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MICROTECHNOLOGY AND MEMS

The series Microtechnology and MEMS comprises text books, monographs,
and state-of-the-art reports in the very active field of microsystems and
microtechnology. Written by leading physicists and engineers, the books
describe the basic science, device design,and applications. They will appeal
to researchers, engineers, and advanced students.

Mechanical Microsensors
By M. Elwenspoek and R. Wiegerink




Preface

This book on mechanical microsensors is based on a course organized by the
Swiss Foundation for Research in Microtechnology (FSRM) in Neuchatel, Swit-
zerland, and developed and taught by the authors. Support by FSRM is herewith
gratefully acknowledged.

This book attempts to serve two purposes. First it gives an overview on me-
chanical microsensors (sensors for pressure, force, acceleration, angular rate and
fluid flow, realized by silicon micromachining). Second, it serves as a textbook
for engineers to give them a comprehensive introduction on the basic design
issues of these sensors. Engineers active in sensor design are usually educated
either in electrical engineering or mechanical engineering. These classical educa-
tional programs do not prepare the engineer for the challenging task of sensor
design since sensors are instruments typically bridging the disciplines: one needs
a rather deep understanding of both mechanics and electronics. Accordingly, the
book contains discussion of the basic engineering sciences relevant to mechanical
sensors, hopefully in a way that it is accessible for all colours of engineers. Engi-
neering students in their 3 or 4" year should have enough knowledge to be able
to follow the arguments presented in this book. In this sense, this book should be
useful as textbook for students in courses on mechanical microsensors (as is cur-
rently being done at the University of Twente).

At this place we wish to acknowledge colleagues who contributed in one way
or the other to the text. This is in first place the whole micromechanics group at
the University of Twente: Han Gardeniers, Theo Lammerink, Gijs Krijnen,
Erwin Berenschot, Meint de Boer, Dick Ekkelkamp, Hans Hassink, Cees van
Rijn, Wietse Nijdam, Remco Sanders, Henk van Wolferen, Gui Chengun, Peter
Leussink, Johannes Burger, Niels Tas, Edwin Oosterbroek, Willem Tjerkstra,
Stein Kuijper, Robert Zwijze, Theo Veenstra, Erik van Veenendaal, Jasper
Nijdam, Henk Wensink, John van Baar, Joost van Honschoten, Marko Blom, Han
van Egmond, Albert van den Berg, Jaap van Suchtelen, Henri Jansen, Hans-Elias
de Bree, Cristina Neagu, Frans Blom, Frans van de Pol, Siebe Bouwstra,
Wim Hendriks, Harrie Tilmans, Albert Prak, Cees van Mullem, Vincent
Spiering, Gert-Jan Burger, Rob Legtenberg, Joost van Kuijk, Jan van Vlerken,
Edwin Smulders, Bob Haverkort, Thijs van Thor, Jan-Cees te Riet-Scholten,
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Hans Ijntema, Michiel Hamberg, Job Elders. Many of them have assisted in proof
reading, however the responsibility for any errors rests with the authors. Jan
Fluitman as the former professor in the micromechanics group and former direc-
tor of the MESA+ institute deserves special thanks.

Enschede, Miko Elwenspoek
July 2000 Remco Wiegerink



Contents

1. INtroduction ..ot 1
2. MEMS ... e 5
2.1 Miniaturisation and SYStEMS ........cccccoiiiiiiiiiiiiiiiiiiie e 5
2.2 Examples for MEMS ... ... 6
22,1 BUbDbIe Jet .o 7

2.2.2 ACHUALOTS ..eueiieeiiciieiiece et 9

2.2.3  MICTOPUIMPS ..oemrinriiiiieieeiieicniteee ettt 10

2.3 Small and Large: Scaling ........cccceevvereiniiniiniinienecniiniciiesieecee e 13
2.3.1 Electromagnetic FOIces.........coevemieieviinincninincnicenienn 13

