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MST-Friendly Environment

Today’s experimental research
in Materials Science often in-
volvesmaterial manipulation on
an atomic to um scae. High
quality work requiresawell con-
trolled laboratory environment,
inareassuch astemperature, hu-
midity, vibration, and particle
contamination. Intheabsence of
this specialized environment, it
would be difficult to reach reli-
able and reproducible experi-
mental results. The newly inau-
gurated Angstrém L aboratory at
UppsalaUniversity was project-
ed with thisin mind.

Many of the process steps
used in micromachining in-
volvewet chemical processing.
Small particlesin the chemical
solution and, perhaps even
more important, on the surface
of the etch bath tend to stick to
thesurface of thesampleasitis
pulled out of the chemical bath.
Evenvery small particlesonthe
surface of a sample can seri-
ously affect processing steps
such as bonding. Particle cont-
amination on the surfaceand in
narrow gaps can also degrade
the function of small devices.

Researchers does not often
require as high ayield as does
industry. Nevertheless, their re-
quirements regarding the con-
trol of atomic sized contami-
nants can be stricter. A clean-

Courtesy of IMC, Sweden.

roomisessentia for controlling
particles of sizes down to the
atomic level.

Relative humidity, tempera-
ture and external vibration are
also essential to control for the
success of experiments. For ex-
ample, the development of new
high quality thin films with
highly interesting combinations
of propertiesrequiresgood con-
trol of the relative humidity.

Anaytical tools, such as
high resolution transmitting
and scanning electron micro-

The Angstrom Laboratory Cleanroom

The major part of the 2,000 m2 cleanroom of the Angstrém Labora-
tory is classified as 10,000 (particles >0.5 pm per cubic foot of air).
150 m2 is constructed as a class 100 cleanroom with unidirectional
airflow from the ceiling to the floor. Smaller areas with an even high-
er degree of cleanliness, such as class 10 or class 1, are possible.
The temperature is stable within £1°C. The relative humidity is held
constant at 43+3 % in one third of the cleanroom. The vibration-free

foundation (700 m2), with its unique and unconventional construc-
tion, performs twice as good as specified, and is classed as BBN-E.

http://www.mst.material.uu.se

scopes (TEM and SEM), vari-
ousoptical and mechanical pro-
filometers, and atomicforcemi-
croscopes (AFM) areall instru-
ments with high demands re-
garding a vibration free sur-
rounding. To guarantee high
resolution, their suppliers often
set very specific requirements
on the surroundings.

The Angstrdm Laboratory
contains a state-of-the-art labo-
ratory for scientists to use in
their research on micromachin-
ing, microelectronical devices,
andthinfilms. Thelaboratory is
run by a steering committee
with Dr. Anna M. Barklund as
the coordinator of the common
research facilities.  Today,
around 100 scientists from six
different research groups have
access to the cleanroom.

Anna M. Barklund, Coordinator
The Angstrém Laboratory
anna.barklund@angstrom.uu.se
www.angstrom.uu.se
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EDITOR’S

NOTE

We are all too well aware
of that time passes fast.
Five years have now
passed since MSB was
founded. This means that
MSB existed before most
of today’s PhD students
started their research. | am
pleased that 19 out of the
20 published issues have
included adissertation col-
umn.

The current issue fea
tures the beginning of an
article series presenting
micromachining-related
processing equipment. The
newly inaugurated Ang-
strom laboratory is the
largest  university-based
cleanroom in Scandinavia
that is partly targeted to-
wards  micromachining.
New state of the art equip-
ment has been installed,
and the competence has
been increased even fur-
ther. Thearticleserieswill,
therefore, be presented us-
ing the Angstrém Labora-
tory as an example.

Looking at the contents
of future MSBsreveal sthat
many interesting topics
will be featured in the next
few years. Therewill bean
increased focus on appli-
cation areas. The last issue
next year (the 25th issue)
will feature articles that
look into the next century.

Jan Soderkvist

www.summit.material .uu.se

Micromachining Applications Part 2:
Medical Applications of Microsystems

he current medical
T market for microsys-
tems is dominated by

one product: the disposable

blood pressuresensor. Although

thereisahigh level of research

and development effort, the

market is expected to develop

dowly because of the particular

problems inherent in medical

applications. These include:

— Need for clinical testing

— High degree of legislation
concerning manufacturing
and testing of clinical prod-
ucts

— Threat of litigation from pa-
tients

— Biocompatibility of device
packaging

Nevertheless, the potential ben-
efits in terms of an improved
quality of life and commercial
returns provide a strong incen-
tive for continuing develop-
ment.

One of the key factors for
successwill betheformation of
multi-disciplinary teams in-
cluding both medical and engi-
neering professionals. The
main growth areas are project-
ed to be in improved hearing
aids(inner ear devices) and sen-
sorsfor biomedical analysis, in-
cluding DNA. Longer term
markets (more than 5 years
from now) include drug deliv-
ery systems, intravascular
imaging systems and nerve
stimulation  (restoring  limb
function). Slower developing
markets include cochlear im-
plants (because of the limited
number of trained surgeons)
and minimally invasivesurgical
toals.

