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Vorwort 

Die vorliegende Dissertation entstand in den Jahren 86-89 grösstenteils aus einem 
Industrieprojekt. Einzig der Tactile Sensor war ein gänzlich unabhängiges Projekt. 
Rhythmus und Stossrichtung der Arbeit waren damit weitgehend fremdbestimmt. 
Die meisten theoretischen Ansätze wurden erst im nachhinein entwickelt. 

Von den vielen hundert Messungen, welche zur Überblickgewinnung, zur 
Abschätzung der Messmethode und zur Abrundung eines Eindruck dienten, wurden 
nur relativ wenige in dieser Arbeit explizit dargestellt. Die dabei jeweils gemachten 
Erfahrung äussern sich darin, dass'die experimentellen Kapitel 5-10 mit 
Schlussfolgerungen enden, welche die generelle Tendenz und die offenstehenden 
Probleme aufzeigen. 

War auch auf der einen Seite diese Arbeit eingebunden in einen Industrievertrag, 
war doch auf der andern Seite das Gebiet für die Gruppe völliges Neuland, was zwar 
auf der einen Seite interessante Studien ermöglichte, auf der anderen Seite eine 
Entwicklung für alles und jedes ab ovo erforderte. Eine Ausnahme bildete hier 
lediglich das Interferometer, konstruiert von F. Willemin, welches mir Prof. 
Dändliker in verdankerswerter Weise vollumfänglich zur Verfügung stellte. 

All die aufwendigen Messprogramme sowie die Berechnungsprogramme wurden, 
ausser dem Ätzsimulationsprogramm, in der vorliegenden Arbeit nicht detailliert 
dargestellt. Dies ersparte etwa hundert Seiten Papier. Einige Programme wurden in 
einem internen Bericht abgelegt. 

Danken möchte ich an dieser Stelle der Firma Mettler für die Zusammenarbeit 
sowie Herrn Prof. Dr. H. Beck für die Diskussion, die ich mit ihm über die 
theoretischen Kapitel führen konnte. 

Ganz besonderen Dank schulde ich Herrn Prof. Dr. N. de Rooij dafür, dass ich die 
vorliegende Dissertation an seinem Institut durchführen konnte. 
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Preface 

The present dissertation emerges mainly from an industrial project of the years 86 
to 89. Only the Tactile sensor was a completely independent project. Rhythm and 
direction of the work were thus mostly heterogeneous. Most of the theoretical 
developments were done after design and measurements. 

Of the hundreds of measurements, which were necessary to gain an overview, to 
appraise the measurement method and to round off an impression, only relatively 
few are presented in this work explicitly. The gained experience finds its expression 
in the discussion section of the experimental chapters, where the general tendency 
shows the unsolved problems. 

Being on one hand embedded in an industrial contract this work was on the other 
hand completely new territory for the group, what allowed on one side to perform 
interesting studies but required on the other side the development of everything ab 
ovo. The only exception was the interferometer, developed by F. Willemin and 
kindly placed completely at my free disposal by Prof.Dr. R. Dändliker. 

All the large scale measurement and calculation programs, excepting the etch 
simulation program, are not presented in detail in the present work. This saved about 
hundred pages of paper. Some of these programs are described in IMT internal 
reports. 

I would like to acknowledge here the company Mettler for the collaboration as 
well as Prof. Dr. H. Beck for the discussion with him I could have about the 
theoretical subjects. 

A very special thank I owe to Prof. Dr. N. de Rooij that I could perform the 
present Dissertation at his Institute. 
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Chapter 1 

Introduction 

1.1 Resonators and materials 
The trend toward digital information and control systems, together with the need 

for more accurate sensors have encouraged the development of resonant structures 
as basic sensing elements, which give an intrinsically digital output. Thereby 
frequency is only one parameter of an oscillation: amplitude, phase angle and 
damping are also available as readout parameters. We are proposing two types of 
sensors with frequency output : one device with an electrical oscillation circuit and 
several others with a mechanical equivalent- In the latter case forces, torques, mass 
or a change of the modulus of elasticity influence the resonance frequency. Generally 
spoken, the higher the Q-factor, the better the measurement accuracy of the 
resonance frequency. A general overview over resonator principles may be found in 
the articles of Gast1 and Langdon2. 

For mechanical resonators single crystals are best candidates. Braginsky3 cites 
some publications on monocrystalline materials with very high Q-factors up to 1 Ô  
at room temperature and up to 10^ measured at 4 K for AI2O3 (sapphire). The 
performance of Si is somewhat lower. It has to be noted in this context, that there is a 
fundamental difference between mechanical resonators vibrating in a pure thickness 
or shear mode (as most piezoelectric resonators are designed for) and those 
vibrating in a transverse mode. Because in piezoelectric resonators the dipoles feel 
the electric field (compared to frequency and dimensions) almost immediately, the 
state of strain is distributed homogeneously in the volume and there are no 
thermodynamic losses by entropy flow. This is not the case in a flexural mode, 
where even over a cross section we have compression and dilatation and thus 
temperature variations. This is important to keep in mind when comparing Q-factors 
in vacuo of different devices not to speak about those in air or other damping media, 
where the amplitudes of the vibration have a significant influence. 

So far especially quartz based resonators have been extensively investigated. But 
also GaAs4, sapphire5, lithiumniobate6 and other7-8 single crystal resonators are 
reported. Thickness monitoring by quartz resonators is a meanwhile widespread 
technique9. Also in chemical analysis resonators have potential applications. 
Hlavay10 gives an overview how quartz resonators may be used for chemical 
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analysis by covering them with appropriate absorbing materials. Tuning fork like 
devices are used to perform temperature11-12, pressure13 or force14 measurements. 

Silicon single crystal is a highly interesting material not only for microelectronics 
but also for micromechanics. Its elasticity is almost the same as that of steel whereas 
its strength performance even exceeds that of steel15. Moreover as being a single 
crystal there is theoretically no fatigue. In reality crystal defects limit this ideal 
behavior, but IC fabrication industry has pushed the purity and the perfectness of 
silicon to a high degree. However, silicon is not as is quartz piezoelelectric, and thus 
needs special driving forces (see chapter 4). 

Silicon is easily available in a mass production fitted form, namely as wafers, with 
a well developed processing technology established. The possibility to form easily a 
highly homogeneous SÌO2 layer offers some important technological advantages for 
creating passivation layers. To fabricate the micromechanical structures the same 
photolithographic techniques can be applied as in the semiconductor fabrication. 
Miniaturization and mass production are therefore built-in profits of this 
technology. Moreover, the combination of silicon mechanics with silicon electronics 
may provide high performance sensing systems, with respect to sensitivity, 
compactness and output signal conditioning, a feature, that quartz doesn't offer. 

The first approach of a micromachined resonator in the context of silicon wafer 
processing was published with Nathanson's Resonant Gate Transistor^ in 1965. 
This group realized a thin metallic film as a mechanically resonating gate with a Q-
factor of 500. The free standing cantilever was obtained by depositing it over a 
metallic spacer layer which was etched away afterwards by a selective etching. 

It was but years later that microfabrication techniques have been introduced to 
realize resonators in silicon (monocrystalline as well as polycrystalline). Both 
membranes17 and beam like structures18-19-2!) have been reported. The impetus came 
mainly from the optics, especially fiber optics. They are handling frequencies every 
day. More references for that "optical" branch of researchers can be found in 
chapter 10. 

In this context we distinguish between static and dynamic operating mode of the 
elements, subsuming under static devices where the physical quantity to be measured 
causes a deflection (resulting e.g. in a change of resistivity or capacity) and under 
dynamic such where the eigenfrequency or the damping is changed by the quantity 
to be measured. Thus with static devices only forces, pressures, accelerations and at 
the limit temperatures can be measured, whereas by dynamic devices beyond that 
interactions with the surrounding medium like density and viscosity can be 
measured. Moreover, the eigenfrequency is more sensitive to a change of the 
internal state (change of mass, stress, temperature, e.g.) than a static deflection with 



3 

an analog (amplitude modulated) output. The situation for static devices improves in 
case of a frequency modulated output signal as we have done with one device (see 
chapter 5). 

This work is thought to present various possibilities for the fabrication of 
mechanical sensors, which emerges from the technique of anisotropic etching in 
monocrystalline silicon. Special emphasis will be laid on a certain optimization of 
vibrating structures. Starting from relatively simple lumped mass-beam system the 
structures have been improved with respect to the clamping. By modelling and 
extensive calculations optimal structures could be calculated. 

Resonant structures of single crystal silicon are investigated in view of their 
potential use as basic elements for various sensor applications, like pressure, 
viscosity, temperature or adsorbed molecules, as is already well known with quartz 
resonators. 

It is the purpose of this work to study wether resonant silicon devices can be 
realized with a frequency resolution in the order of ppm in order to develop sensors 
with a similar resolution. To this end high Q-factor resonators are needed. As stated 
above ultrasonic absorption measurements showed that the internal damping of the 
single crystal silicon might be very low. The relatively poor Q-factors reported in 
literature for realized resonant silicon devices originate therefore from external 
damping, i.e. clamping, medium and supplementary thin films and treatments. Some 
investigations on these external damping factors of silicon resonators will be 
presented in this work (see chapter 6). 

The fundamental difference between vibration isolation in common mechanical 
problems and the conceiving of a high-Q system is that in the latter one the isolation 
may not be achieved by dissipation. The isolation has to be therefore infinitly rigid, 
mechanically not possible, or a high-Q system, too (dynamical absorbers). A single 
piece structure, the resonant structure with the isolation system integrated, is 
possible with the techniques described here. Proposals of such an integrated solution 
will be presented in the chapters 7 & 9. 

1.2 State of the art 
1.2.1 Static structures 
Since classical structural element like beams, plates or rods can be fabricated in 

silicon quite directly according to the needs and the etching possibilities,- which can 
be checked with a simulation program, described in section 3.3.-, optimization is 
only a question of stiffness and yield strength or breaking in the case of single 
crystals. One of our first structure realized in silicon was thus a bending bearing. An 
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overview of this large field of research on static devices can be found in a special 
issue of IEEE Electron Devices21, the Proceedings of Eurosensors II, 198822, of the 
Hilton Head Conference 8623 and 882* and Transducers '85 & and '87 2 .̂ 

1.2.2. Dynamic structures 
Some experimental reports on resonating silicon structures were cited above. 

Typically these are simple structures as known from static cases (beams, paddles and 
membranes), where no special attention was paid to the very critical clamping. More 
specific references are given in the corresponding chapters. 

On the theoretical side two new factors add in the case of dynamic structures 
namely first per definition the time (t) and secondly the dissipation of energy. 
Dynamic, non dissipative continuous as well as discrete structures are treated 
mathematically in a multitude of publications either in the field of physics, 
mechanical engineering or building construction and recently also in sensor technics. 
Less are then the number of publications when continuous systems have also discrete 
elements attached (typically mass beam systems, which have a special importance, as 
we will show later). The evolution of this subject is described in the appendix A. 
These mechanical engineering subjects (simulation of aircraft wing and similar) 
have not reached sensor engineers. Finite element methods (ANSYS) have been 
applied in this field recently by Barth et ai27. 

Publications on dissipative systems are rare (in physics such systems are 
considered not to be generally mechanical systems and therefore seldom mentioned. 
Only very recently an article was published, where dissipation is included in the 
Hamilton Jacobi theory28. Also papers describing dissipative continuous systems 
with discrete elements (dashpot, mass, spring), are treated only by a few authors. In 
engineering as well as in construction some interest in non-conservative systems 
raised in the last years although from a different point of view: Engineers are 
looking typically for strong damping in order to avoid unnecessary fatigue of 
material or destruction by resonance phenomena, while we are searching to reduce 
damping as much as possible. The mathematical treatment is in principle the same 
and only the optimizing process is opposite. 

In the context of miniaturized sensors some trials were made, to include damping 
in the differential equations. In the case of simple continuous systems like beams, 
there is no special difficulty to do so. But in case of a mass beam system, 
accelerometers e.g., this has never been done in great detail. The fundamental 
difficulty arises that the solution of the partial differential equation can no longer be 
separated into a simple product of a space and a time function. Thus such an ansatz 
must fail and other methods must be developed. 
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Kokubun29, who analyzed the nature of damping in air (and whose expression for 
the damping factors we are including in our analysis) solved for his string of beads 
model only an ordinary differential equation model (which may be considered as 
being the separated time part of a proportionally damped system). Others neglected 
the damping of the beam in an accelerometer type structure and solved just an 
ordinary differential equation, too. 

We achieved on the basis of modal analysis to deduce an analytical solution of a 
mass-beam system vibrating in a damping medium in a first approximation. Thus, it 
was possible to derive the Q-factor with respect to any geometry or physical 
parameter and thus to localize the maximum value. Numerically any degree of 
approximation is possible with this model of course, too. 

1.3. The structure of the present work 
One type of static sensor and four different types of dynamic structures 

(resonators) are presented in this work. In order to avoid repetition we start with 
four general chapters, where theory, design tools, fabrications steps, mounting and 
experimental principles are treated. Then five sections follow where for each 
structure type the special design, calculations, mounting and other experimental 
aspects are discussed, each followed by a chapter of results and one with discussion. 
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Chapter 2 

Theory and modelling 

Underlined variables mean operators, bold letters vectors or tensors 

2.1. Introduction 
2.1.1. Statement of the problem 

By a simple beam we mean in the following a beam with constant cross section and 
no discrete element on it. Moreover we are considering only weak bending of the 
beam. With such approximations the beam is called an Euler-Bernoulli beam. The 
vibration modes of such a beam can be calculated best analytically. This is described 
in any textbook on vibrations including different boundary conditions like clamped, 
free, pinned and combinations of them. Even when supplementary lumped masses 
are added, classical analytical method leads to a solution as long as the system stays 
conservative (see later). The analytical solution is typically based on the assumption, 
that the solution may be well separated in real functions of time and space, i.e. the 
points of the beam vibrate all in phase. This is still the case, when proportional 
damping is present on a uniform beam. 

The availability of powerful numerical hard- and software intensifies the use of 
approximation methods where discretization or developing in series is the 
mathematical approach. On the other hand in large scale mechanics modal analysis is 
a well known technique to calculate the dynamic behaviour of structures. In 
micromechanics, however, little is seen in this direction. Rayleigh methods are used 
instead. Recently also finite element methods have been introduced1. 

A direct method however consists in solving the partial differential equation of the 
transverse vibration of a beam with appropriate boundary conditions. The boundary 
conditions constitute lhen a system of a linear homogeneous equations which has 
only a non trivial solution in the case that the determinant of its coefficient matrix 
equals zero. This condition gives a transcendental equation for X, the eigenvalue, 
which determines finally the eigenfrequencies. Sandmaier2 has solved this eigenvalue 
equation for a beam with a mass in tbe middle by an approximation and ends with the 
same equation for the resonance frequency as results from a simple static calculation 
with an equivalent spring constant. In section 2.3. we solve this eigenvalue equation 
numerically, which gives the correct value for X . 

When discrete dissipative elements are present, i. e. non-proportional damping 
(see below), things may change drastically, because energy has to be transported to 
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the location of dissipation. To see this imagine a beam, fixed at both ends but with in 
the middle part a strong damper, vibrating freely. Obviously the whole beam damps 
out, not only the middle point. Energy therefore has to flow to that middle point. 
This means, that travelling waves are present (no fixed nodes) and a separation into 
space and time as above is no longer possible. This is the physical explication of the 
complications encountered with non-proportional damping present. This 
consideration shows that there are no solutions in the simple form of X(x)-T(t).The 
mathematical description and solution of the problem is given in the subsequent 
sections. 

An important distinction has to be made between proportional damping and 
non-proportional damping. 

Proportional damping means'damping proportional to the mass and stiffness 
distribution. For continuous systems this is typically material damping, adding to the 
Newtionian !Differential Equation (DE) of the undamped system a damping force per 
unit length. But also external damping of air can be described in that way in case of a 
beam with a constant cross section 

Non- proportional damping means that the distribution of the damping in that 
case can no longer be represented as a linear combination of mass distribution and 
stiffness distribution. In terms of matrix calculus this means that the damping matrix 
cannot be diagonalized by the eigenvectors of die undamped system (coupling of 
damping). 

In the appendix A an overview of the publications on that subject is given. The 
different approaches can be classified as follows. 

* discrete systems 
* modal analysis of continuous structures 

D without damping 
- without lumped masses and springs 
- with additional masses and springs 

* with damping 
- proportional 
- non-proportional 

* transfer matrix 
* integral transformations 

Adkins3 describes a modal analysis method for proportional and non-proportional 
damped systems with lumped masses by uncoupling the DE of the generalized 
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coordinates. His calculations end with complex eigenvalues and complex 
eigenfunctions. The disadvantage of this method is, that an eigenvalue problem has to 
be solved in order to be able to perform the transformation which decouples the 
equations cited above. Because the eigenvalues are complex numbers, all the 
subsequent calculations (matrix transformations, solving of the differential 
equations, calculations of the functions) have to be done complex. As the number of 
considered modes exceeds three, this calculation has to be done numerically, with the 
result that any trace of the parameters (like damping, masses) is lost. He calculated 
therefore the specific example of a pinned beam (here the eigenfunction and 
eigenvalue of the undisturbed beam are simple) with additional mass and friction and 
he rearranged the different (complex) components, in order to get real function at 
the end. He assumes that the eigenvalues appear in conjugate complex pairs in order 
to get real functions at the end. 

Another comprehensive work which includes non-proportional damping is done 
by Wähle4. Although actually looking for solutions of large forced structure with 
dynamic absorbers (response of TV-Towers subjected to random excitation 
(earthquake)), this work nevertheless cites an interesting method to calculate the 
eigenfrequencies of a mass beam system with non-proportional damping. This 
method based on the publication of Jacquot5 avoids the problem of the coupled DE 
system by applying a Fourier transformation with respect to time to the initial DE, 
after having done the modal decomposition. Here only one large calculation has to be 
done at the end consisting however of a nonlinear equation whose complex zero's 
have to be found. Numerically this is not a very comfortable situation1 and moreover 
the solutions have to be found (for small damping) in the surroundings of 
singularities (poles). We developed however a computer program to find the 
numerical solution (see section 2.4.3.2.). 

Because we are interested in transient cases we are proposing here to replace the 
Fourier transformation by a Laplace transformation. With this transformation, the 
initial conditions have to be included, so one might fear to get serious problems when 
they are not well posed. The analysis will show however that this problem can be 
solved with the developement of the initial condition in modes, too. 

If one is looking for the lowest eigenfrequency of the system, a good initial 
condition would be for example the first undisturbed mode. But it has to be pointed 
out that any other initial condition may be used provided that it may be developed 
into the undisturbed modes. 
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2.1.2. Overview 
In this chapter we concentrate ourselves on the calculation of the resonance 

frequency and the Q-factor of mass beam structures with damping. As stated in the 
introduction, only few attempts have been made in the field of sensors to treat this 
subject rigorously. This chapter summarizes also the theories about damping by 
gases and some remarks on internal damping. 

1 sec chapter 1 ref 23. 
2 Sandmaier, H., Kühl. K., Obcrmcicr,E.; A silicon based micromechanical acccleromclcr with cross 

acceleration sensitivity compensation, Transducers '87,4th Int. Conf. on Solid-state Sensors and Actuators. 
Tokyo, 1987. 

3 Adkins, R.L.; Modal Analysis of liner non-conservative system. Air Force Maierials Lab. Report AFML-TR-
75-2. 1975. 

4 Wähle, Michael; Beitrag zur passiven Kontrolle schwach gedämpfter elastischer Strukturen mittels 
dynamischer Schwingungsdämpfer. Dissertation, TH Aachen, Aachen, 1984. 

5 Jaequot, R.C.; The forced vibration of simply modified damped elastic surface systems. Joum. of Sound and 
Vibr. 48(2), 1976, pp. 195-201. 
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2.2. Calculation of the Mesa m ass 
In order to be able to calculate the resonance frequencies of mass beam systems, 

one has to know precisely the value of the lumped mass. The calculation of the lumped 
mass (proof mass) is possible, because we are dealing with rather stereometri cai 
bodies (mesas) due to the the comer compensation method (see chapter 3). 

Fig.2. J. Sketch of the truncated pyramid (mesa) 

The Volume of a truncated pyramid is (seeFig.2.1.): 

V = f r C ? + ( C ] + C 2 ) 2 + C ^ [2.1] 

where D is the height, Ci is the length of the bottom and C2 is the length of the roof of 
the mesa. 
When the side walls are (11 l)-planes Ci is defined by D and C2 and can be found by 
planimetrie rules. The volume expressed by D and C2 alone is then 

V = Df J D 2 W Ï D C 2 + C2] [2.2] 

The mass is then 
M = p si* V [2.3] 
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2.3. Calculation of the resonance frequency without 
damping 

2.3.1. Introduction 
The resonance frequency under vacuum conditions is calculated by solving the 

equations of the transverse vibration of a beam with the appropriate boundary 
conditions. This method is of cause more accurate than the approximation by the 
Rayleigh method. Moreover it allows to include different boundary conditions 
properly and also to calculate higher order eigenfrequencies. The boundary 
conditions constitute then a system of linear homogeneous equations which has only 
a non trivial solution in the case that the determinant of its coefficient matrix equals 
zero. This condition gives a transcendental equation for the eigenvalue of the space 
equation Xt which determines finally the eigenfrequencies. 

Fig.2.2. Simple clamped-clamped beam of length L with eigther ajrigid of b) 
elastic clamping 
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The weak bending of a simple beam is described by the Euler-Bemoulli1 

formula (see Fig. 2.2.a): 
P T 34w(x,t) a2w(x,t) . . . . 

where E is the modulus of elasticity (defined first by EULER, but entered as 
Young's modulus in literature), Jy= static moment of inertia and JJ. is the mass per 
unit length of the beam , w(x,t) is the elastic line. 
Separation of the variables x and t with a separation constant named (O0

2 results 
in a space equation: 
EJy d4X(x) , v , , n 

- j p - ^ T 1 + «h2 X(x) = O [2.4] 
and a time equation 

^ * + W 0 ? T(I) = O [2.5] 

Introducing the abbreviation 

* 4 = E 7 T L 4 [2'6] 

simplifies the expressions and die (angular) resonance frequency oio is then 

^ = E J V i F [2-7) 
Remark: X is sometimes defined differently in literature, i.e. without the factor 

L* • 

The solution of the space equation is then 
A. A AP A 

X(X) = C1 cos T -x+ C2 sin T-x+ C3SUIh T~X +C4 cosh T-X [2.8a] 
and that of the time equation 
T(t)= A cos(cot+ a) [2.8b] 

The complete solution then can be presented in the form w(x,t) = X(x)- T(t).The 
coefficients Cj are determined by the boundary conditions. 

We are giving here only the results of the calculations for various boundary 
conditions starting with those of a clamped-clamped beam. The detailed 
calculations can be found in the appendices B-E. 

Each times the four boundary conditions form the 4x4 matrix A of a 
homogeneous system of linear equations for Ci which has only a non trivial solution 
in the case that the determinant of A is 0. A typical example of the value of the 
determinant in dépendance of A is represented in Fig.2.6. As can be seen from this 
figure this condition restricts A to discrete values Ai. Using equation [2.7] the 
corresponding eigenfrequencies (ûoi can be found. 
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2.3.2. Simple beam with rigid clamping 
In this case we have the following boundary conditions: 

I: w(0,t) = 0 
II: w'(0,t) = 0 [2.9] 
III: w(L,t) = 0 
IV: w'(L,t) = 0 

This system of equations can be witten as follows (see Appendix B): 
A C = O [2.10] 

with 

( (cosX -coshX) (sinX - sinhX) ^ 

- ( sin?. + sinhX) ( cosX -coshX)J 

and 

C - g ) [2.121 

A nontrivial solution exists in case that det A = 0 or equivalently 
(cosX -cosh X)2 + (sin X - sinh X)(sin X + sinh X) = 0 

and finally the condition for the allowed (discrete) X is as follows: 

cosX cosh X = 1 12.13] 

with the solutions Xi= 4.730, X2 = 7.853,... 
To complete the calculations we are writing now (he space equation 

( X X X X \ 
X(x) = C1I (cosy-x - coshT-x) + r (sin T-X - sinh f~x)l 12.14] 

with the abbreviation 
(sinX + sinhX) 
- —) = r = 0.9825 for the first mode [2.15] 
cosX - coshX 

which leaves one parameter, Ci, free. It is determined by the initial condition. The 
amplitude X(x) is known (measured) in the middle of the beam. Thus the following 
equation determines the constant Ci 

L f X X X X } 
X(Y) = C1I(COSj-COShJ) + r (sin j - sinh j JJ = C1 (1.58815) [2.16] 
for the first mode. The resulting space function is shown in Fig. 2.9. 

2.3.3. Simple beam with elastic clamping 
If the clamping is elastic, the four boundary conditions of a mass-beam system 

are as follows2»13 (see Appendix C): 
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I w(0,t) = cF IF(O)I = cF EJy lw'"(0,t)l 
II w'(0,t) = cM IM(O)I= cM EJy lw"(0,t)l [2.17] 
III w(L,t) = cF IF(L)I = cF EJy lw"'(L,t)l 
IV w'(L,t) = cM IM(L)I= cM EJy lw"(L,t)l 

Here F is the transverse force and M is the momentum . cF and c^ are constants 
of the elastic resistance against F and M. cF was calculated for a elastic beam with a 
linearly decreasing cross section as encountered at anisotropically etched silicon 
clamping3 calculated for the symmetrical case (see Fig.2.3. and appendix C), 

cF= ~^äz—, E the modulus of elasticity and b the width of the clamped beam. 

Î 
d H 
IIP 

V s X ^ \ 54.74 

//////////////////A 

Fig.2.3. Scheme of the clamping part 

whereas cM was taken from the simulation program SENSIM14
 ( C M = M 0 " 6 N"1). 

We can thus compare theoretically the influence of an elastic clamping on the 
eigenvalues as will be presented in the results section 6.5 (Table 6.II). 

Now we introduce the following abbreviations: 

a= CpEJy(^J [2.18] 

P = CMEJy^] [2.19] 

As above the system [2.10] with : 
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A = 

and 

C = 

f i a -a 1 ^ 
-ß 1 1 -ß 

(cosX-asinA,) (sinA,+acos^)(sinhX-acoshX)(coshX.-a sinhX) 

^(-sinX+ßcosX)(cos^+ßsinX)(coshX-ßsinhX) (sinhVßcoshA.) J 

PA 
C2 

C3 

C 4 ; 

[2.20] 

[2.21] 

has a solution in case that det A = O. 
This determinant is calculated numerically. Special care had to be taken to the 
numerical determination of the coefficient vector C for the singularity of A has 
first to be removed by transformation to a equivalent inhomogeneus system with 3 
unknown. Then the system A'C = B can be calculated by the well known matrix 
formalism A1-1A1C" =A'-1 B => C =A,_1 B. One parameter (the amplitude) 
stays arbitrary. 

2.3.4. Doubly supported mass 
2.3.4.1. Introduction 

A static calculation of the equivalent elastic constant of a double side clamped 
beam with a force applied in the middle ends with the following equation for the 
resonance frequency (O n : 

V24 E1 

ire [2.22] 

Here E' = is the equivalent modulus of elasticity in the appropriate crystal 
U-v2) 

direction corrected by a factor for thin but broad beams ( boards),v is the Poisson's 
bh3 

ratio, M is the mass of the mesa, L is the beam length, Jy = - T y is the static 

moment of inertia, b is the beamwidth and h is the beam thickness (see Fig.2.4.) 
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2.3.4.2. Beam with the inertial mass as a boundary condition 

-cl 

t B s ^ V V W ^ V ^ 
ê&ëëë&êê 

-*• x 

Fig.2.4. The inertial mass as a boundary condition (top view) 

We are calculating half of the beam with half of the inertial mass M as the 
boundary condition. Sandmaier4 has solved this eigenvalue equation for a similar 
structure by an approximation and ends with the same equation for the resonant 
frequency as above ([2.22]). The correct value, however, can be found by 
calculating the zero values of the determinant of the appropriate matrix A 
numerically as executed above for the other cases of boundary conditions. 

The first two boundary conditions (at x=0) stay the same (either [2.9] 1,11 or 
[2.17] IJI) , whereas at the side of the mass we have for the boundary condition lu: 

HI) F(L) = EJy w '"(L,t) = - y w = - y ^ W-(UOj [2.23] 

where M is the total mass of the mesa and for the boundary condition IV: 
IV) w'(L,t) = 0 
as in the simple case ([2.9] IV). 

Again we can distinguish between rigid and elastic boundary conditions at the 
clamping side of the system, which is done in the following two paragraphs. 

2.3.4.2.1. Rigid clamping 
In this case the matrix A can be calculated to be (see appendix D) ([2.24]): 

( UX MX ^ 
. _ (sinX-sUIhX)-TjTr(COSh X-cosA.) -(cosX+coshX)-2-r-(sinh X- sinÄ,) 

-(sin X,+sinh X) (cosX-cosh X) 

With again the condition that this matrix must be zero, we end with the following 
equation 



18 

uX Ä- {1-cosXcoshXJ 

M 2 (cosXsinhX+coshXsinX,) 
[2.25] 

Thus X depends,- besides its discretization-, on the ratio of beam mass u.L and 

supported mass M. This function is plotted in Fig. 2.8. for the first eigenvalue Xi. 

2.3.4.2.2. Elastic clamping 

Bswnrawa 

Fig.2.5. Doubly supported mass with elastic clamping 

The complete set of the four boundary conditions is in this case now: 

I 

II 
w(0,t) 
W(O1I) 

III F(L) 

IV w'(a,t) 

= cFIF(0)l 

= cM IM(O)I 

= EJy W 

= 0 

= cF EJy Iw-(O1I)I 

= c M E J y lw"(0,t)l T2.26] 

"(Ut) = - T W = - T ^ W " " ( L , 0 

where M is again the total mass of the supported mesa. From the boundary 

conditions [2.26] follows: 

I 

II 

III 

IV 

Ci + OcC2- aC3+ C4 =0 

-PC1 + C2 + C3-PC4 = O 

CjsinX - C2 cosX + C3 cosh X + C4 sinh X 

MX 
+ j~r[C] cosX + CîSin X+Cj sinh X + C4 cosh X}=0 

- Ci sirtX + C2 cosX. + C3 coshX + C4 sirM, = 0 

[2.27] 

Again we can write this system of equation in a matrix form as [2.10] with ([2.28]): 
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f i ce - a 1 A 
- P l 1 - ß 

A = MX, MX MX MX 
(sinA+2 T COŜ ) -(cosA.+2jrr" sin X) (coshX+^rrsinh/,) (sinhX+^rrxoshX) 

^ - sin X cos A. cosh X sinh X y 

and C as [2.21].The zeros of this determinant A are calculated numerically. T is 
formally the same as in the simple beam case [2.15]. Thus X(x) is determined (cf. 
Fig.2.9.). The higher zero points follow periodically as shown in Fig. 2.6. 

f\ 
r 

K 

V 
1 I 

Fig.2.6. The periodicity of the zeros of the determinant in dépendance of X for a 
double supported mass. In case of a simple beam without mass in the middle the 
first zero disappears and the one at 4.73 becomes the relevant for the lowest 
frequency. 
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2.3.5. Simply supported mass 

• c l 

• * • x 

Fig.2.7. Simply supported mass (top view). 

In the case of a simply supported mass, the mass rotates and we have instead of 
equation [2.26] TV (see Appendix E): 

IV: MCL)= EJyw"(L,t) = S0
d ^JL'^<=> X" (L) = YX'(L) [2.29] 

with the abbreviation : 
0o 0)2 

y = ̂ - [2.30] 

and 
©o = the inertial moment of the proof mass. 

Thus by replacing the last row in the matrix for the doubly supported mass with 
elastic clamping we have [2.31]: 

f \ a -<x I ^ 
-P 1 1 -ß 

A _l MX „ MX ^ MX ^ MX 
A : =J (sinÄ.+—rrosA) -(cos>.+—T~sin X) (coshÀ+—piirihX) (sinhA+—r-coshÄ,) 

lysinA-T-cosXl l̂ cosA-T-sinÄ,! -lycoshA+7-smhAJ I y-coshA - ysinhA I 

We calculated for an accelerometer type structure (simply clamped short beam, 
see Chapter 6) the resonance frequency to compare different methods (see Table 
2.1). 
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Table 2.1. Comparision between different methods for the calculation of the 
resonance frequency of an accelerometer with one beam (beam length 1.2mm, 
beam thickness 39 [im, beam width 1mm, mass of the proof mass 5.3 jig). 

Rayleigh method (Roylance5, Szabo6) 
calculation with equivalent spring constant 
eigenvaluemethod with inelastic clamping7 

eigenvaluemethod with elastic clamping 
measured frequency in air 

f [HzI 
901.23 

1084.95 
900.793 
900.790 
898. 

The Rayleigh method gives an upper bound and lies therefore above the value of 
the direct method. The static calculation neglects the influence of the time 
dependence of the boundary conditions. As can be seen the admission of elastic 
clamping has a relatively small effect on the resonance frequency. 

Fig.2.8. shows X as a function of the mass ratio of beam and proof mass for a 
simply and a doubly clamped proof mass. The upper straight line a) represents X 
for the simple clamped clamped beam (not mass dependent). Elastic clamping 
changes X little and wouldn't be distiguishable in this representation. 

tlHSS RHTIO 

Fig.2.8. X as a function of the mass ratio of beam and proof mass for a) a clamped-

clamped beam without a discrete mass, b) a simply and c) a doubly clamped proof 

mass. 
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When the mass ratio is zero (i.e. the proof mass is infinite) the doubly clamped 
structure has exactly the same boundary conditions as a simple clamped-clamped 
beam with half the length. Thus X of curve c) is then half the value of curve a) at 
mass ratio zero. 