2.3.2  Coulomb FriCtion ........cccveiierierieieeiereee e 16

2.3.3 Mechanical Strength ..o, 16
2.3.4 Dynamic Propertie€s..........cccceeeuierienimionieeieeeieeeneeneie e 17

2.4 Available Fabrication Technology .........ccccoceiieiiciiniincniiciiccnee. 20
2.4.1 Technologies Based on Lithography ..........ccccccoeecnieinnnn. 20
2.4.1.1 Silicon Micromachining .........cccceeveeevieeiierieencneen. 21

24.1:2 LIGAwmmmsnmsmmmms s s s s 22

2.4.2 Miniaturisation of Conventional Technologies .................... 23

3. Introduction into Silicon Micromachining ......................c...occoooeiiiinin. 24
3.1 PhotolithOSTaPNY -vossssvsmsessmmsmamimssmsssssmmeis s osms 24
3.2 Thin Film Deposition and DOPINg .........cccceceviiriieneniieniiieeceieeen 25
3:2:1  Silicon DIoXide .csmmmsmnmsamsanunsemrmsmrovsssmsimsis 26

3.2.2 Chemical Vapour Deposition. . ....s.sssscssssassssssssiorsssssssssssass 27

8:2:3 EVaDODatiONsewssvssusssasssssssrmmsssapsmosivissss sosssossiosssssassinisnsinse 29

3.24  SPutterdepOSIHON wuusesssssmsssmsssassasssssessussusmsvsssusesssrsnsssnssvasias 31
8:2:5 DOPIHP suseessssersmsmosssansssomsmsmmamsssos st H s ssmasaeesT 31

3.3  Wet Chemical Etching ........cccoocioiiiiiiiiiinieieeeeeeeeee e 32
3.3.1 Isotropic Etching.......cccoovevieiiiciiiiciicceececeeeie e 32

3.3.2  Anisotropic Etching ..........cccccoiiiiiniiniiniieniesieeee e 34

333 Etch StOp..cciiii 36

3.4 Waferbonding.........coooeeeiiiiniiiiiceeeee e 40
3.4.1 Anodic Bonding.......ccccovieieeiiiiiiiieeiiiecieeeeeeee e 41

