained when the shape of the perforations is
changed form circular to rectangular. However,
higher porosities and rectangular pores may lead to a
decrease in membrane strength. The decrease in
strength should preferably not be larger than the
decrease in flow resistance. In order to find an
optimum perforation pattern, we investigated the
influence of pore shape and distribution on
membrane strength and flow resistance.
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Abstract

Microsieves with slit-shaped perforations were compared to sieves with circular-shaped
perforations, regarding flow resistance and membrane strength. Destructive tests show that the
highest strength is obtained if the perforations are placed in a non-alternating pattern.
Especially for slits, alternating patterns should be avoided as they make the structure
unnecessarily flexible. The highest stress occurs at the edges of the membrane where it is
attached to the support. Flexible structures bend stronger and therefore cause a higher stress at
the edge, resulting in an easier rupture of the membrane. Our results show that microsieves
with slits show a 4-5-fold decrease in flow resistance for comparable strength related to sieves
with circular pores.

1.  Introduction

Recently an innovative membrane concept was introduced in microfiltration technology [1,2].
The membrane, a microsieve, is much thinner and more uniformly perforated than
conventional filters. The microsieve is made with technology originally developed for the
semiconductor industry, like chemical vapour deposition, photolithography and wet and dry
etching. It consists of a thin (thickness on the order of the pore size) micro-perforated
membrane attached to a thick macro-perforated support. The high-resolution micromachining
methods allow for the fabrication of membranes with well-defined pores of arbitrary shape,
size and distribution down to a sub-micron level.

If the space between the perforations is decreased, the porosity will increase. However,
this increase in porosity will lead to a decrease in membrane strength. For the design of
microsieves it is important to know the correlation between strength and porosity.

In microfiltration several important applications deal with the separation of fairly
undeformable (nearly) spherical particles, like for instance yeast cells. For such particles the
shape of the perforations can be changed from circular to rectangular, without affecting the
retention characteristics. Fig. 1 shows an example of two possible pore configurations. Slit-
shaped perforations have some important advantages over circular pores: the flow resistance
of a membrane with slits is much smaller and slits can not be completely blocked by cells.
These advantages can only be exploited if membranes with slits are strong enough to
withstand the applied pressures. Therefore the relation between membrane strength and pore
shape should be investigated.
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Fig. 1. SEM micrographs of microsieves with circular pores and with slits.

In this article we compare the theoretical fluxes for microsieves with slits and circular
pores. We fabricated the sieves and tested their strength. The results give a good insight into
the design of high-flux microsieves.

2. Flow resistance

The flow resistance Rc of a circular pore with diameter d in a membrane with a finite
thickness h can be approximated by [3-5]:
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with η the viscosity of the liquid and κc the porosity of the membrane (i.e. the fraction that
has been perforated). The first term in Eq. (1) denotes the resistance of a long circular channel
with length h (h>>d) and the second term is a correction for entry effects (in fact this term
denotes the resistance of an orifice, which is a pore in an infinitesimal thin membrane [3]).
The factor )( cf κ  corrects for the synergetic effect of circular pores lying in a square array on

a membrane with porosity κc [5]. For the function )( cf κ applies:
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For κc<<1 the series in this equation is converging fast and we will approximate it with the
first three terms. The coefficients in these terms are: a1 = 0.344, a2 = 0.111 and a3 = 0.066.

For the flow resistance Rs of a slit-shaped perforation with width d and length l (and
d << l) a similar equation can be derived:
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with κs is the porosity of a membrane with slits. The dimensions of the pores are illustrated in
Fig. 2.

d

d

h

l

Fig. 2. Definition of pore dimensions in a membrane with thickness h.

Analogous with Eq. (1) the first term in Eq. (3) denotes the resistance of a long
rectangular channel  (h>>d) and the second term the resistance of a rectangular orifice [3].
The factor is )( sg κ  is again a correction factor for the synergetic effect of infinitely long slits

lying parallel to each other in a membrane. It can be calculated with [6]:

)2/cos(ln8
)(

22

s

s
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πκ
κπκ −=  (4).

The principle of a constant orifice resistance plus a length-dependent channel resistance
is illustrated in Fig. 3.
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Fig. 3. Flow resistances of circular and rectangular channels as a function of the ratio of channel length and
width. In this graph the rectangular channel has an l/d ratio of 5.



Membrane strength and flow resistance

67

The figure shows the resistances of circular and rectangular channels as a function of a
normalised membrane thickness. For orifices the resistances have a non-zero value that is
indicated on the vertical axis. They increase linearly with the thickness. The dashed lines in
the graph indicate the thickness where the resistance is twice the orifice resistance.
Apparently the relative difference between circles and slits increases for thicker membranes,
giving an extra benefit of slits over circles.

For the situation in Fig. 3 the orifice resistance of the slit (l/d=5) is about 12 times
smaller than that of the circular pore. This difference will decrease if membranes with many
pores are regarded, as more circular pores than slits can be placed on a certain area. In order
to calculate the ratio of resistances Rc,mem/Rs,mem of the two membranes, we need to know the
number of pores per unit area. If the inter-pore distance is equal for both membranes (see Fig.
4), the number of pores can easily be calculated. This assumption of equal inter-pore distances
seems arbitrary, but is plausible since the smallest distance is determined by the resolution of
the photolithography.

d

aa

l

a

d

a

Fig. 4. Comparison of membranes with slits and circular pores.

Suppose the membrane is thin compared to the pore size (which means that the first
term in Eqs. (1) and (3) can be left out) and the mutual distance between the slits and pores is
a. With Eqs. (1) and (3) and expressions for the number of pores per square metre we obtain:
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In Fig. 5 this ratio of resistances is plotted as a function of l/d for three different ratio’s
of a and d.
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Fig. 5. Ratio of theoretical flow resistances for membranes with slits and circular pores and equal inter-pore
distances plotted according to Eq. (5).

For short slits (l not much larger than d) the graph is not correct as Eq. (3) has been
derived for infinitely long slits. Therefore we did not plot the graph for l/d < 3. With a series
approximation for large values of h [7], it can be estimated that for l/d > 5 the plotted values
are less than 10% larger than the actual values. The graph shows that the flow resistance of
the membrane with slits is roughly 4-5 times smaller than that of the membrane with circular
pores. Increasing the slit length beyond a certain value of l/d hardly decreases the resistance.
Longer slits will make the membrane weaker and increase the possibility that the bars bend,
thus allowing large particles to pass. Therefore it seems wise to keep the slits relatively short.
In this paper we will restrict our investigation to slits with l/d = 5. For this type of slits we will
calculate the water flux for a pressure difference over the membrane of 1 bar. For d we take 3
µm and for h 1 µm. The flux is compared with the flux through a membrane with circular
pores (see Fig. 6).
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Fig. 6. Water flux for 1 µm thick membranes with slits of 3×15 µm2 and circular pores of 3 µm diameter.

The large difference between slits and circles has two causes. First, a slit has a smaller
perimeter than several pores with the same total surface area. This smaller perimeter gives
less flow resistance. For membranes of equal porosity the difference is approximately a factor
of 2 [4]. Second, for slits the porosity of a membrane can be larger than for circular pores. The
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theoretical limit for circular pores in a square array is 78.5% whereas for slits it is 100%. For
the configuration in Fig. 4 the difference in porosity is approximately a factor of 2.

The graph shows that very high fluxes (up to three orders of magnitude higher than for
other types of microfiltration membranes such as track-etched membranes, asymmetric
membranes or tortuous path membranes) can be obtained by using a high-porosity membrane
with slit-shaped perforations. That is, if such a membrane can withstand the applied pressure
difference. In order to find out we investigated the influences of pore shape and distribution
on the membrane strength. We will start with the strength of an unperforated membrane.

3.  Membrane strength

3.1  Unperforated membranes

If a pressure difference is applied on a thin unperforated membrane, it will bend. The total
stress σtotal in the membrane is the sum of the average tensile stress σtensile and the bend stress
σbend. It reaches a maximum at the edge of the membrane (where it is attached to the support).
This is illustrated in Fig. 7.

Highest stress
(bending + tensile) Lowest stress

(only tensile)

Support
Membrane

Fig. 7. Bending of a membrane under an applied pressure difference.

The stress in the centre of the membrane (at height ½h) is constant over the whole
unsupported area. Its value can be calculated by [8]:

3
2

22

29.0
h

Elp
tensile =σ (6),

Where p is the pressure difference, l the length of the shortest side of a rectangular membrane
and E the Young’s modulus. The largest bending stress occurs at the top surface at the edge of
the membrane. It scales similar to the tensile stress in the centre of the membrane (compare
with Eq. (6)) [8]:
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As the total stress reaches a maximum at the edge, the membrane will break at the edge.
Comparison of Eqs. (6) and (7) shows that the bending stress at the edge is 4 times larger than
the tensile stress. This could imply that if the membrane is perforated (and thus weakened) in
the middle, it might still break at the edge. But if it still breaks at the edge, what is the
influence of the perforations on the maximum applicable pressure? Van Rijn et al. [8] showed
that circular perforations in a square array weaken a square membrane by a factor 2 for a
porosity of 25%. We extend their work by investigating the influence of shape and
distribution of the perforations on the membrane strength.

3.2  Perforated membranes

Suppose a membrane is perforated over its whole area except near the sidewalls. Such a
membrane will be more flexible than an unperforated one. Therefore it will show a larger
deflection when a pressure is applied (see Fig. 8).

Perforated membrane

Unperforated membrane

Fig. 8. Deflection of a perforated and unperforated membrane for equal pressure loads.

A larger deflection leads to a stronger bending at the edge with a resulting increase in
the bend stress. Therefore an unperforated membrane will be able to withstand larger
pressures than a perforated one.

The distribution of the pores over the surface will influence the stiffness and herewith
the strength of the membrane. This stiffness is dependent on the number, size and shape of the
‘bars’ in-between the pores. This is illustrated in Fig. 9 for a rectangular membrane with slits.

Long edge Short edgeTensile force

Imaginary bar

Fig. 9. Different slit configurations in a rectangular membrane.
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As the membrane is rectangular, the tension perpendicular to the long edges will be
larger than the tension perpendicular to the short edges. The tension pulls on the imaginary
bars between the slits. The structure on the left will probably be stronger than the one in the
middle, as the number of bars is larger. The structure on the right has the same number of bars
as the one in the middle, but since these bars are curved (spring-shaped), they will be less
stiff. Therefore a membrane with the structure on the right will show a larger deflection for
equal pressures. A larger deflection leads to a larger bending stress on the edges and thus can
be expected that the membrane with the alternating structure will be the weakest. In order to
verify this hypothesis, we fabricated microsieves with several different patterns.

4.  Strength tests

Microsieves were constructed by deposition of a 1 µm thin low-stress silicon nitride layer on
a 380 µm thick silicon wafer using LPCVD (low-pressure chemical vapour deposition). On
top of that a 1.8-µm thin photosensitive layer was spun. This layer was patterned with UV-
light through a photo mask that contains slits and circles in several different patterns. These
patterns were transferred into the silicon nitride by RIE (reactive-ion etching). Finally the
silicon nitride membrane was released by removing a part of the silicon underneath it by
anisotropic KOH-etching. The fabrication process is illustrated in Fig. 10.

Silicon

Silicon nitride
Photo sensitive layer

Mask

Development and RIE-etching

UV-light exposure

KOH-etching

Fig. 10. Schematic fabrication process of the microsieves for the strength tests.
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The 9×9 mm2 sieves have a perforated free hanging membrane of 1×3 mm2. As the
membrane is not square, we expect to see a strength dependency on the orientation of the
perforations. We designed 10 different patterns for slits and 10 for circular pores. The pore
dimensions are equal to those used for the flow-resistance calculations in Fig. 3 (circles 3 µm
diameter and slits 3×15 µm2). Fig. 11 shows how the perforations of the 20 different sieves
are oriented.
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Fig. 11. Various pore configurations used for the strength tests.

As the highest stress in the membrane occurs at the edge, we did not perforate the first
20 µm from the edge. Van Rijn et al. [8] show that the point of inflection (where the bending
stress is zero) is approximately 25 µm from the longest edge for the conditions used in our
experiments. The perforations in Fig. 11 are drawn with respect to the membrane at the
bottom of the figure. This means for example that the slits in group A and B are placed
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perpendicular to the long edges and the slits in group C and D parallel. Therefore the shown
membrane belongs to group A.

The sieves are placed in a holder and subjected to a pressurised yeast-cell suspension.
The cells block the pores and thus prevent the water from spouting through the membrane.
This assures an even distribution of the pressure force over the membrane area and makes
determination of the pressure difference easier. The pressure on the topside of the membrane
is slowly increased until rupture occurs. Fig. 12 shows the test results, together with the
calculated water fluxes of each membrane. The points in the graph indicate the pressures Prupt

that had to be applied to rupture the membranes. The bars indicate the calculated water fluxes.
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Fig. 12. Rupture pressure and water flux for the membranes shown in Fig. 11. The points indicate the pressure
at which the membranes ruptured and the bars indicate the calculated water flux for a pressure
difference of 1 bar.