Fig 2.9. shows the displacement function X(x) for a simple clamped-clamped 
beam with and without a proof mass for the condition of the structures of chapter 6. 
One can see that the beam with the supplementary proof mass is bent a little more 
than the simple beam for the same amplitude. On has the consider only the left part 
because by assumption we calculated the curve for the mass beam system for one 
side only and the rigth side is therefore out of range. It is left for illustration in the 
plot stressing thus on the fact that we have two different calculation methods. The 
proof mass distorts the undisturbed beam towards a triangular shape, but the 
difference is actually small. 

100 nm 

.0"5L 

« . 0 112 LsIO mm 

Fig. 2.9. The function X(x) for a simple clamped-clamped beam and a beam with a 
proof mass with a mass ratio of about ten, a length of the beam ofL=J0mm and a 
maximal amplitude oflOOnm or IQ-5L. The thickness of the beam was assumed to 
be 60 firn and the proof mass 5.5mg (structure from chapter 6). 
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2.3.6. Structures with compensated forces and moments at the 
boundary 

The eigenfrequencies of this type of structure are calculated the same manner as 
for the doubly supported mass. The ideas and the calculations of the compensation 
itself are treated in chapter7. 

2.3.7. Torsion 
The equation for a torsional motion with 9(x,t) as the angle of torsion is as 

follows:8 

526(x,t) G J. 32S(X1O 326(x,t) 

with 
[JTTT 

c =-v I , the velocity of the torsional motion 

©bar = ©L inertial moment of the bar 
L= length of the torsional bar 
J, = Static moment of inertia 
G = Shear modulus 
The boundary conditions (only two, because of the second derivative) are: 
I: 6(0,0 = 0 clamping 

II: Mt(L,t)= G J 1 - ^ = - 0 O ^ 2 12.33] 

0O = Moment of inertia of the end mass 

A factorial ansatz and - co2 as the separation constant results in the following 

solution: 
to 6) 

6(x,t) = (A cos cot + B sin CDt)(C cos —x + D sind —x) [2.34] 
C C 

The boundary and initial conditions define now the constants A,B,C and D. The 
boundary condition I leads to C=O and thus D = 1 without lost of generality .The 
boundary condition II presents then as follows: 
11 ax - - G j 1 at* - _ 0 C 2 at2 t2-35J 

This results in 
to w 0O co 

(A cos cot + B sin cot) —cos - 1 = + ——- (A co2 cos cot + B to2 sin cot) sin —L 
c c 0c2 c 
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to to Q0 (O 
=> — c o s - L = + ——• CO2SiIi-L 

C C 0c2 C 
CO @ 0 LCO CO 

=* cos —L = + ——— sin—L [2.36] 
c L 0 c c 

with the abbreviations 
CO 

Ç = - L [2.37] 
and 

K= ^ = [2.38] 

we can rewrite [2.36] as 
C IgC = K, [2.39] 

which is a transcendental equation for Ç having discrete solutions Ci and thus by 

[2.37] we find for the resonance frequencies: 

C O i = ^ [2.40] 

For small K'S (i.e. thin beams and large endmass), equation [2.39] can be 

approximated by the following formula9: 

^VS [2M] 

The first resonance frequency of a bar with a relatively large end mass can be thus 
written as 

<.-àV ©bar L 3+K 
[2.42] 

Jt depends on the dimensions and the shape of the cross section of the bar. For an 
ica3b3 

elliptical cross section (including circular) Jt is Jt = -¾ • uf, a and b the major and 

minor axis of the ellipse respectively. Other cross sections (like rectangular) have 
to be approximated. For a thin rectangular cross section (b » h), as we have with 
the structures in chapter 6, Szabo10 gives the following approximation for J1: 

J, =ffhb3 [2.43] 

In appendix F, we did the calculation for a mass beam system. 
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2.3.8. Beam covered by a layer 
The following section develops a theory of a beam covered with a 

supplementary layer by starting with the combined beam theory of Timoshenko11. 
We are first calculating the position Yi1 of the neutral axis of such a beam 

Fig.2.10. Cross section of a combined 
beam with the neutral axes at the 
heigth hi. 

The total force on the cross section contributed by the region 1 , defined by 
H ] xb (see Fig.2.10.), and the region 2, defined by H2xb, with Hi> H2 are 
calculated as follows: 
region 1: 

b/2 H 1 ^ i Hi-Ii1 ' ' M r 2~|H h 
E1JyOA = E1 Jdx /ydy=E,b Jy dy =E, b ^-1 J1"

1= 
] -b/2 -h[ -h] L *- J J 

= E ,b i 2 } = E i b H i 1 y - h i 

region 2: 
b/2 -h2 -"i r 2-j 

E2 Jy O A - E 2 J d x Jydy=E2b J y d y = E 2 b t 
2 -b/2 H->-h-> H-i-Jtt L - 4 J 

-H2 

Jy 
H2-I i2 

H1 

-h2 

H2-h2" 

By definition we have 
H1 + H2= hj + h2 => h2 = H, + H2-Ii1 

Substituting h2 in [2.45] we obtain 

E2JydA = E2bH2{^+H1 -U1 } 

Because the total force on the cross section has to be zero, 

[2.44] 

[2-45] 

[2.46] 
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Ei Jy dA + E2 Jy dA = O, we can calculate h( from [2.44] and [2.46]. 

We are transforming the resulting equation 

E1 b H1[^1-- h , } + E 2 b H 2 { ^ + Hi -Ii1J=O 

to an explicit form for hi: 
E1HxH 

- h +• LY+H. -h , 

-2™2 

E2H2 L 2 

E2H2I^J+2 + H i" h i [ 1 + E, H, 
and that 

1+ I iuf =h' 
Eo HT 

=0 

h , = 
E1 H1 - ^ + E 2 H 2 - f + H , a. 

(E 2 H 2 + E 1 H 1 ) [2.47] 

The statical moment Ji for the region 1 with respect to the neutral axis is with 
the theorem of Steiner (EULER): 

DH1 

J 1 =J 0 + FaS =—f2~+ H1D \hr-2 

and simularly the static moment for the region 2: 

H 

b H 2 H, 
b H 2 H-

[2.48] 

[2.49] J2 = ^ 2 ~ + H 2 b [h2-2 J = " Î 2 ~ + H 2 b [H i + 2 "h ' 

We are going now to develop the DE for the combined beam. The relation of 
the elastical line w(x) of a beam with the applied momentum is with the usual 

simplification w" = — , r the bending radius, as follows n 

w E1Ji+E2J2 

q(x) 

w 

with 13 

[2.50] 

d2M(x) 
dx2 - " 
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and 
q(x) = n(x) W(x) 
u.(x) = pi Ai + P2A2 the total mass per unit length, p and A the density and the area 
of the two materials respectively, we obtain the following equation of motion : 
(E1Ji+ E2J2)w""<x) = - Hw(X)I [2.51] 

Thus the equation of motion is the same as for an simple beam [2.3.] with the 
exception that X is now defined by 

\l (D' 
•L4 XA- (EiJyi+E2Jy2) 

and thus the resonance frequency of the covered beam 

«covjj-j ^l (ElJvl+E2Jy2) 
U-

[2.52a] 

[2.52b] 

2.3.9. Elastic energy of a beam under dynamical deformation 
In order to estimate the energy loss per cycle one has to know the total energy 

stored in the system. This is for an elastic beam14 

U=yfX"2dx 

In the case of a pinned pinned beam the space equation is as follows 
(% 

[2.53] 

X(x) = Ci sin I j - X [2.54] 

Ci the amplitude in the middle of the beam and thus the second derivative of [2.54] 

X"(x) = - C i ^ J s i n ß j x i [2.55] 

The energy [2.53] for a pinned-pinned beam becomes then 
L 

u -^~2 

U p p - 2 
'Ir]4JhJ 

r\2 

^=Mr 4^ s m ir x 
2K X=L 

Vn.= Vd fei :H 'PP usr [2.55] 

For the clamped clamped beam me direct calculation would become somewhat 
more extensive. But it can be shown by partial integration and using the 

homogeneus boundary conditions that the functions Xj are orthonormal15, 

moreover 
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ì 
L L 

X"2dx = Jx2dx = L • [2.56] 

thus . . 

[2.57] 

Ci is here no longer the amplitude A0 at the middle of me beam but 
Ci = 0.6297. A0 > 

We can thus calculate the ratio of the energies between a clamped-clamped 
beam UCc and a pinned-pinned one Upp for the same amplitude in the middle of the 
beam to be 
Ucc 
77^-=3.983 
Upp 
with the same dimensions but its natural frequency 2.266 times higher than the 
pinned one. Corrected by this factor we have for the ratio 
Ucc ' 
rr- = 1.758 
UPP 

This is natural from the fact that the curvature (a measure for the strain) is more 
pronounced in the clamped beam than in the pinned one. 

For a mass beam system, the simple orthogonality [2.56] no longer holds. The 
integrated term of the partial integration disappears only in the case of 
homogeneous boundary conditions. We have to execute then the full integration of 
the square of the second derivative which is given in the appendix G with the result 
shown below. 

The integral [2.56] without the factor IT-] C3 and T as defined in [2.15] becomes 

then ([2,58]) r „ ] sinX. „ „ sinhX, 
L(1+-{sinUsinh>.]2+r-{[-2-+sinhX]cos?.(1-r2)+(1+r2)cosh?.[(sinX+—~]}) 

Both the simple beam and the mass-beam can be brougth to an equal formal 
expression for X(x), when we use the singularity of the systems to eliminate this 
equation (or row in A) which originates from the changed boundary condition (nr. 
III). Only X is different of course. Thus, expression [2.58] should hold for both 
cases, what we checked numerically by finding that it equals L in the case of a 
simple beam. 
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In the case of a simply supported mass (accelerometer) two boundary 
conditions have to be changed and one has to replace then F by 

T = 

^ MX MX 
An A? i I sin^+'TT^os^-sinh^TTT^sh^ 

Ai2 " A22~ ( MX MX 
-cosX,-—j-sinX -coshX-—rsinhX 

* . x ^ [259] 

( X X 
IY sin^-ycosA.- ycoshX, + 7 sinhX 

Iy cosX.-TSinX+YcoshA+ jsiiihX 

(see appendix E.) 
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2.4. Damping 

2.4.!.Introduction 

On damped structures we have to distinguish between 
i) damping of the elastic element (beam or membrane). 

This includes energy loss into gas (external damping) either by viscous or 
turbulent flow, acoustic radiation, exchange of momentum and internal 
damping by diermoelastic coupling (entropy flow) and defects of the crystal 
(internal friction) or also by supplementary layers or surface texture 

ii) the damping of rigid elements like paddles. 
Here we have the same external damping mechanism as for the beam. Such a 
damping can be replaced by a discrete damping element (e.g. a dashpot, see 
Fig.2.11.). In that case a term weighted by a Dirac function has to be added 
to the DE instead of just a simple damping term per unit length as in case i). 

iii) the damping of the clamping. 
Here the damping of the medium is very small because of the small 
amplitude of the clamping and we have to consider only the radiation of 
elastic waves into to frame (the fraction of the elastic wave not rejected) 

Fig.2.11. Complete model of a mass beam system with proportional and discrete 
damping as well as added inertial mass to the beam and the mass. 

Baker3 includes for macroscopic beams the air damping at atmospheric pressure 
(1 bar) for calculating the logarithmic decrement (only energy expressions). His 
formalisms for distinguished damping proportional to velocity for small 
amplitudes and proportional to the square of the velocity for large amplitudes as 
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well as that for including internal damping of different types are quite helpful. But 
he gives no physical explanation for the constants he used. Direct comparison of the 
air damping is thus difficult, because we have quite different dimensions (100 times 
smaller) 

Blake2 gives a theoretical treatment of acoustic radiation from free free beams in 
air and water. Here, too, the application is prohibited because of the assumptions of 
the same large structures. 

Jeyapalan3 works out a little bit more the limitations but the assumption are 
tacitly large structures and atmospheric pressure, too. 

Drawin4 derives the damping for the molecular region, but recommends 
empirical factors for the other regions. i 

Coolidge5 has obviously measured objects with similar dimensions as ours also in 
the higher pressure range, but he uses an empirical constant to caracterize the 
viscous damping, too 

Christian6 gives a somewhat more precise derivation for the damping force at 
low densities by applying the Maxwell-Boltzmann distributed velocities instead of 
just a mean velocity resulting in the same dependency of pressure and temperature 
but with somewhat different constants. We are going to use this approach for the 
low pressure range. 

Tough7 describes for the viscous region on the model of a oscillating cylinder the 
damping forces and the hydrodynamic effective mass. We are going to use this 
approach for the high pressure range. 

In the following paragraphs we are developing first the mathematical tools for 
damped mass beam systems (beams with discrete elements, see Fig.2.11.), analyzing 
then the nature of the damping to find physical expressions for the damping 
constants and ending with the complete modeling of the damped system. 

2.4.2. Proportional damping (constant cross section beam) 
2.4.2.1. General equations 

When damping proportional to speed (and a constant cross section of the beam is 
assumed) is included the DE [2.3] extends to: 

34w(x,t) 32w(x,t) 3w(x,t) 
C. J = - Ll r Ç 

y
 -Ï

 4 ^ . 2 d t 
dx dt [2.60] 

where Ç is the damping per unit length. 
The same procedure of separation as described in section 2.3. leads to the same 
space equation [2.4], and to the following time equation: 



33 

^ T WT(D = O 
. This equation is formally equal to a simple damped harmonic oscillator. In 

standard textbooks on mechanics (Lifschitz8) the following abbreviation for a 
simple hamonic oscillator is introduced: 
ß = Ç/2u. ' [2.62] 
Then the solution of the time équation reads as follows: 

T(t) = A e-ßt COs(Wt+ a) ' [2.63] 

where 
0)2 = (uo 2-ß 2 [2.64] 

a = the phase 

The quality-factor Q as beeing the ratio of the stored energy in the resonator to the 
energy lost in the time 1/cù writes as follows9 

Q = J [2.65] 

and thus 
' T C f 

ß = " Q - [2.66] 

where f is the frequency <o/2n 
In case of a beam with constant cross section and a high Q-factor we may write also: 
E1 = 2fttp bh/Q , [2.67] 
b the beam width 
h the beam heigth 
p the density 

2.4.2.2. Resonance frequency in an atmosphere of gas 
In an atmosphere of gas, several forces act on the resonator, which have to be 

taken into account in the DE. Not the damping itselself causes the observed strong 
dépendance of the frequency on pressure, but the additional mass % of the gas 
molecules to be accelerated. Thus the DE for the vibrating beam has to be extended 
to: 

Formally this is equal to [2.60] we have just to replace [2.62] by 
P = V(H+ X) [2.69] 
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2.4.2.3. Additional layer 
Apart from the additional mass and the changed modulus of elasticity (both will 

affect the frequency, cf. section 2.3.8) additional internal friction is added i.e. a 
supplementary term in Ç. In the case of proportional damping, it follows from the 
definitions [2.62] and [2.65] that Ç is inversionally proportional to Q, which means 
that in such a model the inverse of the Qs are additive: 

1/QtOt=VQi+ 1/Q2 + -.. [2-70] 
This is experimentally proved in chapter 6. 

2.4.3. Non-proportional damping and modal analysis 
2.4.3.1. Introduction 
Taking the same system as described in section 2.3.4. in the case witfi no damping 
and extending the DE as in equation [2.60] to take into account me damping of the 

beam, the boundary condition [2.23] has to be changed as follows: With y w (L,t) as 

the damping force of the proof mass M the corresponding boundary condition III 
becomes 

III: F(L) = EJy w "'(Ut) = - y w(L,t) +y w ( U ) [2.71] 

whereas the other ones stay as [2.9] 1,11,1V. The method, we used in section 2.3.4. 
by setting the DE [2.3] respectively [2.60] into the boundary condition [2.23] to 
eliminate the time derivative, can no longer be applied, since only either w(L,t) or 
w (L,t) can be eliminated. 

The method of modal analysis is more appropriate in the case of non-
proportional damping. However, these calculations make typically extended use of 
matrix calculations and mus numerical methods. As stated in the introduction to this 
chapter a method was developed by Jacquot10 to avoid for simple cases these 
numerical approaches by using symbolic functions and integraltransformations. 
The singular behaviour (see next paragraph), that prohibits a representation in the 
Fourier space and even more the back transformation, is cancelled in the case of 
Laplace transformation by the initial function, which has to be included. Moreover 
our calculations end with a symbolic equation in the Laplace space. Even the back 
transformation may be performed by noting that the end formula is actually a ratio 
of two ploynomials in s multiplied by a function of the space. To execute me back 
transformation we have to know the zeros of the denominator's polynomial p(s). 
Because all the coefficients are real values (this can be guaranteed here because they 
are still the original physical parameters) these zeros are real or complex 
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conjugates. When they are real, the polynomials are real, too, and there is no 
problem of interpretation. If they appear in pairs of conjugate numbers, the 
polynomials are conjugate, too, and the real periodical functions (sin and cos ) may 
be formed, which have an evident interpretation (see Adkins11). Thus the decision 
of the degree of the approximation, the values of the parameters and the kind of the 
modes of the undisturbed system (the boundary conditions e.g.) is taken but just 
before the back transformation, which ends in the solution in time and space. 

In a first order approximation we can even represent the solution symbolically 
which gives a direct insight in the main dependence of the solution on the physical 
parameters. This first approximation shows an amazing simplicity for the 
interpretation. In the exponential factor the mass of the beam and that of the 
damping system are added together with a weighting factor for the concentrated 
mass. The same holds for the damping coefficients. The frequency (Q) takes into 
account the ratio of the beam mass to the total mass. 

2.4.3.2. Modal analysis with Fourier transformation 
The problem of this method is the singular behavior of the equation (Wähle12 ) 

W(r,X) = - Z(X) W(rM, X) Xk"iYk(?0 $k(rM) 0k(r) [2.72] 

with W the deflection 
X the eigenvalue 

Z the impedance of the deserete system 

Y a function Y(O)) - . . cf. section 2.4.3.3. 
Cûj2 -ü)2 

r the position on the beam 
TM the position of the discrete system 
<{> if the e igenfunctions of the undisturbed system. 

which can not be solved for W(rM,X). This prevents a representation in the Fourier 

space and even more the backtransformation for this our free decay case, which is 
natural because the Fourier transformation is fitted to find response to periodic 
excitations (steady state), not transient cases. Therefore we are left with complex 
frequencies which are rather hard to interpret. 

We developed however a computer program to find numerically the complex 
and real parts of the eigenfrequency ft). Hereby the following , numerical problem 
arises: Since we have a complex function of a complex variable of which we have to 
find the zero : C -> C ,W(<a), we have to scan in the hole complex plane and 
checking for each point real and imaginary part of W to be zero13. One can simplify 
this procedure a little bit by checking only the magnitude of the complex vector. 
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Moreover, one can consider the additional mass and damping as a disturbance of the 
simple clamped clamped beam, who's eigenvalues have to be calculated anyway. 
Thus the real part should be somewhere in the surrounding of the undisturbed 
eigenvalue and the imaginary part somewhere around zero (small damping). This 
implies, that we have to find zeros in the vincinity of a pole (because of the function 

Y(w)~ „ - , cf. next section) numerically a rather uncomfortable situation, 
co,2 -to2 

which even fails in the case of Z(co) = O (zero mechanical impedance) 

As an example we are presenting in Table Il the calculations of the structure 
described in'chapter 6. We limited the sum of the above formula to 100 and 
neglected the damping. 

Table 2.II. Theoretical eigenvalues of different methods for a mass beam 
system with abeam thickness of 60UJTI and a thickness of the proof mass 380jxm and 
a beam length of 4mm 

eigenfrequency of the beam without proof mass: ÌÙ\/2K 

eieenfreauency calculated with the formula [2.22] 

eiEenfrequencv calculated with the method developed in the section 2.3. 

real part with the method from above 

3620.47 Hz 

2372.36 Hz 

2286.12Hz 

2456.92 Hz 

This shows, that this method gives a too high resonance frequency, which is 
compared to the expense (a sum of 100 for each iteration step in the complex plane) 
quite disappointing. The advantage is however the possibility to include the 
damping. This may be helpfull when the character of the damping is investigated. 
This situation (for the frequency calculations) is similar to that developed in the 
next section. 

2.4.3.3. Modal analysis with Laplace transformation 
This analysis follows the description of Jacquot14 for the Fourier transformation 

quite closely. The general equation of a beam vibrating transversally with damping 
and forces is 

n -
LfW(IM)] + c(r) w(r,t) + m(r) w(r,t) = g(r,t) + £ fk(t) 5 ( r - r k ) [2.73] 

k=l 
with 
L : V (E J (r))V 
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m: effective mass per unit length of the beam m= p. + x + ... 

g : distributed force 
fk: point force 
E : Modul of Elasticity 
J : static moment of inertia , 

In our case we confine us to a homogeneous Euler-Bernoulli beam with one 
external point force, introduced in the DE by a the delta function Ô: 
L[w(r,t)] + c w(r,t) + m w(r,t) = fj(t) 5(r-ri) [2.74] 

• • • • • • $ 

First we are developing the eigenfuntions <j>i of the undisturbed (homogeneous) 
system. This problem was actually solved in section 2.3. for various boundary 
conditions. We repeat here the results in a concise notation. 

Mm® Ili» 
\\\\V\\\\\\\\\\\\\\\\\^ 

Fig,2J2. A simple beam with a discrete element attached to it in the middle. 

The homogeneous equation 
UMrJt)] + m w(r,t) = 0 [2.75] 
with appropriate boundary conditions: 
£i[w(rOft)]=0 [2.76] 
can be separated in space and time with the separation constant ü)2 
resulting in a eigenvalue problem such that 

L[<h(r)]= m c o ^ r ) [2.77] 

The eigenfunction fair) are orthogonal : 
L 

« M M j O ^ = f*i(r) *j(r) dr * a° ̂  ' [2.78] 

for a clamped clamped beam e.g. a = L 
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Further on we are denoting by fy the orthonormalized functions: 

-f=<t>i ->4>i 
Va 

After a Laplace transformation of [2.74] with respect to time, assuming that it 
commutes with the operator L., we obtain ([2.79]): 

L [W(r,s)] + c{sW(r,s) - w(r,+0)] +m(s2W(r,s) -sw(r,+0) -w'(r,+0)} = F(s) 5(^r1) 

where 
F(s) = - Z(s) W(rbs) [2.80] 
is the force at point n (cf. Fig.2.12.) and w(r,+0) is the initial condition (it has to 
be written as a limit). 

Assuming now, that the solution of the transformed problem can be expanded in 
eigenfunctions (modal analysis) 

W(r,s)= ^ Q i ( S ) «Mr) 
i=l 

[2.81] 

where the Qi (s) are unknown, we can with the help of [2.77] replace the operator L 
applied to W by 

CXl 

L[W(r,s)] =m V ( û * Qi(sHi(r) [2.82] 

Expanding the Dirac function in terms of the eigenfunctions 14 

5(r-ri) = J a ' !* i ( r ) [2.83] 
i=l 

with 

a i = ~ L = Wi) 

tòr) dr 

and because the ¢, are orthonormalized, [2.83] becomes 

6(r- r i)= 5L*i(«-i)0i(r) [2.84] 
i=l 

the DE becomes an algebraic equation with the Q((s) unknown ([2.85]): 
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V <u? Qi(s) fc(r) + c {s ^Qi(S) (J)1(O- w(r,+0)} + m 
1^1 

+ m {S2 XQi(s) fcfr) - sw(r,+0) - w'(r,+0)}= - Z(s) W(r l t s )£ 4>i(ri) OiCr) 
i=l i=l 

{m (Oj + c s + m s2) Q;(s) MO + c {- w(r,+0)} + 

i=l 

+ m [- sw(r,40) - w'(r,+0)} = - Z(s) W(r„s)X *iO"i) *i(0 [2.85] 
i=l 

This implicit equation for the Q; has to be worked out to give them explicitetly. 
We are now expanding the initial amplitude in term of the eigenfunctions, too. 

w(r,+0) = XPi<i>i(r) [2.86] 
i=l 

and its derivative 
OO 

w'(r,+0) = X ^ i 4»i(r) [2.87] 
i=l 

Thus those terms of equation [2.85] containing the initial conditions can be written 
as: 

c {- w(r,+0)} + m {- sw(r,+0) - w'(r,+0)]= 
H OO OO OO 

c (- 2 > i <t»i(r)i + m [- s £ P i (J)1(O - 3 X MOJ=Xf-CPi - msPj - m R ^ O " ) 
i=l i=l i=l i=l 

With the abbreviations 
Vi(s) :=mü)i2+cs + f is2 [2.88] 

and 
Xi(s) = -(cPi + msPi + mRi] [2.89] 
the algebraic equation [2.85] to be solved for Qi is thus as follows 

OO 

Z(Vi(S) Qi(s) +Z(s) W ( ^ s ) ^ r 1 ) +Xj(s)} fc(r) = O [2.90] 
i=l 

Because the <j>;(r) are orthogonal and not zero everywhere we have thus 

Vi(s) Qi (s) +Z(s) W(r,,s) fcCr,) +Zi(s) = O Vi [2.91] 



40 

and the Qi becomes in a simplified notation, ommiting some dependencies on s and 
introducing the abbreviation: 

Yy.= -j- • , ' ' [2.92] 

Z(s) W( r i,s) frfr).+XJ(S) 
Qi (s) = 

and thus 
Vi(s) 

= - (Z(S) W(r„s) Qi(Fi)+XiI Y1 

W(r,s)=- X(Z(S) W(r;,s) Mr1)+Xi} Y1Q1(F) 
i=l 

or 

W(r,s)= - Z(s) W O ^ Z ^ C ' i ) ^ Qjfr) - Z x i Y j Qi(r) 
i=l i=l 

[2.93] 

The problem arises now, that we have in [2.93] the function W on both sides. But 
because this equation most hold for every r including F1 we can find an expression 
forW(ri,s): 

W(F11S) + Z(S) W(r„s )S *i(rr)Yj Q1Cr1)= - Zx iY i Qi(F1) 
i = ] i=l 

W(F11S) 1 + Z(s) £ ^ r 1 ) Y i Qi(F1) =-Z)CiY1 Qi(F1) 
i=l i=l 

and thus 

X XiYi Qi(F1) 

W(rlîS)= - '-^-z 

1 + Z ( S ) S *i(ri)Yi Qi(F1) 

Substituting [2.94] in [2.93] we find 

[2.94] 

« ZY iX iMn) « 
W(r,s) = :ZYiXi<l»i(r)+Z(s); ! - Z Y * *k(r,)¢^3 

•1+Z(S)Z Yi 4>i2(ri) 

[2.95] 
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This is an explicit solution in the Laplace space (variable s) of the DE [2.74]. 
For the back transformation we have to bring it into a form of a fraction of two 

polynoms, because then standard transfromations are known. This is done in the 
appendix H. 

2.4.3.3.1. Movement of point rj (the point of the middle mass) 
To find the movement of the discrete mass (our main interest, we are not using 

the general formula from above but rather [2.94], written somewhat more 
explicitely: 

W(r1>S) = 
I Xi(s) 

Vi(s) 
0;(n) 

1+Z(s) I 
i= l 

[2.96] 

Uri)' 
Vi(s) <Di(ri) 

J 
This expression , too, can be brougth into a form of a fraction of two polynoms: 

1 
i=l 

Vi(s) ; 

n Vk 

4>i(ri> 

n % 
W ( F 1 1 S ) -

f 

1+ Z(s) 

V 

Wr'>l*r ^ 
11% 
* J 

OO 

I 

W(r„s)=- 1 
i=l 

Xi*i(ri) 

Vi n % 
ï k 

n%+ z(s) 
i=l 
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W(r„s) =-

%i4>i(ri)II% 
k* 

i=l 
CO 

<fc2(ri)Il 
k * 

[2.97] 

rivk+ z(s) 

2.4.3.3.2 ..Backtransformation at point r] by analytical development of the first 
term 

Retaining of [2.96] only the first term we have 

fXits) 

W(^s) = 
ViCs) 

M r 1 ) 

1+ Z(s) r*ifri)' 
I Vi(s)y 

<Mr>) 

[2.98] 

The impedence (discrete mass md and discrete damping Cd) at point ri can be 
written as 
Z(s)=m(i s 2 + Cd s [2.99] 

and remembering [2.88] and [2.89]we obtain an expression as follows 

W(r„s) = 

or 

W(r„s) = 

- ( - ( C P 1 - H I I S P 1 + BiR1I) 4 ^ r 1 ) 

(Vi(s)+ (mds2 + cds)$1(r1)<|>1(r1)) 

- ( - IcP 1 +HiSP 1 + HiR1)) (Mr1) 

(m (U1
2+ c s +m s2 + (md s 2 + cd s) M r i ) <M r i ) ) 

[2.100] 

with the following definitions 

0o : = *i(ri) 

a:= (m + md <t>0
2) 

b: = (c+ Cd <K>2) 
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c':= ItICu1
2 (in this context not the damping) 

we can rewrite [2.100] as: 
fcP, + msPi + mRil O0 

^ ^ = , . 2 + b . + C [ 2-1 0 1 ] 

which is a fraction of two polynoms p(s) and g(s). The backtransformation of 
Laplace of such a fraction is generally15 

n 

i=l 

with the Si the zeros of the denominator polynom p(s) = as2 + bs + c' 
which are 

-b±Vb2 - 4 a c' 
S l -2 - 2 a 

_ - ( c + Cd <!>0
2)±V ( c + cd ¢02)2 - 4 (m+m d 4> 0

2 ) (m CUI2 ) 
— s \ [2.103J 

2 (m+ md (J)0
2J 

By defining the following terms 

- (c + cd*o2 ) 
D := — ; <r [2.104] 

2 ( m + m d (J)0
2J 

/4 (m+ md (|>Q
2J (m CO1

2 H c + c d 4>0ffi~~ 
Q:= -V/ r 1 ^ - T — > 0 [2.105] 4 4 (m+ m d <t>0

2)2 

we can write the solutions as: 

s ( U ) = D ± i Q [2.105] 

In the following lines we are doing the backtransformation of this first 
approximation for the movement of the point rj, where we have attached our 
impedence. 

We have two complex conjugate poles s(lt2) and the function to be calculated is 
of the form 

*<"•'>-$^'+^¾*' P-106' 
with 
Si= D + i n 
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The coeficient of the first term of [2.106] is 
g(St) {cPl +HiSiP1 + K]R1) $0 

p'(si) ~ as] + b 

(CP1 + mP] (D + i Q) + mR|) ti)0 

a(D + i Q) + b 

(CP1 + InP1D + TnR1) (J)0+ JmP1(J)0 Q 

aD+b + iaQ 

splitting into real and imaginary part results in 

g(Sl) ((cP, + mP|D + m R J <1)0+ JmP1Q0 Q ) (aD+b - iaQ) 

P'(si) " (aD+b)2+ (aQ)2 

= IcPi + HiP1D + HiR1) 0o(aD+b)+ ( m P ^ Q )(aQ) 

(aD+b)2+ (aQ)2 ' 

+ (InP1(I)0Q) (aD+b) - (CP1 + mP,D + KiR1) 4»0(afl) 

(aD+b)2+ (aQ)2 

and thus 

^ = 9 î + , 3 [2.109] 

Since S2=S[ and because of the real coefficients and the rules of complex conjugate 

numbers g(sj) = g(st) we have imediately for the coefficient of the second term of 
[2.106) 

$ f t = S - i 3 [2.110] 

Thus [2.1061 becomes with [2.109] and [2.110] 
w(n,t) =( 9Î + i 3) eV + (9Î - i 3) e~V 
=> w(n,t) = SÎ es^ + i SeS1I + ^eS1I - i 3 e~V 

=> w(ri ,t) = 9? eDt eifl< + i 3 e » e'ß t + 9Î eDt e"'"* - i 3 e°t e"1 Ql 

=> w(ri ,t) = 9Ì eDt (ei£* + e~'^ )+ i 3 eDt (e'"< - e-ifll ) 

w(r,,t) = 2¾ eDt cos Qt + 2 3 e*>t sin Qt [2.111] 
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Thus the backtransformation shows that the complex conjugate pair s\t2 can be 
rearranged in order that D determines the damping and Q the frequency. 
Remember however, that this is only the very first approximation. 

2.4.4.The Q-factor of the first mode in the first approximation 
The interpretation from above allows now to define a Q-factor for this rather 

complex system in a similar way as done for the simple beam by identifying D 
Q2.104])with -ß ([2.62]) and fi ([2.105]) with the eigenfrequency CD. 

This can be verified to make sense by setting the discrete values rry and Cd to 
zero. The result is then just the unmodified beam frequency and damping. The 
discrete elements are thus introduced into me equation by a weighting factor <J)0

2, the 
normalized amplitude of the undisturbed beam at point n , which has the dimension 
[ L"*]. One can interprete this also as a smearing out of the discrete elements over 
the whole beam . 

a co n 
From [2.65] we have p = -jK, thus D = 2 Q

 an^ 

Q = 2D I2-112J 
With the definitions for Ci and D ([2.104]&[2.105]) the Q-factor of our system can 
be written as 

-s/4 (m+ md ¢02) ( m (O1* ) - (c + Cd <|>0
2)2 

Q = 

or 

Q = 

2 (c + cd V ) 

1 2 ( m + m d 0 o 2 ) ( m Wj2 ) 1 

( c + cd*o0 2 " 4 
[2.113] 

Explicit expresssions for c, the damping per unit length of the beam, Cd damping 
of the discrete proof mass, m the total mass of the beam and md the total mass of the 
proof mass are calculated in the next section. Examples can be found in chapter 6, 
where these calculation are compared to experimental results. 