3.4.2  Silicon Fusion Bonding ...........cccccevvviiiiiiiiiececiceiecee, 43



VIII

Contents

3.5 Plasma EtChing ......ccooeioieiiiiiiiiiiiiiiie i 45
3.5.1  PlaSMA...cciiriiriiieieienieneeniereeoresaisniassssonsesnnssessesssssasssssssssesees 45
3.5.2 Anisotropic Plasma Etching Modes............ccooiieininiinins 47
3.5.3  CONFIGUIALIONS ...eoueiiiiiiiiiiiiietieeti ettt 48
3.5.4 Black Silicon Method ..........ccccccovviiiiiiiiiiiiiiiiiii e 53
3.6 Surface Micromachining ........cccoeceeeieiiiiiiiiiiiiiiee e 55
3.6.1  Thin Film Stress....cococoeviiniiiiiiiiiiiiiiiiieee e 56
3.6.2  SHCKINZ c.veeiieiieeiiecieeieeteeie et 57
Mechanics of Membranes and Beams .............c.cccccoooviviiniiiininicnien, 59
4.1 Dynamics of the Mass Spring SyStem........c.ccovvevieiiiiiinininenineniens 59
B2 SEIEE. .. wennsanssssmessernammensmssms rmsnssnssmonss snssnra s S468 160 HHRISETEIE AT ST IFERS 63
4.3 BEAIS .coveeremmnmmonmmensassessamonsmsnssnsnannsnsessss s divsis 5o S EHET s Tiv s s A5 FvaED RS 65
4.3.1 Stressand Strain .........oio s 65
4.3.2 Bending Energy . sssovimussammmsmnsses somsesesiamssanomssssess 66
4.3.3 Radius of CUrvatire s ssmsssmssssissosssssimsssessissansississgomsss 67
4.3.4 Lagrange Function of a Flexible Beam..........ccccccooviiinnnnne 70
4.3.5 Differential Equation for Beams........c.ccccceviiiiiiiiiniininn 70
4.3.6 Boundary Conditions for Beams..........c.ccccoocveviiiiiiiincnnnne. 72
4.37 Examplesicsssoasansmmminsmnsem s masissmmisos 73
4.3.8 Mechanieal STabIlEY woussscsnssonssommmmssvisssssnmemsssesesss 75
4.3.9 Transversal Vibration of Beams ..........ccoccevciiiveeniienicecnenne 77
4.4 Diaphragms and Membranes..........ccccvueininninminonimiieemmmisene 80
44,1 Circular DIaphiagmns e cvvmumsmmommmessremsmssmsmm s 80
4,42  Square Membranes ..........cc.oeeeeueroierieeiiiine i 82
Appendix 4.1: Buckling of Bridges..........cccccooiniiiiiiiiiiiiiniiiiie 84
Principles of Measuring Mechanical Quantities:
Transduction of Deformation................cccccceviiininininniniiiccene 85
5.0 Metal STTAIN GAULES ioousosssmammmemssmsismssmsasvsesmsusssassossressisesissonsvsssss 85
5.2 Semiconductor Strain GaUZES .........ccveeerrvrereeinreeriveenieesiiesseeesineennnes 86
5.2.1 Piezoresistive Effect in Single Crystalline Silicon ............... 87
5.2.2 Piezoresistive Effect in Polysilicon Thin Films.................... 88
5.2.3 Transduction from Deformation to Resistance..................... 89
5.3 Capacitive TranSduCers ...........cccccouriiiiiiiiiiiiiieiccie e 90
5.3.1  Electromechanics ........cc.ccocuevieruiricniiiniinciicnie e 90
5.3.2 Diaphragm Pressure SENSOrs ........ccoveerieemieeniieniiienieenieeenas 94
Force and Pressure SENSOIS. .............ccocoviiiieiiniinienieeienieneeie e 97
0.1 FOICE SENSOTS ...eiuiiiiiiiiiiiiieeiee ettt s 98
6.1.1  Load CellS....couiniiiiiiiieieiieniieeeeee e 101
6.2 PresSUIe SENSOTS . ...ccoiiiiiiiiiriieiiieiieeeite sttt e sreesiteesteeenseeeaseenaeesnnes 106
6.2.1 Piezoresistive Pressure Sensors ........cccceceeveneeneeneanienienn. 107
6.2.2 Capacitive Pressure Sensors ..........ccocceceereeneeneeneneeeeeneens 112