5.  Discussion

The results of the strength tests (the ‘points’ in Fig. 12) show for the slits a very strong
strength dependency on the orientation. Membranes with slits placed perpendicular to the long
edges (groups A and B) are significantly stronger than those with parallel slits (C and D).
Furthermore, the non-alternating structures (A and D) are stronger than the alternating ones
(B and C). For the membranes with circular perforations this effect also seems present, but the
differences in strength between the groups are too small to prove this. In order to obtain a
better understanding of this orientation dependency, we studied the membrane stiffness with a
finite element analysis method (Ansys). In Fig. 13 the correlation is shown by plotting the
rupture pressure against the deflection ∆z of the middle of the membrane. The deflections
were all calculated for the same fictive pressure of 10 bar, hence they give an indication of the
stiffness. For each membrane we plotted only the highest of the measured rupture pressures.
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Fig. 13. Relation between measured membrane strength and calculated deflection (for a fictive pressure of 10
bar) for several membranes.

The graph shows a clear correlation between strength and stiffness. The flexible
membranes deviate more and thus the bending stress at the edge increases. Membranes with
alternating slit patterns parallel to the long edges form spring-shaped bars between those
edges. These structures show a large deflection and thus a large bending stress, which causes
membrane rupture at the edge. Stress calculations confirm this hypothesis: they show that
even for the heavily perforated membranes the stress at the longest edges is larger than in-
between the perforations. An example of such a stress calculation is shown in Fig. 14. It gives
an indication of the stress distribution over the membrane surface. The plot gives only a rough
indication of the actual stress values, as the mesh size is not small enough to show stress
peaks that should occur at the corners of the slits.

Fig. 14. Indication of the stress distribution on the surface of the membrane. Only a quarter of the membrane is
shown.

Filtration through slits gives a much higher flux than through circular perforations (the
vertical bars in Fig. 12 indicate the flux through each membrane). The difference in flux is
approximately a factor 4 to 5. When placed in a non-alternating configuration perpendicular
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to the longest edges, slits do not weaken the membrane much more than circles. Even for
porosities as much as 60% (pattern A1) the maximum allowable pressure is approximately 5
bar, which is more than enough for most filtration applications. If necessary, the strength can
easily be increased by a decrease in the size of the membrane fields.

During filtration slits may also show advantages regarding fouling. A slit can not be
blocked completely by a spherical particle and particles have less membrane surface to adhere
to. And if a protein layer grows on the inside of the pores, the flow resistance of a slit
decreases much less than that of a circle: Eqs. (1) and (3) show that Rs/Rc decreases linearly
with d. This means that the operation time between two cleaning steps may be longer for
membranes with slits. Of course all these advantages can only be exploited if the suspension
to be filtered allows replacement of circles by slits. Filtration of for instance a suspension of
disc shaped particles would give completely different retention characteristics for the two
membranes.

The pressure data show rather large deviations. This is possibly due to the brittle nature
of the silicon nitride. In order to draw firm conclusions about absolute membrane strength,
more strength tests should be carried out. This applies especially for the sieves with slits, as
only two strength-test results for each sieve were available.

6. Conclusions

Silicon micromachining technology allows for the possibility to fabricate membranes with
slit-shaped perforations. Filtration with slits offers some interesting advantages over
conventional filtration with circular pores. The flow resistance is a factor 4-5 smaller whereas
the membranes are of comparable strength, provided that the right slit pattern is chosen. In
this pattern the slits should be placed perpendicular to the longest membrane edges in a non-
alternating way. The membrane stiffness should be as large as possible to decrease deflection
and with that the bending stress at the edge. This rule of thumb also applies for membranes
with circular pores. The pores should be placed in such a way that the bars in-between the
pores are not spring-shaped.
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8 Prevention of pore blocking

Compared to other microfiltration membranes,
microsieves have an extremely small flow
resistance. An accumulation of retained particles in
front of the sieve will −more than for other
membranes− greatly increase the flow resistance. It
is therefore important to keep the surface void of
particles during filtration. This is usually done by
applying a crossflow. The required crossflow
velocity is dependent on several variables such as
transmembrane pressure, pore size, particle size, and
channel dimensions. In order to be able to filter
under optimum conditions with a properly designed
module, we investigated the influence of these
variables on the accumulation of particles on the
sieve surface.
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Abstract

A simple single-particle model was developed for crossflow microfiltration with microsieves.
The model describes the crossflow conditions required to release a trapped spherical particle
from a circular pore. All equations are derived in a fully analytical way without any fitting
parameters. For experimental verification of the model ultra-thin microsieves of uniform pore
size and distribution were used. The release of trapped particles (polystyrene spheres and
yeast cells) was determined by flux measurements as well as by in-line observation through a
microscope. The results show that the model gives a fairly good indication of what crossflow
should be applied to keep the pores free, for the conditions specified in this paper. In addition
it provides us with a simple rule of thumb for the design of crossflow modules for
microsieves. It describes which geometrical demands have to be met to enable filtration
without pore blocking, again for the conditions specified in this paper.

1. Introduction

New manufacturing methods have led to the introduction of microfiltration membranes with
extremely low flow resistances. High-resolution photolithography and etching techniques
used in the integrated circuit industry allow for the fabrication of ultra-thin microsieves with
uniform pores [1,2]. An SEM micrograph of such a microsieve is given in Fig. 1.

Fig. 1. SEM micrograph of a microsieve.
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When using a microfiltration membrane with a very low flow resistance, it is important
to prevent the formation of a cake layer, for the resistance of a thin cake layer might already
be orders of magnitude higher than the resistance of the membrane. An additional advantage
of a clean surface is that the retention characteristics of the membrane are not changed by
smaller pores formed in the presence of a cake layer.

A common way to prevent particles from blocking the pores is by applying a crossflow.
If the tangential drag force exerted by the crossflow is large enough, trapped particles will be
removed from the entrances of the pores. If the pore size distribution is small like in Fig. 1, in
certain cases it is possible to calculate under which circumstances the formation of a cake
layer can be prevented. In this article we describe how a very simple single-particle model
gives a surprisingly accurate description of the conditions needed to keep the pores free.

2.  Single-particle model

2.1  Model description

In 1986 Fischer and Raasch [3] introduced a single-particle model for pore blocking in
crossflow microfiltration. They assumed that a critical ratio of transmembrane pressure to
crossflow-drag force exists below which the filter medium remains clean. This ratio was
determined from experiments with woven metal sieves with mesh sizes of 25, 42 and 80 µm.
Lu et al. [4] made an attempt to calculate the critical ratio by analysing the forces acting on a
trapped particle. But whereas Fischer and Raasch used a sieve with a well-defined mesh size,
Lu et al. regarded a filter medium with an unknown surface roughness and therefore had to
use fitting parameters. De Balmann et al. [5] continued to develop Fischer and Raasch’ model
by estimating the two forces acting on a spherical particle trapped on a circular pore. In this
article we extend their model by calculating this critical ratio in a fully analytical way.
Furthermore, we verify the model with different kind of microsieves.

The main reason for developing the model is our investigation in the application of
microsieves for yeast-cell filtration. Therefore we should represent the cells by egg-shaped
particles. However, in order to keep the model simple we will regard them as rigid spherical
particles. The simplified situation is visualised in Fig. 2.

Crossflow in Crossflow out

Permeate out

Trapped
 particle

Membrane

l

h

∆pchan

∆pmem,inlet ∆pmem,outlet

Fig. 2. Spherical particles in a crossflow-microfiltration module.
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In Fig. 2 several relevant crossflow variables are indicated: h is the height of the
crossflow channel above the sieve and l the length, ∆pchan denotes the pressure drop across the
channel and ∆pmem,inlet and ∆pmem,outlet are the transmembrane pressures at the inlet and the
outlet of the crossflow channel, respectively. Fig. 3 shows how the pressure and drag force act
on a trapped particle.

Trapped
particle

A

dpore

dsphere
Fdrag

Fpressure

Pivot
position

Fig. 3. Pressure and drag force acting on a trapped particle in a crossflow module.

 The pressure force keeps the particle trapped while the crossflow-drag force tries to
release the particle. The ratio of their moments towards pivot position A determines the
release of the particle.

2.2  Magnitude of the forces acting on a trapped spherical particle

Besides the pressure force and the crossflow-drag force, several other forces are acting on a
trapped particle. The most relevant are the lift force, adhesion forces and the permeate-drag
force. We calculated the magnitude of these five forces in order to determine their influence
on a trapped particle.

Pressure force

The pressure force Fpressure is caused by the pressure difference ∆pmem across the membrane
(transmembrane pressure). Its magnitude is equal to the pore area Apore times the pressure
difference:

2
4
1

porememporemempressure dpApF π∆=∆=  (1),

with dpore the diameter of the circular pore. The moment Mpressure,A of this force towards pivot
position A is given by:

3
8
1

2
1

, porememporepressureApressure dpdFM π∆== (2).
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Drag force
The crossflow exerts a tangential drag force Fdrag on the trapped particle. This force is
dependent on the crossflow velocity near the particle. In case of a laminar flow the velocity
profile will be parabolic, as shown in Fig. 4.
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v(y)

Trapped
particle

Fig. 4. Velocity profile of a laminar flow in a crossflow channel.

Integration of the parabolic profile leads to the velocity distribution v(y). For a
rectangular channel we obtain:
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where <v> is de average crossflow velocity, h the height of the rectangular channel and y the
distance to the channel centre.

The velocity vc near the centre of the sphere can be found by substituting
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The last step in Eq. (4) is valid if dsphere<< h.
If a sphere is subject to a uniform creeping flow (Re<<1, based on the sphere) without

the influence of a wall, the drag force is given by the linearised Stokes equation:

sphereStokesdrag vdF πη3, = (5),

with η the dynamic viscosity of the fluid. If the sphere is fixed to a wall and subject to a linear
creeping shear flow (which usually applies to a microscopic particle in the boundary layer of a
crossflow channel), the Stokes equation has to be multiplied by 1.70 while substituting v = vc

[6,7]:

spherecStokesdragdrag dvFF πη10.570.1 , =⋅= (6).
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This equation is only valid for a sphere that remains at the entrance of the pore. If the sphere
is so small that it sinks deeply into the pore, the actual drag force will be significantly smaller
than calculated with Eq. (6).

In order to calculate the moment of the drag force towards pivot position A, the point of
impact of this force on the sphere has to be known (see Fig. 5).

A

Fdrag

Pivot
position

C
a

vc

Velocity profile near the wall

1/2 dsphere

Fig. 5. Impact of the drag force on a sphere in a linear creeping shear flow with wall influence.

As the upper part of the sphere is subject to higher velocities, it is obvious that the point
of impact of the drag force will be above the centre C of the sphere. The distance a from the
force line to the centre can be calculated using an expression for the torque T towards C
exerted on the sphere [6,7]:

2944.0 spherecdvT πη=   (7).

Now a can be calculated:
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 (8).

For the moment of the drag force Mdrag,A  towards pivot position A follows:

2
2
1

, 50.3685.0)( spherecspheredragspheredragAdrag dvdFadFM πη==+= (9).

With Eq. (4) we obtain the moment of the drag force as a function of the average velocity in
the crossflow channel:
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As De Balmann et al. [5] neither used the correction factor of 1.70 for the drag force (see Eq.
(6)) nor the exact point of impact (they used 0.5dsphere instead of 0.685dsphere), their obtained
value for Mdrag, A is a factor of 2.33 smaller than that given in Eq. (9).

Lift force
As the crossflow velocity near the upper part of the sphere is higher, a lift force perpendicular
to the crossflow will arise. For a resting particle in a laminar boundary layer the magnitude of
this lift force can be estimated with [8]:

5.15.15.05.015.2 sphereclift dvF ρη=            (11),

with ρ the density of the filtrate. In order to compare the magnitude of the lift force and the
drag force we can calculate their ratio:
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If we substitute some values for a dilute yeast cell suspension (η = 10-3 P·s, ρ = 103 kgm-3,
dsphere = 5 µm) and a fairly high shear velocity (<v>=2.5 m/s and h=0.5 mm), we obtain:
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If this result is combined with the fact that the arm of the drag force (0.685dsphere) is at least a
few times larger than the arm of the lift force (0.5dpore), it is clear that we can neglect the
influence of the lift force on a trapped sphere with the size of a yeast cell or smaller.

Adhesion forces
On a microscopic scale adhesion forces like Vanderwaals forces and electrostatic forces can
significantly influence the behaviour of a particle near a membrane. However, in certain cases
they are so small that they can be neglected. In the description of the experiments further
down this article we will show how we suppress the adhesion forces to a negligible level with
respect to the drag and pressure force.

Permeate-drag force
We are interested to know the conditions that are needed to clean a blocked membrane by
using a crossflow. A microsieve with a pitch (pore to pore distance) larger than the sphere
diameter can get completely blocked and will therefore show a negligible permeate flow. If
the pitch is smaller than the sphere diameter, the spheres can block only a limited number of
pores. In this case the permeate flow might exert a significant drag force on a trapped particle
in the same direction as the pressure force.



Chapter 8

84

If we assume that the permeate-drag force can be estimated with the linearised Stokes
equation  (Eq. (5)), we can compare the permeate-drag force with the pressure force:
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In earlier work [2] we showed that the permeate velocity vpermeate  for a microsieve with a
porosity of 20% (i.e. the pitch is twice the pore size) can be calculated with:
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Insertion of this equation into Eq. (14) yields:
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This equation shows that for small particle-pore ratio’s (but dsphere /dpore >1) the permeate-drag
force plays a minor role in keeping particles trapped on a pore. For membranes thicker than
microsieves (e.g. track-etched membranes), the permeate-drag force becomes even smaller
while the pressure force remains the same. In our further calculations we will neglect the
permeate-drag force, but we will keep in mind that for large particle-pore ratio’s or porosities
higher than 20% it can play a significant role.