Thus we have shown with the above calculations, mat we can give an analytical 
expression for the Q-factor and the frequency for continous systems with 
nonproportional damping. To derive directly the influence of parameters like 
dimension or mass distribution on the Q-factor we have to develop first physical 
models for the nature of the damping coefficients. This will be done in the 
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following section, but one can say already now that obviously adding mass without 
adding friction increases the Q-factor. One can achieve this e.g. by-increasing the 
thickness (this is done with the mesa mass in chapter 6), because this parameter will 
not appear in the denominator. 

2.4.5. The nature of damping 
2.4.5.1. External damping 

2.4.5.1.1. Low pressure range 
For the region, where the mean free path length of the molecules is substantially 

larger than the maximal amplitude of the resonator (Knudsen-region) the change of 
momentum by the moleculs exerted on a beam per unit length can be calculated by 
taking the Maxwell- Boltzmann distribution of the velocities16 : 

3 m'v2 

-=-(¾6^* [2114] 

with 
m' : Mass of the molecule = 1.66 • 10_24 M 
M : In this context the mass of a mole 
n : Particle density 

Integration of [2.114] over dvy and dvz from - *» till + °° gives the number of 
particles per unit volume of velocity in x-direction (see Christian4) 

,_ m'v2 

d n x = n - s / ^ f e " W d v [2.115] 

The pressure difference Apx between front and backside of a plate moving with 
the velocity ux is twice the rate of change of momentum. 

*p*=4VFWi^T [2ii6] 

The force exerted on the moving surface with an area A is then 

f = Apx A = 4 ^ / | u " x p ^ ^ A = 4 A / | \ / ^ " P bL Ux [2.117] 

with b the width of the beam 
Thus the damping coefficient per unit length is 

* = 4WIViIf [2.118] 

This is four times die coefficient given by Kokubun for a sphere, when his factor 
7cR2 is interpreted as the projected surface of the sphere: 

K<*= R 2V^p u x =Vl^R 2V^p u x =VIV^"p 7 E R 2 u ' 
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It has been pointed out by Chrsitian4, who compared to earlier work, that one has 
to take half of the exposed area for a cylinder instead of the projected area.This 
means for a sphere, that (27cR2) would have to be taken. Thus, the formula of 
Kokubun, who wants finnaly explain the damping of a beam of rectangular cross 
section, underestimates the damping by a factor 2. 

We can thus summarize the expression needed to calculate the Q-factor as follows 
m = u.= p b h : Mass per unit legth of the beam 

2 

md = p d C1 : Mass of the mesa 

where ci is the side length of the mesa (correct formula or the mass see 
section 2.2) 

c = ̂ o + ^ : Damping per unit length of the beam 

where C0 is the simulated damping in vacuum (internal, clamping) 

S 2 S 
Cd = T- C1 : air damping of the mesa (r is the pressure of the air damping ) 

2.4.5J .2. High pressure range 
In the high pressure range Tough5 finds for a cylinder moving with constant 

velocity at NTP through air the following approach (see Appendix). 

2r, 
h= + Tcp a2co k' = + Tcp a2co 

Thus 

a \ top 1COp 

c = Co + 2i t a "y 2T]Cûp +271Ti 

[2.119] 

[2.120] 

a: the radius of the cylinder 
T] =17.2 10'6Pa s viscosity 

p = 1.293 kg/m3 air density 

CU is the actual frequency of the oscillating cylinder (see chapter 6) 

In the case now of higher pressure the masses have to be corrected for the 
additional inertial mass of the gas accelerated during the oscillation. For the added 
mass per unit length of a beam Christen17 proposes the simple formula 

TC p b 2 

X = - 1 [2.121] 

with b the width of the beam. 

For the damping of the proof mass we are taking the approximation Kokubun18, 
who proposes for a sphere of radius R moving in a viscous fluid: 
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Cd = Co + 6jcTiR+3jiR2 -s/2rip(û 

and for the total mass of the proof mass 

IHd = In 0 + 

/ i \ 

/2r ip 2 
3KR1V „ + 3^ 3 P 

[2.122] 

[2.123] 

with 
m0 the mass of the proof mass 
We can summarize the expressions for the damping as follows 

C=C0 +TC W ^ n Mp +27TH, 
Co the intrinsic damping 

Cd = GnTiR +3TI R2 V^P* 0 = 3TCT|CI +T7tci'y2T|p(û 

with c i the side length of the proof mass 
and those for the masses as: 

TC p b 2 

m = u, + % =Psibh + 2 

md=psidci2 + 4^c 
2 ßx\p i 3 
» \ V + Ï 2 7 C C l ( 

[2.124] 

[2.125] 

[2.126] 

[2.127] 

Together with the formula p =j£~ and the formula [2.112] or [2.113] we have 

thus derived the dependence of the Q-factor of a mass beam system on the pressure 
(high pressure range). 

2.4.5.2. Internal damping 
The calculation done by Braginsky19 for quartz and aluminum shows, that the 

thermoelastic dissipation, the dissipation due to phonon-phonon interactions and to 
phonon-electron interactions (in metals) are some order of magnitude smaller than 
the lowest dissipation we measured. It is therefore not these fundamental (intrisic) 
processes which limit the Q-factor but rather, besides clamping, point defects like 
lattice vacancies, impurities and interstitial atoms and dislocations jumping from 
one site to another. The relaxation time (x*)-1 of these internal processes can often 
be described by an Arrhenius formula19 

(X*)-1 =¾-1 e- AE/kT 

where T0"
1 is the rate factor, k the Boltzmann constant and AE an activation energy 

and are thus strongly temperature dependent. This is confirmed by the experiments 
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(see chapters 6 and 9), if one assumes, that the radiation into the clamping is not 
temperature dependent. 

On beams covered by thin films besides the films itself also the interfaces may 
contribute to damping although our RBS measurements showed20, that the 
interdiffusion is very low. 
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2.5. Discussion 

We have done is this chapter quite extensive calculation to be able to characterize 
the damping behaviour of our structures theoretically, allowing thus to optimize 
structures. This was found necessary since published approaches seemed to us 
rather qualitatively than quantitative. The justification will be given in the 
experimental chapters, where we compare the theory to experimental results (with 
an astonishingly good agreement). 
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Chapter 3 
Fabrication of microstructures 

3.1. Introduction 
3.1.1. Anisotropy 

As explained in the general introduction chapter 1 microfabrication using silicon 
anisotropic wet etching (i.e. chemical etching compared to plasma etching, where 
the etching is rather machine than crystal dependent) is a main concern of this work 
and all the structures described hereafter are fabricated by this technique. 

Silicon, having a diamond crystal structure, (i.e. a fee lattice with a double base), 
shows in a (100) oriented wafer the fourfold symmetry of a cubic crystal (see Fig. 
3.1.) 

Fig.3.1. Stereographic projection of the (001) oriented silicon crystal 

Potassium hydroxide solution (KOH), hydrazine as well as Ethylene Diamine 
Pyrocathecol (EDP) etch the (111) planes up to 500 times slower than the (100) 
planes. This means that the (111) planes might be considered as etch stop planes 
during the etching of the (100) planes. There are also some fast etching planes with 
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etch rates larger than the (100) planes. Thus monocrys tall ine silicon can be etched 
anisotropically. 

3.1.2. State of the art 
Greenwood' pubished as one of the first on anisotropic etching of silicon using 

EDP and in the same year Lee2, but using a hydrazine/isopropanol/water mixture. 
He had still electronic applications like separation of two active circuits in mind, 
thus no mechanical application. Weirauch3 related in his article the 
phenomenologically observed anisolropical etching behaviour of circular mesas in 
silicon wafers with that of etched spheres and thus with the crystalline structure. 
Bean4 has written a quite comprehensive article including data on etch rates of EDP 
and KOH. He also describes a corner compensation method for the surface. A 
treatment of hydrazine etching can be found in the recently published article of 
Mehregany5. The tedious work of the German group (Csepregi)6 which 
summarized different possibilities and limitation of this technique has to be 
mentioned here.Petersen7 describes in his review article various mechanical 
application of silicon micromachìning. 

Since then several groups in the world have recognized silicon micromachining 
as a very interesting technology. They are cited in the appropriate chapters because 
no fundamentally new ideas on etching were brought in . 
Various technological innovations are published for the first time by the author: 
i. Section 3.3. describes a CAD program to simulate the anisotropic etching of 

silicon. 
ii. Section 3.4. describes a corner compensation method to obtain mesa structures 

which are perfect in three-dimensions. 
iii. In section 8.3.2 we describe for the first time a method to do a 

photolithographic process on a completely etched through wafer. 
iv. In chapter 7 structures etched in 100 silicon with vertical walls are described 

(tuning forks). 

3.2. Silicon etching techniques 
Heavily doped regions show a lower etch rate than ligthly silicon, especially in a 

EDP etchant8. Thus underetching of beams and cantilevers may be performed. 
A (110) orientation shows a lower symmetry, but here two (111) planes stand 

perpendicularly to the surface and allow therefore to etch deep trenches with no 
lateral underetching. 
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Dry etching is another possibility to etch anisotropically, but deep etching 
becomes difficult because of low etch rates (respectively low selectivity) and 
vertical walls are difficult to etch properly. 

We did not want to use EDP because of its large expenditure for security and the 
therefore resulting troublesome handling and selected thus KOH as etchant. The 
disadvantage of possible pollution and the higher etchrate for silicondioxid is by far 
evened out by its simply handling. Moreover KOH of 40 % (b. w.) at 60" C allows 
to etch perfectly polished surfaces and, by appropriate aligning, one can realize 
vertical walls9 allowing some interesting constructions (see chapter 8). 

When starting this work we had first to find a masking layer for long etch time 
in KOH, because the silicondioxide, nearest at hand, is somewhat etched in KOH 
(this is the reason why a lot of peoples prefer EDP). Aluminiumoxid seemed to be 
an material inert enough to withstand KOH. Long series of experiments showed 
however, that the used CVD AI2O3 had a high density of pinholes. Moreover it 
needed for the photolithographic process, because we did have plasma etching at 
our disposition, a CVD oxide which itself was not pinhole free. LPCVD might have 
been usable but was not available. Trials with organical materials failed, either 
because of deposition,patteming, adhesion or removal problems. LPCVD SÌ3N4 
proved then to be an excellent material, but was for us not directly accessible and 
wet etching would have been cumbersome, too. So, we finally grew thermal 
(steam) SÌO2 to a thickness of over 3 Jim and cooled it down very carefully. No 
warping of the wafers was observed and this thickness was sufficient to etch about 
1 mm of silicon in KOH at 60° C 

For most of the hereinafter described processes wafer of 380p,m thickness were 
used and here 1.5 îm of S1O2 was sufficient. This oxide could be grown within a 
reasonable time (growing goes with the root of the time). We used the 60° C fixing, 
because it showed the smallest surface roughness at an acceptable etch rate for Si 
and SÌO2- We did not add isopropanol as reported in literature, because this 
increased the roughness and the anisotropy might even be lost (cf. Fig. 3.2). 
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Fig.3.2. Photograph of an etched surface KOHlI sopropanol 

Other alkalines are reported to etch anisotropically, too10-11. We did some 
experiments with NaOH and LiOH. For NaOH some irregularities were observed 
(pyramids at the etched surface), too. This might have been caused also by 
impurities and the fact that we did not stirr the solution. With LiOH, although there 
is evidence of anisotropical etching, the result becomes disastrous as shows Fig.3.3. 
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Fig3.3. Photograph of the surface of the LiOH esaturated) etched silicon. 

A comprehensive work on etch rates of different aicalic bases of silica is that of 
Hooley12. All solutions show a maximum of the etch rate far before saturation. 
Heating the KOH mostly in a water bath and the fact that KOH is hydrophilic, had as 
a practical consequence that the etch rate of the 40% b.w. KOH increased with the 
age of the bath, which fact we used reversely to determine the age of the bath. 
Typically we had 15,5^im/h for a fresh bath and 18ujn/h for an old (some days at 
60°C). For special cases we used also a directly heated bath, to reduce this aging. 
But typically this time dependence of the etch rate was not critical, only the ratios of 
the etch rate in different direction is important and these changed much less. 

Kendall13 presented in 1982 a nice method to determine quite easily the etch rates 
in different directions, called wagon wheel. We applied it for our KOH, (001) 
oriented wafers14 (see Fig.3.4.). 
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Fig.3.4. Diagram of the different etch rates obtained by the wagon wheel method 

For the opening of the masking layer (Si02) the usual photolithographic 
techniques were used. Positive resist AZ 1400 from Shipley as well as negative one 
HNR 80,120 from Hunt Chemicals were used. The more viscous one HNRl 20 was 
used to perform photolithography on the non-polished side of the wafer. As far as 
possible we used double side polished wafers, which allowed to use one type of 
resist. For the exposure a double side mask aligner (Karl Suess MJB 21) was 
utilized. 

When we had to etch from two sides with different etch depth, we avoided a 
second Photolithographic step on the pre-etched structures by the following 
procedure (see Fig.3.5): Both sides were covered by photoresist, exposed and 
developed together. The etching of the mask (SÌO2) was stopped after a pre-
calculated time, and the side of with the smaller etch depth (say the backside) was 
covered completely with photoresist. The front side was then opened completely. 
After cleaning the wafer (the front side) was etched till the thickness of the left 
over was double the etch depth of the backside. Only a dip in BHF was needed to 
open the SÌO2 mask at the backside and etching could be finished in KOH. For equal 
etch depth from back and front side this procedure of course was not necessary. 
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Fig.3.5 Fabrication process 
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3.3. Simulation program** 
3.3.!.Introduction 

In order to be able to predict easily the three-dimensional shape of etched silicon 
structures from a two-dimensional mask, we developed a simulation program in 
the language PASCAL.Our program runs for KOH etching of (100) oriented 
silicon, but by the same principle etch simulation programs for other etchants and 
other crystals might be constructed. Such a program represents a complete 
knowledge on anisotropic etching. It is thus described now whereas the description 
of the fabrication techniques follows in section 3.4. 

PASCAL as a file oriented language suggests to program the same way. So each 
task ends with a data file which can be easily stored and read by the same or other 
programs (for example input/output auxiliaries). Thus, a mask file is created, then a 
model file (records which contain all additional planes) and finally a structure file 
(real), where the etched structure is represented by a top polygon, a bottom 
polygon and the connection lines between corresponding comers. 

The leading idea of the modelling stems from the observation that in spite of an 
infinite number of planes in a crystal, in etched structures only a few are relevant: 
(111),(100) and (311), each with its proper etch rate. Once selected, the planes 
move during etching in the direction of its normal until either 

i) etching is over 
Ü) it is "eaten" by its neighbor planes (faster etching planes, convex shape) 
iii) it disappeared when bounded by slower etching planes (concave shape) 

The program identifies the lines of the mask as crystal directions. Because only 
one specific crystal plane can be revealed by etching, this assignment is unequivocal. 
Special problems occur at the convex corners, where the fast etching planes are 
revealed. The program classifies different types of corners and adds the necessary 
planes. Once the crystal planes to be etched are identified, these planes are moved 
along their normal vector according to their specific etch rate (see Fig.3.6.). 
Intersection of the planes in the new position as shown in Fig.3.7. reveals the etched 
structure. 
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Fig.3.6. Displacement by a distance d of a plane along its normal n 

Fig.3.7. Intersection S of two etched planes El and El, the Intersection with the top 
plane E3 (001 ) Plane, the surface of the wafer is trivial.The same holds for E4, the 
bottom of the etched structure 
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So, the crucial point in modelling as well as in reality is the selection of the planes 
which is done by alignment. Actually two dimensions allow only to select a set of 
planes (like 111,112,113,...) but as said above for nature no ambiguity exists (in 
this case (111) will be selected.), a question of binding energy of the surface atoms. 
Concave shapes behave well according to this simple rule. Nevertheless on convex 
shapes there is a complication, because there the atoms are loosely bound and the 
fastest etching plane is revealed (311). This phenomena is called underetching. 
Different authors do not agree on the Miller indices of this plane16. This may be 
caused by the fact, that in KOH a unique dominating plane is revealed but after a 
certain etch time resulting in the picture that the top of the comer shows a definite 
plane, but the bottom is composed by large number of planes (cf. Fig.3.11). EDP 
behaves easier in that respect revealing from the beginning but two planes. 

Selection of relevant planes orientation 
As can be seen from the discussion above, a mask design makes only sense with 

rectangular Hnes(lOO) planes and lines at 45° (111) planes. In addition the polygons 
have to be closed. From the sense of rotation of the digitizing the program decides, 
wether the inside the polygon will be exposed to etch (open oxide) or the outside. 
This way on each comer there can be decided, wether it is convex or concave, 
i.e.wether and what (fast etching) planes have to be'added. Thus, the model is 
defined and the shape of the end structure can be simulated by time. 

3.3.2.Hardware environment 
The System was built up with the following components 

Computer (color) HP 9836C 
Plotter (A3) HP 7475 
Graphic tablet HP 91HA 
Harddisk (20 Mbyte) HP 9153 
Printer Epson, HP 

One should be able to correct to mask interactivily and to plot it finally as layout. 
Moreover the data should be saved on a file. We had an HP-PC- System with plotter, 
printer, graphic tablet and hard disk. To be able to utilize the program generally, 
PASCAL was selected as language. This was decisive for the structure of the 
program, yet the graphic-statement were quite specific to HP. 

HP-Pascal is using coded modules for all graphic procedures. These are all in a 
library. Some supplementary procedure are needed to operate with string-
variables. All these module are imported at the beginning of the program. 
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3.3.3.Performance 
The program offers 12 menus to be selected by the graphic tablet. 
These are: 

1. INPUTMASK 
A grid of the possible digitizing point is drawn first (resolution 100(4m) and then 

those other maskes already drawn before and specified in menu 10 are outlined on 
the screen for reference. All previous drawings of the selected mask level (working 
level) are destroyed. The program ask then for a type of echo. Only lines of 90° 
(100 planes) or 45°(H1 planes) make sense. The polygons have to be closed. 
Digitizing clockwise means etching the polygon from outside, counterclockwise 
from inside. 
2. SHOWMASK 

Together with a rough grid all masks specified in menu 10 are outlined and the 
working mask is shown filled (dominant). 
3. HARDCOPY 

Draws the working mask to the plotter. The polygons are hatched. The scale is as 
selected in the menu SCALE for format A3. To adjust to millimeter paper Pl can be 
adjusted before plotting ( see manual of the plotter). 
4. MOVEOBJECT 

First the mask is drawn (as in menu 2.) Then the polygon to be moved can be 
pointed at by the locater, the polygon is hatched then, and the increment can by 
typed numerically (integer microns). 
5. ERASEOBJECT 

Works as 4. but instead of moving the object is removed. 
6. ADD_OBJECT 

Works as menu I. but without erasing the existing working mask. Because a 
supplementary figure is appended at the end of the file, the searching process 
however starting at the beginning, one can overdraw a wrong figure and erase (or 
move ) it afterwards. 
7. CORRECT_OBJECT 

Here after having selected the object one is asked line by line (answer TRUE or 
FALSE) wether this line has to be corrected or not. 
8. ETCH 

This menu is the central part of the program. It executes the etching procedure as 
follows. 

Starting with the mask the Miller indices of the apparent planes for an orientation 
of the wafer surface of (001) are determined and can be plotted out (see subroutine 
MILLER10). Concave and convex corners are distinguished, necessary planes are 
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added and finally displaced along the normals of the planes (etching). Only the non 
etching ( 111 ) planes the (100) planes and the fast etching planes (311 ) are taken into 
account, because after a certain etching time these are dominant for any starting 
configuration. Afterwards the planes are intersected which delivers the set of edge 
points of the etched structure. For the representation all point are projected to a 
plane but distinguished by different colors. The next but one neighbour planes are 
not taken into account. This would need matrix calculations because then the points 
of intersection are no longer necessarily on top or on bottom of the etched 
structure. For deep etching overlapping may occur, but the figure might by 
interpreted correctly by just cutting them out. 
10. LEVEL TABLE 

The program allows working with 16 masks. These can be visualized during 
input or correcting of the working mask. One mask can be visualized as etched 
structure, which allows positioning of pads e.g. Because for every mask a file is 
created (MASK#) it can with the help of the PASCAL FILER copied to any other 
level to serve e.g. as a staring mask for a modified mask. Moreover these data files 
can by saved to disks. 
ll.WORKING_LEVEL 

Because all time all data are stored on files on the hard disk one can change the 
level of working (=selecting another mask as working mask) without special 
saving. One has only to note, that the table of the masks to be showed outlined is not 
affected by this procedure. 

Note hat the masks are always up to date, but the etched structure (the File 
STRU# is only actualized by running menu 8 or 9. 
12. SCALE 

The scale should be selected in between 10 and 100 ( because of the resolution). 
An object can be drawn in another scale than the rest of the mask. Noter however, 
that a magnification of the scale might move an object out of the screen (it stays 
however on the file). The resolution stays constant for all scales (100 u.m) ( Actually 
10 units). 

3.3-4. Structure of the program 
The variables are mostly defined globally in order to reduce the list of 

parameters. If only part of the program should be used (ETCH e.g.) one has to care 
that for and add the declaration of variable from the main as far as necessary. 

INPUTMASK creates an integer file which is read by ETCH. ETCH itself 
produces then via the model-file (file of record), where all the planes are stored, the 
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structure-file (File of real), which contains the mesh of the threedimensional etched 
structure. 

Procedures, functions and files are capitals as far as they are not library 
programs. The menus called from the main represent closed blocks with respect to 
Input/output procedures (they end all with displayjerm ) but not with respect to 
variables or procedure calls. 

3.3.5.Example 
Fig 3.8. shows a layout with all possible combinations of adjacent planes. They 

are labeled by the corresponding Miller indices. Fig. 3.9. shows the result of the 
simulation program after lOOujn deep etching. 

" p r r r i 11 11I1I-JTi i i i T r i ' i ' i i ; 11 T t r r c i i J i i rrrrrt r [ i I T T I M I I-

Fig J.8. Layout of the mask to be etched (JOOfJm per division) 
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Fig.3.9. The result of the etching program for 100/Jrn etch depth 

3.3.6. Concluding remarks. 
This program is a minimal structure to represent the etch simulation. Pre- and 

post processor of existing CAD-tools could improve largely the access and usability 
of the program. If also over next neighbor planes would be taken into account, a full 
three-dimensional system of linear equations would arise, because the points would 
then be no longer necessary on top or bottom. Then another procedure would have 
to be included which decides, wether die intersection point lies in front of or behind 
the plane surface. 

The etch rate in the <111> direction was assumed to be 0, but this could be easily 
be taken into account for, because the same model can be used. 

3.4. Corner compensated mesa mass 
As could have been seen in the section above, fast etching planes are destroying 
quite rapidly convex comers. To compensate this underetching a special technique 
was used to get precise mesa structures17. Using the fact, that vertical walls formed 
by (010) and (100) planes can be etched in (001) wafers and that these planes move 
during etching, (111) planes can be revealed. Stopping the etching when say a (0Ï0) 
and a (010) meet (i.e. they disappear, see Fig.3.10.) a perfect corner formed by 
(111) planes is left over. Fig.3.11. shows a uncompensated corner after 200 urn 
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deep etching whereas the comer shown in Fig.3.12. was etched with the "street 
corner compensation" technique described above. 

Fig.3.10. "Street" corner compensation mask 

F ig 3.11. SEM Photograph of an uncompensated corner 
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Fig.3.12. SEM Photograph of a compensated corner 

3.5. Other fabrication techniques 
3.5.1. General 

Thin films are sometimes needed to complete the micromachined structure or it 
may be even the crucial part of the device. Thus, reflecting or absorbing coatings 
can increase the efficiency of the device. Or because silicon is not piezoelectric it 
needs special layers like ZnO for the excitation of the resonator or to realize active 
devices. The transparent oxides with a locally changed index of refraction form 
waveguides leading to integrated optics. Inert organic layers passivate the surfaces. 
The thermal oxidation was performed in a Tempress furnace in a humid 
atmosphere provided by boiling water. The CVD-Silicondioxide (Vapox) was 
deposited in a self made furnace. The metals were evaporated in a evaporator by an 
E-gun (Leybold-Heraeus). 

3.5.2. Anodic Bonding 
The mechanism of anodic bonding is fully described in a IMT internal report18-19. 
We worked at 450°C and 1000V, in order to obtain a good contact of the aluminum 
strips (chapter 5). 
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I J 

Fig.3.13. Photograph of the anodic bonding set-up 

3.5.3. Simultaneous oxidation and diffusion 
Some structures were fabricated with a diffusion layer to study me influence of 

doping on behavior. For that purpose the oxidation at 11000C was done after 
deposition of a doped CVD silicon dioxide (see Fig. 3.14.). The diffusion depth 
was about 6.7u.m. 

O7 Oxidation 

: : ! i i ' i 

TT 

rnVnViVi 
P of B Diffusion 

Fig.3.14. Simultaneous oxidation and diffusion 

3.6. Discussion 
Although the work described in this chapter was the most time consuming it was 

kept quite short, because laboratory details are not a very attractive subjects or are 
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(meanwhile) become quite common knowledge like masking techniques, e.g. It is 
however to note, that the corner compensation technique, the vertical etching 
technique and the simulation program are quite unique tools described here for first 
time in some detail. 

1 Greenwood, J.C.; J. Electrochem. Soc. Vol 116,1325 (1969) 
2 Lee, D.B.; Anisotropic etching of silicon. Journal of Applied Physics, Vol. 40, noi. OcL 1969 
3 Wcirauch, F. Donald.; Correlation of the anisotropic etching of single-crystal silicon spheres and wafers. 

Journal of Applied Physics, Vol. 46. No.4. 1975 p. 1478. 
4 Bean. Kenneth E.; Anisotropic Etching of Silicon, IEEE Transac. on El Dcv. VOL ED-25, no 10. October 

1978 
5 Mchregany, M., Senturia, S.; Anisotropic etching of silicon in Hydrazine, sensors and actuators, 13, (1988) 

p. 375-390. 
6 Csepregi, L., Hauk, R., Niessl, R. Seidel, H.; Technologie dünngeatzter Siliziumfolien im Hinblick auf 

monolithisch integrierbare Sensoren, Forschungsbericht BMFT-FB-T 83-089, Fachinformaüonszcntmm, 
Karlsruhe.. Mai 1983 

7 Petersen, Kurt, E.; Silicon as a Mechanical Material. Froc, of the IEEE, Vol. 70. no 5. May 1982. p. 420. 
8 sec rcf. 5 
9 Buscr, R.A., B. Stauffer.B., de Rooij,N.F.; Realization of a mesa array in (001) oriented silicon wafers for 

tactile sensing applications, Extended Abstracisof the Fall Meeting of the Electrochemical Society , San 
Diego, CA, OcLl986. p.879-880. 

1 0 Barycka, 1. et al.; Sodiìum Hydroxide Solution Shows Selective Etching of Boron- Doped SiliconJourn. of 
the Electrochemical Society, Ace. Brief Comm. February 1979. p.345 

11 Pugacz-Muraszkicwiccz, U-; Detection of Discontinuities in Passivation Layers on Silicon by NaOH 
Anisortropic Etch. IBM J. Res. Develop., September 1972, 

1 2 Hooley, J.G.; The Kinetics of the Reaction of Silica with Group I Hydroxides. Canadian J. of Chemistry, vol 
39, 1961. 

1 3 Kendall, D.L., de Guel G.R., Torrcs-Jacome, A.; The Wagon Wheel Method applied around the MOM] 
Zone of Silicon. Spring meeting of the El. Chem. Soc. 1982. Abstr. no 132, p. 209. 

1 4 Stauffer, Kayal, IMT internal report 
1 5 Buser, R.A.; Silicon anisotropic etch simulation program, IMT internal report No 253 IC 01/89,1989. 
1 6 Fast etching plane Miller index 
17 see rcf. 7. 
18 Dccroux, M. and Buser R.; Schutzkonstructionen für Siliziumsensoren. IMT rapport inteme Nr. 182 EC 

01/86, 1986. 
19 Schenk, J.R.; Influence de !'anodic bonding sur les caractéristiques d'une strucutre MOS. Travail de diplôme, 

IMT, Université, Ncuchätel. 1984. 



69 

Chapter 4 

Experimental 

4.1. Introduction 
4.1.1. Statement of the problem 

In this chapter we are going to describe these mountings and measurement 
systems that have been used to investigate the various types of mechanical vibrating 
structures. Each chapter will have its own section where supplement modifications 
and specialities are emphasized. 

It was the double purpose of this work, to mount a test stand which allowed to 
measure the physical parameters of the structures as accurate as possible while 
keeping in mind set-ups, measurement methods and devices as close to realizable 
sensor-devices as possible. 

In order to end with general results, we had to be able, besides calculations which 
eliminated the dépendance of the resonance frequency on geometric factors, on the 
experimental part to fix temperature and pressure. Moreover the structure should 
not be disturbed by attached pieces for exciting and sensing. 

The first idea was to excite the structure acoustically but this excitation would 
have rendered the excitement medium dependent and of course impossible under 
vacuum conditions. We finally decided to excite by means of the inertia of the 
system itself, i.e. by displacing the base of the structure (excepting the tuning fork 
type described in chapter 8). All other exciting methods like 

- piezoelectric layers, 
-Lorentz forces (excepting when silicon is used directly as conductor) 
- thermal (optically or resistive) 

would have changed the properties of the device under test or they would not have 
been strong enough as e.g. 

- optical momentum (order of nN per Watt of incident optical power)1. 
For measuring almost the same arguments as for exciting hold with the two 

exception, that 
i) measuring the base movement is not a good technique because we are 

expecting a low coupling between the structure in resonance and the support 
for high Q-factor elements, and 

ii) optical measurement is, just because of the low interaction cited before, very 
attractive. 
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We utilized an interferometer built by Willemin^ to measure the amplitude and 
free amplitude decay of our resonators. It has the following features: 

- absolute amplitude measurements 6% down to Angstroms 
- phase measurements to a precision of 4° 
- in plane measurements 
- spatial resolution of 30 pm 
We built a vacuum chamber, which also supported some over pressure (1 bar) 

and could thus contain also other gases. The temperature was regulated by 
thermostated water, flowing through a block of brass. Thus we constructed a quite 
universal measuring tool, allowing to measure vibrating structures with very small 
amplitudes under various physical conditions .The whole measurement set-up was 
placed on a concrete block of 2m x Im xO .Im, a mass of about 600 kg. 

The electromagnetic set-up, described in Chap 8, could be positioned into the 
same chamber, too, and tested that way optically and electrically. 

4.1.2. State of the art 
For the measurement of the elastic constants, ultrasonic wave velocity 

measurement method are widely used3. Also static deflection method are described 
in literature. Some papers outside the sensor field deal with resonance methods. The 
same methods are used to measure damping. 

All these methods use special clamping like suspension on thin filaments or 
attaching of ultrasonic transducers4. Because we want to test real devices, the 
clamping was part of our structures as described in the previous chapter. 

4.2. Mounting and Excitation 
4.2.1. Excitation set-up 

The structures were excited by mounting them on a piezoceramic disk by means 
of a brass base and a clamping spring. In one series of measurements the structures 
were also fixed by bee's wax. 

The mounted structures were placed on a block of brass, which was fixed itself 
on a three-dimensional stage. Thus, the laser spot can be positioned on that part of 
the structure, which has to be measured. 

Piezoceramic disks from Philips (PXE42) with a diameter of 38,1 mm and a 
Üiickness of 6.35 mm we used. They were mounted in three ways In a first set-up 
the disk was mounted on a rigid stage and not thermostated. It showed a quite flat 
frequency spectrum response in the range of interest and thus the resonance 
frequency of the structure was easily to determine. Fig.4.1.shows the second way, 
where the ceramic disk lays in between the thermostated block and the structure. 
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Thermally the disk represents a barrier which slowed down thermal equilibrium 
settlement. In the third mounting (see Fig.4.2.), where the structure was mounted 
quite directly to the thermostated block, the piezo disk excited the hole set-up 
(although in the order of Angstroms) and a variety of resonances were discovered 
(see section 4.2.3.) becoming thus unadapted to find the resonance frequency at 
ease. A photograph of the set-up of Fig.4.1. is shown in Fig.4.3. 

Fig.4.1. Schematic view of the mounting Fig.4.2. Schematic view of the 
with the piezoelelctric disk on the front- mounting with the piezoelelctric disk 
side 1 The x-y-stage, 2 The device under test on the backside. Legend see Fig.4.1. 

3. The clamping spring, 4. The brass base 5 The 

piczoceramic disk 6 The thermostated brass block 

7 The thermal isolation 8 The z-stage 
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Fig.4.3. Photograph of the piezoelectric disk with the brass fixing part 

The electromagnetic set-up is described in chapter 8. 
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4.2.2. Platform 

Fig. 4.4. Photograph of the platform 

The above assembly was positioned in a vacuum chamber. Four bars fixed at the 
bottom of the chamber supported a platform, which was adjustable in height (see 
Fig.4.4.). On that platform, bars can be mounted to support the lenses. The xyz-
stage was mounted on the platform in that way that it could be rotated somewhat in 
order to adjust for the angle of incidence. 

4.2.3 The characterization of the excitation system 
Fig 4.5. shows the amplitude of elongation of the brassblock versus the applied 

voltage at 2.8 kHz. In most cases 100mV or 1Â were sufficient for the exitation. 
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y = 9.1832e-3 + 2.9044e-2x R*2 = 0.996 

H Amplitude (nm) 

Fig.4.5. The amplitude of the brass block as a function of the applied voltage at 
2.8kHz 

Fig. 4.6. shows the amplitude of elongation versus the frequency at 3Vpp of the 
piezeceramic disk directly. The other set-up (cf Fig.4.2.) shows about the same 
characteristics, both in frequency and amplitude. 

friqtMACjr (1¾] 

Fig.4.6. The frequency dependence of the amplitude of the piezoceramic disk at 
3Vpp. 
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4.3. The vacuum system 

As stated before, we had to construct a chamber which can be evacuated and 
loaded with different gases up to a pressure of 2 bar. 