Key Features of Microsystems

Many new products are under

development that will utilize

the inherent advantages of

MST:

— Low cost devices produced
by mass production tech-
niques from the semiconduc-
tor industry. Disposable
products can reduce the costs
of sterilization and the risks
of crossinfection.

— Low power dissipation. This
isessentia for implanted de-

vicesto give long battery life
(or for the possibility of bio-
logically powered devices). It
is aso beneficial for portable
equipment which might be
used for patient monitoring,
therapy or stimulation.

— Integrated systems can be
produced which haveim-
proved reliability.

— Small size and weight. This
isimportant not only for
portable equipment, but also
to allow the measurement or
stimulation to be carried out
at the exact desired point of
the patient’s body, even
within internal organs.

Applications

Themain areasof application of
thetechnology can beclassified
asfollows:

Diagnostic systems for clin-
ical use: Thiscategory includes
both invasive devices (such as
catheters, ultrasound intravas-
cular diagnostics, and angio-
plasty techniques), as well as
non-invasive  measurements
(such as electrocardiograms).

Diagnostic systems and
medication management for
homeuse: Examplesareairflow
measurement (for asthmatics),
glucose measurement for dia-
betics, and other devices which
can measure body fluids, elec-
trical  activity, temperature,
pressure or flow. Such mea
surements might be transmitted

for remote monitoring or used
todirectly control drug or med-
ication delivery.

Drug delivery and pumping
systems: MST enables the con-
trol of fluidsat thenanolitrelev-
el. Thiswill facilitatebetter con-
trol for external drug delivery
and enableinternal implantable
drug delivery systems. Suchin-
ternal or external systems could
becontrolled by telemetry orin-
tegrated monitoring/ diagnostic
systems.

Monitoring and control at
point-of care: This category of
application includes point-of-
care testing of parameters such
asblood gases, pressure, control
of dialysis, movement monitor-
ing and position monitoring.
The measurements could be
used to control treatment.

Functional electrical stimu-
lation: Electrical stimulation
can be applied externaly (e.g.
for pain relief or external mus-
cle stimulation) or internaly
(heart pacemaker, vagus nerve
stimulation for epilepsy, blad-
der control, limb function
restoration for paraplegics).

Prosthesig/artificial organs:
Perhaps the largest application
of microsystems will beinim-
proved hearing aids (see page4)
and therestoration of hearing to
those with profound deafness
by inner ear implants or
cochlear implants. The perfor-
mance of artificial limbscan al-

Application Estimated MST Advantage
market size
per annum
Cardiac Pacemakers $500 M + Improved function
Cochlear Implants $15M + Small size
Implanted Hearing Aids ~ $ 200 M Small size
Hearing Aids $500 M Improved function
DNA Analyzers $300 M + Speed of analysis
Catheters $350 M Small size, improved
function
Infusion Pumps 2 M units Improved control
Implantable Pumps and 10 k units Improved control,
Drug Delivery Systems small size, low power
Blood Pressure Sensors  $170 M Small size, accuracy
Blood Analyzers $1,000M +  Speed of analysis,

small sample

Some potential medical applications for microsystems

(M=million).
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so beimproved by active limbs
which incorporate transducers
and actuators.

Analysis systems: Genetic
tests and a wide range of ana-
lytical measurements will be
enabled or speeded up by mi-
crosystems.

Minimally invasive surgery:
MST will impact both sensing
(improved visual and physical
sensing) as well as manipula-
tion and surgica techniques
(cutting, ablation, sealing).

Market Dynamics
The factors influencing mi-
crosystem  applications in
healthcare are mainly the drive
to reduce healthcare costs and
the need to prevent faulty diag-
nosis or treatment which could
result in litigation. Microsys-
temstechnology and IT in gen-
eral present many opportunities
to address these needs, not on-
ly for the large multi-nationals
(e.g. pharmaceuticals compa-
nies, pacemaker manufactur-
ers) but also for awide base of
SME’swith innovative product
ideas. The former have the re-
sources to develop MST them-
selves, whereas the latter will
need to adopt technol ogy which
may come from other applica-
tion areas (e.g. blood pressure
sensors originally developed
for the automotive industry).
Overall, Europeisinastrong
position to exploit MST tech-
nology in medical applications
because of the solid R& D base
initsinstitutes and universities
and the leading position of
many product manufacturing
companies in such areas as
pacemakers, hearing aids, drug
delivery systems and cochlear
implants.