The existence of a permeate flow has another influence on the flow conditions around
a particle: it will affect the parabolic profile. We will not incorporate this effect in our model.

2.3  Release of a trapped sphere

We have shown that the two most relevant forces are the crossflow-drag force and the
pressure force. The ratio of their moments is (Eqs. (2) and (10)):

3

3
8
1

3

,

, 9.83
5.10







∆

><=
∆

><

=
pore

sphere

memporemem

sphere

Apressure

Adrag

d

d

ph

v

dp
h

dv

M

M η
π

πη

           (17).

If we use an expression for the pressure drop ∆pchan  across the rectangular crossflow
channel [9],
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Eq. (17) can be written as:



Prevention of pore blocking

85

 

3

,

, 0.7 





∆
∆=

pore

sphere

mem

chan

Apressure

Adrag

d

d

p

p

l

h

M

M
           (19).

A trapped sphere will be released from the entrance of a pore if the moment of the drag force
exceeds the moment of the pressure force. This leads to the ‘particle-release condition’ for a
pore:
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The pores on the inlet of the crossflow channel are subject to the highest transmembrane
pressure (∆pmem,inlet). If they are kept clean by the crossflow, the whole surface will be kept
clean. Therefore the particle-release condition for the entire sieve becomes:
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This remarkably simple equation shows at what transmembrane pressures the pores can be
kept free.

In order to prevent back flow of the permeate through the membrane near the outlet of
the channel, ∆pmem,inlet on the inlet should be larger than ∆pchan. If this condition is added to
Eq. (21), we obtain:
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This equation is visualised in Fig. 6 for a constant ratio of dsphere to dpore.

Pore blocking

Permeate back flow

criticall
( )h h

l

1
No pore blocking

∆pmem,inlet

∆pchan

Fig. 6. Visualisation of Eq. (22). The shaded region is the only region where filtration without cake layer
formation is possible.
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The graph shows that cake layer free filtration without permeate back flow is only
possible if the ratio of h to l is larger than a certain critical value, no matter what crossflow or
transmembrane pressure is applied! From Eq. (22) we can deduct that filtration without pore
blocking can only occur if:
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This equation can be used as a rule of thumb for the design of a crossflow module for
cake layer free filtration, provided that certain conditions are met. These conditions are:
laminar crossflow, rigid spherical particles, circular pores smaller than but of the order of the
particle diameter, dilute suspensions and a membrane with microsieve-like properties (flat,
smooth, narrow pore-size distribution and cylindrical pores).

2.4 Tubular membranes

The equations derived are only applicable for flat sheet membranes. It is interesting to know
whether the particle-release conditions for tubular membranes can be described by similar
equations.

The velocity distribution for a tube is [9]:
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where D is the diameter of the tube. In the same way as for rectangular channels (Eq. (3) and
(4)), we obtain the crossflow velocity vc,tube near the centre of a spherical particle on the
surface of a tubular membrane:
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= 4,             (25).

The factor 3 for rectangular channels has changed to a factor 4 for tubular channels. The
average velocity <vtube> is given by [9]:

l

Dp
v tube

tube η32

2∆=><            (26).

Combination Eqs. (25) and (26) gives:
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∆
=            (27).

Eqs. (4) and (18) give a similar result for the velocity vc,chan near the centre of a particle on the
wall of a rectangular channel:
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Comparison of Eqs. (27) and (28) shows that for D=h and equal channel pressure drops the
velocity near a trapped particle is 2 times higher for rectangular modules than for tubular
modules. Therefore the particle-release condition for tubular modules becomes (compare with
Eq. (21):
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and the module geometry demand for tubular membranes (compare with Eq. (22)):
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3.  Microscope observations

In order to verify Eq. (20) we follow two different approaches. The first approach consists in
checking pore blocking by observing the surface of a small microsieve with different pore
sizes through a microscope. In the second approach we try to detect pore blocking on a larger
sieve with uniform pores by measuring permeate fluxes.

3.1  Experimental set-up for microscope observations

We fabricated a test sieve with a 1µm thin membrane containing circular pores in the range of
1.5 to 7.0 µm. The pores are arranged into 5 groups of each 100 identical pores. The pitch is
set at 20 µm to prevent trapped particles to touch each other. This means that all pores can get
blocked and therefore the influence of the permeate flow on the trapped particles will be
minimal. In paragraph 5 sieves with much higher porosities will be used in order to determine
the effect of a large permeate flow. Fig. 7 shows a schematic top view of the test sieve in a
crossflow channel.

The test sieve is made with silicon micromachining technology. This technology allows
the construction of smooth, thin membranes with very well defined pores [1,2]. The base
material is a 0.4 mm thick polished monocrystalline silicon wafer. This wafer is coated with a
1 µm thick silicon nitride layer by means of chemical vapour deposition. On top of this a
photosensitive layer is deposited by means of spincoating. A contact mask is used for partial
exposure of this layer to UV-light. After development the pattern is transferred into the silicon
nitride by reactive ion etching with a CHF3/O2 plasma. The silicon underneath the perforated
silicon nitride membrane is partially removed by anisotropic etching with a KOH-solution.
The total of the micro-perforated silicon nitride membrane attached to the macro-perforated
silicon support is called a microsieve. A crossflow channel is created by gluing a hollow glass
plate on top of the sieve. Fig. 8 shows a schematic view of the fabrication process.
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Crossflow in Crossflow out

Spheres stuck
   on a pore

Open
pores

Free floating
     sphere

Channel wall

Fig. 7. Schematic top view of the test sieve in a crossflow channel. The actual sieve contains 5 groups of each
100 pores.

We constructed 3 modules with different channel heights (135, 260 and 350 µm). The
length and width are 39 and 10 mm, respectively. The channels are low enough to ensure that
the vertical parabolic crossflow profile is fully developed near the perforations. The large
width of the channels ensures that the horizontal profile is hardly developed. Therefore all the
perforations will be subject to a uniform flow, especially because they are placed in the
middle of the channel. As test particles we used 6.3 and 10.6 µm polystyrene spheres. The
results of the experiments with these spheres were compared with the results obtained with
cells of baker’s yeast.

As Eq. (20) does not require the measurement of any crossflow or permeate flux, we
can keep the set-up fairly simple. With a suspension of known spheres in a module with
known dimensions, we only have to measure ∆pmem and ∆pchan. The suspension flows from a
highly placed vessel through the module to a lower placed vessel, so ∆pchan is fully
determined by the difference in height between the vessels (the flow resistances of the tubes
are negligible). If the system is in equilibrium, the water level in the permeate tube denotes
the zero position for ∆pmem. ∆pmem can be increased by lowering the permeate tube and its
value is then simply the distance of the tube end to the zero position.
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Fig. 8. Schematic view of the fabrication process of a test module.

The level in the top vessel is kept constant by a peristaltic circulation pump. The surface of
the membrane can be checked in-line with a microscope and images are recorded on video
tape. A schematic drawing of the set-up is shown in Fig. 9.
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Fig. 9. Set-up for verification of the single-particle model through microscope observations

Each experiment is performed with one module and a suspension with spheres of one
diameter, which means that h, l and dsphere are kept constant. For a certain difference in height
between the two crossflow vessels the equilibrium water level in the permeate tube is
determined (this is usually exactly in the middle of the two crossflow vessels, because the
lowest vessel is placed at the same level as the module). Then, the permeate vessel is placed
as low as possible to create such a transmembrane pressure that all the pores in the membrane
are blocked by the spheres. Next the permeate vessel is raised slowly until the spheres on the
group with the smallest pores are released (this release takes place in a fairly small pressure
interval). The height of the permeate tube end is determined and subsequently the permeate
vessel is raised again, until the spheres on the next group of pores are released. This procedure
is continued until all the groups are free. Each release pressure is determined three times.
After this the upper crossflow vessel is raised to increase the crossflow and the whole
procedure is repeated. The experiment is repeated with the other two modules and the other
two suspensions.

3.2  Results and discussion of the microscope observations

If the polystyrene spheres are suspended in water, they tend to stick strongly to the membrane
and the rest of the system. The addition of a small amount of detergent (0.1% Teepol) turns
out the be the solution to the problem: the particles completely lose their tendency to stick.
The detergent may have changed surface properties such as charge of the membrane and
particles.

From Eq. (20) we expect a linear relation between the transmembrane pressure at which
particles are released and the pressure drop across the channel. Fig. 10 shows the results of an
experiment where particle-release pressures were determined. The results of the other
experiments are similar. It appears that the relation between ∆pmem and ∆pchan is quite linear as
expected from Eq. (20), although for higher pressures the data show a digressive behaviour.
The data that belong to the largest pores (6.60 µm) are in perfect agreement with the theory.
For smaller pores the particles tend to be more difficult to release than predicted.
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In order to obtain a general verification of Eq. (20) we gather the results of all the
experiments with the different modules and particles and plot them together in one graph (see
Fig. 11).
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Fig. 10. Transmembrane pressure at which 10.6 µm polystyrene spheres are released from a pore as a function
of the pressure drop across a 260 µm high crossflow channel. The straight lines are drawn according to
Eq. (20).
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Fig. 11. Results of all microscope measurements. The straight line is drawn according to Eq. (20).
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The graph shows that for a particle-pore ratio around 2, Eq. (20) gives a fairly good
prediction of the release pressure. For larger ratios the particles are more difficult to remove
than expected. This deviation might be caused by a shift in the pivot position of the particle
on the pore. If the pore is much smaller than the sphere, the tangent of the sphere in the point
of contact A is almost parallel to the membrane surface. A small deformation of the sphere
caused by the transmembrane pressure will result in a shift of point A to a point A’ away from
the pore (see Fig. 12).

A
A’

rA

rA’

Fpressure

Fig. 12. Shift in pivot position for a slightly deformed sphere with a particle-pore ratio of 5. rA is the original
arm of the pressure force, rA’  is the arm in case the pivot position has shifted to point A’.

Besides a larger contact area (larger adhesion force), this shift in pivot position will give
the pressure force a larger arm. If the arm increases by a factor of 2, the release pressure will
decrease by a factor 2. This deformation effect will be stronger for larger transmembrane
pressures, which is in agreement with the digressive behaviour in Fig. 10.

The egg-shaped yeast cells turn out to follow the theory reasonably well, although they
tend to stay on the pores a little longer than the polystyrene spheres. This is probably due to
the fact that we regarded the cells as spheres with a diameter of 5 µm, which is only a rough
estimation. Furthermore, they are easier to deform than polystyrene spheres. The size
distribution of the trapped cells is much smaller than that of the suspended cells, because the
cells are ‘caught’ by slowly decreasing the crossflow. In this way the smallest cells block the
pores first and the larger cells will remain in suspension.

4.  Flux measurements

Let us suppose we have a sieve with pores of only one size. If, for a certain crossflow, the
transmembrane pressure is increased beyond a certain critical value, trapped particles will no
longer be released. For a low-porosity sieve with a pitch larger than the particle diameter all
the pores can get blocked and thus the permeate flux will probably decrease for pressures
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larger than this critical value. So by measuring the flux it should be possible to register pore
blocking and verify Eq. (20) in a more realistic filtration situation than with the model
membrane in our microscope observation experiments.

4.1  Set-up for flux measurements

We use dilute suspensions of yeast cells (0.2-4.0 g/l in a ¼ strength Ringers solution at 5 °C)
and a membrane with a pore size of 2.50 µm and a pitch of 7.50 µm. An SEM picture of the
membrane is given in Fig. 13.

Fig. 13.  The low-porosity sieve that is used for the flux measurements.

As Eq. (20) shows that the smallest yeast cells (diameter about 5 µm) block the pores
easier than the larger cells, we expect a blocked membrane to be covered mainly with 5 µm
cells. These small cells can not touch each other and should therefore be able to block the
membrane completely. This blocking will lead to a strong decrease in flux and should
therefore be easy to detect

The sieve is placed in a module with a continuously adjustable channel height. The
channel length is 39 mm and the width 25 mm. Fig. 14 shows a schematic image of the
constant-pressure crossflow system that is used.

Pump

Module

Permeate
     tube

Permeate vessel

Crossflow
    vessel

Flow meter

Balance

∆pmem,inlet
∆pchan

Heat exchanger

Fig. 14.   Set-up for verification of the single-particle model through flux measurements.
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The transmembrane pressure can be adjusted by altering the height of the permeate
and/or crossflow vessel. Permeate fluxes are measured as follows. For a pressure above the
particle-release pressure we determine the volume of permeate that has to pass through the
sieve to obtain a more or less constant flux. Each flux measurement starts with passing this
volume through the sieve. This is done to give the yeast cells the time to block the pores.
Finally, the time is measured for 25 ml of permeate to pass through the sieve. For these 25 ml
we calculate the permeate flux.

4.2  Results and discussion of the flux measurements

The graph in Fig. 15 shows that for a low-porosity sieve with uniform pores the flux reaches a
maximum value for a certain critical transmembrane pressure. For pressures larger than this
critical pressure the trapped yeast cells can not be released by the crossflow. The value of the
release pressure can be calculated with Eq. (21).
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Fig. 15. Permeate fluxes for a yeast suspension filtered through the microsieve shown in Fig. 13.