F ig .4.7. Photograph of the vacuum chamber 

The vacuum chamber consist of three parts ( see Fig 4.7.): 
i) the base with all the feed through 

0 a 5 pole electrical 
° a 12 pole electrical 
° a gas inlet 
° vacuum pump exhaust (DN 63 ISO) 
° a cooling water/N2 feed-through 
° a vacuum gage connection 

ii) the middle part with four plan-parallel windows (Tempax, Balzers) for 
the laser beam, positioned at 0°, 45°, 90°, 180°, the one at 45° had a 
diameter of DN 63 ISO, the others KF 45 

iii) The cover which is either a disk of glass or a bell of glass 
The glass bell could also be posed directly to the base.The chamber is leakproof 

in both direction meaning that different gases can be kept in it. 



76 

A rotational pump (Alcatel 2004) with liquid nitrogen trap was used. This 
allows pressures somewhat lower than 10"3 mbar.The pressure was measured by a 
pirani cell. The electronics had a analog output which was digitized by die DVM 
of the HP Counter. The calibration curve for different gases can thus be stored in 
the computer. For the over pressure range we used a simple precision manometer 
(Trigress) of class 0.6 

4.4. Thermostating 

The temperature of die brass block is controlled by an external thermostat Lauda 
Compact Thermostat Typ CS-6 using a closed loop flow of water. An external 
temperature sensor Pt 100 (from Julabo) contacted thermally to the brass block 
allowed an efficient temperature regulation (Lauda Extemregler R22). 

For the electromagnetic set-up we utilized a direct electrical heating with a 
thermocouple element and a regulator (see Chapter 8). 

4.5. Measurement method and system 
4.5.1. Interferometer 

The vibrating amplitude of the resonator was measured by a hetherodyne 
interferometer of the Mach-Zehnder type, where the beam passed through a 
window into a vacuum-system (see Fig.4.8.). This measuring set-up allows absolute 
amplitude measurement in the order of Angstroms. If one wants to measure 
material properties and not device properties low amplitudes are necessary in order 
to avoid nonlinear effects, which are difficult to interpret5. The amplitudes for all 
our measurements were lower than 100 nm (cf. the dimension of the structures are 
typically 10 mm). The noise level is typically 0.1 nm. 
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d e t e c t o r 
Vacuum Chamber 

Fig.4.8. The interferometer set-up (BS: Beam splitter, AOM: Acousto-
optic modulator) 

No supplementary load such as aluminium layers or treatement such as diffusion 
of piezoresistors were necessary for measuring, allowing thus to study the influence 
of those treatments. This interferometric set-up provided us also with a method to 
determine the mode of the vibration by simply scanning die structure. We used here 
the interferometer in a direct reflecting mode increasing thus a little bit the 
sensitivity and facilitating also the adjusting procedure. But the set-up is foreseen to 
measure also in plane movements as described by Willemin2, 

4.5.2. Absolute amplitude measurement 

The detector furnishes a frequency modulated signal.The carrier frequency is 
given by the difference of the exciting frequencies of the optoacuostic couplers, 
40.0 MHz and 40.1 MHz, which gives a carrier frequency of 100 kHz. The spectrum 
analyzer decomposes this signal to its Fourier coefficients, which can be shown to 
be the Bessel functions, whose argument contain the amplitude of the measured 
oscillation. By the principle of the hetherodyne interferometer the carrier 
(B es self unction of the 0th order J0) can be used as a reference for the intensity and 
the amplitude can be calculated by inverting the Besselfuntion of the first order Ji 
divided by the one of the zeroth (notation of Willemin2). 
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—-—- = A / 5 - with <t*o =ß Uo, ß= ~ cos oc, a the angle of incidence, X= 633 nm 

the wavelength of the laser beam, U0 the amplitude of the device vibration and Pj the 
measured power. For small arguments (¢0 < 1), the Bessel function Jj can be 

approximated by Ji(<t>o) = "T-Jo(^o) = 1 This allows a direct calculation of the 

amplitude. 

U0 = 7 [ " V P " " ^ o r a perpendicular incidence ß= 19.852 JXm-1 

Thus, an amplitude measurement consists of a measurement of the carrier and 
that of the side bands. Technically this cannot by done simultaneously in a single 
channel spectrum analyzer. During the scanning form the carrier frequency to the 
side band frequency the carrier might have changed. In a manual mode, where we 
keep the scanner fixed at one frequency and we are looking at the relative change of 
the amplitude, the accuracy of the measurement depends of course on the stability of 
the carrier. This is examined in the following paragraph. 

The physical limitations of the interferometer are described by Willemin2. 
Having a spectrum analyzer of higher performance at disposition than he had in his 
original work (HP3585A instead of HP 8553), i.e. with an amplitude resolution of 
.01 dB instead of 0.5 dB. we could see some more details, mainly the fluctuation of 
the carrier that he could not resolve. To obtain some insight in the limitation on the 
accuracy of the amplitude measurement we measured the carrier in the manual 
mode by connecting the video output to a digitizing oscilloscope (HP 5183T) and 
performing an FFT (see Fig.4.9.) 
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Fig.4.9. The direct signal of the carrier and its Fourier transformed. 

The 50 Hz resp. 100 Hz peak may stem either from the Laser, the oscillator of the 
acoustooptic coupler or be mechanical. A direct measurement of the signal of the 
(actually quite simple ) oscillators showed, that they are sligthly modulated by 
50Hz. It could not be decided however, wether the laser transmitted 50 Hz, too, or 
not because we had no fast intensity measurement intrument at disposition. 

Moreover we performed 1000 measurements of absolute amplitude on a long 
beam accelerometer at resonance. At an amplitude of 26 nm the standard deviation 
is ±.47nm. This is about a layer of atoms of the silicon crystal. The measurements 
series took several hours. The result in Fig.4.10. shows an evidence of a drift. 
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Fig.4.10. Plot of the 1000 amplitude measurements (uncorrected) 

To correct for that we performed a linear regression on the data and subtracted then 
Ay. The corrected values have a mean of 25.74 nm and a standard deviation of ± 
.41 nm. Fig. 4.11. shows a normal probability plot of the corrected values. The 
straight line indicates a good fit to a normal distribution. 
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Fig.4.11. Normal probability plot 
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Then we plotted a histogram (see Fig.4.12) and performed a x2-test to check the 

normality of the measurements. With 11 cells (thus the degree of freedom v =8) we 

calculated %2= 14.21 which lies below the theroretical value X95= 15.5. Thus the 

normality is not too good but acceptable. This can be explained by the fact, that the 
intensity of the signal is modulated by 100Hz(2x 50 Hz of the power line) of about 
.5 dB (mis corresponds to an amplitude of about 1 nm) as seen above. Thus the 
measurements are not fully independent. 
Remark: A two channel spectrum analyzer would have allowed to calculate the 
correlation function and to see this directly. 

BMPLITUDE 

Fig.4.12. Histogram of the measured amplitudes 

4.5.3. The measurement of the frequency 
The resonance frequency was found by changing the excitation frequency till the 

amplitude was maximal for a given amplitude of excitation. For the mass beam 
structures described in chapter 6 (f= 2.4 kHz, Q= 30'000) the frequency can be 
measured to a precision of 10 mHz (5 ppm) but different clamping of the whole 
structure causes differences of some Hz. For the high Q elements of chapter 9 the 
frequency could be adjusted better than lppm. Demodulation of the frequency 
modulated signal would have allowed to measure the frequency by a counter, but 
this was not available. 
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4.S.4.The measurement of the Q-factor 
For beams of weak bending or weak torsion the total stored energy in the system 

is proportional to the square of the maximum amplitude and experimentally an 
exponential decay of the amplitude with time is found (see Fig.4.13. and 4.16.) for 
all structures at any pressure, a direct consequence of the linearity of the underlying 
DE. These two facts characterize also a damped harmonic oscillator with a damping 
force proportional to the velocity. By applying the formalism of the harmonic 
oscillator the Q-factor can be given by Q = ic/A (cf [2.65]) with the logarithmic 
decrement of the amplitude A= ln(An/An+i) to be measured. 

Without demodulation it wouldn't have been easy to measure the Q-factor by 
recording the square of the amplitude versus frequency and calculating Q by 

Aco 
[4.1.] 

Au) with the width at half maximum Au) of the resonance peak cor 

(or the resonance frequency 

Moreover with the decrement method we could observe the characteristics of the 
damping. 

In a first period of measurements, where we did not have high performance 
instruments at disposition, we created a periodic signal by applying periodically a 
step function at the actuator, setting the spectrum analyzer to the resonance 
frequency and looking at the video output of the analyzer (see Fig.4.15.). Thus by 
representing both signals on a digitizing oscilloscope we could resolve the problem 
of syncronisation (see Fig,4.13.). 
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Fig.4.13. The electrical excitation signal at the actuator and the response from the 
optical system. 
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But most of the measurements presented here were done with the instruments 
listed below (see Fig 4.14.), which could be synchronized by a computer.The 
electronic part of the measurement system consists of 

HP 3325 A Function generator 
HP 5335 A Counter 
HP 5183 A Waveform recorder (digitizing oscilloscope) 
I IP 3585 Spectrum analyzer 
HP 310 PC with a 20Mbyte hard disk 

Fig. 4.14. Photograph of the measurement system 

The PC controls all these instruments and automatizes thus the measurement 
cycle (see Fig.4.15.).The function generator excites directly the piezoceramic disk. 
We applied a sinusoidal waveform at the actuator and stopped it to let the resonator 
decay freely. 
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Fig.4.15. Scheme of the measurement system 

To find A one can measure either the free amplitude decay over a certain period 
or the time x for a fixed amplitude decay k. The latter case is easier to perform, 
because we can set fixed trigger points and perform one time measurement, 
whereas otherwise we would have to do two amplitude measurements at given time 
points. 

The chosen decay in amplitude k is given by k = (A0/An) = (AQ/A])n = enA. 
Preselecting k = 10 and replacing the integer number of periods n by m = f x, where 
m is the number of periods the oscillation made to decay the predefined decay k and 
f the resonance frequency we find A = 1/m In k = 1/m In 10 and finally Q = Jt f x / In 
10= 1.36438fx. x was typically in the order of seconds. 

The decay of the amplitude was stored in the digitizing oscilloscope and a linear 
regression was performed over about 100 data points. With this method a standard 
deviation of ±1.5% was found. Moreover it confirms the exponential decay of the 
amplitude by a regression coefficient in a semilog representation of the amplitude 
of typically r2 = 0.99 (cf. Fig.4.16.). 
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Fig.4.16. The the exponential decay of the square amplitude in a dB scale . 

A complete measurement cycle consist in the following steps: After an 
initialization the computer checks the correct trigger levels of the counter and starts 
then the measurement cycle, where the exciting frequency is set to zero and the time 
for a decay of 20 dB of the square of the amplitude is measured by the counter (for 
checking only). The decay of the amplitude is also stored in the digitizing 
oscilloscope and a linear regression is performed then by a commercially available 
Statistics Program, which had to be modified in order that it runs without 
disturbing the common block of the measuring program that runs the digitizing 
oscilloscope and transmits the slope to the main program, where the Q-factor is 
calculated. 

For the pressure measurement, a DVM transforms the analog output of the 
piranicell to a real number which is compared to a calibration curve by the PC. This 
allows the use of different calibration curve say for different gases. 

At unchanged clamping the reproducibility is as follows: Measuring with the 
counter (direct triggering) shows a standard deviation of ±3%, while recording 
the whole decay in a waveformrecorder and executing a linear regression on the 
datarne sd reduced to ±1.5% (see Fig.4.17.). 

The mean of the counter measurement lies below that of the linear regression 
because the laser shows energy deviation by preference downwards, and the 
counter triggers the stop (which lies in the lower region of the curve thus in the 
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more sensitive because of the logarithmic scale) too early and the decay time 
becomes too short. 

The reproducibility of different clamping (meaning that the structure was 
removed and installed again) is very poor, showing differences up to 20%. 
Standard deviation over 10 measurements is ±7%. 

Fast measurements (high decay rates) would give results with smaller <r. This is 
confirmed by measurements where for structures with the same Q-factor (same 
intrinsic stability) those with resonance frequencies ten times higher the standard 
deviation of the Q-factor also reduces by about a factor ten. 
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Fig.4.17. Q-factor measured by counter and digitizing oscilloscope 

4.6.Discussion 
The optical measuring set-up allows the investigation of the influence of additional 
elements (such as thin films or diffused areas) on the resonant behaviour of a pure 
silicon structure. Thereby the amplitude might be very small. The vacuum chamber 
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allows measurements in the range of 10*6 up to 2 bar. The temperature range is 
limited by the thermostat and the medium (we only used water), 200C to 60° in our 
case, but technically liquid nitrogen and higher temperatures would be possible, 
too. We have thus a quite universal automated instrument to measure resonance 
frequencies, modes and Q-factors of miniaturized resonant structures in 
dependence of surrounding gaseous medium and temperature. 

1 Culshaw, B., Uttam, D., Nixon, J., Thornton, K., Wright, A.; Micromachincd resonant structures. SPIE Vol. 
718 Fiber optics and laser sensors IV. 1986 p. 92 

2 Willemin, J.F.; Interferoni etile heterodyne de speckles: Application à la mesure de vibration mécanique 
microscopique, Ph. D. thesis (1983), University of Neuchâtel, Switzerland. 

3 Schreiber, E., Anderson, O.L. and Soga N.; Elastic constants and their Measurement, Mc Craw Hill, New 
York, 1973 

4 Bragìnsky V.B. Mitro fan ov.V.P., Panov, V.l..; Systems with smalt dissipation . Chicago Press Chicago 
London 1985. 

5 Andres,M.V., Foulds, K.W.H., Tudor, MJ.; Nonlinear vibrations and hysteresis of micromachincd silicon 
resonators designed as frequency-out sensors. Electronics Letters 1987, Vol 23, No 18, p. 952 
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Chapter 5 

Tactile Sensor^ 

5.1. Introduction 
5.1.1. Statement of the problem 

On the VIth Robot Conference, 1982, Harmon3 presented a study on the needs 
and potentials of Automated Tactile Sensing in the USA. The needs seem to surpass 
by far the technical availability of such systems. Various prototypes were developed 
since this analysis 4>5A 7>8, all with their specific advantages and disadvantages. We 
are proposing here a sensor which is manufactured completely out of single crystal 
silicon with the aim of having a mechanical fast reacting system with very low 
hysteresis and relatively high resolution. The utilization of silicon technology paves 
the way for the complete integration of the sensor. 

Silicon based pressure and force sensors, piezoresistive as well as capacitive ones, 
fabricated with IC technology are widely used at present9'10. Since it is common in 
IC technology to produce the devices already in an array form, it is easy to make the 
array functional as a whole by convenient connection of the single elements. 

Silicon force sensors have all in common three constructive elements: 
i) a plate as the spring, 
ii) an element that transfers the applied force to an appropriate spring 

deformation (called here force transmitter) 
iii) a support to hold the plate. 

For two-dimensional tactile sensors partly pressure sensors covered with 
elastomers as force transmitters partly these elastomers itself were used as 
construction elements. Elastomers have generally the disadvantage of a large 
hysteresis3. 

When the contact surface is given, it is possible with pressure sensors to 
determine the force acting on an element. But if one wants to measure e.g. the 
distribution of a force of an itself elastic impression or an unknown contact surface 
the latter one has to be defined from the sensor itself, the force transmitter has to be 
rigid. Such a concept was proposed by Petersen13. He milled mechanically the cams 
and the single elements were assembled afterwards. 

We will present here a new force transmitter, consisting of perfect mesa 
structures (bosses) with well defined flanks and no corner underetching. This force 
transmitter is fully etched (no milling) and has a well defined border between the 
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plate and the mesa foot (no undefined set of planes). The special construction of the 
array allows deep etching but nevertheless small lateral plate dimensions. 

5.2. Calculations and design 
5.2.1. Introduction 

We describe here the realization of a prototype silicon tactile sensor array 
without having a special application in mind. 

5.2.2. Design and etch simulation 
On behalf of the corner compensation technique described in chapter 3, we 

realized with the mask shown in fig. 5.1. a field of bosses (force transmitter mesas). 
Because the (11 l)-planes are almost not etched, they are revealed by etching the 
(OOl)-planes. When the mask is symmetrical, two (lll)-planes which touch at the 
surface at an angle of 90° are left over after the wall is etched through. Appropriate 
masking results in an array of cams. 

Fig.SJ. Mask with the street corner compensation., a= 2.40mm, 6= 0.30mm , 
c=0.30mm , af= 0.40mm 

Two arrays of mesas were etched from both sides of a double sided polished 
silicon wafer, the upper ones serves as the force transmitters whereas the lower one 
as the support (spacer mesa, see Fig.5.2.). Underneath the upper bosses 
electrodes of aluminium are placed which form together with counter-electrodes on 
the glass plate a capacitance, as is known from pressure sensors. 
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Fig.5.2. Cross section of the tactile sensor 

The areas of the electrodes on the glass plate are somewhat smaller than those on 
, the silicon wafer to compensate for adjusting tolerances (see Fig.5.3.a). The glass 

plate is bonded anodically to the silicon wafer. In order to obtain a single element 
readout the interconnections of the upper and the lower part of metals pads have to 
be perpendicular to each other. The lanes cross at the electrodes itself avoiding thus 
supplementary stray capacities (see Fig.5.3.a and b) 

Fig.5.3.a) The layout of the electrodes 5.3.b) The interconnection of the 
capacitors 

At one border the metal lanes of the silicon plate are lead down over rounded 
edges (see Fig.5.4).With the anodical bonding of the mesas to the glass plate mese 
lanes are bonded to metal strips on the glass plate. Thus an electrical contacting of 
the whole device is easily possible. 
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Fig.5.4. Schematic cross section of the Silicon mesas and the glass plate just before 
Anodic Bonding (arrow) 1 Electrode on the glass, 2a Al lane part to be bonded anodicatly to 

the the lane from the silicon electrode 3c). 2b) Wire bonding pad. 3a) Electrode on the silicon. 3b) 

Al lane on the slope and the rounded edges. 3c) Metallic lane to be bonded anodically to 2a.4a) 

Force transducer mesa, 4b) Plate 4c) Spacer mesaS) Glass plate 6) Isolating S102 

This construction represents a force sensor array with the possibility to vary its 
sensitivity over a large range by adjusting the surface of the plate determined by the 
distance x), the thickness of the plate and the distance between the condensator 

electrodes (see Fig. 5.2.). 

Table 5.1. Dimensions of a cell (2,8 mm x 2,8 mm) in p.m 

Upper boss 
Height: 
upper side length: 
bottom side length: 

Lower boss 
Height: 
Side length: 

Thickness of the plate: 
Length of the plate between the two bosses x) 
Side length of the upper electrode: 
Side length of the lower electrode: 
Thickness of the electrodes: 
Distance between the electrodes: 

221 
865 

1180 

7 
1300 

134 
740 
990 
848 

1 
5 
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5.2.3. Capacitance 
The height of the spacer mesas is 7 pjn. With thickness of the aluminium we have 

thus a distance between the electrodes of 5 pm.This results in a capacitance of 
ErE0A 

C = - j — = 1.28pF. [5.1.] 

5.2.4. Mechanical stiffness 
For a doubly clamped beam of length L with a central load P we have for the 

displacement12 

We model an tactile element as a force transducer acting (instead of a particularly 
clamped plate) on two beams rectangular to each other and clamped at both ends. 
With the data from table 5.1 as 
L = 2-74Op. 
T b h 3 
J y - 1 2 

b= either 1I80u;m (beam limited by the upper boss) or 1300u.m (beam limited by 
the lower boss) 
h= 134jim 
E= 1.69-1Ql1Pa 
we can calculate with the above formula the eqivalent spring constant 

k = " 2 ' 192EJy
 [53-] 

This results first die first case in k=8.4 jim/lON 
and in the second one in K = 7.6 (im/lON 
We measured (see Fig. 5.10.) about 5fim/10N, hence a stiffer behaviour, which is 
obviuos from the fact that we disregarded quite a large part of the plate in our 
calculations. 

5.3. Fabrication of the structures 
5.3.1. Introduction 

The principal etching technique is described in chapter 4. As mentioned in 
section 5.2. we had to perform a photolithography on a wafer which was structured 
by mesas of about 10 Jim height. Moreover we had to guarantee a good step 
covering (see Fig. 5.4.) of the aluminium layer as well as of the photoresist. 
Soldering of the two Al layers together by the anodic bonding process was then 
another novelty. 
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5.3.2. Fabrication techniques 
We succeeded in solving the problems stated above as follows: 

i) Photolithographic process at the bottom of a lOfirn deep etched well by low 
spin speed (2000 RPM) 

ii) Metallization of the slope and the comer of that slope (see fig 5.4. ) 
rounding of the corner by isotropic etch (scotch) 

iii) Photolithogaphic process over the edge high viscosity PR, low spinning 
speed and rounding of the corners. 

iv) Bonding of the aluminium lane to a aluminium lane on the glass plate during 
anodic bonding By applying relatively high voltages and high temperatures. 

5.3.3. Process lists 
Material: boron doped Si-wafer (5-7 Q cm), 3" 

Topside process 

1. Wet Oxidation 1.5 \im, 
2. Photolithography (opening the oxid) 
3. I KOH(41%b.w.) 60°C in a water bath (PP vessel). 16iim/h. 200nmdeep 

The result is shown in Fig.5.5. 

Backside Process flift off technique) 

4. 
5. 
6. 
7. 

8. 
9. 
10. 
11. 
12. 
13. 
14. 

Photolithography (opening the oxid) 
KOH 35' (lOnm) 
Remove oxid in buffered HF 
Scotch (HNO3 :HF:CH3COOH:H20£ 3.5:1:1:.1) 90" 
Dehydration bake 200° 20' 
Photoresist 1350J (Shipley),500 rpm 5", 2000 rpm 30" 
Prebake85° 10" 
Exposure 
Development 
Deposition Al 
Lift off (Acetone) 
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The result is shown in Fig. 5.6. 

Cr lass plate 

i Deposition Al 
Photolithography 

Afterwards the glass plate and the wafer are bonded anodically together 

Fig.5.5. Etched array of mesas. 

Fig.5.6. The electrodes and the spacer mesas of the tactile sensor. 
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5.4. Experimental 
5.4.1. Introduction 

The sensor was characterized by three different approaches. First we measured 
purely mechanically the spring constant of a single element. Then we measured the 
capacitance in function of die applied force using precision instruments and finally 
we showed by means of a simple commercially available electronic circuit that it 
would be possible to realize a functional sensor with a pre-processed signal output 
(which was not obvious from the beginning because one has to measure 
femtofarads!). 

5.4.2. Measurement method and system 
5.4.2.1. Force measurement 

In die direct mechanical measurement the force was measured using a beam with 
a mounted strain gauge and the displacement by a Carycompar (inductive stylus 
displacement measure apparatus). 

In the electronic set-up the force was applied to a single element via a pickup 
equipped with a sapphire needle and measured undemeadi by a digital balance from 
Mettler 

Fig. 5.7 . The force measurement set-up 

5.4.2.2. Capacitance measurement 

The capacitance was measured by a HP4275A Multi-Frequency LCR Meter at a 
frequency of IMHz . Those electrodes which were not measured were hold on the 
potential of the counterelectrode in order to reduce the stray capacities. 



97 

5.4.3. Oscillator 
In order to show the applicability of this device as a sensor we connected in 

parallel the capacity to measure to that of the time base of a cheap and simple 
electronic circuit a Voltage/frequency converter IC LF 331) ; thereby the voltage 
actually to convert was hold constant and all rows and column not addressed were 
grounded. 

IL 1M" 
I r P ^ 

CUT S*-
ì)9 
^S 

nil-
L_. 

j 

M ' 

— i 

b 

L « 

2 ? - f -
LM331 

3 * _ . 

T 

I Il 
Il 

3 6 * 

4 5 

1 1 

1-Jtó 
* _1 INPUT 

* -L 
• 

Fig.5.8. The electronic circuitry used for a capacity/frequency conversion13 

5.5. Results 
5.5.1. Introduction 

With the selected dimensions an upper limit for the force per element was found 
to be at about 10 N. Then the upper boss touches the glass plate (the two electrodes 
touch each other). This is a built in security against overload. Other ranges are 
easily possible by selecting other dimensions. 

5.5.2. Capacity as a function of force 
The dependence of capacity on the applied force per element is shown in Fig.5.9; 

It shows the expected hyperbolic characteristic. 
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Fig.5.9. The capacityance as a function of the applied force 

4 6 8 10 12 

Fores (N] 

Fig.5.10. The distance between the electrode as a function of applied force 

5.5.3. Frequency readout by the electronic circuit 
The standard deviation s of a frequency measurement at 54 kHz (Frequency 

counter HP5335) for 100 measurements and a gatetime of o.l s is s =±1 .2 Hz. 
This corresponds to a resolution of about 3fF, which in the lower part of the force 
corresponds to about 10 mN. 

The addressing can be performed by analog multiplexer as described in 
literature14, and a complete readout by utilizing a system available by Burr and 
Brown15. 
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5,6. Discussion 
We could show that a monolithic silicon tactile sensor array can be realized. Our 

prototype showed a resolution of force of 1% with the simple electronic readout 
and is able to support up to 100 N/cm2- having a resolution in space of 10 
points/cm2.It is a special advantage of this device to be able to cover a large range of 
specifications. The reaction on the publication of this prototype showed an 
unexpected vast field of applications. Possible application fields of such sensors are 
grippers in robots the measurement of rolling profiles of wheels or medical 
research. 
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Chapter 6. 

Mass-beam-system 
6.1. Introduction 
6.1.1. The mass beam system as an accelerometer (static) 

Since the first publication on an accelerometer micromachined in silicon by 
Roylance1, different groups have realized "their" accelerometer, too (Chen2, 
Rudolf3, Petersen4, Tsugai5). Typically the publications restrict themselves to the 
pure description of their work, without having a general look of the problem. Only 
Seidel ct.al.6 gives some theoretical considerations for optimal accelerometers but 
they do not take into account the damping. 

One problem all accelerometers, realized till now, have in common is, that the 
mesa (proof mass) is not well etched at the corners, thus, the mass is not calculable. 
We achieved to suspend this lack with the help of our corner compensation 
techniques and were thus able to model the resonance frequency respectively the 
bending precisely. 

6.1.2. The mass beam structure as a resonator (dynamic) 
Resonant structures published until now are all quite small compared to those 

presented in this chapter. The reason is besides miniaturization the context with 
fiber optics as pointed out in the general introduction (references see chap. 10). 

Since we do not want to content ourselves to just realize another structure but to 
find to what extend silicon resonators might be competitive not only as a cheap mass 
produced sensor, but also as high precision sensor element, it is very important to 
be able to describe the structures theoretically. This is the reason, why we used this 
quite simple and large type of structure to start our dynamical measurements. A 
theoretical problem however was, to describe this accelerometer type structure, 
when it vibrates in a damping medium. The solution to this problem is treated in 
chapter 2, where with the help of modal analysis and a Laplace transformation we 
could derive an analytical expression for the frequency and the damping. In the 
present chapter we deduce the optimal dimension for minimized damping for this 
type of structure. 

Investigation were made mainly on the losses characterized by the Q-factor and 
the pressure dependence of the resonance frequency. Also the influence of various 
thin films on the Q-factor have been studied. 



102 

6.2. Calculations and design 
6.2.1. Introduction 

The proof mass of the accelerometer was fixed by two beams in order to 
maintain the surface of the mass perpendicular to the vibration movement (see 
Fig.6.L). The simulation program predicts the three-dimensional geometries of 
etched silicon structures starting from the two-dimensional mask. The corner 
compensation technique was used to obtain precise mesa structures, of which the 
mass can be easily calculated (see Chapter 3).The stiff part in the middle has the 
following advantages: 

i) we have an area with no rotation, so a LASER beam is not deflected. 
ii) possible heating by the light of the LASER does not influence or at least 

not immediately the elastic behavior of the system. 
iii) higher Q-factor in a damping medium 
iv) the modes are better defined (in the limit of a massless beam the system 

becomes one-dimensional) 

Meanwhile other authors have recognized the advantage of a double side clamped 
structure, Sandmaier et al1' Terry8, to reduce cross acceleration. Moreover, the 
publication of Terry recognizes the role of the damping. 

6.2.2. Design and etchsimulation 
In principle a structure as we are describing here was published by Roylance1 as 

an accelerometer. Besides different dimensioning our construction contains a 
corner compensated rigid mesa mass so that the mass could be calculated accurately. 
Moreover in our design, the proof mass is supported by two beams. Thus the 
system gets more stable but as accerelometer less sensitive. Structures with an 
extremely long cantilever (beam length L) and such with a short one have been 
fabricated in order to be able to determine the influence of a single geometric 
parameter (the length) on behavior. For the same reason single beam types as in 
classical accelerometers have been made also. The beam width b is the same for all 
structures.The individual structures could bee easily separated on account of the 
trenches round the structure. A schematic diagram of the structure with the long 
beam is shown in Fig.6.1. The backside shows no step, so that optical scanning was 
possible Over the clamping. In addition thin films could thus be deposited 
homogeneously (without a shadowing effect ) 
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Fig.6.1. Cross section of the mass beam structure 

Fig.6.2 shows the mask layout, Fig.6.3. the CAD output and Fig.6.4 is a 
photograph of the resulting etched silicon structure. The simulation is done for deep 
etching (300 tim) and reveals the mesa structure and the frame. The shallow etching 
from backside resulting in the two lateral beams supporting the mesa is not shown in 
this simulation. 

1mm 

Fig.6.2. Mask layout 



Fig.63. The simulated structure 

Fig.6.4. Photograph of the realized structure with the long beams 
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Fig.6.5. Photograph of the structures with one and two short beams 
(L = I.2mm) 

The dimensions of the beam thickness h, the wafer thickness d (which determines 
the mass of the mesa) and the calculated mass of the mesa are given in Table 6.1. 

Table 6.1. Dimensions of the structures with long beams 
L= 3.95 mm and b= 1.0 mm for all structures 

wafer number 
1 
2 
3 
4 

h(.um) 
64 
55 
58 
54 

d(um) 
385 
382 
382 
380 

M(m.c) 
5.43 
5.38 
5.38 
5.35 

6.2.3. Calculation of the Mesamass 
We are using the formula given in chapter 2.2. The thickness of the mesa and the 

dimension of the roof of it determine the mass. Because we are etching from two 
sides we have two mesas, one from top and one from bottom (which are designed to 
match at their base). All the calculation were done by computer programs. The 
results are shown in Table I. To check the calculations we weighted a mesa (after 
having broken them out of beam and frame): 
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Calculated mass: 5.52 mg 
Measured mass 5.4 mg 

6.2.4. Calculation of the resonance frequency 
As described in section 2.3. the resonance frequency under vacuum conditions 

was calculated by solving the equations of the transverse vibration of a beam with 
the appropriate boundary conditions. This allows to include different boundary 
conditions properly and also to calculate higher order eigenfrequencies. In the 
following subsections we are citing but the results of the calculations of chapter 2. 
For a given mass ratio of beam and proof mass, by the function plotted in in fig. 
2.8.one can find the resonance frequencies by the formulas given below, but the 
values are actually found by computer programs calculating the X for each run 
separatly. 
With the simple formula 

we calculated the dependence of the resonance frequency of the structure with the 
long beams on the geometrical dimensions. The results are plotted in the figures 
6.6. to 6.8. 

Fig.6.6. Resonance frequency dependence on the thickness of the beam 
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Fig.6.7. Resonance frequency dependence on the mass of the mesa 

i ' 

Fig.6.8. Resonance frequency dependence on the length of the beam (one side) 

For the precise calculation we used the formula [2.7]: 

f~27t IL 
E J 1 

H-
X can be found in Fig. 2.8- or calculated with formula [2.25] numerically. 

The same formula [2.7] as above applies for structures with one side clamping 
only and A. can be found again in Fig.2.8. or calculated again numerically by setting 
the determinant of A [2.31] to zero. 

In the torsional mode the following formula applies (see also appendix F) 
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with K the rado of the inertial moments of proof mass and beam. 

6.2.5. Damping 
6.2.5.1. Resonance frequency in dependence of the gas pressure 
Neglecting the dissipation effect on the resonance frequency, we nevertheless have 
to take into account the supplementary inertial mass of the sourrounding gas 
(viscous region, in the molecular region the frequency change is very small, see 
experimental results). This means that the X for the coresponding (pressure 

dependent) mass ratio rmass = T T - = zz~ of beam and proof mass has to be 
rnd md 

calculated or found in Fig.2,8. m and md are given by the expressions 12.126] and 
[2.1271 respectively .The resonance frequency can be calculated then by 

A more accurate picture of the pressure dependence follows from the equation 
12.105], which was derived with modal analysis in section 2.4, since it includes also 
the dissipating term. As we have seen however, this first approximation results in a 
eigenfrequency which is too high. 

n =V 4 ( m+ md ^ ) ( m CU1̂  )-( c + cd $ 0
2 ) 2 

7 ^ — [2.105 J 
4 (m+md4>o2)2 

with m, md, c the damping per unit length of the beam and cj the damping of the 
proof mass given in the expression [2.124] to [2.127]. 