Market Size and Factors
Affecting Market Growth
Frost and Sullivan estimated
that theval ue of themedical mi-
crosystems market was $278
million in 1993/4. This market
has remained more or |ess stat-
icsince 1993, theonly highvol-
ume products being blood pres-
sure transducers, which repre-
sent a $170 million market.
However, of the $10 kit only
about $1.50 is for the dispos-
able blood pressure sensor.
There are many good ideas
for new medical products, but
there are many reasons why
such products never get into
commercial production. The
medical market has many diffi-

culties. Some of these are sum-
marized below.

All new products have to be
clinically tested. This is pri-
marily to prove their appropri-
atenessand safety. Such testing
can take a very long time. All
clinical testing hasto have eth-
ical approva from the trusts
and organizations that own the
hospitals and clinics where
testing has to take place.

There is a huge amount of
legislation relating to clinical
products. This legislation con-
cerns the way in which the de-
vices are manufactured to en-
sure safety and testability. Typ-
ical of the organizations that
havethe powersto approvenew
products arethe FDA in Amer-
ica and the MDA in the UK.
From their inception, products
must be designed to meet the
stringent needs of this legisla-
tion.

Theever present threat of lit-
igation from dissatisfied pa-
tients has discouraged many
companies. Often the technol-
ogy provider isan easier target
than the medical profession.
Only thevery large playerscan
weather this risk, and it isin-
teresting to note that all exist-
ing pacemaker companieshave
more than $1 billion turnover.

Biocompatibility has to be
proven for both implanted de-
vicesand for thosethat comein
contact with the skin or other
tissues.

Thereis a universal need to
reduce healthcare costs. Mar-
ketsarethereforeonly lucrative
for products that meet specific
needsandthat arecost effective.

Any implanted systemhasto
be highly reliable in an envi-
ronment that is exceedingly
hostile. If it needsto bepowered
then its power consumption
must be minimized by good de-
sign, allowing for long periods
between battery replacements.
If communication is required
with the implant then power
consumption will become an
important aspect of the design.

One of the greatest difficul-
ties found by manufacturersis
that of clinical acceptability.
Clinicians are neither scientists
nor technologists. Therefore,
they often have great difficulty
in accepting the advantages of
a new technology, and this
makes it difficult to motivate
them to investigate new
methodologies or even go on
training courses once the

methodol ogies have been gen-
erally accepted.

In addition, the products of -
ten need small volume produc-
tion runsthat are not readily in-
tegrated into the work sched-
ules of silicon manufacturing
companies.

All of the problems and
challenges described above can
be overcome. The specific ex-
pertise needed is available in
Europe, but is spread across
many different organizations.

Businessesneedtobeableto
team work, linking the medical
professions with the engineer-
ing professions. All of the vari-
ous professions speak different
languages. The engineer is one
of the few professionals well
placedto act asthelink between
the different disciplines and to
have an in-depth understanding
of the needs of the patient.

Conclusions

Although the U.S.A. has cap-
tured most of the commodity
market for disposable blood
pressure sensors and blood gas

MME "98

analyzers, our assessment is
that Europe isin a strong posi-
tion for the future with higher
value medica microsystems.
Europeisat theforefront of re-
searchinto smart catheterswith
in-built sensors, micropumps
and valves, implants for func-
tional electrica stimulation,
and advanced hearing aids.
However, European companies
will haveto beaggressiveinthe
move to manufacture and mar-
ket such devicesif wearenot to
seetheresultsof our leading re-
search exploited by others.
One important factor which
could improve the European
position might be the financial
resources to develop medical
products available from Eu-
rope’s leading pharmaceutical
companies, if they decideto get
involved in microsystems.

J. Malcolm Wilkinson and
David Hitchings
Technology for Industry Ltd.
England

Fax: +44 (0) 1353 740665
tfi@dial .pipex.com

Theaim of Micromechanics Europe (MME) isto promote re-
search and collaboration, and to support further industrial-
ization. The workshop is an excellent forum in which young
scientists and engineers can present new results. MME's in-
formal and inspiring nature wasthisyear further strengthened
by the beauty of the MME ' 98 workshop location. Excellent
opportunitiesfor the participantsto get acquainted were avail -
able during the boat cruise to the workshop site Ulvik at the
shore of the Hardanger Fjord in Western Norway.

The more than 125 participants could enjoy a high quali-
ty scientific program that featured six invited presentations
and 68 posters. Thetrendstowardsinternational collaboration
and to shift focus from the basic micromachining toolbox to-
wards more system related challenges and manufacturing is-
sues were noticeabl e at thisworkshop. MME 99 will be held
outside Paris, and MME ' 00 in Uppsala.
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Microsystems for Hearing Instruments

hearing instrument is
A a typical space-con-
strained  multifunc-
tional system and an obvious
candidate for the employment
of microsystems. It includes a
range of transducers such as a
microphone, a speaker, trim-
mers, switches, and a telecoil,
as well as a battery and a sig-
nal-processing unit. Today, al
of the components are minia-
turized to a level where con-
ventional precision machining
is at its limit. Furthermore,
there is a trend towards fully
digital hearing instruments,
which suggests smart transduc-
ers with integrated electronics
containing A/D conversion,
signa amplification, signal
conditioning, and D/A conver-
sion.