The applied crossflow in Fig. 15 was 1.6 l/min and the channel height 1.0 mm. The
measured pressure drop across the crossflow channel was 20 mbar. With a pore size of 2.50
µm and yeast size of 5 µm we have all the necessary information to calculate the release
pressure. Insertion of the variables in Eq. (20) leads to a release pressure at the crossflow inlet
of 29 mbar. This value corresponds quite well to the experimentally determined value of the
critical pressure. Notice that the reason why the flux is zero at about 10 mbar (half the
pressure drop across the channel) is that the inlet transmembrane pressure is plotted, not the
average pressure.

The calculated release pressure predicts when the inlet of the channel starts to get
blocked. The pores downstream are still open then, for they are subject to a smaller
transmembrane pressure caused by the pressure drop across the channel. Hence in Fig. 15 the
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transmembrane pressure for pores near the outlet of the channel is 20 mbar (the pressure drop
across the channel) lower than for pores near the inlet. The outlet pores will get blocked for an
inlet pressure of 29+20=49 mbar. For higher pressures the flux should stop decreasing,
because all the pores are blocked. This can indeed be observed in Fig. 15. The fact that the
flux does not become zero indicates that the yeast cells do not perfectly block the pores.

5. High-porosity sieves

For high-porosity sieves the pitch of the pores is often smaller than the particle size. Now the
pores can not all be blocked at the same time, because a trapped particle will prevent
surrounding pores to get blocked. Therefore a maximum value for the flux like in Fig. 15 will
probably not be observed. Furthermore, the permeate flow through the open pores will
influence the release conditions of the yeast cells by altering the parabolic profile and giving
rise to a permeate-drag force .

5.1  Results

We replaced the low-porosity sieve used in Fig. 15 by a high-porosity sieve (pore size 1.94
µm and pitch 3.00 µm, porosity 33%). For a channel height of 1.1 mm, a crossflow of 1.0
l/min and a pressure drop across the channel of 6 mbar, the graph in Fig. 16 was obtained.
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Fig. 16. Permeate fluxes for a yeast suspension filtered through a high-porosity microsieve.

 As expected, the flux graph does not show a maximum. However, we do observe a kink
in the graph that indicates an increase in the sieve resistance due to trapping of cells. Insertion
of the filtration conditions into Eq. (20) leads to a particle-release pressure of 20 mbar. This
value roughly corresponds to the observed kink in the graph, which confirms the assumed
minor influence of the permeate-drag force on the trapped cells. With Eq. (16) we showed that
this force can be neglected for particles of the order of the pore size. In practice one often uses
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pores that are an order of magnitude smaller than the particles. For microsieves this is not
necessary, as the small pore size distribution ensures that all particles are retained, even if the
pores are only a fraction smaller than the particles. And in case the suspension consists of a
broad range of particles, mainly the small particles will be trapped. These small particles will
probably be of the order of the pore size and can therefore be described by the model.

In experiments where the release pressures were higher (for instance for larger channel
heights or larger crossflows) it was observed that both for low and high-porosity sieves the
deviation from the theory increased. This is in agreement with the results in Figs. 10 and 11.

5.2  Critical flux or critical pressure?

Prior to all yeast-filtration experiments the flux of water without yeast cells was measured.
When comparing permeate flux with water flux a remarkable effect is observed. Although the
first part of the graph in Fig. 16 seems to show no pore blocking, the permeate flux is about 4
times smaller than the water flux. Observation of the sieve surface through a microscope
during filtration shows that for pressures below the release pressure, particles get trapped on a
pore, but their residence time is only a fraction of a second. Apparently the permeate flow
drags the cells towards the sieve surface, but the transmembrane pressure is not large enough
to keep the cells trapped. For higher yeast concentrations we measured a lower flux, but the
position of the kink remained the same. Probably a higher concentration causes more cells per
second to be trapped and released, thus keeping the pores blocked for a longer time. The
occurrence of this phenomenon, called dynamic fouling, was first expounded by Le and
Howell [10] and further calculated by De Balmann et al. [5]. We can confirm that it indeed
occurs as they described.

For the low-porosity sieve (used for the graph in Fig. 15) the permeate flux is almost as
high as the water flux. Possibly, in this case the permeate-drag force is not large enough to
push the cells onto the pores. A moving particle experiences two forces perpendicular to the
membrane: a permeate-drag force towards the membrane and a lift force in opposite direction.
The ratio of the two determines the direction of movement and was extensively described by
Altena and Belfort [11]. Suppose the ratio is smaller than 1, which means that the particle
moves away from the membrane. If the membrane porosity is increased (without altering the
pore size), the flux and thus the permeate-drag force will increase and the ratio can become
larger than 1. Now the particle moves towards the membrane and will −temporarily or
permanently− block a pore. Apparently a certain ‘critical flux’ has to be exceeded in order to
drag the particle towards a pore. Whether it stays at the pore depends (among other variables)
on the transmembrane pressure, which is independent on the porosity. Above a certain
‘critical pressure’ the trapped particle will not be released by the crossflow-drag force. The
fact that the flux is dependent on porosity whereas the transmembrane pressure is not, implies
that –depending on the degree of porosity− the filtration may be governed by a critical flux or
by a critical pressure. It is not only the porosity that determines which of the two governs the
filtration, but membrane thickness, crossflow velocity, pore size and particle size are also
important factors. For example, for a very thick membrane the flux may be too low to drag
particles to the membrane, but once they arrive at a pore (e.g. by mutual collisions or by a
pressure peak caused by a closing or opening valve) they will remain trapped. We have
actually seen this valve effect occurring after each backpulse during yeast-cell filtration of
lager beer [12]. Using Eq. (20) and an expression for the ratio of permeate-drag force to lift
force [11] it should be possible to calculate under which conditions filtration with a certain
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sieve is governed by a critical flux or by a critical pressure. The result may determine which
operation strategy should be applied: filtration at constant flux or at constant pressure. We
emphasise that our analysis is based on the conditions described in this paper. For filtration of
e.g. protein solutions with pore sizes not much larger than the size of the protein molecules, a
completely different analysis must be made.

6. Conclusions

The forces acting on a trapped particle were calculated as a function of several crossflow
variables. It was made plausible that the crossflow-drag force and the transmembrane-
pressure force are the major forces. Comparison of these forces leads to a very simple
expression that describes under what conditions a trapped particle is released from a pore. The
model was developed for microsieves, but may also be applied for other smooth membranes
with a wider pore-size distribution. In that case the largest pore in the membrane determines
which crossflow conditions have to be applied. The model is valid for filtration of dilute
suspensions of rigid spherical particles through membranes with circular pores under laminar
crossflow. The forces are calculated under neglect of inertia forces, which −for the boundary
layer of a laminar crossflow− is usually the case for particles of the order of the size of a yeast
cell or smaller. Furthermore the pores should be smaller than, but of the order of the particle
size.

Special microsieves with different pore sizes were fabricated with silicon
micromachining technology to verify the theory. The experimental results are in fairly good
agreement with the theory, although for larger particle-pore ratio’s (>2) the particles
(polystyrene spheres and yeast cells) tend to be more difficult to release than expected. Higher
pressures (>0.05 bar) also cause a relatively difficult release of the particles. Both effects are
possibly caused by deformation of the particles.

 Experiments with a high-porosity sieve show that for pressures below the release
pressure the permeate flux is significantly lower than the water flux, whereas a low-porosity
sieve does not show this effect. This lower flux appears to be caused by temporarily captured
particles. The effect leads us to the hypothesis that particle capture and release may be
governed by a critical flux or by a critical presure, depending on the filtration conditions.

The final overall conclusion is that microsieves appear to be excellent membranes for
the experimental verification of filtration models. The well-defined pores and uniform
distribution together with the flat and smooth surface give low particle adhesion and
reproducible results. Moreover, pore size, shape and distribution can be customised, which
increases the possibilities for model verification.
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List of symbols

All symbols are in SI-units

∆pmem TMP for a certain pore
∆pmem,inlet TMP at the begin of the membrane
∆pmem,outlet TMP at the end of the membrane
∆pchan Pressure drop across a rectangular crossflow channel
∆ptube Pressure drop across a tubular crossflow channel
Fdrag Crossflow-drag force
Fdrag,Stokes Drag force according to the linearised Stokes equation
Fdrag,permeate Permeate-drag force
Fpressure Force of the TMP on a particle
Flift Lift force on a particle
Mpressure,A Moment of Fpressure towards pivot position A
Mdrag,A Moment of Fdrag towards pivot position A
T Torque
a Distance of the force line of Fdrag to the centre of a sphere
C Centre of a sphere
A Pivot position
A’ Shifted pivot position
dpore Pore diameter
dsphere Sphere diameter
Apore Surface area of a pore
l Channel length
h Height of a rectangular channel
w Width of a rectangular channel
D Tube diameter
y Distance to channel centre
v Crossflow velocity
vc  or vc,chan Crossflow velocity near the sphere centre for a rectangular channel
vc,tube Crossflow velocity near the sphere centre for a tubular channel
<v> Average crossflow velocity
vpermeate Permeate velocity
η Dynamic viscosity
ρ Density
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9 Filtration of lager beer

Before the start of this Ph.D. work Aquamarijn
Microfiltration B.V. and the Grolsche Bierbrouwerij
Nederland B.V. started collaboration with the
purpose to investigate the possibilities of replacing
kieselguhr filtration of lager beer with microsieve
filtration. A pilot plant was built in which the
performance of the sieves was tested. The obtained
permeate fluxes were sufficiently high to make
replacement of the kieselguhr economicly feasible,
but the permeate was not yet clear enough for direct
bottling after filtration. Moreover, a gradual fouling
of the sieves occurred of which the nature and
formation mechanism was not understood. Therefore
we built a set-up that allows in-line observation of
the sieve surface through a microscope. We
fabricated sieves with different pore sizes and shapes
and investigated their influence on flux, haze and
fouling. The results of these investigations are
presented in this chapter.
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Filtration of lager beer with microsieves:
a study of the fouling mechanisms through in-line

microscope observations
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Abstract

Membrane fouling during filtration of lager beer with microsieves was studied through in-line
microscope observations. It was observed that the main fouling was caused by micrometre-
sized particles, presumably aggregated proteins. These particles formed flocks covering parts
of the membrane surface. Most of the flocks could be removed by a strong temporary increase
in crossflow. Underneath the flocks a permanent fouling layer was formed inside the pores.
This made frequent removal of the flocks crucial in delaying the process of permanent in-pore
fouling.

Besides the fouling process the influence of pore size on permeate flux and turbidity
was investigated. Centrifuged beer appeared to give a significantly clearer permeate than
rough beer. For centrifuged beer and a microsieve with a pore diameter of 0.55 µm a haze of
0.23 EBC was obtained during 10.5 hours of filtration at an average flux of 2.21·103 l/m2hr.
For a sieve with slit-shaped perforations of 0.70×3.0 µm2 a haze of 0.46 EBC was obtained
during 9 hours of filtration at an average flux of 1.43·104 l/m2hr. This flux is more than two
orders of magnitude higher than is commonly obtained with membrane-filtration of lager
beer. Concentration of the beer by a factor of 12 in a 3 hour run hardly influenced the
magnitude of the flux.

1. Introduction

Clarification of lager beer is an important operation during the brewing process. Rough beer is
filtered in order to eliminate yeast cells and colloidal particles responsible for haze. Common
beer-filtration systems are based on kieselguhr. However, the exploitation costs of these
systems are rather high. Crossflow microfiltration with polymeric or ceramic membranes may
be an alternative. Several studies have been carried out, but often problems like poor permeate
quality (i.e. high turbidities or protein and aroma retention) or insufficient fluxes are
encountered [1-3]. Moreover, extensive cleaning procedures are required, as beer turns out to
cause severe fouling [4-6]. Ceramic membranes have an advantage over polymeric
membranes regarding fouling, as they can withstand harsh cleaning methods. However, the
obtained fluxes are usually significantly lower. Ceramic membranes with a small flow
resistance would therefore be highly desirable for beer filtration. Recently developed
microsieves made with silicon micromachining are such membranes [7,8]. They consist of a
thin micro-perforated silicon nitride membrane attached to a macro-perforated silicon support.
The membrane thickness is of the order of the pore size, thus allowing high fluxes and
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relatively simple cleaning procedures. Moreover, the membrane is optically flat and smooth
(surface roughness typically below 10 nm), which hampers adsorption of foulants.
Furthermore, the pores are uniform in size and distribution, which may be important for the
quality control.

 Recently we reported on experiments with yeast-cell filtration of rough lager beer with
microsieves [8,9]. Using pore sizes of 0.8-1.5 µm, average fluxes up to 4·103 l/m2hr were
obtained. This is approximately one order of magnitude higher than is commonly obtained for
kieselguhr filtration and nearly two orders higher than for filtration with conventional ceramic
membranes. Although the permeate was free of yeast cells, it was still too turbid (0.8-1.2
EBC) for bottling. After several hours of filtration an irreversible fouling layer prevented
further filtration. Examination of the sieves showed a remarkable form of fouling. Carpet-like
structures covered certain areas of the membrane surface. The origin of these structures was
not known, but it was clear that they completely blocked the pores. The SEM micrograph in
Fig. 1 shows such a local fouling layer.

Fig. 1. Carpet-like fouling of a microsieve observed after filtration of rough lager beer.