6.2.3 Force Compensation Pressure Sensors .........ccccoccvereereeennne. 119



Contents IX

6.2.4 Resonant Pressure SENSOTS. s sssessssssssssssansassaossasvossasssasass 121
6.2.5 Miniature MiCrophones..........c.cceeueevuiniiniinnnnicniinneeerennenns 126
6.2.6 Tactile IMaging ATTAYS ...cccossesmessumssisssssssmsssssssssnsnsissssassassess 130
Acceleration and Angular Rate Sensors...............ccccccovviiiiiiniininnnnne. 132
7.1  Acceleration SenSOrs: . xsu.suwssrassssassssssssmsssisiesssamrisssssies 133
711 IntroduGtion: seesomsmimssnssmssasssrassssmssssasssvaasnssnsssasasesssss 133
7.1.2  Bulk Micromachined Accelerometers ............cccccccevcuennennnn. 134
7.1.3  Surface Micromachined Accelerometers............ccccceeeueeunenee. 138
7.1.4  Force Feedback ........cccooviiiiiiiiiiiiiiiiiieeicneeeceecieee 143
7.2 Angular Rate SeNSOTS .......cceoiuiiiiiiiiieieeieniteieeee et 145
FIOW SEIISOT'S ...ttt s 153
8.1 The Laminar Boundary Layer...........ccccoveeiiiiiiniiniiinieceeneeneene 153
8.1.1  The Navier-Stokes EQUAtions ...........cccceveriienienienenncnienenn. 153
8.1.2  Heat TranSPOrt .....cccuvevrieeiiiieeiiesiee e e e et st snee s 157
8.1.3 Hydrodynamic Boundary Layer ...........c.ccccocciiiiiiiiiinnnnnn. 158
8.1.4 Thermal Boundary Layer..........cccceverieniiniiiniininienicne 163
8.1.5  Skin Friction and Heat Transfer ..........cccccooevverienneniennenne. 166
8.2 Heat Transport in the Limit of Very Small Reynolds Numbers........ 168
8.3 Thermal FIOW SenSOrs........ccceviierierieiieeeeieeeeseese e 173
8.3.1 Anemometer Type FIow Sensors.........ccccoceeveviriniriveciennennen 174
8.3.2  Two-Wire ANEMOMELETS ....c.eerueeerereereeieeeensienseenreeeeenenns 181
8.3.3 Calorimetric Type FIow Sensors .......c..cccceeeeveenieieneenneenne. 183
8.3.4 Sound Intensity Sensors - The Microflown...........c.ccccceueunee. 188
8:3.5 Timeof Flight Sensors:.wissmmmmsmmsnmimmsssivanm 194
84 Skin Friction SENSOLS simussssssmsssiamimsssismssmmssssssirissrssimisisssmnss 195
8.5 “Diy Fluid FIOW ™’ SEOSOTS ussusssvesssssssssmssmsvassssssirasszmsvissississmmisss 200
8.6 “Wet Fluid FIOW SENSOTS....cursssssvisiessssssosmssvsssmsssssmssissnsssisrssvnivios 205
RESONANE SEISOTS . covsnavissnssss ssssesssaonisassssasmssisississssss srasssssssssssisssssssasins 209
9.1 Basic Principles and PhySies .owmsisssssmmnssmmmsnmmssmnsisssm s 209
911 INFOAUCHON oevssmsssmosmsssmmmsmssr s ma s 209
9.1.2 The Differential Equation of a Prismatic Microbridge......... 211

9.1.3  Solving the Homogeneous, Undamped Problem using
Laplace TratiSIOTmS . wssesssssecsssmn oo 212
9.1.4  Solving the Inhomogeneous Problem by Modal Analysis....215
9.1:5 Response 1o Ax1al LOadS e mmsssssemmmmnsmsmsmssiss 217
9.1.6  Quality FacCtor ......cccoviieriiiiieiieieeiecieeie et 219
9.1.7 Nonlinear Large-Amplitude Effects ..........ccceeeevierieneennenne. 220
9.2 Excitation and Detection MechaniSms............ccccceeveeeeieriecneneene.. 222
9.2.1 Electrostatic Excitation and Capacitive Detection................ 223
9.2.2 Magnetic Excitation and Detection.............cccccevevevvevnennnnn, 223
9.2.3 Piezoelectric Excitation and Detection...............cccceveeueen.. 223
9.2.4 Electrothermal Excitation and Piezoresistive Detection....... 224