Microphones

Extensive work has been done
towards the development of a
micromachined  microphone
for hearinginstruments, thisbe-
ing the more straightforward
component that maybe derive
the most benefit from mi-
crotechnology. However, there
isnocommercial product avail-
able as of today. Looking at the
specifications, it becomes clear
that microsystems are up
against a mature and cost-effi-
cient precision machining tech-
nology.

Microphonesfor hearingin-
struments have a power con-
sumption of less than 50 pw, a
sensitivity of more than 15
mV/Pa, an equivaent input
noiselevel of lessthan 24 dBA,
and a volume of less than
30mm3. They do not requirebi-
asing and sales prices are gen-
erally lessthan US$ 10. All at-
tempts of even getting close to
these requirements with a mi-
cromachined microphone have
failed.

Points to Address

Thetwo key pointsto be solved
for the successful implementa-
tion of a micromachined mi-
crophonearetoincreaseitssen-
sitivity (related issues: decrease
its geometric volume, noise,
and power consumption) and to
decreasethecost of production,
including packaging. Whilethe
first point can be solved by de-
veloping new techniques, for
example for controlling the
membrane tension more accu-
rately, the latter is amore com-
plex topic involving many dif-
ferent aspectsdepending on the
chosen technology and its mar-

ket availability.
Thehigh mechanical perfor-
mance required  excludes

CMOS-based processing and
pure surface micromachining.
In addition, the single-chip in-
tegration of the signal condi-
tioning circuitry isnot practical
since state-of-the-at ASIC
technology is required as well
for ultimate performance.
However, the volume restric-
tion demands tight integration,
whiletherequiredlow cost calls
for standard processesand cost-
effective packaging.

Microtronic’s Approach

Microtronic  A/S, Denmark,
which delivers conventional
transducers for about 20% of
the world-wide hearing instru-
ment market, decided to pursue
astacking solutioninwhichsil-
icon dies are stacked to achieve
high technological flexibility
andtight integration. Thetrans-
ducer part of the microphoneis
made by a combination of sur-
face and bulk micromachining
using standard polysilicon, sil-
icon nitride, and silicon oxide
layers on a silicon substrate,
whichisbonded anodically toa
silicon backchamber. Thistwo-
chip stack forms a complete

Concept of an integrated
micromachined micro-
phone for hearing in-
struments. The stack is

shown with a corner cut
and without its polymer
encapsulation to reveal
the inner structure.

condenser microphone. Next,
this is bonded to an intercon-
nect chip containing the sound
inlet and feedthroughs to the
ASIC chip, whichisflipped on-
to the mechanical stack. The
packaging includes a polymer
encapsulation for mechanical
and chemical protection and
electromagnetic shielding.

The development of thisde-
vice started within the Danish
collaboration project Micro
Systems Center (MSC, 1995—
1999), in which Microtronic is
supported by Mikroelektronik
Centret (MIC/DTU) and the
test and design house DELTA.
The production of a demon-
strator microphonein anindus-
trial processlineis planned for
theyear 2000. For this purpose,
the European collaboration
HISTACK, whichincludes Mi-
crotronic, MIC/DTU, DELTA,
the  Swiss  microsystems
foundry CSEM, the French re-
searchinstitute CEA/LETI, and
the Italian manufacturer of ink
jet print heads, Balteadisk SpA,
has been created and funded by
the European Commission un-
der the ESPRIT program.

Why Micromachining?

The above discussion demon-
stratesthat thetotal effortin de-
veloping arelatively simplemi-
cromachined transducer is
great compared to the devel op-
ment of aconventional compo-
nent. And, still, the benefitsare
not very obviousyet. However,
as the infrastructure for the in-
dustrial application of mi-
crosystems technology is be-
coming clearer and the
foundries are becoming more
focussed and documented, it
will beeasier for future devices
to be developed. Evenin acon-
servative market such as the
hearing instrument market, mi-
cromachined transducers will
eventualy be introduced and
will generate a faster route to
the market.

The microphone is, there-
fore, seen as the pioneer of the
micromachined transducersfor
hearing instruments. Trimmers
and switches, which are essen-
tially position sensors, will fol-
low quickly because of their
simple construction. The tele-
coil, which is an antenna for

Photo of a wafer with silicon
condenser microphones.

low-frequency radio signals,
can only be replaced by a mi-
crosystem with difficulty. The
speaker is probably the most
complex transducer in this ap-
plication and requires still alot
of development with respect to
an efficient actuating principle.