6.2.5.2. Damping in the low pressure range (<1 mbar) 
With the formulas given in section 2.4. we are able to calculate the pressure 

dependence of the Q-factor in the low pressure range. As the experiment shows, we 
can neglect in this region the inertial contribution of the gas (the frequency is 
constant in this range see section 6.5.). 
The Q-factor was calculated to be in the first approximation : 



Q2 = 
2(01+ITId(J)0Z) ( m Cu1Z ) j 

[2.113] 
( c + cd ¢02)2 " 4 

With from section 2.4.4.1.1. the expression needed as follows 
m = n= p b h : Mass per unit length of the beam 

2 
ma = p d C1 ; Mass of the mesa 

where ci is the side length of the mesa (correct formula for the mass see section 
2.2) 

c = £0 + Ç : Damping per unit length of the beam 

where Co is the simulated damping in vacuum (internal, clamping) and 

É 2 § 
Cd 3UC1: air damping of the mesa (ris the pressure of the air damping see above) 

TTius we have 

Q2 = 

2(u-+Psidc,2<i>02) (V 
2 

CO1 

Ço+ Ç + u c î i 2 
V 

2 p2
Si(bh+dc2$02jrbhtûfj 

Ço +S 1 + F * o 2 

[6.2] 

with 0o = *t>i(ri) = -7=̂  1.58815 (see [2.78]) 

2 - 2.5222 

Q(P) = 

2 P s ; bh+dc 
2 2.5222- 2^ 

• 

1 + 

bhcû] 

1 2.5222 
b L 

[6.3] 
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With the numerical values as 
M 
p - = 0.003367 for nitrogen at T = 300 K 
we can calculate 

4 VFsS= 0 1 0 6 9 2 

and insert this factor in the equation [6.3]: 

Q(P) = 

2 Psi bh+dc 
2 2.5222^ 

( WiO)1Z) 

C0+ (-010692) bp 
C ' 2 .5222 

1 + b " ' L 

16.4] 

The pressure dependency of the Q-factor was calculated numerically with the 
above formula for various parameter. The plots are shown in Fig. 6.9. to Fig. 6.12. 
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Fig.6.9. Q-factor as a function of pressure with the internal damping Co as 
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To find the maximum of the Q with respect to the lateral dimension of the middle 
mass ci for example we have to derive the formula for Q(cj) from above. Because 
of simplicity we are deriving the square of Q: 

3Q2(c,) 3 ( ^ + P s i d i C 1
2 O 0

2 ) ( ^ C u 1 S ) 

3c i 3c j 
£o+ Ç + ^ c 2 , i : 

\2 

V 

[6.5] 

This is a equation of the following type: 
3 ax^+d (b+cx2)2 2ax- ax2 2(b+cx2) 2cx d2(b+cx*)2cx 
3x (b+Cx2)2 - (b+Cx2)" " (b+cx2)4 

The zeroes of the numerator determine the extrema: 
=>(b+cx2) 2ax- ax2 2.2cx -d 2.2cx = 0 
=>(b+cx2) a- ax2 2c -d 2 c = 0 
=> ab + ac x2 - 2acx2 - 2cd =0 

[6.6) 
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+ acx2 + 2cd-ab =0 

c a 

x i ; = ± ^ - - 2 - a n d X3=O [6.7] 

wi th 

A=PsJdKl)0
2MCUi2 

C = = - A2 

d = fx2 OJ1
2 

and x =ci >= 0 
we find 

1 ^ /. fëo 2h~ 

=VVb~r- *" 

H z W 1
2 

Psidi (̂ 0
2H (O1

2 

+ 1 

with ^=4bVfV^P 

J_ / ^o +b 1 - 2h 
di 

[6.8] 

[2.118] 

[6.9] 

Thus the optimum of ci is pressure but not frequency dependent in that model. 
The higher the pressure, the smaller the mesa has to be. When the beam is large or 
thick, the mesa has to be large, too. When the mesa is thick (di) , ci can become 
small. 

The same calculation could be done, of course, with respect to all the parameters, 
where the dependency is not obvious. Thus one could derive a design rule for an 
optimal Q-factor device. 

6.2.5.3. Damping in the high pressure range (> lmbar) 
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Instead of fromula [2.113] the Q-factoris equivalenti}1 defined by the formula 
(cf. eq [2.65] 

Q = ^ [2.112] 

with 

( c + cd<i>o2) 
D = ^ 2 - 2 ^ [2.i04] 

2 (m+ md 4>0
2) 

and again m, md, c the damping per unit length of the beam and c<j the damping of 
the proof mass are given in the expression [2.124] to [2.127]. Since Q corresponds 
to die resonance frequency w and die methods used in section 2.3. are better than die 
formalism (in the first approximation) of modal analysis, where Q stems from, we 
better use dial one. In the experimental part the measured frequency (in vacuo) is 
used. Examples for die dieoretical curves can be found diere (see section 6.5.4. and 
chapter 8, e.g.) 

6.2.6. Supplementary layer 
6.2.6.1. The resonance frequency in die presence of thin films 

IT p 1 

For a beam witìi H2= TQTT and E2= -^- (see Fig.2.10.), we find with the help of 

equation [2.47]. hi= 0.5025 Hi, e.g. Hi=60|im Si and H2= 0.6 pjn Al, Au o'r SÌO2 
me shift of die neutral axis compared to die uncovered beam is 0.152 ujn. For die 
same example we find with equation [2.48] Ji = 1.8 10"I7m4+ 1.39 10*2lm4, where 
die first term represents the uncovered beam. The change is dius about 100 ppm and 
with [2.49] J2= 2,72 IO"19™4, thus about \% of Ji. 
By equation [2.52 b] die resonance frequency of die covered beam fCov is 

* * (X f ^ ftËlJvH-E2Jv2) 
tcov-27rUJ \ Ji 

Here JJ. is die mass per unit Iengm of die beam including die layer and X has to be 
found for the correct mass ratio of beam and proof mass (cf. Fig.2.8) For the 
example above, X changes from 1.2315 for me uncovered structure to A<:ov=l-2353 
and die change in frequency can be calculated to be 
Af = funcov- fcov = 2286.12 - 2285.9 = 0.22 [Hz] 
or about 100 ppm. 
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6.2.6.2.The damping by thin films 
The explanation for the addittivity of the inverse of the Qs which have to be 

attributed to different damping processes is given in section 2.4.2.3.: 
l/Qtot=l/Ql + VQ2 + - [2.70] 

In literature9 an approach by energy rather than as here by forces can be found. 
But this supposes that the differential equation is separable in time and space. 

6.2.7. Temperature characteristics of the structures 
The resonance frequency of a mass and beam system changes for two reasons: 

i) change of the dimensions by thermal expansion 
ii) change of the modulus of elasticity 

Knowing the linear thermal expansion coefficient a we can calculate the 
temperature coefficient of the modulus of elasticity as a function of the change of 
the resonance frequency. 

To be able to derive an analytical equation we have to start with an analytical 
representation of the resonance frequency. Thus we are starting with the formula 
[2.221, introducing the tempeature dependence and taking the square: 

0^-I(T)- With S(T) = 2HT)S(T) [6.10] 

Thus 

E(T) = S(T) «2(T) 

dT T0 dT 
SO2(0Ö 

8(0(T) 

3T 

where the index zero means at temperature T0 

dT 

M 
2 

W^ dT dT 

'3L2
0 3L(T) 

b0ho 
+ L; 

, n , -2 , -3 3b(T) -i 43h(T)] 
(-l)b0h0 -^j + ( -3)b0h0 - ^ 

ML; 1 9L(T) 
31 J L0 BT 

\ -1 db(T) i 3h(T) 

2boh0 

Since a is isotropic (see Appendix 1.7), we can write: 

[6.11] 

[6.12] 

[6.13] 
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1 3L(T) 1 3h(T) 1 3b(T) 
a==U dT ~^ dT s b 0 3T 
Thus all but one a cancels and we can rewrite [6.13]: 

MIl-
dT = -s0a 

and thus [6.15] becomes 
dE(T) 2 „ 2 1 3co(T) 

dT COo 3T 

[6.14] 

[6.15] 

[6.16] 

1 9(0(T) 
With the abbreviation ß = ^ j T - m e temperature coefficient of the modulus of 

elasticity is finally 
dB (T), 

dT , 
= a ^ s 0 ( 2 ß - a ) = Eo.(2ß-a) [6.17] 

6.3. Fabrication of the structures 
Double sided clamped beam structures with a stiff mesa mass in the middle have 

been fabricated by anisotropical etching of monocrystalline silicon [(100) surface 
orientation], in a KOH solution of 40% b.w. The structures were etched from both 
sides with different etch times as indicated in chapter 3. 

Processlist 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

Oxidation 1.5 urn 
Photolithography on both sides 
Etching BHF 10/1 both sides 
Protecting backside (cantilever) 
Etching frontside BHF 10/1 
KOH 600C 250 um 
Etching backside silcondioxyd BHF 10/1 
KOH 60DC until through 

We selected a variety of different doped wafers hoping to find some differences 
in the Q-factor. The measurement showed however that for these kind of structures 
the influence of the clamping is much larger than one could expect from internal 
damping (see section 2.4.4.2). Because the wafers were also of different thickness 
the structures originating from different wafers had different mass distributions 
and we could thus check the accuracy of our calculations of the resonance 
frequency. 
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6.4. Experimental 
6.4.1. Mounting and Excitation 

In a first series, the structures were glued by bee's wax on a silicon frame and 
then to the piezoceramic disk. The were measured in air, thus we had no outgasing 
problems, but mounting and demounting was tedious. All the following 
measurements were done then by fixing the structures on the piezoceramic disk by 
means of a brass base and a clamping spring as described in chapter 4. By clamping 
only one side of the structure's frame, the Q-factor was almost doubled. Fig. 6.13. 
shows the different clamping systems we used. The third type is shown in Fig. 4.3. 

Fig.6.13. Photograph of the mounting by wax we used in the first measuring series 
and of the single side clamping . 

6.4.2. The measurement methods (cf. chapter 4) 
6.4.2.1. Absolute amplitude measurement 

The amplitude of the resonator was measured by the interferometer. The 
amplitudes for all our measurements were lower than 100 nm (cf. the dimension of 
the structure is 10 mm). 1000 measurements at the same condition showed for the 
long beam accelerometer at resonance at 25.74 nm amplitude a standard deviation 
of ±.4nm. (see Fig.4.10). This corresponds to about one layer of atoms of the 
silicon crystal. 
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6.4.2.2. The measurement of the frequency 
The resonance frequency was found by changing the excitation frequency till the 

amplitude was maximal for a given amplitude of excitation. This allowed to have 
for all measurements the same order of (small) amplitudes. The frequency can be 
measured to a precision (in vacuum) of 10 mHz (5 ppm) but different clamping of 
the hole structure causes differences of some Hz. 

6.4.2.3. The measurement of the Q-factor 
At unchanged clamping the reproducibility is as follows: Measuring with the 

counter (direct triggering) shows a standard deviation of ±3%, while recording 
the whole decay in a waveformrecorder and executing a linear regression on the 
data the sd reduced to ±1.5% 

The reproducibility of different clamping (meaning that the structure was 
removed and installed again) is very poor, showing differences up to 20%. 
Standard deviation over 10 measurements is ±7%. 

The changes due to thin films of the order of 1000 A are typically smaller than 
10% and thus not detectable with these structures. 

6.5. Results 
6.5.1.The first series of measurements 

A great variety of wafer types were used in the beginning of mis study in hope of 
seeing some significant differences in the damping behaviour. They were 
characterized by the same interferometer described in chapter 4, but the 
electronical apparati utilized in that early research stage were much less 
performant. Thus the spectrum analyzer was the HP8556, as used originally by 
Willemin, for the excitation a simple Phillips waveform generator, allowing a 
precicion of 3 digits was used and for the storing a Gould digitizing oscilloscope. A 
synchronisation (triggering) of these simple apparati was not easily possible. In 
order to capture the signal we excited the piezoceramic disk periodically (typically 
IHz) by a rectangular waveform. The disadvantage of this method was the small 
amplitude and we were always close to the noise level (see Fig.4.13y.). Moreover 
the evaluation of the plots was quite tedious. 

All the structures listed in Tables 6.II.&I1I. were glued by bee's wax on a silicon 
frame and then to the piezoceramic disk. They were all measured in air. 
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Table 6.IL Dimensions, resonance frequencies and Q-factor of structures 
from various types of wafers. () means with oxid 2000Â 

Nr 

C2 

C5 

C6 

C6a 

C8 

C8a 

ClO 

Type Qcm polishing 

p 50 one side 

p 3-5 double 

p 3-5 double 

p 3-5 double 

p 4.25-5.75 one side 

p 4.25-5.75 one side 

n 15-35 one side 

Wafer 

lumi 

381 

393 

386 

387 

383 

384 

Beam 

[urn] 

55 

67.5 

65.5 

65 

55 

59 

Mass 

[mg] 

5.52 

5.73 

5.61 

5.63 

5.57 

FrequencvrkHzl 

theor. I meas. 

1.955 

2.596 

2.508 

2.41 

2.159 

(2.02) 

2.52 

2.47 

(2.52) 

2.02 

(1.991) 

2.09 

Q 

[-] 

(1369) 

1419 

1482 

(1393) 

1424 

(1403) 

1437 

A silicon dioxide layer of about 2000Â increased the frequency with about 20 Hz 
and reduced lhe Q-factor by about 50 to 100. A layer of photoresist painted by hand 
on the structure reduced the Q-factor to about 1000. 

Table 6.IIL Dimensions, resonance frequencies and Q-factor of structures for 
various types of dopings. () means with oxid 2000Â 

Nr 

Dl 

D3 

D2 

D4 

Type Qcm doping 

p 3-5 d P 6.7 urn 

n 15-35 o P 6.7 Jim 

p 3-5 d B 6.5 Jim 

n 15-35 0 B 6.5 Jim 

Wafer 

(Jim] 

386 

391 

331 

312 

Beam 

[urn] 

65.5 

62 

66 

52 

Mass 

Imgl 
5.61 

5.67 

4.71 

4.40 

FrequencvfkHzl 

theor. I meas. 

2.509 

2.299 

2.68 

1.948 

(2.56) 

(2.33) 

(2.71) 

(2.12) 

Q 

[•] 

(1354) 

(1232) 

(1594) 

(1327) 

Table 6.IV. Dimensions, resonance frequencies and Q-factor of various 
structures and modes. () means with oxid 2000Â 

Nr 

D4 

A 

A 

Description 

Torsional mode 

Short bridge 

Accelerometer (single beam) 

Wafer 

I Jim] 

312 

371.5 

368 

Beam 

[u.m] 

52 

42 

39 

Mass 

[mg] 

4.40 

5.37 

5.3 

FreauencvlkHzl 

theor. I meas. 

3.7 

7.92 

.888 

(3.91) 

9.05 

.898 

Q 

[-] 

(2408) 

1302 

3000 
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6.5.2. The modes of the structures 
6.5.2.1. Two dimensional distribution of the vibration amplitude 

We measured the form of the bent beam by scanning with the yx-stage over the 
beam. The result is shown in Fig.6.14. The middle part from about 6 to 8 mm 
should be flat because we are scaniing here over the (rigid) mesa. The end at 13 mm 
is not zero becuse the frame was here free to move what it actually did(one side 
clamping of the frame). The plot can be compared to the theoretical curve Fig.2.9. 
Although we excited here the base and not the beam, it can be shown, that in 
resonance the same shape results. To be able to detect the difference of a shape with 
or without mass, the error of the amplitude measurement should be about ten times 
lower. The same holds for the detection of higher modes of nonstanding waves. 
Morover we would need for the latter case to know the phase. Thus, no more details 
could be studied with the present interferometer without investments in stability and 
demodulation. 
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Fig.6.14. The measured Junction X(x) 

6.5.2.2. Comparison of calculated resonance frequencies with measured in vacuo 
Results of our numerical calculations are compared with the value calculated by 

the simple formula as well as with the measured values. Measured and calculated 
values agree within a few percent (see Table 6.V.).The resonant frequency depends 
heavily on the beam thickness (cf. Fig.6.5.). The beam thickness of the etched 
structures shows a variation of about lujn. This causes an uncertainty of about 100 
Hz for the theoretical resonant frequency. The non-ideal boundary conditions 

E 
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(elastic clamping) have only minor influence on frequency. The simple model 
gives, as does a Rayleigh approximation, a higher eigenfrequency. 

Table 6.V. Resonance frequencies (Hz) 

Structure 
Number 

1 

2 

3 

4 

Simple model 

2618 

2075 

2 2 4 7 

2081 

Rigid 
clamDina 

2494.98 

2006 .52 

2169 .16 

2012 .29 

Elastic 
clampinq 

2494 .95 

2006 .50 

2169 .14 

2012 .27 

Measured 
values 

2 4 8 5 

2024 

2 1 2 8 

2008 

6.5.3. The influence of a gaseous medium on the resonance frequency 
In an atmosphere of gas, several forces act on the resonator, which have to be 

taken into account in the differential equation describing the transverse vibration of 
the mass-beam system and the boundary conditions (cf. section 2.4.2.2. and 
2.4.4.1.2). Not the damping causes the observed dependence of the frequency on 
pressure, but the additional mass c of the gas molecules to be accelerated10-11. Mass 
is added to the beam, which changes the differential equation, as well as to the mesa 
(proof mass), which changes the boundary conditions, but as pgas decreases the 
effect becomes negligible. 

2485 

2484 -

2483 -

iZ 2482 -

2481 
1000 .1 1 10 

Pressure (mbar) 

Fig.6.15. Resonance frequency in dependence of nitrogen pressure in semilog plot 
and interpolated. 
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The pressure dependence of the resonance frequency of a long beam structure 
(C6) starts at about 10 mbar (see Fig.6.15.). Simple beam structures as published by 
other authors12, show the same strong dependence of the resonant frequency on 
pressure as ours in the range from 10 to 1000 mbar and almost no dependence 
below that pressure. 
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Fig.6.16. Normalized change of the resonance frequency in a linear plot for a) 
Doubly clamped proof mass, long beam,b) doubly clamped proof mass, short beam, 
c) simply clamped proof mass short beam (accelerometer), d) simple beam without 
proof mass, one end free, JOpJn thick, 

Fig.6.16. shows the normalized change of the resonance frequency in a linear 
plot for different structures. Those with a proof mass (same dimensions for all) 
have all about the same slope, whereas that whithout proof mass and a beam 
thickness of only 10pm shows a ten times stronger dependence of the resonance 
frequency on pressure. For an application as a pressure sensor this higher 
sensitivity has to be paid on the other hand by a ten times lower Q-factor (see 
chapter 10) and thus a ten times lower resolution in frequency. Since low Q-factors 
mean implication of dissipation effects it would be preferable for stability reasons 
to select from the two possibilities of equivalent performance the one with the proof 
mass. 

6.5.4 Pressure dependence of the Q-factor 
An exponential decay of the amplitude at all pressures was found (see chapter 4, 

Fig.4.16.), which suggests that damping is proportional to velocity, similar to the 
model Christen13 used for a quartz tuning fork (see Chap. 2). The decay of the 
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amplitude was stored in a digitizing oscilloscope and a linear regression was 
performed over about 100 data points. With this method a standard deviation of 
±1.5% was found. The coefficient of the linear regression is r2>0.99. When the 
signal to noise ratio is very high (>60dB) we observe a rounding at the foot of the 
slope. There the amplitude is of the order of Angstroms. This means, that the Q-
factor is increasing in this region, i.e. the damping mechanism changes. 

Different clamping of the frame showed, that the beam mass system is strongly 
coupled to the frame. Differences up to 20 % of the Q-factor are observed. With 10 
times mounting and demounting the structure a standard deviation of ± 1% was 
found. 

The pressure dependence of the Q-factor of a long beam structure (same 
measurement series as Fig.6.15.) starts at about 0.01 mbar (see Fig.6.17.). Below 
that pressure only internal friction and the energy loss through the clamping causes 
dissipation. In the theoretical part we distinguished between a low and a high 
pressure region. As the simulation plotted in Fig. 6.17., black dots, shows, the 
transition region is at about O.lmbar. The only parameter for this calculation was 
the intrinsic damping ^0 = 0.0010214 kg/s. Although the physical models are rather 
crude and the mathematical approximation only of first order, theoretical and 
measured curves are in a rather good harmony, especially in the high pressure 
region, where no parameter fit was necessary (see Fig.6.18.). Only in the transition 
region between molecular and viscous damping the theory over estimates the 
damping. This is obvious from the fact, that we assumed a constant viscosity T), 
which should actually be corrected for pressures below about 10 mbar. As the 
theoretical calculations in section 6.2. showed, the pressure dependency in the 
molecular region should be inversionally proportional, a fact not observed with this 
structure type. We will see in chapter 9 and 10, that in order to observe that, the 
intrinsic damping should be about ten times lower. 
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Fig. 6.17. Q-factor in dependence of nitrogen pressure 
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Fig.6.18. The same data as in Fig.6.18. But in a linear scale to show the good 
agreement of the calculated and the measured Q-factor. 

In order to decide, wether the damping characteristics may be caused by the 
interface between the structure and the brass clamping, we glued a long beam 
structure by paraffin directly to the brass part (similarly to the mounting we used in 
the beginning). This experiment showed (see Fig.6.19.), that, although the Q-factor 
is reduced, the pressure dependence stays the same down to the molecular region as 
in the case of a spring clamped structure. The theory overestimates the Q-factor in 
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the high pressure region by a constant factor. This cannot be simply attributed to the 
losses in the paraffin, because we fitted C0 for the vacuum damping. It seems that at 
higher pressures the frame of the structure is pressed more against the holder, 
which causes more friction. This may also explain, why this measurement series 
shows more clearly the two pressure regions. 

7000 

6O00 

5000 

4O00 

3000 

2000 

- 6000 

.001 

7000 

1 0 0 1 0 0 0 .01 .1 1 

près fiurefm bar) 

Fig.6.19. The pressure dependence of the Q-factor of a structure glued by wax to 
the support, and the theoretical curve with the parameters.,b=.001 m,h=.0000655m, 
d=.000386m, L=.0081m, cl = .0022, Ço=.00423. 

It didn't make much sense to do statistics over different structures, because with 
differences of up to 20% from mounting the same structure not much could be 
expected to be seen. To give an impression, however, we give in table 6.VI. the 
value for three different structures of the same wafer 13C8, all with more or less 
optimized clamping with respect to high Q-factors in air. 

Table 6.VI. Three different structures of the same wafer 13C8 

Nr 

1 
2 
3 

Freq air [Hz] 
2013 
2020.3 
2015.34 

QaLrH 
3037 
3057 
3078 

Freq Vac [Hz] 

2015.8 
2023.15 
2018.54 

Q vac H 
46752 
50643 
46818 

Wafer [p.] 

381 
382 
382 

Beam [u] 

57 
53.5 
54.5 

We tried also to measure an unseparated array of structures, but the optimum 
clamping for high Q was different for each structure. Thus we gave up these trials 
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comming to the conclusions, that the clamping has to be much more reproducible 
for precise studies and that making the clamping itself out of the silicon monolith 
would be a good approach (see next chapters). 

6.5.5. Damping by layers 
6.5.5.1. Metals 

Metals with a layer thickness in the order of l|im show a sufficient damping to be 
seen with these structures. A layer of evaporated aluminium (lpm thick) reduces 
the quality-factor in vacuum to about 1/6 of its original value. 

Table 6.VII. Q-factor with metal layers 

Layer 
Aluminum Ip. with 

oxide 2651ÂC5 
Element a) 
Element b) 
Element c) 
Aluminium 2p. C5 El d) 

Titan Silver Ip 

C8-5 with Oxide 
Titan Platinum Iu, 
C8-6 with Oxide 
ZnO 3 p. 
C8-7 

1 bar nitrogen 
without 

3396 

2978 

3154 

with 

2225 
1300 
2250 
1153 

2650 

2846 

2726 

vacuum 
without 

35816 

47267 

46000 

29800 

with 

5750 
4000 
5774 

1843 

16800 

24395 

16872 
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Table 6. VIII. Influence of the layer thickness of Aluminium on damping 

Element C5 c) with oxide 2651Â 

thickness fui 
1 

.66 

.33 
0 

lbar 
2250 
2468 
2868 
3396 

vacuum 
5774 

7975 
13337 
35816 

4000 

3000 -

a CMactor 

.1 1 10 

pressure[mbar] 

100 1000 

Fig. 6.20. The Q-factor of a doubly clamped mass beam structure covered with 
1 pjn (upper curve) and 2pjn (lower curve) of Al as a function of pressure in a 
semilog plot. 
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Layer Thickness 

Fig. 6.2 J. The inverse of the Q-factor as a function of the layer thickness for 
various materials. 

Although some alloys of aluminium are known to have low internal losses, the 
pure aluminium layer evaporated as a thin film seems to have higher losses than 
Platinum or silver. This may favorize the use of the latter type of metals in the 
construction of high Q devices. 

6.5.5.2. Oxides 
As the example of ZnO in the last section showed, oxides may damp much less 

than the ductile metals. Thus thin silicondioxide (±2000 Â) did not damp 
significantly (within the large error bar of 20 % discussed in section 6.5.4.). 
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Table 6.IX. C6 with a layer of Vapox of 8000Ä 

Description 
with 8000 A Vapox 

with 8000 A Vapox 

Same structure without vapox: 

dismounted and mounted again 

dismounted and mounted again 

Pressure 
962 mbar 

0.004mbar 

977 mbar 
977mbar 
977 mbar 

0.003mhar 

Frequency 
2466.4Hz 
2471.07Hz 

2462.97Hz 
2462.67Hz 
2463.17Hz 
2466.53Hz 

0-factor 
3281 

30528 

3268 
3237 
3200 

43256 

r2 
.9984 
.9989 

.9987 

.9988 

.9994 

.9964 

The conclusion, that the damping of the vapox layer is about 13 000, has to be 
drawn with care, since the measurement of other C6 structures and no oxides 
showed typically Qs of 30'000, too. Thus it might be just a special clamping 
condition that allowed this high Q of 43*000. This examples shows the whole 
problematic situation of the unreproducible clamping. Nevertheless it can be 
concluded that even this poor quality oxide near of 1 \im thickness damps much less 
than metals. 

6.5.6. Temperature characteristics of the structures 
6.5.6.1. Resonance frequency versus temperature 

Temperature dependence of the resonance frequency is shown in Fig.6.22. 
(about 40ppm). The frequency was measured under vacuum conditions.From these 
data we can extract a value for ß = -3.7810"5/K. The thermal expansion coefficient 
is a = 2.3 -10-6/K. This results in a temperature coefficient of the modulus of-1.23 
107 Pa/K at 25 CC orKE<uo> = -72ppm/K. An early publication by McSkimin et 
al.(1951)14 gives the temperature coefficient of the Elastic constants as 
Kcil= -75.3 ppm/K 
Kci2= - 24.5 ppm/K 
Kc44= - 55.5 ppm/K 

he uses an a of 7.63-10*6, where 2.33-10"6 is the accepted value today (seeapp.I), 
whereas Londolt Bömstein cited in "Properties of Silicon"15 gives 
K e n = - 94 ppm/K 
Kci2= - 98 ppm/K 
Kc44= - 83ppm/K 
Although the value can not be compared directly (matrix calculation see appendix I) 
they give the indication that our measurement are of the same magnitude as 
published values 



130 

y = 2478.7 - 9.372Be-2x R*2 = 0.991 

2477 

2476 • 

2475 • 

2474 
45 25 3 0 35 

Temperature ("C) 

Fig.6.22. The temperature dependence of the resonance frequency 

6.5.6.2. Temperature dependence of the Q-factor 

As expected, also the Q-factor under vacuum conditions shows (Fig.6.23.) an 
increase with lower temperatures. As stated at the end of chapter 2 this should be 
interprétable as a tfiermally activated jumping or diffusion process described by an 
Arrhenius equation. This is visualized in Fig. 6.24. From the slope wc find a 
activation energy of 0.055 eV. For saphir a similar value of 0.04 eV is reported in 
literature36. We have here in our measurements a rather unspecified process 
because frequency and temperature are not adjusted to any specific peak in internal 
damping. A jump of an interstitial oxigen atom in a silicon lattice, for example 
would need 2.5 eV, but would be observable at 1000' C at 100kHz17. 

35000 

34000 

33000 

32000 

-

Q D 

E) 

D • 

D 

2 0 25 30 35 

Temperature (0C) 

40 45 
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Fig. 6.23. The temperature dependence of the Q.factor 

y o8.3012 + 640.72x R*2 = 0.963 

10.48 -

10.46 -

10.44 -

g 10.42 • 

ç 10.40 -

10.38 -

10.36 -

10.34 -
0.0031 0-0032 0.0033 0.0034 

1/T 

Fig.6.24. An Arrhenius plot of the data of Fig. 6.23. 

6.6. Discussion 
We examined in this chapter the dynamical behaviour of an accelerometer type 

structure and thereby especially the dependence on nitrogen damping. Moreover we 
could derive the temperature dependence of the modulus of elasticity for the crystal 
direction <110>. The studies of various thin films showed their influence on the Q-
factor. As a conclusion we can report, that aluminium seems not to be the best metal 
as a conductor on mechanical high Q-devices, but platinum e.g. might show a better 
performance. Oxides of similar thickness seems to damp much less than metals. 

The main problem encountered in this chapter is the strong coupling between 
the vibrating part of the structure and the frame This coupling is much more than 
one would expect by considering only static deformation. Other type of clamping, 
especially more reproducible ones could be tried, but the aim is however to 
develop structures which are not dependent on the clamping at all. This would 
solve the problems of reproducibility, high Q, packaging and long term stability 
(depending partly on glue and clamping) of the device at once. 

The good agreement between the theoretical calculation and the measurements 
justifies the calculations done in section 2.4. As we could show theoretically, the 
elasticity of the clamping had only a minor influence on the resonance frequency. 
On the damping however the influence was obviously much more pronounced. The 
elastic waves of the vibration are only partly rejected at the clamping and thus 
energy flows out , if not rejected later. Thus the conditions of the frame have a 



feedback to the vibrating part. Ideas of how to reduce this coupling to the clamping 
are developed in the next chapters. 
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Chapter 7 

Compensated Structure 

7.1. Introduction 
As we have seen in Chapter 6, the mass spring system was not decoupled 

completely from the frame. To achieve this, we are applying an idea, similar to that 
proposed by Weisbord1 for structures in quartz, that compensates for the moments 
and the force at the clamping in a flexural mode. It is possible to compensate at the 
clamping the forces by the moments, when the clamping itself is a mass distribution 
with its center of gravity behind the point of the clamping, i.e. not in the clamping 
structure but somewhere on the beam. Thus the force creates a moment which is of 
opposite sign to that originating from the stress of the elongated beam. In his 
proposed realization in quartz the clamping structure can not really turn around the 
center of mass and it stays "somewhat unclear, what all belongs to the mass of the 
clamping part. We realized a structure in silicon based on the same compensating 
principle, but with a mounting of the clamping part which allows in principle a 
rotational movement. So the center of mass is clearly defined. The fixation of the 
clamping itself is provided by a bar of etched silicon. This means, that an additional 
momentum of torque has to be taken into account. This momentum however is hot 
free of friction as that caused by the force of the stress. But when the compensation 
is well done, no actual movement should occur and therefore no loss of energy by 
friction. However, this reasoning holds only in the case that the clamping structure 
is a rigid body, which transmits no acoustical waves. This of course, is an 
idealization. 

The major problem for the realization of such a compensation for a structure of 
exactly the same dimensions as those in chapter 6, was to have the center of mass far 
enough away from the clamping point. It was in fact impossible to get this realized 
without having a unwieldy structure with a main danger of vibrating itself in 
different modes. This would of course deviate too far from the assumption of a 
rigid body. 

7.2. Calculations and design 
7.2.1. Calculations 

In contrast to the quartz structure of Paros2, who realized the idea of Weisbord, 
our suggestion in silicon has its tines not on the plane of vibration, but beside. The 
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principle however stays the same. In order to decouple even more, but renouncing 
on the possibility of using the structure as a force sensor, we also fixed this inner 
structure to the main frame by torsional bars at the sides. 

Fig 7.1. Schematic view of the clamping part with 1) the torsional support, 2) the 
decoupling mass, 3) the vibrating beam, 4) the center of mass of the decoupling mass 5) the 

imaginary (because it should when well compensated not turn) axes going through J and 4. 

The equation, which has to be satisfied in order, that the moment M at the 
clamping is compensated by the force F multiplied by the distance x to the turning 
point, which is the center of mass is as follows: x F-M or 
x EJy w'"(0,t)=EJy w"(0,t) 
thus for x we find, (because die time dependence is the same for both sides) 

X-(O) 
x " X"*(0) 
These derivatives are listed in appendix B. We find then that 

witfi r from [2. i 5] and die other parameters as usual. 

Thus, after having found where the decoupling mass (see Fig.7.1.) should tum 
for optimal compensation, we should bring the center of mass of this decoupling 
mass right on that pivot. Obviously this needs quite a lot of mass on the right side 
(referring to Fig. 7.1.) of the axis. Since we wanted, in order to be able to compare, 
to compensate the given mass beam structure described in chapter 6, the decoupling 
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mass was the only design parameter. Only very special, unusable structures would 
have accomplished this task correctly. 

7.2.2. Design and etch simulation 
The discussion above shows, that the turning point is preferably close to the 

clamping , since that way the CM of the decoupling mass doesn't have to overhang 
too much. Thus for a given length of the beam and thus a given room for the 
decoupling mass, X should become large, while T should stay small. But F is 
actually a function of X and thus the problem reduces to find a minimum of the 

function f(X ) = —~—varying various parameters, which was done numerically. 
A. 

As said in the introduction, it was not easily possible with silicon, for the mass 
beam system to move the center of gravity of the U-shaped mass toward the middle 
of the structure without ending in very unwieldy structures which would eventually 
develop their own eigen frequencies, because silicon is quite light compared to its 
strength. 