9.2.5 Optothermal Excitation and Optical Detection..................... 224



X Contents

9.2.6 Dielectric Excitation and Detection..........c.ccoeuevvinvenenencnne 225
9.3 Examples and Applications..........cooueiiiiieiniininincinieie 225
10. Electronic Interfacing .............ccccocociiiiiiiiiiiiiiiiiee e 229
10.1 PiezoresiStive SENSOTS ....ccveriirieriieieiiieiiiiitieinteiaeeee e ene e 230
10.1.1 Wheatstone Bridge Configurations............cccccoevveierieiieencnnns 230
10.1.2 Amplification of the Bridge Output Voltage ............c.......... 233
10.1.3 Noise and OFffSet .......cooeeiriieriiriiiiiiiiiiciieciec e 235
10.1.4 Feedback Control LOOPS......cccccoccivecmiiiriuiisuinsninseesiessennneens 236
10.1.5 Interfacing with Digital Systems ........c.ccceviviniiivniiininnn. 237
10.1.5.1 Analog-to-Digital Conversion ...........cccccceuevveiunene 237
10.1.5.2 Voltage to Frequency Converters............ccccceeuene 240
10:2, CaApACItIVE SCIISOIS sssvsssswansssssis sssssssassavsstssssssaiss bassn ssssessssssmessss 240
10:2.1 Impedance BrAASes ..qosowmomsmmsmosmosemsssmmsmsssasssssisssassasssass 241
10.2.2 Capacitance Controlled Oscillators .........ccccceoeecuercucnciennennen. 245
10.3 Resonant SENSOTS: «iussssssosssssssansssassossonssussspassssssssimsiovssssssessesssssnsssoss 248
10.3.1 Frequency Dependent Behavior of Resonant Sensors.......... 248
10:3.2. Realizing an OSCHIAIOT.couwsesmsssevmsssnimnsssrsmsssenessmssssssssn 249
10.3.3 One-Port Versus Two-Port Resonators ...........c.ccceecveerueennnn. 251
10.3.4 Oscillator Based on One-Port Electrostatically

Dirven Béam RESONAIOL. .urwsessessomsussssosmnsemssomsssssmsevesgsvsssiess 251

10.3.5 Oscillator Based on Two-Port Electrodynamically
Driven H-shaped Resonator............ccccceeievieniiiiiciniecnnenn. 257
11, PacCKAZING .......ooiiiiiiiiee et 259
11.1 Packaging TeChNIQUES.......ccoouimruieiiiieeiieiiieeiee ettt 260
11.1.1 Standard Packages .........c.ccoceeiiiiiiiiiiiiiininiececeeiccecee 260
11.1.2 Chip Mounting Methods............ccccoiiiiiiiiiiniiiiniiiiiiece 262
11.1.2 Wafer Level Packaging.........cccoocveevieiniiinieciieciieeiie s 263
11.1.3 Interconnection Techniques..........cc.cccoeiiiiiiiiiiiiiiniiiennene 265
11.1.4 Multichip Modules..........cccoceriiiiniiiniiniieceeeseeeeeeen 267
11.1.5 Encapsulation ProCESSEs ..........cocuerieviineriienienieniieeeeeeenene 269
11.2 Stress RedUCON .......oouiiuiiiiiiiiiiicieceeeccece e 269
11.3 Pressure SENSOTIS ...c...coiiuiirieiineeieeeieieeeieeseeiae e ere e seaesaeenaas 270
11.4 Inertial SENSOTS ......couirtiriririrtieiieieet ettt sttt 272
11.5 Thermal FIOW Sensors.........cccooierieriieienieiecceeeeeeeeee e 272
References ............ccoooooiiiiiiiiiiiiiiee e 274



1. Introduction

The use of silicon microsensors for pressure, acceleration, angular rate and fluid
flow is increasing at high rates since micromachining has become a more or less
mature technology. These sensors are used in great numbers especially in auto-
mobiles, process control, in the medical field and for scientific instrumentation.
Market studies in the past years (mid nineties) have predicted an enormous
increase in the need of these sensors. Recent predictions on market volumes of
microcomponents (besides mechanical sensors ink jet printer heads and hard disk
heads) are in the range of US$100 billion annually in Europe alone (Micro-
machine 1998).