There is little doubt, how-
ever, that the future hearing in-
strument will contain a fully
digital signal processing unit
with digital connections to
smart transducerswhich direct-
ly convert the analog environ-
ment to adigital signal and vice
versa. Greater functionality
will be applied to the hearing
instrument e.g. by integrating
sensor arrays for directiona
hearing. The inclusion of more
powerful digital circuits will
enable environmental and
speech recognition that will be
very useful for control purpos-
es and communication, and for
the suppression of environmen-
tal noise. The hearing instru-
ment will definitely be more of
acommunication device than a
prosthesis and will be empow-
ered by microsystems, even if
the development takes ten
years.

Matthias Millenborn
Microtronic A/S, Denmark
Fax: +45-4588 7762
mm@mic.dtu.dk
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Micro Propulsion Thrusters Aim at Space

nacoupleof yearsthe
first European nano-
satellite  will  be

launched. ACR Electronic and
researchers within the Center
for Advanced Micro Engineer-
ing (AME) at Uppsala Univer-
sity will contribute with mi-
crosystems to this and other
space projects.

The use of microstructure
technology (MST) can dramat-
icaly reduce a spacecraft’s
mass and volume at the same
time that the technical perfor-
mance in many cases is im-
proved. As the main cost of
launching satellites depends on
itsweight, the use of MST will
aso significantly reduce the
cost of space systems.

The Micro Thruster Project
Satellites need stabilization to
point in the desired directions
for monitoring and communi-
cationspurposes. Micro propul -
sion thruster systemswill be an
outstandingtool for theaccurate
attitude control of small satel-
lites. They can aso be used for
the compensation of distur-
banceswhen very high pointing
stability of anormal spacecraft
isrequired.

A thruster project based on
asystem-oriented approach has
been launched in Uppsala. The
development project, which has
a scheduled duration of five
years, is financed by the Euro-
pean Space Agency (ESA).

The aim of the project is to
manufacture thruster modules,
each module containing four
compl eteindependent thrusters
with athrust-range from 0.1 to
a few mN. The complete sys-
tem will be accommodated on
seven small circular wafersin-
sideapressure-tight housing in
the shape of a 40 mm sphere.
Four wafers are hermetically
bonded together to a gas-hand-

A nanosatellite in close encounter with an asteroid.

ling module. In the module
some micromachined compo-
nents are integrated together to
perform asystem function. The
total mass of the module is es-
timated to be below 10 grams.
The other three wafers, which
mainly contain control elec-
tronics, are in close but dis-
mountable contact withthegas-
handling module.

Gas Module Design
Each thruster contains a filter
stack, a proportiona valve, a
nozzle, alignment structures
and the interconnecting chan-
nels. All parts are microma-
chined using different methods
as there is currently no other
way to produce these miniature
high precision componentswith
the accuracy required (~1pm).

Five piezoelectric elements
act as valve actuators in each
valve. A center element (B in
the figure) is bonded to the
valve cap, which is a suspend-
ed part of wafer 4. The other
four elements (A in the figure)
are bonded onto wafer 4 in a
ring configuration around the
center element. The cap islift-
ed andthevalve openswhenthe
central part contracts.

The gas flows through a
short channel directly to the
nozzle, on the way passing a

Cross-section through the gas-handling block.

small cavity that reduces the
flow velocity across a differen-
tial pressure sensor. The pres-
sure sensor signal isused in a
closed loop in order to control
the proportional valve.

No on/off switching is em-
ployed in the system due to
pointing stability reasons. Thus,
there is no such thing as a digi-
tal minimum impulse bit noise.
Instead, the thruster noise de-
pends mainly on the quality of
the analog control signal.

Thesmall top wafer (wafer 7
in the figure) contains some of
the actuator control electronics.

Laser-induced etching gives
fine 3D-structures with high-
precision and acceptable sur-
faces.

Nozzle

To deliver precise momentum,
the thrusters exhaust minute
amounts of cold gasthrough an
exactly defined nozzle. This
nozzle should be perfectly
smooth and cone-shaped, not
trivia requirements for silicon
microstructures.

As the nozzle is the most
critical part of the system sev-
eral micromechanical methods
have been tested, including
anisotropic wet-etching, diffu-
sion limited isotropic etching,
and laser-induced etching.

Nozzles made at the Mikro-
elektronik Centret (MIC) in
Denmark by laser-induced

etching of a (100)-silicon sur-
face in a chlorine atmosphere
clearly gavethe best result. The
laser was used to locally heat
and melt thesilicon surface (see
MSB 96:3).

The advantage of this tech-
niqueisthat it isindependent of
thecrystal orientation andisnot
inhibited by the native oxide.
The process is only limited by
the gas-phase mass transport of
the reactants and reaction prod-
ucts, and thus permits true 3D-
structures to be crafted.

Nozzle Heater

According to the common gas
theory, the thruster specific im-
pulse can be increased signifi-
cantly if the gas temperature is
increased. The increased com-
plexity of the nozzle when
heaters are included is more
than well motivated, in particu-
lar for interplanetary probes
where every gram of saved fuel
is of the greatest importance.