Finally we have renounced trying to bring the center of mass to the correct 
position, but we placed the suspension (the torsional bars) to die correct position 
(Fig.7.2.). Another structure was made, where the suspending is positioned at the 
real center of mass (Fig.7.3.). The third design connected the decoupling structure 
by thin beams in the longitudinal direction of the structure (Fig.7.4.). This one 
comes closest to the concept of Weisbord and would allow to apply stretching 
forces. Because we feared, that this would represent a weak construction we laid a 
thin membrane between the two decoupling structures. The layouts are shown in 
Fig.7.2. to Fig.7.4. 
• Nevertheless a design very close to that discussed in the introduction is possible 

in silicon, too, as shows a glance to the structures described in chapter 8. Quite 
similar geometries are possible to realize and thus a similar behaviour can be 
expected. 
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Fig.7.2. The layout of the structure with the torsional suspending at the point where 
it should turn in order to compensate for force and moment 

Fig.7.3. The layout of the structure with the torsional suspending at the effective 
center of mass 

Fig. 7.4. The layout of the structure with a band suspending 
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Fig.7.5. Photograph of the structures 

7.3. Fabrication of the structures and experimental 
The fabrication is exactly the same as the structures of chapter 6. The only 

particularity might be the large dimension of the complete structures (40mm X 
20mm) where it has to be noted, that the resonator itself is exactly the same as 
described in chapter 6. In one structure we etched the mesa mass in the middle down 
to the beam thickness, increasing thus the resonance frequency and in another one 
we thinned the suspension rods to about 50|im. 

Experimentally we had to construct a new holder for this structure, where only 
the most outer part touched. It was made out of brass again and was provided with a 
hole for a thermocouple. We could thus establish an efficient feedback loop for the 
thermostat. 

7.4. Results 
7.4.1. Damping by nitrogen 
7.4.1.1. The frequency in dependence of the nitrogen pressure 

Fig.7.6. shows the pressure dependence of the resonance frequency in a semilog 
plot whereas in Fig.7.7. the plot is linear, showing thus the pressure dependence 
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near atmospheric pressure. Compared to the structures of chapter 6 no particularity 
is observed. 

U ZBT3.S 

S 

ISTI.J I ' 

pRtssuRC Cmbar] 

Fig.7.6. Pressure dependence of the resonance frequency for the band suspended 
structure 

PRESSURE C m bar! 

Fig.7.7. Pressure dependence of the resonance frequency for the band suspended 
structure in a linear scale 

The resonance frequencies in vacuo for the structures of Fig.7.2 and of Fig.7.3 
are 3097.7 Hz and 2790.5 Hz respectively. 
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7.4.1.2. The Q-factor in dependence of the nitrogen pressure 
For the structure of Fig.7.4. no difference in the behaviour of the pressure 

dependence of the Q-factor compared to the resonators of chapter 6 was found (see 
Fig. 7.8.). Just for illustration we represented this data set also in a doubly log-scale 
(see Fig.7.9.). That way details are lost but the general law can be seen more direct. 

pRessuRECrn bar] 

Fig. 7.8. The pressure dependence of the Q-factor for the band suspended structure. 
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Fig.7.9. The same data as in Fig. 7.8. but in a doubly log-scale. 

In spite of the calculation effort for the structures of Fig.7.2. and 7.3. they 
showed no higher Q-factors than about 7000 in vacuo. The fact, that the structures 
described in this chapter have no higher Q-factors than the simple ones of chapter 6, 
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shows that the decoupling is a much more serious problem than thought in the 
beginning. It might be caused by the fact, that the compensation was not perfect. 

7.4.2. Structural damping 
In order to get more insight on the structural damping mentioned above we 

measured the two dimensional distribution of the vibration amplitudes of the whole 
structure. 

Fig.7.10. The amplitudes at different places of the structure with the flexural beam 
suspension, when the inner resonator is in resonance and the excitation is constant. 

Fig. 7.10. shows the amplitudes (black bars) at different places on the structure 
of Fig.7.4., when the inner resonator is in resonance (2877,6 Hz) and the excitation 
is constant. The amplitude of the proof mass is 26nm and the others are to scale. 
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FigJ.ÌÌ. The amplitudes at different places of the structure of Fig.7.3.,when the 
inner resonator is in resonance and the excitation is constant.The largest bar is 
34.9nm 

The same experimental situation holds for the structure with the turning bar 
suspensions. Fig.7.11. shows the amplitudes at different places on the structure of 
Fig.7.3., when the inner resonator is in resonance (2790.5 Hz) and the excitation is 
constant ). One can see, that the decoupling structure is turning but the pivot itself is 
not completely at rest. This may be caused by the fact that the center of mass is not at 
the height of the pivot as it should be. If the compensation would be perfect, the 
decoupling structure should not tum at all. 

Fig.7.12. The amplitudes at different places of the structure of Fig.7.2.,when the 
inner resonator is in resonance (3097.7 Hz) and the excitation is constant. The 
largest bar is 20.9nm 
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Although Fig 7.12. shows, thai at the clamping point of the resonator the 
amplitude is very small, meaning there is a node at that point, the decpoupling mass 
moves which brings the whole frame to vibration and the Q-factor is very poor, 
although decoupled as much as possible. 

In order to bring things to the right light one has to mention however, that in 
comparison the structures of Paros in quartz have no higher Q-factor than we have 
for the structure Fig.7.4., the only difference is, that he claims to be independent of 
clamping, what we arc not. 

These structures are actually too complex to be calculated analytically. A FEM 
program like ANSYS would do the job and perhaps reveal some interesting details. 

From a wave point of view one could say, that at a boundary part of the wave is 
reflected and part is transmitted. The transmitted one arrives then to another 
boundary where the same thing happens again. It is known 3 that such a situation 
represents a filter for acoustic waves being permeable for some frequencies. This 
could explain the still strong dependence of our structures on the clamping. 

7.5. Discussion 
Much more care has to be taken to the design of the surrounding frame 

(cigenfrequency and wave length). It would be worth to try a well compensated 
structure in silicon, giving up the mass beam design of the inner resonator. By the 
etching techniques described in chapter 8 it would be actually possible to realize a 
structure quite similar to that realized in quartz. 

Weisbord, L. Single Beam Force Transducer with Integral Mounting Isolation, US Paient No 3,470,400. Sepl 
30,1969. 
Paros J.M., Precision Digital Pressure Transducer, ISA TRANSACTION, Vol 12,1973.pl73. 
Lindsay, R.B. Mechanical Radiation, McGraw-Hill, New York, 1960.p.79 
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Chapter 8 
Tuning Forks in Silicon 

8.1. Introduction 
In this chapter we are going to present a type of design, which has been 

successfully applied to quartz devices1-2-3-4, but never been realized in silicon, 
namely tuning forks. This type of devices compensates by its anïiparailel modes the 
forces and the moments at the base and may reach therefore high Q-factors. 
Moreover we propose here an electrodynamical driving and readout set-up, which 
is original for micromachined sensor, too. The electrodynamical driving principle 
is known however as excited metallic strings used for force measurements5. These 
structures are therefore complete sensor and might be used as sensors of force, 
moment, viscosity, gas pressure etc. A test set-up was built, in which the dynamical 
behaviour of the structures could be measured electrically as well as optically. 

8.2. Design and calculations of the tuning forks 
8.2.1. Design 

Vertical etching in (ICX)) oriented wafers permits the realization of structures 
with tines similar to that realized in quartz. Compared to the previous structures 
these described here have an orientation in the <010> direction of the crystal. This 
allows some comparison to the structures described in the previous chapters with 
respect to the crystal direction. Different types were realized among them a real 
tuning fork (see Fig.8.1. and 8.2). But most of the structures were double ended 
tuning forks, which allow an excitation by the Lorentz force and to apply a force or 
a moment at the ends of the structure. 
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8.2.4. Resonance frequency 
8.2.4.1. Introduction 

The experimental situation is sketched in Fig.8.3. On application of a EMF Uappl 
a current I flows in a conductor which is in a induction field B. The conductor Ci 
feels thus a force F (Lorentz force). This is the exciting mechanism. On the other 
hand an electric field Eind is induced in a moved or deformed conductor Ci in a 
magnetic field. Ejnd can be integrated along Ci to give the induced voltage Uind. 
Ui n d =jEind-ds [8.1] 

Uind is opposite the applied voltage (Lenz's rule). 

Fig.8.3. The simplified model of a rigid conductor in a magnetic field 

Now the conductor Ci is on a elastic beam. Thus we have to solve a DE of a 
homogeneous Euler-Bernoulli beam with an external force (cf. Chap.2, [2.73]) : 

34w(x,t) 
3x4 

+ c w(x,t) + m w(x,t)= g(x,t) [8.2] 

g(x,t) = I(t) B-l/1 the exciting force per unit length stemming from the Lorentz 
force. 
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We have to find now an explicit expression for I(t).With B the homogeneous and 
constant magnetic field, the induced electric field 
E i nd = vxB [8.3] 

U = U H P P 1 - U ^ [8.4] 

where 
Uappi = U0cos (Wt) [8.5] 

UiHdUC = J v x B - d s [8.6] 

Neglecting the rotation of the conductor (length 1) we can write 
i 

Uinduc = B z Jw(x,t)dx [8.7] 
o 

Thus the formula for the resulting current I(t) is: 
T / t \ _ U H I _ Uappl " U indiic ,o R 1 

I is thus actually complex. 
Z = ito L(t) + R [8.9] 
L(t) is the time dependent coefficient of self inductance 
R is the ohmic resistance of the conductor. 

or 
] 

U0 cos ((Ot)- B z Jw(x,t) dx 

1 v Ä7T [810) 

We obtain thus the following integrodifferential equation ([8.1I]) 
i 

U0 cos ((Dt)- B z Jw(x,x) dx 
_ , 34w(x,t) , o 
E J „ V + c w(x,t) + m w(x,t) = B 2 . , , , — dx« ' ' z küL(t) + R 

The Integral on the right side couples the space with the time and the DE is no 
longer separable in time and space. 

8.2.4.2. Simple model 
Instead of applying the formalism of modal analysis, we are calculating a simple 

model where we replace the bending beam (with a bending path of current) by a 
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rigid thin conductor with the inertial mass of the actual beam m, suspended at two 
springs with each half of the spring constant k/2 necessary to result in (he observed 
eigenfrequency of the actual system. The true length 1, the true resistivity R, 
negligible selfinduction L are supposed (see Fig.8.3.). Then the DE writes as 
follows: 

kx(t) + mx(t) = Bl/R{ U0 cos (cot) - x(t) Bl} [8.12] 
or 
Cu0

2X(O + cx(t) + x(t) = A/m cos (to t) [8.13] 
with 

A= s-2- [8.15] 
Blu, 
R 

tü0
2=k/m [8.16] 

The solution of the DE is then6 

x(t)= x0 cos (wt+ a ) [8.17] 
with 

x Q = , A [8.18] 
mV(«0

2-ü>2)2 + C2CO2 

and 

a = a r c m n ( ^ J [8-191 

8.2.4.3. The Q-factor 
An equivalent definition of the Q-factor for a harmonic oscillator as given by 

[2.65] is the following one: 

x 00 

with the amplitude at (almost) zero frequency x 0 0 and X00^ the amplitude at 
resonance 

With the same notation as above we find 

X0O= r [8.21] 
m W0

2 

xoci>= i [8.22] 

m c - y c o 0
2 - j 

and the Q-factor is therefore 



148 

A 

Q=^o7 = A = - ^ = ^ (8-23) 

When the damping c is low the following approximation holds 
to, Rmau 

Q = f = ^ [8241 

8.2.4.4. The induced voltage at resonance 
8.2.4.4.1. Without mechanical damping 
At resonance the induced voltage is 

u i n d u c=-x(t)Bl [8.25] 
with [8.17] 
x(t) = X00J0CO0 cos (Cu01 +a) 

A A 
= ——co0 cos (CO0I + a )= -XOS(Cu0I +a ) 

mccûQ , I 1 L 

- Rm7 c o s (^o t+ a)= 7^2 cos (Co01 +a)= -7~ |T cos (Co01+ a) [8.26] 
R m Rm 

It follows that 
u indue = - *(0 Bl = - U0 cos (CO01 + a) [8.27] 
Thus at resonance with no mechanical damping we have: 

'U indue' = K p ^ ] [8-28] 
The damping from the electrical circuit alone is only very weak (Q = 106).This is 
by far not observed the experiment (see section 8.5.2) 

8.2.4.4.2. With mechanical damping 
When mechanical damping ß is included, the [8.13] has to be extended as follows: 

Cu0Mt) + cx(t) + ßx(t) + x(t) = A/m cos (co t) [8.29]. 
with the same abbreviations as in the preceding paragraph. 
Because [8.29] is formally equal to [8.13], if only we replace c by c+ß, immediately 
we can write by [8.26] the velocity of the conductor to be 

* ( 0 = X0(O0CO0 cos (CO0 t +a) = — — — Cu0 cos (Cu0 t + a) 
m(c + ß)co0 

= —; JTTCOS (Cu0 t + a) = 9 cos (co01+ a) [8.30] 
m(c + ß) Rm(c + ß) 

and thus by [8.25] the induced voltage as 
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u Mue = - *(0 Bl = - r ^ r ^ c o s ((U01+ a) [8.31] 
Km(c + p) 

When we replace now the expression (c + ß), which represents actually the 
damping, by the expression (cf [8.24]) 

(c + ß) — ^ -

we find then the induced voltage to be 

u indue = - 1 ^ O S (CO01+ a) = - \ o s (Cu01+ a) [8.32] 
(U0 Km (û0 

R m - Q -

The resonance frequency (D0 of a simple doubly clamped beam is by [2.7] 

jg^^FZE^ßBL [8.33] m°'{V "V pbh=UJ \ T^uT ITJ A/ Wp 
with 
X = 4.730 

p. = bhp 
1 the length of the beam 

Thus [8.31] can be written as7 

Q(Bl)2U0 

U indue = OT [TTT2
 C 0 S ( W ° t + ttJ 

R «bhp (JJ-/J=-

VS 
V l 2 p 

. ^ • u0cos (CO01+ a) = - 0.155 ^ • u0cos (OU01+ a) [8.34] 
*-4 Rbh^Ep Rbh2VEp 

For a Q-factor of 5000, a resistance of R=8 Q, a magnetic field strength B of 
0.4 Tesla we have thus about 1.3% of the applied voltage induced. 

8.3. Fabrication of the structures 
8.3.1. Generalities 

As designed in section 8.2 we could etch different types of tuning forks,- simply 
clamped as well as doubly clamped ones,- with the technique for vertical wall 
etching in (100) oriented silicon. Moreover we succeeded in developing a method 
for executing a photolithographic process on these etched through devices as 
described in section 8.3.3. 

In order to reduce the lateral etching, the structures were etched simultaneously 
from both sides with symmetric masks. The two side bars were designed to have a 
rather stiff frame in which the two inner ones vibrate. Moreover, by clamping in 
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the middle of these two side bars, one could reduce the influence of thermal stress. 
For the optical measurement, one of these bars was broken out. 

Fig.8.4. The various tuning fork structures after the etching process 

Fig.8.5. SEM of a tuning fork 

8.3.2. The photolithographic process on a completely etched through 
wafer 

In order to perform the photolithographic steps on the etched wafer after the 
metallization the latter one is glued to a glass plate by means of a layer of positive 
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photoresist (Shipley). After a short prebake we filled from the backside heated 
(liquid) paraffin into the holes and let it harden (see process list). In acetone the 
photoresist is dissolved and the wafers are separated. Thus the holes are closed and a 
sufficiently plane surface is left to apply a normal photolithographic procedure to 
the wafer. This procedure can be repeated on the backside to end with a double side 
metal lane structure (see Fig.8.6.). 

Fig.8.6. Photograph of the tuning fork with metal lanes 
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8.3.3. Process list 
1. 
2. 
3. 
4. 

5. 
6. 
7. 
8. 

9. 
10. 
11. 
12. 

13. 
14. 
15. 
16. 
17. 
18. 

19. 
20. 
21. 

22. 
23. 
24. 
25. 

26. 
27. 
28. 
29. 

Oxidation 
Double side photolithography 
Buffered HF- etch 
Cleaning HNO3 

KOH etching 
BHF-etch, to remove the underetched silicondioxid 
Deposition of VAPOX for isolation (both sides) 
Metallization 1 \im AI both sides 
Standard cleaning 
Coating AZ 1470, ramp 5,1500 rpm, 30" on glass substrat 
Glueing wafer to glass 

Prebake 85 'Cl ' 
Filling backside by paraffin 75°C 
Separation of wafer and glass in acetone 2h 
Cleaning in Isopropanol 
Priming HMDS 15' 
Fixation of the wafer by scotch tape double face 
Coating AZ 1350J, coat all tuning forks before turning 

rampi :5 lOOOrpm 3" 
ramp2:5 4000rpm 30" 

Prebake 85*C 3' 
Cleaning paraffin by heptan 850C, no butyle acetate ! 
Coating AZ to another wafer 

ramp 5 1500 rpm 30" 
Glueing (for handling reasons) 
Prebake 85°C 
Exposure > 120mJ/cm2 

Developing AZ 351 1:3 and cleaning H2O 

Hardbake 12O0C 30' 
Alu-etch42°C 2' 
Separation Acetone, iospropanol, H2O 
Cleaning HNO3 
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8.4. Experimental 
8.4.1. Generalities 

A test set-up was built, in which the structures could be excited electrically and 
measured optically. The set-up allows optical (interferometric measurement) 
access to the vibrating legs. The whole set-up is placed in the same vacuum jar as 
described in chapter 4. 

8.4.2. Mounting and Excitation 
A magnetical circuit is created by means of two legs each with permanent magnet 

joined by a soft iron yoke (see Fig.8.7.). The device under test is placed in the air 
gap an supported by a massive brass piece. This piece is equipped with two low 
voltage (24 V) heating cartridges and a thermoelement. The magnetic induction B 
was measured to be about 0.4 Tesla, quite homogeneously distributed in the air gap. 
The set-up is combined with the interferometer (see Chap 4) whose beam has access 
to the vibrating bars. The first mode was excited by placing the whole structure into 
the magnetic field, whereas the second mode was excited by placing only half of the 
structure into the magnetic field. 

Fig.8.7. Photograph of the electromagnetic set-up 
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F ig.8.8. Photograph of the structure mounted in the air gap 

8.4.3. Measurement method and system 

The same interferometer as described in chapter 4 was utilized here. 

tuning fork 

i l 13 

Ui U2 

frequency 
generator 

Q 3 

current 
transformer 

Fig.8.9. The electrical circuit of the tuning fork 

By connecting the left side of the metallic lanes of the tuning forks we excite the 
double ended tuning fork automatically in antiphase. The secondary winding of the 
current transformer is actually just a wire wound four times around a ring 
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transformer. We achieve thus a decoupling of the tuning forks circuit from the 
internal characteristics of the frequency generator (or tracking generator when U2 
is measured by the spectrum analyzer).The characteristics of the current 
transformer is not completely linear but sufficiently smooth over the interesting 
range of frequency (see Fig.8-10.). 

A:TzRCdB)B= & ° MKR 
A MAX 20.00 dB GAIN 
B HPX 180.e deg PHASE 

A HIN -SB.00 dB START 
B HIN -189.0 deg STOP 
START- 1000.000 HZ 

50 500.000 Hz 
-16.B890 dB 
5.09985 dee 

*— 

j— 

1 000.000 Hz 
100 000.000 Hz 

Fig.SJO. The Phase -Gain characteristics of the current transformer 

For a free decay measurement the current transformer should actually be 
switched off completely during the decay period (by a mercury switch8, e.g.). The 
calculation in the section 8.2.4.4.2. showed however, that the influence of that 
current loop is very small. This was confirmed experimentally by the fact that no 
difference in the decay rate could be observed wether the path for I] was open or 
closed (the induced voltage being but less than one percent of the applied voltage, 
the power dissipated by the electrical circuit is but some ppm of the mechanical 
one).The following equation holds then 

U2 

''-if 
and thedissipated power is 

P= U2 Ii = U ! / R 

[8.35] 

[8.36] 

Because the internal DC resistance of the conductors on the tuning forks is not zero 
as it should ideally be, but in the order of 8.5Q, Ui was not zero and could be 

measured and P was then P= Ui/8.5ß [8.36] 
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8.5. Results 
8.5.1. The calculation of the resonance frequencies 

The formulae were developed in chapter 2. The measured structures have a 
beam width of 376 ^m, a beam thickness of 42O)Im and a beam length of 9.5 mm. 
Because the clamping is not an abrupt one, the beam length has to be corrected for 
the calculations of the resonance frequency to an effective length, which was, by 
fitting the first resonance frequency, found to be 9.85 mm. The second resonance 
frequency was then calculated to be 91.6 kHz, which matches the measured one to 
about 1%. 

8.5.2. Electrical measurements 
An electrical power of typically 10 uW results in an amplitude of about 60 nm at 

first resonance in air. The stored energy for this amplitude was calculated to be 
2*1.13-10-10 J (see Chapter 2,two doubly clamped beams). Because the Q-factor is 
the ratio between the total energy stored in the system Etot and the energy AE lost in 

the p e r i o d ^ : 

Q= f f [8.37] 
AE 

we can calculate the mechanical power dissipation 

Pmech = AE 2îtf0 - 2 T r f Q E t m , 18.38} 

which is for a Q-factor of Q=5000 Pmech =9.46 10"9 W for the whole tuning fork. 
This means that most of the electrical power delivered into the system (the 10 p.W 
from above) is dissipated electrically (the conducting resistance is 8.5Q). With the 
formulae developed in section 8.2.4.) we have calculated that under mese 
conditions about 2.6% of the applied voltage is induced. 

The impedance IZI and the phase 0 as a function of frequency is shown in Fig.8.11 
for the first mode and Fig.8.12 for the second mode, when the tuning fork is placed 
only half in the magnetic field. It was measured by an impedance meter HP 4194 by 
a direct impedance measurement in air and in vacuum. The shift of the peaks as well 
as their broadening when the resonator is in air (curves with the o-marker) is 
obvious m both cases, but more stringent in the second mode (Fig 8.12.), where a 
change from 40'000 in vacuo to 6000 in air occurs. The impedance change at 
resonance (first mode, in air) of about 15OmQ compared to 8.5H of total 
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impedance or 1.7%, confirms roughly the calculations (based on a simplified 
model) from above (the induced voltage appears as an increase of the impedance). 

Broad peaks at 17kHz, 22 kHz and at 79 kHz could be observed. Their Q is very 
low and they may be therefore modes of the frame or the whole structure. The 
amplitudes at diese frequencies could nowhere to be made larger than some nm and 
optical scanning didn't reveal clearly any nodes. 

A: IZi B- e o MKR 33 203.000 Hi 
A HAX a.859 n MAG e.63367 n 
B MAX 3.200 d»g PHASE 2.12542 de g 

A/DrV 50.00 m!î START 33 270.000 Hi 
B/DIV 200.0 ad«s STOP 33 310.000 Hi 
STOP-.33310.000 HZ 

Fig.8.11. The impedance and the phase as a function of frequency for the first mode 

ft: IZI B: 0 o (IKR 9 0 5 4 9 . 1 0 2 Hz 
A MAX 8 . 5 5 B Q HAG 8 . 5 4 2 6 5 fi 
B MftX 5 . 0 2 0 dcg PHASE 4 . 9 1 1 6 4 deg 

A ' D I V 2 . 0 0 0 «ft START 9 0 5 0 6 . 0 0 0 Hz 
Bz1DlV 2 0 . 0 0 Bides STOP 9 0 6 0 0 . 0 0 0 Hz 
A M I N - _ B . 5 3 5 0 0 E + 0 0 

Fig.8J2.The impedance and the phase as a function of frequency for the second 
mode 

Fig.8J2.The
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8.5.3. The pressure dependence of the resonance frequency 
Fig. 8.13. shows the pressure dependence of the resonance frequency of the first 

mode in a semilog plot whereas in Fig.8.14. the plot is linear, showing thus the 
pressure dependence near atmospheric pressure .These can be compared directly to 
measurements on (simple ended) quartz tuning forks9: 

£ 33288 

1 10 100 1000 

Pressurs (mbar) 

Fig.8.13. Pressure dependence of the resonance frequency of the first mode. 
y = 3.32978+4 - 1 2595e-2x R*2 = 0.9B5 

33298 

33296 

o Frequency (Hz) 

800 1000 200 400 600 

Pressure (mbar) 

Fig.8.14. Pressure dependence of the resonance frequency of the first mode in a 
linear scale 

Hauden10 presents a simple clamped tuning fork in quartz with a sensitivity 
around atmospheric pressure of 1.1 ppm/mbar, where we have in the first mode 
0.36 ppm/mbar in the second mode 0.43ppm/mbar in nitrogen. Using the simple 
formula given by Christen3 ' we can calculate a value of 0.37ppm/ mbar. 
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Fig.8.15. and Fig.8.16. represents the frequency dependence of the second mode 
in a semilog plot and a linear plot respectively. Both modes show the same 
characteristics. 

9060D 
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Fìg.8.15. Pressure dependence of the resonant frequency of the second mode in 
semi logarithmic scale 

y = 9.0582e+4 - 3.9683e-2x R"2 = 0.999 

90600 

500 1000 1500 2000 2500 

PressureKmbar) 

Fig.8.16. Pressure dependence of the resonance frequency of the second mode in a 
linear scale 
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8.5.4. The pressure dependence of the damping 
Setting in eq [2.113] all discrete masses and discrete dampings to zero, the Q-

factor reduces to 

-\/8 (m co.) -c2 
Q= 2c [ 8 3 9 ] 

We obtained the theoretical Q-factors as shown in Fig.8.17. for the First mode and 
in Fig.S.18. for the second mode by taking in the low pressure range the damping as 
c= C0 + Ç from section 2.4.4.1.1. with Ç as the expression [2.118] and C0 is the 
intrinsic damping (empirically: C0 = 0.00757 kg/s for the first and C0 = 0.00515 
kg/s for the second mode) and in the high pressure range as 

c=Ço + îiW2îl(0p +2mi, [2.124] 
Tj =17.2 10'6Pa s viscosity 
p = 1.293 kg/m3 density of air 

7Cp b 2 

m = \L + X =Psi bh + — 2 P-126I 

and the formula p = i£f from section 2.4.4.1.2. 

The comparison of die dependence of the Q-factor on me nitrogen pressure of 
die two modes shows (Fig.8.17. & 8.18.), diat die first mode is heavily damped by 
die clamping. The theory underestimates somewhat the damping. This may be due 
to an air pumping effect within the two tines12, which is not taken into account in 
the calculations. 
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Fig.8.17. Pressure dependence of the Q-factor of the first mode 
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Fig.8.18. Pressure dependence of the Q-factor of the second mode up to 2 bar. 



162 

From the formulae [8.39] and [2.124], we can see easily, that the inverse of the Q-
factor follows a square root law in the high pressure region (neglecting the fact that 
the denominator is somewhat pressure dependent): 

1 2 (ç 0 + TCbV2n,topgas+2ffil) 

This is confirmed experimentally as can be seen in Fig 8.19. 

D 
a 

o 
• 

a 
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0 . 8 1 • • • • ' • • • I 

0 2 0 0 4 0 0 6 0 0 SOO 1000 
pressure(mbar) 

Fig.8.19. Pressure dependence of the inverse of the Q-factor (first mode) 

Fig 8.19. is similar to the plot made by Christen10 for his quartz tuning forks. 

8.6. Discussion 
Excepting the fact, that the effective length has to be determined empirically, the 

calculation of the resonance frequency is quite direct, because we have just a simple 
doubly clamped beam (respectively two of them). Therefore also the modes are 
classical. Here, we have some energy flow in the mode.too of course, originating 
from the fact that some energy is flowing out of the system by the clamping. But in 
contrast to the mass beam structure described in chapter 6, the gas damping, which 
is much stronger than the damping by the clamping or the internal damping, is here 
proportional to mass and strength distribution (at least in first approximation). We 
measured the first and the second mode. This was checked by scanning the laser 
beam over the beam. Zeros and maxima of the amplitude were found at the 
appropriate locations. 

1.6 
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For these tuning fork structures, too, the decoupling was not that effective 
enough to show in the low pressure region the theoretically expected In ­
dependence of the damping. In the high pressure region in the second mode one can 
observe a light decrease of the pressure dependence above 1 bar, showing that there 
is a transition from the first to the second (pressure independent) term in the 
expression for the damping c [2.124] (see above). 

Since for this type of structure it was compulsory to have isolating layers as well 
as metallization, it was not adapted to study the influence of supplementary layers . 

Actually we have metal layers on both sides of the tines. This was foreseen to 
excite the tuning fork symmetrically. But at high Q-factors this is not absolutely 
necessary and one could use the second one for the measurement, separating this 
current loop well from the excitation. Backside bonding could be done by anodic 
bonding as described in chapter 5 (Fig 5.4.). 

We have shown, that it is possible to realize tuning forks structures in silicon 
similar to those reported in quartz and to excite them by electromagnetic forces 
with a power of typically 20 (4.W. It might even be possible, to activate the device 
without the external magnetic field, simply by the magnetic field of the two 
currents, or even electrostatically. 

We showed, that micromachined structures in silicon are competitive with 
similar quartz structures: Chung2 finds for his quartz tuning forks, which have 
similar dimensions as ours in silicon, for the first mode Q=50'000, f= 41 kHz and 
Q= 75"000, 109.9 kHz for the second one. The second mode of our structure with 
Q= 40'000, f= 90,6 kHz is thus competitive with the quartz structures. Moreover we 
found in his publication two interesting statements :"The quality factor of the 
crystal operating at higher overtone flexure mode is higher than that operating at 
fundamental mode. The quality factor of the double-ended tuning fork quartz 
crystal is much lower than that of the single-ended tuning fork operated in flexure 
mode at the identical frequency." 2 

The tuning forks are a good approach for sure, but still much care has to be taken 
to the clamping and the tuning of the two tines as shows the case of the first mode. 
Clayton13 has investigated this phenomen for double-ended tuning fork in quartz by 
a finite element analysis program (SAP IV). The next chapter shows a quite 
unconventional approach to solve the problem of the coupling to the clamping. 

1 Ücda.T.et al.; Temperatue Sensor using Quartz tuning Fork Resonator, 40ih Annual Frequency Control 
Symposium, Philadelphia, May 1986, p.224. 

2 Chuang, Shin S.; Force sensor using double-ended tuning fork quartz crystals Proc. 38th ann symp. on freq. 
control, 1983, p. 248 

3 Langdon, R.M.; Resonator sensors a review. J. PhysE: Sei. Instrum., Vo! 18, 1985, pl03, GB. 



4 secref3. 
5 Zulliger, HJt.; Precise measurement of small forces.Sensors and actuators,4(1983) pp-483-495. 
6 Kuchling. H.; Taschenbuch der Physik, Verlag Harri Deutsch, Thun Frankfun a,M. 1986 
7 DoorenboshJ\; finds in his internal report Mettler, by another path of calculation a similar formula differing 

only by the numerical factor (he has .069). This comes from the fact that he considers also in a way the 
bending of the conductor. 

8 Tough, J X McCormick, W.D. and Dash, J.G.. Vibrating wire viscosi me ier, Rev. ScL lnstr. 35 (1964) 134S-
48. 

9 Kokubun JC et al.; Frequency dependence of a quartz oscillator on gas pressure, J. Vac.Sci Technol. A3 (6), 
Nov/Dec. 1985.p.2184. 

10 Hauden,D.; Miniaturized Bulk and Surface Acoustic Wave Quartz Oscillators used as Sensors. IEEE 
transactions. VOL UFFC-34, No 2. March 1987. p.253. 

11 M. Christen, ; Air and gas damping of quartz tuning forks. Sensors and Actuators, 4(1983) p.555. 
12 Newell.W.; Miniaturization of Tuning forks. Science Vol.161. Sept. 1968,p.l320. 
1 3 Clayton, L.D., Swanson, S.R., EerNisse, E.P.; Modification of the Double-Ended TuningFork Geometry for 

Reduced Coupling Io Its Surroundings: Finite Element Analysis and Experiments. IEEE Transactions on 
Ultrsonics, Ferroelelctrics and Frequency COntrol, Vol UFFC-34, No 2, March 1987, p. 243. 
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Chapter 9 

Torsional Structure 

9.1. Introduction 
9.1.1. Statement of the problem 

The vibration in a torsional mode of the mass-beam system described in chapter 
6 showed a higher Q-factor than the vibration in a transverse mode. In case of a 
torsional mode only moments have to be compensated, no forces and the coupling 
to the frame is thus not that strong. Moreover in weak torsion there is only pure 
shearing present and no volume change occurs. Thus much less internal damping 
can be expected. These observations motivated a design of a structure optimized to 
vibrate in a torsional mode. 

The fundamental difference between vibration isolation in common mechanical 
problems and the conceiving of a high-Q system is that in the later one the 
isolation may not be achieved by dissipation. The isolation has to be therefore 
either infinitly rigid, which is mechanically not possible or a high-Q system, too 
(dynamical absorbers). A single piece structure, the resonant structure as well as 
the isolation system integrated, as possible with the techniques described here, is 
the solution of the problem. 

The calculation of the transferfunction of a coupled two spring mass system with 
•damping suggested a decoupling of the resonator from the frame by a heavy mass 
and a low springconstant and turned out to be very successful showing the highest 
Q-factors ever reported for micromachined silicon resonators (cf.1'2>3>4)HThis was 
achieved by designing a frame around the resonator which itself can vibrate in a 
torsional mode, too, but with about 1/10 of the resonators frequency (see Fig.9.1.). 