The production price for pressure sensors has dropped well below one dollar
per piece. Similar developments are expected from sensors for acceleration and
angular rate. This dramatic development is due in first instance to the way micro-
sensors are fabricated. The technology derives from integrated circuit fabrication
technology where the production price per piece is roughly reciprocal to the
number of fabricated units. This production method is called “batch processing”,
where a large number of components are made at the same time. Basically, sili-
con is machined using etching techniques, thin film deposition and waferbonding.
This fabrication method is now known as “silicon micromachining”. Silicon
micromachining has become reliable, which is a second important reason for the
commercial success of microsensors.

The working principle of mechanical sensors (except a certain class of flow
sensors) relies on the mechanical deformation of a construction (deflection of a
membrane or a mass suspended by a beam). This deformation is translated into an
electrical signal.

Silicon happens to be an optimal material for mechanical sensors because of
quite extraordinary mechanical properties. For sensors one needs a reproducible
signal which means for the case of mechanical sensors that the structure must
deform under an equal load in the same way.

Thus one needs a material free from mechanical hysteresis and free of creep.
Hysteresis is due to yield of the material, or in other words due to plastic defor-
mation. Silicon fails before it is deformed plastically, at least at room tempera-
ture. In fact, the stress at which silicon fails is considerably larger than the yield
stress of stainless steel: in this sense, silicon is much stronger than all metals.
Note however, that this does not mean that silicon is preferable over steel for all
types of construction. If steel is stressed at some point of the construction above
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the yield strength, it deforms until nowhere the yield stress is exceeded. This way
the structure as a whole will not fail. This is quite different in silicon construc-
tions: if the yield strength is surpassed somewhere, silicon fails and the structure
breaks down. This property of silicon — being brittle — is advantageous for sen-
sors: If the sensor is overloaded, it breaks and will not function at all, in place of
giving a false signal.

The other important property for sensing reproducible mechanical deformation
is creep. This is a phenomenon, shown by all materials, in which a construction
continues to deform at constant external load. For example, if a load from an
elastically deformed spring is released the spring does not resemble its initial
length immediately, only approximately, and from this length it “creeps” slowly
back to its original length. This phenomenon occurs even if the load is small
enough so that the yield strength is nowhere exceeded. This is a process, which
can take minutes or hours. Single crystalline silicon belongs to the best materials
with respect to creep; the effects are of the order of ten parts per million. The
amount of creep depends on the geometry of the samples. Bethe’s study revealed
that creep of silicon and other materials becomes much more serious for thin
cantilever beams (Bethe 1989).

The mechanical deformation due to mechanical forces can be measured in a
number of ways. Use can be made of piezoelectricity, changes of the electric
resistance due to geometric changes of resistors or due to strain in the resistors,
changes of electric capacitance, changes of the resonant frequency of vibrating
elements in the structure, or changes of optical resonance.

Silicon is not piezoelectric. Therefore, in order to translate a deformation to an
electrical signal using piezoelectric effects one needs other materials, usually in
the form of thin films. To date there are no reliable thin film materials available
for this purpose. On the other hand, quartz is piezoelectric accordingly there are
indeed mechanical microsensors machined from quartz. This book concentrates
on silicon sensors.

Very common is the use of strain gauges in conventional sensors. The resis-
tance of a conductor depends on its geometry, so conductors assembled on
deforming bodies will give information about the deformation. Semiconductors
have an additional materials effect: the conductivity depends on the strain in the
material. This effect is called piezoresistivity. The relative change of the resis-
tance per strain is called the gauge factor. For conventional metal strain gauges
the gauge factor is of the order of one, while the piezoresistive effect in silicon
increases the gauge factor of silicon strain gages to one hundred. The disadvan-
tage of the piezoresistive effect is its temperature dependence.