Had the carpets slowly grown or were they formed in the system (for instance on the
tube walls or in the centrifugal pump) and subsequently dropped on the sieve surface? The
best way to investigate the origin of this peculiar form of fouling was in-line observation of
the sieve surface through a microscope. We built a set-up for such observations and also
investigated the dependence of flux and permeate haze on the pore size. The results give a
better insight in the fouling mechanisms and they are very promising for the future application
of microsieves for filtration of lager beer.
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2. Experimental set-up

2.1  Rig set-up

In order to prevent CO2 from escaping, beer is normally filtered under pressurised conditions.
However, to keep the set-up flexible, we built a rig that can only be used under atmospheric
pressure. We realise that the escape of CO2 will change the pH of the beer and may therewith
influence the fouling process.

The rig mainly consists of silicone tubing and was designed for a constant-pressure
filtration under crossflow circulation of the feed. This constant pressure is obtained by a
difference in height between the feed vessel (volume 2 l) and the permeate outlet. A
schematic illustration of the rig is presented in Fig. 2.

FM

PT PT

PT

TM

  Flexible
membrane

Pressure
 reducer
Sequence

Sequence

Sequence

Microscope
with camera

Module
Microsieve

Air release

Pressurised
        air

Centrifugal
     pump

Cooler

 Feed
vessel

Load cell

Fig. 2. Schematic illustration of the crossflow rig used for the filtration of lager beer.

Three pressure transducers (PT) are used to monitor the pressure drop over the
crossflow channel (∆Pchan) and the transmembrane pressure (∆Pmem). Furthermore a flow
meter (FM) and a thermometer (TM) are used to monitor the crossflow conditions. The upper
part of the filter module consists of a glass plate with a 0.17 mm thickness, which allows for
observation of the sieve surface through a microscope. The microscope (Leica) is equipped
with adjustable objectives, in order to correct for the distance that the light has to travel
through the glass and beer. Backpulses are obtained by periodically pressurising the permeate
via a dense flexible membrane. In this way no external liquid is added to the permeate. The
three valves are actuated all at the same moment with the same signal. The permeate valve
and the air-release valve are in a normally open position and the valve in the pressurised-air
tube is normally closed. The amount of permeate is measured with a load cell connected to a
computer.

2.2. Microsieves

For the experiments several small microsieves were fabricated with an area of 5.5×5.5 mm2.
The membranes contain circular pores with diameters of 0.55 µm, 0.80 µm and 1.5 µm.
Furthermore two membranes with slits were used with a slit length/width ratio of 5. The
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widths of the slits are 0.70 µm and 1.5 µm. An SEM micrograph of such a membrane with
slits is shown in Fig. 3. The membrane thickness is 1.0 µm for the 1.5 µm pores and 0.8 µm
for the other pores. The channel height (space between sieve and glass) is 1.0 mm, the channel
width 10 mm and the length 9.0 mm.

Fig. 3. SEM micrograph of the sieve with the largest slit-shaped perforations (1.5×7.5µm2).

2.3. Lager beer

Lager beer was obtained direct from the brewery (Grolsche Bierbrouwerij Enschede). The
beer was taken from two different stages of the brewing process: just before and just after
centrifugation. During centrifuging the yeast content decreases by several orders of magnitude
and also some aggregated proteins are removed.

2.4  Experiments

The experiments can roughly be devided into three subjects: membrane fouling, permeate
turbidity and permeate flux.

Fouling was studied by observing the sieve surface through the microscope, while
varying the filtration conditions. The most relevant results of these observations are described
in paragraph 3. For conditions where cake-layer formation could largely be prevented by the
crossflow and backpulses, permeate samples were collected and the turbidity was analysed at
the brewery. The results of these turbidity analyses are given in paragraph 4. Finally, the
sieves that produced the clearest permeates were used for flux measurements in long-run
experiments. The results of these experiments are given in paragraph 5.

Unless otherwise specified all filtrations were performed at a temperature of 5°C, a
crossflow of 50 l/h (with a resulting pressure drop across the module of 0.030 bar) and an
average transmembrane pressure of 0.15 bar. The backpulse pressure was -0.05 bar and the
pulse duration 0.05 s. The pulse interval was varied, depending on the rate of pore
obstruction, but was usually of the order of seconds.
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3.  Microscope observations: results and discussion

3.1  Yeast cells

For rough beer and a transmembrane pressure of 0.15 bar all sieves were covered by a
monolayer of yeast cells within a fraction of a second. This monolayer caused a flux decline
by approximately one order of magnitude. During a backpulse it was observed that all yeast
cells were removed from the surface.

When lowering the transmembrane pressure, the rate of pore obstruction declined fast
(faster than the decline in pressure).  Whereas initially the yeast cells arrived randomly at the
surface, they showed a remarkable obstruction mechanism at lower pressures. Once a yeast
cells was trapped, other cells were trapped in the upstream direction of this cell. An avalanche
effect occurred an a monolayer of yeast cells grew in upstream direction. Fig. 4 shows this
effect in a series of frames captured from videotape recorded during filtration.

Crossflow direction

0.4 s

0.8 s

1.2 s

1.6 s

2.0 s

2.4 s

Fig. 4. Different stages of the pore-obstruction process. The numbers indicated denote the time that has passed
since the last backpulse. The crossflow direction is from the right to the left.

On the open areas it was observed that yeast cells were trapped on a pore, but dragged
away by the crossflow a fraction of a second after arrival. Apparently the transmembrane
pressure was not large enough to keep the cells trapped. This phenomenon has been
theoretically described by De Balmann et al. [10]. However, beer also contains other
−smaller− particles like protein aggregates and cell fragments. These particles were often not
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dragged away and formed an obstruction for the yeast cells so that the avalanche effect could
start. For even smaller transmembrane pressures the avalanche effect no longer occurred. An
accurate description of the crossflow conditions necessary to keep the pores of a microsieve
void of yeast cells was described in a previous paper [11].

3.2  Formation of flocks

When centrifuged beer was used it could be observed that many small particles (of the order
of the pore size) were trapped on the pores. Like the yeast cells these particles could be
removed with a backpulse. However, very few particles were not removed. They seemed to be
attached to the membrane by invisible ‘wires’ with a length of approximately 1 µm. The wires
were stuck in the pores or on the surface between the pores. The particles obstructed the
pores, but during a backpulse they were lifted off the surface. After the pulse they
immediately obstructed the same pores again. Such particles appeared to be able to catch
other particles and after a certain time (which varied from minutes to hours) the stuck
particles had gathered a flock-like structure around them that was largely lifted off the surface
during each backpulse. Especially along the edges of the membrane fields the flocks were
numerous. They were usually attached at only a few points of the membrane surface. If such
flocks would be allowed to dry after filtration in order to make an SEM micrograph, probably
a structure like shown in Fig. 1 would appear. Fig. 7 shows two frames captured from
videotape recorded after several hours of filtration.

       

Fig. 7. Two frames captured from videotape showing loosely attached flocks. The frame on the left shows the
situation during filtration and the frame on the right the situation during a backpulse.

In the first frame there is a positive transmembrane pressure, whereas in the second
frame the situation during a backpulse can be observed. Clearly visible is the loose attachment
of the flocks to the membrane, as they are largely lifted off the surface. Fane [12] reported a
similar fouling phenomenon during filtration with a Whatman Anopore membrane. He used
‘DOTM’ (Direct Observation Through the Membrane) and observed that the flocks grow by
accumulating other flocks. In crossflow the flocks reached critical size and then detached due
to increased axial drag. We noticed a similar behaviour using our ‘DOOM’ (Direct
Observation On the Membrane) method, although the detachment is more an exception than a
rule. Banplain et al. [13] did not use a direct observation method in their study of fouling
mechanisms, but nevertheless arrived at similar conclusions. Comparing permeate fluxes with
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classical filtration models, they concluded that the main phenomenon limiting the filtration of
beer is the formation of aggregates of colloids that can form bridges over the pores by a
mechanism of dendrite build-up. Such a dendrite build-up is confirmed by our observations of
‘invisible wires’ connecting particles to the surface. Interesting is the fact that they filtered a
clarified (kieselguhr-filtered) beer, but still found that on-pore fouling has a stronger influence
on flow resistance than in-pore fouling.

The formation of flocks occurred for centrifuged beer as well as for rough beer. Fig. 8
shows a close-up photograph of a flock on a membrane with 1.5×7.5 µm2 slits during
filtration of rough beer. The pictures were captured from videotape and represent the situation
just before and just after a backpulse. The yeast cells are all removed, but the flock (it is
hanging loosely over the unperforated area) remains.

        

Fig. 8. Loosely-attached flock on a membrane with 1.5 × 7.5 µm2 slits during filtration of rough lager beer.
The picture on the left shows the situation during filtration and the picture on the right immediately
after a backpulse. Crossflow direction is from the right to the left.

The flocks seem to be composed of chill-haze proteins, which are large proteinaceous
colloids formed at low temperature through the aggregation of hydrophilic proteins with a
phenolic substance as the coagulating agent [6]. Protein aggregates may also be formed under
influence of shear stress in the pump. Xu-Jiang [14] et al. show that the type of pump plays an
important role in the aggregation of protein. They suggest that high shear stress in the pumps
causes denaturation of proteins, which can subsequently form aggregates. This might be an
explanation for our observation that during the run the concentration of particles increased
stronger than might be expected from concentrating the feed.

In order to know whether other materials than proteins participate in the fouling
process, we subjected the flocks to two standard tests that are available for breweries. The
tests were used to detect the presence of ß-glucans and starch, but the results were negative
for both components.

As detachment of the flocks sometimes occurred under influence of the crossflow-drag
force, it should be possible to exploit this effect by applying a stronger crossflow. A
successful method turned out to be a short (several seconds) ‘crossflow boost’ to 130 l/h
(compared to 50 l/h under normal filtration conditions). In combination with gas sparging this
method gave even better results. Nearly all flocks could be removed. The method only works
if the permeate flow is temporarily stopped, so that the flocks are not pushed onto the
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membrane by the transmembrane pressure. Periodic stopping of the permeate flow in
combination with air bubbling was earlier described by Tanaka et al [15]. Using this method
they found a significant increase in flux for a suspension of baker’s yeast.

3.3  In-pore fouling

As mentioned before, the sieves consist of several rectangular membrane fields. We
constructed sieves with half of these fields placed perpendicular and the other half parallel to
the crossflow. Besides the formation of flocks on top of the pores, both kinds of fields showed
an irreverible fouling that began on the downstream side of each field. The fouling layer
slowly grew in the upstream direction. A consequence was that the perpendicular fields were
largely blocked at the end of a run, whereas the parallel fields were largely open. The fouling
layer was not well visible, but it could be observed that it was inside the pores. The blocked
areas could be indirectly observed in case there was a gas bubble behind the membrane field.
During a backpulse the clean areas lightened up as the bubble touched the membrane, whereas
the fouled areas remained dark because the permeate could not be pushed through the pores
and hence the bubble could not touch the membrane. Another indirect way to see the fouled
areas was the capturing of particles. The fouled areas did not capture any particles. Figure 9
shows two video frames recorded during a backpulse. The dark spots indicate the place of the
fouling layer. During filtration these spots were hardly visible.

           

Fig. 9. Permanently blocked pores (the dark regions) made visible by a gas bubble underneath the membrane
during a backpulse. The crossflow direction is from right to left.

On some spots also the fields parallel to the crossflow suffered from the in-pore fouling.
These were exactly the spots where flocks were observed earlier. Apparently, underneath
these flocks a permanent fouling layer can grow and therefore attention should be paid to
detach them frequently. The process of a permanently fouled area that slowly grows in up-
stream direction appeared for all sieves, regardless of pore size and shape.

3.4  Protein precipitation

During filtration the unperforated areas of the sieve remained clean. The beer components did
not show a visible tendency to adhere to the surface. However, when the feed was cooled
down from 5°C to –1°C a severe precipitation of presumably proteins was observed. Small
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transparent particles (smaller than the pore size) precipitated in the pores and on the surface,
herewith completely clogging the sieve. Fig. 10 shows a sieve before and after cooling down.

         
       5°C       -1°C

Fig. 10. Precipitation on the surface after cooling down from 5°C to –1°C.

Heating up to the original temperature of 5°C made the layer dissappear again.
Precipitation could be prevented by leading the feed through a bypass along the sieve

during cooling down, while closing the module. After the end temperature had been reached,
the module was opened and precipitation on the sieve was not observed.

3.5  Cleaning

After filtration part of the fouling layer could be removed with warm water. Addition of
standard enzymic membrane-cleaning agents removed even more of the layer, although the
results varied quite strongly. With harsh chemical-cleaning methods it was possible to restore
the original water flux, but the sieves had to be removed from the rig fur such cleaning in
order to protect the rig. We did not systematically investigate the cleaning process, but it is
clear that further research on this point is needed.

4.  Permeate haze: results and discussion

4.1  Flocculation in the permeate

Permeate samples collected during the first experiments showed a severe flocculation within a
day, which made the haze results dependent on the time passed between collection and
measurement. In the brewery usually PVPP (Polyvinylpolypyrrolidone) is added prior to
kieselguhr filtration to remove the polyphenols. Polyphenols are known to form aggregates
with protein. Addition of PVPP (0.15 g/l) prior to our experiments appeared to solve the
problem: aggregation of protein in the permeate was no longer observed. In all next runs
PVPP was therefore added to the feed.