Conclusions

As we ponder the requirements
for new types of miniature
spacecraft designed to orbit
around earth or totravel through-
out our solar system and beyond,
itisobviousthat wemust explore
the full range of micro/nano
technol ogieswherethekey tech-
nology isMST.

Once a few MST-devices
have demonstrated success in
real space missions, severa
more will follow enabling the
possibility to create a new gen-
erationof small, but able, space-
craft. Thesevehicleswill permit
us to explore space much more
efficiently and much more in
depth than ever before.

Lars Senmark

ACR Electronic AB

and Uppsala University

Fax: +46-(0)156-191 88
acr.electronic@mbox200.swipnet.se

www.ame.material.uu.se
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3-D MST Using Polyimide Joints

oday we can see a
T rapidly growing inter-
estinsiliconmicroma
chined sensors and actuators.
Silicon micromachining offers
possibilities for low-cost and
highly miniaturized sensors.
However, the planar nature of
the photolithography technique
makesit very difficult torealize
three-dimensional (3-D) sen-
sorswith detailed featuresin all
three directions. Batch and
mass fabrication of true 3-D sil-
icon structuresisakey factor in
future micromachining tech-
nology that could enrich the
worldwithnew 3-D sensorsand
actuators.

The MEM S-group at KTH-
S3 has developed a new tech-
nigue to fabricate true 3-D mi-
cro structures. To create a well
controlled, out-of-plane rota-
tionof asiliconstructureapoly-
imidebased micro-jointisused.
The main advantage with this
approach isthat it utilizes con-
ventional high-resolution sur-
face lithography (with sub-mi-
cron features) while providing
access to the third dimension.
Other quasi 3-D techniques
(e.g. anisotropicetching) usual -
ly have high resolution in the
plane, but the resolution in the
direction normal to the surface
is poor. Different devices have
been fabricated as demonstra-
torsshowing the potential of the
new polyimide technique.

Polyimide Joint Principle
The basic principle of the new
micro-joint isillustrated in the

The 3-D hot-wire probe. The silicon chip sizeis
3.5 x3 x 0.5 mmand the three wires are

500 x 5x 2 um. The polyimide joint consists of
70 umwide and 30 pum deep polyimide filled

V-grooves.

figure bellow. The absolute
contraction length of the poly-
imideis larger at the top of the
V-groove than at the bottom
(e-a>¢€-b), whichresultsinaro-
tation of thefree standing struc-
ture out of the wafer plane. Dif-
ferent curingtemperaturesgives
different polyimide shrinkage
and different static bending
angles, a.

The rather high thermal ex-
pansion of the polyimide to-
gether with the current through
an integrated heater in the joint
is used to achieve a dynamic
movement of the structure.

3-D Flow Sensor

To demonstrate that the fabri-
cation technique is compatible
both with | C-based surface mi-
cromachining and with batch
fabrication, a3-D hot-wire sen-
sor has successfully been fabri-
cated. The miniaturized 3-D
hot-wire probeis schematically
shown above. Thex- andy- hot-

Schematic view of a 3-D test structure consisting of a four V-
grooved polyimide joint. Static bending angles, a, from 20° to
over 200° (max 35° per V-groove), have been obtained by vary-
ing the curing temperature for joints with 1 to 7 VV-grooves. The
metal wires through the polyimide joint are used as electrical
heaters to achieve dynamic movements. Dynamic bending an-
gles, Aa, of 5° per V-groove (Ax up to 200 pum) and cut-off fre-
guencies ranging from 1 to 10 Hz have been measured.

SEM-photo of the z- hot-wire which
has been out-of plane rotated by a
three V-grooved polyimide joint. A
bending stop structure rotated 180°

stops the z-wire at exactly 90°.

Operation principle for the bi-
directional 1-D micro convey-
er with two sets of legs rotat-
ing in different directions, x*
and x~. A displacement equal
to 2-Ax is obtained during one
period.

wires are located in the wafer
plane and thethird z-wireisro-
tated out of the plane using aro-
bust, small radius polyimide
joint. Flow measurementsof the
hot-wire have been performed
showing attractive flow sensi-
tivity and high signal to noise
ratio. The hot-wires are suffi-
ciently small to resolve the
small eddies in a turbulent gas
flow and the smallness also
means small thermal mass and,
therefore, fast response time.

Actuators
By using the polyimide joint in
the dynamic mode a variety of
actuator applications are con-
ceivable. For example, micro-
motion systems, micro-robots,
micro-motors, micro-grippers,
micro-manipulators and micro-
optical systemsare possible ex-
amples.

Experiments of movableflat
“medium sized” objects in the
mm range have been performed

with aone-dimensional demon-
strator conveyer based on the
polyimide joint actuators.