Vibrating elements in the sensor construction also play the role of strain
gauges: resonant strain gauges. The interest in resonant sensors has its root in the
following attractive features: The output signal is a frequency. A frequency is
much easier transferred into a digital signal; no AD-converter is required to feed
the signal into a computer. A frequency as a signal is much more robust to dis-
turbances than an amplitude (e.g. a voltage). Vibrating microbridges can replace
strain gauges. They have much greater resolution than metal or piezoresistive
strain gauges. We know two silicon resonant sensors on the market. One is fabri-
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cated by Druck, based on a design by John Greenwood (Greenwood 1984), and
the other one is sold by Yokogawa Electric, designed by K. Ikeda (1990). The
disadvantages of resonant silicon sensors are that they are not easy to make
(which makes them quite expensive) and the technology is yet not well estab-
lished. The high costs might be compensated by new simpler mechanical con-
structions for the load supply and by the simpler electronics.

A third important way to measure the mechanical deformation of a body is the
capacity of a charged distribution of conductors. The capacitance depends on the
geometric distribution, so any measurements of a capacitance of conductors
assembled to the deforming body will give information about its form. Capacitive
sensors have some advantages over piezoresistive sensors: they are less sensitive
to temperature variations, and the sensitivity is larger, which is due to the me-
chanical construction, as we shall see in Chap. 5. The electronics however is
more complex.

A category of microsensors, which do not always rely on a mechanical defor-
mation, belongs to mechanical sensors: flow sensors. Many of these sensors rely
on thermal effects, where a heater is used and the temperature is measured, either
of the heater itself or of the medium in its surrounding. The flow changes the
temperature distribution. There are also types of flow sensors where a deforma-
tion is induced by forces exerted on a sensor element by the streaming fluid: the
fluid flow causes shear forces, drag forces and pressure gradients.

Designing a microsensor is a formidable task, which involves the whole range
from the basic physics of the device and its interaction which the ambient, its
fabrication to systems issues like electronic interfacing, electronic circuitry and
packaging. This book has a double function: it is written as a review, and as a
textbook to teach students the subject of mechanical microsensors. We make the
attempt to describe all ingredients necessary to perform this task. We expect that
the reader has basic knowledge of mathematics, in particular vectors and calculus.
The book is directed to engineers and scientists of any of the fundamental engi-
neering disciplines (mechanical and electrical engineering, physics and chemis-
try). This means that in deriving the basic models we start from a fairly basic
fundament, however we make use of rather advanced mathematics of a level a
student in engineering should have mastered after his second year.

We tried to give a comprehensive overview of the mechanical microsensors
described so far, with the emphasis on the basic ideas. We describe the function-
ing of the sensors both, on a qualitative level and on a quantitative level.

We start the discussion with the description of MEMS. MEMS is the modern
acronym for microelectromechanical systems, the sensors are a subset of this
field. More important, sensors are quite often part of MEMS. This chapter also
contains a summary on scaling, to give the reader some feeling about changes of
our world when dimensions shrink. An overview on silicon micromachining fol-
lows. This chapter is a very condensed version of “Silicon Micromachining”, by
one of the authors and Henri Jansen (Elwenspoek and Jansen 1998). The fabrica-
tion technology of course is one of the essentials for the design of microsensors.
The next two chapters are devoted to theory of mechanical deformation and on
the two most important transduction mechanisms for mechanical microsensors,
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namely piezoresistive and capacitive. Chapters on the sensors themselves follow:
sensors for pressure, force, acceleration, angular rate and fluid flow. The latter
contains some basic theory of flow and heat transfer. A most advanced (from a
technological point of view) and most complex (regarding systems design) type
of sensors, resonant sensors, will be described next. The last two chapters are
devoted to sensor interfacing: electronics and packaging.



2. MEMS

In many technical systems there is a strong trend for miniaturisation. This trend
results on one hand from the fact that small components and systems perform
differently: small systems can perform actions large systems cannot (example:
minimal invasive surgery). In many cases a miniaturisation makes the systems
more convenient (example: GSM telephone). On the other hand technology
derived from IC-fabrication processes allows the production of miniature
components in large volumes for low prices (examples: pressure sensors for
automobile applications, ink jet printers).