4.2  Haze values

For two batches of beer (rough beer and centrifuged beer) the permeate haze was determined.
Samples of the feed collected before filtration were analysed as well. The results are listed in
table 1.
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Rough beer

Haze (EBC)

Centrifuged
beer

Haze (EBC)
Feed 27.6 1.24
1,5 µm slits 1.40 1.05
1.5 µm circles 1.13 0.89
0.80 µm circles 0.76 0.58
0.70 µm slits 0.71 0.47
0.55 µm circles − 0.28

Table 1. Haze of permeate and feed for rough beer and centrifuged beer.

The haze values of the feed show that centrifuging removes a large part of the particles
responsible for haze. After filtration the centrifuged beer gives significantly lower haze values
than the rough beer.

The permeates produced with 0.70 µm slits and and 0.55 µm circles are below the the
haze limit demanded by the brewery (0.50 EBC). The value of 0.28 EBC for the 0.55 µm
pores is even comparable to what the brewer commonly obtains after kieselguhr filtration. An
SEM micrograph of this sieve is given in Fig. 11.

 

Fig. 11. SEM micrograph of a microsieve with a 0.55 µm pore diameter.

Similar investigations for ceramic membranes (Ceramem Corporation) on the effect of
pore size on permeate turbidity were reported by Burrell and Reed [2]. They filtered two
commercial rough beers, using pore sizes of 0.5, 1.0 and 1.3 µm. The 0.5 µm membrane
resulted in ‘exceptionally bright filtrates’, typically 0.4 EBC and never above 0.65 EBC. The
1 µm membrane resulted in a haze between 0.55 and 0.75 EBC and the 1.3 µm membrane
between 0.6 and 3 EBC.
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5.  Permeate flux

5.1  Experiments

Under the microscope it could be observed that yeast cells quickly obstructed the pores, thus
causing a fast flux decline. In order to prevent this, low transmembrane pressures, high
crossflow velocities or high backpulse frequencies are necessary. As the permeate of the
centrifuged beer was significantly clearer than that of the rough beer, and as the permeate flux
of centrifuged beer will be significantly higher, we decided to use centrifuged beer for the
flux measurements. The sieves with 1.5 µm pores were no longer used, as the produced
permeates were not much clearer than the feed. SEM micrographs of the sieves with 0.70 µm
slits and 0.80 µm circles are given in Fig. 12.

       

Fig. 12. SEM micrographs of a sieve with 0.70×3.0 µm2 slits and a sieve with 0.80 µm circles.

The experimental conditions were chosen as specified in paragraph 2.4, and the backpulse
interval was set at 1.0 s. During the filtration runs several crossflow boosts were carried out in
order to remove the formed flocks.

5.2  Results and discussion

Fig. 13 shows the flux results of three different sieves over a period of approximately 10
hours.
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Fig. 13. Flux behaviour for filtration of centrifuged lager beer with three different microsieves.

The graph shows that the differences in fluxes between the three sieves are quite large.
The lowest flux was obtained with the 0.55 µm pores: 2.21·103 l/m2hr over a period of 10.5
hours. This is still more than an order of magnitude larger than is commonly obtained for
membrane filtration of lager beer. The sieve with slits produced the highest flux, but the rate
of fouling was significantly larger than for the sieves with circular pores. For the sieve with
slits it was difficult to remove the flocks with a crossflow boost: the peaks in the graph show
that the flux after a crossflow boost did not reach the flux after the previous boost. The flocks
appeared to be strongly attached to the membrane. For the 0.80 µm pores it was easier to
detach the flocks and for 0.55 µm only half of the crossflow boost was sufficient to remove
the flocks.

The feed-vessel volume of 2 l was not sufficient for the sieves with 0.70 and 0.80 µm
pores. When the vessel was nearly empty, fresh beer was added during the experiments. A
significant change in flux was not observed.

In order to be able to make a fair comparison between the different sieves regarding flux
decline, the fluxes should be plotted as a function of permeate volume rather than time. Such
a plot is shown in Fig. 14.
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Fig. 14. Permeate flux plotted against accumulative permeate volume per square metre of sieve area.

Now the flux decline of the sieve with slits looks less severe in comparison with the
other sieves. The horizontal axis represents the volume of beer that passed through the
membrane, which is a better measure for the fouling probability than time.

Besides permeate flux, the water flux of the sieves was measured before each filtration.
The results are listed in table 2, together with some other relevant results of the three long-run
experiments.

Porosity
(%)

Average
beer flux
(l/m2·hr)

Initial
beer flux

(l/m2·bar·hr)

Water flux
at 20°C

(l/m2·bar·hr)

Permeate
 haze
(EBC)

0.70 µm slits 31 14.3·103 18·104 18·105 0.46
0.80 µm circles 22 7.24·103 5.6·104 5.8·105 0.58
0.55 µm circles 24 2.21·103 1.8·104 4.7·105 0.23

Table 2. Results of the three long-run experiments.

For the 0.70 µm slits and 0.80 µm circles it appears that the initial beer flux is
approximately a factor of 10 smaller than the water flux. This large difference has several
causes. The viscosity of the beer at 5°C is typically 3 Pa·s, which is 3 times larger than the
viscosity of water at 20°C. Another cause for the large difference is due to the backpulses that
occur every second (water fluxes were measured without back pulses). Finally, in-between
two backpulses the membrane is partially blocked with particles like aggregated proteins. This
is one of the reasons for the even larger difference (a factor of 26) between water and beer
fluxes for the sieve with 0.55 µm pores. The smaller pores retain more particles and will thus
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cause a faster flux decline in-between two backpulses. It may therefore be effective to
increase the backpulse frequency for the sieve with 0.55 µm pores.

5.3  Concentration factor

During the runs the permeate was not recycled. This implies that the beer was concentrated
during filtration. Due to the large dead volume of the set-up the maximum concentration
factor was approximately 4. In order to investigate the flux behaviour as a result of increasing
concentration, the tubes and heat exchanger were replaced by smaller ones, thus obtaining a
smaller dead volume.

A concentration experiment was carried out with the 0.70 µm slits for almost identical
conditions as before. The only adjustment was (besides the smaller dead volume) the
backpulse period. It was decreased by a factor of 2 to 0.5 s in order to anticipate the expected
increase in pore-blocking rate. The results are shown in Fig. 15.
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Fig. 15. Concentration of lager beer with 0.70 µm slits. The concentration factor at the end of the run was 12.

After concentration by a factor of 12 the decrease in flux was only 13 %. The average
flux over a period of 3.5 hour was 18.3·103 l/m2 hr. Combined with the crossflow of 50 l/h
this results in an average ratio of permeate flux over crossflow of 1.1%.

7. Scaling up

We have shown that on a 0.3 cm2 sieve the fouling process may largely be controlled by
periodic backpulses and crossflow boosts. During such boosts the pressure drop across the
module rises from 0.03 bar to approximately 0.3 bar. For scaling up it is likely that 6 inch
wafers will be used for the microsieve production. The channel length will then increase by a
factor of 17 compared to the sieves that were used in this work. For such long channels a
crossflow boost would create a pressure drop of approximately 5 bar, which will cause a high
transmembrane pressure at the inlet of the channel, thus hindering detachment of the flocks.
The pressure drop across the channel can be decreased by increasing the channel height.
However, this will result in a strong increase of the required crossflow energy. It may
therefore be necessary to divide the crossflow channel into several short parallel channels
with the help of a spacer that is placed above the sieve. In this way the channel height can
remain low.
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8. Conclusions

A crossflow-microfiltration rig was built in order to study fouling of microsieves through in-
line microscope observations. The fouling process started with the formation of loosely
attached flocks on the surface, gradually followed by in-pore fouling underneath these flocks.
Strong attachment of the flocks to the sieve surface was prevented by applying a periodic
backpulse. Most of the flocks could be removed by a strong temporary increase of the
crossflow, if necessary in combination with gas sparging. Using this method, filtration
intervals of approximately 10 hours were achieved with average fluxes of more than two
orders of magnitude higher than is commonly obtained with membrane filtration. Using a
sieve with a 0.55 µm pore size a permeate haze of 0.23 EBC was obtained during 10.5 hours
of filtration at an average flux of 2.21·103 l/m2hr. A sieve with slits of 0.70×3.0 µm2 produced
a less clear permeate (0.46 EBC), but the average flux over 9 hours was huge: 14.3×103

l/m2hr. In another run over 3 hours the feed was concentrated by a factor of 12, while the
permeate flux decreased by only 13%.

A good temperature control appeared to be an important factor in keeping the sieves
clean. Cooling down of the beer in the rig should be avoided, as this led to precipitation of
presumably protein on the surface and inside the pores.

The experiments were performed on small (0.3 cm2) microsieves. Scaling up will lead
to larger pressure drops across the crossflow channel. This problem may be avoided by
dividing the channel in several short channels with a spacer. The overall results are very
promising, but both the issue of scaling up and chemical cleaning need further investigation.
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10 Conclusions and outlook

10.1 General conclusions

Chapter 2: General overview of microsieves
Aquamarijn Microfiltration B.V. and the Mesa+ Research Institute at the University of Twente
have developed a new microfiltration membrane: a microsieve.  It has an extremely small
flow resistance (one to two orders of magnitude smaller than for conventional membranes),
which allows for filtration at very small transmembrane pressures. Such small pressures,
combined with the small and smooth surface of the membrane, make the sieves less sensitive
to fouling. Moreover, the membrane is easy to clean as it is resistant to almost any chemical.
The small flow resistance is obtained by making the membrane thinner than the pore size, the
porosity as high as possible and by giving the pores uniform size and distribution. The very
well defined surface of the microsieve makes it suitable for various other applications like for
instance cell-to-cell separation, particle-analysis systems, absolute filtrations and model
experiments.

Chapter 3: Laser-interference lithography
Microsieves with pore sizes down to 65 nm were fabricated using laser-interference
lithography. The pores were obtained by evaporating chromium onto an array of posts,
followed by a lift-off in acetone. The resulting patterned chromium layer was used as an etch
mask for plasma etching of the silicon nitride membrane. The method of making posts has
wider process lattitude than direct formation of holes in the resist and is fairly safe with
respect to the introduction of defects.

Chapter 4: Membrane release
The release of perforated membranes by KOH-etching is difficult for small pores as the
pressure build-up by the created hydrogen gas may rupture the membranes. Pressure build-up
can be avoided by anisotropic etching with an SF6/O2-plasma. During etching cryogenic
substrate cooling is necessary to protect the membrane against lateral etching under the mask.
For sub-micron pores excellent results were obtained. An important finding is that the
anisotropy of the etch recipe is maintained despite the presence of the perforated membrane.
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Chapter 5: <110> silicon
A new fabrication method for the production of microsieves was proposed and investigated.
The method uses <110> silicon wafers and exploits anisotropic etching behaviour to form
vertical channels. The hydrogen gas created during KOH-etching is able to escape through
these channels and can therefore not damage the membrane. Thanks to the vertical anisotropy
a thick silicon support can be used while the membrane fields remain small and thus strong.
For sub-micron pores made with laser-interference lithography the new method of using
<110> wafers appears to be a good and cost-effective alternative for membrane release with
SF6/O2 etching and cryogenic substrate cooling. Using <110> wafers a 0.1 µm thin membrane
with 0.1 µm pores was succesfully released.

Chapter 6:  Microsieves made of polymers
Two methods for the fabrication of polymer microsieves were investigated. The first method
is based on photolithographical techniques applied to a photosensitive polyimide. A 1 µm
thick supported membrane with 4 µm pore size was obtained using a double-layer process.
Smaller pores may be possible, but this needs further investigation.

The second method is based on an imprinting process. A polymer -in our case
polycarbonate- is heated above its glass transition temperature, after which it is shaped with a
mould. The mould contains two levels in order to imprint membrane and support bars in one
step. Using this method a 0.3 µm thick supported membrane was obtained with a 0.4 µm pore
size. The expected skin layer between the posts and the flat substrate was often not observed.
If present, this skin layer can be removed by etching in a strong caustic solution. The release
of the polymer from the mould is the most critical step in the whole process and needs further
investigation.

Chapter 7: Membrane strength and flow resistance
Silicon-micromachining technology allows for the possibility to fabricate membranes with
slit-shaped perforations. Filtration with slits offers some interesting advantages over
conventional filtration with circular pores. The flow resistance is a factor 4-5 smaller whereas
the membranes are of comparable strength, provided that the right slit pattern is chosen. In
this pattern the slits should be placed perpendicular to the longest membrane edges in a non-
alternating way. The membrane stiffness should be as large as possible to decrease deflection
and with that the bending stress at the edge. This rule of thumb also applies for membranes
with circular pores. The pores should be placed in such a way that the bars in-between the
pores are not spring-shaped.

Chapter 8: Prevention of pore blocking
The forces acting on a trapped particle were calculated as a function of several crossflow
variables. It was made plausible that the crossflow-drag force and the transmembrane-
pressure force are the major forces. Comparison of these forces leads to a very simple
expression that describes under what conditions a trapped particle is released from a pore. The
model was developed for microsieves, but may also be applied for other smooth membranes
with a wider pore-size distribution. In that case the largest pore in the membrane determines
which crossflow conditions have to be applied. The model is valid for filtration of dilute
suspensions of rigid spherical particles through membranes with circular pores under laminar
crossflow. The forces are calculated under neglection of inertia forces, which −for the
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boundary layer of a laminar crossflow− is usually the case for particles on the order of the size
of a yeast cell or smaller. Furthermore the pores should be smaller than, but of the order of the
particle size.