Conclusion

Extensive experimentation has
shown that the polyimide joint
technique works very well in
both the static and dynamic
modes. The new polyimide
joint gives robust, self-assem-
bling, small radius joints with
well controllable bending an-
gles. It is also easy to redlize
electrical interconnectiontothe
assembled 3-D structure, which
is not affected by the out-of-
plane rotation. Today, we can
seefeasible applicationsin sev-
eral different fields ranging
from medical, military, and
household equipment to pure
research tools.

Thorbj6rn Ebefors, KTH
Fax: +46-(0)8-10 08 58
Thorbjorn.Ebefors@s3.kth.se

The micro-conveyer during a
load test. The 2 g weight
shown in the photo is equiva-
lent to 350 mg on each leg or
16,000 times the weight of
each leg shown in the SEM-
photos to the left. Measured
convey velocity is 1.3 mm/s
(at 50 Hz and 90 mW/leg).
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MSB wishes to congratulate
the following individuals on
successfully having defended
their theses.

Elin Steinsland, U. of Oslo

Her Dr. Scient. thesis, Charac-
terization of Crystalline Slicon
for Micromachining, reportson
etching experiments performed
on single crystal silicon using
tetramethyl ammonium hy-
droxide (TMAH), and on mea-
surements of the temperature
coefficients of the elastic con-
stants of silicon.

A method for monitoring the
etch rate of silicon during wet
etching (in situ), has been real-
ized by laser reflectance inter-
ferometry. This enables real
timemonitoring of how theetch

STANDARDS

Further penetration and use
of microsystems technology
iscurrently hampered by the
lack of standardization, e.g.
in the design, production,
packaging, testing and use of
microsystem devices. The
European Commission sup-
ports the creation of indus-
trial standards for MST. As
part of thiswork, aworkshop
of European experts was
held earlier this year aimed
atidentifyingindustrial stan-
dardization needs.

Internationally, standard-
izationissuesisonetopicad-
dressed at the yearly World
Micromachine Summit (see
MSB97:3and 98:4). Asare-
sult, Tokyo hosted the
world's first international
MST standardization work-
shop in October 1997.

ssertations

ratedependsonvariationsinthe
etchant and the sample. In situ
measurements  in TMAH
etchants on different silicon
crystal orientations have been
performed.

The surface topography of
the sample can affect the inten-
sity of thereflected laser signal.
Computer simulations have
been used to study thisfor typ-
ical surface topographies that
may evolve during etching.

Accurate values of the tem-
peraturecoefficientsof theelas-
tic constants of silicon have
been calculated from fregquen-
cy-temperature measurements
and from finite element simula-
tions on three specialy de-
signed silicon resonators. This
part was performed at the Uni-
versity of Neuchétel, Switzer-
land, in co-operation with
CSEM SA, Switzerland.

Mats Bexell, Uppsala Univ.

His PhD thesis, Microfabrica-
tion and Eval uation of Piezoce-
ramic Actuators, focuses on
miniaturized motors and the
micro-processing of piezoce-
ramics.

A piezoelectric miniature
motor (OJ 4 mm) has been de-
veloped and characterized. The
maximum output torqueandro-
tation velocity was 3.8 mNm
and 65 rpm, respectively. These
valuesareamongthehighestre-
ported for miniature motors of
thissize. An analytic model has
been derived whoseresultsgive
reasonable agreement with
measurements.

A new techniquefor thehigh
resolution patterning of elec-
trode layers on ceramic green
bodies is presented. By em-
bossing, line widths and spac-

ings down to 20 um have been
accomplished. To comply with
the embossing technique, awet
building process for multilayer
ceramics has been devel oped.

Thierry Corman, KTH
HisLicentiatethesis, LowPres-
sure Encapsulation Techniques
for Slicon Resonators, focuses
on wafer level encapsulation
techniques. Special attention is
paid to techniques enabling
high quality factorsfor the res-
onator.

Thethesisdealswith anodic
bonding, metal deposition seal-
ing of small channels used to
evacuate residual gases, and
getter materials placed inside
the cavities to absorb residual
gases. Both vertical and lateral
electric feedthroughs, which
are used for electricaly con-
tacting the enclosed device, are
addressed. Asaniillustration, a
siliconresonator derivedfroma
liquid density and mass flow
sensor design has been encap-
sulated inside a low pressure
cavity.

Thorbjérn Ebefors, KTH

His Licentiate thesis, Three-
dimensional Microstructures
based on Polyimide Joints,
originates from a desire to fab-
ricate robust 3-D structures
with sensor featuresin all three
directions. The final goal is to
fabricate a fast and accurate
triple hot-wire sensor for thesi-
multaneous measurement of
three perpendicular velocity
components in gas flows. The
sensor should be small enough
to enable measurements of the
smallest eddies in a turbulent
gas flow. The article on page 6
presents more details.