9.1.2. State of the art 
Petersen5 described a structure (Silicon Torsional Mirror) vibrating in a 

torsional mode. Seeking for an other application than resonator he doesn't indicate 
the Q-factor. But based on his resonance curve we estimate it to be below 100 in air, 
due probably to the support ridge he found necessary to stabilize the vibration for a 
optical application. The dimensions and therefore the resonance frequencies are 
similar to ours. Kaminsky* claims to have structures etched in 110 oriented silicon 
with Q=IO5 at 0"C and Q=IO^ at 2K, but neither frequency nor experimental 
condition are given. Recently Andres7 presented quite complex shaped structures 
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which vibrate in rather complex modes. The Q-factor ranges from 6300 for a low 
mode at 85 kHz to 49000 of a high order mode at 400 kHz. 

9.2. Calculations and design 

9.2.1. Calculations 
The torsional resonance frequency of a simple rod with an end mass was calculated 
in section 2.3. [2.42] (for the calculation of a structure as in Fig.9.2. the same 
formulae apply if one takes only half of the structure): 

ö>= V GJt f3K' 

0bar L [3+K 
[2.42] 

where 
©bar = ©L inertial moment of the bar 

L= length of the torsional bar 

G = 2"(cll - C12) = 5.085-1010Pa, shear modulus in the appropriate crystal 

direction (see Appendix 1) 

60 = 
psi b d a3 

; moment of inertia of (half) the end mass (see Fig.9.2.) [9.1.] 

K = 
®bar 

Jt = Static moment of inertia, which 
depends on the dimensions and the shape of 
the cross section of the bar.The bar in our 
case is actually a prism with a symmetrical 
but not regular hexagonal cross section. We 
approximated it by an elliptical cross section 
of about the same surface (see Fig.9.1.) For 
an elliptical cross section (including circular) 
Jt is 

7te3f3 
Jt = 1I fi , e and f the major and minor 

axis of the ellipse respectively. 
The calculation of the resonance frequency of the decoupling structure follows 

exactly that above. Only the aspect ratio of the torsional bar is different now, and 
because the wafer thickness and the angles are given, only the width is different. 

Fig. 9.1. The cross section of 
the torsional bar, real and 
elliptic approximation. 
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Similar to the derivation given in section 6.2.7. the temperature dependence of G 
can be found to be 

OG(Jl 
dT I 

, L n I n I da>(T) 1 3L(T) 
[9.2] 

To v " ' C u 0 

To describe the damping one can either use the theory developed in chapter 2.4. 
for the mass beam system or one can assume a relatively strong damped vane at the 
end of a rod by neglecting the inner dynamics of the rod. The damping coefficient D 
of the vane in the low pressure region can be calculated as8 

D = ^ 2 Jy2dA 

with 

"T=4 V ^ 

[93J 

[2.116] 

Fig.9.2. Scheme of the vane with the torsion bars , L- 2mm , a= 2mm, b- 2mm and 
d= 0372mm 

For a rectangular vane (see Fig.9.2.) with the dimension in direction of the axis of b 
and perpendicularly to the axis 2a 

J y 2 d A = ^ 

T. , /T" /~M™\ ba3 8 / T /~M~ L , 
D=4-v^ P V R 7 T 2 ^ ~ = J V ^ PVR7T

 ba3 

The logarithmic decrement is 
TtD 

A=. 
(Ù0Q 

[9.4] 

[9.5] 

[9.6] 
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and Q therefore 

[9.7] QCp) = - p - = - 8 ~ F b " ^ V " M -
The pressure dependence of the Q-factor is thus similar to that found for the other 
devices, only the proportionality constant is different. 
With ©o from [9.1] inserted in eq. [9.7] we find 

and with Q0 as die pressure independent Q-factor (by the additivity of the 
reciprocals) for the total Q-factor for the low pressure region. 

Q M Q o . 
^ * Q (P)+Qo [9S] 

9.2.2. Design and etch simulation 
In order to decouple the resonator from the clamping we designed a frame 

around the resonator which itself can vibrate in a torsional mode, too. The aim of 
the design was to have a high ratio of the resonance frequency between the 
resonator and the frame. This signifies for the frame large masses (inertial 
moment) and low spring constants i.e. thin bars. The brittleness of the resulting 
structure set the limits empirically for save handling. Moreover too thin suspension 
bars would favour transverse mode as stated by Petersen5. Starting from a 
reasonable resonance frequency for the inner resonator the rest was more or less 
given. The decoupling frame might also be designed with two halves, allowing thus 
e.g. to exert a force on the axes. We maintained the same outer frame as in the 
structures described in chapter 7 to facilitate comparison by having the same 
clamping. 
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Fig.9.3. The design of the torsional structure with a decoupling frame 

Fig.9.4. A Photograph of the decoupled torsional structure. The total length of the 
structure is 40mm and the width 20mm 
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Fig.9.5. The design for another crystal orientation of a torsional structure with a 
decoupling frame. 

9.3. Fabrication of the structures 
The fabrication of these structures follows the procedure of those described in 

chapter 8, thus etching from both sides simultaneously in KOH. Fig. 9.6. shows a 
schematic cross section of a possible construction for an electrostatical excitation 
and measuring. After the metal mask (applied with the same technology as 
described in chapter 8) the resonator in the middle has to be etched down some 
microns to have space to oscillate. Then a glass plate with two electrodes,- say one 
for exciting and one for measuring,- can be bonded anodically to the decoupling 
part. By using the silicon directly as counter-electrode, no supplementary layers 
have to be deposited on the torsion bar, leaving thus the Q-factor unaffected. 
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Fig 9.6. A possible construction for an electrostatical excitation and measuring 

9.4. Experimental 
Although actually a torsional excitation would be needed, experimentally a 

transverse excitation was sufficient. Thus the same setup could be used as described 
in chapter 7. The laser beam was set far from the central axis in order to have large 
amplitude. Nothing new was added to the hardware of the measurement system, but 
because of the high Q-factor observed with this structure the measurements had to 
be carried out much more carefully. Especially the temperature had to be very 
stable: The temperature gradient of these structures was 1.2 Hz/ K. Experimentally 
10 mHz could be resolved in vacuum meaning that differences in the order of 
0.01 K affect still the amplitude. 

9.5. Results 

9.5.1. Damping by nitrogen 
9.5.1.1. Resonance frequency versus gas pressure (nitrogen) 

We calculated a resonance frequency of 22.5 kHz and measured one of 23,9kHz 
in vacuo. The pressure dependence of the resonance frequency by the additional 
mass of the surrounding^gas starts at about 10 mbar (see Fig.9.7.) and varies above 
that pressure linearly with pressure with a slope of 0.7 ppm/mbar(see Fig.9.8.). 
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This is simular to that observed for the mass beam structures of chapter 6 (cf. 
Fig.6.16). 
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Fig.9.7.Resonance frequency in dependence of nitrogen pressure in semilog plot 
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Fig.9.8. Pressure dependence of the resonance frequency in a linear scale 

9.5.1.2. Pressure dépendance of the Q-factor 
The pressure dépendance of the Q-factor starts at about .01 mbar (see Fig.9.9.) 

and flatens oui in the viscous region above lOOmbar. The theoretical Q-factor was 
calculated with (he help of Eq. [9.9]. The experimental behaviour is well 
characterized even until higher pressures, although no viscous damping is included 
in the model. Especially the strong dependence of the Q-factor in the region around 
0.1 mbar determined by the molecular damping not seen with the structures in 
chapter 6 is now well revealed. 
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Fig.9.9. Q-factor in dependence of nitrogen pressure in a semilog plot. 

9.5.2. Damping by layers 

A layer of 8000Â of S1O2 on both sides of the structure reduces the Q-factor to 
about 500'000, whereas a one side covering with .05ujn of Ti and lu,m of Ag 
reduces the Q-factor to about 20O1OOO and the resonance frequency to 23710 Hz. 

9.5.3. Temperature characteristics of the structures 
9.5.3.1. Resonance frequency versus temperature 

Temperature dependence of the resonant frequency is shown in Fig.9.10. The 
frequency was measured under vacuum conditions and 20 minutes was given for 
each point to stabilize. For ß (see Eq.[9.2] ) we get a value of ß = - 5.01 • 10-5/K . 
This results in a temperature coefficient of the shear modulus of 5.21- 106 Pa/K at 
25 °C or about 100.3 ppm/K (cf. KG[HO] = -91.5ppm/K of appendix I). 

DUUUUU 
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Fig.9.10. The temperature dependence of the resonance frequency 

9.5.3.2 Temperature dependence of the Q-factor 
As observed already for the structures of chapter 6-, also the Q-factor under 
vacuum conditions shows (Fig.9.11.) an increase with lower temperatures. It is 
interesting to note, that lowering the temperature to about 19°C increased the Q-
factor to 640 000. The encircled points in Fig.9.11. were measured after the others 
but during the same measurement cycle. The trend toward higher Qs just by waiting 
may indicate a kind of relaxation. The temperature alone is stabilized much faster as 
shows a comparison with Fig.9.10., where the corresponding frequencies are 
plotted. This phenomena is investigated in next paragraph. 
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Fig.9.1}. The temperature dependence of the Q-factor 

As in chapter 6 we made an Arrhenius plot (see Fig.9.12.). From the slope we 
find a activation energy of 0.156 eV. thus about three times higher than for the 
structures of chapter 6. We were working here at a frequency of 23 kHz and here, 
too, the activation process is rather unspecified. 
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Fig.9J2.-An Arrhenius plot of the O-factor without the encircled points in 
Fig.9.1 J. 

Fig.9J2.-An
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9.5.4. Drift 

As mentioned above we observed that the Q-factor shifted much stronger than 
the frequency, when the support of the structure was set to a certain temperature in 
vacuo. This fact is confirmed in a long term experiment, where the support was set 
to a temperature of 35"C (itself stable after about 15' thanks to the external 
temperature feedback of the thermostat) and measurements have been carried out 
during 4 hours. We found (see Fig.9.13.), that not only the Q-factor, but also -to a 
lower extend of only 6 ppm/h -, the frequency shifts during at least four hours. The 
pressure was kept in the range from .8 to 1 mbar, where no dependence of the 
resonance frequency on the pressure should occur (cf. Fig. 9.7.). The first four 
measurements of Fig. 9.14. showed a correlation between pressure and Q-factor, 
but no longer the last two ones. Hence other effects than pressure fluctuations are 
responsible for that drift. It could be a temperature phenomenon, but sure not a 
direct one, because a rise of the temperature would decrease the resonance 
frequency (see Fig.9.10.) as well as the Q-factor (see Fig. 9.11.), where here both 
increase. Supposing that the outer frame is hotter than the resonator (in the 
experiment we started from a temperature of 248C ) then there would be an axial 
stress on the inner resonator increasing the frequency, which would be released in 
time, when the resonator approaches the applied temperature. Since no such release 
is observed within 4 hours (at 1 mbar we have still a contribution of the convection 
to the heat transfer) we suppose that an outgasing (or at least migration) of e.g. 
H2O, H or O2 may take place which by loss or redistribution of mass would explain 
the phenomenon. 

It has to be noted that the increase in frequency is only observable because of the 
high Q-factor of the device. 
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Another measurement series (see Fig.9.15.). where we left the same device as 
above 12 hours under vacuum at room temperature and heated then to 35"C and 
where we took care to switch the laser light on only for the measurement about I 
minute, showed by having the same characteristics as Fig.9.13., that it is rather the 
temperature that makes the effect and not the vacuum. 
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Fìg.9.15. Another drift measurement series of the same device 

9.6. Discussion 

Although the torsional movement is somewhat more complicated to calculate, 
especially when the cross section is not circular or elliptical, but hexagonal, the 
movement itself is very simple, because the torsion angle can be assumed to be 
constant over the bar and the paddle to be rigid. Thus, also for the damping the 
situation simplifies because one can assume to have only a rigid vane, which is 
damped. It is however still a problem to model correctly the damping of a torsional 
accelereted movement of a plate of the dimension of the acoustical wavelength. 

On this structure the theoretically expecpted inverse proportionality of the 
pressure dependence of the Q-factor could be observed, which was not the case with 
the devices of the previous chapters. 

The low damping of silver, observed already with the structure of chapter 6 is 
confirmed by the measurements made with this structure and oxide damping could 
now be measured. 

The decoupled torsional structure showed at a resonance frequency of 22 kHz Q-
factors in the order of 600'000 in vacuum at room temperature. By equation [4.1.] 
we find a witdth of the resonance peak at half maximum of 0.24 Hz. Experimentally 
we could adjust the frequency to a precision of about 1OmHz. Thus a resolution less 
than one ppm of the frequency is possible. Having a Q of about 15000 at air 
pressure such a structure is still a high precion sensor under this condition (e.g. as a 
pressure or absorption sensor). Since the intrinsic damping of this structure comes 
close to the physical limits (in contrast to the mechanical of the clamping) it may be 

3OUUWU 

frequency [Hz] 
Q-factor 

Aannnn 



179 

suited for studies on internal damping mechanisms with the advantage compared to 
conventional ultrasonics measurement techniques that no transducer has to be 
attached to the structure. 
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Chapter 10 
Small Structures for Optical Excitation 

10.1. Introduction 
We are closing this work with a rather speculative chapter, opening a window to 

another high-tech world. The structures described in the previous chapters were all 
quite large. The measurement of a small thin (10jJ.m) beam structures described in 
chapter 6 without proof mass has shown a higher sensitivity to the surrounding 
medium than the ones with the proof mass and the thick beam. For the application 
as a density sensor such small structures are thus more appropriate. Although 
having lower Q-factors in air these structures may need less energy to be excited 
e.g. by a thermooptical effect. Hence the combination of fibre optics with 
micromachined structures seems to be a promising way to get micropackaged 
sensors. 

Giallorenzi1 gives an overview of the different sensors possible with fiber optics. 
Fluitman2 classifies optical waveguide sensors into intrinsic ones, where the 
waveguide play an essential role and extrinsic ones, where the modulation of the 
light is done outside the waveguide. In this chapter we are going to present some 
possibilities that silicon technology offers to realize such extrinsic fiber sensors 
with silicon. The fiber serves then just as a waveguide. 

Membranes, cantilever beams, or bridges are suitable mechanical structures 
with movable surfaces to modulate the light. Static deflection might be detected by 
measuring the intensity of the reflected light. But the dynamic operating and 
measuring of such structures is more attracting. The change of the resonance 
frequencies of these devices may be detected as intensity or phase modulated light 
by fiber optics. Thus, the information is directly frequency coded, an interesting 
feature from the view of data transfer. These sensors allow also a special 
multiplexing by just designing different resonance frequency for different sensors3. 

The idea of not only measuring microdisplacements but also inducing them by 
light attracts an increasing interest. Photon pressure, charge carriers creation (in 
semiconductors) and heating (by the induced temperature gradient and the 
therefrom resulting different thermal dilatation) are described as being the cause of 
induced mechanical stress by light4 Only the last two effects contribute substantially 
to mechanical deformation. Silica, having a thermal expansion coefficient of a 
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quarter of silicon4 allows to realize a certain bimetallic effect, when the 
temperature gradient in silicon alone is not high enough to induce enough stress. 

One of the first author who published on the mechanical excitation by an optical 
beam was E. Dieulesaint in 19815. He describes a circular membrane of silicon of 
about 10 um thickness and a diameter of some millimeters. One side of the 
membrane was blackened in order to absorb more light, which originates either 
from a LASER or a diode. The resonance frequencies of his structures are in the 
range of some kHz and the Q-factor in the order of ten. 

Beam like structures excited optically are reported by other authors6. Structures 
with lateral dimensions of typically 1 mm and a thickness of typically 5UJTI to lOum 
need an optical power in the range of .5 mW for excitation. The disadvantage of 
these small structures lies in their high sensitivity to air damping resulting in low Q-
factors in the range of 100. 

Even silica beams may be suitable materials for optically activated resonators7. 
With a thickness of about 1 p.m and lateral dimension in the range of 100 \xm they 
need only around 10 p. W of optical power for activation, but published ones show 
very low Q-factors (order of 50), too 8. 

By using a Fabry-Perot interferometer a direct feedback of the modulated light 
can keep the structure in resonance9 and no additional electronic circuitry is 
necessary to provide this. 

Lammerink10 has published on a shutter like device. Here an etched pyramid on 
a membrane cuts more or less the light beam going from one fiber to another. 

10.2. The structures 
Three types of structures were investigated in this chapters in order to obtain an 

impression of the possible miniaturization and the obtainable Q-factors. The first 
structure was just the beam of the beam mass system of chapter 6, whose frequency 
dependence on pressure was already discussed there. Next to mention are the row of 
paddles of different shapes They were designed by Mr. Müller from the Corporate 
Research ABB (former BBC). We etched them by common etching techniques as 
thin as 5 urn (see Fig.10.1.). The processing corresponds exactly to that discribed 
in chapter 3 with the speciality of having beam a thickness of 5 and 10 urn and the 
thickness of the proof mass same as the beam. They have the small dimensions 
needed for optical activation. 

For an application as Atome Force Microscope (AFM) cantilever we realized an 
array of silica (wet thermal grown silicon dioxide) beams (see Fig.10.2.). The 
thickness is 1.5.^m for all beams, the length varies from 100(Am to 220|im and the 
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width are 20^m and 4OuJn. They are fabricated by etching anisotropically from the 
basckside until a few microns membrane and reoxidized then to the cantilevers 
thickness. After a photolithographic procedure the wafer is etched from both sides 
until all silicon is removed under the silica beams. A thin layer of gold is evaporated 
then to the beam actually for the AFM application but it helps also to reflect the 
laser beam. 

Fig.10.1. Photograph of a row of microfabricated paddles with a thickness of 
10/im and a length of about lmm. 

Fig.10.2. Photograph of a silicon dioxide cantilever covered from backside by a 
layer of gold. 
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10.3. Results 

10.3.1. The frequency dependence on nitrogen pressure 
The characteristics of the frequency dependence on pressure for the paddle 

structure with dimesions of 200p-mxl lOOujn for the beam and 400pmx400ujn for 
the paddle is similar to all those reported in the previous chapters (see Fig. 10.3.)-
Witha drop to .994 in the normal frequency plot of Fig. 6.16. it lies inbetween mass 
beam structures and the simple cantilever. 

PRESSURE [ m bar] 

Fig.l 03. Frequency in dependence of the nitrogen pressure of a paddles structure 

10.3,2. Q-factor in dependence of the nitrogen pressure 
The pressure dependence of the Q-factor of the simple cantilever beam of lOum 

thickness shows a slight beginning of the molecular déterminent damping at about 
.4 mbar, although it is represented in a doubly log-plot (Fig. 10.4.). Much more 
pronounced is this characteristics in the plot of the paddle type structure described 
above (see Fig.10.5). The steep strighi line indicates the 1/p law expected for the 
molecular region (see section 2.4.), whereas the flat one indicates thel/Vp law 
expected for the higher viscosity region. The relatively elevated Q-factor of 200000 
is quite unique, not only compared to other publications but also to the same row. 
Other paddles had Q-factors ranging 'from 6000 over any value to typically 20000. 
It seems that the clamping is particularly well adapted to this specific vibration 
mode. 
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The silica beam of 140x40x1.5^m, covered by 500Â Au, had a measured 
resonance frequency of 65'890 Hz and showed a Q-factor in air of about 800. 
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FigJ0.4. Q-factor in dependence of the nitrogen pressure of a silicon beam 
structure Biau. 
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Fig J 0.5. Q-factor in dependence of the nitrogen pressure of a paddles structure 
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10.4.Packaging of fibers together with silicon 
resonators 

When the fiber functions as a waveguide it has to end more or less 
perpendicularly to the reflecting surface. Vibrating devices are typically fabricated 
in planar technology resulting in a set-up as shown in Fig.10.6., ending 

Fig.10.6. Typical set-up of a resonator energized and measured by Fiber-Optics. 

in a considerable packaging problem. Fig.10.7. shows, how by using a meanwhile 
common used technique to attach fibers by etching anisotropically V-grooves into 
silicon and the techniques of underetching of high doped regions a planar 
integration of the fiber is possible. The walls of the grooves are crystal planes (111) 
and therefore well defined and highly accurate to fabricate. The transverse (111) 
plane functions here as a mirror. Although this plane is not 45 degrees inclined (but 
54.7 degrees), it might be sufficient for the excitation of the beam. 
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7\ 
Fig.10.7. Etched mirror with a cantilever and a fiber in a etched V-groove 

The fact that vertical walls in (100) wafers can be etched allows to realize a 
device sketched in Fig.10.8., where the beam vibrates in the plane of the chip 
surface. The two fibers are here aligned perfectly to 45 degrees. 

Fig.10.8. Beam with vertical walls vibrating horizontally, activated and/or 
measured via fibers embedded in V-grooves. 

When transmission of light is the changing parameter of the sensor a device as 
sketched in Fig.10.9. may be constructed. A glass top cover bonded anodically to 
the silicon support closes the cavity and completes thus the double fiber tip sensor. 

i 
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That way, the construction of a device as proposed by Poalo Dario" for example 
could thus be much simplified. The crystal planes itself guarantee for a precise 
adjustment. 

Fig.10.9. Two etched vertical mirrors, being 45 degree rotated with respect to 
the V-grooves of the fibers. On the left side there is a opening where either gas, 
liquid or even a solid shutter can be introduced in the optical path. A glass plate can 
be bonded anodically to the silicon block. 

10.5. Discussion 

The structures described in this chapter have the small dimensions needed for 
optical activation and show the expected12 low Q-factor of about 200 in atmospheric 
pressure, but some achieved a Q of 20000 or even 200000 in vacuo. Therefore here 
again it is confirmed, that it is not the silicon itself which limits the Q-factor but the 
structural damping i.e. the clamping. The resonance frequencies of our paddle 
structures lies in the lower kHz range. 

Only the aspect of silicon technology and micromachined structures was 
discussed here. But the combination with the silicon's electronic possibilities opens a 
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vast field for sensor applications. Silicon is well known as light detector and is 
therefore also the ideal link between optics and electronics. By integrating a 
photovoltaic cell one can even generate electrical power locally at the end of a fiber 
in order to run an electronic circuitry or a piezoelectric actuator. 

The synthesis of fiber optics and silicon technology,- these two different but 
independently well developed technologies,- seems to have a high innovation 
potential. Reducing the dimensions of the resonator, - easy to perform by the 
technology described above -, to fit directly to the fiber tip might be the ultimate 
step to have a miniaturized and micropackaged fiber optical sensor13. 
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Chapter 11 

Conclusions 

Resonant structures of single crystal silicon were investigated in view of their 
potential use as basic elements for various sensors for the measurements of forces, 
torques, mass or a change of the modulus of elasticity (e.g. temperature). We have 
presented structures etched in monocry stai line silicon which show a high Q-factor 
allowing a frequency resolution in the order of ppm. Thus silicon monocry stalline 
structures are good candidates for high resolution sensors. Moreover a 
measurement system was described that allows to characterize structures vibrating 
with very small amplitudes (order of Â). The influence of the variables pressure 
and temperature on the resonance frequency and the Q-factor have been studied and 
the temperature coefficient of the modulus of elasticity has been extracted. 

In the theoretical part (chapter 2), we achieved to formulate the general solution 
for the transient behaviour of a beam in a flexural or torsional mode with an 
arbitrary mechanical impedance somewhere on the beam. These results may be 
helpful in other fields, too. 

Experimentally an exponential decay of the amplitude for all structures at all 
pressures was found. Thus, linear equations may well describe the systems. Only at 
very low amplitudes (below 1Â) the decay characteristics changed. The various 
models of the physical nature of the gaseous damping reported in literature .were 
reviewed and applied to our structures showing in spite of the quite simplified 
assumptions a rather good agreement without a lot of fitting parameters. 

We developed a special corner compensation method to obtain perfect mesas by 
anisotropic etching, which could thus be calculated precisely. The etch simulation 
program turned out to be a very helpful design tool by reducing the amount of 
calculations and the possible mistakes in the layout by inexperienced 
micromach ine rs. Thus, it was meanwhile applied to design micromachined valves1, 
microphones and accelerometers. In a next version of the program, the next but one 
neighbor and hidden planes should be taken into consideration, too, although the 
programming task may be considerable depending on the modules at disposition 
from the computer software (like matrix calculations, hidden line processing). Pre-
and post processing were not developed very far, since powerful software packages 
are on the market for these tasks. It is the aim of the author, to develop the necessary 
interfaces in order to use the VTI mask layout program from VLSI Technology as 
preprocessor and to use the output file of our simulation program as input file for 

i 
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the ANSYS FEM-program from Swanson Inc. to model the mechanical behaviour 
of the designed structure. Together with the automatized measurements this should 
deliver the tool for an efficient control of design and performance of 
microstructures. 

The simple analysis in chapter 6 showed a strong dependence of the resonance 
frequency on fabrication tolerances. A tolerance of ljim for 10 to lOOjxm structures 
is actually unacceptable. But this is about the limit of conventional IC technology. 
Etch stop techniques may improve somewhat the thickness tolerances to .5 ujn but 
the thickness of the layers of this technology is limited to typically 20u.m and thus 
the tolerance stays still at 2%. Submicron technology for the (relatively large) 
mechanical structures is thus the new challenge for micromachiners. 

Although the interferometer is a very sensitive instrument concerning the 
amplitude, the error of the absolute measurement, which is in the range of some 
percent due to instabilities in the interferometer, is not very satisfying (c.f. Fig. 
6.19.). This could be easily improved by using oscillators of higher stability and less 
noise for the acoustooptic modulators or directly a two beam laser. Also the 
mechanical fixation of the optical parts could be improved and the use of a two 
channel spectrum analyzer would allow to measure the carrier and the side band 
simultaneously, as described in section 4.6.1. 

A demodulation of the signal would allow a frequency measurement by a counter 
and replace our indirect method with the excitation. The method described by 
Willemin for demodulation with a Revox Tuner demands oscillators with other 
frequencies in order to have a carrier at about 87 MHz. The oscillators at 
disposition showed higher noise. Moreover, the Low Frequency range is limited to 
about 20 kHz. We made just one measurement with this setup to check the sine wave 
form of our resonators (mass beam structure). 

During the measurement cycles the resonance frequency had to be adjusted 
manually at the generator. Here, too, the measurements could be speeded up with 
demodulation by a direct frequency measurement. Also the pressure was adjusted 
manually. A simple electronic interface together with electromagnetic valves might 
allow to automatize the measurement cycle completely. 

It would be interesting, to measure the Q-factor at liquid nitrogen temperature, 
especially that of the high-Q-structure of chapter 9 in order to reveal more physical 
details of internal damping. The feed through and the brass block are suited for such 
a measurement, it would be only necessary to evacuate one side of the cooling pipe 
system in order to suck the liquid nitrogen in through the pipes. 

Experimentally a great variety of devices were presented. First of all as a static 
device a tactile sensor array was realized with truncated pyramid shaped force 
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transmitters. Thus, upon application of force on this mesas the capacitance 
underneath is changed and thus the resonance frequency of a properly connected 
oscillating circuitry (chapter 5). Publications in application oriented journals found 
wide echo for this device. 

Next to mention are the mass-beam systems were the mass is a perfect 
geometrical body and thus calculable. This mass is doubly supported and exerts thus 
no torsional movement (as it would, if only simply supported). On these type of 
structures most of the studies are done (chapter 6). The damping by various thin 
films is a general'result. 

A special compensation of the forces at the clamping for mass beam systems was 
obtained with another design, which is presented in chapter 7. 

We achieved to realize tuning fork structures in silicon. These were provided 
with metallic lanes so that they could be excited and measured electromagnetically 
(chapter 8). 

A decoupled torsional structure showed Q-factors in the order of 600 000 in 
vacuo at room temperature and allows thus a resolution of some ppm of the 
frequency. With this structure it could be proved, that competitive devices for 
sensor applications (compared to quartz e.g.) are possible in silicon (chapter 9). 

We finally realized an array of paddle type devices with dimensions in the order 
of j±m, which can be excited optically (chapter 10), showing much higher Q-factors 
than typically reported for such devices. 

The temperature will always be a problem with silicon devices, because no 
crystal cut of zero a can be found, since a cubic crystal behaves with respect to a 
like an isotropic body (cf. appendix I). Creating internal stress to compensate the 
effect of the thermal expansion by bonding silicon of different orientations together 
(e.g. a silicon resonator on a silicon frame) might be an idea. 

In conclusion for high Q-factor devices aluminum on bending parts should be 
avoided, use rather Pt or Ag. Oxides are less critical. Rotational structures show 
generally higher Q-factors than flexural ones. Special attention has to be paid to the 
isolation from clamping; a statical analysis of stress distribution is not sufficient 
because we are dealing with elastic waves. 

A large field of study was treated here ranging from masking materials research 
and application optimization for photoresists over the construction of a measuring 
system and computer simulations to physical modelling and functional analysis. It is 
obvious that none of these subjects could be treated exhaustively but we hope, that 
with the study presented here, we could give a contribution to (he knowledge of the 
possibilities and the limitations of sensors, especially resonators, micromachined in 
silicon. 



194 

Krebs, Philippe; Evaluation d'une microvanne électrostatique et Realisation d'un Prototype en Silicium. 
Travail de Diplome Université de Neuchâtel, Inst. de Microtechnique, 1988. 



195 

Appendix A 

Literature review of mass-beam systems 

Hereafter we summarize an overview over the literature on mass beam systems 
(see table A.I) in view of the contribution for solving the problem of finding the 
eigenfrequencies and eigenmodes of continuous systems with discrete masses and 
with proportional and non proportional (discrete damping). The expression 
proportional damping is used in the sense of distributed damping in continuous 
systems. The black points means only the main emphasis of the corresponding 
article, because sometimes the methods can be applied to other situations (other 
boundary condition e.g.). Especially modal analysis methods developed actually for 
discrete systems (finite dimensions) can also be applied to continuous ones (infinite 
dimensions) although it is sometimes difficult to give a mathematical expression for 
the error (Wahle^). The problem of discrete damping however is by nature only 
apparent in continuous systems (solved by the introduction of delta functions). Non-
proportional damping in the sense of non being proportional to mass and stiffness 
distribution is also present in discrete systems (solved by special matrix 
transformations or in continuous systems also by integral transformations). The 
modal analysis is a technique very well adapted to be solved by numerical methods 
and the search for special analytical solution became in the last ten years less 
attention. Looking through the tables below one sees immediately that in spite of the 
large number of publications on that subject (although not in the context of sensors) 
only few treat the problem as a whole. Herman^* e.g., performs two Laplace 
transformations, one with respect to time and one with respect to space. He gives an 
expression for the backtransformed solution, but the complex frequencies have to 
be found numerically. Jacquot43 starts then by modal analysis and a Fourier 
transformation for the time part a path we completed with the present work by 
doing a Laplace transformation and executing the backtransformations combining 
thus the method of Herman and Jacquot. Our aim was to find an analytical 
expression for the Q-factor in order to be able to include physical expressions for 
the damping. 
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Appendix B 

Boundary conditions for simple beam and rigid 
clamping 

The boundary conditions for that case were : 
I: w(0,t) = 0 
II: w'(0,t) = 0 
m: w(L,t) = 0 [2.91 
TV: w'(L,t) = 0 
The derivatives of the space solution [2.8] are as follows: 

X X X X X X XX 
X'(K) = - C1Jj sinJJx + C2Jj cosJJx + C3JJ cosh j~x + C4 jjsinh T-X 

ay- x ay x ay x rxv x 
X"(x) = - Ci I T~ J c o s i~x " ^ 1 L~ J S " Ì L X + *" 3 (LJ S " ^ L~X +^4 I r I cosh JJX 

(XV X (XV X (Xy X (XV X 
X"'(x) = C11JJ I sin T-X -C217" I cosjjx + C31 JJ I cosh JJX + Q I r J sinh JJX 

(XY X (XY X (XY X fkY X 
X""(x)= C1 IT-J cos T-X + C21 JJ I sin T-X+ C3 IT-I sinh T-X +C4 J J I cosh JJX 

From the boundary condition {2.9] I it follows: 

X(O) = C1COSTjO+C2sinjjO + Casinh JJO +C4cosh JjO = O 

C, + C, = 0 

From the boundary condition [2.9] II it follows: 
X • X XX X X XX 

X'(0) = - C I J J sinTjO+CjTj COSJJO + C3JJ cosh JJO +C4 jjsinh JjO=O 
C-, + C, = 0 

From the boundary condition [2.9] ITI it follows: 
K X K K 

X(L) = Ci cos j jL + C2 sin j - L + C3 sinh j - L +C4 cosh J J L =0 

=> Ci cosX + C2 sin X + C3 sinh X + C4 cosh X = 0 

and with the results from I & II: 
=> C1 cosà. + C2 sin X - C2 sinh X - Ci cosh X = 0 

C1 (cosX -cosh X)+ C2 (sin X - sinh X) = 0 

From the boundary condition [2.9] IV it follows: 



X X X X X X X 
X'(L) = - Ci j~ sin T- L + C2 j - cos j - L + C3 7- cosh 7- L + C4 7- sinn 

=> - C 1 S m ^ C 2 cosX + C3coshX + C4 sinh X =0 

and with the results from I & II: 
=> -Cj sin X + C2 COs^-C2COShX -C1 sinh A. = 0 

- C1 ( sin X + sinh X)+ C2 ( cos X -cosh X) = 0 

The two last framed equations are equivalent with eq. [2.10]. 
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Appendix C 

Boundary conditions in the case of a simple beam with 
elastic clamping 

If the clamping is elastic, the four boundary conditions of a mass-beam system as 
shown in Fig.2.1. b) were as follows ([2.17]): 
I w(0,t) = cF IF(O)I = cF EJy lw'"(0,t)l 

II w'(0,t) = cM IM(O)I= cM EJy lw"(0.t)l [2.17] 
III w(L,t) = cF IF(L)I = cFEJy lw"'(L,t)l 
IV W(Ut) = cM IM(L)I= cM EJy lw"(L,t)l 

Here F is the transverse force and M is the momentum . cF and cM are 
constants of the elastic resistance against F and M. Cp was calculated for a elastic 
beam with a linearly decreasing cross section as encountered at anisotropically 
etched silicon The clamping constant cpwas calculated for the symmetrical case 

18 L3 
(see Fig. 2.3.). By setting hb = 0 the formula given by Szabo1 reduces to CF =s"phdT 

and because the relation between L and d is given by d=L V~2 (fixed for an 
anisotropically etched clamping ) the constant is finally: 

4.5 VI 
c P = ^ b ~ 

whereas cM was taken from the simulation program SENSIM14 (cM =1-10'6 N'1) 
With the abbreviations [2.18],[2.19] the first boundary condition I is: 

X X X X 
X(O) = C1 cos^-Of C2sinjjO + C3sinh ^O +C4cosh ^ 0 = 

cpEJylCi ^Js in ^O - C2 ^Jcos^-O + C3 UjcoshjjO + C4 [^1^1¾" 0 

=*CI + C4 = cFEJy[- C2 [ ^ J + C3 (^J)=CpEJy (j j j (- C 2 + C3) 

=> C, + C4 = a (- C2+ C3) => C1 + C4 + CtC2- CtC3 =0 

=> C1 + a C 2 - OcC3+ C4 =0 

similarly for the other boundary conditions: 
so II 

1 Szabo, I.: Einführung in die Technische Mechanik, Springer .Beri in, 8th ed.,1984, p.173 
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=> C2 + C ^ ( C 1 + C 4 ) ^ C 2 +C3 - ß C 1 - ß C 4 =0 

-ßCi + C2 + Ci-PC4 = 0 

and III 

Cj cosX + C2 sin X + C3 sinh X + C4 cosh X = 

r ay x (XV x ay x ay x 

CpIlIyIC1 T-J sin j-L - C2 l r l C 0 S r L + C3 Ij-Jcoshj-L + C4 I H sinhj- L 

^CpEJy lc JHs inX - C2 IjjjcosX+ C3 IjjJcoshX+ C4 Ij-JsinhXl 

= CpEJylj-[(c1sinX - C2COsX.+ C3 coshX+ C4 sinhX) 

=> 

Cj cosX + C2 sin X + C3 sinh X + C4 cosh X 

= cc (CjsinX - C2COsA.+ C3 coshX+ C4 sinhX) 

=> 

C1 cosX + C2 sin X + C3 sinh X + C4 cosh X 
- (QasinX - C2acosX+ C3a coshX+ C4a sinhX) =0 

=> 
CjCosX- C]C(sinX+ C2sinX+ C2OcOsX+ C3sinhX- C3acoshX+ QcoshX- C4asinhX =0 

Ci(cosX-asinX)+C2(sinX+acosX)+C3(sinhX-acoshX)+C4(coshX-asinhX)=0 

and IV 
X ^ X ^ X X 

-C1T- sin X+ C2 j - cos X+ C3 y- cosh X +C4 j-sinh X = 

cM EJy I - C1 Ij-J COSX - C2 IT-J sin X+ C3 Ir-J sinhX + C4 IT-I cosh X 

- C1Sm X + C2 cos X + C3 cosh X + C4 sinh X = 

ß(- C] cosX - C2 sin X + C3 sinhX + C4cosh X) 
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- C1 sin X + C2 cos X + C3COSh X + C4 sinh X -(-C1 ßcosX - C2 ßsin X + C3ß sinh?. 