Special microsieves with different pore sizes were fabricated with silicon
micromachining technology to verify the model. The experimental results are in fairly good
agreement with the theory, although for larger particle-pore ratio’s (>2) the particles
(polystyrene spheres and yeast cells) tend to be more difficult to release than expected. Higher
pressures (>0.05 bar) also cause a relatively difficult release. Both effects are possibly caused
by deformation of the particles.

Experiments with a high-porosity sieve show that for pressures below the release
pressure the permeate flux is significantly lower than the water flux, whereas a low-porosity
sieve does not show this effect. This lower flux appears to be caused by temporarily captured
particles. The effect leads to the hypothesis that particle capture and release may be governed
by a critical flux or by a critical presure, depending on the filtration conditions.

Microsieves appear to be excellent membranes for the experimental verification of
filtration models. The well-defined pores and uniform distribution together with the flat and
smooth surface give low particle adhesion and reproducible results. Moreover, pore size,
shape and distribution can be customised, which increases the possibilities for model
verification.

Chapter 9: Filtration of lager beer
A crossflow-microfiltration rig was built in order to study fouling of microsieves through in-
line microscope observations during filtration of lager beer. The fouling process started with
the formation of loosely attached flocks on the surface, gradually followed by in-pore fouling
underneath these flocks. Strong attachment of the flocks to the sieve surface was prevented by
applying a periodic backpulse. Most of the flocks could be removed by a strong temporary
increase of the crossflow. Using this method, filtration intervals of over 10 hours were
achieved with average fluxes of more than two orders of magnitude higher than is commonly
obtained with membrane filtration. Using a sieve with a 0.55 µm pore size a permeate haze of
0.23 EBC was obtained during 10.5 hours of filtration at an average flux of 2.21·103 l/m2hr. A
sieve with slits of 0.70×3.0 µm2 produced al less clear permeate (0.46 EBC), but the average
flux over 9 hours was a factor of 6.5 higher: 14.3×103 l/m2hr. In another run over 3 hours the
feed was concentrated by a factor of 12, while the permeate flux decreased by only 13%.

A good temperature control appeared to be an important factor in keeping the sieves
clean. Cooling down of the beer in the rig should be avoided, as this led to precipitation of
presumably protein on the surface and inside the pores.

The experiments were performed on small (0.3 cm2) microsieves. Scaling up will lead
to larger pressure drops across the crossflow channel. This problem may be avoided by
dividing the channel in several short channels with a spacer. The overall results are very
promising, but both the issue of scaling up and chemical cleaning need to be investigated
before replacement of kieselguhr with microsieves can be accomplished.
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10.2  Outlook

Microsieves have the potential to cause a revolution in filtration technology. But before large-
scale application can be successful, there is still much research to be done. This thesis is only
a brick in the wall that must support the future microsieve technology. But it is a brick on the
second row (Aquamarijn built the first row) and therefore valuable for the following rows.

An important topic for further research concerns chemical cleaning. Especially for a
durable membrane like the microsieve a good cleaning process is crucial for implementation
in a filtration application. For this area expertise outside the present group is required. The in-
line microscope set-up used for the beer filtration may very well be employed to study the
cleaning process.

A related topic that needs further research is fouling prevention. As mentioned before,
the small flow resistance makes fouling prevention for microsieves more important than for
conventional membranes. As the required sieve areas are relatively small, the extra costs of
such prevention efforts will be smaller than for other membranes. Surface modification in the
form of an anti-adhesive layer may retard the fouling process and ease chemical cleaning after
filtration. If a conductive layer is deposited, the charge of the membrane and herewith the
fouling process can be influenced. The effects of such treatments can again be studied in-line
through microscope observations, especially when the treatments are introduced only on a
part of the sieve surface. Furthermore, it was shown that for filtration of lager beer in-line
hydrodynamic fouling prevention is important. Backpulses and crossflow boosts largely
prevented fouling. Additional methods that should be investigated are membrane vibration
and sponge-ball cleaning. Again, for microsieves the efficiency of such advanced methods is
much higher than for conventional membranes.

To the author’s opinion it is important that microsieves with various pore sizes soon
become available for research groups outside the Mesa+ research institute. Among fellow
researchers around the world there is a need for model membranes like the microsieve. Small
transparent crossflow modules as used in our beer-filtration set-up could be used by other
groups to explore numerous applications. It would cut both ways, as their findings and
experience would support further development of the microsieve technology.
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Summary

Microsieves are a fairly recent (1994) innovation in membrane-filtration technology,
especially at the start of the Ph.D. work (1996) that led to this thesis. Further development and
application of such a recent innovation demand a high degree of pioneering. The field of
subjects and possibilities was vast and largely unexplored. As a result the contents of this
thesis diverge strongly and cover various areas of science, such as (micro)mechanics,
hydrodynamics, optics, chemistry and biology.

A key issue in microsieve technology is the formation of pores in the membrane. Up to
now these pores were made using conventional photolithographic methods, which are limited
by diffraction of the used UV-light. In this thesis it is shown that the resolution limits can be
decreased with an alternative exposure method called laser-interference lithography. Using
this method pores with a 65 nm diameter were obtained, which is more than an order of
magnitude smaller than was at that moment obtained with contact-mask lithography. The
method may be considered low-cost and is applicable for large surfaces.

A critical step in microsieve manufacturing is the release of the perforated membrane
from the silicon support. Hydrogen gas that is created during KOH etching of the silicon
builds up a pressure that might damage the membrane. Especially for submicron-perforated
membranes rupture is likely to occur. Two different approaches were investigated to avoid the
pressure problem. The first approach is based on plasma etching instead of KOH etching.
Since no liquids are involved, the gaseous reaction products do not have to exceed a bubble-
point pressure to escape through the pores. Using an SF6/O2 plasma and cryogenic substrate
cooling, submicron perforated membranes were succesfully released. A second approach is
the formation of gas-escape channels to the back side of the wafer. This was achieved by
using wafers with a <110> orientation, which allows for the possibility to etch channels with
vertical sidewalls. With this second method also membranes with submicron pores were
successfully released. The advantage over plasma etching is the possibility to process large
batches. Furthermore, thanks to the vertical sidewalls thick (and thus strong) wafers can be
used, while small (and thus strong) membrane fields are obtained.

Perforations in the sieves are usually circularly shaped and placed in a square array
under an angle of 45° with the edges of the membrane fields. Other shapes or distributions
might be stronger, but the correlation between these variables and membrane strength was not
known. This correlation was investigated and it was found that membranes with square arrays
of pores placed under an angle of 90° with the edges are stronger, because they are less
flexible and will therefore show a decreased bending stress on the edges. A resulting rule of
thumb for the design of perforation patterns is that the bars in-between the perforations should
be as stiff as possible and hence be placed perpendicular to the longest membrane edges. For
membranes with slit-shaped perforations it was found that a 4-5 fold decrease in flow
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resistance can be obtained in comparison with circular perforations, while the membranes are
of comparable strength.

Up to now microsieves are fabricated using high-quality ceramic materials and
technology, making them especially appropriate for applications where durable filters are
required. For applications where disposable filters are preferred, microsieves made with low-
cost materials (like polymers) and easy fabrication methods would be highly desirable. We
investigated two methods that may be used to fabricate polymeric microsieves. The first
method is based on photolithographical techniques applied to a photosensitive polyimide,
whereas the second method is based on an imprinting process. It was demonstrated that both
methods are suitable for the fabrication of microsieves. In potention the imprint method is
applicable for large-scale production of polymer microsieves with submicron pore size at low
costs.

The flow resistance of microsieves is up to several orders of magnitude smaller than
that of other microfiltration membranes. Obstruction of the pores by retained particles leads
therefore −more than for other membranes− to a strong increase in flow resistance. In order to
keep the membrane surface void of particles, a force-balance analysis was made for spherical
particles obstructing circular pores. The model was verified with yeast cells and polystyrene
spheres. It was found that for the conditions decribed in this thesis it gives a fairly accurate
description of the crossflow required to keep the pores free. Furthermore, a rule of thumb was
obtained for the design of crossflow modules for cake-layer free filtration.

There are numerous application areas where microsieves may become (or are already)
successful. Examples are blood-cell separation, clarification of beverages, particle-analysis
systems and support structures for gas separation. In this work we chose to investigate the
clarification of lager beer. Insufficient fluxes, poor permeate quality and severe membrane
fouling have up to now prevented large-scale replacement of kieselguhr filtration with
membrane filtration. Earlier experiments have shown that microsieves may help to overcome
these problems. In this work the experiments were continued in a more fundamental way. A
crossflow-microfiltration rig was built in order to study fouling of microsieves through in-line
microscope observations. The fouling process appeared to start with the formation of loosely
attached flocks, gradually followed by pore clogging underneath these flocks. Most of the
flocks could be removed during filtration by a strong temporary increase of the crossflow.
Using this in-line cleaning method, filtration times of over 10 hours were achieved with
average fluxes of more than two orders of magnitude higher than is commonly obtained with
membrane filtration. Permeate turbidities were comparable to those obtained with kieselguhr
filtration. The results are very promising for replacement of kieselguhr with microsieves in
the near future.
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Samenvatting

Microzeven zijn een tamelijk recente (1994) innovatie in microfiltratietechnologie, vooral bij
de start van het promotie-onderzoek dat leidde tot dit proefschrift. Verdere ontwikkeling en
toepassing van zo’n recente innovatie vereisen een hoge mate van pionierswerk. Het gebied
van onderwerpen en mogelijkheden was uitgestrekt en grotendeels onontgonnen. Hierdoor
loopt de inhoud van dit proefschrift sterk uiteen en bedekt verschillende delen van de
natuurwetenschappen, zoals (micro)mechanica, hydrodynamica, optica, chemie en biologie.

Een belangrijk onderwerp in de microzeeftechnologie is de vorming van poriën in het
membraan. Tot nu toe werden deze poriën gemaakt met conventionele fotolithografische
methoden, die gelimiteerd worden door diffractie van de gebruikte UV-straling. In dit
proefschrift wordt getoond dat de resolutie verbeterd kan worden met een alternatieve
belichtingsmethode, de zogenaamde laserinterferentielithografie. Met deze methode werden
poriën met een straal van 65 nm verkregen, hetgeen meer dan een ordegrootte kleiner is dan
op dat moment bereikt was met contactmaskerlithografie. De methode is relatief goedkoop en
toepasbaar voor grote oppervlakken.

Een kritische stap in de fabricage van microzeven is het vrij-etsen van het geperforeerde
membraan van de silicium ondersteuning. Waterstofgas, dat gevormd wordt tijdens het etsen
van het silicium in KOH, bouwt een druk op die het membraan kan beschadigen. Vooral bij
membranen met submicron poriën is de kans op beschadigingen groot. Twee verschillende
benaderingen werden onderzocht om het drukprobleem te vermijden. De eerste benadering is
gebaseerd op plasma-etsen in plaats van KOH-etsen. Omdat er geen vloeistoffen bij betrokken
zijn hoeven de gasvormige reactieprodukten geen bubblepointdruk te overwinnen om door de
poriën te kunnen ontsnappen. Met een SF6/O2-plasma werden met succes submicron
geperforeerde membranen vrijgeëtst. Een tweede benadering is de vorming van
ontsnappingskanalen voor het gas naar de achterzijde van de silicium wafer. Dit werd bereikt
door wafers te gebruiken met een <110> orientatie, wat de mogelijkheid schept om kanalen
met vertikale wanden te etsen. Ook met deze tweede methode werden membranen met
submicron poriën zonder problemen vrijgeëtst. Het voordeel ten opzichte van plasma-etsen is
de mogelijkheid om grote hoeveelheden wafers tegelijk te etsen. Bovendien kunnen dankzij
de vertikale wanden dikke (en daarmee sterke) wafers gebruikt worden, terwijl smalle (en
daarmee sterke) membraanvelden verkregen worden.

Perforaties in de membranen zijn over het algemeen cirkelvormig en geplaatst in een
vierkant raster onder een hoek van 45° met de randen van de membraanvelden. Andere
vormen of verdelingen zouden sterker kunnen zijn, maar het verband tussen deze variabelen
en de sterkte van het membraan waren niet bekend. Dit verband werd onderzocht en het blijkt
dat membranen met vierkante rasters geplaatst onder een hoek van 90° met de randen sterker
zijn, doordat ze minder flexibel zijn en daardoor minder buigstress op de randen vertonen.
Een resulterende vuistregel voor het ontwerp van geperforeerde membranen is dat de balken
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tussen de poriën in zo stijf mogelijk moeten zijn en daarom loodrecht op de langste
membraanranden geplaatst moeten worden. Voor membranen met sleufvormige perforaties
werd gevonden dat een vier- tot vijfvoudige afname in stromingsweerstand bereikt kan
worden in vergelijking met cirkelvormige perforaties, terwijl de membranen van vergelijkbare
sterkte zijn.