ADVERTISEMENT

The Micromachine Center
(MMC) in Tokyo and KTH
in Stockholm organized a
one-day seminar in Stock-
holm in June. Six speakers
each from Japan and Swe-
den/Finland gave their
viewson the status of R& D
in their regions.

A systemsviewisfavored
inJapan comparedtothebot-
tom-up view predominantly
used in Europe. The need to
improve existing machines
and devicesisin Japan taken
as areason for entering new
technologica aress. In Eu-
rope, we often focus on de-
veloping process steps be-
fore considering smple de-
vices and systems. Conse-
quently, Microsystem Tech-
nology isin Japan denoted as
Micromachine Technology.

Japan believes that the
best way to promote the de-
velopment and implemen-
tation of a new technology
isto enable as many people
as possible to understand it
and its usefulness. To pick
up new ideasfrom children,
MMC has created a micro-
machine textbook that is
used by approximately a
quarter of a million fourth
graderseachyear. Thereare
also MST-focused drawing
contestsfor elementary and
junior high school pupils.

www.mst.material .uu.se

Interested in learning more
about the wonders and pos-
sibilities of MST? Both
general andtailored presen-
tations ranging from less
than an hour to several days
inlength are offered by Up-
psala University at your
choice of location. You are
aso invited to visit the
Angstrém Laboratory to
see how micromachining is
carried out.
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FUTURE EVENTS

NEXT ISSUE

Deep Wet Etching of Borosil-
icate Glass Using an Anodi-
caly Bonded Silicon Sub-
strate as Mask; T. Corman, P
Enoksson and G. Stemme
(KTH); J. Micromech. Micro-
eng., 8(2) (1998) 84-87.

Conferences:

Eurosensors XI, Southamp-
ton, United Kingdom, Sept.
13-16, 1998. For info.:
Univ. Southampton

Fax: +44-1703-595791
diana.ecs.soton.ac.uk/~aht/
EurosensorsXl||

MEMS’99 (Micro Electro
Mechanical Systems),
Orlando, U.S.A., Jan. 17-21,
1999. Abstract deadline:

Some topics covered will be:

— Markets analysis

— Metal microstructures on
CMOS

— Packaging

FSRM-cour ses:

Fax: +41-32 720 09 90
www.fsrm.ch

— The Challenges of Mi-

Sept. 14. For info.: Preferred
Meeting Management, Inc.
Fax: +1-(619) 298-3459
www.eecs.umich.edu/mems

Transducers’ 99, Sendai,
Japan, June 7-10, 1999.
Abstract deadline: Nov. 30.
For info.: Transducers’ 99,
Attn.: J. Echizen

Fax: +81-3-3299-1361
Www.com.cas.uec.ac.jp/
trans99.html

crosystems Technol ogy,
Copenhagen, Denmark,
Sept. 17, 1998.

— Micro Devices for Fluid

Handling, Stockholm,
Sweden, Sept. 28-29,
1998.

— Manufacturing Processes

for Micromechanical
Components, Copenhagen,
Denmark, Nov. 19-20,
1998.

PUBLICATIONS

e Characterisation of Crys-
talline Silicon for Micro-
machining; E. Steindand
(Univ. of Oslo); Doctoral
thesis, (1998).

Dynamic Actuation of

PolyimideV-grooves Joints

by Electrical Heating; T.
Ebefors, E. Kévestenand G.

Stemme (KTH); Sensors

and Actuators A, 67(1-3)
(1998) 199-204.

Low Pressure Encapsula-
tion Techniquesfor Silicon
Resonators; Thierry Cor-
man (KTH); Licentiatethe-
Sis, TRITA-ILA-9801,
ISSN 0281-2878 (1998).
Measurement of Package-
Induced Stressand Thermal
Zero Shift in Transfer
Molded Silicon Piezoresis-
tive Pressure Sensors; J.B.
Nysather (Univ. of Oslo/
SINTEF), A. Larsen, B.

Livered and P. Ohlckers

(DavisA/S); J. Micromech.

Microeng., 8(2) (1998) 168—
171

Microfabrication and
Evaluation of Piezoceram-
ic Actuators; M. Bexell
(UU); Doctoral thesis, Ac-
ta Univ. Ups. 360, ISBN
91-554-4187-4.

Silicon Microphones — a
Danish Perspective; S.
Bouwstra, et a (MIC); J.
Micromech.  Microeng.,
8(2) (1998) 64-68.
Three-dimensional ~ Mi-
crostructures based on
Polyimide Joints; Thor-
bjorn Ebefors (KTH); Li-
centiate thesis, TRITA-
ILA-9802, ISSN 0281-
2878 (1998).

Using FEA to Treat Piezo-
electric  Low-Frequency
Resonators; J. Soderkvist
(Cdlibri); IEEE Tr. Ultra-
sonics, Ferroelectrics and
Frequency Control, 45(3)
(1998) 815-823.
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