The technology for miniaturisation develops from a number of fabrication
methods: We mentioned IC-fabrication methods, but there are many groups at
universities and companies that aim at the fabrication of small systems using
technologies that derive from more conventional machining, such as cutting,
drilling, sand blasting, spark erosion, embossing, casting, mould injection etc. In
this book we concentrate on silicon micromachining and on the mechanical
microsensors that can be fabricated by this method.

2.1 Miniaturisation and Systems

There are two basic notions used to indicate the science of miniaturised
mechanical components and systems: Micro systems technology (MST, this
notion was coined originally in Germany) and Microelectromechanical Systems
(MEMS, invented in the USA). While MEMS is more specific to mechanical
components, MST includes also microoptical systems, chemical sensors, analysis
systems etc. However, in all microsystems mechanical and electromechanical
functions must be realised, therefore in practice, both notions have a very large
overlap. The important word in both notions is system. Here, system is used in
contrast to component. Microthings are necessarily systems because of the small
details in the systems. One cannot assemble a microsystem from components
from the shelf. Example: if a factory wants to build a car, which is a pretty
complex system, the whole car is designed using (in principle) available
components (motor, transmission, doors, windows, wheels, etc.). These are
purchased or fabricated following the specification of the designers and
assembled. Such a procedure is impossible with microthings. First of all, the
components are too small to be assembled at reasonable costs. Further, there are
no components that fit together. In designing a microsystem, the components have
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to be designed during the design of the whole system. There is no design phase of
the system separate from the design phases of components: the design of a
microsystem is an integral process. Even more: the fabrication of the microsystem
is an integral process. This process is being provided by silicon micromachining.
We shall illustrate the design- and fabrication process a few times.

Referring to microsensors, we have leaned by a painful process that the
sensing element, the electronic interfacing and the package (if you wish, the
mechanical interface) must be designed as a whole. Designing one part of the
system after the other in most cases will lead to sensors which cannot be
packaged, or of which the package is too expensive.

A second systems aspect plays a major role in the fabrication process.
Micromachining is very complex and not developed to a standard technology.
The process space is still largely unexplored. When designing a microsystem, the
fabrication process of the system must be designed, too. Thus system design and
process design are integrated in a single design process. Microsystems designers
therefore must have a large number of skills and a rather broad experience. This
is quite different from IC-design and processing. For IC-processes there are strict
and clear design rules which guide the circuit designer, and he does not have to
worry how the circuit is actually made. Microsystems designer must be able to
design both: the system and the fabrication process.

A third systems aspect is the following: Usually microsystems have complex
functions. The functions have roots in different physical domains. For a sensor
this is clear: a sensor must transmit a signal from a particular domain (chemical,
mechanical, thermal) to the electrical domain. A sensor designer must of course
know the domains to which the sensor has ports. As an example, in a pressure
sensor a membrane is deformed and the deformation is the measure for the
pressure. The sensor designer must know the mechanical properties of
membranes. The deflection of the membrane can be measured by optical
interferometry. In this case, the designer must know optics as well. The designer
must know how to treat his (usually) small electrical signal, how to amplify it,
how to realise the interfaces to a computer, so he must have knowledge of
electronics, too. Sensor designers therefore are Jacks of all trades. In practice,
they have to work in groups of engineers of different colours, and understand
enough of other disciplines in order to be able to communicate.

2.2 Examples of MEMS

Since this book is devoted to microsensors, there will be no extensive discussion
of other microsystems such as actuators, microstructures, microrobots etc. We
give a few examples here. We find this important because the technology
— silicon micromachining — enables us to fabricate complex systems and simple
systems for more or less the same price. So there is the chance (and the challenge)
to integrate many functions in a single piece in an integrated production process.
Using silicon it is obvious to think of the combination of mechanical and
electronic functions. Much work has been done to develop integrated sensors, or