+ Cdßcosh X) =0 

==> 
- CisinX+C^osÀ.+C2cosX+Ç$sinX+ C3coshX-C3ß sinhX+C4 sinh X-C4ßcoshX =0 

C1C-sinX.+ßcosX)+C2(cosX.+ßsin>.)+C3(cosh>.-ßsinh\)+C4(sinhX.-ßcosh?i)=0 

Thus A-C = O with ((2.20] and [2.21]): 

/ 1 a -a 1 A 
-ß 1 1 -ß 

(cosX-asinX) (sinX+acosX)(sinhX-acoshX)(coshX-a sinhX) 

V(-sinX+ßcosX)(cosX+ßsinX)(coshX-ßsinhX) (sinhX-ßcoshX) J 

A = 

C = 

(CA 
C2 

C3 

q.e.d. 
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Appendix D 

Boundary condition for a mass beam system: Rigid 
clamping 

For unelastic clamping we have at the side of the frame the same conditions as 
in Appendix 2.3.A , thus: 
I: C, + C, = 0 

II: Co + C1 = 0 

For the boundary condition at the side of the mass we deduce from [2.23]: 
(Xf X (XV A, (Xf X (Xf X 

III: C1 Ij-J sin7-L-C2 7-1 COST-L+ C3 j-1 cosh T-L + C4 H sinh f"L = 

M (XV x a v x O,YX ßf x 
-2fr(C>lLjcosLL+CHuSinLL+C3li:JSinh LL+C4L~JcoshLL) 

=> 
C1SmX - C2 cosX + C3 cosh X + C4 sinh X = 

MX 
- ^-T-(C1 cosX + C2 sin X+ C3 sinh X + C4 cosh X} 

using I and II we have: 
CisinX - C2 cosX - C2COSh X-C1 sinh X = 

MX 
-2JTj-(C1 cosX + C2 sin X-C2 sinh X -C1 coshX} 

= > 

( „ MX A ^ MX ^ 
C1 sinX + « j cosX - sinhX - «-y-coshX I 

MX . MX 
7v\}mX~ 2uX +C2 ^77-sinX - ^TTTsinhX - cosX - coshX I=O 

and IV (from below [2.23]): 
X , X X X 

-C1T- sin X+ C2J- cos X+ C3T- coshX +C4 j-sinh X=O 

using I and II: 
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K K K K 
IV: -C1T-SiIiX-Ci ^-sinh X + C2T" COsK-C1T- cosh X =0 

C t( - sinX - sinhX) + C2(cosX - coshX) = 0 

C:= 

2(cosXsinhX+coshXsinX) + 
MX 
QTTÌ coshX(cosX-cosh 

*sinX(sinX+sinhX)}=0 

MX 
2T7ÌcoshX(cosX-coshX)-cosX(cosX-coshX)+sinhX(sinX+sinhX)-

MX 
2(cosXsinhX+coshXsinX)+277i-(coshXcosX-coshXcoshX-
cosXcosX+cosXcoshX+sinhXsinX+siiihXsinhX-sinXsinX-sinXsinhX}=0 

MX 
=> 2(cosXsinhX+coshXsinX) +2~~T~{-l-l+2cosXcoshX}=0 

MX 
=* 2(cosXsinhX+coshXsinX) -—7-{l-cosXcoshX}=0 

tqL X_ {1-cosXcoshX} 

M 2 (cosXsinhX+coshXsinX) 

as in the simple case. 
and again A C = O with ([2.24]): 

f MX MX ^ 
. _ (sinX-sinhXj-^TTr^cosh X-cosX) -(cos X+cosh X)-̂ jTT (sinh X- sinX) 

-(sin X+sinh X) (cosX-cosh X) 

has a non trivial solution « det A = 0 

MX 
(cosX-coshX)(sinX-sinhX)-«—»-(coshX-cosX)(cosX-coshX)-(cosX+coshX) 

MX 
(sinX+sinhX) - «TjT" (sinh X- sinX)(sin X+sinh X) = 0 

2(cosXsinhX+coshXsinX) + 
MX/ ^ 
277f\ (coshX-cosX)(cosX-coshX)+(sinhX- sinX)(sin X+sinh X) )= 0 

[2. 
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When the clamping is elastic at the side of the frame these conditions change 
and we have for the system of boundary conditions ([2.26]): 

I w(0,t) = cF IF(O)I = cF EJy lw'"(0,t)l 
w'(0,t) = cM IM(O)I =c M EJ y lw"(0,t)l 

M M(EJ^ 

"2 LM-
IV: w'(a,t) = 0 

II 

III F(L) = EJy w'"(L,t) = - y * =-—I-^-wM , ,(L ( t) 

where M is the total mass of the mesa. 
The first two boundary condition are the same as in Appendix 2.3.B and can be 

directly taken from there: 

I C, + ccC,- aC,+ CA =0 

II -ßCj + C2 + C 3 - ß C 4 = 0 

The boundary conditions III and IV are the same as above and are thus 
III : 
C]SinX-C2cosX + C3coshX + C4sinh A 

MX 
27jT"(Ci cosX + C2 sin X+ C3 sinh X + C4 cosh X]=O 

MX ^ , M X 
C ! (sinX+^-posX)- C2 (COSA.+ ĵTT SU1 ^) 

MX MX 
+ C3 (cosh X+ J-?- sinh X) + C4 (sinh X + ^—r cosh X)= 0 

and IV: 
- C1 sin X + C2 cos X + C3 cosh X + C4 sinh X=O 

The four equation form again a system of linear homogeneus equations 
A-C = O with ([2.2S]) 

f 1 a -a 1 > 
- P l 1 -ß 

A : =| MX MX MX ^ MX 
(smX+2„j^cosX) -(cosX+öTjTJsin X) (coshX+y . sinhX) (sinhX+^rrcoshX) 

y - sin X cos X cosh X sinh X J 

q.e.d. 
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Calculation of T of a mass beam system in the case of rigid clamping: 

( . , „ MX . MX ^ 

V 

(sinX,-sinhX)-2^(cosh X-cosX) -(cosX+coshX)-2rr;(sinh X- sinX) 

-(sin X+sinh X) (cosX-cosh X) 

Ï2.24] 
because the two equations respresented by A are by definition linearly dependent 
we can select either of the two rows the find the ratio of the two coefìcients Ci and 

(sinX+ sinhX) 
C2. Thus we find from the last row F :=—p r- as in the case of a simple 

y cosX-coshXJ 
beam (only the X s are different of course). 
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Appendix E 

Boundary conditions for the case of a simply supported 
mass 

In the case of a simply supported mass, the mass rotates and we have instead of 
equation of [2.26] IV 2; 

IV: M(L)= EJyw'XU) = Q0 ^ 2 ^ t2-29] 

0o = the inertial moment of the proof mass. 

Noting, that the second derivative with respect to time correspond to a 
multiplication by to2 and with the abbreviation : 

we can write the boundary condition IV as 

X" (L) = yX'(L) 
<=> 

(Xf X (Xf X [Xf X [XV X 
-C1^JcOSTjL.-C^TjJsin L L + CHi:JSinh L L + C 4LJ c o s h L~L 

A. A A . A . A . A . X X 
=Y(-C l L - sinT-L + C2r- C O S T - L + Q T - cosh yjL + C4 T-sinh T - L ) 

-C1I y-cosXr C217- sinX + C317-JsinhA. + C4IT-coshX 

=Y\- CjsinX + C2COsX + C3coshX + C4sinhX^ 

-C1 U-JcosX- C2[T-JSmX+ C3IT- IsinhA,+ C4 Ir- coshX 

+ C1Y sinX - C2Y cosX, - C3Y coshX - C4Y sinhX =0 

+ C1 fysinX-l jjIcosX I- cJlTjJsinX - YCOSX I 

2 Lee, T.W.; 1973 Journal of applied Mechanics 38. p. 813.815 Vibration frequencies for a uniform beam WÌLJI 
one end spring-hinged and carrying a mass ai the other free end. 

1 
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- cJ-ycoshX+ Ij-kinhXjf cJUjlcoshX - -ysinhX 1=0 

Thus by replacing the last row in the matrix for the doubly supported mass 
with elastic clamping and taking the full proof mass instead of the half as in the 
doubly supported mass we have ([2.3I]) 

( 1 a - a I ^ 
-P 1 1 -ß 
MA. MX MX MX 

(sinX+rrxosX) -(COSX+--T-sin X) (coshX+—y-sinhX) (sinhX+--r-coshX) 

•ysinX-y-cosX 1 l^cosX-r-sinXl -l"|fcoshX+rsinhX 17-coshX - TsinhX I 

A = 

The calculation of T in the case of rigid clamping: 

In this (a>ß = 0) case [2.31] becomes a 2x2 matrix: 
(( MX ^ ^ MX \ { MX ^ MX ^ 

I sinX+—rxosX-sinhX--rrxoshX I I -cosX--rr-sinX -coshX---»-sinhX 
( X X W X - X 
iTsinX^rxosX- T-coshX + ysinhX iTCosX-r-sinX+TcoshX+ 7-sinhX 

A:= 

and thus 
r A n _ A2i_ 

~ A i 2 " A22 

' M X MX \ ( X X \ 
sinX+—rxosX-sinhX-—T-coshX I YsinX-7-cosX- rxoshX + TsinhX I 

( MX ^ „ MX iS ( ^ X ^ ^ A 
1 -cosX---r-sinX -coshX-—r-sinhX I I'ycosX-rsinX+'iCoshX+ r-sinhX I 

[2.59] 
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Appendix F 

The resonance frequency of the mass beam system in 
case of a torsional mode 

The torsional eigenfrequency of a mass beam system was calculated in section 
2.3. to be: 

fi -äT^e ©bar L 

3K 1 
3+K 

This is aequivalent to 

W = VU30O+L0) 

[2.42] 

G J 1 

Fig. A.l. Figure of the mass beam system to be calculated 

The static torsional moment of inertia for a rectangular beam is3 

J,=Tgh3b [2.43] 

The dynamical moment of inertia of a parallelepiped with respect to its CM is 

0 = y jbh(b2 + h2) 

3 Szabo, I.; Höhere Technische Mechanik, Springer. Berlin, 5th ed.. 1977, p. 283 
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With the theorem of Steiner with s as the distance between CM and the axes of 
rotation the dynamical moment of inertia becomes 

W+ &\ fd h U J ((C2+ <P\ (à h 

— + f i r =pcdari2 ®O = ®CM + MS2= M 

Thus the torsional resonance frequency can be written as 

+ , 2 * 2 

(O=: 

(0 = 

CU = 

4 
4 

3p cda ( P ^ ) + (t"ï})+ L^bh(b2 + h2) 

G T g h 3 b 

5G h3b 

3 p c d a ( ( ^ ) + ( | . | ) ) + ^ b h ( b 2 + ha)) 

5Gh3b 

L pfc c d a [ ( ¾ ^ } + |(d -h)2Ì+ y b h (b* + n2)ï 

thus for our mass beam system we have: 

- V r 1OG h^b 
p (3cda(c2+d2+3(d -h)2)+Lbh(b2+h2)) 
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Appendix G 

The energy of a mass-beam system 

The amplitude is known (measured) in the middle of the beam. [2.14] together with 
[2.15] and [2.16] defines then the deformation of the beam. The elastic energy in the 
beam is generally 

EJ r 
U = y f x " 2 d x [2.53] 

From appendix B we have for the second derivative of a beam with homogeneus 
boundary conditions at at least one side 

a v f x x x x \ 

X"(x) = -hpl Ci (cos;-x + coshj-x) +T (sin j~x + sinh f"x) I 

Thus X"2(x)=lr-JC?A2 with the abbreviation 

( X X X X \ 
A = l(cosj-x + coshy-x) +T (sin r~x + s ' n n T x ) 1 
Thus we have to calculate the following integral 

O 

Where 
X A ^ ( X X X X \ 

A2 = (cosj-x + cosh7-x)^+2l(cosr-x + coshpx) T(sin j - x + sinh r x ) + 
^, X X^ 
r2(sin j -x + sinh T~ X)2 

X A. _ X X 
= (cosr-x )2+ (coshr-x )2 + 2(cos7"x )(coshy-x) 

J X X X X X X -X X) 
+2rl(cospc)(sin pt)+(coshpt)(sinpc)+(cos7-x)(sinh7-x)+(cosh7-x) (sinhj-x) H-

J X „ X X X 0 

F2KSm pt)2+2(sin pt)(sinh pc.)+ (sinh pc) 2 
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To calcultate this rather long-winded integral we are utilizing the following 
table (G.I) where on the left side we have written the term to be integreted and at the 
rigth side we wrote the undefinit integral. The coeficients are not repeted but a 
Paranthese of the type { starts and ends ) the terms to whose the factor has to be 
added. This technique allows to gather after to calculation all the terms and to 
produce one singular formula. 
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Table G.I Integrand and Integral 

nr 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

A2 

(COST-x )2 

+ (coshpx)2 

X X 
+ 2(COSj-X )(coshj-x) 

X X 
+2r{(cos7-x)(sin rx) 

+(coshj-x)(sinr-x) 

X X 
+(cospO(sinhpO 

X X 
+(coshr-x) (sinhr-x)J 

+r2((sinjTc)2 

X X 
+2(sin r-x)(sinh y-x) 

* -> (siniiT-x)2} 

J A 2 

1 L . X 
irx + —- s in2px 
2 4X L 

I h X X 
+ : rx+ — (coshpc) (sinhr-x) 

1 2X L L 

L X X X X 
+2 —r[(cospc)(sinhpt)+(coshr-x)(sinpc)] 

+ 2r t^ (s in£x)2 

L X X X X 
+—[(sin r-x)(sinh pc) -(cosr-x )(coshj-x)] 

L X X X X 
+—[(sin r-x)(sinh pc) +(cosp x )(coshr- x) ] 

1 *• •> +^(sinhpO2) 

r-9,1 L . X 
+r2{:rx--— sin 2 T- x z 4X ^ 

L X X X X 
+2—-[(coshpc)(sinpt) - (cospt)(sinhT-x)] 

L X X 1 
+—(coshpc) (sinhr-x) - y x } 
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Table G.II. Integral at the boundaries 

tir 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

at x= O 

O 

O 

O 

O 

+ ^ - 1 1 

+ ^ 1 ] 

O 

O 

O 

O 

at x=L 

L L . . . 
T T + - - sin2A. L 4A, 

+ -j + ~r (coshX.) (sinhA.) 
^ 2/. 

+ 7l(cosX)(sinhX)+(coshX.)(sinX)] 
K 

+ 2 r { 2 ^ S i n X ) 2 

+—i(sinX)(sinh X) -(cosX. )(coshA.)] 
ILK 

+—[(sin X)(sinh X.) +(cosX)(coshX) ] 
7,X 

+ ^ s b i h ^ l 

+ ^ 2 I T - T T sin2X 
*• AX 

+Ti(COShX)(SmX) - (cosA.)(sinh>,)] 
K 

+—-(coshX) (sinhX) - ~- } 
2X *• 

The only two terms which are nonzero in the first column of table G.II. cancels 
so we have to sum only over the second column. Thus the value of the definite 

i 

integral JA2 equals the following expression 
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•=-+-— sin 2X+y+ — (coshX) (sirmX)+;^(cosX)(sinhX)+(coshX)(sinX)] 
* 4X ^ 2X X 

+2r{^-(sinX)2+^rf(sinX)(sinh X) -(cosX )(coshX)]+ 
2X 2X 

+—((sin X)(sinh X) +(cosX)(coshX) ]+—(sinhX)2}+ 
2A 2A. 

+ r 2 {y - — sin 2 X +—[(coshX)(sinX) - (cosX)(sinhX)]+—-(coshX) (sinhX) - y ] 
* 4X X 2X ^ 
which can be simplified to : 

L+ ~r sin 2X + —- (coshX) (sinhX)+ —[(cosX)(sinhX)+(coshX)(sinX)] 
4X 2X X 

r L 
+~T~{(sinX)+(sinhX)}2+ 

X 
r 2 L . 1 1 

+- r—{ --T sin 2 X +(coshX)(sinX) - (cosX)(sinhX)+^<coshX) (sinhX) } 

or 

L+——{(s inX)+(sinhX)}2+ 
X 

^{[4sin2X+(cosX)(sinhX)](1-r2)+(coshX)(sinX)(1+r2)+(r2+l)^(çoshX)(sinhX)) 

and finally [2.58]: 

r „ L sinX „ _ sinhX 
L(1 +-( sinX+sinhX] 2+-( [—+sinhX]cosX(1 -!""2)+(1 +r2)coshX[(sinX+——]} ) 

q.e.d. 
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Appendix H 

Proof that W(r,s) can be represented as a fraction of two 
po lynomia l s 

The calculations in section 2.4. delivered the following expression for the 
explicit solution in the Laplace space (variable s): 

- XYiXi^i(ri) « 

W ( r , s ) - - 2 Y | X i f c ( 0 +Z(s) '• - 2*Yk ^ r 1 ) IKr) 

1 + Z ( S ) I Y 1 ^ r 1 ) 

[2.95] 

For the back transformation we have to bring it into a form of a fraction of 
two polynoms, because then standard transfromations are known. We replace first 
the abreviated functions of s by its explicit form . Then we write the expression for 
W as a sum of two terms. 
W = A + B 
with 

A: = -XYiXi0i(r) 

as a ramer simple term containing mainly the initial conditions 
and 

QO 

2YiXi<h(ri) <*» 
B = +Z(s) i—z 5^k WrXk(Fi) 

1+Z(S)^Yi *i*(ri) 
i 

which has to be worked out further: 



OO 

Va le r i ) 

B = + Z(S) 

1+ Z(s) 

OO 

I 
-I .2rr.1 k 

Vi 

Vk 

LWr,)VMr)Wri) X^X Vk 

B = + Z(s)' 

1+ Z(s) X Vi 

X 
Xi OiCr1) M r ) <.k(rj) 

B = + Z(s) 
CiJc) 

Vi Vk 

1+ Z(s) 
Vi 

B = + Z(s) 

V ^ X i Oifri) Ok(r) Ok(ri) (j4) 

«*> rivj Vb 
Ci^i) 

1+ Z(s) 

n Vk 
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B = 

~ZT^—Xxi 0i(ri)<t>kW M r iMc I I Vj % 

n eu) ( j^ t i t ) 

Û*) 

11% 

B = 

Z(S) X x i <t>i0"i) «M'i) <M') I L K Vh 
(U) (Khrit) 

OO O O 

r i v i V* +ZCs)IlVkXxi 4>i2(ri)IlM<j 
(U) k * M 

Thus we have for B a fraction of two polynoms in s which can in priciple be 
transformad back to the original space. 
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Appendix I 

Some Properties of Silicon 
The data given herafter are taken mostly from Properties of silicon1 

1.General theory of elasticity* 
The general relation between stress 2G and strain *z are in the linear 

approximation as follows (Hook's law): 
% = 4S:2a 
2<T = 4 C : % 

where 4S is called the tensor of the modulus of elasticity and 4C the tensor of the 
compliance Between 4S and 4C the following equation holds 
4Sr4C = 4 I 
Because the coefficients are not all independet one uses normally a simplified 
notation defined as follows 

'i k i k =j 1 

Qjkl - Cuv, H,v =< 9 - ( i + j ) 

9-(k+l) 
i k * j 1 

Sijkl = 
S l I V 

Eij -2-¾ 

(2-8ij) (2-5(C]) 
Omn — O 

m = n 
m * n 

(i,j = l ,2 ,3) 

(i,j = 1,2,3;¾. =1,2,..., 6) 

For a crystal with a cubic symmetry this reduces further to 

/S11S12S12 O O O "\ 
Sj2 S n S12 O O O 
S i 2 S i 2 S i I 0 0 0 

s^v - 0 0 0 S44 0 0 
0 0 0 0 S44 0 

Vo o o o o s44 y 
for Si 
s,i= 0.769110-11 Pa-I 
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Si2= -0.214210-H Pa-I 

S44 = 1.2577-10-11 Pa-I 

and 

C^v = 

/ c u C j 2 C i 2 0 
C12C11 C12 0 
C12C12C11 0 

0 0 O C44 
0 0 0 0 

V) 0 0 0 

0 
0 
0 
0 
C44 

0 

0 > 
0 
0 
0 
0 
C44 J 

For Si 

C n = 1.6564-lOH Pa 

Ci2= 0.6394-101I Pa 

C44= 0.79511011 p a 

Where modulus and complience coeffients are related by 

C n - C i 2 = 
1 

s u - Si2 

C 4 4 = 
S44 

therefore for the other matrix elements; 

Jf 1 L 
Cl2 3 [ Su+ 2s12 " S11 - S12 

= 1 U 1 1 
C l l ~ Sn - s12 " 3 ^ S11+ 2s12 " Sn- Si2 

and vice versa 

S 4 4 = — 
* * C 4 4 

S l 2 ~3[ en + 2ci2 " en - ci2 / 

= 1 If 1 1 y U 4 
S n Cn - Ci2 " 3 [ Ci1 + 2ci2 en - C\2) 3^ Cn- Cu 



2.Measure for the anisotropv 
A = - ¾ * -

ClI - C12 
Asi=l.564 
AAI=1.2 

AFe=2.3 

3.Modulus of elasticity 
For all crystall symmetries 

1 „ ( SAA k2!2 + \2h2 + h2k2 

E = S i i - 2 ^ S n - S i 2 - 2 J (h2 +k2 +12)2 

thus for the [100] direction 
1 
B = S n 

E = 1.300 -IQ11 Pa 

and for the [110] direction 
1 1 ( S44 

E = 1.6896 101¾ Pa 

4.Shear modulus 
For (OOl)surface and [001] or [Oil] direction of shear force 

1 
G = ^ 4 

G = 0.7951-1011 Pa 

and for (110) surface and [1-10] direction of shear force 

Q = 2(S]i - S12), G = 2(cn-ci2) 

G = 0.5085-1011 Pa 
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5.Poisson's ratio 

V = -
(ww)x(nn)u 

HK (nn)^(nn)n 

with (X,|i,Ì;,7i = 1,...,6) and 

(nn)x = njiìj, 

( i j = 1,2, 3 ) 

Thus 

(nn)^ = 

/ 2 \ 

2 
n2 

2 
" 3 

n2n3 
njni 

Vn1U2/ 

_ l 9 - ( i + j ) 

(WW))L = 

i =J 
i * j 

/ 2 \ 
' W1 \ 

2 
W2 

2 
W3 

W2W3 

W3W1 

Vwiw2 y 

Thus we have for the numerator: 
/ 2 \ / 
/ W1

 x ' 
/ s u S12S12 0 

S i 2 Sn S12 0 
S i 2 S i 2 S n 0 

\ 

0 
0 

VO 

0 
0 
0 

S44 0 0 
0 S44 0 
0 0 S 4 4 / 

2 
W2 

2 
W3 

W2W3 

W3W] 

VWiW 2 / 

\ 2 
ni 

2 
n2 

2 
1¾ 

^ n 3 

n3ni 
Vnin 2 / 

/ S 1 1 \ 

Sl2 
Sl2 
0 
0 

Vo J 

/ 2 \ 
W1 

2 
W 2 

2 
W 3 

W 2 W 3 

W3W) 

V W ] W 2 / 

A12 \ 
S l I 

S12 

0 
0 

Vo J 

/ 2 \ 
W 1 

2 
W 2 

2 
W 3 

W 2 W 3 

W3Wi 

Vw1W2/ 

Ai2 \ 
S12 

SlI 

0 
0 

Vo J 

/ 2 \ 
W1 

2 
W 2 

2 
W 3 

W 2W 3 

W3Wi 

Vw1W2/ 



0 
0 

S44 
0 

Vo J 

/ 2 \ 

2 
w 2 

2 
W3 

W2W3 

W3W1 

Vwiw2y 

0 
0 
0 

S44 

Vo A 

/ 2 \ 
' W1 1 

2 
w 2 

/ 2 \ ' W1 * 

/ . 2 2 2 . \ 
' (W1S11+W2S12+W3S12) X 

2 2 2 
W]Si2+w2sn+w3si2 

2 2 2 
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Vwjw2y 

(w1Sn+W2Sl2+W3S12)n1+(w iSi2+W2Sii+W3Sl2)n2+(w1Si2+W2S 12+W3SnJn3+ 

S44(w2w3n2n3+ W3W]H3IIi+ WiW2IiIn2) 

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
s H Wini+W2n1si2+w3n]Si2+Win2Si2+W2n2Si]+w3n2Si2+win3si2+w2n3S 1'2+W3O3Sn+ 

S44(w2W3n2n3+ w 3 w i n 3 n j + wiw 2 nin2) 

/ 2 2 2 2 2 2\ / 2 2 2 2 2 2 2 2 2 2 2 2\ 
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and similar for the denominator : 
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S l(W+ 0) f s '2(T+-0 47+ 0 + 0 + 0)- s«(0 + °- ^) = ¾1+¾ 

1 direction of contraction 
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1 . S44. 
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Sn+ si2 - ~2~ 
v _ _ = 0.06247 

S44 
S n + S12 + — 

A graphical representaion of all these engeneering constants in dependence of the 
crystall direction is given by Wortman3. 

6.The thermal expansion coefficients 
2Ct= ctjj Coefficients of the linear thermal expansion 
% = 4S:2o- + 2<xAT 

For a cubic crystal the thermal behaviour becomes isotropic 
ctij = cc5ij 
For silicon1 : 

T[K] 

260K 
280K 
300K 
400K 

a [10-6/K] 

2.223 
2.432 
2.616 
3.253 

a has a minimum at 80 K: oc= -.472 • 10"6/K and is zero near 120K. 

7.The temperature coefficient of the Elastic constants 
and doping dependence 

An early publication by McSkimin et 31.(1951)4 gives the temperature coefficient of 
the Elastic constants as 
K o 1=-75.3 ppm/K 
Kci2= - 24.5 ppm/K 
Kc44= - 55.5 ppm/K 
he uses an a of 7.63-10'6, where 2.33-10-6 is the accepted value today (seel.6.), 
whereas Londolt Bomstein cited in "Properties of Silicon"! gives 
Kci l=-94 ppm/K 
Kci2= - 98 ppm/K 
Kc44= - 83ppm/K 
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As an example we are calculating with the values from above the temperature 
dependence of the shear modulus G of a (110) surface and [1-10] direction of 

shearforce.WefoundG = 2(cn-ci2) ¢= 0.5085-1011 Pa) and thus we have 

d T ^ T r " - dW) = l ( c n K C l l -C12KC12) =^( -1 .557107 + 6.266 106) 

Pa/K--4.652-106 Pa/K 
orKG[U0] = -91.5ppm/K 

Heavy p doping decreases the constants of elasticity by about 1 -1.5% 

Specific heat of Si at room temperature 
C = .678 J/gK 
and the Debeye temperature 
e = 646 K 

1 Properties of Silicon, emis Datareviews No.4.. INSPEC, London New York, 1988. ISBN 085296 475 7. 
2 Pauffler, P.; Physikalische Kristallographie, VCH Verlagsgcsdlschaft. D-6940 Weinhcim. 1986. ISBN 3-527-

26454-X 
3 WortmanJJ. and Evans, R.A.; Young's Modulus, Shear Modulus, and Poisson's Ratio in Silicon and 

Germanium. Journal of Applied Physisc, Vol 36, Number 1 Jan, 1965 p. 153. 
4 McSkimin, HJ., Bond, W.L.,Buehler, E. Teal, G.K.; Measurement of the Elastic Constants of Silicon single 

crysmls and their thermal Coefficients. Phys. Rev. 83. 1080 (1951) 



Summary 
This work is thought to present different possibilities for the fabrication of 

mechanical sensors, which emerges from the technique of anisotropic etching in 
monocrystalline silicon. In particular the resonance frequency and the Q-factor 
were measured in function of gas pressure and temperature. The experimental 
data were compared with the theoretically calculated values. 

Resonant structures of single crystal silicon have been investigated in view of 
their potential use as basic elements for various sensor applications, like 
pressure, viscosity, temperature or adsorbed molecules, as is already well known 
with quartz resonators. Special emphasis was laid on a certain optimization of 
vibrating structures. Starting from relatively simple lumped mass-beam systems 
the structures have been improved with respect to the clamping. By modelling 
and extensive calculations optimal structures could be designed. The calculations 
are resumed in chapter 2. 

In chapter 3 we are starting with the description of an etch simulation program, 
which allows a fast testing of two-dimensional etching masks. Fora given shape a 
certain back calculation from the wanted three-dimensional dimension to the 
necessary two dimensional mask is possible.The fabrication technique of the 
structures is described then in the rest of the chapter 3. 

The various devices were tested in a for that very purpose constructed 
chamber, which allowed a pressure up to 2 bar and a vacuum down to IO3 mbar. 
The temperature was controlled by a thermostated brass block. The elongation 
was measured optically by an interferometer (chapter 4). The excitation and the 
electronic part of the measurement setup is described in this chapter, too, as far as 
it relates to most of die structures under test. 

Experimentally a great variety of devices have been realized and measured. 
First of all as a statical device a tactile sensor array was realized with truncated 
pyramid shaped force transmitters (called mesas, cams or bosses), where we 
applied a specially developed corner compensation method. Thus, upon 
application of force on this mesas die capacity underneath is changed and thus the 
resonance frequency of a properly connected oscillating circuitry (chapter 5). 

It is the purpose of this work to study whether resonant silicon devices can be 
realized with a frequency resolution in the order of ppm to develop sensors with a 
similar resolution. To this end high Q-factor resonators are needed. Some 
investigations on external damping factors like clamping, medium and 
supplementary thin films of silicon resonators have been carried out in this work. 
One type of resonators consists of a mass-beam system, where the mass is a 
perfect geometrical body and thus calculable. This mass was doubly supported 



230 

and exerted thus no torsional movement (as it would, if only simply supported). 
On these type of structures most of the studies were done (chapter 6). 

A special compensation of the forces at the clamping for mass beam systems 
was obtained with another design, which is presented in chapter 7. 

We achieved to realize tuning fork structures in silicon. These were provided 
with metallic lanes so that they could be excited in a magnetic field (chapter 8). 

A decoupled torsional structure showed Q-factors in the order of 600 000 in 
vacuo at room temperature and thus a resolution of some ppm of the frequency 
(chapter 9). Wim this structure it could be proved, that competitive devices for 
sensor applications (compared to quartz e.g.) are possible in silicon. 

The above mentioned structures have all dimensions in the order of cm. Thus, 
we finally realized an array of paddle type devices with dimensions in the order 
of mm, which can be excited optically. The combination of fibre optics with 
micromachined structures seems to be a promising way to get micropackaged 
sensors (chapter 10). 
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