Tot nu toe worden microzeven gefabriceerd met geavanceerde technologie en kostbare
materialen, waardoor ze vooral geschikt zijn voor duurzame toepassingen. Voor
wegwerptoepassingen is het wenselijk dat goedkope materialen (zoals polymeren) en
eenvoudige produktiemethoden gebruikt worden. We onderzochten twee methoden waarmee
polymeren zeven gemaakt kunnen worden. De eerste methode is gebaseerd op foto-
lithografische technieken toegepast op een lichtgevoelige polyimide, terwijl de tweede
methode gebaseerd is op een imprintproces. Beide methoden blijken goed toepasbaar te zijn
voor de fabricage van microzeven. De imprintmethode is in potentie geschikt voor
grootschalige produktie van polymeren microzeven met submicron poriën tegen lage kosten.

De stromingsweerstand van microzeven is tot meerdere ordegroottes kleiner dan die van
andere microfiltratiemembranen. Blokkade van de poriën leidt daardoor –meer dan bij andere
membranen− tot een sterke toename van de stromingsweerstand. Om het membraan-
oppervlak vrij van deeltjes te houden, werd een krachtenbalansanalyse gemaakt voor
bolvormige deeltjes die cirkelvormige poriën blokkeren. Het model werd geverifieerd met
gistcellen en polystyreen bolletjes. Het blijkt dat –voor de voorwaarden beschreven in dit
proefschrift− het een tamelijk nauwkeurige beschrijving geeft van de condities die nodig zijn
om het membraan schoon te houden. Verder levert het model een vuistregel op voor het
ontwerpen van crossflow modules waarmee zonder porieblokkering gefiltreerd kan worden.

Er zijn talloze gebieden waar microzeven met succes toegepast kunnen worden.
Voorbeelden zijn: bloedcelscheiding, clarificatie van dranken, systemen voor deeltjesanalyse
en ondersteuningsstructuren voor gasscheiding. In dit werk hebben we de clarificatie van bier
nader onderzocht. Ontoereikende fluxen, slechte permeaatkwaliteit en ernstige membraan-
vervuiling hebben tot nu toe verhinderd dat kiezelgoerfiltratie op grote schaal vervangen
wordt door membraanfiltratie. Eerdere experimenten hebben laten zien dat met microzeven
deze problemen overwonnen kunnen worden. In dit onderzoek zijn de experimenten op een
iets fundamentelere manier voortgezet. Een crossflow microfiltratie-systeem werd gebouwd
om het vervuilen van microzeven te bestuderen met in-line microscoopobservaties. Het
vervuilingsproces bleek te starten met de vorming van gedeeltelijk vastzittende vlokken,
geleidelijk gevolgd door porieverstopping onder deze vlokken. De meeste vlokken konden
verwijderd worden tijdens de filtratie door een sterke tijdelijke toename van de crossflow.
Met deze in-line reinigingsmethode werden filtratietijden tot meer dan 10 uur bereikt met
gemiddelde fluxen tot meer dan 2 ordegroottes groter dan gewoonlijk met membraanfiltratie
bereikt wordt. De helderheid van het permeaat was vergelijkbaar met de helderheid die met
kiezelgoerfiltratie bereikt wordt. De resultaten zijn zeer hoopgevend voor de vervanging van
kiezelgoer door microzeven in de nabije toekomst.
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Dankwoord

Het dankwoord. Onder mijn collega’s zonder twijfel het meest gelezen onderdeel van een
proefschrift. Al scannend glijden de ogen langs de regels op zoek naar de eigen naam. De
ogen lichten op bij het vinden ervan, de wenkbrauwen worden gefronst bij het onbreken
ervan. Het al of niet vinden van de eigen naam bepaalt de stemming waarin de rest van het
proefschrift doorgebladerd wordt en de kracht waarmee het weer op de tafel belandt. Als de
naam niet expliciet vermeld staat wordt nog wanhopig naar een impliciete vermelding
gezocht, bijvoorbeeld als een bepaalde groep bedankt wordt waar de betreffende persoon deel
van uitmaakt. Wat dat betreft kan iedereen gerust zijn: ik wil iedereen die ik tijdens mijn
promotietijd ontmoet heb bedanken, want ik heb van iedereen wat geleerd. Niet alleen van de
behulpzame, maar zelfs van de onbehulpzame mensen (ik noem geen namen, maar het woord
‘AIO-fiets’ moet wel wat bellen doen rinkelen). Allemaal bedankt voor het geven van wat
extra levenswijsheid. En wat dat betreft leer je van de (gelukkig sporadisch voorkomende)
onbehulpzame mensen nog het meest.

Zelf ontbreek ik meestal bij het dankwoord van anderen, want ik ben een onopvallende
persoon. Tussen de middag sportte ik en de tijd die daarvoor nodig was bekostigde ik met de
pauzes. Daarbij kwam dat ik geen koffie of thee lust, dus die genotsmiddelen waren voor mij
ook geen reden om de Micmec koffiehoek te bezoeken. Alleen als er taart was, kwam ik wel
eens langs. Om kostbare kilo’s te kweken die ik voor het kogelstoten nodig had. Meestal
meteen drie taartpunten tegelijk om te compenseren voor de keren dat ik de taart vergat of
geen zin had om mijn cleanroompak weer helemaal uit te moeten trekken. Maar als ik er was,
vond ik het altijd bijzonder gezellig en zei ik tegen mezelf dat ik veel vaker pauze moest
houden. Helaas moest ik mijn 14 boterhammen toch meestal achter de computer opeten
wegens tijdgebrek. Zelfs thuis was er weinig tijd voor pauzes en heb ik daarom vier jaar lang
zonder krant en televisie geleefd. Nee, sport en promotie gaan niet echt samen, vooral niet in
het laatste jaar.

Maar goed, nu ga ik wat namen noemen. Natuurlijk wil ik als eerste Miko bedanken.
Vier jaar geleden kreeg hij 4 sollicitatiebrieven binnen voor een AIO-plaats m.b.t.
siliciumetsen. Ik behoorde samen met Jasper tot de gelukkige twee die op gesprek mochten
komen. Na drie (jawel: 3!!) sollicitatieronden had Jasper gewonnen (Jasper en Miko: bedankt,
anders had ik vier jaar boven de KOH-pot gehangen en had ik nu dezelfde bijverschijnselen
als Jasper). Als troost mocht ik kiezen uit drie andere plaatsen. Iets met een ammoniaklab-op-
een-chip en iets met trillende balkjes waarmee je vuilniswagens kon wegen. De derde plaats
was iets met microzeven. Omdat Cees zei dat je met zeven ter grootte van het oppervlak van
een tafel uit de kantine de hele bierproduktie van de Grolsch kon zeven, heb ik uiteindelijk
voor de microzeven gekozen. Ik heb lang gedacht dat hij zwaar overdreef (hijzelf misschien
ook wel), maar onlangs is duidelijk geworden dat hij toch gelijk had. Petje af.
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Ik wil Miko ook nog bedanken voor het ontspannen onderzoeksklimaat dat hij creëert in
de groep. Liefst veel rommel op je tafel (chaos) en je voeten erbij en dan komen de beste
ideeën vanzelf opborrelen. Geen wonder dat de Micmec zo’n enorme output heeft. Vooral de
conferentie-output mag er zijn. Tijdens luxe rondvaarten over Fjorden en over de Seine onder
de Eiffeltoren langs worden tijdens copieuze maaltijden in een door drank verruimd brein de
mooiste ideeën geboren. Om nog maar te zwijgen over rondvluchten in watervliegtuigjes over
besneeuwde bergtoppen. Jammer dat ik de volgende aflevering uit de soapserie MME zal
moeten missen…

  Naast Miko wil ik ook mijn 3 direkte begeleiders, Cees, Wietze en Gijs bedanken voor
de begeleiding. Er was er altijd wel één die zich in mijn ideeën kon vinden, dus dat gaf me de
moed om die ideeën door te zetten. Cees hield de lol erin door over die ideeën steeds weer
weddenschappen af te sluiten (om de eer of een goedkope fles wijn). Op Wietze kon ik
bouwen als mijn computer weer niet deed wat ik wilde (ook aan Henk v.W. hiervoor mijn
dank). Vooral als het ging om het maken van plaatjes was zijn hulp onmisbaar (zie o.a. de
cover van dit proefschrift, waar hij zijn vrije zondag voor opofferde). Gijs zorgde voor de
rode draad in mijn onderzoek en leerde me hoe je een helder, fatsoenlijk en humorloos artikel
schrijft. Verder heb ik veel gehad aan Henk bij de opbouw van de laserinterferentie-opstelling
en aan stagiair René die gedurende lange tijd mijn computer bezet hield met zijn (on)eindige
elementen berekeningen. En Dikkie Dick niet te vergeten: zonder hem had ik mijn budget
nooit opgekregen.

Ook natuurlijk Meint en Erwin bedankt, die –de geesten verruimd door de drank−
samen met mij precies op hetzelfde moment op het lumineuze idee kwamen om plastic zeefjes
te gaan persen (met als resultaat Hoofdstuk 6). Wat een brainwave.

En dan Hans-Elias. Met afstand de meest opmerkelijke persoon op de UT. Een grijns
verschijnt op mijn gezicht als ik de ontelbare opmerkelijke voorvallen langsga om er enkele
uit te kiezen voor dit dankwoord. Als je in een serieus wetenschappelijk artikel je zelf-
uitgevonden µfoontje beschrijft met zinnen als: ‘Size is everything’ en ‘Noise is a choice’,
dan heb je het wat mij betreft helemaal gemaakt. En dan te bedenken dat hij op pas op
conferenties zijn werkelijke aard laat zien. Vrouwen vallen als een blok voor hem dankzij
ijzersterke openingszinnen als: ‘Hi, I’m pregnant. Wanna feel it?’ en: ‘Hi, we are two Italian
studs. From which country are we?’ En natuurlijk bij het geven van een rondje aan de
buitenlandse collega’s: ‘With the compliments of the Dutch government.’.

Verder al die andere opvallende en minder opvallende Micmeccers, bedankt voor het
scheppen van die unieke sfeer die alleen bij een groep als de Micmec kan heersen.

Ook in de cleanroom wil ik nog wat mensen bedanken. Allereerst Bert, Johnny en Mark
voor het SEMmen. Bert voor het feit dat hij me de beginselen van de edele kunst van het
SEMmen heeft bijgebracht, waardoor ik het de laatste jaren allemaal zelf mocht doen. Heel
handig als je van een mislukt experiment toch nog een mooie foto wilt hebben: gewoon net
zolang zoeken tot je die vierkante micrometer gevonden hebt waar het niet mislukt is. Wel
jammer dat de SEM meestal ‘down’ is als je een foto wilt maken. Hij moest maar eens met
pensioen. Verder al die andere cleanroomers bedankt dat jullie me steeds weer ‘redden’ als ik
met mijn hoofd boven de HF hing om naar belletjes te speuren, of de spinner op 8000 toeren
zette om de laagjes nog dunner te krijgen, of de vloeibare stikstof over de grond liet stromen
omdat ik was vergeten dat ik aan het bijvullen was (ja, die scheuren in het zeil zijn van mij).
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Oja, ik zou ze bijna over het hoofd zien: de secretaresses. Judith, Simone, en Ingrid,
bedankt voor het opknappen van al die klusjes die wetenschappers niet zo leuk vinden en
jullie juist wel.

En dan last-but-not-least: mijn ouders, broers en zussen en mijn vriendin Wanda, bij wie
ik altijd weer rust en ontspanning kon vinden na een week hard ploeteren.
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Biography

Stein Kuiper was born in Tilburg on March 3, 1969. Soon after he can
speak, he tells his mother he wants to become an inventor. His first
serious invention manifests itself in a dream during the night of his third
birthday. It concerns a peculiar method to lace up his shoes. When he
wakes up on his birthday he puts on his shoes and laces them up all by
himself for the first time of his life (the common method is too
complicated for him). It is a birthday present from ‘above’. He will use
the novel method for the next ten years. Not because it is better (it
isn’t), but because it is his own invention. Two important qualities to
become a good inventor −dreamyness and stubbornness− are already there.

His first serious discovery is in the field of biology. After catching a long-legged
mosquito he finds himself holding one of its legs between his fingers, while the mosquito is
already enjoying his regained freedom. The leg appears to be still moving. He enthusiastically
shows his mother that the leg is still ‘swithed on’, as if it were a machine. During the rest of
his childhood he pulls legs from innocent insects, in order to find out which insect has the
most active legs. Apparently another important quality, curiosity, is already there in the young
inventor’s brain.

At the age of six he gets fascinated by oxidation reactions, especially when caused by a
magnifying glass on −again− innocent insects (some of them mysteriously missing some
legs). He even sets fire to his parental house when studying the combustability of a paper
basket underneath the curtains. Luckily his father is upstairs trying to cure a sore foot in a
small tub filled with water. The young inventor is clearly exploring which experiments are
socially acceptible and which are not.

After these experiences in biology and chemistry he decides to study physical
engineering at the Eindhoven University of Technology. He doesn’t make much progress, as
he spends more time on athletics than on his study. He finally graduates on silicon solar cells
at R&S Renewable Energy Systems (presently called Shell Solar).

After his graduation in 1993 he starts a fulltime decathlon training for the Olympics.
However, numerous injuries and a lack of talent disturb his dream and he has to satisfy
himself with the Dutch title in the shot put. In 1995 he accepts a research place on anti-scale
magnets (don’t buy them, they don’t work) at the Shell Research and Technology Centre in
Amsterdam. One year later he starts the Ph.D. work that leads to this thesis. He will continue
to work in a research environment at the Philips Research Laboratories in Eindhoven on a yet
unknown, but hopefully interesting subject. His dream to become an inventor has come true.


